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Preface to the Second Edition 

The driving force for my undertaking a revision of this text has been the 
comments of my colleagues and others about the need for change in 
emphasis or additions that would better fulfill their pedagogical goals. I 
was pleasantly surprised to find that the field of radiation biophysics has 
made tremendous strides in the past 6 years. I have, of course, been aware 
of progress, but only when one sits down and organizes all the changes that 
are necessary does one appreciate the overall magnitude of change. I 
originally undertook the creation of the first edition to carry on a tradition 
established by H. L. Andrews, the author of the original text, Radiation 
Biophysics. These purposes are well set forth in my preface to the first 
edition: to approach the subject with mathematical rigor, but not to the 
extent that the biologist would be afraid to enter. 

Some of the changes added at the request of colleagues include a brief 
description of acute radiation syndrome in human beings, expansion of the 
sections on neutron interactions in tissue, and the expansion of the 
chapters on high LET effects and cancer. 

Many changes have been made to keep up with new findings. This is 
particularly true in radiation chemistry of macromolecules and transforma- 
tion systems for cells irradiated in vitro. 

SI units are now used throughout, and the only references to rad and 
rem are in tables or figures generated and published by others. 

Finally, I thank several of my colleagues who willingly critiqued the 
various chapters, and I also thank the authors who kindly consented to my 
use of their published illustrations. 

Edward L. Alpen 
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Preface to the First Edition 

The contents of this text are the result of particularly frustrating 
experiences for me while teaching a senior course in radiation biophysics 
at Berkeley. The students in the course are, in general, majors in bio- 
physics or medical physics who have quite sophisticated training in the 
physical sciences and mathematics, as well as more than adequate skills in 
biology. In choosing a course text it was necessary to propose to them 
several volumes, only parts of which would ultimately be used in the 
course. The choices among texts currently offered are those which are best 
suited to training radiation diagnostic and therapy physicists, which em- 
phasize the physical interactions of radiation with matter with only a polite 
nod to the biology and chemistry of radiation interactions; or the radiation 
biology texts, which, with only infrequent exceptions, assume that a biolo- 
gist has never seen a differential equation. 

It is rare today to find undergraduate majors in biology that have not 
had fairly sophisticated "cross-training" in mathematics and the physical 
sciences. It is also true that many of the undergraduates in the physical 
sciences would like to increase their knowledge of the interaction of 
physical agents with living systems without being affronted by the lack of 
quantitative approach to the biology. In a sense, this cross-disciplinary 
curiosity has been the driving force behind the development of that 
modern discipline, biophysics. It would be naive of me, however, to assume 
that all potential users would have the necessary physical science back- 
ground for the material of the text, and wherever I have felt it necessary, 
fundamental material at the beginner level is included. 

My aim has been to produce a text that would be useful for advanced 
undergraduates and graduate students in the appropriate sciences, while at 
the same time filling a need for a desk-top reference for working scientists 
in the field. The book should prove useful for health physics students and 
working professionals, for those engaged in the radiological sciences in the 
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xxvi Preface to the First Edition 

health professions, and for individuals in related fields such as nuclear 
power generation and federal and state regulatory activities. 

The book is structured for a 16-week, one-semester course. It pro- 
gresses from the physical interactions to the radiochemical interactions to 
the biological sequelae. Finally, it deals with the late effects of ionizing 
radiation on organized living systems, in particular, human beings. Those 
who use this text will find that they can devote as much or as little time to 
the physical science chapters as they wish. The biology is pretty much 
intact on its own. 

Chapter 2, the electromagnetic spectrum and the properties of radia- 
tion, is essential for all readers who have not had adequate training in 
electromagnetic radiation and its characteristics. Those who have can 
easily skip this material. Chapter 5 on energy absorption mechanisms is 
quite helpful background for all readers, a review for some and new for 
others. 

I have strived for correctness in all parts of the volume, of course, but 
particularly in the physical science chapters. It will, I hope, be found that 
the presentation is rigorous. This presentation will not be entirely com- 
plete, however. There has been no effort to present complete derivations 
of some of the more complicated formulations. The Bethe-Bloch stopping 
power equation, the Klein-Nishina Compton cross-section calculations, 
and the Compton scatter energy transfer formulations are examples of 
these. The final formulation is complete, but the reader is referred 
elsewhere for complete derivations. 

The text has, insofar as possible, used classical Newtonian mechanics to 
explain physical principles. At times, where relativistic corrections or other 
quantum mechanical treatments are required, they are given without 
derivation. 

The background expected of the student to effectively utilize this text is 
mathematics through a first course in differential equations, a good lower- 
division physics course, including introductory quantum mechanics, organic 
and /o r  biological chemistry, and a simple knowledge of cell biology. 

Finally, I express my heartfelt thanks to all of my many colleagues and 
friends who have so helpfully reviewed various chapters and sections of the 
book. 

Edward L. Alpen 



Introduction: 

An Historical Perspective 

The technological and medical applications of radiation and radioactiv- 
ity have become so much a part of our everyday life that it is easy to lose 
sight of the fact that all of radiation science is recent by our usual view of 
historical calendars. In 1995, the world of radiological science celebrated 
the centenary of R6ntgen's announcement of the discovery of a "new kind 
of penetrating ray." The history of the next few months after that an- 
nouncement is so dramatic, including Becquerel's discovery of natural 
radioactivity, that it is worth recounting if for no other reason than to 
reassure us that, at times, science does indeed make giant strides in a brief 
period. 

Unfortunately, knowledge of the biological effects of ionizing radiation 
and radioactivity lay unexplored for several decades after R6ntgen's initial 
report. A number of early pioneers in the separation and use of radio- 
active materials suffered significant adverse medical effects from their 
exposure. 

During 1895, R6ntgen was carrying out experiments with electrical 
discharge in evacuated glass tubes (Crooke's tubes) and he noticed that 
photographic plates lying near his experimental apparatus showed signifi- 
cant darkening when they were subsequently developed. This story is well 
known, but the further impact of his announcement is not nearly as well 
recognized. On December 28, 1895, R6ntgen reported before the Wiirz- 
burg Philosophical Society his observation that he had discovered a pene- 
trating ray that would darken photographic plates (R6ntgen, 1895). Shortly 
after his Wiirzburg report was presented, he sent copies of the report, 
along with samples of what he called X-ray photographs, to the leading 
physicists in Europe. 

xxvii 



xxvii i  Introduction 

On January 20, 1896, two French physicians, Oudin and Barth61emy, 
submitted an X-ray photograph of the bones of the hand before the 
Acad4mie Fran~aise. At the same meeting, Henri Poincar4 reported on 
the paper he had received from R/Sntgen. Henri Becquerel was present, 
and, since he was actively working on fluorescence, he doubted that 
R/Sntgen had discovered a new "ray"; he was convinced that in some way 
the fluorescence produced in the glass wall of R/Sntgen's Crooke's tube was 
responsible for the darkening of the photographic plates. What then 
followed is most remarkable for the intensity of effort and the insight 
shown by Becquerel. He published the first of four papers (Becquerel, 
1896a-d), presented before the Academy on February 24, 1896, that 
remarked on the relationship of "phosphorescence" and the penetrating 
rays. On May 18, 1896, he presented the fourth in the series, titled 
"Emission of New Radiations by Metallic Uranium," in which he lay claim 
to discovery of what eventually came to be known as natural radioactivity. 
Only 12 weeks elapsed from the first concept to the final conclusion 
(Becquerel, 1896d)! One cannot help but observe that in our time it is 
unlikely that a paper could even be reviewed in 12 weeks, let alone be 
published. 

American scientists had not let R/Sntgen's discovery go unnoticed. Two 
individuals, Michael Pupin, a physicist at Columbia University, and Thomas 
Alva Edison, were racing to be the first on this continent to report findings 
with the new "invisible rays." The race was won by Edison with a 
publication in the Century Illustrated Magazine on February 1, 1896--only 
two months after the Wiirzburg announcement. 

Edison went on to become a major force in the commercialization of 
X-ray equipment for medical applications, and it is no accident that 
General Electric Corporation was an early leader in the marketing of 
medical X-ray equipment. One of Edison's great contributions to medical 
radiology, which is often overlooked, was the invention of the fluoroscope. 
With his usual intensity, Edison paid little heed to the potential hazards of 
X-rays, and his assistants in particular suffered the consequences. The 
following quotation is from his biography (Dyer, Martin, and Meadowcroft, 
1929). 

When the x-ray came up, I made the first fluoroscope, using tungstate of 
calcium. I also found that this tungstate could be put into a vacuum chamber of 
glass and fused to the inner walls of the chamber: and if the x-ray electrodes 
were let into the glass chamber and a proper vacuum was attained, you could 
get a fluorescent lamp of several candlepower. I started in to make a number of 
these lamps, but I soon found that the x-ray had affected poisonously my 
assistant, Mr. Dally, so that his hair came out and his flesh commenced to 
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ulcerate. I then concluded it would not do, and that it would not be a very 
popular kind of light; so I dropped it. 

The applications for X-rays in medicine were so obvious that there was 
no stopping this new technology. The first medical X-ray was made in 1896. 
History was made in military medicine when portable X-ray machines were 
deployed with Kitchener's Army of the Sudan in 1898 and were used 
routinely for diagnostic assistance in traumatic injury. In 1898 the Medical 
Record (New York) carried 28 references on radiological diagnoses and 
procedures. 

Becquerel was disgruntled and disappointed for some years that his 
discovery of natural radioactivity received few accolades and even less 
attention. He proceeded with his work, however, and did demonstrate that 
the rays from uranium would ionize gases (Becquerel, 1896d). There is a 
story, which I must label apocryphal since I can find no reliable record of 
it, that he carried a small vial of the newly discovered radium in his 
waistcoat pocket, and he used this radioactive sample to demonstrate that 
the rays would discharge a gold-leaf electroscope. It also has been re- 
ported that he later suffered radiation damage to the skin of his abdomen 
from this practice, but, again, this fact cannot be reliably confirmed. In any 
case, J. J. Thomson, the distinguished English physicist, formed an associa- 
tion with a young New Zealander, Ernest Rutherford, and, together, in 
1896, they reported on the ionizing properties of X-rays (Thomson and 
Rutherford, 1896). This early association between Thomson and Ruther- 
ford initiated the latter into the mysteries of the newly discovered radioac- 
tivity and radiations, and these studies formed the basis for his life's work. 

Rutherford, in association with Owen and others at McGill University 
in Montreal, made a series of discoveries that became central to the future 
of radiation science. Among these discoveries was the demonstration that 
the radiations from naturally occurring sources were made up of three 
different types of rays: a penetrating ray of great mass that was deflected 
in an electric field (alpha ray), a second penetrating ray of lesser mass 
(beta ray) that was also deflected by an electric field, and, finally, a ray that 
was unaffected by an electric field (gamma ray). His other contributions 
are known mostly to students of the physical sciences, but probably less 
well known is the fact that he and Owen were the first to demonstrate the 
existence of gaseous matter arising from thorium that could itself be 
radioactive (Rutherford, 1900). This gas was thoron. The discovery of 
thoron and its properties was a demonstration, for the first time, of the 
chain decay of radioactive elements. 

For all of Rutherford's vision, he was not infallible. To quote from a 
speech he made in 1933 before the British Association for the Advance- 
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ment of Science: 

The energy produced by the breaking down of the atom is a very poor kind 
of thing. Anyone who expects a source of power from the transformation of 
these atoms is talking moonshine. 

One of the key chapters in the early history of radiation science must, 
of course, be the discovery of radium by Pierre and Marie Curie and the 
discovery of polonium by Marie after the death of her husband, Pierre. It 
would be romantic fiction to assume that Pierre Curie fell victim to the 
dangerous rays of the substance that he discovered in collaboration with 
his wife; he was simply the victim of a carriage accident in the streets of 
Paris. It is, however, indeed true that both Marie and her daughter were 
victims of their discoveries. Both died of leukemia, which must certainly 
have been caused by their exposures during the isolation of radium and 
polonium. 

The time from R6ntgen's announcement of the discovery of X-rays until 
Rutherford's (Rutherford and Soddy, 1903) classic paper, which described 
the transitions among the elements of the natural radioactive series, 
encompasses only the years from 1895 to 1903mless than a decade. This 
latter paper of Rutherford's was, in a sense, the realization of an old 
dream of chemists because it represented transmutation of one element to 
another. The impact of Rutherford's paper on our understanding of 
natural radioactive chains is hard to overstate. In this text, the chapter on 
serial radioactive decay still uses the notation and formulation set out by 
Rutherford for the description of decay in a radioactive series as described 
in his 1903 report. 

What about the biology of radiation? What was being done to examine 
the biological effects of these new rays? Next to nothing except by sad 
accident. Pierre Curie carried out a few small experiments on the biologi- 
cal effects of the emanations from radium. In particular, he reported 
before the Acad6mie Franqaise on his studies on the effects of radium 
emanations on developing tadpoles. He found that these emanations 
produced severe developmental abnormalities in the growing tadpoles. 
Little attention was paid to these findings, and even when early radiolo- 
gists developed skin lesions and lost fingers there was little attempt to 
systematically examine the effects of radiation on living systems. 

In 1902 it was first formally reported that radiation of the skin with 
X-rays could lead to skin cancer, but even then, few scientists were 
motivated to proceed with studies of the systematic biology of radiation. 
The first truly systematic study of the pathological effects of ionizing 
radiations on animal systems was done by Heineke (Heineke, 1905), whose 
studies reported on mice, guinea pigs, rabbits, and dogs. Special attention 
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was paid to the reproductive systems of irradiated rodents by Albers- 
Sch6nberg (1903) and by Halberst~idter (1905). Bergonie and Tribondeau 
(1906), after extensive studies of the testes of rodents, formulated what has 
come to be known as the "Law of Bergonie and Tribondeau." Remarkably, 
their statement of some principles of radiation effects on cells remains 
sound today, with some important exceptions. They stated that if cells have 
a high mitotic rate, that under normal circumstances they will undergo 
many mitoses, and that they are generally of a "primitive" type, then they 
will be radiosensitive. We can identify many exceptions at this time, but 
the core meaning of the rule remains useful. 

Radiation biophysics as a quantitative science saw the light of day in the 
1920s with Dessauer's (1922) efforts to quantitatively investigate the ef- 
fects of radiation. These early studies were centered around a statistical 
analysis of dose-response curves in an effort to understand the mecha- 
nisms of radiation action. Except for the truly insightful studies on the 
mutagenic action of ionizing radiation, by Mfiller in 1927 (reviewed in 
Mfiller, 1950), little else happened before World War II. 

One of the great constraints on the biological investigation of radiation 
effects in these early times lay in the limited ability to quantitate dose. In 
the immediate postwar years, due in part to the atom bomb and its impact, 
radiation biology and biophysics came into its own with the work of 
pioneers such as Lea and his colleague Catchside, as well as the work 
of the German biophysicist Zimmer. It is interesting to observe that most 
of the early workers in this field were physicists who turned to biology, 
perhaps because their biological colleagues were slow to enter this difficult 
field. 

The event that probably had the most significant impact on modern 
radiation biophysics was the publication of a new method for the quantita- 
tive culture of mammalian cells by Puck and Marcus (1955). Until this time 
all radiation experiments that involved analysis of survival data had to be 
carried out on prokaryotic cells or yeast. Now, for the first time, target 
theory, statistical killing models, and repair-recovery mechanisms could be 
evaluated and analyzed on mammalian cell lines. The enormous impact of 
this new methodology can be measured by examining Chapter 8 of this 
text. In particular, the proposal of a model for repair of sublethal damage 
by Elkind and Sutton (1960) revolutionized our thinking about the initial 
injury to DNA and the subsequent complicated repair processes. 

We are now on the verge of a new cycle of significant discoveries 
related to the effects of ionizing radiation. Progress in the molecular 
biology of DNA is providing new tools almost daily for the examination of 
damage and repair processes in this important biomolecule. If we reexam- 
ine the field of radiation bioeffects a decade from now, we may find that 
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this decade is in many ways similar to the 1895-1905 period, which was the 
"golden age" of discovery for radiation and radioactivity research. 
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Chapter 1 

Quantities, Units, 
and Definitions 

Q U A N T I T I E S  A N D  U N I T S  

Every specialized field of human endeavor that requires quantitation in 
its pursuit must establish meaningful descriptions of whatever property or 
quantity is being measured. Radiation science and radiation biophysics are 
no exception to this rule. This field is no exception to another general rule: 
each discipline tends to create a set of its own units, with special defini- 
tions. As disciplinary studies tend to expand and overlap with other 
specialities, conflicts arise among the specially developed units and quanti- 
ties that each field has invented. In 1974 the International Committee for 
Weights and Measures (Comit4 Internationale des Poids et M4sures) 
undertook a rationalization of the descriptions of all quantities and units 
in use in science and attempted to minimize the "special" quantities and 
units that had proliferated over the years. The new units, described by the 
abbreviation "SI" for Syst~me Internationale, have been introduced in 
most countries of the world (see, for example, National Bureau of 
Standards, 1977). 

Needless to say, there has been a good deal of resistance to the use of 
SI units. One reason for resistance was the abandonment of old unit 
names that stirred up nationalistic pride and chauvinism, such as replacing 
the gauss with the tesla as the unit of magnetic field strength and replacing 
the dyne with the newton as the unit of force. Another operationally 
important factor that delayed implementation of the SI system was the 
cumbersome size of some of the new units; some were too tiny and some 
were too large. 
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At the time the first edition of this text was written (1989-1990), the 
transition to SI units clearly was not complete, so I compromised by using 
both the old and new units throughout the text. Accommodation has now 
been achieved, and all of the publications in the field of radiation, as well 
as those of most other scientific disciplines, now require the systematic 
application of SI units in written text. In this edition I shall follow the SI 
system throughout, with the exception that illustrations printed (with 
permissions) from older journals and texts will generally retain whatever 
units were used by the original author. Also, some accommodations based 
on the cumbersome size of the new SI units have come into common 
usage, and I will attempt to follow these conventions where useful. The 
two examples that spring immediately to mind are the introduction of the 
centigray as the working unit of radiation dose and the megabequerel as 
the working unit of radioactivity. 

FUNDAMENTAL UNITS 

Every unit for quantitative description of physical quantities can be 
reduced to measurement of four basic quantities. These quantities are 
then describable by a numerical value and a unit. The fundamental 
quantities and the units chosen to describe them are as follows: mass, for 
which the basic unit is the kilogram (kg); length, for which the basic unit is 
the meter (m); time, for which the basic unit is the second (s); and electric 
current, for which the basic unit is the ampere (A). The SI system is 
sometimes referred to as the kms (kilogram-meter-second) system. 

DERIVED UNITS 

Derived units for physical quantities are units that are combinations of 
any of the fundamental units just described. For example, the quantity 
velocity is the rate of change of distance (length) per unit time, so the 
derived unit is the ratio of Al divided by At, and the derived unit for the 
quantity, v, is meters per second (m s -1). 

SPECIAL UNITS 

The radiation sciences are characterized by a plethora of "special 
units," that is, units that have a name that is not expressed in combinations 
of units of the fundamental quantities. In 1975 the International Commis- 
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sion on Radiation Units and Measurements (ICRU) recommended the 
gradual phase-out of these special units and replacement by SI units to the 
greatest extent possible. The ICRU proposed two new special units for 
radiation measurements: the becquerel, a unit that describes radioactivity, 
and the gray, a unit that describes radiation dose. These units are defined 
in detail in the following paragraphs (International Commission on Radia- 
tion Units and Measurements, 1980). 

Several special units that are defined in the SI system are not unique to 
the field of radiation measurements, but are important in understanding 
the units of the field. Some of these special units of interest are the 
following. 

�9 For the quantity force, the unit is the newton (N), which is defined as 
1 k g m s  -2. 

* For the quantity work, or energy, the unit is the joule (J), which is 
equal to 1 N m and is defined in SI units as 1 kg m 2 s -2.  

�9 The electronvolt is a special unit of energy that is particularly useful 
in the radiation sciences. Its use and utility has become so firmly 
entrenched in the field that it is unlikely to be superseded by any new 
special SI unit. The electronvolt (eV) is the energy acquired by an 
electron of charge e as it falls through a potential difference of 
1 V. The electron charge, e, is equal to 1.602 x 10 -19 C; hence 
1 eV = 1.602 x 10 -19 C X 1 V, which is equal to 1.602 x 10 -19 J. 
The more frequently encountered multiple, megaelectronvolt (MeV), 
is equal to 1.602 x 10 -13 J. 

�9 For the quantity power (the rate of doing work), the unit is the watt 
(W), which is equal to 1 J s-1 and is defined in SI units as 1 kg m 2 

-3 S . 

�9 For the quantity frequency, the unit is the hertz (Hz), which is 
expressed in SI units as oscillations per second (s-l) .  

�9 For the quantity charge, which is the product of current and time, the 
unit is the coulomb (C), for which the SI unit is A s. 

�9 For the quantity potential difference, which is the quotient of work 
divided by charge, the unit is the volt (V). The SI unit is kg m 2 s - 3  

A -a, but this is such a cumbersome description that it is more 
informative to describe the unit volt as the quotient of joules divided 
by charge (J C-1). 

�9 The quantity capacity describes the ability to store charge, and its unit 
is the farad (F), which is described as the ratio of charge to potential 
( C  v - l ) .  



4 1 Quantities, Units, and Definitions 

For whatever reason, the SI system decrees that when the names of 
units are spelled out, for example, coulomb or volt, lowercase names are in 
order; when the accepted abbreviations for units are used, for example, 
microfarad (txF) or centrigray (cGy), the unit name begins with a capital! 

Before entering into a discussion of radiation quantities and units, it is 
worth a few words to emphasize the importance of developing these 
concepts early in the text for future use. Certainly the reader will have 
some concern as to the significance and relevance of the concepts of 
quantities and units developed here, but will quickly see their relevance. 
Although early consideration is useful, the reader should return as often as 
necessary to this chapter to refresh the mind as to the significance and 
definition of each quantity and unit as it appears in the body of the text. 

R A D I A T I O N  M E A S U R E M E N T  

DEFINITIONS 

Directly Ionizing Particles 

Directly ionizing particles are charged particles that have sufficient 
kinetic energy to produce ionization by collision. This energy certainly 
must be greater than the minimum electron binding energy in the medium 
in which the interaction takes place. 

Indirectly Ionizing Particles 

Indirectly ionizing particles are uncharged particles that can produce 
ionizing particles through kinetic interaction with the medium or that can 
initiate a nuclear transformation. For example, neutrons can interact with 
the medium to produce high kinetic energy protons or atomic nuclei 
through collisions or through the release of secondary directly ionizing 
particles after nuclear interactions between the neutron and a target atom. 

Gamma Rays and X-Rays 

Gamma rays and X-rays are electromagnetic radiations, that is, pho- 
tons, of high enough energy to produce ionization. Gamma rays are 
identical to X-rays in their physical properties, but, by convention, it has 
become practice to call ionizing photons produced in "machines" X-rays, 
whereas ionizing photons from radioactive sources are called gamma rays. 
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QUANTITIES AND UNITS 

Exposure 

The unit of exposure, X, is taken as the quotient of A Q divided by Am, 
where AQ is the sum of electrical charges on all the ions of one sign that 
are produced in the medium when all the electrons liberated by photons in 
a volume element of the medium, the mass of which is Am, are completely 
stopped in the volume: 

AQ 
~ ,  , X =  Am (11)  

The special unit of exposure that predates the SI system is the roentgen 
(R). There is no SI unit for exposure, and although it is still occasionally 
encountered, particularly in the older literature, the old special unit, 
roentgen, is no longer used. 

Dose (Absorbed Dose) 

Absorbed dose, D, is defined as the quotient of AE D divided by Am, 
where A E D is the energy deposited (E o equals energy imparted, vide 
infra) by ionizing radiation to the mass, Am, of matter in a volume 
element: 

a G  
~ ,  D = Am (1.2) 

The special unit of absorbed dose that was widely used until 1977 is the 
rad: 1 rad = 100 erg g-1. The plural unit is also rad; for example, 1 rad or 
20 rad. The rad is still widely used even though the new special unit the 
gray (Gy) has been introduced. The gray is defined as the deposition of 1 J 
in 1 kg: 1 Gy = 1 J kg-1. The gray is slowly supplanting the rad in modern 
literature, and I will attempt to use it consistently in this text. The 
interconversion of the rad and the gray is simple because 1 Gy = 100 rad, 
which leads to the immediately obvious equality 1 rad = 1 cGy. As a 
result, many radiation scientists have popularly adopted the centigray for 
scientific communication. 

Energy Imparted 

Energy imparted, A E D, is the difference between the sum of the 
energies of all the directly and indirectly ionizing particles that have 
entered a volume element (AE e) and the sum of the energies of all those 



6 1 Quantities, Units, and Definitions 

that have left it ( A E  L), corrected for any changes in rest mass ( A E  R) that 
took place in nuclear or elementary particle reactions within the same 
volume element: 

h E  D = A E E - h E  L - h E  R . (1.3) 

The unit for energy imparted, A E o ,  is the gray. 

Equivalent Dose 

The equivalent dose, H r ,  R, for tissue, T, and radiation type, R, is the 
product of absorbed dose for this radiation type, DR,  and the radiation 
weighting factor, w R �9 

H r ,  R = DRW R . (1.4) 

The special unit for HT, R depends on the special unit used for D R as 
shown in the following examples: 

1. If D R is given in rad, then the special unit for H R is rem, and the 
dose in rem is numerically equal to the dose in rad multiplied by the 
appropriate modifying factors, Q and N. There is no abbreviation for 
the unit rem. As in the case for the unit rad, equivalent dose in rem is 
slowly disappearing from usage. 

2. If D R is given in gray, then the special unit for H R is the sievert, and 
the dose in sievert is numerically equal to the dose in gray multiplied by 
the appropriate radiation weighting factor. The abbreviation for sievert 
is Sv. 

Relative Biological Effectiveness 

The relative biological effectiveness (RBE) of a particular radiation is 
the ratio of the absorbed dose of a reference radiation (often taken to be 
6~ gamma rays), DR,  to the absorbed dose of the particular radiation 
being examined, D x ,  that is required to attain the same level of biological 
effect: 

DR 
RBEx = D---x" (1.5) 

The term RBE is generally used in experimental work in radiation 
biology and related fields. It is related to, but not identical with, the quality 
factor mentioned previously in the discussions of dose equivalent. For a 
unique definition of RBE, it is necessary to explicitly define the level of 
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biological effect and the nature of the biological end point used in its 
definition. The quality factor, on the other hand, is widely used in health 
protection, and entails no such constraints. 

Particle Fluence 

Particle fluence, ~,  is defined as the quotient of AN divided by Aa, 
where AN is the number of particles that enter a sphere of cross sectional 
area a: 

h N  
* =  a----~-" (1.6) 

The definition requires a three dimensional interpretation, since the 
number of particles is defined as those entering a sphere of cross section, 
a, and therefore the direction from which the particles come is not 
a limiting condition. Particle fluence is dimensionless, since it is a 
number only. 

Particle Flux Density 

The particle flux density, 4~, is the time rate of particle fluence. It is 
defined as the quotient of A~ divided by At, where A~ is the particle 
fluence for the time interval, At" 

A~ 
~b= At " (1.7) 

Particle flux density is expressed as number per unit time and it has the 
dimension t-  1. 

Energy Fluence 

Energy fluence, ~ ,  is related to the particle fluence by the average 
energy of all the particles included in ~.  The energy fluence is, however, 
defined as the quotient of hEf divided by ha, where hEf is the sum of 
the energies, exclusive of rest energies, of all the particles that enter a 
sphere of cross sectional area ha:  

= A----~-. (1.8) 
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For the same reason as for particle fluence, the three dimensional defini- 
tion precludes a constraint as to direction of arrival of the contributors to 
energy fluence. 

Energy Flux Density 

Energy flux density, qJ, bears the same relationship to particle flux 
density as does energy fluence to particle fluence. Energy flux density, ~,, is 
defined as the quotient of A~ divided by At, where A~ is the energy 
fluence in the time At: 

A~ 
q J =  A--7" (1.9) 

Kerma 

Generally, when charged particles or photons interact with their envi- 
ronment, they yield kinetic energy to that environment. However, all the 
transferred kinetic energy may not stay in the volume of interest, because 
of radiative losses and kinetic energy losses associated with some of the 
secondary particles that are produced. The term kerma (kinetic energy 
released in the medium, with an added "a" for ease of reading) has been 
formulated to account for the energy transferred to the volume through 
various processes without correcting for any energy losses after interac- 
tions. Kerma (K) is defined as the quotient of Z~E K divided by Am, where 
A E K is the sum of the initial kinetic energies of all the charged particles 
liberated by indirectly ionizing particles or photons in a volume element of 
the specified material: 

ae,: 
K =  A---~" (1.10) 

It is important to remember that kerma is defined in terms of energy 
released in the medium. 

Kerma has the dimensions of energy and uses the SI unit, gray, or the 
older special unit, rad. 

Linear Energy Transfer 

Linear energy transfer (LET) is defined for charged particles in any 
medium as the quotient of dE a divided by dl, where dE z is the average 
energy locally imparted to the medium by a charged particle of specific 
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energy transversing a distance dl. As the reader will see in Chapter 14, 
LET is a restricted version of the "stopping power" from physics. The 
important difference between stopping power and LET is that the former 
is defined in terms of the thickness of the attenuating medium, whereas 
the latter is defined in terms of the track length described by the particle 
as it traverses the medium. In general the track will be more or less 
random through the medium, and track length for LET will not be 
synonymous with thickness of absorber. There is a further important 
difference between the usual stopping power of physics, which is defined as 
dE/dl .  LET defines a radial distance around the particle track to which 
dE L is restricted. For this reason LET is often referred to as a restricted 
range stopping power. The person using LET is free to define this 
restriction range as necessary. The dimensions of LET are energy per unit 
track length. 

Charged Particle Equilibrium 

Charged particle equilibrium (CPE) exists at a point p, centered in a 
volume, V, if each charged particle carrying a certain energy out of V is 
replaced by another identical charged particle that carries the same energy 
into V. If CPE exists at a point, then D = K (dose equals kerma) at that 
point, provided that bremsstrahlung (secondary radiation) production by 
charged particles is negligible. Remember that dose is energy absorbed in 
unit volume of the medium, whereas kerma is energy transferred from the 
original particle or photon in the same unit volume. 

R A D I O A C T I V I T Y  M E A S U R E M E N T S  

Decay Constant 

The decay constant, A, of a radioactive nuclide in a particular energy 
state is the quotient of dP divided by dt, where dP is the probability of a 
given nucleus undergoing a spontaneous nuclear transition from that state 
in a time interval dt: 

dP 
A = d---t" (1.11) 

The dimension of the decay constant is t-1. 
As will be seen in Chapter 2, the more commonly used unit to describe 

the rate of radioactive disintegration is the half-time or half-life, T1/2. The 
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relationship between the decay constant and the half-life, which will be 
developed in Chapter 2, is 

2 
T1/2 = In ~-. (1.12) 

The dimension of the half-life is time, t. 

Activity 

The activity, A, of a radioactive nuclide at a given time is the quotient 
of dN divided by dt, where dN is the expectation value (most likely) 
number of spontaneous nuclear transitions that will take place in the time 
interval dt" 

dN 
A -  dt - -AN.  (1.13) 

Since activity is the number of disintegrations per unit time, the dimension 
of activity is t-1. 

The SI special unit for the activity of a radionuclide is the becquerel 
(Bq). One becquerel is equal to one disintegration per second. It has the 
dimension of t -  1. 

The old special unit for activity is the curie (Ci). Because the curie 
originally was derived from the measured activity of a sample of 226Ra, its 
value fluctuated as the purity of the element improved. Hence, several 
decades ago the value of the curie was established arbitrarily as the 
disintegration rate 3.7 x 101~ s -1. The redefinition of the curie was given 
in terms of "that amount of any radionuclide such that it gives rise to 
3.7 x 101~ disintegrations per second." However, such definition implies a 
mass (amount) related dimension, which is not to be taken literally. The 
new special unit, the becquerel (Bq), removes any ambiguity about a 
changing unit of activity and defines the unit of radioactivity only in terms 
of disintegrations per second. 
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Chapter 2 

Electromagnetic Radiation: 
Its Nature and Properties 

I N T R O D U C T I O N  

The perplexing question for physicists in the nineteenth century was the 
nature of light. How could energy be transmitted through space, even 
through a vacuum? The mechanical model for light already had been 
developed as early as 1803 through the work of Thomas Young, who 
demonstrated interference patterns formed in a double slit experiment. 
The mechanical model proposed a wave propagating through space that 
had all the properties that the mechanical model could assign: frequency, 
v, wavelength, A, and the relationship of these wave parameters, vA = c, 
where c was a constant and not yet known to be equal to the speed of 
light. This function formed a perfectly satisfactory basis for the measure- 
ment and prediction of observed properties of light, such as refraction and 
diffraction. Young's demonstration of the wave nature of light was not well 
received in England because Newton and his philosopher friends of the 
period had argued for a particle model. How perplexing it would have been 
for them to deal with our modern model in which all radiations have both 
particle and wave characteristics! 

The mechanical model left the question of the wave propagation through 
apparently empty space unanswered. Many unsatisfactory hypotheses were 
proposed. The "ether" concept, which was dominant for some years, 
proposed that an unknown substance existed, even in a vacuum, and that it 
supported the propagation of wave motion. This unknown substance was 
called "ether" for lack of a better term. The medium, according to 
physicists of the day, had to possess certain elastic properties to support 

11 
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the propagation of wave motion and, since the speed of the wave was 
affected by the properties of the medium through which it passed, the 
medium must interact with the wave in some way. 

During the latter part of the nineteenth century an entirely new line of 
reasoning developed that derived in great part from James Clerk Maxwell's 
prediction of the velocity of an electromagnetic wave from first principles 
and the development of his famous equation, which stated the speed of an 
electromagnetic wave in a vacuum, 

c = v/ 0 0  2.1) 

where/x 0 is the permeability constant and e 0 is the permittivity constant. 
In 1864, Maxwell brilliantly hypothesized that changing electric fields 

induce magnetic fields. The accepted laws of electricity and magnetism at 
that time were the following: 

1. Coulomb's law for the force between two charges or, alternately, the 
electric field due to a point charge. 

2. Law of Biot-Savart for the magnetic field due to an electric current. 
3. Faraday's law, which states that a changing magnetic field induces an 

electric field. 
4. The law that electric charge must be conserved. 

Maxwell showed that these laws were not mutually consistent, one with the 
other, when the electric fields were changing with time. Maxwell's hypothe- 
sis predicted that electromagnetic waves could be produced by oscillating 
charges or currents. According to Faraday's law, an oscillating magnetic 
field induces an oscillating electric field in its vicinity. Maxwell's hypothesis 
was that the changing electric field induces a magnetic field. Maxwell 
showed that this electromagnetic field would travel away from the original 
source of oscillating current with a velocity equal to ( k / k ' )  (1/2~ = 300 • 
108 m s -~, where k and k '  are the constants in the electric and magnetic 
force laws. Since this velocity was equal to the velocity of light to the 
precision then known, he inferred that light is an electromagnetic wave. 

The important insight from Eq. (2.1) is that the permeability constant 
derives from Ampere's law, which relates electric current and magnetic 
field strength, and the permittivity constant derives from Coulomb's law, 
which relates charge, distance, and force. In a qualitative way we deduce 
from these relationships that an electromagnetic wave might be a wave 
propagated through space that is characterized by a time varying electric 
field and a time varying magnetic field that are related by the well known 
laws of electromagnetism. 
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From Maxwell's findings, a generalization could be made that electro- 
magnetic waves are known to be energy propagated through space and 
that one of the simplest models for this generation is an oscillating electric 
charge. For example, an electron oscillating in a linear path will produce 
time varying electric and magnetic fields that are propagated through 
space and that constitute an electromagnetic wave front. The new theories 
also suggested that there was no limit to the frequencies that could be 
generated, nor was there any inherent limit to the distance that these 
waves could propagate. Indeed, the theories predicted the existence of 
radio waves before they were produced and measured. 

Electromagnetic waves exist in a continuous spectrum that extends over 
many decades of frequency and that includes radiations from the lowest 
frequencies (radio waves) to the highest (X-rays and gamma rays). Of 
principal interest for this text are the X-rays and gamma rays, which have 
sufficient energy to ionize atoms with which they interact. They are 
therefore called ionizing radiations. Figure 2.1 outlines the principal re- 
gions of the electromagnetic spectrum and highlights the region of ionizing 
radiation frequencies. 

From Fig. 2.1, the regular relationship between the frequency, v, and 
the wavelength, A, is easily observable. The product of the frequency and 
the wavelength is a constant equal to the speed of light, 

c = vA. (2.2) 

The speed of light in a vacuum (and in air) is 2.998 • 108 m s-1 (for 
simplicity, 3 • 108 m s-l) .  

The relationship between frequency or wavelength and the energy of 
the radiation is not as obvious as the simple relationship between fre- 
quency and wavelength. A theoretical explanation for cavity radiation 
remained an unsolved problem for many years. Wein proposed a formula 
for spectral radiance of cavity radiators, but his formulation contained 
arbitrary constants and was only a moderately good fit to the actual data. 
In the very early 1900s, Planck (1901), who was pursuing further develop- 
ment of Wien's formula, suggested a radical departure for the physics of 
his time. Planck proposed a simple modification of Wien's formulation that 
was a better fit to the data, but was, after all, still empirical and required 
fitting arbitrary constants. He went on to seek a more satisfactory theorem, 
based on atomic theory as it was then known. He assumed that the atoms 
constituting the radiating surface of the cavity were electromagnetic oscil- 
lators with characteristic frequencies and that these oscillators would 
absorb and emit electromagnetic radiation from and to the cavity. He 
further proposed that these electromagnetic oscillators were constrained 
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Figure 2.1 Spectrum of electromagnetic radiations. 
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to certain energy levels; that is, the oscillators could not have any energy, 
but were constrained to energies that were defined by his new formula. In 
effect he proposed a quantum theory of electromagnetic radiation, in which 
the following assumptions were made" 

1. An oscillator can have only those energies given by 

E = nhu, (2.3a) 

where n is the quantum number and h is a constant (Planck's 
constant). 

2. The oscillator does not emit radiation continuously, but rather in 
"packets" or quanta. The energy of the quanta will vary as the 
irradiator moves from one quantum level to another. This quantity, 
A E, can then be described as 

AE = An(hv)  

= h v when An = 1. (2.3b) 

Q U A N T U M  T H E O R Y  O F  

E L E C T R O M A G N E T I C  R A D I A T I O N  

As suggested, Maxwell's classical theory of electromagnetism proposed 
that energy is emitted in the form of electromagnetic waves when an 
electric charge is accelerated. Also a charge undergoing simple harmonic 
motion will generate electromagnetic waves with the same frequency as 
the moving charge. Planck's formulation, a radical and anti-intuitive pro- 
posal for its time, suggests that the energy emitted by an oscillator is 
determined by its frequency, v, a constant, h, and an integer number, n. It 
says that the oscillator can have only a number of quantized energy steps 
determined by the value of n. The oscillators do not radiate energy in a 
continuum, but only in quantized steps determined by the quantum num- 
ber n. Much later developments revealed a minor discrepancy in Planck's 
formula, which is now written as 

~)hv. (2.4) E = ( n + ~  

Planck's constant, h, is equal to 6.63 x 10 -34 J s (4.14 x 10 -15 eV s). 
The concept of the quantized nature of an oscillator offended many of 

Planck's colleagues of the time. They could indeed observe that the energy 
of, for example, an oscillating spring system or an electrical resistance- 
capacitance-inductance circuit seemed to have any value in a continuum, 
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thus violating the "generality principle" of physical law. Readers can prove 
for themselves that there is indeed no conflict with the observed behavior 
of oscillators in macrosystems. The quantum numbers of such oscillators 
will be enormous, and the "jumps" in energy will not be apparent (see 
Problem 1 at the end of this chapter). Planck presented his concepts to the 
Berlin Physical Society on December 14, 1900. At that time his concept of 
the radiation emitted was that of an electromagnetic wave. It remained for 
Einstein to define the concept of the photon, a packet of energy that has 
both the wave properties of electromagnetic radiation, which are necessary 
for the understanding of diffraction and refraction, and the properties of a 
"bundle of energy," the energy of which is defined by Planck's law. 

Einstein's formulation of the concept of the photon (Einstein, 1906) 
developed from his study of the photoelectric effect. If monochromatic 
light is allowed to fall on a metal plate, and an electrical field exists, of 
which the metal plate is the cathode, an electric current may be detected 
that is the result of the emission of electrons from the surface of the metal 
plate. This photostimulated emission of electrons--the photoelectric 
effect~has certain properties that cannot be explained by classical physi- 
cal principles. If the potential across the electrodes is reversed at the time 
of electron emission, a potential, V0, can be found that is just adequate to 
stop the current flow. This potential is the stopping potential. At the 
stopping potential the photoelectric current is reduced to zero even though 
the incident light intensity remains unchanged. This stopping potential, 
multiplied by the electron charge, e, is the maximum kinetic energy of the 
emitted photoelectrons: 

g m a  x = e V  o. ( 2 . 5 )  

The value of Kma x is not influenced by the intensity of the radiation, 
but depends on the frequency of the radiation. Several observed properties 
of the photoelectric effect are not consistent with the wave theory of light. 

1. Wave theory would predict that Kma x depends on the intensity of the 
light source. 

2. Wave theory predicts the occurrence of the effect for any frequency 
of incident light, but experiment shows that there is a lower frequency 
limit, v 0, below which no electron emission occurs. 

3. There should be a time delay before the emission of the photoelec- 
tron while it gathers kinetic energy from its surroundings. Such a delay is 
not detectable. 

Einstein provided the solution for this dilemma by proposing that light 
travels through space in packets, which he named photons. He proposed 
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that the energy of each photon was the product of its frequency, v, and 
Planck's constant, h. Einstein proposed that the photoelectric effect could 
be described by the equation 

h v  = E o + Kmax, (2.6) 

where E 0 is the minimum energy required for the electron to escape from 
its position in the metal surface. This term, E 0, is usually called the work 
func t ion  for a particular surface and is characteristic of the material. The 
work function explains the existence of a cutoff frequency for the photo- 
electric effect. Equation (2.6) explains why the stopping potential is a 
function of the frequency of the radiation, not the intensity. The non- 
existence of a time lag is explained by the delivery of the energy in a 
bundle, h v, which is delivered to a single electron in a packet sufficient for 
the escape of the electron if h v exceeds E 0. The kinetic energy of the 
escaping electron cannot exceed Kmax, and to the extent that the escaping 
electron transfers energy to the surrounding medium before its escape 
from the surface, the electron energy will be reduced. 

The fundamental test of the Einstein hypothesis for the existence of the 
photon is in the independent determination of Planck's constant (Millikan, 
1914). This determination is in complete agreement with the determina- 
tion of Planck's constant using Planck's radiation equation. Einstein 
received the Nobel prize in physics in 1921 for his studies of the photo- 
electric effect, not, as is generally believed, for his theory of relativity. 

The modern theories of the nature of radiant electromagnetic energy 
are that it has both the quantized wave properties suggested by Planck and 
the particulate nature proposed by Einstein. 

The quantum nature of electromagnetic radiation is central to the mode 
of action of this radiation in producing ionization or excitation of molecules 
in biological systems. If we conceive of photons as delivering packets of 
energy in small volumes through scattering events, which will be described 
later, these packets will be in a state where their energy is concentrated 
around a target molecule. For example, the first ionization potential of 
water is 12.6 eV. Any event that can deposit this much or more energy 
in close proximity to the water molecule may produce ionization of 
that molecule. 

S P E C I A L  R E L A T I V I T Y  

The revolutionary ideas of the quantized nature of energy, as well as 
generalized concepts of quantum mechanics, as proposed by Planck and 
others, left one enigma untouched: the rule of the principle of relativity as 
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proposed by Galileo. This principle states that the laws of physics should 
be the same for all observers moving at constant velocities with respect to 
each other. Clearly, newtonian laws of mechanics satisfied this rule, but 
the laws of electricity and magnetism did not. The effects of moving 
charges depended upon which ones were moving. Einstein was able to 
form a consistent theory if one insisted that the speed of light in a vacuum 
is the same for all observers and is independent of the motion of the 
source or the detector. From Einstein's theory one must conclude that no 
medium is required for the propagation of electromagnetic waves. This 
conclusion is well supported by direct experiment. 

In accepting that Einstein's principles dictate that the laws of physics 
and the speed of light are the same for all inertial observers, remarkable 
conclusions arise. Moving clocks run more slowly and moving objects are 
shortened when observed by a stationary observer. Since the laws of 
mechanics are also affected for rapidly moving objects, the definitions of 
energy and momentum must also be changed if the quantities are to obey 
the usual conservation laws. 

MAsS-ENERGY EQUIVALENCE: EINSTEIN'S FORMULATIONS 

In relativistic terms, that is, for rapidly moving objects, Einstein pro- 
posed his now famous expression for the relationship of energy and mass. 
In this expression, if the object has a mass, m, and a velocity, v, its 
relativistic energy is determined by the relationship 

2 
m c  

= . ( 2 . 7 )  
E r  

When the velocity of the object is zero, the energy becomes the rest 
energy, 

E o = mc 2. (2.8) 

Equation (2.8) states that relativistic mass and energy are equivalent 
and that they form a single invariant. It furthermore states that units that 
describe one can be used to describe both. For example, it is common 
practice to describe the rest mass of atomic and subatomic particles in 
terms of energy units. For example the rest mass of an electron can be 
given as 0.51 MeV, where MeV is an energy unit. It is equally possible to 
assign both mass and momentum unit descriptors for a massless quantity 
such as a photon. 
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Does this new concept of energy-mass equivalence violate the funda- 
mental physical laws of conservation of mass and conservation of energy? 
If we conceive of mass and energy, in the Einstein E 0 = mc 2 context, as 
interchangeable and related by c, the speed of light, then we accept that 
the sum of mass and energy must be constant, and nothing can be 
destroyed from this sum. The classical laws can be viewed as special cases 
where no interconversion takes place. It will be seen that for nuclear 
reactions in particular this relationship in relativistic terms of mass and 
energy is essential to understanding the processes of nuclear conversion. 

RELATIVISTIC CONSIDERATIONS OF MASS 
A N D  VELOCITY 

In the previous section, two terms were used without extensive explana- 
tion: rest mass and relativistic mass. In this section, the role of mass and 
velocity (and, implicitly, energy) are considered. Again, from Einstein's 
theories it was predicted that as the speed of particles increased their mass 
would increase. These theories have been shown experimentally to be 
correct. When a nuclear particle moves at higher and higher speeds, the 
mass of the particle increases, and it can be shown that it increases in the 
simple way described by the equation 

m 0 
m = . (2.9) 

11/1- (U2/C 2) 

This expression is a reformulation of Eq. (2.7) in terms of mass rather then 
energy. 

The numerator in Eq. (2.9) is the rest mass of the particle in question, 
and it is also the mass of the particle when its average velocity is zero. 
With this consideration, the energy of a particle at rest is mo c2, which is 
sometimes called the rest energy. It is obvious from Eq. (2.9), since the 
velocity of the particle squared is divided by the speed of light squared, 
that this fraction will be extremely small until the velocity of the particle is 
a significant fraction of the speed of light. We can calculate from Eq. (2.9) 
that if the particle has a speed equal to one-tenth the speed of light, its 
mass will increase by only 5%. If it has a speed equal to 98% of the speed 
of light, its mass will increase by a factor of 5. Certainly for everyday values 
of velocity, the relativistic correction is trivial. 

For nuclear reactions, radiation scattering, and the world of high en- 
ergy physics, where particles are accelerated to very high velocities, an 
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important consideration is the mass correction for kinetic energy associ- 
ated with the high velocity. The normal expression for kinetic energy is 
inadequate, and corrections for high velocity effects on mass must be 
considered (often referred to in this text and elsewhere as relativistic 
corrections). 

A T O M I C  S T R U C T U R E  

In the fifth century BC, a group of Ionian scholars and philosophers first 
postulated that matter was made up of indivisible, invisible, incompress- 
ible, and eternal units. In one form or another this concept of matter being 
composed of indivisible small units was never seriously challenged through 
all of science history. It was not until the late nineteenth century that a 
substantial body of experimental evidence formed the basis for our present 
understanding of the structure of matter and, in particular, the nature of 
the atom. 

At the beginning of the nineteenth century (1808) studies by John 
Dalton on chemical combining weights led to his proposal, on experimen- 
tal grounds, of the atomic theory of matter. Three years after the publica- 
tion of Dalton's book, A New System of Chemical Philosophy, Avogadro 
measured and reported that an equal volume of any gas contains the same 
number of molecules when the temperature and pressure are equal. 

THOMSON CHARGE CLOUD MODEL 

The discovery of the electron by J. J. Thomson in 1897 introduced a new 
dimension to the explanations of the structure of the atom. Thomson's 
measurement of the charge to mass ratio for the electron (e /m)  as well as 
H. A. Wilson's measurement of the electronic charge e by the cloud 
method showed that the mass of the electron was about 10 -27 g. The value 
of e, along with Faraday's electrolysis laws, showed that the hydrogen atom 
was some 1800 times heavier than the electron. These observations and 
deductions led, inescapably, to the conclusion that the mass of the atom 
had to be accounted for in terms of a heavy nucleus with an associated 
positive charge and an accompanying body of electrons. 

Thomson proposed a model for the atom in which the positive nuclear 
charge of the atom was "spread out" more or less uniformly throughout 
the structure of the atom, with the electrons scattered throughout this 
charge space. The condition of electrical neutrality was thus preserved. 
Thomson referred to the "charge-cloud" model as "a case in which the 
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positive electricity is distributed in the way most amenable to mathe- 
matical calculation; i.e., when it occurs as a sphere of uniform 
density, throughout which the corpuscles (electrons) are distributed." 
(Thomson, 1907). 

RUTHERFORD'S PLANETARY MODEL OF THE ATOM 

Geiger (1909) and Geiger and Marsden (1913) conducted a series of 
experiments in which they placed very thin gold foils between a source of 
alpha rays and a series of detectors to determine the trajectory of the 
particles passing through the gold foil. The alpha particles, which are 
helium nuclei, were only rarely affected by their passage through the gold 
foil, and in the few cases where they were scattered from their original 
trajectory, the deflection was very large. Thomson's charge cloud model 
predicted only small deflections of the passing alpha particles from single 
scattering events, and only by multiple scatter could significant deflections 
of the alpha particle occur. The observed results of Geiger and Marsden's 
experiments could not be brought into agreement with the charge cloud 
model. Rutherford (1911) interpreted these alpha scattering experiments 
such that the structure of the gold foil was one in which the nuclei of the 
gold atoms were small and quite far apart, and he further proposed that 
the internuclear space contained the electrons of the gold atom. From 
these findings he proposed the planetary model for the atom. 

In Rutherford's model the nuclear charge is confined to an extremely 
small spherical volume at the center of the orbital electrons, about 
10-15 m. This dimension can be compared with 10-11 m as an approximate 
dimension for the charge cloud model. 

RUTHERFORD-BOHR MODEL OF THE ATOM 

Rutherford's planetary model had a significant shortcoming that was 
corrected by an alternate model proposed by Bohr. Since, according to 
Maxwell's classical laws of electromagnetism, an accelerated charge emits 
electromagnetic radiation, the orbiting electrons of Rutherford's model 
would emit radiation continuously. Because they were losing energy and 
no energy was being supplied by an external source, they would spiral 
inward with continuously decreasing orbital radius. 

Bohr (1913) introduced two novel ideas to elaborate the simple 
Rutherford atom. The first assumption was that there were discrete, 
quantized orbitals for the motion of the electron about the nucleus and 
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that, while in these orbitals, the oscillating electrons failed to radiate. This 
proposal suggested that, rather than a continuously variable emitted en- 
ergy associated with a slowing down electron, energy, when emitted, would 
be quantized. The second assumption was that the electron would radiate 
or absorb energy when it moved from one orbital to another. The energy 
of the photon absorbed or emitted with the orbital shift would be exactly 
equal to the energy differential of the two orbital positions. Bohr first 
explicitly defined these rules for the hydrogen atom, but they were quickly 
generalized to all atomic structures. The result of these postulates is that 
any atomic structure of a nucleus and orbiting electrons has a characteris- 
tic, multilevel spectrum for the absorption and emission of radiation that is 
determined by the energy levels of the orbital electrons. When an atom 
makes a transition from one energy state, E 1, to a state with a lower 
energy, E 2 ,  that radiation will be emitted with a quantized energy equal to 
the difference of the two energy levels: 

h v = E 1 - E 2 . (2.10) 

The quantized state if the energy levels of the electron of the hydrogen 
atom were defined by Bohr as follows: the angular momentum of the 
electron around the nucleus is 

nh 
L = 2rr '  (2.11) 

where n is an integer (n = 1, 2, 3 , . . . ) .  
The energy levels associated with the various quantum numbers, n, are 

inversely proportional to the square of the quantum number. To demon- 
strate this for the general case, assume an electron of mass m, charge e, 
and a constant uniform orbital speed of v, at a radius of r from a nucleus 
with charge Ze, where Z is the atomic number. Substituting in Eq. (2.11) 
then, the angular momentum is 

nh 
mur = ~ .  (2.12) 

2rr 

Since at equilibrium orbit the centripetal force, mu2/r, o n  the electron 
must equal the coulombic attraction, kZeZ/r 2, where k is the constant 
arising from Coulomb's law and has the value 8.9875 • 10  9 N m 2 C - 2 ,  the 
orbital radius is 

kZe 2 
r - 2 �9 (2.13) 

m u  
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Eliminating v between Eqs. (2.12) and (2.13)yields 

n 2 h  2 

r = 4 7 r 2 k Z e 2  m . (2.14a) 

By simplifying Eq. (2.14a), 

r = 0.529 x l O - l ~  m .  (2.14b) 

For the hydrogen atom the radius of the lowest orbit, n = 1 and Z = 1, is 
0.529 x 10 -~~ m, often called the B o h r  rad ius .  

The orbital velocity, v, can be obtained by eliminating r between Eqs. 
(2.12) and (2.13): 

2 7r k Z e  2 Z 
v = n h  = 2.19 x 106--mF/S-1. (2.15) 

When Z = 1 and n = 1, as for the hydrogen atom, the velocity of the 
electron in the lowest energy state or g r o u n d  s ta te  is 1/137 the speed of 
light. The energy associated with this lowest orbital position is -13.6 eV. 
The energy required to ionize hydrogen is, then 13.6 eV. 

The permitted values for the energy states of the electrons can be 
calculated, and from these we can calculate the energy associated with a 
photon emitted or absorbed by a transition from one level to another. 
These permitted values are determined as the sum of the kinetic energy 
(KE) and the potential energy (PE) of the electron for any value of n: 

2 , n . 2 k 2 Z 2 e 4  m 
K E _ _  I 2 

~ m v  = nZh2 , (2.16) 

and 

k Z e  2 4 7 r 2 k 2 Z 2 e 4 m  
m 

PE = r - n2h2  , (2.17) 

and the sum of these is 

En ~-" 

2 7 r 2 k 2 Z 2 e 4 m  

n 2 h  2 
(2.18a) 

Equation (2.18a) simplifies to 

E n = 2.18 X 1 0 - 1 8 Z 2 / n  2 J, 

= - 1 3 . 6 Z 2 / n  2 eV. 

(2.18b) 

(2.18c) 
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The wavelength of photons emitted during quantum level transitions 
can be calculated from Bohr's theory, using the preceding equations. For 
example, for a transition from n = 3 to n = 2, the energies will be 
-13.6/(3)  2 =  -1.51 eV and -13.6/(2)  2 =  -3.40 eV, and the transition 
energy will be ( - 1 . 5 1 ) -  ( - 3 . 4 0 ) =  1.89 eV. The positive sign indicates 
the radiative release of energy as a photon of 1.89 eV. 

Bohr's model of the hydrogen atom was an astounding advance and a 
departure from classical physics. It was in itself, however, inadequate to 
explain the behavior of more complex atoms. The discovery of the general 
theories of quantum mechanics in the late 1920s allowed a satisfactory 
extension to more complex structures. 

D E  B R O G L I E  W A V E  T H E O R Y  

Earlier theories suggested that electromagnetic radiation could possess 
the properties of waves as well as the properties of particles in the form of 
the massless photon. It was proposed that the apparently massless photon 
also can have the property of momentum associated with it, and this 
momentum, P, is expressed as 

E hu h 
P = --  = - - .  (2.19) 

c c A 

(It will be particularly important to recall this expression when discussions 
of scattering interactions of photons with matter arise.) 

In 1921 de Broglie (1921)proposed the reverse aspect of the particulate 
nature of the photon. He suggested that all particles have the characteris- 
tics of an electromagnetic wave in addition to their well understood 
particulate nature. These particles in motion could be assigned a wave- 
length, and, indeed, particles in motion could have wave properties. His 
suggestion was that the same relationship as Eq. (2.19) held for particles in 
motion; that is, the momentum and wavelength are related by Planck's 
constant. Since the momentum of a particle in motion is determined by its 
mass and velocity, P = mv, the wavelength associated with that particle is 

A = - - .  (2.20) 
mu 

This quantity is the de Broglie wavelength of the particle. In nonrela- 
tivistic terms, when the velocity of the particle is small relative to the speed 
of light, the kinetic energy is given as usual as E = 1 2 ~mv , and we may 
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express the velocity in terms of the kinetic energy as 

h 
A =  

v/2Em �9 
(2.21) 

The de Broglie wavelength for an electron over a wide energy range 
approximates atomic dimensions, and, therefore, these wave descriptions 
are essential to an understanding of atomic structure. 

Bohr's angular momentum quantization formula can be rearranged as 
follows. Equation (2.12), mvr  = n h / 2 7 r ,  rearranges to 27rr = n h / m v ,  and 
Eq. (2.20) allows us to substitute A for h / m y  to give 

2rrr = nA. (2.22) 

From Eq. (2.22) it is clear that the circumferences (2rrr) of the 
quantized orbits in hydrogen are integral multiples of the de Broglie 
wavelength. This suggests that the actual orbital picture of the electron 
circling the nucleus of the hydrogen atom, rather than being a moving 
point charge, is described best as a standing wave of known wavelength, 
and that the electronic charge distribution is reflected by this wave 
function. Because of its wave nature, the position of the electron is not 
specified within the dimensions of the wave envelope. 
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PROBLEMS 

1. Assume an oscillating spring that has a spring constant, k, of 20 N m-1, 
as mass of 1 kg, and an amplitude of 1.0 cm. If Planck's radiation 
formula describes the behavior of this system, what is the quantum 
number, n. What is A E if n changes by 1? The frequency of a simple 
oscillator is given by 

1jk 
27r m 

2. An atom is shown to absorb light at a wavelength of 375 nm. It emits 
light at 580 nm. What is the energy absorbed by the atom from one 
incoming photon? 

3. The rest mass of an electron is equal to 9.11 x 10 -31 kg. If this rest 
mass is converted into electromagnetic radiation and the electron 
disappears, what are the wavelength and the momentum of the photon 
that takes its place? 

4. A proposed surface for a photoelectric light detector has a work 
function of 2.0 x 10 -19 J. What is the minimum frequency of radiation 
that it will detect? What will be the maximum kinetic energy of 
electrons ejected from the surface when it is irradiated with light at 
3ss0 

5. In Problem 4, what is the de Broglie wavelength of the maximum 
kinetic energy electron emitted from the surface? What is its 
momentum? 

6. Using the Bohr equations for the hydrogen atom, assume that the 
hydrogen atom undergoes a transition from n = 3 to n = 1. What are 
the energy, momentum, and frequency of the emitted photon? What is 
the de Broglie wavelength of the electron after this transition? 



Chapter 3 

Radioactivity 

I N T R O D U C T I O N  

Radionuclides are unstable nuclides that achieve greater stability by 
undergoing nuclear transformations. The nuclide may emit alpha or beta 
particles when the ratio of neutrons to protons in the nucleus is unfavor- 
able for the state of stability. If, after the emission of the particle, the 
nuclide is still in an energetically unstable state, then it may emit a gamma 
ray for transition from the excited nuclear level to the stable ground level 
with no further change in the neutron to proton ratio. 

The nuclear emissions possess high kinetic energy in the range of a few 
thousands of electronvolts (keV) to several millions of electronvolts (MeV). 

U N I T  O F  R A D I O A C T I V I T Y  

The intensity of a radioactive source (activity) is determined by the rate 
of nuclear transformations per unit of time. The older and now obsolete 
unit of radioactivity, the curie (Ci), was originally defined as the activity 
associated with 1 g of 226Ra, but that changed as the purity of the nuclide 
improved. It was finally adjusted to an absolute value of 3.700 x 10 l~ 
disintegrations per second. Submultiples of the curie are millicurie 
(1 mCi = 0.001 Ci) and microcurie (1 /xCi = 0.001 mCi). 

Because of the change to SI (Syst~me Internationale) units in 1974, 
there was a need to change the unit for activity. For simplicity the special 
unit was established as the becquerel, the value of which was set at 1 
disintegration per second. 

27 
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The unit of radioactivity (becquerel) measures only the rate of nuclear 
transformations and does not deal with the kinetic energy released in 
the process. The reader is cautioned to observe that disintegration rate is 
the number of radioactive nuclei undergoing decay per unit of time. The 
number and kind of emissions are not specified. Whether one emission 
accompanies a disintegration or whether four emissions result from a 
single disintegration, it is counted as a single event for the determination 
of activity. 

L A W  O F  R A D I O A C T I V E  D E C A Y  

The probability with which a radionuclide decays is, with one trivial 
exception, a characteristic and immutable constant associated with a 
particular radionuclide, and this probability cannot be influenced by ambi- 
ent conditions or their variation. The trivial exception is that tritium gas 
under very extreme pressures is shown to decrease slightly its decay rate. 

The decay constant (or transformation constant) A is the probability of 
decay of a single radioactive atom per unit of time and is related to the 
rate of disintegration and the number of radioactive atoms present as 

dN 

dt 
= A N .  ( 3 . 1 )  

N is the number of atoms of the radionuclide in the source and t is the 
time (expressed in whatever unit is compatible with the decay constant). 
Integration of Eq. (3.1) yields 

g =  No e-xt. (3.2) 

N O is the initial number of radioactive atoms in the source, e is the natural 
base of logarithms, and N is the number of radioactive atoms present at 
any time t. If we let N = No~2 and t = T (where T is taken to be the time 
required for a source to decrease its activity to N0/2), substitution into Eq. 
(3.2) gives, on rearrangement, 

In 2 0.693 
A =  T = T " (3.3) 

T is known as the half-life or the half-time and is conveniently measured 
from the linear semilogarithmic graphic plot of the number of radioactive 
atoms remaining as a function of time. 
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DEFINITION OF ACTIVITY 

The quantity - d N / d t  defines activity as the rate of radioactive decay, 
expressed in disintegrations per second. The activity can be expressed as 

A (in becquerel) = AN. (3.4) 

If the activity is found to be expressed in curies, as is often still the case, 
the simple relationship between the two units is expressed as 

AN 
A (in curies) = 3.700 • 101~ (3.5) 

We frequently do not have easy access to the actual activity of a 
radioactive sample, particularly in the laboratory environment. Under  
these conditions the term intensity is often used, and it is taken to mean 
the observed rate of measured radiation events. 

MEAN LIFE 

The actual lifetime of any particular radioactive atom is indeterminate 
and can have any value from near zero to infinity. The average lifetime of 
a radionuclide atom is an important and definable quantity, which is 
predictable on a statistical basis. 

If, starting at t o , one were to measure the individual lifetimes for all 
individual atoms to decay, tl, t2,  t 3 , . . .  , tn, sum these times, and divide by 
n, the number of atoms present at time t 0, the result would be the average 
lifetime for all the atoms. Expressing this in integral form, the equation for 
mean life, z, is 

1 0 
z =  f tdN. (3.6) 

N0 ~N0 

Substituting - d N  = ANdt  and N = N 0e-At from the earlier equations 
and integrating yields 

r =  0.693 = 1.44T. (3.7) 

Remember  from Eq. (3.3) that A = 0.693/T,  so �9 is also equal to 1/A. 
The mean life is one of the quantities that is useful in calculating radiation 
dose from a radionuclide. 
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RADIOACTIVE DECAY OF MIXTURES 

The total activity of a source at time t of a mixture of nuclides is the 
summation of the activities of the individual components: 

Atota 1 - A 1 + A 2 -b A 3 -1- ... , (3.8a) 

= h l N  1 -~- /~2N2 -[- h 3 N  3 --[-... , (3.8b) 

CHAIN DECAY 

Chain decay is the process of nuclear transformation in which a 
radionuclide decays consecutively through a series of radionuclides to a 
stable nuclide. A simple case of chain decay is the decay of a radionuclide 
to a second radionuclide, which then decays to a stable element: 

hA AB 
A " B " C (stable). 

A and B are usually referred to as parent and daughter, respectively. The 
decay of the parent radionuclide and the growth of the daughter radionu- 
clide are related kinetically and can be treated in the following manner. 

At any time t 0, the activity of the parent is ApNp and the activity of the 
daughter is hdN d. If Np and N d are the number of atoms of each at time 
t o , then 

dt 
= -hp  Np, (3.9) 

and 

dN d 

dt 
= - b a N  d + hpNp. (3.10a) 

Equation (3.10a) represents that the activity found for the daughter at 
any time will be equal to the initial amount of daughter corrected for its 
decay (--hdNd), plus the new daughter activity produced by the decay of 
the parent (hpNp). Equation (3.10a) may be simply rearranged to 

dN d 
dt = A p N p  - h d N  d. (3.lOb) 
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Integrating Eq. (3.10b) yields a solution for the number of atoms of 
daughter (N a) at any time t: 

Ap t -  e + Na(to)e  (3.11a) t )  = G (  to)  _ 

Equation (3.11a) may be reformulated in terms of activity rather than 
numbers of atoms by the use of the two equations expressing activity of the 
daughter and parent in terms of N d and Np: A a = AeN a and Ap = ApNp. 
Such a substitution leads to the following form for activity of the daughter 
at any time t: 

Ae( t  ) = A p ( t o ) ~ ( e - A ~  t - e - ~ ' )  + Aa(to)e  -Aat. (3.11b) 
A a - Ap 

Great care must be taken with these two expressions [Eqs. (3.11a) and 
(3.11b)] since they are quite alike except for the decay constant ratio. In 
applying these equations we must be sure whether we are computing 
activity, A, or numbers of radioactive atoms, N. The special case for the 
application of Eqs. (3.11a) and (3.11b) is that in which the starting activity 
of the daughter nuclide is zero; that is, there has just been a chemical 
separation of the daughter from the parent. In that special case the last 
term of either Eq (3.11a) or (3.11b) disappears. 

GENERAL CASES FOR CHAIN DECAY 

There are three general cases for formulating chain decay: 

1. Secular equilibrium, which is established when the half-life of the 
parent is much greater than the half-like of the daughter, that is, Ap much 
less than Ae, Tp much greater than T d. In this case the half-life of the 
parent is so long that there is negligible decrease in the activity of 
the parent for the real time of observation. 

2. Transient equilibrium, which is established when the half-life of the 
parent is not much larger than the half-life of the daughter, that is, Ap less 
than A~, Tp greater than T a. 

3. Nonequilibrium, which exists when the half-life of the parent is 
smaller than that of the daughter, that is, Ap greater than A a, Tp less 
than T a. 

Let us examine the formulations associated with each of these special 
cases. 
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SECULAR EQUILIBRIUM 

For the conditions given and assuming that the activity for the daughter 
at t o is zero, Eq. (3.11b) can be simplified by assuming A d - Ap = A d, that 
is, Ap = 0 and that e-~v t = 1: 

Ad( t  ) = Ap(to)(1 - e - h a t ) .  (3.12) 

In addition, since, after several half-lives, e - h a t  will approximate zero, 

Ad( t  ) =Ap( to ) .  (3.13) 

At this time the two nuclides are said to be in secular equilibrium and 
their activities are equal. This activity is the activity of the parent nuclide. 

What these equations demonstrate is that the activity of the daughter is 
determined solely by the decay constant of the parent. After equilibrium is 
achieved, the daughter will appear to decay with the very much longer 
half-time of the parent. The activities of the two nuclides remain constant 
because of the long half-time of the parent. Note that in Eq. (3.13) the 
activity of the parent is expressed as the activity of the parent at t o . Since it 
is given that the parent has a very long lifetime, no significant change in its 
initial radioactivity will occur during the period of observation. 

TRANSIENT EQUILIBRIUM 

If the half-life of the parent is longer than that of the daughter, but 
decay of the parent is detectable and significant in the time flame of the 
observer (starting, remember, with A a = 0), the activity of the daughter 
will increase until it exceeds the activity of the parent and then the 
daughter will decay with a half-time that is the same as the half-time of the 
parent. 

For small values of t, Eq. (3.11b) must be used to compute the activity 
of the daughter, A a, but after a sufficiently long time, usually 10 half-lives 
or more, e - h a t  will be negligible compared to e -Apt. Still assuming A a to 
be zero at time zero, Eq. (3.11b) may be rewritten as 

~d 
Ad( t )  = A p ( t o )  l~.d _ l~p e h,t. (3.14) 

Since Ap(to)e-hp t is the activity of the parent at any time t, the activity 
of the daughter is a constant derived from the decay constants of the 
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parent and daughter times the activity of the parent (after sufficient 
half-lives have passed): 

A d 
Ad(t ) = A p ( t ) ~ .  (3.15) 

A d -- Ap 

When the conditions of Eq. (3.15) are achieved, the two nuclides are 
said to be in transient equilibrium. After equilibrium is achieved, the 
activities of parent and daughter are in a constant proportion which is 
determined by their respective half-lives. It must be remembered, however, 
that the activities of both parent and daughter are decreasing during the 
period of observation. This transient equilibrium condition is of particular 
importance to nuclear medicine, since it is possible to prepare a form of 
the parent attached in a nonremovable state to some substrate. The 
daughter is produced by decay of the parent, and the daughter can be 
removed separately from the parent by the use of a suitable eluting agent. 
One of the most widely used of these is a generator for the production of 
99mTc from its parent, 99Mo. 

The ratio of daughter activity to that of the parent at equilibrium is 
easily calculated from 

A d  h d 
= . (3.16) 

A p  A d - Ap 

If this equation is rewritten in terms of half-lives rather than decay 
constants, the following expression is developed (the student may wish to 
do the simple algebra to show that it is correct): 

A d Tp 
= . (3.17) A,, Td 

The derivation will not be given (see Suggested Additional Readings), 
but the time at which the maximum daughter activity is reached is given by 
the expression 

l'44TpTd In Tp (3.18) 
tmax r p _  rd r d ' 

if the activity of the daughter, Ad(O), is taken to be zero at time zero. Note 
that the term 1.44TpT d is the product of the mean life, r, of the parent and 
the daughter. 
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Figure 3.1 Secular equilibrium: the growth of 222 Rn into a sample of 226Ra. The half-life of 
222Rn is 3.8 days. The half-life of 226Ra is 1600 years. 

NONEQUILIBRIUM 

If the half-life of the parent is smaller than the half-life of the daughter, 
the activity curves for the parent and daughter will show an increasing and 
falling activity for the daughter and an ever decreasing activity for the 
parent. There are no simplifying assumptions, and Eqs. (3.11a) or (3.11b), 
as appropriate, must be used for all calculations. 

Figures 3.1, 3.2, and 3.3 are examples of decay by each of the foregoing 
processes. 

BRANCHING DECAY PROCESSES 

Another possible pathway of complex radioactivity decay is that which 
we refer to as branching decay. In this circumstance we postulate that the 
parent radionuclide is capable of undergoing either of two possible trans- 
formations: 

A(C to A) A(C 
A ,~ C toB~ B .  

The transformation constant for the decay of C to A is A(c to A), and 
the transformation constant for the decay of C to B is A(c to B). The 
total transformation constant for the radionuclide C is the sum of the 
individual transformation constants, 

/~C -- /~CA q- /~CB, (3 .19 )  
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Figure 3.2 Transient equilibrium: the growth of 223Ra, half-life 11.43 days, from 227Th, 

half-life 18.5 days. Equations in the text predict a maximum activity for 223Ra at 20.7 days and 
an equilibrium ratio of daughter to parent of 2.45. The observed peak is at 20 days and at 90 
days the ratio of daughter to parent is 2.20, so transient equilibrium is not yet completely 
established. 
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Figure 3.3 Nonequilibrium: the decay of 218po, half-life 3.05 min, and 214pb, half-life 26.8 
min. The activity of the 214pb is relatively low at its peak; therefore, the data are plotted on a 
logarithmic scale. Note the log-linear decay of the parent and the apparent log-linear decay 
of the daughter after the parent is exhausted. The half-life for the decay of the daughter at 
that time is that of pure 214pb. 
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since, by definition, the half-life of a substance is related to its rate of 
disappearance regardless of the mechanism involved. An example of 
branched decay is the radionuclide 4~ which undergoes [3- decay (89%) 

to 4~ and transformation by electron capture t o  4~ (11%). 

N O M E N C L A T U R E  O F  R A D I O A C T I V E  D E C A Y  

�9 A tomic  number. The number of protons in the nucleus (Z). This is 
also the net positive charge on the nucleus. 

�9 A tomic  mass number. The total number of nucleons in the nucleus 
(A). This is not quite the same as the actual mass of the atom of an 
element. Why? 

�9 Neutron number. The number of neutrons in the nucleus (N). 

The usual notation to describe a nuclide is 

A z chemical symbol, e.g., 2311Na. 

The chemical nature of the element is completely specified by its atomic 
number, Z. Therefore, in usual practice the designation of Z and the 
elemental symbol is redundant, and Z is not included in the notation. 
More usually, the following incomplete notation is seen: 

Achemical symbol (23Na). 

Any particular species, that is, for a unique A and Z, is called a nuclide, 
and if it is unstable, it is referred to as a radionuclide. 

Isotopes are defined as nuclides having the same Z but different A's. 
Obviously they must also have different N's. For example, 

37 C1, 35 C1 
17 17 �9 

Isobars are nuclides that have the same A's but different Z's. Again 
they must obviously have different N's, and the elemental symbol will be 
different, recognizing the different Z's. For example, 

64 Ni ,  64 28 30 Zn. 

Isotones are nuclides having the same N's, different Z's, and hence, 
different A's (remember that N = A - Z). For example, 

41 42 40 m r ,  K, C a .  
18 19 20 
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C H A R T I N G  D E C A Y  S C H E M E S  

Information regarding mode of decay, decay energy, energy levels of the 
daughter nuclide, associated gamma ray emissions, and decay constants or 
half-times is usually embodied in a diagram called the decay scheme. In the 
decay diagram the ground state of the parent is shown as a horizontal line. 
Since a transformation represents energy release, the product is in a lower 
energy state, and this fact is represented by arrows in the downward 
direction. 

If the transformation increases the atomic number, the arrow slants 
downward to the right. This process is [3- decay. If the transformation 
decreases the atomic number, the arrow slants downward to the left. These 
processes are oL decay, [3 § decay, and decay by electron capture (EC). The 
[3 § decay is differentiated from EC by allowing the arrow to be displaced 
some distance downward before slanting to the left to signify the mass or 
energy requirement associated with the [3 § decay. 

With any nuclear transformation, if the newly formed daughter nuclide 
is in an excited nuclear state, gamma rays will be emitted. The gamma ray 
emission is indicated by a vertical descending arrow connecting the initial 
and final nuclear energy levels. When gamma rays are cascading between 
two nuclear levels with some intermediate level, they are said to be in 
coincidence. Some sample decay schemes are shown in Figs. 3.4-3.6. 

74As 

Ec / I  /2mo c2 /) 
1 / E = 0"6/2 9~176 MeV/E J l  51 

/ / / 4%MeV 
0.60 M eVil' // 3~ 

74Ge 1 / 1 
Q= 1.51MeV 

T = 18 days 

E~o2o MeV 

E = 1.36 MeV ~, 0.64MeV 

1 8 % ~  1 74S e 
Q - 1.36 MeV 

Figure 3.4 Decay scheme for 74As, which has a branching alternative to either 74Ge or 74Se. 
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22Na 2.6 yr 

90% /3 + . J  
Emax - 0.54 M e V / ~ /  

1.27 Me 

/3 10% 
22Ne r 0 0 Q = 1.81 MeV 

Figure 3.5 Decay scheme for 22 Na, which decays by positron decay to 22 Ne. Note that the 
0.54 MeV shown is the kinetic energy of the positron and does not represent the mass- 
energy equivalence of two electrons, 0.511 MeV. 

If several alternative decay processes are competing for the transforma- 
tion, the fractional contribution of each mode is shown at the side of the 
downward pointing arrows. An example of coincident gamma ray emission 
can be seen in Fig. 3.6. These transformation processes will be described in 
detail in the following sections. 

NUCLEAR STABILITY 

What makes a specific nuclide radioactive? The general rule is that the 
most stable nuclides are those that have the same number of neutrons and 
protons in the nucleus. These are rare except at low atomic number. As 

41Ar 1 10 min 

~ ~ _ ~ -  < 1% 

<< 1 [ 

Q = 2.49 MeV 

1.67 MeV 

1.29 MeV 

0.0 

41K 

Figure 3.6 Decay scheme for 41Ar, which decays by one of three possible beta transforma- 
tions to 41K. 
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the atomic number increases, the N / Z  ratio generally increases. All 
elements whose A is greater than 230 are unstable, that is, radioactive. 
For these heavier nuclides the ratio of N / Z  approaches 1.5. As a general 
rule, decay processes will tend to lower the N / Z  ratio, although individual 
steps of the decay process may produce a temporary increase in this ratio. 
The shell model of the nucleus has given rise to a set of stability rules, 
which tend to be quite predictive. These rules, which have come to be 
known as the even-odd rules, are as follows 

1. Stable nuclei of even Z are more numerous than those of odd Z. 
2. Stable nuclei of even N are more numerous than those of odd N. 
3. Stable nuclei of even A are more numerous than those of odd A. 
4. In general, stable nuclei of even A have even Z. Some exceptions 

exist, however, such as 2H, 6Li, I~ and 14N. 
3 

Only one stable structure is known for which Z is greater than N: 2He. 
Examining what happens to the N / Z  ratio in a typical alpha decay: 

Z 

(A - Z )  = N =  

226Ra :=~ 222Rn +or + ~/9 + Q 

88 86 

138 136 

N / Z  = 1.5682 1.5814 

NU C L E A R  M A S S  A N D  B I N D I N G  ENERGY 

MASS DEFECT 

It is a general principle that the most stable state of any system is that 
with the lowest energy content, which, from the Einstein mass-energy 
equivalence, would be the state with the least mass and the lowest kinetic 
energy. As an example consider the nucleus 42 He, which is composed of two 
protons and two neutrons and known to  be stable. According to the 
stability principle, the mass of the assembled nucleus must be somewhat 
less than the sum of the masses of its component nucleons. A loss of mass, 
accompanied by the emission of energy, will usually be found when 
nucleons are assembled into nuclides. The measure of this loss is called 
the mass defect, A, which is defined as the difference between the atomic 
mass (the measured mass), sometimes called the isotopic mass, M, and the 
mass number, A, 

A = M - A, (3.20) 
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where h will be positive for light nuclei and for those with A greater than 
180 and negative for intermediate mass numbers. The packing fraction, f ,  
is simply the mass defect per nucleon, multiplied by 10 4 to bring the small 
numbers to a more convenient size. 

MASS DECREMENT 

The mass decrement, ~, which is more useful for calculation of transfor- 
mation energetics, is defined as the difference between the calculated sum 
of the masses of the constituent nucleons and electrons, W, and the 
isotopic mass, M: 

8 = W -  M. (3.21) 

EXAMPLE. Calculate the mass decrement, ~, and the mass defect, A, 
for 4He, Z = N = 2, with an atomic composition of two protons, two 
neutrons, and two electrons" 

W = 2 x 1.007276 + 2 x 1.008650 + 2 x 0.0005486 

= 4.032949 amu. 

The measured isotopic mass, M, of 4He is 4.00260 amu; the mass decre- 
ment, ~, is 4 .032949-  4.00260 = 0.030349 ainu; the mass defect, A, is 
4.00260 - 4.000000 = 0.00260 amu. 

The energy equivalent of ~ is 0.030349 x 931.482 = 28.27 MeV, where the 
value 931.482 is the energy equivalent in megaelectronvolts of 1 amu. The 
mass defect has no meaningful energy equivalence, since A, the mass 
number, is an artifact of our naming and recording systems. 

This energy, 28.27 MeV, represents the energy that would be released 
in the synthesis of one atom of 4He from two protons and two neutrons. 
The 4 He nucleus (an alpha particle) is then stable against disintegration by 
that amount of energy. The binding energy is an indicator of stability 
against nuclear change, but binding energy alone does not predict stability 
against radioactive decay. Beryllium-8 has a greater binding energy per 
nucleon than beryllium-9, but the former undergoes spontaneous fission to 
two alpha particles. 

The mass defect, A, is generally not very useful in calculations of the 
energetics of nuclear transitions. The atomic mass unit is taken historically 
and arbitrarily as one-sixteenth of the mass of one atom of the most 
abundant isotope of oxygen, 160. Since that value does not account for the 
mass decrement in the combining of the 16 nucleons of oxygen, the mass 
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defect only represents changes relative to oxygen. For example, the mass 
defect of 160 is, by definition, zero. To further confuse the issue, chemists 
use one-twelfth of the mass of 12C as their standard rather than the 
physicists' standard of 160. Using the 12C standard, the mass of 160 is 
15.9994. For these reasons the mass defect, or the packing fraction, which 
represents the mass defect per nucleon, is of little interest. 

The mass decrement, 8, of 160 can be calculated as follows: 

mass of eight electrons 
mass of eight neutrons 
mass of eight protons 

8 x 0.0005485 = 0.004388 amu 
8 • 1.008650 = 8.0692 amu 
8 x 1.007276 = 8.058208 amu 

Total 16.131796 amu 

The mass decrement, 8, is 16.131796- 15.99491 = 0.136886 amu, where 
15.99491 is the true atomic mass of 160. 

R A D I O A C T I V E  D E C A Y  BY 

A L P H A - P A R T I C L E  E M I S S I O N  

The class reaction for radioactive decay by alpha-particle emission is 
described by the general equation 

A x A-4 4 
Z ---)Z-2 Y +2 He + ~/? + Q, 

where X represents the chemical symbol of the parent nuclide and Y 
represents the daughter nuclide. This equation is the state and energy 
expression for the nucleus only. Since Z is decreased by 2, two orbital 
electrons are also lost, and the overall energy balance would have to 
account for the rest-mass equivalent of these two electrons. The question 
mark by the ~/ indicates that gamma ray emission may or may not be a 
necessary product of the reaction, depending on the energy state of the 
product nucleus. 

Remember from the example given earlier in this chapter of the decay 
of 226Ra, it is apparent that the N / Z  ratio usually increases for alpha 
decay. This will generally mean that further transformations will still be 
necessary, and this accounts in part for the fact that alpha decays are 
usually part of a long chain of nuclear transformations. 

The Q term in the preceding equation represents the total energy 
released by the transition. If the exact masses of all the components and 
the energy of any gamma ray emitted are known, it is possible to compute 
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the kinetic energy of the alpha particle. Remember that only the system 
within the nucleus is in consideration. No energetics correction is made for 
the two lost electrons. 

PROPERTIES OF ALPHA DECAY 

1. The energy of the alpha particle emitted is closely related to the 
half-life of the parent. In general, the shorter the half-life, the higher the 
energy of the emitted alpha particle. 

2. Alpha decay is restricted to the very heavy nuclides, Z greater than 
83, except for two important exceptions, 8Be and 8B. 

3. All of the alpha particles emitted for a particular nuclide decay 
pathway have identical energies. There may be several different energy 
alpha particles, however, since alternative decay schemes are common 
(refer to branching decay earlier in this chapter). 

4. The range of the alpha particle is unique, since its energy is unique. 

Because of the high ionization density in the track of alpha particles 
(high LET) and the general chemical nature of the alpha emitters, they 
have little value in radiodiagnostics or therapy. They are generally ra- 
diotoxic if absorbed. 

N E G A T I V E  E L E C T R O N  E M I S S I O N  D E C A Y  

When a nuclide is neutron rich, that is, above the stability line, it may 
decay by the emission of a negative electron. Ignoring the other sub- 
nucleon particles, the transition that is occurring within the nucleus can be 
pictured as 

neutron ~ proton + negative electron + antineutrino. 

This class of decay is fundamentally different from that which occurs in 
alpha decay. The alpha particle can have a real and finite lifetime within 
the parent nucleus before transition takes place, and while in this state, 
the alpha particle may escape the binding energy of the nucleus. In the 
simplest sense, alpha decay is the fragmentation of a heavy nucleus. 

In both negative electron (beta) and positive electron (positron) decay, a 
reaction occurs within the nucleus that releases as its external sign 
particles that did not exist within the nucleus. In the process, one nucleon 
- - the  neutron--is converted to another--a  proton. 

The class reaction for negative electron decay may be written 

AX--) A y  + [3-+ F + ~/9 + Q 
Z Z �9 �9 
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Alpha particles are essentially monoenergetic. Beta particles, on the other 
hand, show a continuous distribution of energies downward from the 
maximum value. This would appear to violate the law of conservation of 
energy if it were not for the handy neutrino (antineutrino) invented by 
Pauli (1933) to explain the discrepancy. This particle was finally demon- 
strated to exist by Reines and Cowan (1953). The neutrino (antineutrino) is 
required to have a rest mass very nearly zero, a zero charge state, and it is 
assigned quantum numbers for spin, momentum, and energy. There is 
very, very weak interaction with matter. The interaction cross section for 
neutrinos is about 10 -23 c m  2, which suggests that there would only be a 
"few" interactions in a light-year thickness of lead. 

At the time of beta decay there is a distribution of energy between the 
beta particle and the antineutrino, which is probabilistically determined. 
The result is a predictable and continuous energy spectrum for the beta 
particle with a maximum energy equal to the Q for the transition. All, or 
nearly all, of the transition energy is in the electron and nearly none is in 
the antineutrino for achieving this maximum beta energy. The case where 
all of the kinetic energy is in the electron and none in the antineutrino is 
not possible (discussed later). 

In making the energy calculations for the typical [3- transition, it is 
convenient to neglect the partition of energy between the electron and the 
antineutrino. If the assumption is made that the maximum energy is 
possessed by each ejected negative electron, then energy conservation is 
maintained, even though fictional. 

EXAMPLE. In the [3- decay of 41Ar to 41K we will use the mass unit 
energy equivalence of 9.31482 x 108 eV or 931.482 MeV. One MeV has a 
mass equivalent of 1.074 x 10 -3 m a s s  units. 

product, 41K 
beta energy 
associated gamma 

isotopic mass = 40.9784 amu 
1.20 MeV x 1.074 x 10 -B = 0.00129 amu 
1.29 MeV x 1.074 x 10 -3 = 0.00139 amu 

Total 40.98108 amu 

Thus for the parent, 41Ar, the isotopic mass is 40.98108 amu. 

P O S I T I V E  E L E C T R O N  E M I S S I O N  D E C A Y  

Negative electron decay was an example of the radioactive transforma- 
tion of a nuclide with a neutron excess. This species will lie to the left of 
the stability line and will tend toward stability by conversion of a neutron 
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to a proton. Other nuclides may undergo positron decay even though they 
have a neutron excess. 

The internal nuclear transformation is 

proton ~ neutron + positive electron + neutrino. 

The prototypical reaction is 

AXz ~ z - 1  Y + 1 3 + + v + ~ ? + Q "  

There is one important difference between negatron and positron 
transitions that does not appear explicitly, since it relates to orbital 
electrons. Remember, for beta decay there was no allowance for the loss 
of the electron mass from the system and none was required. With beta 
decay, when the electron leaves the nucleus, another electron must take up 
an orbital position to balance the new charge (Z increases by 1), leading to 
a balance of mass change as far as electrons are concerned; therefore no 
allowance must be made in the energy-mass calculations for electron 
shifts. In positron decay, on the other hand, when a positron is emitted 
there is a net loss of one positive charge on the nucleus (Z decreases by 1). 
Another electron must leave an orbital position to balance the new 
nuclear charge, leading to the need to account for two electron masses in 
the mass-energy calculations. 

Compare the mass-energy calculation for the following positron transi- 
tion with the foregoing calculation for negative beta decay of 41K: 

22 o + 2 2 N a  ----) Ne + p (0.54 MeV) + ~/(1.27 MeV) 
11 10 

product nuclide 22 Ne 
isotopic mass 

mass of two electrons 
energy of the positron 
gamma ray 

21.99138 amu 
0.0005487 x 2 = 0.00110 amu 

0.54 x 1.074 x 1 0  - 3  - -  0.00058 amu 
1.27 MeV • 1.074 X 1 0  . 3  = 0.00136 amu 

Total 21.99442 amu 

The isotopic mass of the parent, 22 Na is 21.99442 amu. 

ANNIHILATION REACTION 

The other important characteristic of positron decay is the associated 
annihilation reaction. Since the positive electron is an antimatter particle, 
if it and a nearby negative electron are near rest energy, they will interact 
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to cause the disappearance of both the positron and the electron and the 
transformation of the mass of both into electromagnetic energy. This 
radiation will appear as two photons of equal energy emitted at nearly 180 ~ 
to each other. Each will have an energy of 0.511 MeV. The sum of the two 
annihilation gamma ray energies is 1.022 MeV. This energy is equivalent 
to the rest mass of the two particles, the negative and positive electrons, 
which have disappeared. There must also be conservation of momentum. 
The 180 ~ opposed direction of the two photons accomplishes this conserva- 
tion of momentum. To the extent that the positron is not completely 
thermalized at the time of annihilation, the angular separation of the two 
photons may be slightly different from 180 ~ . 

Finally, since positron decay is associated with the appearance of a 
neutrino, the energy and range relationships for the emitted positron will 
not be significantly different from those for the negative electron. In 
energy-mass calculations for positron decay it is a convention, as in beta 
decay, to assign all the energy of the positron-neutrino pair to the 
positron. 

D E C A Y  BY E L E C T R O N  C A P T U R E  

One mechanism whereby neutron deficient species can adjust their 
nuclear composition toward stability has just been considered. It has also 
been noted that in the course of the process of positron emission there is 
the ultimate disappearance of two electrons or their energy equivalent. If 
the transition energy to the product nucleus of the transformation cannot 
be made to fit this pattern of energy loss (Q must be greater than 1.022 
MeV), then an alternative decay pathway is available. 

The alternative mechanism is electron capture. Electron capture as a 
mechanism does not suffer the same constraint that the transformation 
energy must exceed 1.022 MeV. Electron capture allows the same reduc- 
tion of Z by 1 with constant A that positron emission effects. Electron 
capture does not preclude the possibility of positron emission if the latter 
is energetically possible, so for all radionuclides that meet the 1.022 MeV 
energy constraint, the two processes will be competing pathways for 
transformation. In some of these cases the electron capture pathway is 
nonexistent or nearly so. 

To understand how electron capture takes place, we must recollect the 
wave nature of the electron and the fact that the wave mechanical 
description of the motion of the electron asserts that the electron can 
come very close to the nucleus and can, indeed, at times be within the 
nucleus. 
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The description of the particle process is 

p + e - - - , n +  v. 

Since the emission of a negative electron in the reaction 

n ~ p + e - + ~ ,  

causes the emission of an antineutrino, the capture of an electron in the 
reverse reaction must lead to the emission of a neutrino" 

p + e - ~ n  + v. 

The prototype reaction for electron capture is 

e - +  A z X ~ z A Y +  v +  y ? + Q .  

K-CAPTURE FLUORESCENT RADIATION 

Following electron capture there must be an adjustment of the orbital 
electrons to fill the vacancy. Associated with these transitions are the 
characteristic electromagnetic radiations resulting from the orbital transi- 
tions. For example, if a free electron fills a K-orbital, energy equivalent to 
the binding energy of a K-orbital electron is released in the form of a 
photon. This photon is usually called a K-capture X-ray. 

What radiations are seen externally in the EC process? If there is no 
ground state adjustment by emission of a gamma ray (usually none appears 
in the EC process), then the only externally perceived radiation is the 
K-capture X-ray. The neutrino is very difficult to detect. 

I N T E R N A L  C O N V E R S I O N  

When the nucleus is in an excited state after a transformation, it tends 
to relieve its excitation by the emission of a gamma ray. In some cases, 
however, the gamma ray is not emitted, and the energy is transferred to 
one of the orbital electrons, which, in turn, is ejected with high kinetic 
energy from the nucleus. It is as if the electron captured the transition 
gamma ray internally, within the atomic structure, by the equivalent of the 
photoelectric process. The gamma ray disappears and an electron appears 
with an energy equivalent to that of the gamma ray less the orbital binding 
energy of the ejected electron. 
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There is an empty orbital position to be filled. When a free electron fills 
this position there is the emission of a K-capture X-ray with an energy 
equal to the binding energy of the orbital position filled. Ultimately, all the 
original excited state energy carried off by the original gamma ray is 
accounted for in the kinetic energy of the internal conversion electron and 
the orbital capture gamma rays. 

In general, internal conversion competes with gamma ray emission, so a 
mixture of the two processes may be seen. There must be enough energy in 
the original gamma transition to exceed the binding energy of the orbital 
electron displaced. The K-capture process is straightforward, with the 
energy of the fluorescent photon being equal to the binding energy of the 
empty orbital. 

AUGER ELECTRON 

There is, however, a competing process that is less well understood. The 
process is the emission of Auger electrons. The Auger process is diagramed 
in Fig. 3.7. Auger electron emission is predominant for nuclides of low Z 
and is always in competition with the normal K-capture photon emission. 

hu = E K -  ~" 
Auger electron, E = E K -  E L -  EM 

(A) (B) (C) 

O Vacant 

Figure 3.7 (A) The usual emission of a K characteristic X-ray, hv, energy equal to 
E K - E L ,  the difference in binding energy for the two orbital electrons, K and L. (B) h v has 
been absorbed and a monoenergetic Auger electron is emitted, in the example shown, from 
the M shell, the energy of which is E K - E  L - E  M. (C)  In its final state the atom has 
vacancies in the L and M orbitals. 
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PROBLEMS 

For the following problems use the constants as given: 

931.482 MeV = 1 amu, 

mass of the electron = 0.00054858 amu, 

mass of the proton = 1.00727647 amu, 

mass of the neutron = 1.00865012 amu. 

1. The atomic mass, m, of 2964Cu is 63.929757 amu. It undergoes positron 
64 �9 decay with a half-life of 12.9 h. The product of this decay is 28 N1. The 

mass, m, of this product is 63.927956. What is the total energy of the 
positron and the neutrino resulting from the decay. Is the product liable 
to be stable or be radioactive? Why? 

9~ has a mass of 89.914871 and a half-life of 2.9 m. 2. The radionuclide 37 
9O A product of the decay is 40Zr, the mass of which is 89.904710. If the 

total energy produced by the decay of 1 mCi of the 9~ is measured, 
what would it be? Can you propose a decay scheme for this transforma- 
tion? The identity of any intermediate nuclides need not be provided in 
the answer. 

3. A source of 99~ TC arrives at the laboratory for use at 10 AM on Monday 
morning, at which time this daughter product is eluted for diagnostic 

99 use. The parent, 42 MO, has a decay constant of 0.01039 h-1 If, after the 
separation of the daughter, the parent was found to have an activity of 
5.0 X 10 9 Bq, what is the activity of the parent and the daughter the 
following Thursday at 10 AM. 
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131 4. The nuclide 531 has a half-life of 8.06 days. Find the mean life and the 
decay constant for this radionuclide. A source of this isotope has an 
activity of 2.500 mCi. Find the activity remaining after the elapse of 12 
days from the measurement just given. Express the result in millicuries 
and becquerels. 

2 3 1 n  5. The radionuclide 91t'a has a half-life of 3.25 • 10 4 years. The equilib- 
rium atomic ratio for this isotope with its parent, 235U, is 2.89 • 10 6. 
What is the half-life of the uranium parent and what is the activity of 
the daughter at equilibrium, given that at time t o there was 1 g of 
uranium? 



Chapter 4 

Interaction of Radiation 
with Matter 

INTRODUCTION 

When a radiation beam passes through tissue or other absorbing media, 
energy is lost from the incident beam. Some of this energy is imparted to 
the medium in which the interacting events take place, whereas some of it 
leaves the volume of interaction. These energies are, respectively, called 
energy absorbed, A Eab (sometimes called energy imparted), and energy lost, 
A E L. The total energy leaving the incoming beam is called energy 
transferred, A Etr. The difference between energy absorbed and energy 
transferred is energy transferred in scattering processes minus the 
energy that leaves the system under consideration, usually, but not always, 
in the scattered photon, ion, or nucleon: 

AEab = A E t r -  AE L. (4.1) 

It must be recognized that, particularly with gamma rays or other 
high-energy radiations, there is often no transfer of energy from some 
photons, which may proceed through the absorbing material unaffected. 
Their energy is not included in the term energy transferred. 

For the purposes of this chapter there will be no consideration of 
possible changes in rest mass and its equivalent energy conversion. That 
subject will be left for further examination in Chapter 5. 

The important processes by which energy is transferred in tissue or 
tissue equivalent systems are the following: 

1. Photoelectric process 
2. Compton scattering process 
3. Pair production 

50 
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In addition, there is a less important scattering process in matter that 
has come to be known as coherent scatter. Rayleigh scattering is an 
example of a coherent scattering process. Coherent scattering is a coopera- 
tive phenomenon that involves the interaction of all the electrons of the 
atom. Photons are scattered by bound electrons in a process in which the 
scattering atom is neither excited nor ionized. Since coherent scatter is 
only important at high values of Z and for energies of a few keV, it is not 
an important process for tissue equivalent materials, and since little or no 
energy is imparted to the tissue, it has no biological importance. Compton 
scattering, photoelectric scattering, and pair production are classified as 
incoherent scattering processes. Coherent has the usual physical meaning 
that in the scattering process there is no change in phase relationships or 
wavelength, whereas for incoherent scattering there are changes in both 
wavelength and phase for the scattered photon or particle. 

After the absorption of energy associated with the three preceding 
incoherent processes, there is another chain of events that ultimately leads 
to tissue damage, both reversible and irreversible. These processes are 
schematized in Fig. 4.1. 

Before discussing the processes of energy transfer, the primary interac- 
tion event of Fig. 4.1, it is first necessary to describe the attenuation 
process itself, which is the rate of energy transfer per unit path length in 
any given absorbing material. It will be seen that, depending on the nature 
of the primary interaction event, various properties of the absorber will be 
of importance in determining the rate of energy transfer. 

L I N E A R  A T T E N U A T I O N  C O E F F I C I E N T  

Assume that a slab of homogeneous material of thickness Ax is placed 
in the path of a very narrow incident photon beam, and that the number of 
incident photons for the time of measurement is N (see Fig. 4.2). Then, 
since the chance of a single scattering interaction that will remove a 
photon from the incident beam depends on N (the incident photon 
fluence) and the properties of the attenuator (its linear attenuation coef- 
ficient), the equation for the number of photons removed ( N -  n) can be 
written as 

A N  = ~ A x N ,  (4.2) 

where AN is the number of transmitted photons scattered and /x is a 
constant of proportionality. In other words, the number of photons re- 
moved (usually expressed as a fraction of the incident fluence A N ~ N )  
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Figure 4.1 A diagrammatic representation of the processes from energy transfer to final 
biological damage. This chapter deals with the primary interaction event. 
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Figure 4.2 Transmission of photons through a plane scattering medium of thickness Ax. A 
detector placed at P will measure the transmission under "good" geometry in which it will 
detect only photons that are transmitted without scatter (change in energy and momentum). 
At position Q the detector will measure scattered photons that have interacted in the 
attenuator. This latter transmission is classed as "bad" geometry or broad-beam attenuation 
for purposes of evaluating the attenuation coefficient. 

depends upon the thickness of the absorber and a constant of proportion- 
ality, /z, which is determined by the properties of the homogeneous 
absorber and which will be different for different radiations and different 
materials. This constant, /z, is known as the linear attenuation coefficient: 

AN 
/z = Ax" (4.3) 

"GOOD" AND "BAD" GEOMETRY 

In Fig. 4.2, detector P is positioned to measure only photons that have 
not undergone a scattering event. This arrangement of source and detector 
is known as a "good" geometry measure of attenuation, because all events 
that have undergone any energy transition will suffer a momentum and 
energy change and will not be seen at this location on their new scattered 
path. The other requirement for good geometry is that the beam, N, be 
very small in physical dimensions. If a broad beam is used, there is the 
possibility that photons that were not included in the definition of N will 
be scattered in from other areas of the attenuator. Therefore, good 
geometry for attenuation measurements is described as measurements 
made with a small, highly collimated pencil beam of incident photons and 
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a measurement system that "sees" only unscattered photons. "Bad" 
geometry is sometimes described as broad-beam geometry, since that 
nonpejorative term describes a condition that will provide unwanted 
scatter-in photons. 

There is no adequate analytical expression for measurement of attenua- 
tion in broad-beam conditions. The narrow beam, or good geometry, 
expression for attenuation from an incident photon beam can be obtained 
by integration of Eq. (4.2): 

N= No e-~x, (4.4) 

where N O is the incident fluence, N is the fluence remaining after 
a thickness, x, of specified absorber, and /z is the linear attenuation 
coefficient. 

M A S S ,  ELECTRONIC,  AND A T O M I C  A T T E N U A T I O N  COEFFICIENTS 

Further examination of the interaction processes shows that the interac- 
tions of radiation with matter may depend on either the density of 
electrons with which the photons interact or the density of the atoms with 
which, under certain other circumstances, the photon will interact. The 
former will be shown to be the most important for tissue equivalent 
systems, but for the general case, attenuation coefficients are described in 
terms of the linear dimension, the unit mass dimension, which is simply 
related to the linear coefficient by the density, the probability of interac- 
tion per electron, and the probability of interaction per atom. These 
various attenuation coefficients are, respectively, the linear, mass, 
electronic, and atomic attenuation coefficients. Table 4.1 shows the 
relationships among attenuation coefficients. 

Table 4.1 

Relationships among Attenuation Coefficients 

Coefficients Symbol Units 

Linear p, m -  1 
Mass lx/p m 2 kg-  1 

Electronic e /~  m 2 per electron 
Atomic a/ . t  m 2 per atom a 

a Note that the conversion for atomic attenuation co- 
efficient uses N e, the number of electrons per gram, 
for the calculation. 



Linear At tenuat ion Coefficient 55 

The linear attenuation coefficient is /x. It is a measure of the probability 
of interaction of a photon per unit of linear path length in the absorber. It 
is often more convenient, as has just been suggested, to consider the 
attenuation coefficient in some other terms than the linear thickness of 
absorber. The alternatives are the mass attenuation coefficient, the elec- 
tronic attenuation coefficient, and the atomic attenuation coefficient. 
There are simple expressions that interrelate the various coefficients and 
that allow one to make necessary conversions. The conversion factors 
necessary to change the form of the linear attenuation coefficient are as 
follows: 

N a = Avogadro's number, 6.02205 x 10 23 atoms per mole; 
N a / A  = the number of atoms per gram of material, where A is 

the atomic weight or molar weight of the element; 
N e = the number of electrons per gram of material 

= ( N  a X Z ) / A ;  also N e X 10 3 = the number of electrons 
per kilogram of material; 

p = the density of the absorber (kg m-3) .  

It is interesting to note that the value of N e does not vary a great deal 
among the various elements, with the exception of hydrogen. For most 
elements the ratio of Z / A  is approximately 0.5, so that N e should 
approximate one-half of Avogadro's number; for example, N e for carbon is 
3.01 x 10 23 and N e for lead is 2.38 x 10 23. Hydrogen has a Z / A  of 1.0, so 
its value for N e is close to Avogadro's number. N e for hydrogen is 
5.97 X 10 23. 

DEFINITION OF CROSS SECTION 

The dimensions for all except the linear attenuation coefficient are such 
that a term that represents "length squared" (area) is in the numerator. 
This fact has led the physics community to the convention of referring to 
these coefficients in terms of cross sect ion.  For example, by taking the 
electronic cross section, we can visualize the attenuation coefficient in 
terms of the "effective" cross sectional area of an electron in its interac- 
tions with an incoming photon. If the electron of an absorber is thought of 
as having a certain area or cross section for interaction with a photon, then 
this area multiplied by the number of electrons in a cubic centimeter of 
the material would be the total effective area of the electrons in the cubic 
centimeter, and this is equal to the electronic attenuation coefficient. 

It is better not to think of the cross section in a literal geometric sense, 
but simply to remember than it is the probability constant for interaction 
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of the photon per electron in the material. The electronic cross section, for 
example, simply describes a "larger and larger" electron as the probability 
of interaction increases, while, of course, the electron is not changing its 
physical characteristics. 

E N E R G Y  T R A N S F E R  A N D  E N E R G Y  A B S O R P T I O N  

In general, when interaction of a photon takes place in an absorber, 
part of the photon energy is then in a form that is basically short range in 
nature (fast electrons, for example), and part of the energy reappears as 
the energy of photons of different (lower) energy. These "scattered" 
photons may or may not leave the system that is under consideration 
without further energy transfer (scattering events). Higher-energy elec- 
trons may leave the system or they may radiate part of their energy as 
bremsstrahlung, which may or may not leave the system. The processes 
vary widely and are strongly dependent on the initial energy of the 
photons. See Table 4.2 for examples. 

In a single scattering event it is not possible to predict the partition 
between energy that is transferred to the absorber and energy that is 
absorbed. It will depend on the definition of the volume of the absorbing 
medium considered to be important, the mean free path of the scattered 
particle and its range, and the number of radiative events (bremsstrahlung) 
that take place. The values given in Table 4.2 are average values over 
many events. 

Consider the partition of energy in a typical case. Take the interaction 
of 10 MeV photons with carbon, using the coefficients provided in the 
table. The energy transferred into kinetic energy of electrons is 7.30 MeV. 

Table 4.2 

Energy Transferred and Energy Absorbed for Incident 
Photons of Various Energy (for Carbon) 

Average energy Average energy 
Photon energy, transferred, absorbed, 

Eto t (MeV) Etr (MeV) Eab (MeV) 

0.01 0.00865 0.00865 
0.10 0.0141 0.0141 
1.0 0.440 0.440 

10.0 7.30 7.04 
100.0 95.63 71.90 
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Of that, 7.04 MeV is ultimately absorbed in the medium of interest, and 
the balance, 7.30 - 7.04 MeV, is reradiated as bremsstrahlung and is lost 
to the medium. The balance of the initial photon energy, 10.0 - 7.30 MeV, 
is scattered and lost to the volume of interest. In this example, 70.4% of 
the energy of the incident photon is deposited in the medium by the 
slowing down of high-kinetic-energy electrons produced in scattering 
events, but 96% of the energy transferred is deposited in the medium. It is 
also clear from the table that for low-atomic-number absorbers such as 
carbon, the energy lost as bremsstrahlung is very small, and, for all intents, 
the energy transferred is equal to the energy absorbed. 

For the highest photon energy in the table, 100 MeV, conditions are 
significantly different. Transferred energy is 95.63% for photons of this 
energy scattered in carbon, but of this energy, 71.9% of the energy 
transferred is finally absorbed in the medium. Much of the energy not 
absorbed will reappear as the result of the pair production process, which 
will be described shortly. 

It is often useful to state cross sections or attenuation coefficients in 
terms of energy transferred or energy absorbed. These values are the 
energy transfer attenuation coefficient and the energy absorbed attenuation 
coefficient, and they can be calculated from the appropriate attenuation 
coefficients and the average energy transferred and absorbed as tabulated 
in Table 4.2. 

From Eq. (4.2), let n' be the number of scattering events that occur in 
the linear element A x, and n' will be ( N -  n). Then 

n' = t xNAx .  (4.5) 

If the average energy transferred is Etr , then the increment of energy 
transferred in A X is 

AEtr -- Etr IxNAx. (4 .6)  

Multiplying both sides of the equation by h v, the energy per photon, to 
dimensionally adjust the expression to the dimensions of /x, and then 
rearranging the expression, 

Et r 
AEtr = / z ~  Nh v Ax .  (4.7) 

The quantity h u inserted in the numerator and the denominator converts 
Etr , which is expressed in energy units, into fluence, the dimensions of/x. 



58 4 Interaction of Radiation with Matter 

The quantity in parentheses, the transfer coefficient, /Ztr , is expressed as 

/Ztr -" /Z( Etr 
h-~v )" (4.8) 

The equation for energy transferred in Ax is 

AEtr = /~trNhv AX. (4.9) 

We can use the same approach for the energy absorption coefficient: 

and 

Eab 
= , (4.10) /'/~ab I'l' h v 

AEab = tZabNhv AX. (4.11) 

The importance of the mass-energy absorption coefficient, in particu- 
lar,/d, tr/P , was emphasized by Hubbell (1977) in an extensive report on the 
energy transfer and energy absorption coefficients for tissue elements. 
Depending on the dimensions of the absorber, the photon energy, and the 
atomic number of the absorber, the imparted charged particle kinetic 
energy, symbolized by A Eab, is a reasonable approximation of the amount 
of energy made available in the medium for chemical and biological 
effects. The mass-energy absorption coefficient is central in the determi- 
nation of dose. 

M E C H A N I S M S  O F  E N E R G Y  T R A N S F E R  F R O M  
G A M M A  R A Y S  

PHOTOELECTRIC SCATTERING PROCESS 

The photoelectric absorption process is one in which the incoming 
photon interacts with an orbital electron of the scattering atom (see Fig. 
4.3). The incoming photon disappears and a photoelectron is ejected from 
its orbital position in the K, L, or M shell of the atom. The orbital position 
vacated by the photoelectron is filled by an electron from an outer orbital. 
The result of this orbital shift is the emission of a photon, the energy of 
which is the difference in the orbital binding energy of the photoelectron 
and the orbital binding energy of the electron filling the vacated orbital. 
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. 

Fluorescent radtatlon 
E = Ab.e. 

0 

Incoming photon 
E = h ~  Photoelectron leaving 

E = h v -  b . e . ~  

Figure 4.3 Events in the photoelectric scattering process. The diagram indicates the incom- 
ing photon ejecting a photoelectron, followed by the movement of an outer orbital electron 
into this vacancy. Shown in the diagram is the movement of an M orbital electron into the K 
orbital position with the emission of a fluorescent photon. Also shown is the possible 
alternative, which is the movement of an L orbital electron into the vacancy. Only one of 
these electron shifts can occur. 

The energy of the incoming photon is h v. If this photon is to interact with 
an orbital electron, the energy of the photon must be equal to or exceed 
the binding energy (b.e.) of the electron that is displaced. The kinetic 
energy (KE) of the photoelectron that appears is equal to the energy of the 
incoming photon less the binding energy of the electron displaced, 

photoelectron KE = h u -  b.e., (4.12) 

where b.e. is the binding energy for the appropriate orbital electron that 
has appeared as a photoelectron. 

The energy relationships for the photoelectric process are complex and 
beyond the scope of this text (see, for example, Evans, cited in Suggested 
Additional Reading). The photoelectric interaction is most likely to occur 
if the energy of the incident photon is just greater than the binding energy 
of the electron with which it interacts. As a result, a plot of the attenuation 
coefficient as a function of the photon energy is a complicated relation- 
ship. It has sharp peaks at the binding energies of the various orbital shells 
and a strong dependence on the atomic number of the atom. Theoretical 
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Figure 4.4 Logarithm of the photoelectric cross section, "r/p, plotted as a function of photon 
energy, for water and for lead. The K and L orbital edges for lead are visible in this plot. 
Since the K and L binding energies for water are so low, the K and L orbital edges are not 
visible in this plot. 

calculations of the photoelectric cross sections have been performed by 
several workers, and measured cross sections are in very good agreement 
with theory. Scofield (1973) reported theoretical cross sections from 1 to 
1500 keV, and Hubbell (1977) compared experimental data with theory for 
nitrogen and found them to be in very good agreement. 

The ordinate shown in the graph in Fig. 4.4 is a logarithmic scale of the 
photoelectric mass partial attenuation coefficient. The partial cross sec- 
tion, as it is sometimes called, is indicated by the symbol "r/p. Appropriate 
subscripts would be used on ~- for the electronic and atomic partial cross 
sections and for the energy transferred and energy absorbed mass attenua- 
tion coefficients. 

For all the interaction processes that will be discussed in this chapter, 
the most important factors for complete understanding of dose are the 
variation of the cross section with atomic number of the medium and with 
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the energy of the photon for each process. For the photoelectric process, 
the rules are as follows. 

1. The photoelectric process involves only bound electrons. 
2. The partial cross section for the photoelectric process, "r/p, varies as 

(h u)-3 as an approximation. The exponent will depend somewhat on 
the atomic number of the medium. For example, for H, C, and N, it 
is 3.0; for Pb, it is 2.96. 

3. Near the absorption edge (the energy that just equals the orbital 
binding energy for the electron in question) there is a rapid change 
in cross section. The probability of interaction is maximum if the 
photon energy just exceeds the binding energy. 

4. The electronic attenuation coefficient per gram varies with atomic 
number, approximately as Z 3 for high Z elements and approximately 
as Z 38 for low Z elements. 

5. The photoelectric cross section is nearly 80% accounted for by K 
orbital interactions. 

6. Since each atom contains Z electrons, the atomic cross section, a ~', 
will vary as Z 48 for low Z materials: 

~/o r/t, (4.13a) 
aT--- Z/lOOONe, eT = 1000Ne, 

and 

7. In tissue, Etr 

e'1" 
aT = 2 "  (4 .13b)  

"- Eab and both are very nearly equal to h v. 

ENERGY TRANSFERRED--ENERGY ABSORBED RELATIONSHIPS: 
PHOTOELECTRIC EFFECT 

If an interaction takes place, the kinetic energy of the photoelectron 
produced is h u -  Eb.e. , where Eb.e. is the binding energy for the shell 
under consideration. In filling the vacant orbital position, the energy, 
A Eb.e. , the difference in the binding energy of the two orbitals involved, is 
emitted as the fluorescent photon. For tissue elements (those of low Z), 
the values of the binding energies are so small (500 eV or less) that 
essentially all the incident photon energy will be converted to kinetic 
energy. The energy of the photoelectron will be deposited locally. The 
fluorescent photon will be of such low energy, that is, equal to the binding 
energy difference of the two shells, that all of its energy also will be 
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deposited locally. So, for all intents, energy transferred is energy absorbed 
in a system of low Z such as tissue. 

SPATIAL DISTRIBUTION OF THE EMISSION OF PHOTOELECTRONS 

Taking the path o f  the incoming scattered photon as forward, the 
photoelectrons are emitted generally in a forward directed fashion from 
the point of interaction. The distribution is lobular, with a maximum at 
both sides of the forward direction. The angular relationship of these 
scattering angles is dependent on the energy of the scattered photon. If 
the energy of the photon is low, the photoelectron is emitted almost 
normally to the incoming photon track. As the photon energy increases, 
this pattern tends to be in a more forward directed but still bilobular 
pattern. 

C O M P T O N  S C A T T E R I N G  P R O C E S S :  

I N C O H E R E N T  S C A T T E R I N G  

The process just described, photoelectric scattering, is a phenomenon 
that involves the atom and its associated electrons. It cannot occur with 
unbound electrons. Incident photons also can interact with free electrons 
by two mechanisms: either by coherent scattering processes (Rayleigh 
scattering) or by incoherent scattering. Coherent scattering is a process in 
which no energy of the incident photon is converted into kinetic energy in 
the medium. The electromagnetic wave of the incident photon interacts 
with the electrons of the medium, causing them to oscillate with the same 
frequency, h v and, in turn, as oscillating charges, they emit electromag- 
netic radiation of the same frequency as that of the incident photon. The 
emitted electromagnetic radiations from each of the electrons combine 
and/or  interfere with each other to result in a wave of frequency h v and 
with direction different from that of the incoming photon. Whereas the 
scattering is a cooperative phenomenon, which involves all the electrons of 
the medium, it is called coherent scattering. The net result of coherent 
scattering is to increase somewhat the angular dispersion of the incoming 
wave without depositing energy in the medium. Since there is no transfer 
of kinetic energy into the medium and since the cross section for coherent 
scatter is very small for low-atomic-number materials at energies greater 
than 100 keV or so, the process is of no interest for biological or chemical 
events in the medium. Rayleigh scatter occurs mostly at low photon 
energies in high Z materials where the electron binding energies interfere 
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with the Compton scattering process. Hubbell's compilations (1977) in- 
clude coherent cross sections for those readers who might have an interest. 

Under circumstances where electrons can scatter independently the 
process is called incoherent scattering or Compton scattering. It will be 
seen that this is one of the most important interaction mechanisms for 
tissue equivalent materials because of the energy cross section considera- 
tions that will be discussed. 

Figure 4.5 shows a schematic of the Compton collision of a photon of 
energy h~, and momentum p = h~,/c, with a free electron. When an 
incident photon is scattered by a loosely bound (or virtually free) electron, 
the phenomenon is called Compton scatter. As the result of the photon 
interaction with the electron, the electron is set in motion with a kinetic 
energy and momentum as described in Fig. 4.5. Energy and momentum are 
conserved in the scattering event. 

Since, in the Compton process, the binding energies are very small (free 
or nearly free electron), one generally can use the calculations of classical 
mechanics with conservation of energy and momentum. It is important, 
however, to understand the underlying quantum mechanical nature of the 
process, and in particular the transfer of energy implied in Eq. (4.14) and 
the assignment of momentum to a photon. This classical mechanical 
simplification is, to a first order, adequate, but for very low-energy photons 
or high Z materials or circumstances where the electron velocity is 
relativistic, appropriate corrections are required. 

Recoil e lectron:  
momen tum,  p - q; energy - E; 
ve loc i ty  = v 

Incoming photon:  
E = h~; m o m e n t u m ,  p = h~/c q~ = electron scat ter ing angle 

0 = pho ton  scat ter ing angle 

Scat tered photon:  
E = hv ' ;  m o m e n t u m ,  p = h v ' / c  

Figure 4.5 Events in the Compton (incoherent) scattering process. 
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Equation (4.14) shows that the energy of the recoil electron ( E  e) equals 
the incident photon energy (h v ) m i n u s  the recoil photon energy (hv'): 

E e = h v -  h v ' .  (4.14) 

The scattered photon will have a lower energy than the incident photon 
and therefore its wavelength will be longer. Since momentum must be 
conserved, the recoil angle of the electron, ~b, is uniquely determined if the 
angle of photon scatter, 0, is known. Since the velocity of the electron is 
relativistic, it is necessary to represent the energy of the electron in 
relativistic terms: 

[ 1 1 - ' =  = - 1 ( 4  15) h v  h v  E e m ~  ~/1 - u 2 / c  2 " " 

Since linear momentum is also conserved, the sum of the momentum 
vectors, q and h v ' / c ,  must be equal to the incoming momentum, h u /c .  
Thus if h u / c  = p and h v ' / c  = p ' ,  then 

q2 p2 + ( p ) 2  = ' - 2pp  cos 0. (4.16) 

Conservation of linear momentum in the forward direction may be written 
as 

h v  h v '  mov 
c = c cos 0 + v / l _  v2/c2 COS ~b, (4.17) 

and conservation of momentum in the orthogonal direction may be written 
as 

h u '  moV 
sin 0 = s i n  4, ( 4  1 8 )  

c ~/1 - -  U 2 / C  2 " " 

The reader may wish to carry out the derivations of Eqs. (4.17) and (4.18) 
from Eqs. (4.14) and (4.15), and also may wish to show that by eliminating 
v and 0 from Eqs. (4.17) and (4.18), the final expressions for the energy of 
the scattered photon and the scattered electron are 

and 

a(1 - cos O) 
E e - -  h i , ,  ] q- a(1 - cos 0 ) '  (4.19) 

hv '  = h V l  + a ( 1 - c o s O ) "  (4.20a) 
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In Eqs. (4.19) and (4.20a), c~ is substituted for the ratio shown in Eq. 
(4.20b), where h v is expressed in MeV and the usual value of 0.511 MeV 
is assigned to mo c2. The term c~ is widely used as a shorthand term in 
scattering formulations, and it should be remembered for future use: 

h v  
a = c2. (4.20b) 

m 0 

LIMITS OF ENERGY TRANSFERRED 

If the photon interacts with the electron in such a fashion that the angle 
of recoil is forward at 0 ~ then the scattered photon will be scattered 
straight back; that is, 0 = 180 ~ and ~b = 0 ~ This is the interaction that 
imparts m a x i m u m  energy to the recoil electron and leaves the m i n i m u m  

energy with the scattered photon, with 0 = 180 ~ and cos 0 = -1 .  For that 
case, Eqs. (4.15) and (4.16) simplify to 

and 

2c~ 
Ee(max) = hp (1 + 2 a ) '  (4.21) 

humi n = h v  (1 + 2 a ) "  (4.22) 

For minimum energy transfer, 0 = 0 ~ and cos 0 = 1, and Eqs. (4.19) and 
(4.20) give 

E e = 0, (4.23) 

and 

h v  = h v ' .  (4.24) 

With the help of Eqs. (4.21)-(4.24), it is now possible to examine the 
effect of the energy of the incident photon on the fraction of its energy 
that is transferred to the kinetic energy of the scattered electron. In 
principle, after a Compton scattering event it is possible to assume that all 
the energy in the scattered photon will leave the absorbing system. The 
energy transferred will be the kinetic energy that is imparted to the 
electron. It is not so conveniently easy in the case of Compton scatter to 
assess the fraction of the energy transferred that will become energy 
absorbed. To the extent that the scattered electron loses energy through 
radiative mechanisms (bremsstrahlung), that energy will be lost to the 



66 4 Interaction of Radiation with Matter 

system. Addressing only the question of the fraction of the energy of the 
incident photon that is transferred to kinetic energy of the electron, we 
may calculate E e ( m a x )  a s  a function of the incident photon energy. These 
calculations are carried out in Table 4.3. 

The calculations in Table 4.3 demonstrate the importance of the inci- 
dent photon energy on the fraction of energy that is transferred in the 
Compton process, and they show clearly that the effectiveness of Compton 
scatter for transfer of energy in biological tissues is not great until the 
incident photon energy exceeds 100 keV or so. Note that this consideration 
does not yet include the influence of the cross section for the Compton 
process, which is high at low energy. The effect of cross section and photon 
energy will be examined in more detail in the next section, where details of 
the energy transfer and energy absorbed process are considered. 

For low-energy photons, when the scattering interaction takes place, 
little energy is transferred, regardless of the probability of such an interac- 
tion. As the energy increases, the fractional transfer increases, approach- 
ing 1.0 for photons at energies above 10-20 MeV. Thus we must convolute 
the independently variable cross section with the calculation of the energy 
transferred to know the total energy transferred by a complex spectrum of 
gamma rays. 

ENERGY ABSORBED 

For the photoelectric process, there is very efficient absorption of 
transferred energy in tissuelike systems where the photoelectron can be 
assumed to deposit most of its energy locally. Because of cross sectional 

Table 4.3 

Effect of Incident Photon Energy on the Fraction of Energy 
Transferred in the Compton Process 

Photon energy 

5.11 keV 5.11 MeV 

a = 5.11 keV/0.511 MeV 
= 0.010 

Ee(max) = 5.11 keV x (2 x 0.010/1.02) 
= 0.10 keV 

hvmi n = 5.11 keV x 1/1.02 
= 5.01 keV 

Energy transferred: 2% 

a = 5.11 MeV/0.511 MeV 
=10 

Ee(max) = 5.11 MeV • (2 • 10/21) 
= 4.87 MeV 

h '  Pmin = 5.11 MeV • 1/21 
= 0.24 MeV 

Energy transferred: 95% 
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considerations, the photoelectric process makes only a modest contribu- 
tion to energy absorbed for photons in the energy range that is of interest 
for biological damage. Reconsideration of Fig. 4.4 demonstrates that for 
water, for example, the photoelectric cross section is low for photon 
energies of a few tens of keV. 

In the Compton process the absorbed energy generally will vary as the 
inverse of the energy transferred, since for high-kinetic-energy electrons a 
fraction of the kinetic energy will partly reappear as bremsstrahlung 
radiation. 

SUMMARY OF THE COMPTON PROCESS 

1. The process involves the interaction of a photon and an electron 
(weakly bound), but the original photon reappears as a scattered 
photon of lower energy. 

2. The process is almost independent of atomic number. 
3. Compton scattering cross sections decrease as energy increases. 
4. On average, the fraction of energy transferred to kinetic energy per 

interaction increases with photon energy. 
5. The Compton process is most important for energy absorption in soft 

tissues for energies in the range of 100 keV to 10 MeV. 

SCATTERING COEFFICIENTS 

Klein and Nishina (1929) made one of the earliest applications of Dirac 
quantum dynamics to theoretically compute the differential cross section 
for the Compton process. It speaks well for the quality of their computa- 
tions that these data are still used today as the standard of comparison for 
new developments. The derivation is too extensive to quote in detail here, 
but the final format is worthy of careful consideration. Klein and Nishina 
found that the differential cross section for the number of photons 
scattered into unit solid angle per electron (electronic differential cross 
section) is given by 

de~ 

dll  

e 4 

2m2c 4 

1 ]2 
1 + ce(1 - cos 0) 

c e 2 ( 1 - c o s 0 ) 2  ] 
1 + COS 2 0 + 1 + a (1 - cos 0) " (4.25) 
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When the photon scattering angle is zero, there is no transfer of kinetic 
energy to the electron and Eq. (4.25) simplifies to the classical Thomson 
scattering value ea/m2c 4. If the photon energy is small, a approaches zero 
and Eq. (4.25) reduces to the classical, prequantum mechanical Thomson 
scattering expression 

4 
de o- t e 
dO = 2m2c 4 (1 + cos 2 0).  (4.26) 

The term e4 /2m2c  4 can be substituted by r2/2, where r 0 is the "classical 
electron radius," ke2/mo c2. The coefficient, k, is the constant from 
Coulomb's law: 

de o- t r 2 
dO = -2- (1 + cos 2 0). (4.27) 

For the total cross section over all scattering angles for the classical 
equation, Eq. (4.27), it is necessary to integrate Eq. (4.27) over all scatter- 
ing angles from zero to 27r. The solid angle between 0 and dO is 
2~r sin 0 dO, with which Eq. (4.27) can be integrated to give, for the special 
classical Thomson scattering case, 

8 
eOr0 = 3rrr 2. (4.28) 

This classical Thomson scattering coefficient for a free electron is valid for 
the case where no energy is imparted to the electron. As the photon 
energy increases, the amount of kinetic energy in the scattered electron 
increases. The Klein-Nishina (KN) formulation, Eq. (4.25), provides cor- 
rect calculations for the general case. It can be demonstrated that the 
classical Thomson formulation is part of the Klein-Nishina solution; that 
is, the KN formulation may be rewritten as the Thomson formula and a 
"KN factor," which is generally noted FKN. Hence, the rewrittten 
Klein-Nishina formula, Eq. (4.25), is 

d o  d o  r 2 
dO = dO FIe~ = -2- (1 + COS 2 0 ) FKN, (4.29) 

where F ~  is given by the expression 

[ 1 ]2 

F~,~= 1 + a ( 1 - c o s O )  

[ ] c~2(1 - cos  2 0 ) 2  

• 1 +  [l + a ( 1 -  cos O)] ( l  + cos 20)  " (4.30) 
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The factor, FI~ is always less than 1.0. It reaches the value of 1.0 only 
when the scattering angle, 0, is 0 ~ and scattering is described in the 
classical way. In addition, as a approaches zero, the factor also approaches 
1.0 and the scattering is classical. The integration of Eq. (4.29) over all 
scattering angles produces the following expression, which states the total 
Compton scattering coefficient: 

311+ Or = -~-eO'0 O~ 2 
2(1 + 2c~) ln(1 + 2 a )  l 

) l + 2 a  a 

ln(1 + 2 4 )  _ 1 + 3 4  ] 
+ 2c~ (1 + 2ce) 2 " (4.31) 

In this expression e O'0 is the classical zero angle Thomson scattering term 
of Eq. (4.28). 

The data for the energy transfer coefficient in Fig. 4.6 were obtained by 
multiplying the differential cross section expression of Eq. (4.29) by the 
ratio Ee/hu , which is determined from Eq. (4.21). The energy transfer 
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The total Compton coefficient, the scatter coefficient, and the energy transfer Figure 4.6 
coefficient in water calculated from the Klein-Nishina formulation tabulated by Johns and 
Cunningham (1983) in their Appendix A-2a. 
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differential cross section per unit solid angle is given as 

deovtr_ ~de~ ( a(1  -- COS0) ) . (4.32) 

dO dO (1 + a (1  - cos 0))  

The integration of this expression over all angles yields the value of the 
energy transfer coefficient, e O'tr . The integrated expression is dauntingly 
complicated and of no particular pedagogical interest. Johns and Laughlin 
reported the results of this effort in Hine and Brownell (1956). The results 
of Johns and Cunningham (1983) are shown in Fig. 4.6. The coefficient for 
energy scattered, e Ors, is simply the difference between the total coefficient 
and the energy transfer coefficient as calculated by Eq. (4.28). 

ENERGY OF COMPTON ELECTRONS 

From the original Klein-Nishina formulation, Eq. (4.27), it is possible to 
derive by suitable manipulation, the spectrum of Compton electron ener- 
gies. Readers are referred once more to Hine and Brownell (1956) for 
details. In general, the electrons may have any energy up to a maximum 
that is somewhat less than the energy of the photon, h v; for example, for 
an incident photon energy of 0.5 MeV, the maximum electron energy is 
0.331 MeV, and for an incident photon of 1.0 MeV, the maximum electron 
energy is 0.796 MeV. The energy distributions go through a minimum, so 
the likelihood is greater for both low-energy electrons and high-energy 
electrons than for the intermediate values. 

ELECTRON BINDING ENERGY EFFECTS 

The implicit, and at times explicit, assumption of all of the forgoing 
calculations of Compton scattering is that the electrons that interact with 
the incident photon are free; that is, their binding energy is zero or nearly 
so. As shown in Fig. 4.6, the total cross section, assuming free electrons, 
indicates that the coefficient decreases downward in a monotonic fashion 
with increasing energy, and the cross section is at a maximum at the lowest 
energies. Hubbell (1977) recalculated the Klein-Nishina coefficients tak- 
ing into account the electron binding energies. There is a sharp fall-off of 
the total coefficient at low energies (below 50 keV or so), but since the 
energy transferred coefficients are insignificant at these low energies, the 
impact on the energy transferred is minimal. Hubbells' calculation for 
carbon as the absorber shows that at 100 keV photon energy there is no 
detectable effect of the binding energy of the electron. 
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PAIR P R O D U C T I O N  

If an energetic photon enters matter and if it has an energy in excess of 
1.02 MeV, it may interact by a process called pair production (see Fig. 4.7). 
In this mechanism of energy transfer, the photon, passing near the nucleus 
of an atom, is subjected to strong field effects from the nucleus and may 
disappear as a photon and reappear as a positive and a negative electron 
pair. The mechanism is one in which the scattering nucleus plays a more or 
less passive role. The state of the scattering nucleus before and after the 
event is the same, except for some change in its kinetic energy and 
momentum. There is no other excitation of the scattering nucleus. A 
photon has simple been converted into a positive and a negative electron. 
The kinetic energy transferred to the nucleus is generally insignificant, but 
since there is some nuclear recoil, energy and momentum are not con- 
served within the system of the disappearing photon and the two emerging 
electrons. It should be made clear that the two electrons produced, e-  and 
e +, are not scattered orbital electrons, but are created, de novo, in the 
energy-mass conversion of the disappearing photon. Because of the uncer- 
tainties about the energy and momentum gained by the recoiling nucleus, 
it is not possible to undertake such elegant and complete analysis of the 
scattering process as with the Compton effect. 

The atomic cross section for pair production in the neighborhood of a 
nucleus is proportional to Z 2. However, for photon energies above 20 
MeV, we must correct to an effective Z to allow for the screening effect of 

e 

hv (>  1.02 MeV) 

Nucleus ~ e+ hv = 0.511 MeV 

h=, = 0.511 MeV 

Figure 4.7 Events in the pair production scattering process. 
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the true nuclear charge by atomic electrons. This is, in detail, a compli- 
cated correction, but for first order purposes the following equation 
describes the relationship of the atomic cross section for pair production, 

ale, (approx.) = In h v ,  (4.33) 

where a K is the atomic cross section due to pair production. 
What will the kinetic energy distribution between the two electrons be? 

Since the energy equivalent of two electron masses is 2 • 0.511, or 1.022 
MeV, the kinetic energy of the electrons produced by the process will be 
the difference between the energy of the incoming photon and 1.022 MeV: 

h v -  1.022 = Epositron -F Eelectron. (4.34) 

The partition between the two electrons of the energy predicted by Eq. 
(4.34) is a complex function of the energy of the incoming photon and the 
atomic number of the scattering nucleus, but, to a very good first approxi- 
mation, all partitions are equally probable, except for the extreme case of 
one electron that has zero kinetic energy. The probability for this special 
case approaches zero. The annihilation radiation process for the positron 
is identical to the process considered before in the discussion of positron 
decay of a radioactive nuclide. 

ANNIHILATION REACTION 

As the positron loses energy and finally reaches the Fermi energy, it will 
transfer its kinetic energy to the medium in the same way that such 
transfers occur with the negative electron. However as it slows to near rest 
energy, the positron will interact with a free electron to produce two 
annihilation photons of 0.511 MeV that have opposing direction vectors. 
The release of a total of 1.022 MeV of energy accounts for the energy 
equivalence of the mass of the two electrons that have disappeared. If the 
momentum of the two-body system, electron and positron, is zero in the 
laboratory system, the two quanta of electromagnetic radiation will appear 
with exactly opposed direction vectors. This condition is rarely achieved, 
and because of thermal agitation of both particles, the average momentum 
of the center of mass can be shown to be about 0.009 mo c2. As a result of 
this small momentum residue, there is a spread of about 0.5 ~ in the 
angular distribution about the mean of 180 ~ . If one photon is plane 
polarized, the other photon will have a plane of polarization at right angles 
to the first. 
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In addition to the usual annihilation reaction of the electron and the 
positron at near zero momentum, occasionally a high-kinetic-energy 
positron will be annihilated. This occurs in about 2% of the interactions. 
The momentum at the time of annihilation is not zero, and the resulting 
quanta will have energies in excess of 0.511 MeV and appropriate direc- 
tion vectors for momentum balance. 

ENERGY TRANSFERRED AND ENERGY ABSORBED 

The energy transferred in the pair production process is uniquely 
determined by the incident photon energy minus the mass equivalent of 
two electrons. The transferred energy is written as 

E t r  - -  h v - 1.022. (4.35) 

The energy absorbed is much more difficult to determine, except experi- 
mentally, since the two electrons may lose energy to their environment by 
bremsstrahlung as well as by energy transfer processes that result in 
energy absorption. However, 1.022 MeV of energy always will appear as 
annihilation photons, which, in general, can be considered as lost to the 
system. Then, at energies around 1.022 MeV or so, the threshold for pair 
production, little kinetic energy will be transferred by this process, regard- 
less of the cross section for its occurrence. Annihilation photons have the 
same role as the scattered photon in the Compton process and the 
fluorescent photon in the photoelectric process in that they are considered 
to be energy lost to the system (that is, not transferred). 

SUMMARY OF THE PAIR PRODUCTION PROCESS 

1. The threshold for the process is an incident photon energy of 
1.022 MeV. 

2. The process has a rapidly increasing cross section above this 
threshold energy. 

3. The stopping power per atom varies approximately as Z 2. 
4. The energy transferred is ( h v -  1.022) MeV. 
5. The two annihilation photons generally must be considered to be 

energy that is not absorbed. They may undergo further scattering 
processes before they leave the system. 
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TRIPLET PRODUCTION 

Another version of the pair production process is one in which the 
incident photon interacts with an orbital electron, rather than with an 
atomic nucleus. The scattered electron, since it has small mass, will take 
on significant kinetic energy and will itself appear as a product of the 
interaction. In addition, an electron and a positron appear as the result of 
the disappearance of the incident photon. This process has a threshold 
energy of 2.04 MeV, but since its cross section for low Z matter is very 
low, it is of little significance for the interaction of radiation with biological 
materials. The process is called triplet production because two electrons 
and one positron are ejected from the site of the scattering event. 

VARIATION OF CROSS SECTION WITH ENERGY 

The variation of cross section of the pair production process for 
different materials as a function of energy is shown in Fig. 4.8. As can be 
seen, there is only minimal contribution from this process at energies 
above the 1.022 MeV threshold and below 10 MeV for tissue equivalent 
elements such as oxygen and carbon. 

B R E M S S T R A H L U N G ~ R A D I A T I V E  E N E R G Y  L O S S  

We have made several references to energy loss from high-kinetic- 
energy electrons by a radiative process. There are a number of mecha- 
nisms by which high-kinetic-energy particles can transfer energy to their 
surrounding medium. The more likely event for fast electrons is a scatter- 
ing interaction that will transfer energy in the form of excitation or 
ionization. Another important process is the radiative transfer of energy 
when an electron is accelerated. As a high speed electron (or any other 
particle) passes a nucleus, there will be a coulombic force that will deflect 
the path of the electron. Since, in the case of the electron, the mass of the 
nucleus is so much larger, there will be little disturbance of the nucleus. 
The development of a generalized expression for bremsstrahlung produc- 
tion is as follows. As a particle of mass, Mp, and charge, ze, passes near a 
nucleus of mass, M n, and charge, Ze, the projectile particle will experience 
an electrostatic force that results in acceleration of the particle. Accelera- 
tion of the heavy nucleus is assumed to be insignificant since it is taken 
than M, is very much larger than Mp. Because a charge undergoing 



Bremsstrahlung m Radiative Energy Loss 75 

10-27 

E 
o 2 
tU 

04 

E.E 10 -28 
c 
O . m  

o 5 O 
O9 

Or) 
(/') 
O 

2 O 

10 -29 

5 m 

2 -  

1 0 -30 
1 

i I I I I 

L e a d  

r n 

l I I I I 
2 5 10 20 50 1 O0 

Photon Energy (MeV) 

Figure 4.8 Atomic cross section for the pair production scattering process as a function of 
energy for lead, copper, and carbon. Note the strong dependence on Z of the absorber. The 
data are from Plechaty et al. (1975). 

acceleration, either positive or negative, radiates energy at a rate that is 
proportional to the square of the acceleration, the accelerated (decel- 
erated) particle will emit electromagnetic radiation. Since by coulombic 
reasoning the acceleration is proportional to  (zZeZ/mp) 2, the radiative 
energy loss will depend strongly on Z and also strongly on the inverse of 
the mass Mp, since both are squared terms. Indeed, high-atomic-number 
absorbers are much more important for radiative energy loss, and the light 
electron is a manyfold more important contributor than even a proton. 

From quantum mechanical considerations, Heitler (1954) devised a 
solution for the rate of radiative energy loss for electrons of energy less 
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than 100 MeV: 

1 dE NeZ [ 2 ( E + ~ 0 )  1] 
S r a  d - -  - -  4r 2 In . (4.36) 

p dx 137 /z 0 3 

This process has been called bremsstrahlung from the German word for 
"braking radiation" which refers to the deceleration of the electron. 
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PROBLEMS 

1. It is given that the photoelectric effect cannot occur with a free electron 
and an incident gamma ray, and also given that this fact has as its basis 
the conservation of momentum and energy, show through equations for 
momentum and energy balance that photoelectric interaction with a 
free electron is not possible. 
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2. For each of the following initial photon energies, compute the maxi- 
mum kinetic energy that the Compton scattered electron may have. Plot 
the results on appropriate coordinate paper. 

Photon energies (in keV)" 1, 5, 50,100,500 

(in MeV)" 1, 10, 50, 100 

What can you conclude about the relationship of the photon energy to 
the maximum scattered electron energy? 

3. Given the following data, compute the total mass attenuation coeffi- 
cient of lead for 10 MeV photons, knowing that the total attenuation 
coefficient is the sum of those for the individual processes" 

~'(photo) = 0.168 x 10 -28 m 2 per atom, 

tr(coherent) = 0.0093 x 10 -28 m 2 per atom, 

tr(Compton) = 4.193 x 10 -28 m 2 per atom, 

K(pair) = 12.400 x 10 -28 m 2 per atom. 

Lead has a density of 11, 350 kg m -3. The triplet coefficient is 
insignificant. 

4. For 10 MeV photons, the mass attenuation coefficient for air is 0.204. 
The average energy transferred (Etr) is 7.37 MeV and the average 
energy absorbed (Eab) is 7.10 MeV. Assuming a fluence of 10 4 photons 
traverses a volume of air of "thickness" 1.5 g cm -2, compute the 
number of scattering events, the energy appearing as kinetic energy of 
electrons in the medium, the energy removed from the incident beam, 
and the amount of the original incident energy that reappears as 
bremsstrahlung. 

5. Using the differential cross section equations made available for 
Compton scattering, compute the energy of a scattered photon that 
appears at a scattering angle of 45, 90, and 180 ~ from the incident axis. 

6. A photon of wavelength 0.20 nm is incident on a slab of carbon, and its 
wavelength is shifted by 0.0100%. What is the photon scattering angle 
and what is the maximum energy that the scattered electron could gain? 



Chapter 5 

Energy Transfer Processes 

I N T R O D U C T I O N  

Now that examination of the most important scattering processes for 
the interaction of high-energy photons with matter, with emphasis on 
tissue equivalent systems, is complete, it is necessary to examine the 
relative importance of each of these processes for tissue equivalent sys- 
tems, in particular, and to emphasize the next step in the ultimate transfer 
of energy from the photon to biologically important molecules in the living 
cell. The high-kinetic-energy electrons produced in the primary scattering 
process are the key element in the transfer of energy from the scattered 
photon to the molecular systems of the living cell. 

It was shown in Chapter 4 that partial stopping powers (attenuation 
coefficients) can be assigned for each of the scattering mechanisms. In this 
way the relative importance of each of the processes can be examined 
separately at whatever energy is of interest. It was also shown in Chapter 4 
that it is possible to partition the total stopping power for each of the 
scattering processes into the part that accounts for energy transferred and 
the part that accounts for energy absorbed. 

Separate cross sections or attenuation coefficients can be constructed 
for the portion of energy transferred as well as the portion finally ab- 
sorbed. The symbolism generally used is the following: 

tx/p = total mass attenuation coefficient, 
~ t r / P  - -  total energy transferred mass attenuation coefficient, 

78 
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IJ, ab/P = -  total energy absorbed mass attenuation coefficient, 
~'/p = photoelectric mass attenuation coefficient (the subscripts tr and 

ab have the same meaning as for the total coefficients), 
o-/p = Compton mass attenuation coefficient (the subscripts have the 

same meaning as before, but often one sees either trs/p or 
O' t r /P  , which refer, respectively, to energy scattered and trans- 
ferred), 

K/p = pair production mass attenuation coefficient (again the sub- 
scripts have the same significance). 

I M P O R T A N C E  O F  T H E  C O M P T O N  P R O C E S S  

I N  T I S S U E  S Y S T E M S  

It was suggested earlier that for most of the photon radiations that 
might contribute to the ultimate dose in tissue equivalent material, the 
Compton process would be the most significant contributor to absorbed 
energy. The cross sections for the Compton process were discussed at 
length in Chapter 4, with attention the the Klein-Nishina formulations. 
Klein-Nishina calculations are made for a free electron, and do not make 
allowance for the effects of electron binding energies on the total cross 
section. The total Compton cross section for a free electron is a continu- 
ously decreasing function, with the cross section essentially unchanged 
from its maximum value until the photon energy exceeds 50 keV. Depend- 
ing on the binding energy of the orbital electron involved in the Compton 
scattering event, there can be significant deviation of the actual cross 
section from that calculated from the Klein-Nishina (KN) formulation. 
There is very little difference between the cross sections for low-atomic- 
number atoms and for the free electron when the incident photon energies 
are above 100 keV. At lower energies, and particularly for higher Z 
absorbing media, there will be significant differences between the KN 
calculations and those that take into account the electronic binding ener- 
gies. More recent calculations have provided such cross sections, in which 
allowance has been made for the binding energy. Detailed cross sections 
for several elements were calculated by Hubbell (1977). These calculations 
are not reexamined here, but the results are shown in Fig. 5.1, which gives 
the total electronic Compton coefficients for a free electron, as well as the 
corrected electronic Compton coefficients for carbon (Z = 6) and the 
electronic Compton coefficients for energy absorbed, gab" Note again that 
the plotted curves are for electronic cross sections. 
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Figure 5.1 Electronic Compton cross sections for the free electron and carbon as a function 
of photon energy. O'ab is the cross section for energy absorbed and o" is the total Compton 
electronic cross section. Also shown is the total cross section for the free electron (data from 
Hubbell, 1977). 

TOTAL ATTENUATION COEFFICIENT 

In addition to the Compton process, which is of overriding importance 
for photon energies of 10 keV to 10 MeV, both the photoelectric process 
and, to a smaller extent, pair production contribute to the total deposition 
of energy. The contributions of each of the three processes are shown in 
Fig. 5.2. It should be clear that only one type of interaction can occur with 
a photon in any one event. The likelihood of each event is defined by the 
attenuation coefficient or the cross section for each event. The likelihood 
of any single event occurring is the sum of the likelihoods for all classes of 
events. Since the attenuation coefficient defines the probabilities for all 
possible scattering events, it is possible to state the total probability of an 
event as 

/'/'(total) "-- T(photoelectric) -[- Or(coherent) q- O'(Compton) -b K(pair). (5.1) 

It was earlier shown that the coherent cross section is not responsible 
for the deposition of significant energy, and indeed the cross section is only 
significant at energies below 10 keV when we are considering low-atomic- 
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Figure S.2 (A) Mass attenuation coefficients for lead. The relative contribution of each of 
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number  materials .  For  this reason,  the coheren t  cross sections usually are 
not  tabula ted  or included in total cross section calculations for tissue 

equivalent  material .  
The  cross sections in Eq. (5.1) can be applied as desired to mass, 

electronic,  and atomic cross sections by using the appropr ia te  ma themat i -  
cal manipula t ions  described in Chapte r  4 and the use of appropr ia te  
subscripts to indicate the intent ion of the user. The cross sections are 
tabula ted  as a function of photon  energy in many s tandard  reference  
works. The reader  who is in teres ted  in the details is re fe r red  to Hubbel l  

(1977). 
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Figure 5.2 (Continued) 

From the tabular data of Hubbell, Fig. 5.2A and B have been prepared 
to show the total mass attenuation coefficients for lead and water. The 
energy absorbed coefficients (mass, / Z a b / P )  and the energy transferred 
coefficients (mass /./,tr//9) are shown also. 

From the data presented in Fig. 5.2 it is possible to see the relative 
significance of each of the scattering processes and to observe how these 
relative contributions are affected by Z. The presence of the K-edge for 
lead in the total attenuation coefficient at just under 100 keV identifies the 
large contribution of the photoelectric process for this Z (lead) and this 
energy. For water, which for all intents can be considered to be tissue 
equivalent when corrected for density, there is a significant contribution 
from the photoelectric process only at lower energies; that is, below a few 
tens of keV. The key curve to examine in Fig. 5.2B is the total mass energy 
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absorption coefficient for water, which is labeled t.Zab//p. This curve shows 
very well that the significant contribution to absorbed energy in this tissue 
equivalent material is from the Compton process, which contributes the 
hump in the cross section from 100 keV to 10 MeV. The principal 
contributor to dose in all soft tissue systems will always be that which 
arises from the Compton scattering process for all the energies that might 
present significant exposure hazards for biological systems. High Z materi- 
als, such as copper and, particularly, lead, have large contributions from 
the photoelectric process, even for photon energies well in excess of 1 
MeV. The cross sections for high Z materials like lead take on significance 
when shielding calculations are necessary for biological protection. 

TOTAL ATTENUATION COEFFICIENTS FOR MIXTURES 

The total attenuation coefficients (and any partial coefficient, for that 
matter) can be calculated by using the simple proportionate contribution 
of each element in a mixture by attributing the correct attenuation 
coefficient or cross section to the appropriate mole fraction represented by 
each element in the mixture. 

EXAMPLE. What is the total Compton mass attenuation coefficient for 
water for photons of 1.25 MeV? 

o-/p for hydrogen at 1.25 MeV = 0.1129 c m  2 g - l ,  

~r/p for oxygen at 1.25 MeV = 0.0570 c m  2 g-1. 

Since 1 mole of water contains 16 g of oxygen and 2 g of hydrogen, the 
mole fraction of each is 2/18 for hydrogen and 16/18 for oxygen. The 
total cross section can then be computed from the tabulated elemental 
total cross sections: 

o- 2 16 
- (0.1129) + -7-g~ (0.0570) 

18 Pwater 

= 0.0632 c m  2 g- 1. 

I N T E R A C T I O N  O F  C H A R G E D  P A R T I C L E S  

W I T H  M A T T E R  

In the processes that have been described in the previous section there 
is one characteristic of all of the scattering processes by which photons 
transfer their energy to their environment. In every case of photon 
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scattering, an energetic electron is one of the products. A truism that will 
appear repeatedly in this text is that the principal mechanism by which 
energy is finally deposited in the chemical systems of a biological environ- 
ment is through the interactions of these high-kinetic-energy electrons 
with the absorbing medium. As a useful example, suppose a 1 MeV photon 
undergoes a scattering event, presumably a Compton event. Suppose that 
we make the reasonable assumption that the scattered electron leaves the 
event with a kinetic energy equal to 200 keV; that is; the scattering of the 
photon has produced a single electron with a large kinetic energy. This 
energy must be deposited in the environment as the electron passes. In 
this example the 200 keV electron could give rise to approximately 15, 000 
ionizations or excitations of water molecules. Clearly the most important 
transfer of energy from a photon to tissue component molecules lies in this 
process. 

All energetic charged particles, whatever their mass, will lose kinetic 
energy to their environment chiefly through coulombic interactions of the 
charge on the moving particle with the charges on the electrons and nuclei 
of the matter through which they pass. Since electrons are significantly 
more plentiful than charged nuclei in any medium, the preponderance of 
the interactions will be with the electrons of the medium. 

The general formulation for this interaction is diagrammed in Fig. 5.3. 
For this formulation, the mass of the electron of the medium in which the 
interaction is taking place is m 0. The distance b in the figure is the 
distance of closest approach of the two particles, which is sometimes called 
the impact parameter. Consider, for the moment, that the moving particle 
has a velocity v and has a large mass M. As M moves along its trajectory, 
e-  will experience a force along the line passing through the positions of 
M and e-. This force will have a component normal to the trajectory line, 

Mass  = M 

Charge = ze 

I~ V 

D i s tance  = r 

Fx 

a v 

A 
I 

Dis tance  = b 

I 

~ ~ l ~ = e - , - -  m = mo 
Q 

Figure 5.3 Interaction of a moving heavy particle of mass M passing an electron of 
the medium. 
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shown as Fy in Fig. 5.3, and a force component in the horizontal direction, 
shown as F x. As M passes the point normal to the position of the electron, 
the direction of the vector, F x, will reverse and the net force on the 
electron in this direction is zero. The magnitude of F along the line MQ is 

kze 2 
F =  2 , ( 5 . 2 )  

F 

where the constant, k, is 8.9875 • 109 N m 2 C -2. This constant is the 
constant of proportionality for Coulomb's law. 

Since M is taken to be large compared to the electron mass, it will be 
deflected very little from its trajectory, but some energy, A E, will be taken 
from the moving particle. The momentum imparted to the electron, Ap, is 
given by 

-~ f + ~ z k e  2 
A p  = F y d t =  _ r2 cos 0 dt. (5.3) 

From classical coherent scattering theory, an expression has been devel- 
oped in terms of what has come to be called the classical electron radius, r o. 
This expression is 

ke 2 
ro = 2 = 2.81794 X 10 -15 m. (5.4) 

moc 

If Eq. (5.3) is written with all variables in terms of 0 and the definition of 
r 0 is taken from Eq. (5.4), the simplification can be written 

c 2 zk e2 f +7r/2 2zke 2 2zromo 
Ap = ub ]-' -rr /2 COS 0 dO - ub = ub " (5.5) 

A p is the momentum transferred to the resting electron. The energy taken 
from the heavy particle is 

(Ap 2) 2zZrZmo c4 zZrZmocaM 

AE(b)  = 2m0 u2b2 b2 E , (5.6) 

where E, the kinetic energy of the moving particle, is aMu2. 
The parameter b, which is the distance of closest approach of M and e, 

is called the impact parameter. A uery important point must be made" The 
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transfer of energy is inversely proportional to the kinetic energy of the 
moving particle. It is also, then, inversely proportional to the square of the 
velocity of the moving particle. The energy transferred in the interaction 
depends on the charge on the particle, Z, and its velocity. The result is 
that the rate of energy transfer per unit path length rises dramatically as 
the moving particle approaches the end of its path as its kinetic energy 
approaches zero. 

The derivations given in Eqs. (5.2)-(5.6) are not complete. The reader is 
referred to any textbook of modern physics for a complete derivation (see 
for example; Attix et al. in Suggested Additional Reading). 

The special case given in Fig. 5.3 is for a moving heavy particle and a 
Fermi energy electron of the medium. The special case has general 
applicability. There are several possibilities: 

1. M is large compared to m0; that is, M is a charged nucleus or 
nucleon. 

2. M is the same as m0; that is, M is an electron. 
3. Either M or m 0 is at rest. 

Case 1. This case is assumed in the preceding model. The details of 
the expressions in Eqs. (5.2)-(5.6) are not important, nor are their deriva- 
tions, for the applications of radiation biophysics. The important consider- 
ation is to examine the denominator of the expression. To restate a point 
made previously, the impact parameter b will vary stochastically, but the 
important determinant of the rate of energy loss is the squared velocity 
term, which appears in the denominator. Most of the moving particle's 
energy will be given up as it begins to approach the rest state. 

Case 2. In the case of two electron masses interacting, we can no 
longer assume that the trajectory of either is unaffected. The calculation is 
classically the same, but complicated. The important point is that the paths 
of both the projectile electron and the target electron are affected. Energy 
loss is still inversely proportional to the velocity of the projectile electron 
squared, but the track of the projectile electron will be unpredictable and 
stochastically determined. 

Case 3. This particular case has no practical relevance. 

For energy transfer from a high-kinetic-energy electron produced in 
Compton scatter or by other processes of importance in tissue dose 
accumulation the moving mass is m 0 and the charged nucleus is M. Since 
only relative velocity is important, the formulations given in Eqs. (5.2)-(5.6) 
are appropriate. 
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F I N A L  S T E P S  I N  E N E R G Y  A B S O R P T I O N  

It is certainly clear at this point that the high-energy photon that enters 
an absorbing system will not cause ionization damage in important 
biomolecules in a single step. In every case, the photon undergoes scatter- 
ing events that give rise to high-kinetic-energy electrons, which will ulti- 
mately deposit energy in molecular species. These electrons will generally 
have kinetic energies in the kilo- to megaelectronvolt range, and to be 
effective in producing ionization damage to important biomolecules, these 
electrons must undergo energy transfer events that are on the order of 
tens of electronvolts. For example, water makes up most of the milieu of 
the living cell. The first ionization potential for water is 12.6 eV. How do 
these transfer processes in the few eV range happen? 

The four principle processes by which energy is transferred from a 
high-kinetic-energy electron are discussed next. These processes are of 
varying significance, depending upon the energy of the electron and the Z 
of the absorber. Figure 5.4 shows the life history of an entering fast 
electron in a low Z absorber. 

MULTIPLE COLLISION ENERGY TRANSFER 

In this process the electron undergoes multiple small ionization losses 
by coulombic interaction with the bound electrons of the medium. Since 
the momentum transfer per collision is small for individual events, there 

High kinetic energy e_ trahlung) 
v 

(bremsstrahlung) y) 

(delta ray) e- / 

Figure 5.4 Life history of a fast electron. 
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will be only small changes in the direction vector of the incoming electron 
per event, but overall there will be significant change in path after many 
collisions. The multiple collision process is the process of predominant 
importance in the deposition of energy in the molecular species in the 
target. Occasionally, the energy transfer in one of these interactions will be 
large enough that the target electron becomes a scattered electron with 
sufficient kinetic energy that it, in turn, engages in multiple collision 
energy transfers. These electrons are shown in Fig. 5.4 as delta rays. 

Delta ray (8 ray) is short-hand nomenclature for an electron from the 
absorbing medium to which enough energy has been imparted that this 
secondary electron will have a track of its own. Multiple collision energy 
transfers can occur from this new electron. When the primary charged 
particle is an electron, the ~ ray may have a kinetic energy as high as 
one-half of the kinetic energy of the primary electron. If the ~ ray has a 
high enough energy, it, in turn, can produce a second generation ~ ray. 

PHOTOELECTRIC PROCESS 

The photoelectric process with an electron can occur under appropriate 
conditions of kinetic energy of the electron and the Z of the absorbing 
medium. As in the photoelectric process with a photon, the primary 
electron is absorbed and usually a K or L orbital electron is ejected. The 
empty orbital position is then filled by an outer orbital electron, and a 
photon is emitted with an energy equal to the differential in the binding 
energies of the two orbitals involved. There is little energy transmitted to 
the absorbing medium, and the regenerated photon must undergo normal 
scattering processes for its energy to be transferred. The process follows 
the usual rules for the photoelectric process as for photons. It is generally 
only important in higher Z media. 

BREMSSTRAHLUNG GENERATION 

This process is the emission of photon radiation as the result of 
deceleration of the charged particle through coulombic nuclear interac- 
tions. It is important when the electron remains at high kinetic energy. The 
process can occur even for low-energy particles, but the contribution of the 
process to energy loss at low energies can generally be disregarded. For 
electrons the loss due to bremsstrahlung becomes important for energies 
above 10 MeV in lead and above 100 MeV in water. In general, 
bremsstrahlung radiation becomes important only when the kinetic energy 
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of the particle is considerably greater than the rest-mass energy of the 
particle. For a detailed discussion of the production of bremsstrahlung, 
Merzbacher and Lewis (1958) is a recommended source. 

DIRECT COLLISIONS 

Collisions in which the electron is stopped and gives up all of its energy 
as bremsstrahlung are very rare but do occur occasionally. 

L IFE  H I S T O R Y  O F  A F A S T  E L E C T R O N  

The electron enters at high energy and gives up part of its energy in 
bremsstrahlung interactions. These interactions may or may not occur 
before ionization-type collisions take place, which in any case, predomi- 
nate. While the electron still has a relatively high kinetic energy, it can 
impart enough energy to another electron to cause ionization. This second 
electron may have significant velocity and thus may produce further 
ionizations. These secondary electrons are called delta rays and are them- 
selves very important in producing ionization damage in important 
molecules. 

Remember that as the initial electron undergoes multiple collisions, it 
loses energy and therefore velocity. As this happens, the amount of energy 
transferred per interaction is increasing according to the inverse-velocity- 
squared principle that was mentioned earlier. 

Finally, the initial electron comes to rest. The energy imparted in the 
many collisions will be present both as ionization (separation of an 
electron from its nuclear charge, leaving a positively charged residue and a 
negatively charged electron, an ion pair) and excitation (the raising 
of an orbital electron from its usual ground state in the orbital to an 
excited state). 

DOSE 

The energy transferred and absorbed in the medium of interaction 
comprises the dose to the medium. From the foregoing discussion it is 
clear that most of this dose is deposited by high-kinetic-energy electrons. 
Recall from Chapter 1 (Quantities and Units) that absorbed dose, D, is 
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defined as the density of energy deposited per unit mass: 

dEab 
D =  (5.7) 

As we recall the life history of the high-kinetic-energy electron, we observe 
that the energy is deposited in a very erratic and stochastic fashion, so 
dose is only meaningful when the mass Am is great enough to average out 
the statistical variation in the number of energy transfer events that occur 
in the volume. 

Dose represents energy deposited in the medium by any process, 
including the production of ion pairs (ionization), electronic excitation, and 
deposition of thermal energy. Since this is the definition of dose and since 
each of the three final expressions of energy absorption are certain to have 
different biological effects, dose is not, in itself, an adequate predictor of 
biological effect. We also defined in Chapter 1 the relative biological 
effectiveness (RBE). It is the coefficient for dose that is intended to 
correct the physical dose as defined in Eq. (5.7) for the variation in energy 
absorption mechanisms just described. RBE accomplishes this aim only 
poorly, because in most instances it is variable with dose and level of 
biological effect. We will examine RBE in some detail in Chapter 14 on 
high linear energy transfer (LET) biological effects. 

A further complication of the concept of dose is that energy may be 
transferred at one location in the medium and absorbed at another 
location away from the initial transfer point. 

ABSORBED DOSE A N D  KERMA 

To reiterate a point made several times, of the energy that is trans- 
ferred in scattering processes, only the energy absorbed in the local 
medium is of any importance in establishing the final level of damage in 
the medium. In Chapter 1, two quantities were discussed: kerma, which is a 
measure of energy transferred, and dose, which is a measure of energy 
absorbed. The formulations for kerma and dose are identical, except that 
the former substitutes dEtr for dEab. 

We can restate dose in terms of the incident fluence as 

O -- �9 ---~-~ (avEab), (5.8)  
p 

where avEab is the average energy absorbed per interaction event. 
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Kerma is defined in terms of fluence in a similar way for energy 
transferred, 

g = (I) ----~ ( a v E t r ) ,  ( 5 . 9 )  
p 

where a v  Etr  is the average energy transferred per interaction event. 
As the photon fluence enters into an absorber from another medium, 

the initial kerma will be a maximum at the entrance interface and then will 
decrease according to the laws of attenuation discussed earlier. Dose, on 
the other hand, will have a value less than kerma at the entrance surface, 
but after penetrating the medium to some depth, the dose will exceed the 
kerma. The explanation for this is simple. First, Fig. 5.5 is a diagram of 
dose and kerma as a function of depth for a homogeneous medium. 

The reason for the difference between kerma and dose is the presence 
or absence of a condition called charged panicle equilibrium (CPE). The 
definition of charged particle equilibrium given in Chapter 1 may be 
paraphrased as follows: for a given volume element, for every particle 
carrying energy E out of the volume, there is another particle carrying 
energy E into the volume. Assume in the example of Fig. 5.5 that the 
medium just before the zero depth interface is of much lower density than 
the medium in which dose determination is taking place (in most cases for 
biological dosimetry this lower density is air and the absorber is tissue). 
The kerma just before the interface will be determined by the mass 
attenuation coefficient for air. Just after the interface, the kerma will be 
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Depth in the Absorber 

Figure 5.5 Logarithm of dose or kerma as a function of depth in the absorber. The scales 
are relative and not meant to be exact. The differences between kerma and dose are 
exaggerated for clarity. 
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determined by the mass attenuation coefficient for the medium. Since the 
density of air is so much lower, the cross sectional frequency for high- 
kinetic-energy electrons just before the interface will be very much lower. 
These scattered electrons, generated in air and generally directed in the 
forward direction, will contribute to the low dose at the surface of the new 
medium. After the interface, there will be a slow build-up of fast electrons 
from interactions in the medium that will contribute to dose at a finite 
distance in the forward direction. At some point, charged particle equilib- 
rium is reached, where the rate of formation of new fast electrons is just 
equal to the rate of their stopping. Since fluence is falling, following the 
attenuation law, kerma is falling. Dose will reach a maximum near a point 
not far beyond the point where charged particle equilibrium was estab- 
lished. Electrons contributing to dose at any position x, arose at some 
position x - A x, which is at a lesser depth in the medium. Therefore, the 
position of maximum dose will be slightly beyond the CPE point. After 
CPE is established, the dose will decrease following the decrease in 
particle fluence. Note also that the reverse configuration of kerma and 
dose will exist if the photon beam traverses a higher cross section medium 
before entering a lower cross section medium. In this latter case, dose will 
lag kerma. 

N E U T R O N  I N T E R A C T I O N S  I N  T I S S U E  

Neutrons are uncharged particles that are incapable of the typical 
coulombic interactions attributed to charged particles. Neutrons are, how- 
ever, often major contributors to tissue dose, and because of their high 
LET (vide infra) their biological effectiveness is often significant. Neutrons 
are generated over a very wide range of energies, depending on the 
processes from which they arose. Thermal neutrons, which have kinetic 
energies of a small fraction of an electronvolt and which owe their name to 
the fact that their energy is approximately kT, are produced in nuclear 
reactors, along with neutrons with energies up to several MeV, from the 
fission process. Neutrons with energies of 14 MeV or so are the product of 
the fusion process, and neutrons of several hundreds of MeV are produced 
by reactions in space and in and around large physics accelerators. The 
processes of energy transfer to tissue are different at all of these energies. 

The processes of energy transfer from neutrons are the following: 

1. Elastic scatter 
2. Inelastic scatter 
3. Nonelastic scatter 
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4. Neutron capture 
5. Spallation 

The significance of each process will depend on the energy of the 
neutron. Any combination of these processes is possible for a sufficiently 
energetic neutron. Capture is, however, a terminal process that leads to 
the disappearance of the neutron. For tissue systems, the spallation 
reaction is important only at high energies, well above 20 MeV per 
neutron. The details of each process follow. 

ELASTIC SCATTER 

Elastic scatter is the kinetic interaction of an energetic neutron with a 
nucleus of the absorbing medium in which classical kinematics describes 
the energy transfer. The elastic scattering process is important for neu- 
trons with energies up to 14 MeV or so. The principal scattering nucleus in 
the absorbing medium for tissue equivalent systems is the proton. Addi- 
tional scattering also occurs with oxygen, carbon, and nitrogen, in that 
order of importance. For the dosimetry of neutron absorption it is impor- 
tant that elastic scattering, particularly for hydrogen, be considered to be 
nearly isotropic for energies below 14 MeV. 

When a neutron is scattered elastically by an atom, the energy trans- 
ferred to the target nucleus, E t, is given by the expression 

4MaM,, 
Et = En cos 2 0 (5 10) 

(Ma + M~) 2 " 

The initial neutron energy is E n and 0 is the recoil angle of the nucleus in 
the laboratory system of coordinates. M a is the mass of the target nucleus 
and Mn is the mass of the neutron. The average energy imparted to the 
target nucleus is described by 

2E,,MaM,, w 

E t = (5 11) 
(Ma + Mn) 2" 

The elastic cross sections are highest at the lowest energy, and except 
for the resonance peaks that are found for oxygen, carbon, and nitrogen, 
the cross section decreases smoothly to a plateau level at about 14 MeV. 
For higher energies, elastic scatter with hydrogen accounts for about 85% 
of that part of the dose that is from elastic processes, whereas for neutron 
energies below 250 keV, hydrogen elastic scattering accounts for 95% of 
the dose. 
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The average energy transferred to the hydrogen recoil nucleus can be 
computed from Eq. (5.11) to be about one-half of the neutron energy. This 
energy is then converted into ionization and excitation in the absorbing 
medium by the processes described in the preceding section for moving 
charged particles in general. In this case the high-kinetic-energy particle is 
a proton, which interacts with the electrons of the medium. The recoil 
hydrogen nucleus has a range in tissue measured in micrometers, so all of 
its energy will be transferred locally and absorbed locally. 

INELASTIC SCATTER 

A specialized definition of inelastic scatter is applied for purposes of 
neutron dosimetry. A neutron may undergo a capture process with a 
nucleus of the medium to form a transitory compound nucleus that 
reemits a neutron of different energy. The product nucleus usually is in an 
excited state, which leads to the emission of a gamma ray. Since a neutron 
is absorbed and a neutron is reemitted, the product nucleus is identical to 
the starting nucleus, A typical inelastic scatter event in which the inelasti- 
cally scattered neutron has given up 10 MeV of its original energy when it 
reappears, can be the following: 

14N(n, n')14N" Ev = ~ 10 MeV. 

A number of these reactions are possible with nitrogen, carbon, and 
oxygen in tissue equivalent material. The reactions are only kinematically 
possible if the energy of the neutron is greater than the threshold energy 
necessary for conservation of energy and momentum. The energy transfer 
to the medium in inelastic scatter is by way of the interactions of the 
deexcitation photon. Because of the generally high energy of the deexcita- 
tion photons, the amount of energy transferred, as well as energy 
absorbed, is small. 

NONELASTIC SCATTER 

This process differs from the inelastic scattering in that a secondary 
part icle~not  a neutron~is  emitted after capture of the initial neutron. A 
reaction typical of nonelastic scatter is 

12C(n, ot)9Be �9 E,~ = 1.75 MeV. 
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With this type of reaction energy is transferred to tissue from the charged 
particle produced (an alpha particle in the example) and, in many cases, 
from a deexcitation gamma ray. 

Nonelastic scattering reactions are generally important for higher- 
energy incident neutrons. There are very few reactions for which the cross 
sections are significant below 5 MeV, and these reactions are typically 
predominant for the very high-energy neutrons. 

NEUTRON CAPTURE 

Neutron capture differs from nonelastic scatter only through conven- 
tion. Capture processes occur at low energies and account for a very 
significant fraction of the tissue dose for very low-energy neutrons. 
Actually, capture is almost the entire source of tissue dose for thermal and 
near thermal neutrons. An example is the capture of a thermal neutron 
(E n = 0.025 eV) by nitrogen in the reaction 

14N(n,p)14C: Ep = 0.58 MeV. 

Another very important reaction for thermal neutrons is the capture of 
the thermal neutron by hydrogen: 

1H(n, y)2H: E~ = 2.2 MeV. 

The latter reaction is the predominant contributor to dose in tissue from 
thermal neutrons. Since the hydrogen capture gamma ray has an energy of 
2.2 MeV, its contribution to dose will vary significantly with the size of the 
absorbing target. The larger the target volume, the more important this 
reaction becomes. 

SPALLATION 

Spallation is a process in which, after the neutron is captured, the 
nucleus fragments into several parts. The process is important only at 
energies in excess of 100 MeV for the incident neutron, and the cross 
sections increase to energies as high as 400-500 MeV. The carriers of 
energy for contribution to dose are the several neutrons and the deexcita- 
tion gamma rays that are emitted in the spallation reaction. 
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KERMA AND DOSE FROM NEUTRONS 

The computation or measurement of kerma or dose for neutrons is an 
extremely complicated matter that depends on the energy spectrum of the 
neutrons as well as on the elemental composition of the absorber medium 
and the volume of the absorber. The dose will be derived from energy 
transfer from short range recoil protons, from other particles such as 
alphas and protons that result from capture and inelastic reactions, and 
from gamma rays that range in energy from less than 1 MeV to upward of 
tens of MeV. The details are beyond the scope of this text, and the reader 
is referred to Attix et al. (see Suggested Additional Reading). 

Some generalizations are worth recording. The important neutron ener- 
gies for health protection purposes are from thermal up to a few MeV. For 
these energies some processes are predominant. For the thermal energy 
domain, hydrogen capture gamma rays are the significant contributor to 
dose, whereas for higher energies (up to a few MeV), the hydrogen recoil 
reaction (elastic scatter) is the predominant does contributor. Energy 
transfer and absorption from neutrons is an example of the highly variable 
processes of energy absorption that can contribute to dose. The concept of 
RBE is particularly relevant for neutron irradiations of tissue, since 
biological outcome for a given physical dose varies widely with neutron 
energy. 

T R A C K  S T R U C T U R E  A N D  M I C R O D O S I M E T R Y  

Several discussions in this chapter involved the stochastic nature of the 
deposition of energy in tissue. We also have discussed the fact that various 
means of energy deposition may give rise to quite different biological 
outcomes. One of the earliest reports that recognized the microscopic 
importance of track structure was Rossi (1959). Rossi further amplified 
these considerations in later publications in which he developed experi- 
mental and theoretical approaches to the problem (Rossi et al., 1961 and 
1968). If a point is chosen in a medium for measurement of E l m ,  that is, 
putative dose, and m is chosen to be quite large compared with the track 
ranges under consideration, multiple measurements of E l m  will produce 
reliably precise results. If m is allowed to become smaller and smaller, a 
value of m will be reached where repeated measurements of E / m  will 
yield very different values. It is this region of values of m in which 
stochastic uncertainty arises that is of interest to us because cellular 
dimensions fall in the same domain. 
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Table 5.1 

Microscopic Consequences of 1 cGy of Absorbed Dose* 

Gamma Radon 10 MeV 
Target rays a rays neutrons 

Whole tissue, 
tracks per gram 10 9 10 7 10 7 

20 txm cells, 
tracks per cell 50 0.1 1 

Chromatin fiber, 
25 n m •  25 n m ,  10 -6  6 • 10-7 4 • 10-6 
tracks per segment 

Double strand DNA, 
2 nm x 2 nm, 10 -8 10 -8 10 -8 
tracks per segment 

Mean number of lethal 
lesions per cell 0.001 0.01 0.005 

* Data from Goodhead (1992). 

For various target sizes, Goodhead (1992) calculated the mean number 
of tracks per target for radiations with quite different dimensions. These 
calculations are shown in Table 5.1. The last row in Table 5.1 will have 
more significance for the reader after we consider the various models for 
cell killing, but for now treat them as a measure of biological effectiveness. 
Goodhead's  notations on the data in Table 5.1 indicate one fact that is not 
immediately evident: The dose fluctuations that would be possible for the 
smaller targets are very great. For example, for a 25 nm x 25 nm chro- 
matin fiber, the dose to this biological unit from delivery of 1 cGy to a 
large volume could range from 0 to 105 cGy. The dose to the 2 nm x 2 nm 
double strand DNA unit could range from 0 to 108 cGy. 

Radiations are often classified by their LET (linear energy t r a n s f e r ) ~ a  
measure of their average energy loss along the path of the track, ignoring 
large fluctuations in energy deposition along the track. There are signifi- 
cant limitations to this description, but, nevertheless, LET is a useful, 
semiquantitative description that has the advantage of common usage. 

R o s s I  M I C R O D O S I M E T R I C  F O R M U L A T I O N  

As we earlier discussed, as m is reduced in the quotient Elm, there 
comes a value for m where the measured Elm diverges from the 
absorbed dose, D. The local energy density will begin as a variation of 
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E / m  around D, with D as the average value of many repeated measure- 
ments. Rossi et al. (1968) defined the individual values of E / m  for these 
small values of m as local energy density, Z. In the case of small values of 
m, Z is zero in the great majority of cases, but when it is different from 
zero it will reach very large values that exceed the absorbed dose, D, by 
many orders of magnitude. These large fluctuations are due to the energy 
being deposited by charged particles in discrete steps associated with the 
passage of a track through m. 

LINEAR ENERGY TRANSFER 

Recalling the definition of linear energy transfer from Chapter 1, it is 
the quotient of dE L divided by dl, where dE L is the average energy locally 
imparted to the medium by a charged particle of specified energy in 
traversing distance dl. The term "locally imparted" may refer either to a 
maximum distance from the track beyond which energy deposition will not 
be included or to a maximum value of discrete energy loss by the particle 
beyond which losses are no longer considered to be local. Unfortunately, it 
is often difficult, if not impossible, to establish generally acceptable criteria 
that distinguish between local and distant energy deposition. Except for 
the very special condition of irradiation of thin layers of material by 
monoenergetic charged particles, the result will be deposition of energy 
from charged particles of a range of kinetic energies and, consequently, a 
range of LET's. 

SPECIFICATION OF RADIATION QUALITY 

Because of the severe limitations on the usefulness of LET in the 
specification of radiation quality as a predictor of biological effectiveness, 
Rossi (1959) suggested an alternative parameter~one that is directly 
related to energy deposited by individual charged particles and their 
secondaries in volumes of specified size. The first simplifying assumption is 
that these volumes are spherical. Consider a spherical volume within a 
homogeneous, uniformly irradiated mass. A charged particle that origi- 
nates either inside or outside of the sphere may, together with its sec- 
ondary particles, deposit a certain amount of energy, Ey, in the sphere. 
Each deposition of energy is termed an event, and the event size, Y, is 
defined as E v divided by d, where d is the diameter of the sphere. The 
ratio of E v / d  has the advantage that for idealized tracks with constant 
LET, the Y for corresponding events in spheres of different sizes has a 
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constant value. If Y is not constant for different d's, it is a sign of failure 
to meet the requirement of constant LET, and this is an expression of the 
inadequacy of this variable to describe radiation quality. Since LET rarely 
meets the demands just set out, it is more convenient to specify the 
diameter of the sphere rather than to attempt to improve on the specifica- 
tion of LET. The notation proposed by Rossi uses a subscript to indicate 
the sphere diameter. Thus, P(Yo.5)represents the probability that an event 
will have the value Y in spheres of diameter 0.5 ~m. 

Uncertainties in track curvature and the range-energy relation at low 
particle energies make the calculation of Y distributions a formidable 
problem, but Rossi developed a clever technique to experimentally 
measure Y distributions by using spherical ionization chambers filled 
with gas at such low pressures that they are equivalent to very small tissue 
equivalent spheres. 

A new function, D(Y*), is defined as the idealized distribution of the 
energy losses in spheres exposed to radiation having an LET distribution 
D(L). This D(Y*) is not the distribution of values of Y that will be 
observed experimentally because of the reasons mentioned. 

Figure 5.6 compares the theoretical Y* distribution with three experi- 
mentally determined distributions of Y for spheres of 3, 6, and 1.5 ~m 
diameter. The idealized spectrum is computed by Rossi [(1968), equation 
(23)]. This equation is of no special interest to us. The maximum value for 
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Figure 5.6 Idealized distribution of Y* and experimentally determined Y6, Y3, and I11.5 
distributions for 500 keV neutrons. From Rossi (1968), with permission. 
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Y* is 91 keV/xm -a, which is the LET of the recoil proton at its Bragg 
peak. For a 6 /xm sphere, the maximum observed value of Y is about 70 
keV/xm -1. This reduction in the maximum is due to the fact that the 
dimensions of the Bragg peak for the recoil proton are a fraction of a 
micrometer. The proton cannot maintain its maximum LET for more than 
a small fraction of the diameter of the 6 /zm sphere. For the 6 /xm sphere 
there are a number of events of small Y because of incomplete traversal 
of the sphere. As the sphere size is reduced, the maximum value of Y 
approaches the idealized value. This is due to the fact that for small sphere 
size the ranges of all or most of the tracks transiting the sphere meet the 
requirement that they not terminate in the sphere. 

LOCAL ENERGY DENSITY ( Z ) 

When an event of size Y occurs in a sphere of diameter d, the energy, 
1 Yd, is deposited in a volume equal to g Trd 3. For unit density, which 

adequately describes tissue equivalent systems, the increment in locally 
deposited energy, A Z, is expressed in ergs per gram, and if Y and d are 
expressed in keV and p.m, respectively, 

3060 30.60 
AZ d2 ergs g-1 __ d 2 J kg-1. (5.12) 

You will note that AZ has the dimensions of dose, remembering that 
1 G y =  / J k g  -1. 

For high LET radiations and small values of d, A Z will be quite large. 
For example, let Y = 80 keV/xm -1 and d = 1.5 /xm. Then AZ will be 
1.09 • 105 ergs g-1 (10.9 J kg-1), or an absorbed dose of 10.9 Gy. This 
absorbed dose results from a single track intersecting a sphere of diameter 
1.5/xm. The important utility of Z is the ability to predict the frequency of 
events of size Y. 

P(Z), which expresses the probability of occurrence of the local energy 
density, Z, in the medium irradiated, is an explicit definition of radiation 
quality. Figure 5.7 shows the variation of P(Z)wi th  dose for various 
radiation types of differing LET in 1 Ixm spheres. For distributions of Z it 
is also necessary to define the dose. The Z function requires the statement 
of three parameters: LET, dose, and sphere diameter. Note that the scale 
of Z in the figure is logarithmic, and the ordinate represents the probabil- 
ity of Z 1 per unit logarithmic interval. Also note that in Fig. 5.7 the area 
under the curve for the high LET radiation (1 MeV neutrons) is quite 
small, reflecting the high probability that Z will be zero for many events. 
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Figure 5.7 P(Za), the probability of Z per unit logarithmic interval of Z in 1 ~m tissue 
spheres irradiated with either 6~ gamma rays or 1 MeV neutrons. The doses are shown 
in the figure. From Rossi (1968), with permission. 

On the other hand, for the high-kinetic-energy electrons from 60 Co gamma 
rays, the distributions tend to become Gaussian and centered on the 
absorbed dose. 

SIGNIFICANCE OF D(Y) AND D(Z) 

In subsequent chapters there will be ample evidence that the micro- 
scopic distribution of energy in cells is the principal determinant of 
biological effectiveness of ionizing radiations. LET is entirely inadequate 
to explain the variation in effectiveness among ionizing radiation types, 
and the insights provided by the microdosimetric parameters let us under- 
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stand why LET has serious shortcomings. Table 5.1 indicates the gross lack 
of homogeneity of energy deposition, particularly with higher LET radia- 
tions. The microdosimetric parameters allow us to understand the funda- 
mental differences among radiation types. Probably the most important 
insight derived from the application of these parameters is that, for higher 
LET radiations at biologically effective doses, many cells receive no 
radiation at all, but those that do receive radiation experience very high 
doses indeed. 

The most important application of these microdosimetric concepts 
appears in the theory developed by Kellerer and Rossi (1971) that success- 
fully accounts for the variation of biological effectiveness with dose and 
LET. Kellerer and Rossi's theory of dual radiation action is explained in 
great detail in Chapter 7. 

REFERENCES 

Goodhead, D. T. (1992). Track structure considerations in low dose rate effects of ionizing 
radiation. Adv. Radiation Biology, 16, 7-44. Academic Press, New York. 

Hubbell, J. H. (1977). Photon mass attenuation and mass-energy absorption coefficients for 
H, C, N, O, Ar, and seven mixtures: from 0.1 keV to 20 MeV. Radiation Res. 70, 58-81. 

Kellerer, A. M., and Rossi, H. H. (1971). RBE and the primary mechanism of radiation 
action. Radiation Res. 47, 15-34. 

Merzbacher, E., and Lewis, H. W. (1958). X-ray production by heavy charged particles. In 
Handbuch der Physik, S. Flugge, Ed., Vol. 34, pp. 169-192. Springer, Berlin. 

Rossi, H. H. (1959). Specification of radiation quality. Radiation Res. 10, 522-531. 
Rossi, H. H., Biavati, W., and Gross, W. (1961). Local energy density in irradiated tissues. 1. 

Radiobiological significance. Radiation Res. 15, 431-439. 
Rossi, H. H. (1968). Microscopic energy distribution in irradiated matter. In Radiation 

Dosimetry, Volume I, Fundamentals, F. H. Attix, W. C. Roesch, and E. Tochilin, Eds. 
Academic Press, New York. 

SUGGESTED ADDITIONAL READING 

Attix, F. H., Roesch, W. C., and Tochilin, E. (1968). Radiation Dosimetry, Volume I, 
Fundamentals, 2nd ed. Academic Press, New York. 

Evans, R. D. (1955). The Atomic Nucleus. McGraw-Hill, New York 

PROBLEMS 

1. A 3.3 MeV neutron undergoes an elastic scattering event with a proton. 
The emerging scattered proton is seen to have a displacement of 120 ~ 
from the trajectory of the incoming neutron. What is the kinetic energy 
of the scattered proton? 
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2. A thermal neutron, with an energy of 5 eV, scatters off of a resting state 
hydrogen atom. Show that the interaction must be elastic and that 
energy and momentum are conserved. 

3. Polystyrene, (C8H8) x, has an unknown total mass attenuation coeffi- 
cient at 1.25 MeV. Its density is 1.040. The total mass attenuation 
coefficient for water at this energy is 0.0632 cm 2 g-1. The value of Ix/p 
for carbon is 0.0569. What is the total mass attenuation coefficient of 
polystyrene? 

4. Establish that the dimensions given in Eq. (5.4) for the "classical 
electron radius" are correct and show that the value of r 0 is 2.817 x 
10-15 m. 

SO A proton with an energy of 200 MeV in passing through a tissue 
medium gives rise to a high-kinetic-energy electron with an energy of 
1.2 MeV. Evaluate the impact parameter, b, in appropriate units. For 
the same value of b, what would be the kinetic energy of the tissue 
electron if the projectile had been an electron? 



Chapter 6 

Radiation Chemistry 

I N T R O D U C T I O N  

Developments in the previous chapters on scattering theory and energy 
transfer from high-kinetic-energy electrons make it clear that the interac- 
tion of radiation with molecules in the absorbing medium is not by way of 
the initial photon, but rather through the transfer of energy from the 
high-kinetic-energy charged particles created by the scattering processes. 
Except in unusual cases, such as the interaction of neutrons with tissue 
systems, these secondary charged particles will be high-kinetic-energy 
electrons. The interaction of these particles results in the transfer of part 
of the electron's kinetic energy to molecules of the absorbing medium. The 
typical energy transfer per event for 20 keV electrons is shown in Fig. 6.1. 

S T O C H A S T I C  N A T U R E  O F  E N E R G Y  T R A N S F E R  

The stochastic quality of the electron track as it deposits energy is not 
adequately described by the usual mathematical formulations. The 
Bethe-Bloch stopping power equation (which will be discussed in detail in 
Chapter 14) describes the process of energy transfer from a slowing down 
electron as a continuous process. That is to say, the energy is assumed to 
be deposited in a continuous stream rather than in the discrete and 
punctate fashion that occurs in the real case. This has come to be known 
as the continuous slowing down approximation. The Bethe-Bloch approxi- 
mation, which is suitable for general physics questions, proves to be 

104 
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Figure 6.1 Histogram for first collision energy loss for 20 keV electrons. The modal or most 
probable energy loss is shown as 22 eV. The average loss per event is about 60 eV. We might 
compare the modal and average energy losses with the first ionization potential of water, 
which is 12.6 eV. The energy deposited in a modal event, 22 eV, might be barely sufficient to 
ionize two molecules of water to the first ionization state. 

inadequate to describe the events that ultimately lead to molecular alter- 
ations in the medium. For example, if we examine the tracks of two 
electrons of equal starting kinetic energy and identical starting location, 
the distribution of events along the track will be different and so will be 
the physical locations of the tracks. Only for very high linear energy 
transfer (LET) radiations does the continuous slowing down approximation 
approach reality. 

SPURSt  BLOBS,  A N D  T R A C K S  

Figure 6.1 indicates that energy transfer is generally the result of the 
deposition of energy in discrete events, which vary over a wide range of 
energies. Mozumder and Magee (1966) developed a shorthand, somewhat 
colorful, terminology for these events. They classified them as follows: 

Spur: from 6 to 100 eV 
Blob: from 100 to 500 eV 
Short track: from 500 to 5000 eV 

The need for such descriptive terms arises as we attempt to describe the 
events following energy transfer from the secondary electron. The ab- 



106 6 Radiation Chemistry 

sorbed energy in the molecule of the medium can lead to the ejection of 
one or more electrons from the molecule, which results in an ion pair or 
ionization of the target molecule. The absorbed energy also may lead to 
the raising of electrons from a ground state to a higher-energy s t a t e ~ a  
process called excitation. If the energy utilized to raise the orbital electron 
to some new excited state is greater than the energy needed for ionization, 
but the electron is still associated with its parent nucleus, the process is 
often called superexcitation. 

Molecules in all of the forms described (ionized, excited, or super- 
excited) are very unstable. Electronic configurations are rearranged and 
interactions with other molecules occur. 

As a result of some of the secondary electron scattering interactions, 
delta rays are formed also. Electrons that have sufficient kinetic energy as 
the result of the interaction with the secondary electron create a track of 
their own. The same classification is possible along this new track. Accord- 
ing to Mozumder and Magee (1966), a 1 MeV electron deposits 65% of its 
energy in isolated spurs, 15% in blobs, and 20% in short tracks. The latter 
are not delta rays, but rather are scattered electrons that have a relatively 
small amount of kinetic energy as the result of the scattering interaction 
with the secondary electron. All of this energy, in the case of the short 
track, is deposited in a more or less continuous fashion. The stochastic 
nature of these events (spurs, blobs, and short tracks) is important in 
understanding the direct action of radiation on, for example, water. The 
energy deposited as the result of a secondary electron interaction will be 
concentrated in the small volume of the spur, blob, or short track, and, 
depending on the amount of energy deposited, several or many ionizations 
or excitations may result. Within this small interaction volume, the prod- 
ucts may interact with each other, but the individual events will be far 
enough apart that interactions of the products of the event between energy 
deposition sites are unlikely. An example will illustrate this point. Suppose 
a high-kinetic-energy secondary electron deposits energy in individual 
spurs that are, on average, about 400 nm apart. If the medium is water, the 
H radical formed has a diffusion constant of 8 x 10 -5 cm 2 s -1. In 1 Ixs, 
the average lifetime of the radical, it will diffuse about 180 nm. The 
important point is that the interaction of spurs and other small events will 
be minimal except for high LET radiations. 

To summarize, direct action of the secondary electrons on the medium 
will deposit energy in randomly located, small interaction volumes. One to 
a few reaction products will be formed by the deposition of energy from 
the secondary electron. Interactions may occur within the small interaction 
volumes, but interactions will be very unlikely for reaction products be- 
tween separate interaction sites such as spurs, blobs, and short tracks. The 
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average spur is estimated to be about about 1 nm in radius, and, in the 
case of water as an energy absorbing medium, it will contain an average of 
six or so radical products. 

R A D I A T I O N  CHEMISTRY OF WATER 

PRIMARY PRODUCTS OF RADIOLYSIS 

Water makes up a large part of the milieu of living systems, and, not 
surprisingly, for living systems a good deal of the energy transfer of the 
initial events of ionization and excitation takes place with this molecule. 
The direct effect of excitations and ionizations of water by the secondary 
electron is the predominant reaction in living systems for low LET radia- 
tion. The initial reactions, which occur on a time scale of 10-16-10  -12 S, 

are shown in Fig. 6.2. The end result of this initial radiation chemistry of 
excitation and ionization in a water medium is to produce the following 
products: The primary products are the excited water molecule, H 2 0 *  , and 
its immediate dissociation products, Ho and OH-, and from the direct 
ionization of HzO, H 20 + and e-  are produced. 

Exci ta t ion Radical species 
H20 . . . . . . . .  H 2 0 *  = H. + OH.  

Ionization 
H20 H20 + + e- 

l 

H + + O H .  

+ H 2 0  

+ H  + 

+ H 2 0  

H20- 

~ H .  

eacl 

H. + O H -  -" ., 

Figure 6.2 Products formed as the result of excitation and ionization of water. After the 
initial physical event, the excited or ionized water molecules dissociate to form the primary 
products shown. These, in turn, react with water or hydrogen ions, as shown. 
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FURTHER RADICAL CHEMISTRY 

The immediate products of combination of the primary products with 
water molecules or hydrogen ions are as follows: The ionized water 
molecule dissociates to H § and OH-. The free electron interacts with 
water to produce H 2 0 - ,  which, in turn, dissociates to Ho and OH- ,  or it 
reacts with water to produce eaq or  with hydrogen ions to produce Ho. The 
existence of eaq w a s  widely disputed for many years, and the predominant 
reducing radical was variously thought to be Ho, He O- ,  and several other 
more exotic forms. Platzman (1953) described the solvated electron (or 
aqueous or hydrated electron), eaq , and that description has come to be 
widely accepted. Its identity was principally confirmed by kinetic measure- 
ments as well as by the identification of its unique absorption spectrum. 
The aqueous electron is quite stable with respect to its reaction with water 
as shown in Fig. 6.2. The reaction rate constant for this reaction is about 
200 mol s-~. 

To recapitulate, products formed in the first 10 -11 S are H~ OH~ and 
eaq. Also formed are H § and OH , but since they are ubiquitous in their 
distribution as the normal products of the dissociation of water, their 
formation is of little importance, except as an innocuous energy sink for 
the initially deposited ionization energy. 

These early reactions in the chain of events that leads to the final 
products of water radiolysis occur without any dependence on diffusion. 
The products formed by the initial radiation event are able to react with 
water molecules and/or  hydrogen ions, which are, to a first approximation, 
immediately accessible. 

Some further remarks are necessary with regard to the aqueous elec- 
tron, eaq. This entity is also sometimes called the hydrated electron, a 
name with identical meaning to Platzman's solvated electron. Electrons 
produced as the result of water ionization lose their kinetic energy by 
multiple interactions with their surrounding environment, and finally ap- 
proach the Fermi energy. After electrons are sufficiently slowed down, 
when their kinetic energy has fallen to 100 eV or less, and if they have not 
been captured by either of the processes outlined in Fig. 6.2, that is, 
reaction with water or hydrogen ion, they attract the permanent dipole of 
several water molecules to form the hydrated electron, eaq. This new entity 
has a lifetime in neutral water of about 2 • 10 -4 S. The hydrated electron 
is more stable than the free electron. 

In the first ionization-excitation event of the fast electron, sometimes 
called a spur by radiation chemists, possibly only two to five water 
molecules are "ionized or excited. These radicals or excited molecules are 
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formed within a few nm of each other. From 10 -12 to 10 -1~ s the active 
species undergo the reactions given previously, lose their kinetic energy, 
and diffuse from their point of formation. 

RECOMBINATION 

One immediate reaction that can occur while the reactive species are 
still very close to each other is recombination of the early products and 
conversion of their energy to thermal energy in the vicinity. Radicals, as 
well as ion pairs, can recombine. However, since with the passage of time, 
diffusion separates and effectively dilutes them in the water environment, 
recombination is over in 10-11 s, after which diffusion controlled processes 
become important. 

CHEMICAL STAGE 

After the thermalization of the various species formed in the early 
reactions, the third (or chemical) stage begins. It lasts until all the 
chemical reactions have ended. These reactions occur in the vicinity of the 
track and are nonhomogeneous; that is, the concentrations controlling the 
reaction rates are not uniform. A complete listing of these reactions can 
be found in Chatterjee and Holley (1993). These reactions are enormously 
complex, and many of the reaction products are of little importance. For 
neutral water the list of products can be summarized in the following way 
(not balanced equations of course): 

H20(irradiated ) 

Ho, e~q, OH-, H3 O+, H 2 , O H - ,  HO2o, 02, 02 ,  HO 2, H202, 0 2. 

In acidic water, that is, in a high concentration of H+, hydrated electrons 
react in less than 10-10 s with protons to produce a hydrogen radical (see 
the reaction diagram in Fig. 6.2). 

G V A L U E :  E X P R E S S I O N  O F  Y I E L D  I N  

R A D I A T I O N  C H E M I S T R Y  

The G value for reactions in radiation chemistry is a convenient means 
to compare relative yields of various chemical species as the result of 
deposition of energy from ionizing particles. The explicit definition of G 
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Table 6.1 

Yields of Primary Radiolytic Products of 
Water at Neutral pH a 

Products G value 

e~q 2.6 

H- 0.6 
OH" 2.6 
H 2 0.45 

H20 2 0.75 

a From data compiled by Thomas (1967). 

value is given as follows, noting that there are two forms of G, the integral 
yield, G, and the differential yield, G'. G is defined as the number of 
molecules formed or destroyed as the result of the deposition of 100 eV of 
energy from the ionizing secondary electron. The differential G value, G', 
is related to G as 

dG(E) 
G'(E) = dE ' (6.1) 

where G(E) is the integral yield for energy E. It is rarely possible to 
develop a mathematical function describing G(E). The alternative is to 
follow a procedure used by LaVerne and Schuler (1984). These authors 
used a fitting procedure which determined G' by the best fit of the integral 

f o  G'dE, (6.1a) 

to the experimental data for G versus energy. 

The initial G values for the primary radiolytic products of water at 
neutral pH [from data of Thomas (1967)] are given in Table 6.1. 

R E A C T I O N S  I N  T H E  T R A C K :  

T H E  ROLE OF S C A V E N G E R S  

The reaction of water radicals with water is an interesting process in 
itself. To have a biological outcome from an irradiation event, there must 
be a chemical interaction of the reactive species with important 
biomolecules to lead ultimately to an interference in normal cellular 



Reactions in the Track: The Role of Scavengers 111 

function. Radiation chemists have come to use the term scavenger for the 
chemical species that interact with the radicals and other active forms 
present in irradiated water. The scavenger, which can be any molecular 
species capable of interaction, reacts with the radicals to bring the water 
chemistry to an end. Interestingly, it has been noted that for low concen- 
trations of any scavenger molecule, the fraction of the radicals that 
interacts with the scavenger is nearly constant over a wide range of 
scavenger concentration. Why is this so? If you picture a diffusing reactive 
species, its reaction with the scavenger is a "default" reaction to the other 
water reactions. At lower concentration of the scavenger the active 
molecule (radical) simply diffuses a little further before the scavenging 
takes place. 

FRICKE DOSIMETER 

The Fricke dosimeter system, which is the oxidation of ferrous ion 
(Fe 2+) to ferric ion (Fe 3§ as the result of irradiation of an aqueous 
solution of the ferrous ion, was developed originally as a dose measuring 
device. Because of the strong dependence of the yield (G value) of the 
Fricke dosimeter on the LET of the radiation source, it has only limited 
use for that purpose now. It is, however, an enormously valuable tool to 
examine the kinetics and chemistry of the interaction of active water 
species with any scavenger. 

For the Fricke dosimeter system, ferrous ion, Fe 2§ acts as the 
scavenger for the active products of the radiation chemistry of water. The 
chemical equations for the Fricke events are 

Ho + 0 2 ~ HO2o , (6.2) 

HO2o + Fe2+ =* HO 2 + Fe 3+, (6.3) 

HO 2 + H+=* H202, (6.4) 

OH- + Fe z + ~ O H -  + Fe 3 +, (6.5) 

H202 4- Fe2+=* O H - +  Fe3++ OH-, (6.6) 

H- + H20  =* OH- + H 2. (6.7) 

Reaction (6.7) occurs only in the absence of oxygen. Careful examination 
of these equations show that, in the presence of oxygen, each hydrogen 
radical, Ho, causes the oxidation of three molecules of ferrous ion. Reac- 
tion (6.2) produces the HO2o radical, which, in turn, oxidizes one ferrous 
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ion and produces HO 2. The HO 2 reacts with hydrogen ions to produce 
H202, which oxidizes the second ferrous ion. The OH- produced in 
reaction (6.6) oxidizes the third ferrous ion. Clearly, each initial hydrogen 
radical has led to the oxidation of three ferrous ions. 

The H202 radiolytically produced [not through reaction (6.2)] will 
oxidize two ferrous ions~one directly and one as the result of production 
of the OH- as described in reaction (6.6). Finally, the radiolytically pro- 
duced OH- radical itself is responsible for the oxidation of one ferrous ion 
according to reaction (6.5). 

From these reactions, then, one can predict the overall G value for the 
oxidation of ferrous ion in an oxygenated medium at acidic pH. The 
overall G value for the production of ferric ions, then, is 

G(Fe 3+) = 2G(H202) + 3G(H) + G(OH).  (6.8) 

Inspection of Eqs. (6.2)-(6.6) demonstrates that both oxygen (6.2) and 
hydrogen ions (6.4) enter into the reactions when they are present in the 
solution. In the absence of oxygen, the G value is 

G(Fe 3+) = G(H) + G(OH) + 2G(H202).  (6.9) 

It is left to the reader to show that Eq. (6.9) is indeed correct by 
following the same reasoning as for the fully oxygenated circumstance. 
Note that reaction (6.7) accounts for the contribution G(H). Using the 
generally accepted values of G for the various reactants, we may recon- 
struct the G value for oxidation of ferrous ions (the same as for produc- 
tion of ferric ions). Note that the G values used are those for the 
production of the products of radiolysis in acidic solution, so they are 
different from the values in Table 6.1. 

For low LET radiation (for example, 6~ gamma rays), G(H) is 3.65, 
G(H20 2) is 0.75, and G(OH) is 3.15. With Eq. (6.8) the G value for ferric 
ion production is 15.6. In the absence of oxygen the G(Fe 3+) is 8.30 
[Eq. (6.9)]. 

INTERPRETATION OF THE FRICKE MODEL 

What does the Fricke model tell us that is relevant to biological 
systems? 

1. Scavenger molecules such as Fe z+ will react with the radical species 
produced by the irradiation of water. By inference, appropriately reductive 
molecular species in the cell will act in the same way, being, in turn, 
oxidized in the process. 
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2. Other molecular species (notably oxygen) that are present in the 
cell's environment will modify the chemical outcome by their presence. 

3. It can be demonstrated that not all the energy deposited in ioniza- 
tion and excitation ultimately creates chemical change in the scavenger. 

To give an example of the latter point, when it is given that, on average, 
approximately 17 eV is required to produce a radical pair (Ho and OH~ 
and when 100 eV is deposited in the Fricke dosimeter, then we would 
expect 5.88 pairs of radicals (the G value would be 5.88 for H~ and OH~ 
and the Fricke G value would be 

G(Fe 3§ = 0 + 3 x 5.88 + 5.88 (in the presence of 02)  

= 23.53. 

The observed G value for the Fricke dosimeter is 15.6, which leads to the 
conclusion that a significant proportion of the chemistry represents inter- 
actions between the initial radicals to cause their disappearance so that 
they are not effective in oxidizing ferrous ion. To reiterate this very 
important point, the initial products of radiolysis will react with each other 
to remove themselves as effective agents of further chemical change. 

4. We might also infer that competing scavengers reduce the yield of 
Fe3+; that is, there would be protection of Fe 2§ if other chemical species 
were present to competitively react with the radiolytic products. 

D I R E C T  A N D  I N D I R E C T  A C T I O N  

Emphasis so far has been entirely on the radiation chemistry of water as 
it relates to possible effects on biological systems. In addition to the 
reactivity of the products of radiolysis of water that cause them to interact 
with important biomolecules in the cell, it is also possible that energy 
deposited by the high-kinetic-energy electron might be deposited directly 
in the biological molecule of interest. In this case, the initial physicochemi- 
cal reactions take place in the molecules of the important cell constituents 
such as DNA rather than in water. The result would be ionization and /o r  
excitation in atoms of these molecules and radical formation from the 
important biological molecule. These radicals can undergo reactions simi- 
lar to those seen for the radiolysis of water and its subsequent chemistry, 
including recombination. Two general classes of interactions of radiation 
can be identified: direct and indirect actions. 
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DIRECT ACTION 

For this process the energy is directly deposited in the target molecule 
of biological interest, without the intervention of radical species derived 
from water radiolysis. The dose-response relationship will generally be log 
linear as expressed in the relationship 

E = Eo e-kD, (6.10) 

where E 0 is the starting number of undamaged molecules, E is the 
number remaining after dose D, and k is a constant (the inactivation 
constant, the units for which are Gy -1). The reciprocal of k is the dose 
required to reduce E 0 by l / e ,  that is, to 37% of its original value. This 
dose is called the 937 or, more generally, the D O . 

The relationship in Eq. (6.10) is based on the assumption that a single 
direct ionization or excitation event in the biological molecule will cause a 
change that leads to loss of biological activity in the molecule. The 
complete derivation and significance of this expression is given in the 
target theory discussions in Chapter 7. 

MOLECULAR WEIGHT BY DIRECT ACTION 

Hutchinson and Pollard (1961) showed that a relationship exists be- 
tween the molecular weight of the molecule and the target size, namely, if 
single event kinetics are correct, the target size is the molecular weight. If 
an assumption can be made about the average energy deposited per 
ionization event, the target size may be calculated from Eq. (6.10) by the 
evaluation of the inactivation constant. Assume the average interaction is 
75 eV (known empirically from experiment). The target size in grams is 
related to k, the inactivation constant, as follows: 

target size (g) = k • 
75 eV per event 

6.2 x 1015 eV g-1 Gy- 1" (6.11) 

The dose unit, gray, is converted to eV g-1. The constant for this 
conversion is 6.2 x 1015 eV g-1 Gy-1. The target size in daltons is 

target mol. wt. = N a x (target size in grams), (6.12) 

where N a is Avogadro's number, 6.02 x 10 23 molecules per mole. Equa- 
tions (6.11) and (6.12) can be rewritten in the form 

(7.28 X 1011) 
target mol. wt. = . (6.13) 

D37 
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Remember that the units in which the dose is expressed must be 
appropriate for the conversion constant used in Eq. (6.11). Also, the D37 

appears in the denominator since it is the reciprocal of the inactivation 
constant. 

The data shown in Fig. 6.3 permit us to conclude that a wide range of 
bioactive molecules loses its biological activity as the result of a single 
ionizing interaction. Indirectly, the data also support the value of 75 eV 
per interaction for the average ionization event. Implicit in the straight-line 
relationship of Fig. 6.3 is a constant value of G for the inactivation of any 
of these different molecules. G is 1.35, since one molecule is inactivated by 
the deposition of 75 eV. 

The experiments of Fig. 6.3 and the discussions of direct action depend 
on the irradiation of the target molecules in the absence of water, that is, 
in the dry state. If the molecules are irradiated in aqueous solution, a very 
different state of affairs exists. In this case the indirect action of the 
products of water radiolysis will predominate for low LET radiations, but 
the direct action always plays some role in target inactivation, even in an 
aqueous medium. 
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Figure 6.3 Molecular weights of a wide range of biologically active molecules were deter- 
mined independently by physicochemical methods and by radiation target size determination. 
The data are plotted from the results of Hutchinson and Pollard ( 1 9 6 1 ) .  
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INDIRECT ACTION 

Indirect action is defined as the outcome that results from the action of 
the radiolytic products of water on the target of biological importance. The 
important characteristic of indirect action is that damage mediated through 
this mechanism is damage that can only occur when the active radical 
species developed through water radiolysis arrive at and interact with the 
biologically important molecule. The process will therefore usually be 
diffusion limited, and the dose-response relationship will often be com- 
plex. Indirect action is explicitly defined as the interaction of solute 
molecules and the reactive species of solvent molecules formed by the 
direct action of radiation on the solvent. Since water is the main solvent in 
living systems, most indirect action will be the result of interactions of 
reactive species formed from water molecules. 

Before leaving the subject of indirect action, it is important to indicate 
which of the radical species produced in water radiolysis are predominant 
in producing biological damage. This subject may be examined in model 
systems by irradiating in the presence of scavengers that are specific in 
their reactivity with a single water radiolysis radical. These experiments 
have shown, beyond doubt, that the hydroxyl radical, OH-, is the predomi- 
nant species for reaction with important biological molecules, in particular 
DNA (Chatterjee and Holley, 1993). It was recently suggested that another 
radical, the superoxide radical, 02~ might play an important role, but the 
data are not convincing and are based on experiments with cells in which 
the enzyme that converts the superoxide radical, superoxide dismutase, is 
absent or in low activity (see, for example, Samuni and Czapski, 1981). 

If we examine the G values for radiolytic species in water in Table 6.1, 
we will observe that the hydrated electron, eaq , has a G value as great as 
that for the hydroxyl radical, OH~ In spite of this fact, it appears from 
experimental evidence that the hydrated electron is of lesser importance 
for damage in biological systems. 

RECOMBINATION, RESTITUTION, AND REPAIR 

RECOMBINATION 

Restoration of molecules to the preirradiation condition is possible 
through three mechanisms. One of these mechanisms~recombinat ion~ 
was mentioned previously. Recombination can occur in the very early 
stages after the irradiation event, while the water radiolysis species that 
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are produced are still very close together. The time scale for recombina- 
tion is less than 10 -11 S. Recombination is simply the coming together of 
ion pairs or radical pairs to form the molecule from which they originated. 
As diffusion increases the initial separation distance of the radical species 
produced in the spur, recombination becomes less and less likely. 

RESTITUTION 

Restitution is a chemical restoration of the altered molecule to its 
original state without the intervention of enzymatic or other biocatalytic 
steps. The time scale for restitution is milliseconds and less. Chemical 
restitution can proceed by a number of pathways, some of which are not 
very well understood. 

An example will be useful to understand this process. Suppose, as the 
result of either indirect action or direct action, that DNA undergoes a 
chemical event that leaves a radical at some location in the molecule. This 
radical can, in turn, undergo a reaction that will more or less permanently 
fix the damage (for example, reaction with dissolved oxygen), or it may 
react with another molecule in a radical exchange reaction that leaves the 
DNA molecule restored to its preirradiation condition and another radical 
is created. A typical example of this latter process is the interaction of a 
DNA radical with a sulfhydryl containing molecule, which leads to restora- 
tion of the DNA molecule and the conversion of a sulfhydryl molecule to a 
radical compound as shown in the equation 

DNAo + RSH ~ RSo + DNA (with H restored). (6.14) 

On a longer time scale enzymatic repair of damage can occur. These 
processes will be discussed in some detail later in this chapter. The time 
scale for such repair processes may be minutes to hours. 

M A C R O M O L E C U L A R  T A R G E T  I N  T H E  C E L L  

The principal target for ionizing radiation induced chemical transforma- 
tion, where these changes can be biologically important for cell survival, is 
now well known to be DNA. The molecule carries the genomic informa- 
tion required for self-replication, biochemical renewal in the cell, and cell 
division. Part of the radiation induced damage will be the result of indirect 
action of the products of water radiolysis; part of it will be the result of 
direct action on the DNA molecule. Although DNA is the principal target, 
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it is clear that other bioactive molecules in the cell also undergo deactiva- 
tion as the result of both direct and indirect radiation damage. Very large 
losses in biological activity of most of the molecular species in the cell 
other than DNA can be sustained without serious functional deficit. 
Enzymes, for example, are continuously synthesized and damaged 
molecules are replaced. 

Does the DNA molecule have a special or unique sensitivity to radia- 
tion damage that makes it the central molecular change associated with 
radiation damage in the cell? The answer is no. As just asserted in the 
previous paragraph, every molecule in the cell will be susceptible to 
radiation damage by both direct and indirect effects. The most important 
characteristic of DNA that makes its destruction or alteration crucial for 
cell survival and self-replication is that the total genome is unique in each 
cell. There is very limited redundancy of information in this molecule, and 
when irreversible damage occurs, it may lead to loss of genetic coding that 
is vital to cellular function and survival. 

To consider this issue in a different way, examine the consequence of 
molecular damage to a vital intracellular enzyme. If such an enzyme is a 
large protein molecule, it will certainly suffer significant radiolytic damage 
as the result of direct or indirect action. The loss of function of even a 
significant proportion of the molecules available does not cause loss of the 
function itself. Furthermore, the cell continually replaces or "turns over" 
important biological molecules. For this latter function, the cell depends 
ultimately on coding information stored in the DNA molecule. 

EVIDENCE FOR D N A  AS THE TARGET MOLECULE 

What is the experimental evidence that DNA is the target molecule, the 
alteration of which leads to irreversible changes in cell function? 

1. For simpler organisms, such as bacteriophages and viruses, we can 
establish a quantitative relationship between the damage to DNA and 
biological function. Direct measurement of single-strand breaks in organ- 
isms with single-stranded DNA and measurement of double-strand breaks 
in organisms with double-stranded DNA, precisely correlate with biologi- 
cal inactivation. 

2. For higher organisms the relationship between DNA damage and 
loss of biological function is not as easy to establish quantitatively, but 
certainly loss of function has been shown to correlate with single-strand 
and double-strand breaks in DNA. 

3. The repair of DNA damage has been shown in many organisms to 
relate closely to cell survival as measured by ability of the cell to divide. 



Reactions of the Products of Water Radiolysis 119 

4. Cells that lack the ability to repair DNA as a result of an inherited 
genetic defect are exquisitely more sensitive to radiation exposure than 
their normal phenotypes. 

5. Chemical agents that are known to block the repair of DNA damage 
increase the sensitivity of cells to irradiation. 

6. Finally, on physicochemical grounds, DNA is the largest molecule in 
the cell, and at doses that will cause a cell line to lose its ability to further 
divide, it is highly unlikely that extensive or significant damage can have 
been done to the smaller molecules in the cell. 

The direct actions of ionizing radiations on DNA and other bioactive 
molecules in the cell are easily visualized as bond disruption or radical 
formation at the site of energy deposition that lead to inactivation of the 
target molecule. The indirect actions through the products of water radiol- 
ysis are more complicated, and several possible reaction pathways have 
been established. 

R E A C T I O N S  O F  T H E  P R O D U C T S  O F  

WATER RADIOLYSIS 

There are a number of possible reactions of the radicals produced in 
water radiolysis with biologically important molecules. Not all of these 
reactions are ultimately important in cellular alterations following irradia- 
tion, nor are all of them important contributors to DNA damage, but the 
relative importance of each is certainly not yet completely understood. 

1. Extraction of hydrogen atoms: 

R m H  + Ho ~ Ro + H2, 

R - - H  + OH~ ~ Ro + H 2 0 .  

2. Dissociative reactions: 

(6.15) 

(6.16) 

m 

R~NH~-  + eaq =* Ro + NH3, 

R - - N H  2 + H o ~ R ~  3. 

(6.17) 

(6.18) 

3. Addition reactions: 

R ~ C H - - C H ~ R  + OH- =* R C H O H ~ C H - ~ R .  (6.19) 

Two other reactions are important in understanding radiolytic alter- 
ations. One of these, restitution, the nonenzymatic restoration of the 
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original altered molecule at the expense of a second molecule, was 
mentioned earlier. An example is 

R - +  R - - S H  ~ R - - H  + R - - S -  (restitution). (6.20) 

The other important reaction class represents the role that oxygen can 
play in damage fixation as opposed to restitution: 

R- + 0 2 :=~ R---peroxide (damage fixation). (6.21) 

The peroxidated radical of reaction (6.21)cannot undergo restitution and 
is more stable than the original radical. For this reason the reaction with 
oxygen generally will lead to irreversible changes in the target molecule, 
but certainly the peroxidated form is not the final chemical product. The 
reactions of restitution, sometimes called chemical repair, and damage 
fixation are examined in greater detail in Chapter 9, which deals with 
modification of the radiation response. 

REACTIONS WITH D N A  

All the preceding reactions are, in principle, capable of occurring with 
DNA as a result of interaction with radiolytic products of water. Since the 
reaction constants for OH- and eaq a r e  very nearly identical, one would 
presume that each reacts equally efficiently with DNA. H~ has a signifi- 
cantly smaller reaction constant than either OH~ or  eaq , so its efficiency 
would be expected to be less. For reasons that are not at all clear, radical 
scavenging studies show OH- to be very much the predominant reactive 
species. As mentioned earlier, it is possible to measure the relative 
contributions from each radical species by introducing other scavengers 
that react at a much faster rate with the species in question than does 
DNA. For example, the use of efficient OH- scavengers significantly 
reduces the effectiveness of irradiation for several end points in which it is 
believed that DNA damage plays an important role. All of these experi- 
ments show that the OH- radical is the key reactant in DNA damage. The 
measured reaction rate constants are 

O H - +  DNA, 3 • 10 8 mol s 
Ho + DNA, 8 x 10 7, 
eaq 4- DNA, 1.4 x 10 8. 

-1 

The damage sustained by DNA can be of several types. Studies by 
Chatterjee and Holley (1993) with Monte Carlo models of radiation 



Reactions of the Products of Water Radiolysis 121 

interaction with DNA have outlined principal damage sites in the DNA 
molecule. They point out, quite correctly, that for diffusion controlled 
reactions of the indirect effect, the reactivity of a given site on the DNA 
molecule is strongly dependent on its location in the overall DNA 
structure. 

1. Functional groups on bases or sugar moieties may be irreversibly 
altered, which leads to the presence of an incorrect nucleotide. However, 
predictions of relative yields from studies in dilute aqueous solution are 
not reliable in predicting rate constants for intact DNA. The rate constant 
per molecule for OH- with DNA sugars in an aqueous medium is 5-10 
times greater than for the same sugar in structured DNA. 

2. Damage to purines or pyrimidines may be so extensive as to cause 
them to be lost to the DNA molecule. The result is apurinic or apyrimi- 
dinic sites in the DNA molecule. 

3. A known radical transfer mechanism in which a radical formed in a 
base site is transferred to the sugar-phosphate backbone leads to loss of 
the base and chain scission. 

4. Damage to the deoxyribose-phosphate backbone may cause scission 
of the backbone and eventuate in breakage of a single strand. This very 
important damage class is referred to as a single-strand break (SSB). These 
chain scissions are easily and quickly repaired by intracellular enzymatic 
processes. 

5. Damage to the deoxyribose-phosphate backbone in two or more 
nearby locations can lead to scission of the molecule, and this damage is 
referred to as a double-strand break (DSB). It is important to realize that 
independent single-strand breaks can give rise to a double-strand break 
only when the two single-strand breaks are very close together. Chatterjee 
and Holley (1993) suggested that the two single-strand breaks can be no 
further apart than 10 base pairs and that a scission separation of 6 or so 
base pairs is more likely. This is because the energy of the van der Waals 
forces and the hydrogen bonds between bases holds the two single strands 
together. 

Of the mechanisms listed, attacks on the sugar-phosphate backbone of 
the DNA molecule appear to be of the greatest importance. Attacks on the 
bases generally are believed to not cause strand scission, and the enzy- 
matic repair mechanisms for replacement of damaged bases are efficient 
and fast. Experimental work on viruses and bacteriophages has shown that 
the OH- attacks the 1', 2', 5', and 4' hydrogens on the deoxyribose moiety 
of the DNA molecule and abstracts one of them to form water, a 
mechanism described previously for a generic action of the OH-. The 
preferential site for this action appears to be the 4' position. There is a 
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significant supply of - - S H  containing compounds in the cell, for example, 
glutathione, which can, in turn, engage in the restitution reaction de- 
scribed earlier. If this restitution reaction takes place, the DNA molecule 
will be restored to its intact state. If, on the other hand, oxygen is present 
and reacts with the DNA radical, fixation of the damage results and leads 
to chain scission. The lifetime of OH- is such that it can move only on the 
order of a few nanometers before it reacts (the diffusion distance for the 
molecule when its rate constant is 3 x 108 mole s-l) .  Ward (1988) 
estimated that the average distance moved by an OH- is 3.5 nm. Dimen- 
sions of the DNA duplex are such that one helical turn is about 3.4 nm and 
about 10 bases comprise one turn. The overall diameter of the unfolded 
duplex is about 2 nm. The packaged chromatin fiber has a diameter of 
about 25 nm. Clearly, the hydroxyl radical must come into existence very 
close indeed to the target site in the DNA molecule in order to diffuse to 
and interact with DNA in its short lifetime. 

C H A I N  S C I S S I O N  I N  D N A  

Chain scission of one strand of a DNA molecule is not a particularly 
lethal event for the cell. Repair processes are fast, efficient, and relatively 
free of errors. The close association of the two strands allows precise 
reading of the appropriate missing bases from the intact complementary 
strand and the correct restoration of these bases. It is generally believed 
that single-strand breaks are a common event in a cell, with or without 
radiation, and that their repair is uneventful and efficient. Until relatively 
recently the single-strand break was believed to play an important role in 
radiation biology and in the loss of cellular function for replication and 
cell division, but it is now generally accepted that the SSB only infre- 
quently contributes to loss of function in the cell. 

Double-strand breaks (DSB) are far more serious in their consequences 
for the cell. A suitable template for restoration of the damage is not 
readily at hand, and repair of DSB's is an error-prone process that will 
frequently lead to mutation in the genome and/or  loss of reproductive 
capacity. 

Double-strand breaks can result from either the scission of both strands 
simultaneously and close together, as the result of direct action that 
deposited a significant amount of energy in the region in which the 
damage occurred, or they can result from cooperative interaction of two 
neighboring SSB's that are close enough together to allow separation of 
the molecule. Since the two strands between the breaks are held together 
by hydrogen bonding, the total energy in these bonds will determine 
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whether the molecule will separate. As suggested earlier, estimates range 
from 6 to 10 base pairs for the maximum separation of two SSB's that can 
lead to a DSB. The mechanisms for repair of DSB's are complicated and, 
as mentioned, error-prone. 

For ease of understanding the mechanisms by which DSB's can occur, 
Fig. 6.4 outlines the two mechanisms. The processes modeled are the 
result of a greatly simplified direct action, that is, the passage of a 
high-kinetic-energy electron that results in the local deposition of energy 
and local radiolysis products, as shown. Some liberties are taken with the 

Scission �9 

I 
Cooperative action, 2 SSBs 

~ j  Direct 

Direct production of DSB 

/ 
s 

/ 
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/ 

/ 

SSB 

Interaction of two independent events 
Figure 6.4 Mechanisms by which chain scission (double-strand breaks) can be caused in the 
DNA molecule. The electron tracks are stylized as straight lines. The irregular lines represent 
the diffusion paths of the products of water radiolysis that are produced at that location. 
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diagrams in that appropriate alteration of the course of the incoming 
electron is not indicated. All of these processes also can occur as the result 
of indirect action, with appropriate distribution of molecular species from 
water radiolysis, but with the energy transfer reaction occurring outside of 
the immediate vicinity of the DNA backbone. 

R O L E  O F  D N A  C O N F I G U R A T I O N  

CHROMATIN STRUCTURE 

The DNA of eukaryotic cells is confined to its own organelle, the 
nucleus, and to accomplish the packing of DNA the molecule must 
undergo a series of structural or configuration changes. To attain the 
necessary condensation of nearly 10,000-fold, there are a number of 
configurational steps, the simplest of which is the nucleosome. The nucleo- 
some was first described by Kornberg (1977). Each nucleosome contains a 
core disk of two molecules each of four histones, H2A, H2B, H3, and H4. 
Around this histone core is wrapped a 146 base pair (bp) section of the 
double helix. The individual nucleosomes are separated by approximately 
54 bp of linker DNA. This initial step of configurational change results in a 
chromatin fiber of approximately 25-30 nm in diameter. Organization of 
the nucleosomal arrangement into a solenoidal structure results in a 
compaction factor of approximately 40-fold. Further organization results 
from utilization of the nuclear matrix proteins that produce loop domains 
of approximately 60,000 bp, which increases the compaction factor to 
680-700. Final packing is achieved by supercoiling of the fibers under the 
control of DNA topoisomerases. 

D N A  STRUCTURE AND RADIATION DAMAGE 

The role of the nuclear matrix proteins in the mediation of DNA 
damage by ionizing radiation is not completely understood. Matrix-DNA 
attachment points are believed to be orderly and nonrandom because of 
the association of these fixation points with the biochemical mechanisms 
of replication and repair, as well as their role in chromosome segregation 
of daughter chromosomes at mitosis. Chiu et al. (1986) showed that 
nuclear matrix proteins become cross linked to transcriptionally active 
genes by ionizing radiation. 

Studies of radiation damage to the supercoiled DNA are difficult at 
best, and must utilize indirect methods of analysis and experimentation. 
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Nearly all of the experiments use intercalating dyes such as ethidium 
bromide (EB) or propidium iodide (PI) to alter the DNA winding number, 
and then measuring the change in particle size or electrophoretic mobility. 
In general, all of the observations of the effects of EB on unwinding and, 
at higher concentrations of EB, rewinding, showed a radiation effect 
expressed as a supression of the EB induced unwinding at doses of 1-10 
Gy. At doses of 5 Gy and higher there is a complete elimination of the EB 
rewinding effect. Roti-Roti et al. (1993) summarized their findings as 
follows: 

...however, the interpretation of what these changes mean in terms of 
DNA supercoiling is compromised by the absence of independent nucleoid 
sedimentation and varying amounts of protein cosedimenting with the nucleoid. 

Some studies suggest that DNA loop stability or anchoring may play an 
important role in radiosensitivity of various cell lines. Kapiszewska et al. 

(1989) isolated nucleoids from irradiated cell lines, L5178Y/R (resistant) 
and L5178Y/S (sensitive), and measured size-frequency distributions that 
resulted from radiation exposure. For doses from 3 to 12 Gy, there was a 
large inhibition of supercoil rewinding induced by appropriate concentra- 
tions of PI. The effect for the sensitive line was distinctly enhanced over 
that for the resistant line. 

It will be some time before we have a clear picture of the role of DNA 
configuration on radiation damage to the molecule, as well as the effect on 
DNA repair. In Chapter 7 we will review a number of mathematical 
models for cell killing that invoke not only specific changes in the genome, 
but also develop concepts of DNA repair and misrepair. Configuration 
must play an important role in these processes. Roti-Roti et al. (1993) 
suggested that DNA anchoring might play an important role in the repair 
of potentially lethal damage (PLD). First proposed by Phillips and 
Tolmach (1966), PLD is damage that must either be repaired to restore 
reproductive integrity to the cell or, if not repaired, results in clonogenic 
death of the cell. Roti-Roti et al. suggested that the fixation of damage 
may be the result of failing to repair a lesion because of massive relaxation 
of a supercoiled matrix loop. Much work remains to be done to develop 
this concept. 

REPAIR OF D N A  

It is now abundantly clear that the most significant modification of both 
the direct and the indirect action of ionizing radiation is the repair of 
the damage to DNA as just described. The chemical and biochemical 
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mechanisms for the repair, or possibly misrepair, of the single- and 
double-strand breaks as they occur in the DNA double helix predomi- 
nantly determine the outcome of viability or function for all living systems 
after exposure to ionizing radiation. We reiterate that the important 
damage to DNA for the living cell is the double-strand break (DSB). Ward 
(1990) recently reviewed the literature on DNA damage. He concluded 
that various authors have shown that ionizing radiation produces about 
15-60 DSB's per gray, while single-strand breaks (SSB's) are produced at 
the rate of over 1000 per gray. The latter are efficiently repaired with high 
fidelity and probably contribute little to the loss of function of eukaryotic 
cells. 

The lesions in DNA that result from exposure to ionizing radiation are 
as follows: 

1. Double- or single-strand breaks of the duplex molecule 
2. Chemical alteration of the bases 
3. Chemical alteration of the sugar moieties 
4. Cross linking to DNA related matrix proteins or nucleotides in the 

DNA molecule itself 

It is beyond the scope of this text to describe in detail the mechanisms 
of DNA repair. The reader is referred to any modern textbook of biochem- 
istry or molecular biology. In particular, we suggest a review of Chapters 
11 and 12 of Watson et al. (1987) (see Suggested Additional Reading). For 
a detailed examination of the molecular biology of DNA repair processes 
after ionizing radiation damage in particular, we refer the reader to 
Thacker et al. (1992). In any case, for our purposes, the mechanisms of 
repair are less important than the fidelity of the outcome (that is, error- 
free repair). 

EXCISION REPAIR 

The principal mechanism of repair is the excision repair process. It is 
predominant in DNA molecules that have suffered damage to a single 
strand while in the nonreplicative state. Excision repair assumes the 
existence of a complementary strand as a template, so it serves only to 
repair single-strand breaks. There are several pathways of excision repair, 
all of which result in a trimmed single-strand gap in the duplex. A 3' 
hydroxyl terminus to the gap always results. The gap is then reconstructed 
by using the complementary base as the information for the reconstruc- 
tion. DNA polymerase I appears to be the most important enzyme in this 
process. Cells that are genetically deficient in DNA polymerase I are 
profoundly deficient in their ability to repair single-strand damage. Exci- 
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sion repair also plays an important role in reconstructing the DNA 
molecule after removal of a base or to replace a damaged sugar moiety. 

Base damage, when detected by the cell, is usually corrected by the 
action of glycosylase enzymes that detect and remove unnatural bases and 
leave an apurinic or apyrimidinic site (AP site). This "hole" is detected by 
an AP endonuclease that initiates a chain of events that is similar to that 
for excision repair. 

ERROR-PRONE REPAIR 

The error-prone (SOS) class of DNA repair exists in some viruses and 
bacteria. It has been postulated, but not proved, that the process exists in 
mammalian cells. A protein named recA is synthesized when there is an 
accumulation of DNA fragments in the cell. This protein is particularly 
useful for the repair of damage where the complementary strand is not 
available as a template. It is probable that error-prone repair is a last 
resort for the cell, since bases are inserted without adequate information, 
and the error rate is very high, leading to significant mutation rates. 

REPAIR OF DOUBLE-STRAND BREAKS 

In the case of double-strand breaks the complementary strand is not 
available as a template for excision repair, and a much more complicated 
process comes into play. Recombination repair has been shown to play an 
important role in repair of radiation induced DSB's by examination of the 
process in yeast strains that are deficient in the essential gene product 
protein, recA. These yeast strains that are recombination defective are 
exquisitely sensitive to radiation damage. The same sensitivity to radiation 
also has been shown in recA- bacteria. Some form of the recombination 
mechanism also has been shown to be effective in repairing DNA damage 
to mammalian cell lines. 

The recombinational repair process starts with a stripping back of one 
strand of the duplex by an exonuclease on each end of the DSB. The recA 
protein binds to the exposed single strands and initiates strand exchange 
with a homologous duplex to form two adjacent recombination sites. When 
the two recombinational joints are cut, two duplex strands arise in which 
the original unreconstituted single-strand segments remain. These single- 
strand segments are then filled by DNA polymerase and the segments are 
resealed to the duplex by DNA ligase. The process is diagrammed in a 
highly stylized fashion in Fig. 6.5. Homologous recombination is known to 



128 6 Radiation Chemistry 

==3( I 

H 

I 
I 

H 

I E 

Legend: 
Duplex helix DNA 
Single strand DNA 
Reconstituted DS DNA 

Figure 6.5 Diagrammatic view of the steps in recombinational repair. (A) Double-strand 
break in DNA. (B) The DSB region is stripped back on both sides of the break to produce 
single-stranded regions. There is then an association with the homologous duplex. (C) Under 
the influence of recA protein, two recombination joints are produced with the damaged 
molecule and the intact homolog duplex. (D) The single-stranded regions in the recombined 
duplexes are reconstituted by DNA polymerase and sealed by DNA ligase. (E) The repaired 
recombination structure is resolved, giving rise to two intact duplexes. 

be the predominant process for rejoining double-stranded breaks in 
prokaryotic cells. As of this writing, it is not known for sure what role 
recombinational repair plays in mammalian cells. Other mechanisms have 
been suggested to be applicable to mammalian cells, but there is still little 
consensus on the matter. 

REPAIR FIDELITY 

FIDELITY OF S I N G L E - S T R A N D  BREAK REPAIR 

Many of the models for radiation damage and repair discussed in 
Chapter 7 assume some degree of misrepair, that is to day, incorrect 
additions to the genome that either result in mutations, if the damage does 
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not cause loss of clonogenic ability, or in extreme examplesmcell death. 
Error rates for excision repair are extremely low, on the order of one error 
per 107-1011 , depending on the source of the data. Furthermore, proof- 
reading enzymes will correct even this low level of misinformation in most 
instances. Since excision repair is fast and accurate, we can deduce once 
more that SSB's will not often lead to mutation or loss of clonogenic 
ability, even though they occur from radiation exposure at rates 100-200 
times more frequently than DSB's. Recombinational repair of DSB's, on 
the other hand, are more likely to give rise to errors in genome replication. 

RECOMBINATIONAL REPAIR FIDELITY 

Until recently there was little or no information to provide estimates of 
the amount of misrepair in DSB rejoining except that inferred from 
mutation rates of lethality. L6brich et al. (1995) described experiments to 
measure the rate of misrejoining of DSB's directly. Their method involved 
hybridization of single copy DNA probes to NotI restriction fragments that 
were then separated according to size by pulsed field electrophoresis. The 
intact restriction fragment is reconstituted only if the correct ends of DSB 
fragments are rejoined. Conventional electrophoresis detects all rejoining 
events, whether or not they are correct. Comparison of the pulsed field 
results with the conventional electrophoresis results provides an estimate 
of the rate of correct rejoining. L6brich et al. observed breakage rates of 
5.8 x 10 -3 b r e a k s / M b p / G y  for doses of either 80 or 160 Gy. Correct 
rejoining occurred at a rate of about 75%, and there were about 25% 
misrejoinings. Interestingly, the correct rejoinings occurred mostly in the 
first 2 h after irradiation. The misrejoining kinetics had a much slower rate 
component, with about half of the events occurring between 2 and 24 h. 
This two-phase rejoining kinetics was reported earlier for exchange aberra- 
tions that occurred in interphase chromosomes. 
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PROBLEMS 

1. A 10 cm 3 air s a t u r a t e d  F r i cke  d o s i m e t r y  so lu t ion  in a 1 cm d i a m e t e r  

t ube  is i r r ad i a t ed  for  10 min  in a 6~ source  of  g a m m a  rays. T h e  

opt ica l  dens i ty  m e a s u r e d  at 304 txm in a 1 cm light p a t h  at 30~ was 
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0.260 after the completion of irradiation and 0.003 before irradiation. 
(a) What is the total dose in gray absorbed by the solution? 
(b) If 10 c m  3 of methanol is irradiated in the same tube for the same 10 

min, what is the absorbed dose in gray. The Z / A  for methanol is 
0.562 and that for the Fricke dosimeter is 0.553. Explain any 
assumption you make to solve the problem. 

2. For water radiolysis by 6~ gamma irradiation, the steady-state G 
values for the active intermediates, assuming the solution is 0.8 N in 
H 2 S O  4 a r e  G u = 3.65, GOH = 2.95, GH~O~ = 0.85, and GH~ = 0.45. 
(a) Calculate the air saturated ferric ion yield in the Fricke dosimeter. 
(b) If a scavenger is present that reacts with OH radical at such a fast 

rate that no other reaction with OH is possible, what will be the 
ferric ion yield in the same situation? 

(c) The diffusion constant for H radical is 8 • 10 -5 c m  2 s - 1  in water. 
Calculate the time it takes to diffuse a distance of 100 nm from the 
point of its origin. 

3. There is little or no variation in response of a Fricke dosimeter for dose 
rates up to 105 Gy s-1. Between 105 and 108 Gy s-1 the yield (G value) 
falls from 15.6 to 8. Explain this observation. 

4. Consider a spur that contains 100 eV of energy in water reactants. If 17 
eV of energy is needed to create a radical pair (Ho and OH-) and it is 
assumed that no molecular products are formed, what should the ferric 
ion yield be for irradiation in either air or nitrogen? Compare your 
answer with the value of 15.6 in air for the observed value. 



Chapter 7 

Theories and Models 
for Cell Survival 

INTRODUCTION 

Most modern radiobiological theory is based, to some extent, on the cell 
survival curve. The cell survival curve describes the relationship between 
the fractional survival of a population of radiated cells and the dose of 
radiation to which the cells were exposed. The survival curve experiment is 
done in vitro; that is, cells are irradiated outside of the animal and then 
their survival is measured in Petri dishes. Until the 1950s, when Puck made 
his remarkable discoveries about how to grow mammalian cells in vitro 
(Puck and Marcus, 1955), survival curve experiments were restricted to 
those that could be done with standard microbiological techniques, that is, 
with bacteria, yeast, and other simple organisms. The Puck methods 
opened up new vistas for exploration of the response of mammalian cells. 
Responses of cellular systems as diverse as radiotherapeutic killing of 
cancer cells and the rate of development of cancer after irradiation depend 
in part upon the cell survival models for their interpretation. 

CLONOGENIC SURVIVAL 

The end point for survival in experiments such as those just described 
must be clearly defined. The term clonogenic survival is defined as the 
ability of a single cell to give rise to a colony of cells on a Petri plate. In 
other words, clonogenic survival does not describe the continued existence 
of a single cell, but rather describes the ability of a cell to reproduce. This 
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end point is sometimes referred to as reproductive death, as distinguished 
from true survival, which is the continued functional and metabolic exis- 
tence of one cell. It will be seen that cellular respiration and metabolism 
are very difficult indeed to affect with ionizing radiation. Doses 100-fold or 
higher than that necessary for reproductive death fail to completely 
suppress the metabolic and respiratory activities of a cell. In all discussions 
of survival curves and survival dose-response relationships in radiation 
biology it must be emphasized that clonogenic survival~the ability of a 
cell to reproduce itself~is being measured and analyzed. 

Clonogenic or reproductive death is defined for purposes of radiation 
biology as loss of the ability of a single cell to act as a progenitor (clone) 
for a significant line of offspring. The word significant in the definition is 
essential, since a cell is often able to divide two or three times before 
finally failing to divide further. For this reason, an operational definition of 
clonogenic survival has become common to radiation biology. When a cell 
produces at least 50 offspring, it is considered to be a clonogenic survivor. 

For the study of proliferative death, the dependence of survival on dose 
remains the principal tool available to the investigator in radiation biology. 
Unfortunately, the radiation sensitivity of a wide range of mammalian cells 
is not amenable to this tool, since they divide infrequently, if at all, and, if 
they can be induced to divide, they have a limited division potential. These 
cell lines include many of the well-differentiated cells of the tissues of the 
mature organism and include the differentiated cells of brain, muscle, 
nerve, and the various other non-stem-cell differentiated lines in the bone 
marrow. This important shortcoming of the clonogenic survival end point 
limits our ability to interpret and understand entirely the action of radia- 
tion at the organismic level. 

In Chapter 10 we will describe a number of methods that have been 
developed for the quantitative assessment of the radiosensitivity of normal 
tissues and tumors growing in their in vivo environment. All these meth- 
ods have been invaluable in verifying that studies with cellular systems in 
vitro can be validated by in vivo studies. 

L E A ' S  T A R G E T  T H E O R Y  M O D E L  

One of the earliest interpretive models for cell killing was that proposed 
by Lea (1955). It has come to be widely known as the target theory of cell 
killing. The target theory was developed by Lea using data on cell killing of 
microorganisms and from radiation inactivation data on bioactive 
molecules. The model has been found, within limits, to have wide applica- 
bility to mammalian clonogenic survival. 
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BASIC ASSUMPTIONS 

Several important assumptions are the basis for all mathematical mod- 
els that attempt to describe loss of clonogenic potential resulting from 
irradiation. These are outlined next. 

1. The killing of a cell (loss of its reproductive capacity or clonogenic 
killing) is the result of a multistep process. 

2. The absorption of energy in some critical volume (or volumes) in the 
cell is the necessary first step. 

3. The deposition of energy as ionization or excitation in the critical 
volume will lead to the production of molecular lesions in the cell. 

4. The expression of these molecular lesions at the biological level 
causes the cell to lose the ability to carry out normal DNA replication and 
cell division. 

Of course, Lea, the author of the first definitive model for cell killing, 
was not aware of the crucial role of DNA in this process, but he did 
predict the need for specific inactivating lesions in important molecules of 
the cell. 

The absorption of energy is relatively well understood; the mechanisms 
of the chemical or molecular lesion are less so. However, in light of our 
modern knowledge about the important role of DNA in cell replication, 
the process of molecular lesion production in this critical molecule is 
reasonably modeled by the hypotheses for the direct and indirect action of 
radiation at the chemical level. Finally, the expression of the molecular 
lesion as a biological end point is not understood in great detail, but is now 
known to be clearly tied to the knowledge of the irreversible defects that 
can be produced in DNA by the direct and indirect actions of ionizing 
radiation and that still exist after all repair processes have been exercised. 

The essential assumptions made by Lea (1955) for his target theory 
model of radiation action are the following: 

1. There exists within the cell a discrete, physically describable but not 
yet identified target for radiation action. The volume of sensitive substance 
(target or targets) has physical meaning; that is, the target is a true space 
occupying entity. 

2. There may exist a multiplicity of these targets in a single cell, and the 
inactivation of n of them leads to loss of reproductive capacity. The exact 
number of these targets is not known in advance. 

3. Deposition of energy is a discrete and random process (stochastic) 
both in time and in space. In Chapter 6 the discreteness and randomness 
of the energy deposition process was described in great detail. 
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4. There are no conditional probabilities for interaction of the radiation 
with the individual targets; that is, the order of inactivation is not impor- 
tant. In the simple case, if there are two targets, after the first target is 
inactivated, the inactivation of the second target is neither more nor less 
difficult or likely. 

B I O L O G I C A L  S U R V I V A L  C U R V E S  

Before proceeding with the development of the model, it is first neces- 
sary to describe the general nature of the dose-response relationships for 
clonogenic survival that are generally seen. Biological cell survival data, 
whether for microorganisms or mammalian cells, are generally describable 
by two types of relationshipsmeither the exponential survival curve or the 
shouldered (sigmoid) survival curve. 

EXPONENTIAL SURVIVAL CURVE 

The exponential type of curve (Fig. 7.1A) is found with haploid yeast, 
some bacteria, and, in mammals, spermatogonia. The linear exponential 
curve of Fig. 7.1B is also characteristic of postirradiation survival of 
biological function for a wide range of bioactive molecules. The reader will 
recall that this property of the linearity of log survival against dose 
permitted the determination of molecular weight for a wide range of 
bioactive molecules for which a single inactivation event was all that was 
required for the molecule to lose its bioactivity. The implication of the 
shape of this curve is that the loss of clonogenic potential is related to dose 
in an exponential fashion, and, presumably, this relationship indicates that 
simple, single events are responsible for the biological outcome. Note that 
the arithmetic (nonlogarithmic) plot of S / S  o (Fig. 7.1A) is nearly linear for 
higher surviving fractions. This is still not a mathematically useful prop- 
erty. The logarithmic plot is linear at all values of surviving fraction and it 
is amenable to mathematical analysis. 

THRESHOLD-TYPE SURVIVAL CURVE 

The plots in Fig. 7.2 are characteristic of diploid yeasts and nearly all 
mammalian cells. They are characterized in the logarithmic plot by a 
shoulder and a more or less straight portion reminiscent of the low-dosage 
portion of the first-order plot of Fig. 7.1A. It could be inferred from the 
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Figure 7.1 (A) Exponential survival curve for the surviving fraction as a function of dose. 
(B) A plot of the surviving fraction as a function of dose on a logarithmic scale. The notation 
S / S  o , for surviving fraction, is general in radiation biology and is taken to be the number of 
clonogens that survive any dose (S) divided by the number of clonogens that survive (S 0) 
after zero dose. In laboratory shorthand, S has come to be known as the surviving fraction 
and it stands in for S / S  o . 

shoulder portion of the curve that there must be an accumulation of 
damage before there is loss of the cell's ability to reproduce itself. Lea's 
inference was that there existed a number  of targets, of which n had to be 
inactivated before loss of clonogenic potential. With this inference it is 

clear that some minimum dose would have to be administered before there 

were any loss of clonogenic potential. 

D E V E L O P M E N T  O F  T H E  T A R G E T  T H E O R Y  M O D E L  

The target theory was developed by Lea following the generalized 

assumptions made earlier in this chapter. For the formal development 
of the model, the following assumptions, notation, and limits were 

formulated. 
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Figure 7.2 The sigmoid or threshold type survival curve (A) is a plot of the surviving fraction 
as a function of dose. (B) A plot of the logarithm of surviving fraction on a logarithmic scale 
as a function of dose. 

ASSUMPTIONS 

1. Assume that a population is exposed to low linear energy transfer 
(LET) radiation, so interaction of ionizing events is rare; that is, the 
likelihood of multiple events in a single target is small if the target volume 
is reasonably small itself. 

2. Assume that the cell contains a sensitive volume or volumes or 
target(s) of size v. 

3. Designate those energy absorption events that can (but need not) 
produce the necessary biological damage as active events. This excludes 
events such as ion recombination and radical recombination, as well as 
chemical restitution events. 

4. Those active events registered within the volume, v, will be called 
hits. 

5. Let V stand for the total cell volume of the population exposed. It 
will be the product of the average cell volume and the number of cells at 
risk in the radiation field. 
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6. Let D represent the density of active events; that is, D is propor- 
tional to dose, and it will be called dose in the development of the model. 
This term can be equated to the real dose in any unit the observer wishes 
to use by the choice of the appropriate proportionality constant. Note: D 
denotes the events that occur per unit volume. 

DERIVATION 

Now, among the various energy absorption events that occur in con- 
densed media from ionizing radiation, the nature of active events is 
unknown, but certainly, for most purposes, it must correspond with the 
very small amount of energy associated with the interaction of ionization 
and excitation events with either water (the indirect effect) or directly with 
the molecule that makes up the target. For an even small dose, the 
number of active events is bound to be very large. For example, if an active 
event corresponds to about 60 eV, the average energy transfer from a 
secondary electron, then for a dose of 1 cGy (100 ergs g- l ) ,  there will be 
about 4 x 10 3 events in a 20 Ixm diameter cell. 

Returning to the development of the model, it is clear that the probabil- 
ity that an active event will be scored anywhere in the population exposed 
is given by the ratio v/V.  This follows from the fact that, of the total 
number of events, VD (events per unit volume multiplied by total volume), 
vD of these (events in the sensitive volume multiplied by events per unit 
volume) are registered in the sensitive volume. The ratio of these terms is 
v/V.  This ratio is a dimensionless parameter to which we assign the name 
hit probability, p. It is a small number, since, in the limit, it is the reciprocal 
of the number of cells when v approximates the cell volume. The meaning 
of hit probability is a simple geometrical concept. The probability of a hit 
is directly measured by the fraction of the total volume that is the sensitive 
volume. 

Now also set .~ equal to the total number of events scored in the total 
population of cells; that is, .~ = VD. The total number of events is the 
product of total cell volume exposed and the dose (events per unit 
volume). Now, the probability that a cell will be hit h times can be 
expressed, using the simple binomial theorem, by the product of three 
terms, 

ph(1 -- p) (~-h)6Ch)  = p ( p , h , ~ ) ,  (7.1) 

where the first term is the probability that the cell will be hit h times, the 
second term is the probability that the remaining events will not be hits, 
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and the third term is the bionomial coefficient that expresses all the ways 
that h hits and (.~ - h) misses can be assigned for .~ events. 

Reminder: The binomial coefficient for .~ things taken h at a time is 

~Ch) = ,_, , .  (7.2) 
h ~ ( ~  n)! 

So far the arguments in developing the model have been purely physi- 
cal. We must now introduce the concept that a function can be described 
that represents the probability that a cell will survive h hits. This function, 
H(h), is called the hit-survival function. The nature of this function and its 
shape are generally unknown. 

The net probability function that corresponds to h hits can be adjusted 
for the biological hit survival function to give P a new meaning of survival 
probability for a given p, h, and 2 .  P is now the likelihood of surviving if 
it is hit h times during 2 events with a hit probability of p: 

P ( p , h , 2 )  = ~Ch) ( ph)(1 -- p)(~'-h)(H(h)). (7.3) 

Since, depending on the nature of the survival function, H(h), a cell 
may have a nonzero survival probability for h = 1, 2, 3 , . . . ,  .~, the total 
survival probability for the cell is the sum of the survival probabilities for 
all values of h to the maximum, 2 .  

GENERAL SURVIVAL EQUATION 

The total survival probability per cell is given as 

h=.~ 
S ( p , ~ )  = ~ P ( p , h , . ~ ! ) ,  (7.4) 

h=0 

where, since we have summed the P's for all the possible values of h, S 
depends only on the hit probability and the dose. For each value of h, the 
H(h) is accounted for; that is, P( p, h, ~ )  is the function of Eq. (7.3). 

Equation (7.4) is the general survival equation for the target theory 
model. As with many mathematical formulations, it has limited utility in 
this general form. Fortunately, there are several special limiting values for 
the parameters and functions that provide useful special solutions of the 
general equation. One of these is the single-hit inactivation model, which 
provides the classic first-order relationship of log survival on dose that was 
described earlier in this chapter and diagrammed in Fig. 7.1. 
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SINGLE-HIT MODEL 

Assume that a cell will survive only if it has received no hits at all and 
that it will always die (that is, lose clonogenic function) if it has received 
one or more hits. Remember that in the application of these models dying 
and surviving ultimately are taken to be loss of or maintenance of the cell's 
ability to divide. Stating this assumption in terms of the hit-survival 
function for the single-hit model for values of h equal to or greater than 1, 
the value of H(h) is taken to be zero. If there are no hits, that is, h = 0, 
the survival function H(h) is equal to 1. The interpretations of these 
limiting values of the hit survival function are just as given; that is, when 
the hit number is 1 or more the cell will die (that is, lose function), and 
when the hit number is zero the cell will survive. 

Since H(h) is zero for all h's equal to or greater than 1, for this special 
case the general survival equation reduces to the form 

S(p,_~) = P( po,h = 0 , . ~ )  = (1 - p0) -~, (7.5a) 

and from the identity, 

(1 - P0) "~ = e~ In(i-P~ (7.5b) 

S( p, .~)  = P(  P0, h = 0, .~)  - e ~ In(i-p0). (7.6) 

In addition, since, for small values of P0 (which should always be the case 
for the reasons discussed earlier in this chapter), - ln(1 - P0) ~ P0, then 
set P0 = P0 and the survival equation for this special case can then be 
rewritten as 

S = e -p~  (7.7) 

This is the familiar expression for the single-hit survival curve, and it is 
identical to the formulation in Chapter 6 in which the molecular weight 
was determined from survival relationships. It is still not in terms that are 
directly useful, since the dose equivalency of .~ has not yet been stated. 

In Eq. (7.7) replace .~ by reD, where D denotes the active events per 
unit volume. Let a new constant, p, be equal to po V. The exponent is then 
replaceable by pD. As mentioned earlier, D is dose, in whatever units are 
appropriate. When D is expressed in gray then p has the dimensions 
Gy -1. The parameter p is given the name inactivation coefficient~a term 
with which we are familiar from Chapter 6 when we discussed the determi- 
nation of molecular weights. 

The mean lethal dose, D O , is the reciprocal of the inactivation coeffi- 
cient and it is equal to the dose required to reduce the surviving fraction to 
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1/e  (that is, 37%) of its initial value. Since D O is the reciprocal of the 
inactivation coefficient, we can rewrite Eq. (7.7) in terms of D O and the 
dose, D: 

S = e -D/~176 (7.8) 

At dose D O the average number of targets hit per cell is 1. 

M U L T I T A R G E T -  S I N G L E - H I T  S U R V I V A L  

The single-hit inactivation model is of great classic interest, but it is of 
only limited applicability in radiation biology. More frequently curves of 
the sigmoid type of survival versus dose, such as those described in Fig. 7.2, 
are seen. The general extension of the target theory model that finds the 
widest applicability is the multitarget-single-hit model (MTSH). In this 
general extension of the single-hit model it is assumed that a number of 
targets are present in each cell. One or more of these must be inactivated. 
Each target has an equal probability of being hit. More explicitly, it is 
assumed that all v's (target volumes) are the same. This latter assumption 
may be one of the greatest weaknesses of the multitarget-single-hit 
formulation. It is unlikely indeed that all targets in the cell will have the 
same volume. Fortunately, the target theory model is relatively insensitive 
to all but large differences in target volume when the number of targets is 
reasonably large. For example, when the number of targets is 10 or more, 
the sensitivity to variation in target volume is not very great. 

ASSUMPTIONS 

1. There are n targets in the cell. 
2. Each target has the same probability, q, of being hit. 
3. One hit is sufficient to inactivate each target (but not the cell). 
4. In the general case, there will be a hit survival function as in the 

single-hit formulation. This function is B(b). 

With these assumptions and the application once more of the binomial 
theorem, the probability that a cell will survive with b targets hit is 
given as 

P ( q , b , n , D )  = (1 - e-qD)b(e-qD)n-b(nfb)(n(b)) ,  (7.9) 

where (e-qD) n-b is the probability of a miss and ( 1 -  e-qD) b is the 
probability of a hit, each for the given values of q, b, n, and D. The term 
(nC b) is, again, the binomial coefficient for n things taken b at a time. 
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The hit-survival function, B(b), for the multitarget-single-hit model can 
be assigned the following limiting conditions in a fashion similar to that 
used for the single-hit inactivation model. 

1. For b less than n, B(b)  assumes a value such that P(q, b, n, D) = 1; 
that is, for any number of hits b that is less than n, the probability of 
survival is 1. 

2. For b equal to or greater than n, B ( b ) =  0 and P(q, b, n, D ) =  0; 
that is, for any number of targets hit that is less than n, the cell will 
survive, and for any number of targets hit that is equal to or greater than 
n, the cell will die. 

Evaluating the general survival equation [Eq. (7.4)] is straightforward, 
given these limiting conditions. However, a more insightful and intuitive 
way to evaluate the expression is as follows: the survival probability for all 
values of b less than n is 1. The survival probability for the nth hit is zero. 
The probability of the nth hit is given by Eq. (7.9) as (1 - e-qD)  n. Since 
this nth hit assures nonsurvival, it can be subtracted from the survival 
probability for all hits up to n - 1, which is 1.0, to give the overall survival 
probability 

P ( q ,  b, n, D)  = 1 - (1 - e -qD)  n. (7.10) 

Note in the formulation that D was used initially, following the same 
reasoning that was used for the single-hit formulation. Other approaches 
to the development of appropriate limits of the hit-survival function are 
also possible, but the hit-survival function just described allows a useful 
formulation of the general survival equation. The final formulation for the 
multitarget-single-hit model (MTSH) is 

S(q ,  n, D)  = 1 - (1 - e -qD)  n. (7.11) 

For an elegant and extensive derivation of these equations the reader is 
directed to the work of Dertinger and Jung (1970), listed in the Suggested 
Additional Reading. 

PROPERTIES OF THE MULTITARGET--SINGLE-HIT FUNCTION 

What are the properties of the function described in Eq. (7.11) when 
the logarithm of the surviving fraction is plotted as a function of dose? 

1. Each log curve becomes a straight line for surviving fractions below 
about 0.1, at which time the shoulder region has no more effect on the 
curvature. 



Multitarget- Single-Hit Survival 143 

2. The extrapolation of this straight line portion of the plot back to the 
zero dose ordinate yields a value for n, the target multiplicity. 

3. Except for the special case of n = 1, in which circumstance the 
relationship degenerates to the first-order (single-hit) form, every curve 
has a shoulder that increases in breadth with the multiplicity, n. 

4. The curves for any n greater than i will have zero slope at zero dose. 
5. q has the dimensions and nature of the inactivation coefficient as in 

the first-order (single-hit) case. 
6. 1/q is the dose for 1/e  (37%) survival in the linear portion of the 

survival plot, and it is called the D O . The D O has the dimensions of dose. 

QUASI-THRESHOLD DOSE 

Another special parameter of the multitarget-single-hit relationship has 
been established through usage and because of its special utility in estimat- 
ing the parameters of the relationship from laboratory data. If the linear 
portion of the plot of the logarithm of surviving fraction versus dose is 
extrapolated back to the point where it crosses the 1.0 surviving fraction 
ordinate, that intercept is the dose that has come to be called the 
quasi-threshold dose. It is labeled Dq. 

A special and useful relationship among Do, Dq, and n can be proved 
easily from the preceding relationships: 

Dq = D O In n. (7.12) 

SINGLE-TARGET--MULTIHIT MODEL 

In addition to the two models discussed, there is a third class of 
function called the single-target-multihit model. In this inactivation scheme 
there is a single target that must receive n hits for inactivation. The 
mathematics is more complicated, but solutions are available (see Dertinger 
and Jung, 1970, listed in Suggested Additional Reading). The model 
appears to have little application in biology and it will not be considered 
here except to note why it is different from the multitarget-single-hit 
formulation. A conditional probability enters into the single-target- 
multihit model, since consideration must be given to whether the single 
target has already been hit. To compare the two in simple terms, with the 
multitarget-single-hit model, a hit in the target removes that target from 
further consideration because it is inactivated; further hits do no further 
damage to that target. For the single-target-multihit model, the probabil- 
ity of an encounter remains unchanged until the cell is inactivated and 
removed after multiple hits. 
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SHORTCOMINGS OF THE MULTITARGET--SINGLE-HIT MODEL 

The MTSH model has two limitations that have caused radiobiologists 
either to "tinker" with the model or to look to alternative schemes that 
abandon the original target theory approach altogether. 

The first problem is the characteristic of the MTSH formulation that for 
any n greater than 1, the plot of surviving fraction versus dose must have 
zero slope at zero dose. It has never been possible experimentally to show 
a case in which this requirement is met. A way to repair this defect is to 
assume that some fraction of cells irradiated lose their clonogenic function 
through the direct action mechanism of damage. The appropriate function 
to describe the total damage has a single-target-single-hit term in addition 
to the usual MTSH formulation. Such a revised model is 

S ( q , n , D )  =e-q lD[1-- (1- -e-qnD)n] .  (7.13) 

In this expression q l is the inactivation coefficient for that portion of the 
cell killing that arises from single hits and qn is the inactivation coefficient 
for the usual MTSH model. Equation (7.13) has the practical utility that it 
describes fairly well the behavior of most mammalian cell systems and 
diploid yeast. 

The next problem with the MTSH model is that it is rare to find 
mammalian cell systems or, for that matter, any eukaryotic organism that 
meets the requirement for surviving fractions out of the shoulder region. 
With MTSH the slope of the plot of surviving fraction versus log dose is 
constant. A more frequently observed response is a constantly increasing 
slope with decreasing surviving fraction. There is no suitable mathematical 
"fix" for this shortcoming, and this has led investigators to try entirely new 
approaches. One of these is the so-called molecular model or 
linear-quadratic model. 

M O L E C U L A R  M O D E L S  F O R  C E L L  D E A T H  

NEED FOR AN ALTERNATIVE MODEL 

Lea's target theory has been the principal tool for interpretation of cell 
survival curves ever since its origins in 1946 and its detailed publication in 
1955, despite some known shortcomings in the use of the model for the 
interpretation of real laboratory data on cells. Lea developed his model to 
explain the actions of ionizing radiations on molecules of biochemical 
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importance and on microbiological organisms. For these purposes the 
target theory models seem to be entirely adequate. As experience with 
mammalian cell lines grown in tissue culture increased, it was clear that 
not all cell lines had survival data that were adequately described by the 
target model. Starting in the 1960s, several investigators reported that their 
data were better explained by using a function in which dose appeared 
both to the first power and the second power. One of the most impressive 
and earliest of these data sets was that of Neary et al. (1967), who observed 
chromosome aberrations in which a linear-quadratic formulation was 
clearly preferable to the multitarget-single-hit model. 

What are the deficiencies of the multitarget-single-hit (MTSH) model 
in describing loss of reproductive capacity in mammalian cells? There are 
two important discrepancies that have theoretical implications. 

1. Is the straight portion of the curve really straight? The MTSH model 
predicts that the logarithm of cell survival fraction will relate linearly to 
dose for survival fractions below about 0.1 or 0.2. If this is so, it is possible 
to estimate the D O (the reciprocal of q, the inactivation coefficient) from 
the slope of the straight-line portion of the curve. Remember that D O is 
defined as the dose required to reduce survival by 1/e on the exponential 
portion of the survival curve. As frequently as not, with mammalian cell 
lines, the determination of the value of D O shows that it is not constant as 
it is measured at lower and lower survival levels. Generally, the D O tends 
to decrease (q increases) as the survival level decreases. The most convinc- 
ing evidence for the changing D O is that of Hall et al. (1972), who found a 
significant and continuous decrease in D O as survival was followed through 
many decades of survival for a mammalian cell line. 

2. Is the initial slope zero? The initial slope of the survival curve for the 
MTSH model predicts that a zero slope will be found at zero dose. This is 
a very difficult value to establish experimentally, but evidence continues to 
accumulate that, for most systems, the initial slope is significantly less 
than zero. 

ROLE OF ENZYMATIC REPAIR 

The target theory makes no assumptions either about time, in general, 
as an important variable, nor about time-dependent enzymatic repair of 
DNA. In fact, target theory does not define DNA as the susceptible target. 
The repair of DNA damage is now known to be central to the effectiveness 
of radiation in causing loss of clonogenic potential. 
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Within the last 5-10 years, a number of alternatives to target theory 
have been developed that respond to the objections raised. At least two of 
these models are of a linear-quadratic form, and several other models 
reduce to a linear-quadratic form under special conditions. That is, the 
surviving fraction is described by a relationship that embodies a linear 
term in dose and a quadratic term in dose. The theory of dual radiation 
action proposed by Kellerer and Rossi (1971) has temporal precedence, 
but it tends to be an explanation of empirical observations rather than 
development of new approaches ab initio. 

M O L E C U L A R  T H E O R Y  O F  R A D I A T I O N  A C T I O N  

A model proposed by Chadwick and Leenhouts (1981) attempted to 
correct the deficiencies of the target theory models. The new model, which 
was called the molecular model by its authors, has come to be called the 
linear-quadratic model by workers in the field. 

ASSUMPTIONS 

1. It is taken that there are certain critical molecules in the cell, the 
integrity of which is essential for the survival of the reproductive function 
of the cell. This is a refinement of the definition of the target or targets. 

2. These critical molecules are assumed to be double-stranded DNA, 
and the critical damage is assumed to be a double-strand break in the 
DNA molecule. 

3. The action of radiation, either direct or indirect, is considered to be 
rupture of molecular bonds in the DNA strands (lesions). 

4. These lesions in DNA are capable, under certain conditions, of being 
repaired, and modifications of radiobiological effects can be expressions of 
varying degrees of repair. 

5. Repair processes include physicochemical recombinations, charge 
transfer processes, chemical restitution, and enzymatic repair. 

This model clearly attempts to bridge the gap between the physical 
processes of radiation energy deposition and damage and the biological 
outcomes expressed through DNA repair or lack of repair. There is no 
explicit role for time in the molecular model, but since enzymatic repair of 
DNA is so central to it, time certainly has an implicit role. 
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DEVELOPMENT OF THE MOLECULAR MODEL 

Let N O be the total number of critical bonds per unit mass, the rupture 
of which can lead to a single-strand break under appropriate conditions 
(that is, N O is the total number of bonds available for rupture in the target 
cell). N is the number of these bonds that remain intact after any dose. 
Let K be the probability constant for rupture of a single bond per unit 
dose and let D be the dose. Then 

- d N  

dD 
= KN and N = No e-KD. (7.14) 

The number of bonds broken per unit mass per unit dose is the difference 
of N and No: 

N o - N = N  o - N o  e-IcD, (7.15a) 

= No(1 - e -K ~  (7.15b) 

Now a correction must be introduced for the repair of these bond breaks. 
Let r be the proportion of damaged bonds that is repaired and let 

f = (1 - r) be the proportion that is not repaired. Introducing the repair 
constant (or nonrepair constant if you choose), f, into the equation 

N o - N = fN0(1 --e-~:D), (7.16) 

gives the number of effective DNA strand breaks; that is, those that can 
lead to single-strand scission. 

T w o  MECHANISMS FOR D N A  DAMAGE 

Clearly, the discussion to this point is about single-strand breaks, not 
molecular scission of the DNA molecule. The latter is what is taken in the 
model to be the cause of loss of reproductive capacity in the cell. 
According to Chadwick and Leenhouts (1981), DNA can be envisioned as 
undergoing a double-strand break as the result of two different mecha- 
nisms. These mechanisms are diagrammed in Fig. 6.4. 

i. Both strands are broken by one event. 
ii. Each strand is broken independently, and the breaks are close 

enough in time and space for the molecule to rupture. 
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It is necessary to formulate an expression that allows for double-strand 
scission by either of these processes. For the first class of rupture, only a 
single event leads to strand scission. For the second mechanism, it is 
necessary to account for strand rupture in either strand and the likelihood 
that the ruptures will be close enough together for strand scission. 

DERIVATION OF THE MOLECULAR MODEL 

Let 
n I = the number of critical bonds on strand 1, 
n 2 = the number of critical bonds on strand (rt 1 is taken to be equal to 

/12), 
k = the probability constant for bond rupture per bond per unit dose, 

analogous to K in Eq. (7.14) (the constant k will be the same for 
each strand), 

f l ,  f2 = unrestored fractions of bonds in strands 1 and 2, respectively. 

A new parameter now needs to be introduced that will identify the 
fraction of double-strand breaks (DSB's) that are produced by mechanisms 
i and ii. Let A be the fraction of dose D that acts through mechanism i, 
where both strands are broken in a single event, and let (1 - A) be the 
fraction of the dose acting through mechanism ii. Then, respectively, the 
number of single strands broken on each of strands 1 and 2 by mechanism 
ii can be developed as follows. 

Let q be equal to the number of broken bonds per cell. Broken bonds 
on strand 1 per cell will be 

ql = f in1[  1 - -  e-k(1-A)D], (7.17)  

and broken bonds per cell on strand 2 will be 

q2 = f2n2[ 1 - e-k(1-a)D] �9 (7.18) 

It seems obvious that for the two SSB's to lead to a DSB they must 
effectively be associated in both space and time. A new parameter that is 
somewhat analogous to hit survival function in target theory must be 
introduced. The term effectiveness factor is introduced for this parameter. 

The effectiveness factor expresses the likelihood of a rupture occurring 
from two SSB's appropriately associated in time and space. If this parame- 
ter is named E, an expression can be written for the mean number of 
double-strand breaks per cell that occur as the result of mechanism ii as 
the product of the number of SSB's in strand 1, the number of SSB's in 
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strand 2, and the necessary effectiveness factor. Let Q be equal to the 
number of DSB's per cell. Analogous to the SSB case, there must also be 
another correction for the number of DSB's that are repaired. In keeping 
with the notation for the fraction of unrepaired SSB's, let f0 be the 
fraction of unrepaired DSB's. Then the number of unrepaired DSB's 
formed by mechanism ii is 

Oii = Enln2f l f2 fo[  l - e-k(1-a)D] 2. (7.19) 

Using a similar notation, where n o is the number of sites that can sustain a 
DSB (obviously equal to or less than n 1 o r  n2 )  , k 0 is the hit probability 
constant, and f0 is the unrestored fraction of DSB's, from the initial 
equation we can write, for mechanism i, the rupture of both strands of 
DNA at the same time in such a fashion that a double-strand scission 
occurs: 

ei  = nofo(1 - e-k~ (7.20) 

Now, the mean number of double-strand breaks per cell as the result of 
the action of both mechanisms i and ii is 

Q = nolo[1 - e -k~ + Enln2f l f2 fo[1  - e -k (1-A)D]  2. (7.21) 

Still one more parameter must be in t roduced~the  proportionality con- 
stant between cell death and double-strand breaks. Call this parameter p, 
which is analogous to H(h), the hit-survival function in target theory. 
Lumping constants but retaining p for reasons that will become clear 
later, Eq. (7.21) is rewritten as 

Qp = p{ x(1  - e -k~ + ~b(1 - e - k ( l - A ) D ) 2 } .  (7.22) 

The constant X is the lumping of n o and f0. The constant 4, is the 
lumping of E, n 1, n 2, fl ,  f2, and f0. 

Equation (7.22) now states the number of lethal double-strand breaks 
that occur as the result of dose D of radiation of quality characterized by 
A. It does not state the fraction of cells killed or surviving. Clearly, a cell 
can be killed only once, and further action on the remaining cells is 
constrained to that smaller number of cells. This is the usual Poisson-type 
cell killing that is common in biology. To convert to fraction of cells 
inactivated, Eq. (7.22) is put into the Poisson form, where all of Eq. (7.22) 
is the exponent. The result is the formulation for the fraction of cells 
killed: 

F a = 1 - e-Q,. (7.23) 
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LINEAR- QUADRATIC FORMULATION 

If we reasonably assume, as in the target theory model, that k and k 0 
(the hit probability parameters) are quite small, then we can simplify Eq. 
(7.23) and restate the equation in the form of a surviving fraction, 

S = e -p(aD +/302), (7.24) 

or, in logarithmic form, 

In S = - p ( a D  + f lD2),  (7.25a) 

where 

a = ( f o , n o , k o , h )  and = ( f o , E ,  n l , n 2 , f l , f 2 , k 2 , ( 1  - A)2). 

(7.25b) 

Note again that p has not been lumped in the constants, p is a 
biological effectiveness factor for double-strand breaks and this factor can 
be examined experimentally and independently of the other constants. The 
molecular model has found widespread usage, and p has not always been 
maintained separate from the other lumped constants. Frequently, in the 
literature, formulations of the model lump p into the constants a and /3. 
It is clear from Eqs. (7.25a) and (7.25b) why the molecular model has been 
quite widely called the linear-quadratic model. Dose appears in a linear 
(first-order) term and in a quadratic (second-order) term. 

Another useful form of the linear-quadratic relationship is one that is 
linearized. If we divide through Eq. (7.25a) by the dose, D, the form 

In S 

D 
= -p (  a + riD) (7.26) 

results, in which (In S ) / D  is plotted against dose D. The result is a linear 
relationship, in which the y intercept is - p a  and the slope is -p/3. 

Is the linear-quadratic (LQ) model more useful biologically and a 
better fit mathematically? On the whole, the fit of the data for survival of 
mammalian cells has been significantly improved by using a formulation 
with dose to the first and second power. The greatest improvement is that 
there is no longer the conceptual difficulty of zero slope at zero dose. The 
LQ formulation has a limiting slope at low doses that is equal to - p a ,  
since lim d ( - l n  S ) / d D  as D approaches zero is - p a .  The coefficient for 
the dose-squared term, - p f i ,  is always very small compared to - p  a, and 
the dose-squared term makes little contribution at low dose. 
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The LQ model is used widely by experimental radiobiologists, since it 
fits the data well and has descriptive utility, but the fundamental assump- 
tions of the model are not widely accepted. The dual-radiation-action 
model of Kellerer and Rossi (1971) and the repair-misrepair model of 
Tobias et al. (1980) as well as the lethal-potentially lethal model of Curtis 
(1986) all ultimately find expression in the same form of the 
linear-quadratic formulation as in the Chadwick and Leenhouts molecular 
model. 

T H E O R Y  O F  D U A L  R A D I A T I O N  A C T I O N  

The theory of dual radiation action was proposed by Kellerer and Rossi 
(1971), partly as an explanation for an empirical observation that when the 
relative biological effectiveness (RBE) of neutron radiations was examined 
as a function of the dose delivered, the RBE increased as the dose was 
reduced. This reduction occurred in such a way that Kellerer and Rossi 
were convinced that the neutrons were acting in a fashion such that the 
effect was determined by dose to the first-order, while for the comparison 
X-rays there appeared to be a second-order term. Neutrons are a high 
linear energy transfer radiation and would be described in the LQ model 
as having most of their biologically effective dose from the A component, 
while the comparison X-rays would act principally through a ( 1 -  A) 
component. Kellerer and Rossi made no such observation because their 
work predated the LQ model by nearly 10 years. 

BACKGROUND 

The dual-radiation-action model proposes that cell inactivation occurs 
through the formation of lesions in critical sites. The authors of the model 
developed an approach from their observations that, at low doses, high 
LET radiation had an effectiveness relative to low LET radiation such that 
the logarithm of the ratio of the equieffective doses (RBE's) as a function 
of the high LET radiation dose followed a relationship that had a slope of 
- 1 / 2 .  The assumption was that, at low doses, only a single neutron (high 
LET radiation) track would traverse a cell and lead to inactivation of the 
cell. Under this assumption then, the yield of "lesions" was proportional to 
absorbed dose: 

8 = k n O n . (7.27) 
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is the yield of lesions, k~ is the proportionality constant for the neutron 
radiation used, and D n is the dose. Since the RBE (ratio of equieffective 
doses) is described by a slope of - 1 / 2 ,  the expression that describes the 
RBE relationship is 

Dx = RBE = (7.28) 
Dn 

and the equieffective neutron dose can be written in terms of the equiva- 
lent X-ray dose Dx" 

D n = . (7.29) 
A 

DERIVATION 

If Eq. (7.29) is substituted into Eq. (7.27), the expression obtained is 

kn 
e = k D  2,  where k = ~ .  (7.30) 

h 

The authors' conclusion was that cell inactivation was by a single particle 
event for high LET radiation, and that low LET radiation effects were 
described by the square of the dose term, which suggested a particle 
interaction. The relationship to the A term of the molecular model is 
obvious. It was further suggested that the two equations, 

e = k D  2 = knDn, (7.31) 

are both approximations to a more general expression 

e = k ( A D  + D 2 ) ,  (7.32) 

where h depends on radiation quality and has such a small value for low 
LET radiation that the linear term in dose can be neglected as long as the 
dose is not so small that the likelihood of the ionization events interacting 
becomes small. 

ASSUMPTIONS 

To explain the experimental observations as well as to incorporate the 
new ideas of microdosimetry (see Chapter 5) at the cellular level, Kellerer 
and Rossi (1971) proposed the dual radiation action model using the 
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following assumptions: 

1. The exposure of a biological cell to ionizing radiation leads to the 
production of sublesions in the cell, and the number of such sublesions is 
directly proportional to the energy imparted (dose). 

2. A biological lesion is formed through the interaction of two such 
sublesions. The interaction of sublesions to produce a lesion is possible at 
significant distances on a subcellular scale. 

3. Once the lesion is formed, there is a fixed probability that the lesion 
will lead to a deleterious biological effect (reminiscent of the "hit-survival 
function" of target theory). 

4. All pairs of sublesions within a specific distance of one another have 
equal probability of interaction. When the sublesions are further apart 
than the sensitive site dimension, then the probability of interaction is zero. 
In other words, the interaction probability is a step function of site 
dimension or separation, with the probability of interaction equal to 1 for 
distances less than the sensitive site dimension and a probability of zero 
for distances greater than this dimension. 

Detailed derivation of the Kellerer and Rossi model can be found in 
their original paper (Kellerer and Rossi, 1972), but a briefer and possibly 
more intuitive presentation can be found in Goodhead (1982). After 
Goodhead, the mean number of lesions (not sublesions) as a function of 
dose is 

o o  

E ( D )  = fo E ( z ) . f ( z , D )  dz, (7.33) 

where f ( z ,  D ) d z  is the probability that for dose D the specific energy lies 
between z and z + dz. The specific energy is the energy imparted per 
ionization event per unit mass (see Chapter 4). It will be a property of the 
radiation type and bears some similarity in purpose to the A function of 
the LQ model. The mean number of lesions within a sensitive site may be 
written as 

E ( z )  = kz 2 , (7.34) 

where k is a biological property of the system. The specific energy, z, is a 
direct measure of the number of sublesions, since one of the assumptions 
is that sublesions are directly related to the specific energy. The term z is 
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squared, since sublesions are required to interact in pairs. Then 

o o  

E (D)  = fo E( z) . f (  z, D) dzE( D) 

o 0  

= fo kz2 " f (z '  D) dz = k22(D), (7.35) 

where z.2(D) is the mean value of z, squared, for dose D. From their 
microdosimetry experiments, Kellerer and Rossi (1972) rewrote this 
equation in terms of the means of the spectra of specific energies (z 
spectra) from single events, 

52(D) 512 D + D 2 fo z2 "fl(z) dz D 2 = - -  = D + , (7.36) 
7-,1 fo z " f l( z) dz 

where fl(z) is the distribution of specific energies, z1, of each single 
ionization event. Substituting ~" for the ratio of the two integrals in Eq. 
(7.36) one arrives at the final expression for the dual action theory: 

E ( D )  = k( ~D + D2). (7.37) 

SURVIVAL EQUATION 

The survival equation describes effect, much as the expression of the 
LQ model describes double-strand scissions of DNA. The usual Poisson 
conversion provides the equivalent statement for cell survival: 

S 
__ = e-k(~D + D~). (7.38) 
So 

SIGNIFICANCE OF THE DUAL-RADIATION-ACTION MODEL 

Both the dual-radiation-action model and the LQ model have been 
criticized widely for various reasons. Commentary related to the LQ model 
has been discussed. Criticism of the dual-radiation-action model has been 
centered, until recently, around the idea that previously cited empirical 
evidence of the relationship of neutron RBE to dose was inadequate to 
justify the development of the model. In 1978, Kellerer and Rossi intro- 
duced a generalized formulation of the dual-radiation-action theory that 
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introduced the concept of a site size and a probability of interaction of two 
sublesions (Kellerer and Rossi, 1978). More recently, Goodhead (1982) 
criticized the revised model on the basis of experimental evidence that the 
"sensitive site" concept proposed by Kellerer and Rossi was untenable. It 
will be some time before the various controversies are resolved. 

R E P A I R - M I S R E P A I R  M O D E L  O F  CELL S U R V I V A L  

A modeling approach that is distinctly different from all those previ- 
ously discussed in this chapter is that of Tobias et al. (1980). Rather than 
considering the geometrical identity and location of lesions in DNA, this 
model more explicitly deals with the DNA repair processes themselves. In 
approaching the model, Tobias et al. started with some assumptions about 
the biochemical processes, which can be summarized as follows. 

ASSUMPTIONS 

1. There is an initial process of physical energy transfer followed by 
migration of the deposited energy and, ultimately, production of long-lived 
molecular species as the result of the radiation chemistry of the system. 

2. The radiation chemical stage is followed by one characterized by 
biochemical processes including repair or damage enhancement or fixa- 
tion, accompanied by cell progression through various physiological states. 

3. The cells, if they survive, may express permanent alteration in their 
phenotype. 

The repair-misrepair model (RMR) (Fig. 7.3) describes the yield of 
relevant macromolecular lesions per cell as a function of dose (D). There 
is a time (t) dependent transformation of these lesions, and accompanying 
time- and dose-dependent probabilities of survival (S), lethality (L), and 
mutation (M). The model also postulates a class of lesions, (U), which 
Tobias suggests might stand for "uncommitted" lesions, and there are 
various repair states (R) that are the result of transformation of (U) 
lesions. 

FORMULATION OF THE REPAIR--MISREPAIR MODEL 

In the simplest form of the model, two repair (R) states are assumed: 
R L is the yield per cell resulting from a monomolecular reaction that is 
linear on the concentration of U lesions and RQ is the yield per cell of a 
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Figure 7.3 The repair-misrepair model (after Tobias et al., 1980). 

repair process that is quadratic, where the rate is proportional to the 
square of the density of U lesions. If the U lesions are homogeneously 
distributed in the reaction volume, then the rate, RQ, is proportional to 
U ( U -  1) -=- U 2, when U is very much larger than 1. 

Assuming the delivery of a dose of low LET radiation in a time that is 
brief compared to repair rates, then 

dU 
dt = -AU( t )  - kU 2(t),  (7.39) 

where A and k are the rate constants for the linear and quadratic repair 
processes, respectively. Integration of Eq. (7.39) for the time period 0 to t 
yields 

U(O) - U(t)  = AU(t) dt + kU2(t )  dt. (7.40a) 

Defining R L and RQ as the yield of repaired lesions from the linear and 
the quadratic process as 

RL = fo AU(t) dt, (7.40b) 



Repair- Misrepair Model of Cell Survival 157 

and 

RQ = fokU2(t)  dt, (7.40c) 

then 

U( t) + RL( t) + RQ( t) = U(O). (7.41) 

Tobias et al. proposed solutions for the "decay" of uncommitted U 
lesions and the growth of the R states with the assumptions that, for a 
given cell and a specific state, A and k are constants independent of time 
and dose. If U(0) is U o, RL(O) = RQ(O) = 0, U(~) = 0 and e = A/k is the 
repair ratio, then the following equations hold: 

- A t  /Joe 
U = 1 + (Uo/s ) (1  - e - a t )  ' (7.42) 

RL(t ) = e In l+--U~ -xt) (7.43) 

R o ( t  ) = 
Uo(1 + Uo/e)(1 - e -'~t) 

1 + Uo/e(1 - e -at) 

e l n [ l +  ~ U~ (1 - eat)] . (7.44) 

Equations (7.42), (7.43), and (7.44) are directly derivable from Eq. (7.41) by 
insertion of the appropriate solved integrals of Eqs. (7.40a)-(7.40c). The 
algebra is of no great interest and is not developed here. Do not lose sight 
of the fact that U is determined by the dose, and therefore these equations 
simply represent rates of change of uncommitted lesions and the rate of 
appearance of repair products of a first- and second-order repair process. 
To this point dose is not a variable, although it is implicit in U 0. 

The formulation of the RMR model is uniquely different from either 
the molecular model or the dual-radiation-action model in that the rate of 
production of initial lesions is linear with dose and, especially, time is 
explicitly part of the formulation. The RMR model shares with the 
molecular model the assumption that linear and quadratic terms for rates 
of repair are possible. However, Tobias et al. (1980) introduced an 
additional concept that is indeed unique. 
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Eurepair and Misrepair 

Both the linear and the quadratic repair processes are assumed to be 
capable of correct repair of the macromolecular damage, eurepair, or 
incorrect repair of the lesions, misrepair. Two new parameters are intro- 
duced. Let 4, represent the probability that the linear repair is correct 
(eurepair) and let 6 represent the probability that quadratic repair is 
correct (eurepair). The probabilities of misrepair, then, are (1 - 4,) and 
(1 - 6) for the two processes, respectively. We can then formulate the 
number of lesions per cell repaired by the linear process as RLE 
(eurepaired) and RLM (misrepaired) and for the quadratic process as ROE 
and RQM. The original presentation gave derivations for a number of 
limiting cases for the RMR model. Only the two simplest cases will be 
examined here. 

CASE I: L I N E A R  E U R E P A I R - - Q U A D R A T I C  M I S R E P A I R  

Assumption All linear repair is eurepair, ~b = 1, and all quadratic 
repair is misrepair and lethal, 6 = 0. Remnant U lesions that exist at time 
t are also lethal. Using the Poisson statistic in the same fashion as for all 
of the foregoing models, the survival at time t, S(t), is expressed in the 
equation 

S ( t )  = e  -U~ 1 + ~ U ~  -At ) 
t~ 

(7.45a) 

by applying Eqs. (7.42abc, 7.43, and 7.44) to state the fractions of linear 
and quadratic repair and the fraction of remnant lesions, U(t). There is, 
again, no explicit statement of dose in Eq. (7.45a), but U 0 is a function of 
dose. Various sources, as well as the earlier models discussed here, suggest 
that the relationship between U 0 and dose can be described by either of 
the expressions 

U o = aD (7.45b) 

�9 = O~ 1D + O~ 2 D 2 , (7.45C) 

where a, a l ,  a n d  a 2 are constants. 

For a practical case survival equation to serve as a description for Case 
I, an additional constraint must be introduced. This is a factor, T, that is 
related to the maximum time for repair, tmax, which is presumably the time 
from irradiation to mitosis or to time for replication of a portion of the 



Repair- Misrepair Model of Cell Survival 159 

DNA that cannot be replicated in the unrepaired state. T is defined by 
the expression 

T = 1 - e-Atmax. (7.46) 

Then the surviving fraction, S, can be written as 

S = e - ~ D  1 + ~ , (7.47a) 

and when Atma x is very much larger than 1, then T ~ 1 and 

c~D e 
S = e-aD 1 + . (7.47b) 

This survival expression has been found to be a generally good fit to the 
experimental data and, on the whole, it is a better fit than either MTSH or 
LQ. Survival in the shoulder region is a significantly better fit to the 
biological data then for MTSH, and the fit to the exponential portion of 
the survival curve at high doses is a better fit than the LQ model. 

The power, as well as tile weakness, of the R M R  model is that very few 
assumptions are general and rigid. The nature of the dose-response 
relationship for the production of U lesions is not fixed and can be 
adjusted to fit experimental data. For the development of the expressions 
that lead to Eqs. (7.47a) and (7.47b), Eqs. (7.45b, c ) w e r e  assumed to 
describe the yield of lesions. There is also a great deal of flexibility in the 
model to deal with fractionated, divided dose, and continuous exposure 
conditions. 

COMPARISON WITH THE CONVENTIONAL 

MULTITARGET-- SINGLE-HIT MODEL 

Conventional target theory, as discussed in earlier sections, describes 
survival for m number of hits and an inactivation constant of a" 

(m-l)  ( a D )  i 

Sm -- e-aD E ~ "  (7.48) 
i=0 i! 

When Eq. (7.47a) is expanded as a power series that sets e equal to 
(m - 1), we obtain 

(m-l)  ( m _  l)! ( aD )i 
S~ = e -"D Z iV(m- 1 - i )  m -  1 " (7.49) 

i--0 " 
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Tobias pointed out that these expressions differ only by the constant in 
i and m that precedes the dose term in Eq. (7.49) and in the constant 
divider of the dose term. For the single-hit survival curve, (m = 1), both 
equations are identical in the familiar form S = e -'~D. For the two-hit 
MTSH survival curve (m = 2), the same form of survival curve is produced 
by the RMR model for the state where e = 1. The significance of this 
latter value is that h / k  = 1, and thus the coefficients for the linear repair 
and quadratic repair are equal. 

CASE II: LINEAR REPAIR IS NOT ALWAYS EUREPAIR 

When linear repair is assumed to not always be eurepair, then the 
constant th has a value different from 1.0. This case will not be derived 
here, and the reader is referred to the original Tobias reference for details. 
However, the form of the final expression is important. It is identical to the 
expression for survival under Case I, but an additional exponent, ~b, is 
added to the dose term. The expression for Case II survival is 

S = e  -'~D 1 + ~ . (7.50) 

An important consequence of the form of Eq. (7.50) is that it will have a 
finite negative slope at low doses. As the surviving fraction, S, approaches 
1, the first derivative of Eq. (7.50)with respect to dose is - a ( 1 -  ~b). 
Recall that the initial slope of the LQ model is - a .  

L E T H A L - P O T E N T I A L L Y  L E T H A L  M O D E L  

The lethal-potentially lethal (LPL) model of Curtis (1986) is based, in 
part, on the structure proposed by Pohlit and Heyder (1981) and outlined 
in Fig. 7.4. The number of B and C lesions is linearly related to dose by 
the proportionality constants, r/AB and rlAc. The B lesions are repaired by 
a first-order process to return them to the undamaged A state. The 
alternative is that the B lesions are permanently converted to the irrepara- 
ble or lethal state C by a second-order process. 

ASSUMPTIONS 

The assumptions of Curtis's LPL model are as follows: 

1. The B lesions of Fig. 7.4 are spatially distributed and long-lived 
(minutes), potentially repairable lesions created in the nucleus of the cell 
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Figure 7.4 Hypothetical model for the induction of potentially lethal and lethal lesions by 
radiation and the possible pathways for repair or damage fixation (after Pohlit and Heyder, 
1981). 

by low LET radiation. The lesions are repairable to return the B lesions 
back to the A state by an enzymatic process that is first order in the 
number of B lesions. If the B lesions are not repaired, they will interact 
with each other to form C lesions, which are irreparable and lethal. The 
interaction process is second order in the number of B lesions. It is 
explicit in the model that the interaction of B lesions does not depend on 
the spatial separation of these lesions, but only on the total number of B 
lesions. 

2. Lethal lesions can be formed at the time of irradiation on a very 
short time scale if they are created simultaneously or nearly so, and they 
are very close together. The constant, "qAC, describes the yield per unit 
dose for these immediately and irreversibly formed lethal lesions. 

3. The constants ~A8 and ~AC are the proportionality constants for the 
production of both types of lesions, and the rate of formation of each 
lesion will be equal to the product of the dose rate, D',  and the constant. 
For example, ~TAC D'  is the rate of formation of lethal lesions for dose rate 
D'.  The constants, eBA and eBc, are the rate constants for the formation 
of restored lesions per unit time and for the formation of irreparable 
lesions per unit time, respectively. Since eBc is the result of a bimolecular 
interaction of B lesions, it will be a second-order reaction in the concen- 
tration of B lesions. Note that one of the distinctions of the model is that 
it explicitly defines dose rate as an important parameter. 

4. It is further assumed that the rate of repair of the lesions does not 
depend on the number of lesions; that is, there is no saturation of the 
repair process. 
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DURING IRRADIATION 

The two differential equations for the rate of change of the number of 
lesions of both types can be written as 

d B ( t )  

dt 
- B 2 - 7qABD'-- GBAB(t)  -- GBC ( t ) ,  (7.51) 

d C ( t )  

dt 
= rlAC D '  + GBcB2( t ) .  (7.52) 

When the initial conditions are B - C = 0, in other words, the number of 
either type of lesion is zero at time zero, the integration of Eqs. (7.51) and 
(7.52) is 

2r/AnD'(1 -- e-~o t) 

B ( t )  = Go + GBA + (G ~ _ GnA)e_~ot, (7.53a) 

where 

Go = C d A  + 4GBCrIABD', (7.53b) 

and 

C ( t )  = rlAc D + G In[ 

_ )2 
2G o ( e  o GsA t 

Go "Jr- EBA "a t- ( G O _  G B A ) e _ e o  t "k- 4G8c , 

(7.54a) 

where 

EBA 

GBC 

AFTER IRRADIATION 

After the irradiation is complete, there is no longer a source term for 
the production of new lesions, but repair continues with the same rate 
constants for the repair of the remaining lesions. The reader is referred to 
Curtis (1986) for the appropriate differential equations, which are easily 
set up from the model conditions. For the number of B lesions and the 
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number of C lesions as a function of time, the integrations yield 

and 

N p L  e - * BA tr 

B ( T  + tr) = 1 + ( g p L ( 1  --  e * B A t r ) ) / ~  ~  

C ( Z - + -  t r )  = 
N L + [1 + NeL/e] (1  - e e"Atr) 

1 + (NeL(1 - eeBAtr))/,~ 

e In 1 +  
NeL(1 - eeBAtr) 

(7.55) 

(7.56) 

where NpL = B ( T ) ,  N L = C ( T ) ,  and t r is the available repair time. As 
before, e is the ratio of the repair constants. The initial conditions for 
these integrations, assuming the irradiation stops at time T, are B ( T )  is 
the solution of Eq. (7.53a) for time T and C ( T )  is the solution of 
Eq. (7.54a) for time T. 

SURVIVAL EQUATION 

To calculate the survival at time t = T + tr, it is assumed that the sum 
of all lesions, both lethal (C) and potentially lethal (B), is now indeed 
lethal, since there is no longer time to repair B lesions. With the assump- 
tion that the lesions are distributed according to the Poisson statistic, the 
probability that a cell has no lethal lesions, where t/to t is the total of both 
C lesions and B lesions at time T + tr, is 

S --- e -n t~  (7.57) 

Substitution from Eqs. (7.55) and (7.56) for B ( T  + t r) and C ( T  + t r) and 
simplification yields 

S = exp - (  N L + NeL ) + ~ In 1 + 

= e x p  --Not 1 + C(1 - e -eBAtr) 

NeL(1 - e-EBAtr) 
(7.58) 

~), (7.59) 
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where 
N L = total number of lethal lesions at the end of the exposure time, 

NeL = the number of potentially lethal lesions at the end of the exposure 
time, 

Ntot = N L + N p L ,  
= ratio of the two rate constants, eBA/eBC,  

t r = total repair time available after the end of the exposure. 

As in the case of several of the previous models, although Eq. (7.59) 
appears excessively complicated, there are some very useful limiting 
conditions and simplifications. 

Low-DosE-RATE APPROXIMATION 

If low dose rate is defined such that further decrease in the dose rate 
has no effect on the surviving fraction, then potentially lethal (B) lesions 
will be repaired before they have a chance to interact. Lethality is 
determined by the rate of direct formation of lethal (C) lesions. The 
formalism is the following: D'  is very much smaller than e2A//(2~ABeBC ). 
Then by expanding the equation for e 0 [see Eq. (7.53a)], and with exten- 
sive derivations, the equation for survival at low dose rate becomes 

S = e -  nAcD. (7 .60)  

This equation is a form that should be very familiar from previous models, 
including the single-hit form of the Lea hit theory model. 

HIGH-DOSE-RATE APPROXIMATION 

If high dose rate is defined such that the shape of the survival curve is 
no longer a function of dose rate, another useful approximation is ob- 
tained. When T is very much smaller than 2 / e  0, the survival equation 
reduces to 

- l n  S = (~?AC + ~?AB) D -- e In[1 + 
~qA B D ~ ( 1  - e  -~BAtr) (7.61) 

For the conditions of this approximation the dose-rate constraints are not 
particularly onerous. Exposure times of less than 5 min will usually satisfy 
the criterion with most mammalian cell lines. Note that Eq. (7.61) is the 
same as the general survival equation, but with the assumption that all the 
lesions created by the radiation are still present at the end of the exposure 
period. 
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LINEAR--QUADRATIC APPROXIMATION 

A special form of Eq. (7.61) can be developed for the region of the 
survival-dose response curve for low doses. For details of the derivation 
the reader is directed to Curtis (1986), but the general procedure is to 
write the survival function as a logarithmic relationship and to expand this 
relationship as a power series. If only the first two terms, those in dose to 
the first and second power, are retained and higher order terms are 
neglected, the following survival expression is developed: 

TI2B g B A t  r 2 - I n  S = (TIA C --[- 7qABe-eBAt~)D + - - ~ ( 1  - - e -  ) D 2 (7.62) 

This formulation is identical to the survival expression for the molecular 
model, with rather complicated constants, including the exponentials in the 
constants. To visualize this expression in the form of the linear-quadratic 
expression of the molecular model, the constants a and /3 can be taken as 
the coefficients of dose to the first power and dose to the second power 
from Eq. (7.62). Then 

and 

OL =- TIA C -Jr- TIA B e - E s A tr , (7.63a) 

T]2B EBAt  r 2 /3 = - ~ e  (1 - e-  ) . (7.63b) 

The linear-quadratic form under the low-dose approximation was 
analyzed by Curtis against published survival data for C3H-10T1/2 cells. 
The values of a and /3 for these data, developed by others, are a = 
0.1366 Gy -1 and /3 = 0.02 Gy -2. The linear-quadratic approximation of 
the LPL model holds for doses up to about 22 Gy for this set of da ta - -a  
value at which the surviving fraction has been reduced by four log cycles. 

S U M M A T I O N  

As we progress through the historical developments of biophysical 
models for cell survival, we are impressed that there is significant conver- 
gence as we develop more and more sophisticated models. A generaliza- 
tion is that the linear-quadratic model is an adequate approximation for 
survival fractions greater than 10 -3 , but that further sophistication is 
necessary for detailed description of survival at surviving fractions less 
than this value. 
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Another important observation is that as we progress through the 
historical model development, there is increasing attention to the signifi- 
cance of irradiation time, LET, repair rates, fractionation, protraction, and 
other subtle aspects of the exposure paradigm. We see that Tobias et al. 
(1980) explicitly added the sophistication of lesion misrepair and elapsed 
time to their formulation, and that Curtis (1986) explicitly included dose 
rate in his model. 

We can also ask ourselves what practical applications each of the 
models has found. We have seen that every model, independent of as- 
sumptions or formulations, arrives at the same formulation for single-hit 
effects. That is, the dose-effect relationship for all effects that arise from 
single events in the target can be described as a first-order negative 
exponential with the equivalent of the inactivation constant of target 
theory. Beyond this agreement, a good deal of disagreement still remains 
with regard to what might be described as details. The dual-radiation- 
action model has come under a good deal of criticism because it defines 
the dimensions of separation of the interacting sites in micrometer terms 
when biochemistry tells us that the interactions cannot be separated by 
more than a few base pairs (Goodhead, 1982, 1992; Goodhead and Nikjoo, 
1989). 

We will repeatedly return to the linear-quadratic (LQ) model in the 
remainder of this text. In spite of the shortcomings outlined earlier, which 
have been resolved, at least partially, by the RMR and LPL models, the 
LQ model has found a tenacious foothold in radiobiology and radiother- 
apy. We suggest that the simplicity of the LQ model, both mathematically 
and practically, has led to its wide adoption. In fact, for the applications 
where it has been most useful, for example, in treatment planning with 
fractionated therapy and the study of late deleterious effects from radio- 
therapy, the biological data are not very sensitive to the limitations of the 
LQ model. It is not hard to understand that even though the LPL model 
provides us with a special solution, which is quite the same as LQ, the 
complication of the dose and dose-squared exponents is not experimentally 
very helpful. Both the RMR and LPL models do give us insight into the 
biophysics of the repair processes and dose rates, as well as the likelihood 
of DNA misrepair. 
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PROBLEMS 

1. Show by simple algebraic or graphical means that the relationship 
Dq = D O In n holds for the multitarget-single-hit model. Explain your 
steps. 
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2. The following data are provided for the survival of a hamster cell line 
grown in vitro immediately after irradiation. 

Dose (cGy) Surviving fraction 

0 1.00 
5O O.85 

100 0.52 
150 0.33 
200 0.16 
250 0.064 
300 0.024 
400 0.0035 

(a) Plot the data graphically on three-cycle semilog paper, determine 
the MTSH parameters D o, D o, and n, and write the MTSH 
expression with these parameters. 

(b) Repeat part (a) using the linear-quadratic model to fit the data. 
What are the values of pc~ and p/3? 

3. In developing the expression for single-hit survival it is assumed that the 
target volume v is constant. Of course, this is biologically unlikely. Let 
us see how sensitive the shape of the survival curve may be to variation 
in target volume. Take a value for the inactivation constant at, for 
example, 0.01, and create the following plots: 
(a) Plot the survival function for the simple exponential on semilog 

paper as a function of dose. 
(b) Repeat this procedure assuming a mixture in which half of the cells 

has v's that are 80% of that for the remainder. 
(c) Repeat the procedure for a mixture in which half the population 

has v's that are 10% of that for the remainder. 
(Hint: What are the dimensions of the activation constant?) 



Chapter 8 

Survival Curve and 
Its Significance 

INTRODUCTION 

In Chapter 7, several models were discussed and developed that are 
intended to give insight into the mechanism of radiation action on living 
cells. A reminder is in order. Survival or nonsurvival is defined for the 
purpose of radiation biology as the ability of a single cell to reproductively 
proliferate to form a colony of cells. This ability is defined as clonogenic 
potential. The clonogenic survival definition has ancient roots in microbiol- 
ogy, and many of the methods for quantitation arise from that source. It is 
still the practice to plate individual microbial cells, which are then ob- 
served for their ability to form a visibile colony. The same methods of 
colony counting are now widely used in scoring the survivability of mam- 
malian and other cells after exposure to ionizing radiation. 

Until the later 1950s it was possible to use in vitro cell culture methods 
for mammalian cell lines. The quantitative radiation biology of the preced- 
ing era was characterized by studies on the classical microbiological 
organisms that could be grown on Petri plates and could have survival 
measured. Typical organisms on which clonogenic survival studies were 
done at that time were Escherichia coli, Bacteroides subtilis, Saccharomyces 
sp., and some other lower organisms, such as Tetrahymena sp. or other 
protozoa. The classic studies of Puck and Marcus (1955) that eventually 
led to the development of methods for clonogenic plating and growth of 
mammalian cells had a dramatic impact on radiation biology. After this 
time it was possible to examine radiation clonogenic survival for a number 
of mammalian cell lines grown in vitro. 

169 
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The nature of the mammalian cell lines that can be grown in culture is 
important. Most of the lines are "immortal" cells that are derived gener- 
ally from cancer tissue that has been removed from a human or an animal 
donor. The radiation response of these lines is not necessarily representa- 
tive of the radiation response of noncancer cells, and it is a continuing goal 
of radiation biologists to develop what are known as untransformed cell 
lines for clonogenic survival studies. Some of the more common cell lines 
that are used in radiation biology are HeLa cells, which are derived from a 
human cervical cancer; V79 and CHO cells, which are derived from 
hamster lung or ovary, respectively; 9L cells, which are derived from rat 
gliosarcoma; T1 cells, which are derived from a human kidney, and a few 
others that will be referred to throughout the remainder of the text. All of 
these cell lines have the potential for immortal growth and are considered 
to be transformed cells. During the later 1980s and early 1990s some 
innovative techniques were developed for sustained growth of nontrans- 
formed human cell lines in vitro, and a few studies have been published 
on clonogenic survival of these lines after ionizing radiation (Yang 
et al., 1983). 

T E C H N I Q U E  O F  T H E  C L O N O G E N I C  

S U R V I V A L  C U R V E  

What is eventually graphed for the survival curve for cells irradiated 
and grown in vitro is the logarithm of the fraction of the plated cells that 
survive and produce a colony of offspring--the ordinate--against the dose 
- - the  abscissa. The criterion of clonogenic survivability is usually taken as 
the production of 50 or more cells at the minimum. Some cells divide only 
a few times before failing to divide further, and these are not counted as 
clonogenic survivors. One of the more crucial points of a successful 
clonogenic survival experiment is establishment of the clonogenic potential 
of the unirradiated cells. Generally mammalian cell lines are not com- 
pletely effective in establishing growing colonies. The denominator of the 
surviving fraction is the fraction of unirradiated cells that will produce 
colonies. This fraction generally will range from 0.5, or less, to as high as 
0.9. Rarely, if ever, is the unirradiated cell line capable of 100% generation 
of new colonies. The variability in the control surviving fraction, which is 
called the plating efficiency, is one limit on the precision of the survival 
curve technique. 
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DETERMINATION OF THE SURVIVING FRACTION 

Samples of the cells are irradiated under carefully controlled laboratory 
conditions, such that the plating efficiency remains unchanged and as high 
as achievable if no irradiation took place, and appropriate numbers of the 
cells are transferred to plastic containers for growth. A defined medium in 
which the cells are known to grow well is added to the container and they 
are put in an incubator at 37~ with an appropriate atmospheric environ- 
ment of oxygen and carbon dioxide. 

One of the more crucial aspects of this process is to choose the correct 
number of cells to add to the culture plate. It is desirable to have from 20 
to 50 colonies on the plate when they are examined 10 to 20 days after 
seeding. When the surviving fraction is very low, this means that large 
numbers of cells must be seeded to achieve the minimum number of 
colonies. When the survival curve is not established, it is necessary to 
make educated guesses as to the appropriate surviving fraction. The 
reliability of the estimate of surviving fraction follows the usual Poisson 
statistic, just as in the counting of radioactive disintegrations. The standard 
deviation of the number of colonies counted will be the square root of that 
number. For instance, if 50 colonies are counted, the standard deviation is 
7.07, or 14%. If five colonies are counted, the standard deviation is 2.24, 
or 45%. 

FEEDER CELLS 

The pioneer experiments of Puck and Marcus were successful because 
they developed the ingenious idea that an underlayer of metabolizing but 
nondividing cells under the cells of experimental interest provides essential 
growth factors for support of division in the experimental cell line. Since 
then, this feeder cell method has been used widely. A large number of cells 
are preirradiated to a dose that will ensure no division. The cells are 
plated into the dishes and allowed to attach. The experimental cells are 
then plated in small numbers over the top of the feeder layer. In recent 
years, media have been developed that allow the omission of a feeder layer 
for the growth of some cell lines. 

More recent developments in cell culture methods allow us to examine 
the radiation sensitivity of some cells other than the so-called immortal 
lines (also called established cell lines). It is now possible to undertake 
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survival analysis in vitro from fresh explants of normal and tumor tissues 
as well as with nonimmortal lines that divide for only a few tens of 
generations at most. 

C H A R A C T E R I S T I C S  O F  T H E  M A M M A L I A N  C E L L  

S U R V I V A L  C U R V E  

The mathematical analysis of survival curves in Chapter 7 demonstrated 
that often a plot of the logarithm of the surviving fraction against dose is 
the most useful format for examination of the data, and that is the format 
in which the data are usually plotted. What parameters are most useful to 
examine? It was suggested in Chapter 7 that the linear-quadratic model 
for clonogenic survival effectively represents the data for a reasonably 
restricted range of dose. The parameters for that relationship, pa ,  and 
p/3, are certainly mathematically useful, but they are indeed hard to 
use to visualize the shape of the survival curve. For this reason, 
the multitarget-single-hit model (MTSH) still finds wide utilization in the 
radiobiology literature. The reason for this is that knowledge of the 
parameters n, D 0, and Dq, allow us to carry a very effective mental picture 
of the shape of the survival curve. We shall follow this practice in this 
chapter; the linear-quadratic parameters will be used only as supplemen- 
tal information. 

The general characteristics of mammalian survival curves are outlined 
in Fig. 8.1. In this representation, the formalism of the multitarget-single- 
hit model for surviving fraction is used. The logarithm of the surviving 
fraction is plotted as the ordinate, and the dose is plotted as the abscissa. 
The parameters that describe this curve are the inactivation constant, k, 
and the extrapolation number, or target multiplicity, n. The inactivation 
constant, k, is measured as the slope of the linear portion of the survival 
curve. Usually it is determined by estimating the dose required to reduce 
the surviving fraction by 1/e  in the linear portion of the curve. The target 
multiplicity, n, is determined by back-extrapolation of the linear portion of 
the survival curve to the zero-dose abscissa. Curve A in Fig. 8.1 represents 
the special case where the target multiplicity is 1. Such a curve is generally 
associated with survival following high linear energy transfer (LET) radia- 
tion. It is, in principal, a degenerate form of the general curve, B, for the 
special case of target multiplicity of 1. An additional derived parameter 
that is also shown on Fig. 8.1 is the Dq, which generally is called the 
quasi-threshold dose. The Dq is determined by estimation of the dose at the 
point where the back-extrapolate of the exponential portion of the curve 
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F i g u r e  8.1 General characteristics of the mammalian survival curve plotted using 
multitarget-single-hit mathematics. Curve A is representative of cell killing for high LET 
radiation, showing typical single-hit kinetics, and curve B is representative for low LET 
radiation, showing typical MTSH kinetics. The back-extrapolation to determine the target 
multiplicity, n, is shown for curve B. Dq, the quasi-threshold dose, is measured as the dose 
intercept of the back-extrapolate at a surviving fraction of 1.0 of the line used for estimation 
of n. 

crosses the surviving fraction ordinate of 1.0. The reader is referred to 
Chapter  7, where the special relationship between Dq, Do, and n is given. 
As a reminder,  that relationship is given again: 

Dq - Doln n. (8.1) 

The general characteristics of the in vitro cell survival curve as outlined 
describe quite satisfactorily the survival for nearly all mammal ian  cell lines 
that have been studied. The parameters  of the mult i target-s ingle-hi t  
equation do indeed vary among cell lines, but not to great extremes. The 
D O shows the least variation among all the many lines studied since the 
first mammal ian  cell survival curve was published in 1956. It varies in 
the range of 1-2.5 Gy; most cell lines have D O values around 1.2-1.5 Gy. 
The extrapolation number  or target multiplicity varies much more than 
that, but, still, most of the lines studied have extrapolation numbers 
between 1.5 and 20. 

Figure 8.2 shows typical survival curves for three cell lines that have had 
wide utilization in cell biology: HeLa,  CHO, and T1. The sources of these 
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Figure 8.2 Typical postirradiation survival curves for three mammalian cell lines grown in 
tissue culture. Curve A is for HeLa cells, curve B is for CHO cells, and curve C is for T1 cells. 

cell lines were described earlier in this chapter. As a point of historical 
interest, the original work by Puck and Marcus on human cell culture, as 
well as the studies of radiation survival, were done on the HeLa  l i n e n a  
cell line derived from a human cervical carcinoma. The survival data for 
HeLa  and CHO are well fitted to the mult i target-single-hit  model, at least 
up to doses that are three to four times the D O , and the parameters  are 
easily and reliably estimated. On the other hand, the survival curve for the 
T1 line, a cell line of human kidney origin, does not conveniently fit the 
mult i target-single-hi t  model, and it is not possible to get single-valued 
estimates of n and D 0. For this latter cell line it is necessary to fit the data 
to the l inear-quadra t ic  function described in Chapter  7. The data in Fig. 
8.2 represent  the usual range of variability seen among mammal ian  cell 
lines. The HeLa  line, with an extrapolation number  of about 2, is signifi- 
cantly more radiosensitive than either of the other two lines. The CHO 
line has an extrapolation number  of about 5-6,  and these parameters  have 
little meaning for the T1 line, which is intermediate in radiosensitivity. 

S I G N I F I C A N C E  O F  T H E  S H O U L D E R  O N  T H E  

S U R V I V A L  C U R V E  

Prior to 1956 the interpretation of the significance of shoulders on 
survival curves was pretty well confined to considerations of target multi- 
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plicity. When the target theory of radiation action was discussed in 
Chapter 7, the point was made that the model contained only one 
significant biologically based function. This function, the hit surcivability 
function, describes the likelihood of cell survival if the cell sustains a 
designated number of hits. This approach was strongly reinforced by the 
totality of experience on microbiological organisms and on direct radiation 
of large bioactive molecules, where target theory adequately explained the 
data. Of particular importance was the observation that shoulders on 
survival curves (or in this case remaining biological activity) for bioactive 
molecules irradiated in solution also were certainly either of the single- 
hit-type curve or, occasionally, MTSH-type curves. No molecular repair is 
possible for these large biomolecules in solution, and the MTSH-type 
curves were perfectly adequately explained by target theory. 

In 1959 Elkind and Sutton published a landmark study that set out to 
show that the shoulder of a survival curve in mammalian cells was 
indicative of repair of damage to whatever was the radiation sensitive 
system in the cell. The experimental data of Elkind and Sutton (1959)will 
be examined in some detail, since they represent such a significant step 
forward in our understanding of radiation biology, and the interpretations 
of the data have withstood the tests of time and experimentation. 

The observations made by Elkind and Sutton are as follows (no attempt 
has been made here to present their data quantitatively): it is more 
important to recognize the significance of the experiment rather than to 
pay attention to the details of the doses used or the surviving fractions. 
The upper portion of Fig. 8.3 is the normal survival curve for this 
hypothetical cell line for a surviving fraction down to about 0.1. The 
important point of this portion of the figure is that Dq can be established 
as shown. For this mythical cell line, Dq is taken to be about 2 Gy. Having 
established Dq, it is then possible to irradiate a stock of cells to a level that 
would give a surviving fraction of about 0.1, or a dose of 4.4 Gy for the 
case shown. The surviving fraction to which the cells are irradiated is 
irrelevant as long as the surviving fraction chosen is in the exponential 
portion of the survival curve. Having preirradiated a stock of cells to a 
known survival level, a new survival curve is constructed as shown by the 
lower coordinates. The surviving fraction for the preirradiated cells that 
receive no further irradiation becomes a surviving fraction (plating effi- 
ciency) of 1.0 for the new survival curve. The remaining preirradiated cells 
are then reirradiated with a range of doses to establish a survival curve 
after various time intervals of holding the cells without treatment. 

Curve A in Fig. 8.3 is the survival curve obtained if there is no interval 
of time between the first dose, sometimes called the conditioning dose, and 
the second dose. This is the expected result, since the conditions are 
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Figure 8.3 The Elkind-Sut ton experiment. The cells are first irradiated to a surviving 
fraction of about 0.1. These preirradiated cells are then used as stock for further irradiations 
after holding the cells for various times. Curve A is for cells in which the irradiation is 
continuous with no interruption. Curves B, C, and D are for cells irradiated after 30 m, 2 h, 
and 6 h, respectively. 

identical with those under which a complete survival curve is normally 
developed. It is as if the dose were given in a single session. 

Curves B, C, and D, are the survival curves obtained for the preirradi- 
ated cells when various time periods are allowed to elapse after the 
conditioning dose was given, according to the schedule described in the 
figure. It is apparent that as time passes the cells become less radiosensi- 
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tive, and after an adequate time period has passed, the radiosensitivity of 
the cells is the same, or nearly the same, as that for previously unirradiated 
cells. The direct proof of the last statement is that Dq for the preirradiated 
cells is the same as the Dq for previously unirradiated cells. 

The interpretation given these data by the authors was that repair 
processes were at work to restore the cell to its previous condition of 
radiosensitivity and that these processes were relatively fast. We must 
remember that at the time of these experiments little was known about the 
putative cellular target for ionizing radiation damage, and even less was 
known about DNA repair. 

It is important to note that the slope of the linear portion of the log 
survival curve remains the same, no matter what the period of delay 
between the conditioning dose and the final dose. 

REPAIR OF SUBLETHAL D A M A G E  

The concept of sublethal damage (injury) and its repair was developed 
by Elkind and Sutton from the experiments just described without knowl- 
edge of either the target or how repair might be accomplished. The 
conditioning radiation exposure certainly kills a large number of cells as 
evidenced by the low surviving fraction if no other radiation exposure is 
made after the conditioning dose. In the surviving cells, however, there 
remains a significant injury that will not be revealed unless additional 
radiation exposure occurs. In this sense the injury in the surviving cells is 
sublethal. In other words, the injury is not lethal to the cells unless 
something else happens. It is also clear that this sublethal damage is 
repaired at a rapid rate. The measured half-life for the repair of sublethal 
damage reported by others is in the range of 12-15 min. Elkind and Sutton 
concluded that, at least by 18 h after a conditioning dose of 5 Gy, surviving 
cells fully repaired their sublethal damage, since survival following the 
second exposure was the same as for cells that had received no prior 
irradiation. They rightly pointed out that inferences can be drawn only 
about the fraction of the population that survives the first dose. Some 
repair of sublethal damage certainly occurs in the population of cells 
destined to die, but it is inadequate to assure survival. This repair can be 
revealed only by the challenge dose of radiation. If the radiation exposure 
for curve A is fast, that is, less than a few minutes, repair of sublethal 
damage is irrelevant to the shape of the survival curve of curve A. 
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INTERPRETATION OF SUBLETHAL DAMAGE 

An attractive interpretation of these findings can be made in terms of 
the molecular model of radiation damage and repair described in Chapter 
7. DNA is the critical target and it is well established that DNA can 
undergo changes that will cause the cell to lose its reproductive capacity. 
The molecular model proposes that this damage to DNA can occur by 
either of two mechanisms: (1) a direct hit on both strands of the DNA 
molecule that leads to a double-strand break or (2) individual strand 
breaks that occur in the separate strands but can interact, if conditions are 
appropriate, to lead to a double-strand break. If we visualize sublethal 
damage (SLD) as a single-strand break in DNA that can be rapidly and 
efficiently repaired, then the addition of a second single-strand break at a 
nearby region of the opposite DNA strand could only lead to interaction of 
these lesions to produce a double-strand break if the initial single-strand 
break is not yet repaired. In the case of an unrepaired single-strand break, 
a double-strand lesion that is lethal to a cell's reproductive capacity 
results. Rapid repair of these single-strand lesions leads to restoration of 
the cell's integrity and resistance to additional radiation. 

At the time of the first writing of this text the evidence for the 
hypothesis just formulated certainly was not at all conclusive, but since 
then evidence has accumulated that suggests that the formulation is more 
than simple speculation. One of the more significant findings is that the 
kinetics of the repair of single-strand breaks is very well matched to the 
kinetics of the repair of sublethal damage. It is also well known that 
ionizing radiation is an efficient producer of single-strand breaks in DNA. 
Currently, however, there is an increasing body of opinion and experiment 
that denies any relevance of DNA single-strand breaks to cell survivial. 
Those who raise such concerns do agree however that the evidence is 
strongly supportive of the presence of some kind of "sublesion" in the 
DNA that can lead to major and irreversible damage to the DNA if it 
interacts with another nearby sublesion. 

One of the more convincing arguments against the single-strand break 
hypothesis is the experimental evidence collected with ultrasoft X-rays 
(Goodhead et al., 1978; Thacker et al., 1980). These authors irradiated 
cellular systems with ultrasoft X-rays generated as the 280 eV K c~ X-rays 
from carbon. The electron tracks produced from these X-rays can be no 
more than a few nanometers in length, and, therefore, lesions produced in 
DNA must be at least that close together. In spite of this, the extremely 
soft carbon X-rays are more effective at cell killing and chromosome 
aberration production than are normal hard X-rays. With X-rays of such 
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low energy, the separation of single-strand breaks caused by independent 
events can be no more than a few nanometers. This separation of strand 
breaks by only a few base pairs in the DNA molecule could not, under 
normal circumstances of higher-energy X-irradiation, be expected to 
happen with any significant frequency. The reader is reminded that in 
Chapter 7 we pointed out that because of van der Waals forces and 
hydrogen bonds between bases, single-strand lesions need be separated 
only by five or six base pairs to resist the expression of a double-strand 
break. Only time and further experiment will clarify this issue. For inter- 
pretation of sublethal damage the DNA single-strand break model is 
useful and illuminating. If in the future it is revealed that the sublesion 
is physically not a strand break, the interpretation remains valid. 

HIGH AND LOW LINEAR ENERGY TRANSFER 
AND SUBLETHAL DAMAGE 

Remembering the concepts of the molecular model, it should be possi- 
ble to shed additional light on sublethal damage and repair by comparing 
the effects of high and low LET radiations on the phenomenon. It has 
been suggested that the high LET radiation, represented by the A fraction 
of the dose in the molecular model, produces its damaging effect by 
production of double-strand breaks as single events, whereas low LET 
radiation is thought to produce a preponderance of damage through 
interaction of two sublethal events. The latter is the 1 - A fraction of the 
dose in the molecular model. Data have been published on the two 
possible combinations (Ngo et al., 1981). In one case a low LET condition- 
ing dose is given to the cells followed by a high LET test dose. In the 
second case the conditioning dose is given with high LET radiation and the 
test dose is given with low LET radiation. Figures 8.4 and 8.5 show a 
schematic representation of these data for hypothetical cells and hypothet- 
ical low and high LET radiations. The data are not those from Ngo et al., 
but are prototypical of their findings. 

Figure 8.4 shows that high LET radiations are, as expected, more 
effective at cell killing than low LET radiations. There is no shoulder, nor 
would there have been one if the cells had never been irradiated. What- 
ever repair time is allowed to lapse, even up to the 6 h used by Elkind and 
Sutton in their first experiment, the survival curve for cells pretreated with 
low LET radiation and then irradiated with high LET radiation indicates 
that no repair of sublethal damage can be revealed by treatment with high 
LET radiation. Certainly, the same sublethal lesions are present from the 
pretreatment with low LET radiation, but they are irrelevant to the 
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Figure 8.4 Survival curves for an Elkind-Sutton type of experiment when the conditioning 
dose is undertaken with low LET radiations and the test exposure is done with high LET 
exposure. Curve B is the survival that would occur if the second irradiation were done with 
low LET radiation and no repair time was allowed before the administration of the test 
irradiation. Curve A is the expected result for the second irradiation being administered with 
high LET radiation. The survival curve, A, is the same whether a time interval has been 
allowed between irradiations or not, and the survival curve after the high LET test dose is the 
same as if it were given to previously unirradiated cells. 
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Figure 8.5 The Elkind-Sutton experiment for a conditioning dose of high LET radiation 
followed by a test dose of low LET radiation. Curve A is for low LET radiation immediately 
after completing the high LET radiation, and it has the D O typical of the low LET 
radiosensitivity. Curves B, C, and D are data after the same times for repair (30 m, 2 h, and 
6 h) as in Fig. 8.3. Unlabeled curve is for continuous high LET radiation. 

survival when the cells are exposed to high LET radiation. High LET 
killing occurs mostly by events that break both strands of DNA simultane- 
ously, and this mode of cell killing is not detectably facilitated by the 
presence of preexisting single-strand breaks. Whether the sublethal dam- 
age repair can be revealed by a postconditioning dose exposure to high 
LET or not, the repair of this damage must be continuing, since the 
cells are not privy to what test irradiation will be used for the second 
challenge dose. 
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The interpretation of the data in Fig. 8.5 is as follows: it is reasonably 
certain that the high LET irradiation kills the cells by single events in 
which lethal double-strand breaks occur, and that these double-strand 
breaks are repaired relatively slowly and with difficulty by the cell. How- 
ever, although these double-strand breaks are the direct cause of loss of 
reproductive capacity, many single-strand breaks also are caused that are 
generally irrelevant to the death of the cell because of the predominance 
of the double-strand event. However, these sublethal lesions are revealed 
when the cells are irradiated with low LET radiation, which may produce 
single-strand events that can interact with the single-strand events pro- 
duced by the earlier high LET radiation. As curves B, C, and D show, as 
time for repair is allowed, the single-strand sublethal lesions produced by 
the high LET radiation can be removed, and the Dq associated with low 
LET radiation is reestablished. 

Before moving on to another type of repair of radiation injury, the 
operational definition of sublethal damage is important to know and 
understand. Sublethal damage produced in cells by ionizing radiation is a 
class of injury that would not normally lead to cell death unless additional 
radiation exposure occurs. The challenge, or second irradiation, produces 
additional injury that, through interaction with the existing sublethal 
lesions, leads to cell death. 

R E P A I R  O F  P O T E N T I A L L Y  L E T H A L  D A M A G E  

Potentially lethal damage (injury) was first proposed by Phillips and 
Tolmach (1966). Lyman and Haynes (1967) shortly thereafter also demon- 
strated potentially lethal damage and its repair in yeast. This type of 
cellular damage is operationally very different from that associated with 
sublethal damage. The latter requires an additional exposure to ionizing 
radiation to produce additional injury that, through interaction with the 
existing lesions, will lead to cell death. Expressly stated, sublethal damage 
or injury may be revealed only by additional radiation exposure, and 
indeed that exposure must be from low LET radiation. Potentially lethal 
damage (or injury), usually abbreviated as PLD, is defined as injury that 
will inevitably kill the cell unless intervention occurs to alter the outcome. 
Recently it was realized that this intervention (repair process) probably 
starts in the cell immediately when radiation damage is incurred, whether 
there is external intervention or not. 

The earlier studies all were performed on cells grown in vitro, but it also 
is possible to show that potentially lethal damage is present and also is 
repaired in organized tissue systems (Gould et al., 1984; Little et al., 1973). 
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EXPRESSION OF POTENTIALLY LETHAL DAMAGE REPAIR 

How is potentially lethal damage revealed and how is its repair demon- 
strated? These can be demonstrated by appropriate modulation of the 
environmental conditions under which the cell is growing in vitro. Cell 
survival can be increased under certain conditions after exposure to 
ionizing radiation, and this is generally identified as repair of potentially 
lethal damage. Cell survival can be decreased under other conditions, and 
this is called expression of potentially lethal damage, or possibly this latter 
phenomenon could better be called prevention of repair of PLD. 

FIXATION OF POTENTIALLY LETHAL DAMAGE WITH 

HYPERTONIC SALINE 

PLD can be shown to be repaired by placing cells in environments that 
are not conducive to continued progress of the cell through the cell cycle 
of DNA replication and mitosis, but that are, at the same time, hospitable 
to the vegetative functions of the cell. A medium that serves this cause 
admirably is depleted medium, a medium in which cell growth has taken 
place to the point of exhaustion of the energy source. At this point the 
medium is separated from the cells growing in it, and it is used as a 
replacement medium for the irradiated cells. An alternative is a balanced 
salt solution that contains no energy source, but this environment is more 
hostile to the cells, and the plating efficiency may be quite low. Other 
procedures are also available. For example if cells are grown on Petri 
dishes to confluency, cells tend to go out of their normal cell cycle. If they 
are irradiated in that condition and then subcultured immediately, or some 
hours later, a differential survival is seen, with protection provided by 
continued maintenance of the cells in the confluent state. This effect is 
also attributed to repair of PLD. In this latter case repair of PLD is 
probably allowed to continue for a longer period by the longer time that 
the cells have before entering DNA replication when they are harvested 
from plateau phase cultures. 

The expression of PLD is demonstrable in a somewhat reverse way. If 
cells are placed in hypertonic saline (0.5 M NaC1) (Raaphorst and Kruuv, 
1976) immediately after they are irradiated and survival is measured, the 
treatment can be shown to decrease survival. This result is a demonstra- 
tion that some PLD repair is proceeding in cells after irradiation whether 
or not the environment is altered. The hypertonic saline, it has been 
suggested, irreversibly fixes PLD so that it cannot be repaired. 
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Figure 8.6 embodies the elements of both repair and expression of PLD. 
As mentioned previously, holding in depleted medium allows time for PLD 
repair, and exposure to hypertonic saline fixes the PLD irreversibly. The 
times for PLD repair are significantly longer than for repair of sublethal 
damage. Instead of a half-life in minutes, it appears that PLD repair has a 
half-life more on the order of 1-2 h. It is tempting to interpret PLD repair 
in terms of repair of double-strand breaks in DNA, and that those 
environments that promote PLD repair hold the cell from progression 
through the cell cycle and DNA replication while these double-strand 
breaks are being repaired. At this time, such an idea only can be called a 
hypothesis, but it is indeed attractive. In any case it is now known that 
most cell lines can indeed repair double-strand breaks in DNA, even 
though the process is slow and error-prone (Resnick and Martin, 1976). 

One of the more telling arguments against the hypothesis that repair of 
DNA double-strand breaks is responsible for PLD is that such repair 
should not be dependent on the nature of the radiation that produces the 
double-strand breaks. Unfortunately, it is not possible to demonstrate 
repair of PLD in cell systems that have been irradiated with high LET 
radiation sources. It is just a possibility that the nature of the double-strand 
lesion after high LET exposure is significantly different from the lesion 
produced by the cooperative interaction of single-strand breaks. 
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Figure 8.6 Repair of potentially lethal damage (PLD). Curve B is the normal survival curve 
for the cell line represented. If the cells are held some hours in depleted medium after 
irradiation (usually 6-24 h) and then plated, curve C will be obtained. If the cells are placed 
in 0.5 M saline immediately after irradiation and held there for some hours before plating, 
curve A will be obtained. 
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C E L L  S U R V I V A L  A N D  C E L L  A G E  

LIFE CYCLE OF THE CELL 

Since the classic studies of Howard and Pelc (1953) demonstrated that 
replicating cells have a "life history" that repeats itself in a cyclic way, 
interest has been very great in the relative sensitivity of the cell at various 
stages in its life cycle. The Howard and Pelc model is now part of the 
everyday experience of the cell biologist, but a brief recapitulation is 
useful. The marker that has been known since the earliest days of cell 
biology is mitosis. This particular phase of the cell cycle is morphologically 
evident and easily recorded. Mitosis is the creation of two daughter cells 
from the parent. The contribution of Howard and Pelc was to define 
several additional separate stages in the life cycle of the cell from mitosis 
to mitosis. These stages are only identifiable by biochemical rather than 
morphological markers. The most important of these stages for the divid- 
ing cell is the replication of its DNA prior to the distribution of two 
complete copies of the genome to two daughter nuclei at mitosis. This 
stage, which for all cell lines studied occurs at approximately the midpoint 
of the time period between mitoses, occupies, in general, a goodly portion 
of the intermitotic time, and it has been named the synthetic or S phase. 
The S period is preceded by a stage in which biochemical preparation for 
the start of DNA replication is the predominant activity. This stage is 
labeled as the G1 period, and is often called the presynthetic pause. After 
replication of DNA is complete the cell enters another period of prepara- 
tion for mitosis. This period has been labeled as the G2 period or 
postsynthetic pause. 

In summary, the life cycle of the cell can be pictured as a continuous 
cyclical activity, usually timed from mitosis, and made up of a G1 period, 
followed by the S period of DNA replication, followed by the G2 period of 
postreplication activity, followed again, by mitosis. The relative portion of 
the cell cycle taken up by each of these phases is highly variable among 
cell lines, both in culture and in vivo. The G2 period is rarely more than a 
small proportion of the cell cycle time, usually only 1-2 h in a typical cell 
line with a 12-14 h time between mitoses. The S period is generally on the 
order of 4-8 h or so in the most extreme cases. The largest variability is 
seen in the G1 period, which can range from almost nonexistent in, for 
example, bone marrow cells in culture, to a very large fraction of the 
intermitotic time. Table 8.1 gives the periods of the cell cycle for two cell 
lines widely used in laboratory experimentat ion~the HeLa human line 
and the CHO Chinese hamster cell line. 



186 8 Survival Curve and Its Significance 

Table 8.1 

Cell Cycle Times in Two Representative in Vitro Cell Lines 

CHO HeLa 
Cell cycle phase (hamster) (human) 

T c (generation time) 11 h 24 h 
T m (mitotic time) 1 h 1 h 
T s (synthesis time) 6 h 8 h 
To2 (postsynthetic pause) 3 h 4 h 
Tel (presynthetic pause) 1 h 11 h 

CELL AGE AND RADIOSENSITIVITY 

Probably the earliest demonstration of a cell cycle or cell age depend- 
ence of radiation sensitivity was the indirect observations of Elkind and 
Sutton (1959) during the course of their landmark experiments on the 
repair of sublethal damage. In one set of experiments in which the dose 
was given in two divided installments separated by a variable time, they 
observed that as the time between doses was increased, the surviving 
fraction increased monotonically for upward of 2 h. The cells were held at 
37~ during the waiting interval. The results for the first 2 h of dose 
separation were consistent with their hypothesis for repair of sublethal 
damage. However, after the first 2 h, they reported "fluctuations in the 
radiosensitivity" marked by a decreased survival followed by an increased 
survival. They further noted that if the incubation of the cells between 
radiation doses was at 20~ rather than at 37~ as in the experiment just 
described, the surviving fraction increased monotonically to the expected 
value of full repair of sublethal damage, without the oscillations seen at 
37~ Their interpretation was that repair could proceed at 20~ but that 
changes in the physiological state at 37~ led to the fluctuations. 

The later interpretation of this pioneering work of Elkind and Sutton 
was that at 37~ there is progress through the cell cycle, with partial 
synchrony, which leads to a change of the distribution of cells in the cycle, 
with increases or decreases in the fraction of the cells in more sensitive 
portions of the cycle. At 20~ the sublethal damage is repaired, but 
progress through the cycle was prevented by the unfavorable temperature 
conditions. 

These early studies led to extensive reports on the radiosensitivity of 
cells at various stages in the cell cycle. Of these, two of the most important 
were the reports of Terasima and Tolmach (1963) on the HeLa cell line 
and that of Sinclair and Morton (1966) on the hamster V79 cell line. 
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The data of Sinclair and Morton are interpreted in Fig. 8.7. In their 
experiments cells were synchronized by mitotic shake-off so that, at time 
t = 0, most of the cells were in the mitotic phase of the cell cycle. At 
various times as shown after the mitotic cell collection, the cells either 
were exposed to a dose of 6.6 Gy of X-rays and their clonogenic survival 
was determined, or the cells were exposed to tritium labeled thymidine in 
the culture medium. The latter procedure labels all cells that are in the 
stage of replication of their DNA. From these data it is evident that there 
is a wide fluctuation in the radiosensitivity of cells, depending on their 
position in the intermitotic cell cycle. Cells that are in mitosis at the time 
of irradiation (at time zero) and cells that are in G2 and reentering mitosis 
(at time 10-12 h after collection) are by far the most radiosensitive. The 
surviving fraction at these times is less than a quarter of that seen for the 
most resistant cells. The most resistant cell population is the population of 
cells that is nearly complete in its cycle of DNA replication-the late S 
phase. The data presented in Fig. 8.7 on labeling with a DNA synthesis 
marker show the progress of the cell through the cell cycle. The period 
during which the labeling percentage is at its maximum marks the period 
during which DNA synthesis occurs. In Fig. 8.8 the complete survival 
curves are shown for synchronized cells irradiated at various times after 
mitotic harvest. 
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Figure 8.7 The data (modified from Sinclair and Morton, 1966) represented by the solid 
circles show the percentage of the cell populations that take up a DNA synthetic label as a 
function of time and that are presumably in the S phase of the cell cycle. The open squares 
show the surviving fractions from a clonogenic assay after 6.60 Gy of 250 kVp X-rays. 
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Figure 8.8 The survival curves are plotted as a function of dose for Chinese hamster cells 
(V79 line) for various times after synchronization by mitotic selection. The M and G2 curve 
represents data for cells exposed and plated immediately after collection and for cells 
irradiated 12 h after collection when they are in G2 and reentering mitosis. (Data are from 
the experiments of Sinclair, 1968). 

Two striking features about the curves in Fig. 8.8 are the lack of any 
shoulder for the mitotic and G2 cells and the extreme resistance and broad 
shoulder for cells that are very late in the DNA synthetic cycle (late S). 
The extent of the sensitivity differences is also striking. For example, the 
survival of late S cells at 10 Gy is two log cycles greater than the survival of 
mitotic and G2 cells. 

The understanding of cell age effects on radiosensitivity are markedly 
complicated by the great variability in the relative lengths of the various 
portions of the cell cycle as outlined in Table 8.1. Terasima and Tolmach's 
(1963) work with HeLa cells demonstrated the cell cycle dependence of 
that cell line with a similarly mitotically harvested synchronized cell 
population. Although they look superficially different, their results are, 
after all, much like those for hamster cells. The HeLa cell line has a very 
long G1 period (see Table 8.1), during which there is a beginning radiosen- 
sitive phase associated with cells in mitosis or just leaving mitosis, followed 
by a high degree of radioresistance in mid G1. Again, the HeLa cells 
acquire marked radioresistance near the end of the S phase. 

A wide variety of cell lines in the mouse, hamster, rat, and man has 
been tested for the changes in radioresistance with cell cycle age. Some 
generalizations are possible. It is clear that, for all lines and species tested, 
cells are the most sensitive just before, during, and just after mitosis. Most, 
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but not all, cell lines show an increased radioresistance near the end of the 
S phase of the cycle. There are some significant exceptions. A rat cell line 
developed from a gliosarcoma, which has been designated the 9L cell line, 
shows almost no age sensitivity during the various phases of the cell cycle. 
Even for this line, however, there is a small but significant increase in 
radioresistance near the end of the S phase. Those few studies that have 
attempted to evaluate the cycle-dependent radiosensitivity of cells growing 
in in vivo tissue systems (Withers et al., 1974) have demonstrated a similar 
age-response function. In the reference cited the authors showed that 
gastrointestinal crypt cells had the same high radioresistance near the end 
of the S phase of the cell and increased radiosensitivity during at least part 
of the G1 portion of the cycle. In this study the cells were partially 
synchronized by the systemic administration of hydroxyurea, a drug that 
blocks cells in the S phase and thus produces at least partial synchrony in 
the S phase. 

R A D I A T I O N  I N D U C E D  C E L L  P R O G R E S S I O N  D E L A Y  

Delay of cell division induced by radiation is a very well known and 
widely demonstrated phenomenon. Cells appear to suffer a transient block 
in their progress through the G2 phase of the cell cycle, and the duration 
of this block is somewhat dependent on the radiation dose and the age of 
the cells after last mitosis at which the radiation is delivered (Leeper et al., 
1973). This study with mitotically synchronized CHO hamster cells identi- 
fied two different types of blocks to the progression of the cell through the 
cell cycle. The delay caused for the cells in their progression through G2 
and mitosis was more or less linearly related to the time in the cell cycle at 
which the cells were irradiated. For example, a dose of 1.5 Gy in the 
middle of G1 led to a division delay of approximately 1 /2  h, whereas 
the same dose delivered in late S or early G2 led to a delay of 2-3 h. For 
the same conditions of irradiation in late S, 3 Gy led to a 4 h division delay 
and 6 Gy caused a 6-7 h division delay. 

In addition to the division delay reported by many researchers, Leeper 
et al. (1973) also identified a small delay of entry of cells into the S phase if 
they were irradiated in early to mid G1. More recent studies have entirely 
confirmed the G1 delay and have proposed mechanisms by which the delay 
is mediated (Bae et al., 1995). 

In organized cell systems, it has been suggested (Sweigert and Alpen, 
1987) that there is a significant difference in the extent of division delay 
caused by radiation compared to cells in monolayer. These authors found a 
reliable linear regression of division delay on the administered radiation 
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dose. In the case of monolayer cells the delay was seen to be 13 rn Gy-lo 
For cells grown in multicellular spheroid geometry, the division delay was 
again linear: the delay was 32 m Gy -1, which is two and a half times as 
long as for monolayer cells. The authors offer no explanation for this 
finding, but they did observe that the cell cycle time for unirradiated cells 
in the spheroids was almost twice as long as for monolayer cells, with 
nearly all of the additional time in an extended G1 period. 

M E C H A N I S M S :  R A D I A T I O N  S E N S I T I V I T Y ,  

P R O G R E S S I O N  D E L A Y ,  A N D  T H E  C E L L  C Y C L E  

It is important to understand that variation of radiation sensitivity 
through the cell cycle and cell cycle progression delay are independent end 
points, and that they may or may not have mechanisms in common. 

CELL CYCLE AND RADIATION SENSITIVITY 

Any suggestions of a mechanism for the variation in radiosensitivity as a 
function of position in the cell cycle must be pure speculation at this time, 
since there is little experimental evidence to shed light on the subject. It is, 
perhaps, easier to visualize mechanisms for the sharply increased radio- 
resistance associated with the S phase of the cycle, since all intracellular 
systems are mobilized for the replication of DNA. One can suppose that 
repair of the genome under these conditions is maximized. Is this con- 
sistent with the comments in Chapter 6 that DNA repair at the replication 
fork is probably the most difficult? Perhaps not. Only a small percentage 
of the genome is being replicated at any one time, and the unwinding and 
strand separation will involve only short segments of the molecule so the 
replication machinery easily can be applied for repair of both single- and 
double-strand breakage. 

The exquisite sensitivity and lack of a shoulder in the survival curve for 
mitotic cells of any strain also have what would appear to be reasonable 
explanations. It is hard to visualize repair of DNA damage in chromo- 
somes that already are repackaged for mitosis. 

CELL PROGRESSION DELAY 

Explanations for the delays in cell progression caused by irradiation are 
entirely another matter. Since the mid-1980s a large body of knowledge 
has been assembled relative to the control mechanism for providing the 
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timing signals for the various steps of the cell cycle. Nurse (1990) reviewed 
the control mechanisms for signaling the cell to enter into mitosis. The 
findings at first were limited to lower organisms such as yeast and sea 
urchins, but more recently the same mechanisms have been found to hold 
for mammalian cells grown in culture. 

At least three protein kinases (p21, p34, and p53) are involved, and their 
activation requires a phosphorylation step that is mediated by a group of 
proteins called cyclins. The characteristic of all of the cyclins is that they 
are present in low concentration in the nonmitotic cell, rise to high 
concentration just before the onset of the cycle stage that they control, and 
then the concentration falls rapidly after onset of the stage. According to 
Bae et al. (1995), cell cycle arrest following DNA damage is mediated by a 
series of negative feedback steps that are called check points. These check 
points operate predominantly in late G1 and G2. Other gene products, the 
lamins, are responsible for disassembly of the nuclear membrane during 
mitosis. The report by Bae et al. is one of the most definitive in making a 
connection between radiation induced delay and the control proteins we 
are discussing. In their case they conclude that premature degradation of 
p21 is probably responsible for alteration of G1 control. 

We should expect to see a number of reports over the next few years 
that indentify the effect of radiation on the various cyclins and other 
control proteins of the cell cycle, and, perhaps, we also will see a connec- 
tion between cell cycle delay and cell cycle radiation sensitivity variation. 
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PROBLEMS 

The following survival data are provided for a hamster cell line 
irradiated and then immediately plated for clonogenic potential. 
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Dose (cGy) S / S  o 

0 1.00 
50 0.85 

100 0.52 
150 0.33 
200 0.16 
250 0.064 
300 0.024 
400 0.0035 

(a) Plot the data graphically on three-cycle semilog paper. 
(b) Determine the multitarget-single-hit parameters, D o, Dq, and n. 

2. With the MTSH parameters from Problem 1, generate a split dose 
analog to the Elkind-Sutton experiment. Use a conditioning dose of 
200 cGy and a recovery time of 10 h (maximum sublethal repair). 

3. Chinese hamster cells irradiated with 6~ gamma rays in fully oxy- 
genated conditions can be assumed to have a D O of 150 cGy and an 
extrapolation number of 5. 
(a) Using MTSH kinetics, compute the surviving fraction at 10, 100, 

200, 300, 400, 600, and 1000 cGy, and plot these data on semilog 
paper. Show your MTSH calculations. 

(b) Using the linearized form of the molecular model for cell killing 
(linear-quadratic model), plot the data just obtained in (a) in such 
a way that the two parameters, pc~ and p/3, may be determined. 
Plot this line on the results of part (a). 

(c) What do the results of (a) and (b) tell you about the sensitivity of 
the survival data to the form of survival equation that is used? 

(d) Now compute the MTSH surviving fractions for 1200, 1500, 1800, 
and 2000 cGy. Again, determine pc~ and p/3 from this plot and 
overlay the LQ line on the MTSH line. What conclusions can you 
draw about the effect of high doses on the goodness of fit of either 
model, MTSH or LQ? 



Chapter 9 

Modification of the 
Radiation Response 

I N T R O D U C T I O N  

Many substances are known to affect the outcome of the radiation 
exposure of biological materials. Some of these substances enhance the 
detrimental effect of the radiation, whereas some reduce the effectiveness 
of the radiation. In nearly if not all cases the action of agents that modify 
radiation effects is mediated through alterations of the chemical effects of 
radiation. None is known to interfere in the earlier physical and physico- 
chemical processes that were described in some detail in Fig. 4.1. The 
earlier processes are those included in the initial interaction event of 
the incident radiation and the excitation and ionization of molecules of the 
medium in which the energy is deposited. Other reactions that might 
interfere with the final outcome of the radiation interaction with the target 
molecules will commence in the diffusion phase of the process, when 
either the radical products of irradiation are diffusing in the medium or 
possible interactive reagents are diffusing to the site of deposition of the 
radiation energy. In Chapter 6 we went into some detail as to the nature of 
scavenging reactions that remove or terminate radical chemistry. At least 
some of these scavenging reactions will be discussed again here. In one 
sense the most important scavenger is water, which reacts with the primary 
products of radiolysis. 

194 
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ROLE OF WATER 

Water is not often thought of as a modifier of radiation action, but, 
indeed, its absence or presence has the most significant action of all the 
agents that are at our disposal to modify the radiation response. The 
importance of the radiation chemistry of water has been emphasized many 
times in this text and elsewhere. The entire indirect action mechanism in 
aqueous media depends on the production of the hydroxyl and hydrogen 
radicals and the hydrated electron eaq. The many subsequent chemical 
reactions that take place with these species lead to further possible 
mediators of macromolecular damage. Examples of these other reactive 
chemical species are H20 2, O2 ~ the superoxide radical, HO~, and many 
others. The relative importance of the various species is still not well 
known, but there is general agreement that the initial OH" radical is the 
predominant harmful species. 

For biological materials, biomolecules or cells irradiated in the anhy- 
drous or nearly dry state require that most of the damage incurred as the 
result of ionizing radiation exposure must be related to the direct effect, 
that is, the direct action of high-kinetic-energy electrons on the target 
system. There is a large body of published data on the comparative effects 
of irradiation of biomolecules and living systems in various states of 
hydration. An extensive review was provided by Augenstein et al. (1964). A 
particularly interesting example of the effects of the aqueous medium on 
radiation sensitivity was given by Augustinsson et al. (1961) in which 
the effect of the state of hydration on the radiosensitivity of two 
enzymes~choline esterase and aryl esterase~was studied. These rather 
old but very informative data are chosen to exemplify the modifying 
actions of water because several different modulating actions are at work. 
Figure 6.2 outlines the simpler interactions of water. As the principal 
chemical component of hydrated cell systems, water enters into the dynam- 
ics of radiation action in two ways. The initial ionization and/or  excitation 
events are principally in water in the usual hydrated cellular systems. 
Following these initial events, water interacts with the molecular products 
of ionization or excitation to produce further highly reactive species that 
proceed to interact with vital macromolecules in the cell. In the absence of 
water the initial ionization-excitation events take place directly in the 
macromolecules of the target system. This direct effect usually is less 
effective than the indirect effect mediated through the products of water 
radiolysis. Occasionally there might be enhancement of radiation effec- 
tiveness because of special molecular characteristics of the target molecule. 
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Figure 9.1 Relative radiosensitivity of two enzymes when they are irradiated under different 
conditions of hydration (Augustinsson et al., 1961). 

The data in Fig. 9.1 for aryl esterase, an enzyme that hydrolyzes 
aromatic esters of simple aliphatic acids, represent the "expected" re- 
sponse modulation of water. There is a linear increase in the effectiveness 
of the radiation for the inactivation of this enzyme as the concentration of 
water is increased. This increased effectiveness is shown by a decrease in 
the D37. There is no explicit experimental proof that the increased 
sensitivity of the enzyme is the result of indirect action through water 
radicals, but the evidence is very strong indeed. As will be seen later, the 
presence of highly active scavengers or sinks for water radicals, such as NO 
or R - - S H  compounds, will reverse this sensitization. The enzyme, aryl 
esterase, depends on the presence of a functional mercapto group ( m  SH) 
for its enzymatic action. Protection of this functional group by removal of 
water radicals, through competing processes that scavenge the water 
radicals from the medium, will be effective in protecting the biological 
activity of the enzyme. It was just noted that extraneous R ~ S H  com- 
pounds are indeed active reactors with water radicals, particularly with 
OH' .  NO is an effective reactant to remove OH" as well. 

The complex response seen for acetyl cholinesterase in Fig. 9.1 has no 
simple explanation. However, Augustinsson et al. (1961) suggest that for 
this enzyme, which contains nonfunctional mercapto groups upon which 
the enzymatic activity does not depend, the presence of water in low 
concentration promotes the transfer of the deposited energy to the non- 
functional m SH groups as a preferred route for the removal of the initial 
ionization and excitation energy. In this case the ~ SH group of the target 
molecule is an effective scavenger in itself, since its activity is not needed 
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for the enzymatic function of choline esterase. As the r a S H  groups are 
exhausted and as the water concentration increases, then the efficient 
indirect action of water as a mediator of radiation action is expressed as 
increased radiosensitivity of the target moleculemcholinesterase. 

It is not generally possible to alter the water concentration for eukary- 
otic cells to demonstrate the modifying action of water on radiation 
damage nor is it of any practical significance. However, for all organisms 
that have been examined, from bacteria to seeds, the general response is 
the same. Water increases the effectiveness of ionizing radiation in a 
general way, even though for some special circumstances, such as for 
cholinesterase in the experiments just described, there may be a restricted 
range of water concentrations where protection is provided by the pres- 
ence of water. These special circumstances are always thought to be the 
result of unusual relationships of the reactants in the same fashion as for 
the nonfunctional ~ SH groups of cholinesterase. 

T E M P E R A T U R E  A N D  R A D I A T I O N  D A M A G E  

The Lea target theory, as well as any of the more modern theories of 
the action of ionizing radiation, do not explicitly identify temperature as an 
independent variable. However, the activation energies for the destruction 
of a wide range of bioactive molecules, phages, and viruses have been 
measured and found to be nonzero. Since activation energies can be shown 
to be nonzero, there should be effects of temperature on those steps in 
the reaction process for which these activation energies are significant. 
Augenstein et al. (1964) made major contributions to understanding the 
role of temperature in the direct action of ionizing radiation of 
biomolecules, and Brustad (1964) formulated a model for the effect of 
temperature. 

Any portion of the damage to a molecule that results from the direct 
ionization of a sensitive site and leads to irreversible destruction of the 
biological properties of the molecule is predicted to be relatively insensi- 
tive to temperature. Enough energy is deposited to completely separate an 
electron pair involved in a covalent bond, and this amount of energy is 
large enough that no activation energy is required. To the extent that bond 
rupture in the same site is the result of excitation rather than ionization it 
could be predicted that activation energy might be required for complete 
bond destruction. The formula proposed by Brustad (1964) is of the form 

1 
C = = Co e-e /RT + C1 e-ea/RT -Jr- C2 e-~2/RT. (9.1) 

D37 
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where C is the inactivation coefficient for the enzyme from irradiation as a 
function of the absolute temperature, T. In this formulation, 1/D37 , which 
is the inactivation constant in the single-hit inactivation model of hit 
theory, is the reciprocal of the dose for inactivation of 63% ( l / e )  of the 
molecules and is equal to 1 /D o when inactivation is first order in dose. 
The approach to determination of the appropriate activation energies 
follows the usual method of the Arrhenius plot. The log of C of Eq. (9.1) is 
plotted as a function of the reciprocal of the absolute temperature in 
degrees kelvin. In the usual Arrhenius plot, the logarithm of yield of the 
product or loss of reactant is plotted against absolute temperature. In the 
case at hand, the D37 is reciprocally related to yield, and the larger the 
D 3 7  , the smaller the yield per unit dose. For simple reactions the 
Arrhenius plot is a straight line with a slope equal to e /RT .  The formula- 
tion of Eq. (9.1) is generalized, where several reactions occur simultane- 
ously. Typical data for the inactivation of enzymes, of which one of the 
more comprehensive is that of Fluke (1966), fit a form of Eq. (9.1) in which 
the first coefficient, C 0, is zero or close to it. The second coefficient, C1, 
was generally in the range of a few percent. The third coefficient, 
C 2, accounted for the largest part of C. Using Fluke's (1966) data for 
lysozyme (as an example), the typical data can be written as 

1 
C "- "- 0 . 0 0 5  + O.02e -620/RT + 0.7e -2540/RT. (9.2) 

D37 

The significance of the formulation of Eq. (9.2) is that indeed there is a 
term in the expression, C O , for which there is no activation energy and, for 
this enzyme, lysozyme, irradiated in the dry state, there are second and 
third terms that contribute to the inactivation coefficient and are tempera- 
ture dependent. 

Augenstein et al. (1964) proferred a model explanation based on this 
generally observed multicomponent modulating action of temperature. 
One aspect of their explanation includes the thermal facilitation of charge 
transfer from a site at which ionization has occurred to another critical 
site, the destruction of which leads to inactivation. In addition, they 
suggest that the localization of excitation energy at critical sites can lead to 
potential inactivation of the biomolecule if sufficient additional thermal 
energy is provided or already is present to cause disruption of the critical 
bond. They divide the temperature domain into three regions for which 
the effects might be due to either thermal activation of charge transfer or 
thermal enhancement of bond breakage at the site of radiation energy 
deposition. 
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T LEss THAN 100 K 

Inactivation at this low temperature is temperature insensitive, and the 
conclusion might be that the initial ionizing inactivations occur directly in 
the critical site of the molecule without charge or energy migration. 
Charge migration at these temperatures is not likely, and therefore the 
initial event must occur in the critical target volume. Since that volume is 
generally a small fraction of that of the whole molecule, we predict a very 
large inactivation dose, that is to say, little damage per unit dose, and 
indeed that is what is seen, as, for example, in the sample data of Fluke 
quoted previously. 

T GREATER THAN 100 AND LESS THAN 170 K 

In this temperature range, Augenstein et al. (1964) suggested that 
exciton migration, coupled with energy contained in the vibrational and/or  
rotational modes of the target molecule, is part of a process that causes 
the excitation energy to become localized at a critical site. The small 
activation energies for this process, on the order of RT, are in accord with 
such a hypothesis. 

T GREATER THAN 170 AND LESS THAN 420 K 

For this temperature range, more complex processes are involved, with 
associated increased activation energies. One possibility is a cooperative 
interaction between migrating charge and involvement of hydrogen atoms 
mobilized from hydrogen bonds and their participation in torsional modes, 
which lead to inactivation of critical sites. Several experiments suggest that 
inactivation of bioactive molecules is frequently associated with disruption 
of - - S H :  H S - -  configurations, which are usually stabilized by the associ- 
ated hydrogen bonds. 

A simpler explanation of the effect of temperature on inactivation of 
enzymes is the assignment of the nontemperature-dependent portion of 
Eq. (9.2) to inactivation by ionization events, which should be independent 
of temperature except at very high temperatures, and the assignment of 
excitation events to those that have temperature dependence. The result of 
such an interpretation is that at moderate temperatures a very small 
fraction of inactivations occur by ionization. Excitations that become 
ionizations when adequate activation energy is provided are hard to 
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differentiate from ionizations that occur directly, other than through the 
temperature effect considered here. This hypothesis is attractive but it has 
not yet been tested. 

In aqueous media, where a large part of the damage might be by the 
indirect effect related to water radiochemistry, activation energies for the 
conversion of excited water molecules are small indeed, and little tempera- 
ture dependence is expected. There are very few experimental data to 
either prove or disprove this point. 

O X Y G E N  E F F E C T  

Some of the very earliest experimenters in radiation biology discovered 
that the presence or absence of oxygen had a strong influence on the 
effectiveness of radiation to produce damage, either to bioactive molecules 
or to living materials. As far as can be discovered, the earliest published 
report of the oxygen effect is that of Schwarz (1909). It was not until the 
early 1950s, however, that the central importance of oxygen as a radiation 
response modifier received the attention that it deserved. The landmark 
papers of Gray et al. (1953) and Thomlinson and Gray (1955) not only 
alerted the radiation biology community to the basic significance of the 
presence or absence of oxygen, but, furthermore, pointed out that there 
was practical importance related to oxygen sensitization of the radiation 
response of malignant tissues undergoing radiotherapy. The Thomlinson 
and Gray paper emphasized the poorly oxygenated condition of most 
tumor tissues and pointed out that it was likely that some tumor tissues 
were protected from radiation killing by the anoxic levels of oxygen 
in them. 

It is artificial and contrived to attempt to discuss the modifying effects 
of oxygen without looking at the larger picture of the interactions of other 
chemical substances, either those endogenously present in living systems 
or those that can be added to the system. The close interrelationship 
becomes evident when we examine the so-called competition model for the 
interaction of sensitizing and protecting chemicals that was proposed by 
Alexander and Charlesby (1955) and by Ormerod and Alexander (1963). 
The model suggests the following steps as part of the usual chemical 
changes that occur after production of radicals by either the direct or the 
indirect action of radiation. 

1. The primary events are the production of radicals 
molecules as the result of either direct or indirect action: 

of organic 

RH ~ RH~ e - ~  R ~ + H++ e- (direct action), 

RH + OH" ~ R ~ + H20 (indirect action). 
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2. The radicals in biomolecules may be restored by interaction with 
sulfhydryl compounds either endogenous to the system or added. The most 
prominent of these compounds is reduced glutathione, which is abundantly 
present in most cells. The result of the reaction has been termed chemical 
repair: 

R ~ + R'SH ~ RH + R'S ~ (chemical repair). 

3. A competing reaction may take place with oxygen that fixes the state 
of the radical in the biomolecule and presumably leads to chemically 
irreparable damage. This reaction is central to the sensitizing effect of 
oxygen: 

R ~ + 0 2 =:~ RO~ (damage fixation by oxygen). 

4. Many electron-affinic compounds are capable of reaction outcomes 
that mimic those of oxygen. These radiation sensitizers do have practical 
importance and will be discussed in detail in later portions of this chapter. 
The reaction given is typical but not exclusive of the possible transforma- 
tions caused by these oxidizing and electron-affinic compounds. Note that 
the product in which the damage has been fixed by the sensitizer is not the 
same product that results from damage fixation by oxygen: 

R ~ + X( sensitizer) + H 2 0  ~ ROH + X ~  H + 

(damage fixation by radiation sensitizers). 

5. Two reactions that compete with the preceding reactions are the 
scavenging of water radicals by m SH compounds or other added chemi- 
cals. This reaction is analogous to the chemical repair reaction, in which 
the reactant with the water radical is RSH. Molecular oxygen reacts 
competitively with the thiols in the intracellular medium to reduce the 
concentration of either or both to levels where their concentrations are 
reduced to levels where their participation in the foregoing reactions is 
limited. The rate constants for the reaction of the water radicals either 
with each other or with the sulfhydryl compounds are very high, but in this 
nonhomogeneous reaction medium the concentration of the R m S H  
scavenger plays a complex role. 

The preceding reactions impute a greater understanding of the pro- 
cesses of oxygen sensitization of the radiation response than is known from 
experimental or theoretical bases. The actual mechanism of oxygen inter- 
action is still unresolved. Many proposals have been put forward, but none 
has completely withstood the test of time and experiment. 
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OXYGEN ENHANCEMENT R A T I O  

The effect of oxygen generally can be described as a dose modifying 
effect; that is, there is a constant ratio between the surviving fraction found 
for irradiation in oxic and anoxic conditions, regardless of the dose level. 
There is also a constant ratio for the doses, under oxic and anoxic 
conditions, that produce the same level of survival (see Fig. 9.2). This later 
ratio is defined as the oxygen enhancement ratio, commonly abbreviated 
OER. The expression for the OER is 

dose in N 2 for surviving fraction, S / S  o 
OER = (9.3) 

dose in O 2 for surviving fraction, S / S  o 

Take special note that the OER is a ratio of doses for equal effect. When 
we discuss the Alper formula shortly we must remember that their 
principal variable is the ratio of surviving fractions for oxic and anoxic 
conditions. 

The oxygen effect is ubiquitous. It is found in essentially all living 
organisms and nearly all bioactive molecules, as well as in many non- 
bioactive molecules that are degraded by irradiation. An important 
example of the latter case is the Fricke dosimeter, which involves the 
oxidation of Fe 2§ to F e  3+ by radiation. As you will remember from 
Chapter 6, this inorganic oxidation reaction is very sensitive to oxygen 
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Figure 9.2 Survival data under oxic and anoxic conditions for a hypothetical mammalian cell 
line. The oxygen enhancement ratio (OER) is taken as 3.0. 



Oxygen Effect 203 

presence. Generally, but not always, the shape of the dose-effect relation- 
ship is not changed by irradiation in the presence of oxygen. Dose-effect 
relationships that follow single-hit kinetics (that is, the dose versus log 
surviving fraction is linear) are still linear whether irradiated in nitrogen or 
oxygen. There are, however, some reported instances, especially for mam- 
malian cells grown in vitro, for which the survival curves in nitrogen and 
oxygen are not in constant proportion. Some investigators have reported, 
in particular, a relative reduction of the breadth of the shoulder on the 
survival curve when irradiation takes place under hypoxic conditions. That 
is, for low doses the constant proportionality of the hypoxic-oxic relation- 
ship does not hold. In general these experiences are infrequent. 

EFFECT OF OXYGEN CONCENTRATION 

The data in Fig. 9.3 are from a landmark study by Howard-Flanders 
and Alper (1957), which was undertaken by them to define the oxygen 
concentration relationships for the radiosensitizing effect of oxygen. The 
radiosensitivity under both oxic and anoxic conditions was defined as the 
reciprocal of the dose for 10% survival. They observed that the organism 
Shigella flexneri gave exponential survival curves at all doses, but for the 
organism Escherichia cold B / r  there was a distinct shoulder to the survival 
curve. 

3 . 4  B 

3 , 0  - -  

> 

T-'_ 2 . 6 -  
E 
r 

2 . 2 -  

~ 1 . 8 - -  

1 . 4 - -  

1 . o  I t I I ,I . -  I I 
- 5  - 4  - 3  - 2  - 1  0 1 2 3 

Log partial pressure of oxygen, % 

Figure 9.3 Relative sensitivity of the organism Shigella flexneri Y6R to killing by 200 kVp 
X-rays as a function of the partial pressure of oxygen in the medium. Data are from 
Howard-Flanders and Alper (1957). The data have been plotted in logarithmic form from 
their original table. See the accompanying text for the relevant conversions of log pO 2 to 
concentration of oxygen. 
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When the Howard-Flanders and Alper paper was published, the OER 
had not been defined or generally accepted, and they chose to define 
relative radiosensitivity as S / S  N, which is defined as the ratio of the 10% 
survival dose under oxygen-free conditions (S N) to that for a given oxygen 
concentration (S). 

Their data have been plotted in Fig. 9.3 on a logarithmic scale of oxygen 
concentration (partial pressure of O2). The data have been transformed to 
present the details of the concentration effect at the lower concentrations 
of oxygen more clearly. There is clearly a concentration threshold for 
oxygen sensitization. For all intents and purposes, the relative sensitivity is 
still 1 at a partial pressure of oxygen in the medium of 0.0177% (log pO 2 = 
-1.75; 0.24 txM 1-1). A relative sensitivity of 2.05, which is half of the 
range from 1.0 to 3.08, is reached at an oxygen partial pressure of 0.55% 
(log pO 2 = -0.26; 7.5 IxM 1-1). For this set of data the oxygen partial 
pressure associated with the plateau maximum value is not as well demon- 
strated as for some of the other data sets in their report, but, in general, 
the maximum oxygen sensitization is seen at oxygen concentrations of 
2-3% (log pO 2 = 0.30-0.48). For several organisms studied by Howard- 
Flanders and Alper, as well as for many other subsequent studies, the 
general shape of the response is similar. That is, there is a threshold 
concentration of oxygen for sensitization that is rarely higher than a few 
hundredths of a percent partial pressure of oxygen, and the maximum 
sensitization will be seen at partial pressures of 2-3% (greater than 
20 Ix M 1-1) or less. 

Howard-Flanders and Alper were able to fit their data for the oxygen 
sensitization of the radiation killing of two bacteria (Shigella flexneri Y6R 
and Escherichia coli B/r )  and of haploid yeast to a general expression that 
has come to be widely used to characterize the oxygen sensitization of 
many organisms (the Alper formula; Alper, 1956). The data are approxi- 
mately described by 

S m[O2] + K 
�9 ( 9 . 4 )  

S N [0  2] + K 

Some needless confusion has arisen from this formulation since the 
S / S  N at first glance looks much like the inverse of the OER, with oxygen 
effectiveness in the numerator, but Howard-Flanders and Alper defined 
this ratio as the ratio of survivals in oxygen at various concentrations to 
survival in nitrogen only. For an oxygen concentration of zero ([O 2] = 0) 
the survival will be the anoxic survival, S / S  N = 1.0. 

Dertinger and Jung (pp. 108-113; see Suggested Additional Reading) 
presented an elegant ab initio derivation of the Alper formula that 
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underlines the fact that the computations for this formula are valid only 
for first order (single-target) inactivation. 

The constants m and K are constants that are separately determined 
for each system examined. The constant m is dimensionless and the 
constant K has the dimensions of micromoles per liter when the concen- 
tration of oxygen is expressed in the same units. We will see in a moment 
that the dimensions of K will be in the units used to describe the 
concentration of dissolved oxygen in whatever units the [0 2 ] is expressed. 
The only requirement is that m and K must be determined from the same 
plot. Fortunately the two constants, m and K, can be evaluated through 
quite simple manipulations. 

When [02] is very much larger than K, 

S m[O2] 
= = m. (9.5) 

[02] 

The conditions of Eq. (9.5) are met for the region of the oxygen 
concentration-sensitization curve where S / S  N is the maximum. In other 
words, the constant m is equal to the maximum relative sensitivity. 

The constant K can be determined by observing that when K is equal 
to [O2], the following derivation is possible: 

SI,: m [ K ]  + K K ( m  + 1) (m + 1) 
- = = . ( 9 . 6 )  

S y K +  K 2K 2 

The evaluation of K, then, is accomplished by determining the maximum 
value of relative sensitivity, m, from a plot similar to that in Fig. 9.3, and 
this value of m is inserted into Eq. (9.6). The result of solving Eq. (9.6) 
with the estimated value of m is the value of SI,:/S N for K = [02]. The 
value of K is then read graphically from the plot of relative sensitivity 
versus oxygen concentration as the value of [0 2 ] just determined from 
Eq. (9.6). 

EXAMPLE. For the data in Fig. 9.3 we can estimate m to be 
about 3.1. Then K can be read from the curve in this figure at S I J S  N = 
(3.1 + 1 ) / 2 -  2.05 to be approximately 0.355%, or a partial pressure of 
4.0 IxM 1-1. Some data obtained by these methods by Howard-Flanders 
and Alper are shown in Table 9.1. 

The significance of Eq. (9.4) was discussed by Alper (1956) in terms of a 
competitive model in which there are two types of damage caused by the 
primary radiation event. Type 1 damage is a potentially lethal lesion that 
becomes lethal only through the action of oxygen. The type 2 lesion is 
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Table 9.1 

Values of the Constants m and K for Several Microorganisms a 

Organism m K 

Shigella flexneri Y6R 2.9 4.0 
Escherichia coli B/r  3.1 4.7 
Saccharomyces cerevisiae 2.4 5.8 

a Determined by Howard-Flanders and Alper (1957). 

taken as always lethal to the target. The type 1 lesion can be chemically 
restituted by the chemical repair mechanisms discussed earlier. This chem- 
ical repair process is competitive with the damage fixation with oxygen. In 
terms of this model, the constant, m, is related to the relative number of 
the lesions of types 1 and 2 (n 1 and n2) , 

nl  
= m - 1, (9.7) 

n2 

and K is the ratio of the rate constants for the two processes, chemical 
repair (kre p) and  oxygen fixation (kfix): 

K = krep 
�9 ( 9 . 8 )  

kfix 

From the data in Table 9.1, taking, for example, E. cold B/r ,  the ratio of 
the damage of the two types, n~/n  2 = 2.11. 

The particular attractiveness of the mathematical model of Howard- 
Flanders and Alper is that it provides a sound theoretical basis for the 
competition theory of the action of oxygen. Furthermore, this formulation 
provides an adequate explanation for the oxygen effect associated with 
high linear energy transfer (LET) radiation. Whereas it is noted in 
Chapter 14 that the OER approaches 1.0 as the LET of the radiation 
increases, an adequate explanation for the lack of oxygen sensitization 
with high LET radiations is essential. It is certainly known that the direct 
effect pathway can be equally sensitized by oxygen just as is the indirect 
effect. The best example of this is that an oxygen effect may be noted with 
the low LET irradiation of dry materials where there is no possible 
indirect effect with the radiolysis products of water. The formulation of 
Eq. (9.7) is particularly illuminating when considering high LET radiations. 
If the lesions produced by high LET radiation are predominantly of type II 
(irreparable), then m will be disappearingly small and no oxygen sensitiza- 
tion will be detectable. 
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T I M E  DEPENDENCE OF THE OXYGEN EFFECT 

The competition model for the effect of oxygen may be tested to some 
extent by carefully conducted timing experiments for the availability of 
oxygen either before or after the irradiation takes place. Since the radical 
species responsible for biological damage are predicted to have half-lives 
of only a few milliseconds or less, the time scale is short and the timing 
must be precise. The irradiation itself must take place in an extremely 
brief period so that irradiation time is not a variable. The short irradiation 
times have been accomplished by the use of nanosecond to microsecond 
pulses from electron linear accelerators. The experimental procedure is 
known as pulse radiolysis. Several methods have been developed for rapid 
mixing of the oxygen either before or after irradiation. One of these, the 
oxygen implosion technique, uses the timed rupture of a diaphragm, which 
allows access of oxygen to the reaction chamber. A number of experimen- 
tal data sets are available in the literature. The data illustrated in Fig. 9.4 
are from Michael et al. (1973). The irradiations were accomplished in 
single 2 txs pulses followed by the admission of oxygen by the implosion 
method at various times before and after irradiation. The test system used 
was the bacterium Serratia marscesens. The time resolution was on the 
order of 100 Ixs for the admission of oxygen. 

The data show that if oxygen is made available at any time prior to the 
irradiation, up to that small fraction of a millisecond determined by the 
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Figure 9.4 Relative sensitivity of the bacterium Serratia marscesens to a 280 Gy pulse of 
electron radiation. Oxygen is made available either before irradiation (negative times) or at 
timed intervals after irradiation. Increasing surviving fraction indicates decreased oxygen 
sensitization. From Michael et al. (1973). 
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time resolution of the oxygen implosion method, the full expression of 
oxygen sensitization of the organism to radiation is achieved. Bacteria 
exposed to oxygen after the electron pulse showed rapidly decreasing 
oxygen sensitization. At times approaching 2 ms, the bacteria had the 
radiosensitivity of fully anoxic cells, which indicates that oxygen that was 
made available at these late times after irradiation was not able to exercise 
its normal sensitizing action. Michael et al. concluded from their data that 
for S. marscesens irradiated under anoxic conditions, the oxygen- 
dependent damage decays with an approximately exponential half-life 
of 500 Ixs. 

Michael et al. (1973) suggested that the extremely short period over 
which postirradiation addition of oxygen can be effective in influencing the 
survival of the radiated organism confirms the importance of free radical 
processes in the oxygen effect. Another deduction of these authors is that 
the hydroperoxyl radical, HO~, or its anion, O~-, are unlikely candidates 
for the important radical species produced from water radiochemistry that 
attack the key biomolecules. The superoxide radical-anion, O~- is pro- 
duced as the result of the interaction of molecular oxygen with the 
hydrated electron, eaq. Since the hydrated electron has a much shorter 
half-life than the 500 ~s observed in the normal intracellular environment, 
with its large excess of effective hydrated electron scavengers, the role of 
the hydrated electron and its reactants with molecular oxygen also seems 
to be limited, if not ruled out. 

Experiments similar to that shown in Fig. 9.4 have been repeated by 
many investigators, and the results are in substantial agreement. Some 
studies show structure in the time-response curve for admission of oxygen 
after irradiation that seems to suggest that oxygen may be working by way 
of at least two, or possibly three, mechanisms that are as yet not well 
defined. 

The time dependence of the oxygen effect has been evaluated in a 
number of systems, but only for bacteria and for thin film preparations of 
enzymes and biomolecules have the data been unequivocal. Particularly 
for mammalian and yeast cells it is difficult to study the effectiveness of 
the postirradiation availability of oxygen. An important conclusion has 
been drawn from studies on mammalian cell systems in vitro. Certainly the 
inability to demonstrate a postexposure effectiveness for these systems 
with larger dimensions is related to the fact that the diffusion rate for 
oxygen becomes the limiting factor. We may deduce that, therefore, the 
site of action of oxygen is not at the membrane surface, but somewhere in 
the interior of the cell. 
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MECHANISMS OF THE OXYGEN EFFECT 

It has been nearly 80 years since the first reported identification of the 
sensitizing effect of oxygen on ionizing radiation induced damage, but 
there is still no unequivocal mechanism by which this effect is mediated. 
There is general acceptance of the competition model for the oxygen 
effect, but little agreement on how the details of the competition occur. In 
spite of the evidence just cited, that seemed to rule out the importance of 
the superoxide radical in damage fixation, there continues to be serious 
interest in this candidate mechanism. The superoxide anion-radical is now 
known to be produced by at least two mechanisms during the radiolysis of 
water. In addition to the reaction of molecular oxygen with the hydrated 
electron, there is a competing reaction with the hydrogen radical. The 
reactions are 

m o m  

eaq + 0 2 =:* 0 2 , (9.9) 

H ~ + 0 2 ~ HO~ ~ H++ O~-. (9.10) 

The radicals HO~ and O~- are in equilibrium, with a pK a of 4.7. 
The other important water radical, OH' ,  does not freely react with 

molecular oxygen, but an alternative pathway to superoxide formation, via 
an intermediate reaction with formate residues in the biological media, has 
been proposed: 

and 

OH" + HCO 2 ~ CO~- + H20, (9.11a) 

C O ~ - n  t- 0 2 =:, C O  2 --b 0 ~ - .  (9.11b) 

Superoxide has received.so much attention as a candidate intermediate 
for the oxygen effect because it is known to play an important role in many 
biological processes that are unrelated to radiation damage. The enzyme 
superoxide dismutase (SOD), the action of which is mediated by some 
transition metal ions such as copper and zinc, acts on the superoxide 
ion-radical to catalyze its conversion to oxygen and hydrogen peroxide. 
This enzyme is ubiquitous in its biological distribution. The data on the 
role of superoxide radical are conflicting and controversial. Experiments 
have been carried out with modulation of the superoxide dismutase levels, 
either biochemically or genetically, with the hope that such studies would 
indicate the importance of the enzyme and its substrate. No clear answer 
has yet appeared. One interesting study is that of Samuni and Czapski 
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(1978), who showed that the addition of formate to the irradiation medium, 
which converts practically all of the water radicals to superoxide radicals, 
had only a marginal effect on the OER. Furthermore, the addition of 
exogenous SOD did not affect the OER, even though the enzyme would be 
expected to destroy the superoxide radicals. 

Currently, no other mechanisms have been proposed that have stood 
the test of experimental verification, and elucidation of the mechanism of 
the competitive reaction of molecular oxygen remains an elusive goal. 

T H I O L S  A N D  M O D I F I C A T I O N  O F  T H E  

R A D I A T I O N  RESPONSE 

The competition model for the oxygen effect postulates that oxygen 
competitively reacts at a site that has sustained radiolytic damage with 
another class of chemical compounds that can restore the radiolytic 
damage. That class of compounds is made up principally of the thiols~both 
those that are endogenous to the cells as well as those that might be added 
from external sources. The class reaction identified earlier in this chapter 
has come to be called the chemical repair process. To repeat and elabo- 
rate, this process acts as follows: 

R ~ + R'SH ~ RH + R'S ~ (9.12) 

The result is restoration of the radiolytically damaged molecule and the 
production of a thio radical. The latter can then undergo a bimolecular 
recombination: 

R'S ~ + R ' S ~  R'SSR'. (9.13) 

The initial thiol compounds also are capable of being effectively re- 
moved by molecular oxygen, so competition with oxygen also goes on at a 
separate level and independent of the presence of radiolytically produced 
radicals. The thiols also effectively can react with radiolytically produced 
water radicals, but at the concentrations of both the thiols and the radicals 
that normally exist in the cell after moderate doses of radiation, this 
cannot be an effective mechanism for the observed protection against 
radiation damage provided by the thiols. In particular, the very large rate 
constants for the consumption of the radiolytically produced water radicals 
by competing processes would rule out this mechanism. 

For intracellular thiols to be effective scavengers of the radiolytic 
damage to important bioactive molecules according to the equations just 
given, the thiols must be mobile inside the cell environment. A large 
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proportion of the intracellular thiol content is present as thiol groups in 
large protein molecules. These groups can play only a minimal role in the 
protective action. We must look to nonprotein sulfhydryls for protective 
action. Of these, the most important is reduced glutathione~a naturally 
occurring intracellular tripeptide that contains a free thiol group. There is 
also a small amount of the free amino acid, cysteine, as well as its 
metabolite, cysteamine, in the intracellular medium, but the concentra- 
tions are so low as to be inconsequential relative to the concentrations for 
reduced glutathione (GSH). In addition to the intracellular glutathione, 
sulfur-containing polypeptides and proteins represent better than 80% of 
the total sulfur content of the cells, but most of this thiol sulfur is in the 
disulfide form, R ~  S ~  S ~  R, which accounts for much of the structural 
rigidity of intracellular proteins. 

The rate constants for the reactivity of oxygen with radiolytically formed 
radicals are very fast, and because of this the rates of these reactions are 
essentially diffusion limited. The ratios of the rate constants for radical 
fixation by oxygen to the rate constants for chemical repair by the thiols 
are in the range of 200-1000, so, unless the thiol concentrations are quite 
high, the oxygen fixation pathway has a dominant role. Even after all these 
years of study, the importance of chemical repair by endogenous intra- 
cellular thiols remains an unsettled question. 

Recently two compounds that are capable of modulating the level of 
GSH in the cell became available and, therefore, it is possible to attempt a 
direct evaluation of the role of GSH in radiation protection in competition 
with oxygen. These compounds are DL-buthione-S,R-sulfoxime (BSO), 
which interferes with the biosynthesis of GSH, and diazene-dicarboxylic 
acid bis(N,N'-dimethylamide) (diamide), which reduces the intracellular 
level of GSH by oxidizing it to the disulfide form (GSSG). Several other 
chemical agents also affect the intracellular level of nonprotein ~ S H  in 
the cell, but their mechanisms of action are not well understood. In 
addition to chemical agents, GSH deficient cell lines are also available to 
test the importance of this compound in radioprotection. The data on the 
role of GSH and the modification of this role by drugs that affect its 
concentration were reviewed in detail by Biaglow et al. (1983). 

Some of the more extensive data that deal with the effectiveness of 
endogenous intracellular thiols is that of Revesz (1983), who used a mutant 
human cell line that was GSH deficient. When the cells of the GSH- line 
were irradiated in either oxic or anoxic conditions they had the same yield 
of single-strand breaks in DNA (that is, OER = 1.0), whereas strand break 
yield in the GSH § line showed the typical oxygen enhancement ratio. 
Revesz concluded that the data support the competition model for the 
oxygen effect and demonstrate the effectiveness of intracellular thiols in 
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radioprotection. Results with other end points, such as cell survival, are 
not as definitive, and studies with BSO treated cells are, again, equivocal. 
In any case, the data for cell survival indicate that the presence of GSH 
changes cell survival only marginally. It is possible that, because of the 
highly favorable reaction rates for oxygen fixation of radicals, as mentioned 
previously, the thiol protection becomes important only when exogenous 
thiol compounds are added. In this latter case, protection is unequivocal 
and widely demonstrated. 

PROTECTION BY EXOGENOUS THIOLS 

It has been known for some time, even before the mechanistic explana- 
tion of a mode of action was available, that many thiols, when added to the 
cellular milieu just before in vitro irradiation, or even when injected into 
animals, provide significant protection against many radiation damage 
end points. The first recorded observation of this effect was by Patt 
et al. (1949). 

Cysteine, a natural amino acid, and its decarboxylated derivative, 
cysteamine, are both present in normal cells, but in low concentrations. 
Both compounds, when made available in high enough concentrations, 
reduce the effectiveness of radiation in many systems, ranging from 
enzymes in solution to the intact animal. Dose modification factors (the 
factor that the unprotected dose level must be multiplied by to reach the 
same level of effectiveness in the chemically protected case) on the order 
of 1.8 to greater than 2.0 are found for these two compounds and a 
number of related organic thiols. The related thiols that are effective as 
radioprotectors all have features in common. The - - S H  group is free, or 
potentially free, through hydrolysis in the cell ( ~  SR ~ ~ SH) or through 
reduction of the oxidized form (RSSR ~ 2 RSH). There also must be a 
strong basic function removed no more than two carbon residues from the 
thiol. The mechanisms of action of these compounds, which must be 
present in relatively high concentration in the cell or near the target 
molecule, again, are not simple. Certainly these compounds should effec- 
tively compete with molecular oxygen for carbon-based radical sites in 
important biomolecules. 

Another pathway for the action of these compounds, partly because 
they are used at high concentrations, is through their action as radical 
scavengers in the aqueous medium. The three important radiolytic 
products of water are scavenged by high concentrations of thiols by the 
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following reactions: 
Hydroxyl radical: 

RSH + OH ~ ~ RS ~ + H 2 0  
or 

R S - +  OH ~ ~ RS ~ + O H - ;  

reaction constant, 1-2 x 10 a~ dm 3 mo1-1 s -1. 
Hydrogen radical: 

RSH + H ~ ~ RS ~ + H 2 
or 

RSH + H ~ ~ R ~ + H2S; 

reaction constant, 1 x 109 dm 3 mo1-1 s -1. 
Solvated electron" 

(9.14a) 

(9.14b) 

RSH + eaq ~ R ~ + SH-  

or 

RSH + eaq ~ RS + H ' ;  (9.14c) 

reaction constant, ~ 1 x 10 a~ dm 3 mo1-1 s -1. All of the rate constants 
shown are near the diffusion controlled limit of approximately 101~ dm 3 
mo1-1 s -1, and therefore these reactions should compete favorably with 
the oxygen attack on biomolecules, which is also diffusion limited, if the 
thiols are present in high enough concentration. In addition, we expect 
these thiol compounds to effectively react with carbon-centered radicals on 
the biomolecules to restore them to normal. The relative importance of 
the two reactions, radical scavenging and chemical repair, are not well 
known, but theoretical considerations of reaction rates and diffusion 
control of concentrations favor the direct water radical scavenging process. 
The reaction rates for most thiols with carbon-centered radicals, such as 
those that are of interest in biological macromolecules, are generally 
1/100 to 1/1000 of the rates for reaction with water radicals. 

SYNTHETIC ORGANIC THIOLS 

As early as 1949, it was shown that the dose that is lethal to 50% of 
exposed subjects (LDs0) for mammals could be increased significantly by 
the administration of high doses of crysteine or cysteamine just before 
irradiation (Patt et al., 1949). The mechanism of action for administered 
thiols is identical to that of the endogenous soluble thiols in the cell; they 
work by both the mechanism of radical scavenging and chemical repair. 
The characteristics of an effective radioprotectant thiol are identical to 
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those for the endogenous compounds. There must be a strong basic 
function no more distant than two carbon residues removed from the thiol 
of an aliphatic chain. The thiol must be immediately available or easily 
converted to a free thiol by metabolic activity of the host. The synthetic 
organic thiols have very limited application in radioprotection, partly 
because of their toxicity, but also because they must be present in minutes 
or at most an hour or two before irradiation to be effective. Except in the 
case of planned radiotherapy, there is rarely advance knowledge of acci- 
dental exposure to ionizing radiation. 

An extensive developmental synthesis program produced a number of 
compounds with improved dose reduction. One in particular provided a 
dose reduction factor DRF approaching 3 for some end points, including a 
DRF of 2.4-3.0 for protection against the killing of bone marrow stem 
cells. This compound, known by the vernacular name, WR2721, is chemi- 
cally S-(2-(3-amino propylamino))ethyl-phosphorothioic acid. It was the 
product of a U.S. Army Medical R & D Command crash program to find a 
synthetic radioprotectant for use in field-army exposures. Although this 
drug is very effective in certain in vitro circumstances, it is known to have 
little protective effect for some tissues; for example, it is totally ineffective 
for the central nervous system (Yuhas and Phillips, 1983). Table 9.2 
summarizes the dose reduction factors and blood levels for WR2721 in 
several tissues. The reason for the wide variability in response with this 
drug is that it requires chemical transformation in the cell for protective 
activity. The ability of the drug to be transported to the site of activity 
depends strongly on its solubility characteristics. The blood to tissue ratios 
in Table 9.2 are only a first order approximation to the effectiveness of 
WR2721, mostly because the pharmacodynamics of metabolism and clear- 
ance are different in different tissues. 

Table 9.2 

Dose Reduction Factors and Blood Levels for WR2721 

in Several Tissues a 

Dose reduction Blood/tissue 
Tissue factor concentration ratio 

Bone marrow 2.4-3 3.5 
Liver 2.7 5.3 
Intestine 1.4-2.0 3.9 
Kidney 1.5 0.1 
Skin 2.0-2.4 3.3 
Brain 1.0 b 

a Data from Yuhas and Phillips (1983) and Phillips (1980). 
b Not measured. 
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In any case, WR2721, as with all of the other thiol protectors, has 
limited value. This compound appears to be the best available for the time 
being. Synthetic activities to look for better agents have been sharply 
reduced and no new candidate thiol radioprotectants have been made 
available. Clinical applications for WR2721 and other thiols have been 
limited by collateral toxicity at radioprotective blood levels. The toxic side 
effects include nausea and vomiting, hypotension, and somatic depression. 

N I T R O A R O M A T I C  R A D I A T I O N  S E N S I T I Z E R S  

Thomlinson and Gray (1955) were first to point out that, because of the 
ineffective blood supply in fast growing tumors, there would be a radiopro- 
tection to tumor tissues by a low oxygen partial pressure in the tissues. 
Under the conditions proposed by Thomlinson and Gray, there would be 
an unexpectedly high survival of tumor cells in tumors being irradiated 
with curative intent, and this protection of cells is due to local anoxia in 
regions of the tumor poorly supplied with blood. Tumor anoxia as a cause 
of failure of cure in radiotherapy has been, until recently, a rarely disputed 
tenet of experimental radiotherapy. It has led to the application of several 
innovative therapies that were intended to overcome tumor anoxia. These 
advanced therapies include the use of high LET radiations, such as 
neutrons, zr-mesons, and heavy charged particles. Exposure to hyperbaric 
oxygen in pressure chambers during irradiation also has been tried. None 
of these procedures has been particularly effective. Currently, doubts are 
arising about the importance of tumor tissue anoxia as a cause of curative 
failure. One report by Hlatky et al. (1988) raised the issue of glucose 
deprivation, as well as lack of oxygen for possible curative failure. They 
also pointed out, as have others, that cells out of cycle are also resistant 
whether they are anoxic or not. 

In spite of these doubts, a great deal of research has been directed 
toward the development of compounds that could increase the radiation 
sensitivity of anoxic tissues. Since about 1970, there has been a great 
number of reports of chemical agents that can, through their elec- 
tronophilic character, sensitize anoxic tissues in ways similar to those 
associated with molecular oxygen. The earliest of these chemical agents to 
receive significant attention was the compound, 2-methyl-5-nitroimidazole- 
1-ethanol (see Structure 1). The generic name for the compound is 
metronidazole and it has had wide clinical use as an antiprotozoan, 
marketed under the trade name Flagyl. 

The nitroaromatic compounds have been the most extensively investi- 
gated and some of them have been tested in clinical trials. The sensitizing 
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NO2 

C H 2 ~ C H 2 ~ O H  
I ~ N ~  

---CH3 

Structure 1 2-Methyl-5-nitroimidazole-l-ethanol (metronidazole). 

efficiency of the various nitroaromatic sensitizers is related to the redox 
potential of these drugs, which act through their electron affinity. This 
entire class of compounds has lower reduction potentials than does molec- 
ular oxygen, so they must be used at much higher concentrations to elicit 
their radiosensitizing ability. A characterization of this circumstance is 
shown in Fig. 9.5, in which the data of Whillans and Hunt (1982) are 
plotted to show the relative effectiveness of molecular oxygen and another 
nitroaromatic, mizonidazole, when concentrations are expressed in molar 
terms. The concentration of mizonidazole required to effect the same level 
of sensitization as oxygen differs by approximately 3 orders of magnitude. 
The effectiveness of the nitroaromatics is also strongly dependent on their 
solubility in nonpolar and polar media, since the compound must be at the 
site of action for effectiveness. 
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Figure 9.5 Enhancement of radiation sensitivity of CHO cells irradiated with either oxygen 
(left curve) or with mizonidazole (right curve) as the sensitizer. (Recalculated from the data 
of Whillans and Hunt, 1982.) 
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MECHANISM OF ACTION OF THE NITROAROMATICS 

The pioneering work on the mechanism of action of the nitroaromatics 
was carried out with the compound 5-nitro-2-furaldehyde semicarbazone 
(nitrofurazone) by Chapman et al. (1973). The observation that this class of 
compounds sensitizes for radiation damage only under conditions of anoxia, 
as well as the data in Fig. 9.5, certainly leads to a prediction that the 
nitroaromatics perform the same role as oxygen in sensitization. That is, 
the compounds react with radicals on the important biomolecules, presum- 
ably DNA, to permanently and irreversibly fix damage caused either by 
water radiolysis products or by the direct effect. The data of Chapman 
et al. confirmed this hypothesis and furthermore demonstrated that the 
nitroaromatics can act just like oxygen in reacting directly with the prod- 
ucts of radiolysis of water, presumably, principally OH'.  Others have 
shown that nitroaromatic compounds also can react with intracellular 
thiols such as GSH. In summary, the nitroaromatics can carry out all of the 
reactions important in the sensitizing and competitive role of oxygen, but 
they have lower efficiency and require much higher intracellular concen- 
trations of the drug. 

Clinical testing of nitroaromatics, which are best called hypoxic sensitiz- 
ers because they have little effect in fully oxygenated tissues, began as 
early as 1970. These trials were well summarized by Dische (1985). The 
principal problem introduced by the hypoxic sensitizers in clinical practice 
is that the radiation oncologist found it necessary to modify otherwise well 
proven fractionation schemes to account for the need for repeated admin- 
istrations of the drug with its concurrent toxicity. One trial, for the control 
of glioblastoma, used a modified fractionation schedule of nine fractions in 
18 days. The sensitizer might have compensated for the compromise in 
fractionation schedule, but that is about all. A second trial for the same 
disease, but with normal fractionation, showed no effect of the hypoxic 
sensitizer. Toxicity remains a major problem for these drugs. 

S E N S I T I Z A T I O N  BY T H E  
5 - H A L O G E N - S U B S T I T U T E D  P Y R I M I D I N E S  

Another class of radiation sensitizers, which acts by mechanisms that 
are completely unrelated to the action of oxygen or its mimics, is the 
pyrimidines substituted in the 5 position with a halogen atom. The princi- 
pal pyrimidine in this regard is uracil. The significance of the substitution 
of a halogen atom in uracil is that, with the appropriate choice of halogen 
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substituent, the van der Waals radius of the substituent is so similar to that 
for a methyl group that the product is treated biologically like methyl- 
substituted uracil. Uridine substituted in the 5 position with a halogen 
atom is metabolized competitively with thymidine for incorporation into 
DNA by the synthetic pathways appropriate for thymidine. This substitu- 
tion is so poorly competitive under normal circumstances that very little of 
the halogenated pyrimidine appears in DNA. However, inhibition of 
thymidylic synthetase of the cells by the halopyrimidine partially blocks the 
normal pathway for the synthesis of thymidine in DNA and allows the 
expression of the competitive pathway for incorporation of the halopyrimi- 
dine into the cellular DNA. The result is a replicated DNA that contains 
the halogenated analog in positions normally occupied by thymine. The 
most frequently used analog is 5-bromouracil, which appears in the DNA 
product as 5-bromodeoxyuridine in some small fraction of the normal 
thymidine positions. 

The sensitizing action of, for example, 5-bromouracil, is quite different 
from the action expressed by all of the other previously described modi- 
fiers of radiation response. The sensitizer in the case of the halogenated 
pyrimidines must have been present in the cell during DNA replication for 
incorporation of the sensitizer into the DNA molecule. Only when the 
halogenated analog of thymidine is already present in the DNA at the time 
of irradiation does it have sensitizing action. When 5-bromodeoxyuridine is 
used as the sensitizing agent, the drug must be available for incorporation 
for at least one cell number doubling time to achieve maximum sensitiza- 
tion (Raaphorst et al., 1985). The drug itself has no sensitizing action in 
the absence of incorporation into DNA. 

The mechanism of sensitization by incorporation of 5-bromouridine into 
DNA is thought to be a special radiosensitivity of the bromine atom in this 
structure to radiolytic cleavage. Structure 2 shows the production of the 
uracilyl radical. This direct action pathway for the radiolytic destruction of 
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DNA by the mechanism shown is certainly important, but other indirect 
actions through water radicals are probably equally important. The only 
reaction of this type that is well documented is the interaction of bromo- 
deoxyuridine residues with the solvated electron according to the reaction 
shown in Structure 3. 
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(See particularly Chapters 10 and 11.) 

PROBLEMS 

1. A mammalian cell line has a D O of 120 cGy and an extrapolation 
number of 12. The OER is found to be of a dose modifying character 
with a value of 2.81. What is the value of m in the Alper-Howard- 
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Flanders equation? The following data have been found for this cell line 
for OER as a function of oxygen partial pressure. 

[O21(%) OER 

0.1353 1.10 
0.223 1.20 
0.2865 1.33 
0.3679 1.64 
0.6065 1.88 
0.7788 2.19 
1.00 2.59 
1.75 2.77 
2.50 2.81 

What is the value of K in the same expression? What is the ratio of 
type 1 to type 2 damage in this cell line? 



Chapter 10 

Radiation Biology of 
Normal and Neoplastic 
Tissue Systems 

I N T R O D U C T I O N  

On the whole, we would expect that organized tissue systems of the 
body would respond substantially as predicted from cellular studies of the 
type discussed in the foregoing chapters. In principle there are very few, if 
any, exceptions to this general observation, but often the modifying effects 
of the tissue environment, under physiological, hormonal, and homeostatic 
controls, are not wholly understood or even appreciated. Many aspects of 
the response of tissue systems are strongly affected by the state of the cell 
in its cycle, for example, the state of oxygenation of the cell. The supply of 
metabolic substrates and the removal of metabolic products also play a 
role in modifying the response of tissue systems (see, for example, Hlatky 
et al., 1988). Some controls external to the tissue system being observed 
also will come into play; for example, those hormonal substances responsi- 
ble for regulatory performance of the tissue will have an important 
modifying role. 

The most significant aspect of the radiosensitivity of a tissue or organ 
system centers on the state of reproductive activity normally associated 
with that cellular system. This proliferative state varies widely among the 
tissues of any mammalian species. At one extreme are the tissues of the 
central nervous system, some of which rarely, if ever, undergo division 
during the organism's adult life, and for which loss of clonogenic ability 
is an irrelevant end point. At the other extreme are the blood 
forming organs, which are proliferating at a rate approaching that of an 
exponentially growing, in vitro culture. 

222 
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C E L L  D E A T H  I N  M A M M A L I A N  T I S S U E S  

In Chapter 8, we discussed at some length the measure of cell death as 
defined for the purposes of the survival curve. The definition elucidated 
that, for the purposes of the survival curve, the loss by the cell of its ability 
to produce progeny was effectively nonsurvival. This end point was defined 
as clonogenic cell death. For organized tissues and tumors the definition of 
cell death is much more complicated. We recognize that clonogenic 
potential is the essential element for the maintenance of a cell line, either 
in vitro or in organized tissues, but there are other important issues in the 
housekeeping associated with complex tissue systems. Normal senescence 
of cells is one of these important issues. Another issue is the removal of 
cells that are in the wrong place at the wrong time. Examples of this would 
be the metastatic arrival of tumor cells transported from a primary tumor 
elsewhere or the resolution of inflammatory processes. 

One can define at least two different types of cell death that go beyond 
the end point of clonogenic potential and involve the actual disappearance 
of the cell. Acute pathological cell death, which generally results from cell 
injury or from lack of oxygen or essential metabolites, is called necrosis. 
Necrosis is characterized by a tendency for cells to swell and ultimately to 
lyse, which allows the cell's contents to flow into the extracellular space. 
Necrosis is usually accompanied by an inflammatory response. In the case 
of neoplasms, necrosis is most often seen in rapidly growing tumors, where 
the tumor mass outgrows its blood supply and regions of the tumor 
become undernourished in oxygen and energy sources. In this case in- 
flammation is not a characteristic of the necrotic process. For cell death 
that results from senescence or cell population control, by contrast, the 
characteristic process, called apoptosis, involves shrinkage of the nucleus 
and cytoplasm, followed by fragmentation and phagocytosis of these frag- 
ments by neighbouring cells or macrophages. The contents of the cell do 
not usually leak into extracellular space, so there is no inflammation. Since 
there is no inflammation accompanying apoptosis, the process is histologi- 
cally quite inconspicuous. 

The concept of apoptosis as a mechanism for the control of cell 
population numbers and cell senescence has been around for several 
decades, but the mechanisms of apoptosis have received extensive research 
attention only in the nineties. This interest in apoptosis was engendered by 
the discovery that tumor suppressor genes and oncogenes were central 
control agents for the process (Lowe et al., 1993; Clarke et al., 1993; Little 
et al., 1995). The principal focus of these studies has been the role of the 
p53 tumor suppressor gene. The p53 gene is a transcriptional activator that 
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may include activation of genes that regulate genomic stability, cell cycle 
progression, and cellular response to DNA damage. The synthesis of the 
p53 product is known to be responsible for the induction of apoptosis in 
many cell lines in which this gene is present in unmutated form. The 
mutational absence of this gene is often accompanied by the inability of a 
cell line to initiate apoptosis. For radiation pathology, the important 
finding is that even small amounts of DNA damage in G1 cells cause 
synthesis of the p53 product and ultimate apoptosis of the cells. It is 
pertinent for radiation pathology that cells of the lymphoid system gener- 
ate high concentrations of p53 gene product after cell damage. This is 
particularly true for low doses of ionizing radiation. Clearly generation of 
the p53 product is not sufficient for the onset of apoptosis, but it is 
certainly necessary (Little et al., 1995) 

Another significant gene involved in apoptosis is the bcl-2 gene. This 
gene encodes a protein that blocks physiological cell death (apoptosis) in 
many mammalian cell types, including neurons, myeloid cells, and lympho- 
cytes. This gene is able to prevent cell death after the action of many 
noxious agents (Vaux and Weissman, 1993). 

The role of apoptosis as a mechanism for cell death following ionizing 
radiation exposure remains unclear at this time, particularly the relative 
importance of the agonistic role of p53 and the antagonistic role of bcl-2. 
It must be important, however, that the detection of small nicks and errors 
in the DNA of G1 cells is crucial to the recovery of irradiated tissues and 
the reduction of genomic misinformation. 

N A T U R E  O F  C E L L  P O P U L A T I O N S  I N  T I S S U E  

One of the earlier systematic overviews of the nature of cell population 
kinetics in normal and malignant tissues was that of Gilbert and Lajtha 
(1965). Their classification of the various kinetic systems found in mam- 
malian (and, incidentally, in other organisms) organs and tissues is shown 
in Fig. 10.1. From the figure the definitions of each of the systems are the 
following (the double arrows in classifications D, E, and F, are meant to 
signify the mitotic division of one of the cells of the compartment, giving 
rise to two daughter cells): 

A. Simple transit population. Fully functional cells are added to the 
compartment while a population of either aging or randomly destroyed 
cells disappear from the pool. There are many examples of functional end 
cells that are in this category. Examples are spermatozoa, which are 
constantly being replaced, as well as red cells or other end cells of the 
blood. 
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Figure 10.1 Classification of cell kinetic types in the system of Gilbert and Lajtha (1965). 
The descriptions of each of these models are given in the text. 

B. Decaying population. The cell numbers decrease with time without 
replacement. The population of oocytes in the mammalian female is often 
quoted as an example, if not the only example. Populations of this 
classification are rare in mammalian systems, but not in insects. 

C. Closed, static population. There is neither decrease nor increase in 
cell numbers during life. It is unlikely that such a population truly exists. 
The differentiated neurons of the central nervous system are quoted as an 
example of a static population, but there is probably a decline in cell 
numbers even in this population. 

D. Dividing, transit population. In addition to the transiting cells, divi- 
sion of the cells within the compartment occurs that leads to a larger 
number leaving than entering. It is assumed in this model that the number 
of cells in the compartment remains more or less static. The differentiating 
and proliferating blood cell types (for example, the proerythroblast of the 
bone marrow) that follow the stem cell are examples of this type of 
population. 

E. Stem cell population. A self-sustaining population, that relies on 
self-maintenance for its continued existence. All the progeny of this type 
of cell line depend upon the continued existence of the stem cell pool. 
Every self-maintaining, dividing cell population must have such a precursor 
pool. Examples are the stem cells responsible for sustained spermato- 
genesis or hematopoiesis. 

F. Closed, dividing population. Such a population is best represented by 
neoplastic growth. No cells enter or leave the compartment in the early 
stages of tumor growth. In the long run neoplastic growth is probably best 
represented as a stem cell population, since as the tumor enlarges there is 
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cell death, suppression of growth by metabolic and other nutrient short- 
ages, and a highly variable rate of division. The epithelial cells responsible 
for cell renewal in the lens of the eye are another example of this type 
of population. 

C E L L  P O P U L A T I O N  K I N E T I C S  A N D  

R A D I A T I O N  D A M A G E  

In this section we will discuss the kinetics of population and repopula- 
tion of the cell systems described in the preceding paragraphs. In Chapter 
9, we discussed the issue of the variation in sensitivity of the cell as it 
moved, individually, through its cycle from division to division. Here, we 
will discuss the global kinetics of a cell population and its radiosensitivity. 
It should be almost self-evident from the descriptions in the previous 
chapters of this text that the kinetic types represented by D, E, and F of 
Fig. 10.1 will be most vulnerable to radiation damage. It has been estab- 
lished that for clonogenic death of the cell the principal target of ionizing 
radiation is the genome, and the genome is certainly at its most vulnerable 
to radiation damage during G2 and mitosis (M), when replication has been 
completed. The principal outcome of disturbances to the dynamic replica- 
tive activity of the genome is altered clonogenic ability. That is indeed the 
case, and the most critically sensitive of these systems would be the 
stem-cell-type tissue (E), which depends for its continuing function on its 
own continued clonogenic potential, since there is no precursor compart- 
ment to replace deficiencies. The ultimate functional viability of a tissue 
that is dependent on stem cell activity will be determined by whether, after 
radiation exposure, there are adequate numbers of surviving and still 
clonogenic stem cells to repopulate the compartment and finally to pro- 
duce functionally competent progeny. The most resistant tissues are those 
that require neither input of cells from a prior compartment nor division 
within the compartment. The closed static model is such a case, and in the 
case of the central nervous system, its high degree of radioresistance can 
be attributed to its lack of need for cell replication and replacement. 

GROWTH FRACTION AND ITS SIGNIFICANCE 

The concept of growth fraction as a descriptive parameter for the 
kinetics of proliferating tissue appears to have been first proposed by 
Mendelsohn (1962) as the result of his observations that all cells in a 
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growing tumor ate not in the active process of proliferation as determined 
by the cellular incorporation of radioactive labels of DNA synthesis. Lajtha 
(1963), based on his own studies as well as those of others, proposed the 
concept of the GO phase of the cell cycle, a state of the cell in which the 
cell was not engaged in active proliferation, but in which the cell could 
reenter the proliferative state. The GO cell was visualized as a cell that has 
been removed from the actively dividing population by regulatory activities 
rather than as a result of metabolic deprivation. Subsequently it became 
apparent that cells also could be removed from active division in a 
reversible manner by deprivation of oxygen, glucose, or other metabolites 
(Hlatky et al., 1988). Restoration of the lacking nutrient led to reentry of 
the cell into active proliferation. 

To resolve the confusion as to the nomenclature for nondividing cells in 
normally dividing populations, Dethlefsen (1980) urged that the broader 
terms quiescent (Q) and proliferating (P) be used to identify the two cell 
classes by function, rather than by the regulatory or nutrient state. 

The growth fraction is defined as the fraction of the total cellular 
population that is clonogenically competent and is actually in the active 
process of DNA replication and cell division. The growth fraction may be 
estimated by any one of several techniques, most of which depend on 
incorporation of a radioactively labeled DNA precursor into those cells 
that are actively dividing. For details of computational methods, the reader 
is referred to Steel (1977). 

One of the simpler methods for determination of the growth fraction is 
the exposure of a growing culture of cells, in vitro or in vivo, to an 
appropriate radioactive label for the synthesis of DNA. A typical and 
frequently used label is 3H-thymidine. The cells are exposed to the 
radioactive label in the medium or by injection into the intact animal for at 
least the full length of a cell cycle (and usually for half again as long). 
Under these conditions, all cells that synthesize DNA, thus indicating their 
passage through the S period of the cell cycle, are labeled and can be 
identified by autoradiography. The percentage of cells that is labeled 
constitutes the growth fraction, since every cell in cycle will have passed 
through the S period at least once during exposure to the radioactive label. 

The radiobiological significance of the growth fraction was unclear until 
the appearance of new data in the late 1980s. As recently as 1980, 
Dethlefsen indicated that the role of quiescent cells in radiobiological 
response was not satisfactorily delineated. A number of recent studies 
indicate that cells that are out of cycle are capable of a more significant 
amount of repair of potentially lethal damage, simply because there is 
more time before the cell is called on to replicate its DNA. A recent report 
by Rodriguez et al. (1988) confirmed that a good deal more repair of 
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potentially lethal damage is, indeed, accomplished in cells that are out of 
cycle. A number of other reports have confirmed this observation. Cells 
that are out of cycle in their system~the multicellular tumor spheroid 
grown in suspension~take as long as 6 hours to reenter the cell cycle after 
the cells of the spheroid are dissociated. 

It is possible, but by no means proved, that the concentration of 
enzymes necessary for repair of DNA damage may be depleted in the 
noncycling cell, but, in spite of this, the additional time allows effective 
repair to proceed with the lower concentration of repair enzymes. In 
summary, the weight of current evidence suggests that noncycling cells will 
generally be more resistant to irradiation than cycling cells, although 
several rare exceptions to this rule have been noted. 

C E L L  K I N E T I C S  I N  N O R M A L  T I S S U E S  

A N D  T U M O R S  

Both normal and neoplastic tissues have a cellular kinetic pattern that 
follows the accepted model of a G1-S -G2-M cycle, and, indeed, the cell 
cycle parameters are not very different for tumors as compared to other 
growing tissues. The total cycle time and the time devoted to DNA 
synthesis in the S period are very much alike for both tissue types. There 
are, however, significant differences in some of the characteristics of the 
kinetic pattern as the tumor reaches a size where vascularization is 
required for continued tumor growth. The orderly vascularization of nor- 
mal tissues that originates in embryonic life and that is maintained 
throughout the existence of normal, nonpathological function assures that 
the supply of oxygen and nutrients is adequate for survival of cells. Most, if 
not all, tumors, on the other hand, originate as nonvascularized aggrega- 
tions of cells and develop a vascular supply sometime after the origination 
of tumor growth. The development of vascular supply in a tumor depends 
on the activities of angiogenic factors that occur in normal tissues. The 
newly developing vascular supply is, at best, chaotic and disorganized. 
Some parts of the tumor tissue will be so far from the source of oxygen 
and nutrients that cell survival will be impossible. Other parts of the tumor 
will have nutrient and oxygen supplies that are adequate only for survival 
of cells without replication. Tannock (1968) and, subsequently, Tannock 
and his co-workers, examined the morphological relationship between the 
cells in a tumor and nearby blood vessels. They reported that dead and 
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dying cells were found at a radius of 85-100 Ixm and greater from the 
nearest blood vessel. The growth fraction was found to be highest adjacent 
to the blood vessel and to fall with distance from the nearest vessel. 
Necrotic regions were found at distances of approximately 100 Ixm. 
Tannock and others suggested a strong correlation between effective 
oxygen diffusion distances and the decrease in growth fraction and, ulti- 
mately, necrosis. More recent findings demonstrated that not only lack of 
oxygen, but also lack of glucose can lead to a decrease in the growth 
fraction, and probably to cell death and necrosis. Several nutrients and 
metabolic products, including oxygen, glucose, and lactic acid, play an 
important role in the determination of quiescent and proliferating cells in 
tumors (Hlatky et al., 1988). 

One important difference between normal tissues and tumor tissues is 
the determinant of the fraction of quiescent cells in the organ or tumor. 
Because of the orderly vascular architecture of normal tissue, the move- 
ment of cells from the proliferating to the quiescent compartment is 
probably not the result of nutrient lack, but, rather, the result of the 
activity of normal soluble growth factors and naturally occurring inhibitors 
that regulate the growth and development of the tissue. The quiescent 
cells of normal tissues are those for which Lajtha coined the GO appella- 
tion. Tumor cells become quiescent and even die as the result of the lack 
of nutrients. The question that cannot be answered now is whether the 
quiescent cell of normal tissue can be expected to have the same proper- 
ties of DNA repair and control of movement into proliferative activity as 
the quiescent cell of tumors. The experimental data are for tumor quies- 
cent cells, and extrapolation would be, at best, hazardous. 

M O D E L S  F O R  C E L L  S U R V I V A L  I N  N O R M A L  

T I S S U E S  A N D  T U M O R S  

The survival data for cells discussed in early chapters applies to cells 
grown in in vitro tissue culture, and it is clearly not possible to generalize 
these data to predict the radiation response of normal or neoplastic 
tissues. Fortunately a number of novel and innovative systems have been 
developed that permit an examination of the radiosensitivity of normal and 
neoplastic tissues in a more or less undisturbed in vivo environment. 
Because many of these assay systems provide a special insight into the 
radiosensitivity and repair capacity of normal tissues and tumors, they will 
be examined in some detail. 
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M O D E L S  F O R  R A D I O B I O L O G I C A L  S E N S I T I V I T Y  

O F  N E O P L A S T I C  T I S S U E S  

The earliest attempts to assay the sensitivity of organized tissue systems 
were directed at establishing the radiosensitivity of tumor tissues. This was 
partly because these tissues offered opportunities for analysis that were 
not available for normal tissues. The possibility for syngeneic transplanta- 
tion of the cell lines from host to recipient animal was the most important 
characteristic of these in vivo tissue systems. After irradiation of the tumor 
in the host in which it was growing, it was possible to transplant the tumor 
cells to an unirradiated recipient animal and to observe the growth 
response of the irradiated tumor cells. 

There was also strong interest in understanding tumor biology arising 
from the treatment of cancer by radiotherapy. It was important to establish 
the role of oxygen in the sensitivity of cancer cells, as well as the 
importance of the fraction of Q cells and repair or repopulation in these 
tissues. The overall goal was practical: to maximize the effectiveness of 
radiotherapy for cancer control in patients, while reducing damage to 
normal tissues in the radiation field. 

HEWITT DILUTION ASSAY 

Probably the first in vivo assay for mammalian tissues was that devel- 
oped by Hewitt and Wilson (1959)with a syngeneic mouse tumor system. 
At that time a number of tumor cell lines that were grown in the 
peritoneal cavity of mice had been developed. The cells from these ascites 
tumors could be harvested or allowed to continue to grow in the peritoneal 
cavity of the host, which would cause the death of the animal. It occurred 
to Hewitt and Wilson that this end point--death of the host animalmcould 
be used to measure the clonogenic potential of the tumor cells after 
irradiation. Figure 10.2 shows the essentials of a Hewitt assay for a single 
dose point at 10 Gy. Cells harvested from the mouse ascites tumor P388 
were used. Unirradiated cells were collected from the donor and a series 
of dilutions was prepared from a stock suspension of the tumor cells. A 
typical microbiological-type binary dilution was carried out to produce cell 
suspensions with low concentrations of cells that will allow the recipient 
animal to be injected with cell numbers that are correct for killing about 
half of the animals. For the tumor line used, the usual cell dose required 
to kill half of the animals is about two to three cells. A small number of 
animals (5-10) is injected with the same cell dose and the survival is 
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Figure 10.2 Typical data set for a Hewitt dilution assay. The tumor cells are irradiated in the 
donor animal or are collected without irradiation. A serial dilution provides injectates for the 
recipients with a graded number of cells. By injecting a group of animals at each cell dose 
level and observing the survival, an LDs0 for the cells to kill the host is established. In this 
example the surviving fraction after 10 Gy is calculated. To complete a survival curve, it is 
necessary to repeat the assay at a number of dose levels. The data shown are redrawn from 
Andrews and Berry (1962). 

followed. The same procedure is used for several additional cell doses. The 
resulting data on percent  survival at each of the cell doses are plotted as 
shown in Fig. 10.2, and the LDs0 (lethal dose for 50% of the animals) is 
determined by graphical or analytical means. The procedure is repeated,  
but with the cell suspension prepared from animals that were irradiated 
before cell collection. Animals are irradiated at several doses and injec- 
tions proceed as just described for each dose. The LDs0 values can be used 
to construct a survival curve. Figure 10.2 shows an example for only one 

radiation dose on the right panel and for unirradiated cells on the left 

panel, with the calculated surviving fraction. The surviving fraction is 
estimated for each of the other doses, and a survival curve of surviving 
fraction against dose is plotted in the usual way. 

The Hewitt  assay has been the tool used for a number  of significant 
studies of tumor cell sensitivity to radiation. Figure 10.3 is a very good 
example of such studies. Andrews and Berry (1962) developed survival 
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Figure 10.3 The survival curve obtained by Berry (1964) via the Hewitt assay method for two 
mouse leukemias and a sarcoma. The data are not shown in the figure, but they are tightly 
scattered about the drawn lines. Cells either were collected from the donor normally or were 
made anoxic by killing the donor a few minutes before collecting the cells. 

curves for three mouse tumors, two leukemias, and a sarcoma. Some of the 
data were Berry's own previously unpublished observations and some were 
provided by Hewitt. The clonogenic survival curves were developed for 
both anoxic and oxic conditions. All three cell lines could be plotted on the 
same curve for oxic cells or for anoxic cells as appropriate, and the line 
produced was a good fit for the appropriate condition of oxygenation. The 
oxygen enhancement ratio (OER) for these cells was about 2.4, which is 
not far from the 2.8 or so for cell lines that are irradiated in vitro and 
analyzed for clonogenic survival in vitro. The D o for the cells irradiated 
under oxic conditions was about 150 cGy, and the extrapolation number 
was about 3-4 for this set of data. 

A significant shortcoming of the dilution assay system is that donor cells 
that are grown in ascites fluid are usually irradiated when the cell number 
in the peritoneal cavity is very large. Under these conditions it is not 
always clear that the cells are fully oxygenated at the time of irradiation. If 
that is indeed the case, there is the possibility of significant anoxic 
protection of the cells and, subsequently, there is an overestimation of the 
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resistance of the cells to the irradiation. The data reported in the Berry 
study do not seem to be affected by such hypoxia. The D o (oxic) is about 
150 c G y ~ a  number quite consistent with that found for many cell systems 
in vitro. The OER of 2.4 or so is, again, not very different from the 2.5-2.8 
seen for in vitro systems. We must conclude, at least for the cell lines 
reported in this study, that adequate oxygenation probably existed at the 
time of irradiation. 

Another shortcoming of the Hewitt method is that the irradiated tumor 
ceils must be capable of expressing clonogenic potential while growing in 
the ascites medium. For example, most leukemias grow readily in this 
environment, and usually require an inoculum of only 1-3 cells to cause 
the death of 50% of the recipient animals. For the Berry data just 
described, the sarcoma cells required an inoculum of more than 80 cells to 
kill 50% of the recipients. In many cases no cell growth is seen and no 
assay is possible. To avoid this shortcoming, other assays have been 
developed. 

LUNG COLONY ASSAY SYSTEM 

A modification to the Hewitt assay was developed by Hill and Bush 
(1969) to measure clonogenic survival of cells derived from solid tumors. In 
principle, the assay measures the clonogenic survival of tumor cells by 
determining their ability to form colonies in the lung of recipient syngeneic 
mice. The cells from a tumor, irradiated either in vivo or, after dissection 
and cell dissociation, in vitro, are injected into a recipient mouse, and after 
18-20 days the animals are killed, the lungs are dissected, and the number 
of tumor colonies in the lung is counted. Hill and Bush were able to 
demonstrate a linear relationship between cell number injected and the 
number of colonies formed in the lung. A very large enhancement of the 
number of colonies in the lung was found if, along with the experimentally 
irradiated cells, a large number of heavily irradiated, nonclonogenic cells 
was injected. Typically, such a procedure produced a 10-50-fold increase 
in the number of colonies formed from the clonogenic survivors. Hill and 
Bush were not able to establish the mechanism of this enhancement, but it 
was not due to an immune response on the part of the recipient. 

Very consistent survival curves were obtained, and, for the KHT trans- 
plantable sarcoma, the D o was 134 cGy, with an extrapolation number of 
about 9.5. Again, these data were found to be quite consistent with the 
values found for the same tumor with the Hewitt assay. Such an agreement 
not only validates the lung colony assay, it also demonstrates that there 
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was little protection from radiation damage due to partial hypoxia for the 
KHT cells irradiated as solid tumors and tested by the dilution assay. 

A significant limitation of the lung colony assay is that cells must be 
injected into syngeneic recipient mice, that is, inbred mouse lines of the 
same genotype as that from which the tumor is derived. There is no 
published evidence that anyone has yet attempted the experiment, but it 
should be possible to carry out the lung colony assay not only with cells of 
different mouse strains, but also even from different species, such as the 
human being, if nude mice are used as recipients. The special nude mouse 
line has little immunologic reactivity, and nonsyngeneic cell lines grow 
without rejection. 

TUMOR GROWTH AND TUMOR "CURE" MODELS 

Since there is a very limited set of models for examining the clonogenic 
potential of tumor cells, much of the radiation biology of tumors has been 
developed using a set of tools that was developed for general use in tumor 
biology. Some of these tools have been more valuable than others for 
radiation effects studies because of the inherent inability to effect precise 
quantitation. 

T u m o r  V o l u m e  v e r s u s  T i m e  

A widely used and relatively powerful tool in tumor radiobiology is the 
tumor growth curve after implantation of an inoculum of cells, usually in 
the flank region of recipient syngeneic mice or rats. The simplest applica- 
tion of the growth curve for implanted tumors is the analysis of the rate of 
increase of the tumor volume. For analysis of the radiation effect we can 
measure the time for the tumor to reach a preselected volume. The 
measurements of tumor volume are at best imprecise. The volume is 
usually determined from a caliper measurement of two or more diameters 
of the growing tumor and calculation of the volume from the average 
diameter. 

After the tumor has been irradiated, the time course of volume change 
is as shown in Fig. 10.4. There may be a slowing of growth for a brief time, 
followed by a period of decreasing tumor volume. This decrease is due to 
lack of replacement of the normal cell loss from tumors, associated with 
local necrosis, nutrient lack, or other causes unrelated to the radiation 
exposure. It is not due to the interphase death of cells as the result of 
irradiation. As the surviving clonogenic cells repopulate the tumor, re- 
growth will be observed; the surviving clonogenic cells will ultimately 
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Figure 10.4 The ordinate is the tumor volume as a function of time after implantation of an 
inoculum in the flank of a recipient mouse. The abscissa is time after implant and is usually 
no more than about two to three weeks. The time of irradiation is shown by the vertical 
arrow. With many tumor lines there is a brief lag before exponential growth commences, but 
as long as the irradiation occurs at a time of exponential growth it is of little importance. 

produce progeny exceeding the cell-loss factor. The criterion for measure- 
ment of the radiation dependent response is the time for the cell volume 
to again reach the value observed at the time of irradiation. This time is 
shown on Fig. 10.4, and it is measured, as shown, as the time from 
irradiation until the tumor volume achieves the value existing at the time 
irradiation occurred. This time value is called the growth delay. The 
important limitation of the growth delay model for testing the radiobiolog- 
ical response of tumors is that a significant number of transplantable 
tumors do not show any decrease in the volume of tumor after irradiation. 
Presumably, this failure to decrease in volume is the result of a small 
cell-loss fraction in the growing tumor. When irradiation takes place, 
clonogenic activity is reduced until repopulation from competent clono- 
genic cells occurs. During the period before regrowth commences as the 
result of repopulation, the normally small cell-loss fraction of the tumor 
does not lead to reduction in tumor volume. In these cases it is necessary 
to revert to the simpler measure of tumor volume versus time and the use 
of the time to reach a preset volume. Alternatively, differences in this time 
for control and irradiated tumors may be taken as the end point. 
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An alternative analysis of the tumor regrowth curve uses the logarith- 
mic plot of tumor volume for a tumor growing in a host animal against a 
linear time scale. The relative volumes of the growing tumor are used 
against a value of 1.0 for the starting volume of the nonirradiated tumor. 
Assuming that the tumor regrowth is a function of the number of surviving 
clonogenic cells, the linear portion of the regrowth curve for each of 
several irradiation doses is extrapolated back to the zero time ordinate and 
the relative tumor volume for this back-extrapolate is taken as the surviv- 
ing fraction of clonogenic cells in the irradiated tumors. From these data a 
survival curve for in vivo irradiation may be developed. The survival curve 
will necessarily be limited to a rather small part of the normal range of 
surviving fractions. It is difficult to carry out these studies at estimated 
surviving fractions of less than about 0.05. These measurements are 
subject to the criticism that the fraction of radiosensitive, proliferating 
cells in the original growing implant is not known. A significant constraint 
on the reliability of the analysis by back-extrapolation just discussed is the 
possibility that tumor regrowth rate is not a simple function of the number 
of surviving clonogens. This is almost certainly the case, since a number of 
workers have shown a tumor bed effect. This effect is most probably due to 
the results of the irradiation on the development of the vascular tissue, the 
development of which determines the growth rate of the tumor after it has 
exceeded a very small size. 

TCDso, Tumor Cure 

Another end point that is widely used in tumor biology is the dose 
required to "cure" an implanted tumor. For this model a large number of 
implanted tumors is irradiated with graded doses at the same time period 
after implantation of the tumor inoculum. The end point is the fraction of 
animals that has received a given dose in which the growth of the tumor is 
controlled. This local control index can be plotted for each of the doses, 
and the dose required to control tumor growth in 50% of the animals is 
estimated by a variety of statistical techniques. This value is usually called 
the 50% tumor cure dose (TCDs0). 

R A D I O B I O L O G I C A L  R E S P O N S E S  O F  T U M O R S  

Using a number of end points, including dilution assay, lung colony 
assay, primary cell cultures, and tissue derived in vitro cultures, it has been 
possible to define rather clearly the radiobiological responsiveness of 
various tumor lines, both animal and human. With only a few important 
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exceptions, the various tumor cell lines in wide and long term experimental 
use have been found to have clonogenic survival characteristics that are 
generally stable and for which the relevant survival parameters are not 
very variable, considering the range of cell types and tissues from which 
these transformed and immortal cell lines have been derived. In Chapter 8, 
the range of variability for these lines was shown by comparison among the 
HeLa, T1, and CHO lines. The first two of these lines are of human 
derivation; the CHO is from the Chinese hamster. Typically, we find a 
range of Do's covered roughly by a factor of 2-3 around the mean value, 
and a range of n values (extrapolation numbers) from 5 to 20 for all of the 
transformed cell lines in common laboratory use. We must exclude from 
this generalization those cell lines that are derived from sources character- 
ized as having genetic defects in the DNA damage repair mechanisms. An 
important example of such a line is of human derivation from patients who 
have been diagnosed to have the disease xeroderma pigmentosum or ataxia 
telangiectasia. In these cells the ability to repair DNA damage induced by 
ionizing or ultraviolet radiation is very much reduced, if not completely 
absent. These special cell lines have been uniquely valuable in exploring 
the nature of DNA repair following radiation exposure, but they provide 
no special insights into general tumor radiobiology. The survival curves for 
these cell lines are characterized by an extrapolation number of 1 and a 
D O that is a small fraction of that measured for other cell lines. 

Rather different findings have been reported for the survival curve 
parameters of freshly derived culture systems grown from naturally occur- 
ring malignant tumors. Extensive efforts have been devoted to characteri- 
zation of the radiosensitivity of cell lines from human tumors, especially by 
Fertil and Malaise (1981, 1985) and Malaise et al. (1986). They point out 
that the best fit to the data for a large number of human cell lines, both 
nontransformed fibroblasts and tumors, was the linear-quadratic (LQ) 
model. It should be pointed out that they did not attempt to fit their data 
with any of the more advanced models for cell killing mentioned in 
Chapter 7. 

The analysis by Fertil and Malaise of the survival curves fitted to the 
LQ model revealed extreme cases. Untransformed fibroblasts were the 
most radiosensitive and, in general, they were best described as having 
exponential survival curves, that is, in multitarget-single-hit (MTSH) terms, 
they have single-hit characteristics, or in LQ terms, they have a predomi- 
nant c~ term and a negligible or zero /3 term. 

In the second of these reports, Fertil and Malaise analyzed not only 
their own data, but that of several other workers who had collected data 
on the radiosensitivity of newly derived cell lines from human tumors. 
They were able to correlate the radiosensitivity of the tumor, as defined by 
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the parameters of the survival curve, and the survival of the cells after a 
single dose of 2 Gy. This dose is typically used for daily irradiation 
fractions in the treatment of human malignancy, and it should be a good 
indicator of tumor curability. It was, however, difficult for Fertil and 
Malaise to unequivocally demonstrate from the survival curve parameters 
that a relationship existed. In their 1985 paper, they showed that the most 
reliable indicator for radiosensitivity and tumor curability, as reflected in 
survival after 2 Gy, was the magnitude of a - - t he  coefficient for the 
first-order term in dose of the linear-quadratic model. This is not neces- 
sarily surprising, since, as we will see in Chapter 11, fractionation at low 
doses per fraction will tend to suppress the second-order dose term and to 
emphasize the first-order dose term of the LQ formulation. The usual 
fractionation pattern in modern radiotherapy is daily fractions of 2 Gy, 
which will cause the a term to predominate. 

These authors classified the radiosensitivity of the various cell lines into 
three groups. There is a very good correlation with the known responsive- 
ness of the tumors to radiotherapy. Lymphomata, known to be highly 
curable, were the most radiosensitive of the derived cell lines, and 
melanomata were the most resistant for tumor curability and the most 
radioresistant in the survival of the cell lines in culture. 

It is important to realize that the immediate responsiveness of a tumor 
to radiation, as determined by reduction in the tumor volume, does not 
necessarily predict the curability of the tumor with high efficiency. The 
degree of responsiveness will be determined by many of the cell kinetic 
parameters of the tumor system. A high cell-loss factor and a high growth 
factor associated with a small fraction of cells out of cycle and associated 
with inherent cellular radiosensitivity, will assure a high degree of respon- 
siveness of the tumor, as measured by volume changes. Curability, on the 
other hand, will depend in a complex way on the ability of the few 
remaining clonogenic cells to repopulate the tumor after irradiation 
is over. 

H Y P O X I A  A N D  R A D I O S E N S I T I V I T Y  I N  

T U M O R  C E L L S  

The extensive review of the modifying action of oxygen on the radiosen- 
sitivity of cells that was presented in Chapter 9 emphasized repeatedly 
that, under circumstances where severe anoxia can occur in tissues or 
cellular preparations, one should expect to see significant protection from 
the effects of ionizing radiation. References also were provided in that 
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chapter to show that, indeed, we should expect to find conditions of 
moderate to severe anoxia in growing tumors in vivo. For cells grown in 
suspension, careful attention to culture conditions usually will prevent the 
development of such anoxic conditions with concomitant radioprotection. 
For the tissue assay systems, such as the Hewitt dilution assay and others, 
there is clearly a protective effect of oxygen lack under the correct 
conditions. Figure 10.3 shows such radioprotection for cells deliberately 
made anoxic by killing the host animal or by allowing the cell number for 
cells growing in the peritoneal cavity to reach very high levels. Figure 10.5 
demonstrates methods by which the fraction of hypoxic cells in a mixture 
with fully oxygenated cells can be detected and measured quantitatively. 

The radioresistant "tail" for the dashed line survival curve shown in Fig. 
10.5 (10% anoxic cells) is a common observation for cells from tumors and 
indicates the presence of a mixed population of cells, part of which have a 
radioresistance relative to the remainder of the population. This resistant 
fraction may be due to hypoxia and the radioprotection that this state 
affords. 

The classic work of Thomlinson and Gray (1955) laid the foundations 
for our understanding of hypoxia as well as reoxygenation in tumors during 
growth and regrowth. Figure 10.6 (from Thomlinson, 1967) illustrates the 
processes proposed by this author. The very young tumor is well oxy- 
genated, since it is so small that no cells are beyond the effective diffusion 
distance of oxygen from nearby capillaries. As the tumor continues to 
grow, portions of the tumor volume may be beyond easy access to diffusing 
oxygen. The tumor must depend for its supply of oxygen on the develop- 
ment of newly formed vessels that arise from the adjacent normal tissue 
and penetrate the tumor volume. This neovascularization of the tumor is 
not as well organized as the blood supply in normal tissues, and the 
expanding volume of tumor will contain regions in which oxygen is inade- 
quate for the maintenance of metabolism, and some fraction of the cells 
will be anoxic. Figure 10.6 shows that the fraction of anoxic cells in the 
growing tumor may rise to several percent and in some tumor types, to as 
much as 10%. According to the model of Thomlinson, when the tumor is 
irradiated (position R 1 in the figure) the more radiosensitive, fully oxy- 
genated cells are killed, and the remaining hypoxic cells are in an environ- 
ment of dead and dying cells with lesser demand for metabolic oxygen. 
Shrinking of the tumor volume and lowered oxygen demand allow for 
reoxygenation of the hypoxic cells, which is indicated by a rapid fall to near 
zero for the anoxic fraction. After this period of reoxygenation, tumor 
regrowth commences and the complete cycle is repeated. 

The significance of the reoxygenation phase in fractionated radiother- 
apy of human tumors is undergoing careful reexamination, partly because 
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Figure 10.5 Survival curve for the irradiation of a cell suspension containing a fraction of 
hypoxic cells. Shown are the survival curves for the populations of anoxic cells and for fully 
oxic cells. If the irradiation mixture contains 10% hypoxic cells, the expected result for the 
survival curve is shown. The analysis of this curve, given the survival data for oxic and anoxic 
cells, will provide an estimate of the fraction of hypoxic cells in the mixture. 
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Figure 10.6 Development of hypoxia and reoxygenation in an irradiated tumor. Segment AB 
is the development of a hypoxic fraction. Segment C is the steady-state hypoxic fraction 
characteristic of the tumor. D is the rapid rise after irradiation at R1 in the hypoxic fraction 
as the result of death of the sensitive oxygenated cells. E is the maximum for the hypoxic 
fraction, followed by a rapid fall shown as F, the reoxygenation phase. GIJ is the repeat of the 
process. From Thomlinson (1967). Reproduced with permission of the author. 

t rea tment  modalities designed to optimize the kill of anoxic cells [high 
linear energy transfer (LET) radiation, radiation under  hyperbaric oxygen 
conditions, and so on] have not been particularly successful. According to 
Fig. 10.6, the opt imum time for a second irradiation of a fractionated 
scheme would be at point H in the curve, when the population of hypoxic 
clonogenic cells is at a minimum. Recent  data suggest that the reoxygena- 
tion phenomenon  actually occurs very soon after irradiation, and indeed 
may take place while the irradiation is in progress. With an oxygen 
electrode, Kolstad (1964) has actually measured that reoxygenation pro- 
gresses significantly during the t rea tment  interval. 

We discussed at great length in Chapter  9 the relationship between the 
tissue oxygen tension and the OER.  At partial pressures of oxygen in 
tissue of only 0.03% (0.45 Ix M 1-1) much of the anoxic protection already 
was obliterated for the microorganisms studied. At a partial pressure of 
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0.5% (7.2 Ix M 1-1) nearly all of the anoxic protection was gone. Laboratory 
experiments with mammalian cells require exquisite care in the exclusion 
of oxygen to really achieve full anoxic protection. 

Shrieve et al. (1983) and Shrieve and Begg (1985) showed that cells in 
monolayer survive without necrosis at oxygen concentrations in the range 
of 100 ppm. Given these observations, only time and additional experimen- 
tal and clinical investigations will determine the role of reoxygenation 
in radiotherapy of human tumors. Recent emphasis on the role of 
quiescent cells in the radiosensitivity of tumors is now a major topic for 
consideration. 

A S S A Y  M O D E L S  F O R  N O R M A L  T I S S U E S  I N  VIVO 

ACUTE RESPONSE OF NORMAL TISSUE 

To determine the radiosensitivity of normal tissues in vivo, it has been 
necessary to develop a range of assays that allow either direct or indirect 
measurement of the surviving fraction of clonogenic cells in the tissue. 
Such assays are of importance only for those tissues of the living mammal 
that are ordinarily cell renewal systems, that is, type D of the Gilbert and 
Lajtha scheme described at the beginning of this chapter. From the 
clonogenic survival curves developed from these assays, the radiosensitivity 
of the clonogenic cells of the tissue may be described. The Hewitt dilution 
assay seems to be a useful tool for such analysis, but the production of 
single-cell suspensions of normal tissues that would grow in the Hewitt 
assay generally has not been possible. 

The principal cell renewal systems in mammalian organisms are the 
following. 

1. Hematopoietic system (the bone marrow) 
2. Skin 
3. Gastrointestinal tract 
4. Testes (regeneration of spermatozoa) 
5. Lens of the eye 

There are other cell renewal systems in the mammal, such as hair, some 
specialized parts of the central nervous system, and others, but they play 
no significant role in the response of the living organism to irradiation. 

Useful assays have been developed for each of these principal cell 
renewal systems. These will be described and the deductions from the 
measurements as to the radiosensitivity of the tissues will be outlined. 
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HEMATOPOIETIC SYSTEM: THE COLONY FORMING UNIT 

The colony forming unit (CFU) assay system was developed by Till and 
McCulloch (1960). Because this assay is carried out in the spleen of the 
recipient animal, it has come to be known as the CFU-S assay. The assay 
grew out of the observation that, in irradiated rodents that had received 
bone marrow transplants from an unirradiated donor, there were macro- 
scopically visible nodules in the spleen of the recipient. These nodules 
were observed by a number of workers in the field of bone marrow 
transplantation, but Till and McCulloch were able to appreciate the 
quantitative utility of the nodules for an assay system for hematopoietic 
cells. Because the assay depends on the counting of nodules or colonies in 
the spleen, it has also been called the spleen colony assay. The mechanics 
of one approach to the assay are shown in Fig. 10.7. 

The CFU-S assay for the hematopoietic system depends upon the 
nature of the bone marrow regenerating cellular system. At the time that 
Till and McCulloch first developed their assay, the cell renewal system for 
hematopoietic cells was visualized as a single stem cell compartment that 
was functionally pluripotential. That is, a single stem cell type was thought 
to be the precursor of all the functional end cells of the bone marrow: 
erythrocytes, granulocytes, mononuclear cells, platelets, and other less 
common cell types. That view has now been shown to be less than 
complete. It is now known that there are several hierarchical levels within 
the stem cell compartment, and at each level the degree of commitment of 
the stem cell to the final functional cell lines becomes more dedicated and 
less versatile. 

When a cellular suspension of bone marrow is injected into lethally 
irradiated recipient mice of the same strain, a few of the cells circulating in 
the animal lodge in the spleen, and if these cells are clonogenic stem cells, 
they will give rise to colonies of bone marrow functional end cells. 
A number of investigators observed that when the spleen colonies are 
examined for morphological characteristics and the functional end cell 
identified, the cells found in the nodules are most often of a single 
morphological class. That is, the progeny of the transplanted cell are, for 
example, all erythrocyte precursors, all leucocyte precursors, or other 
characteristic cells. The deduction is that the colonies are monoclonal, that 
is, arising from a single clonogenic stem cell. Occasionally, mixed cultures 
are observed in the nodules, which suggests that once in a while the 
implanted cell is early enough in the stem cell hierarchy to provide 
multifunctional development pathways. Becker et al. (1963) demonstrated 
that all the colonies formed, mixed or monofunctional, were all mono- 
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Figure 10.7 Colony forming unit (CFU-S) assay as originally developed by Till and 
McCulloch. The assay may be accomplished as shown either with the irradiation of the donor 
bone marrow in vivo or in vitro. Either the donor intact mouse or bone marrow collected 
from an unirradiated mouse and placed in suspension, is irradiated with graded doses. The 
collected and suspended marrow is then injected into recipient mice that have received a 
radiation dose that otherwise would be lethal. 
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clonal. Since the cells that are capable of polyfunctional expression are 
earlier in the developmental pathway, they should take somewhat longer to 
develop end cell progeny. This is the case, and if the time of sacrifice and 
collection of the spleens is extended for up to two weeks, more multifunc- 
tional colonies are found. CFU-S subpopulations are often scored at 7, 10, 
and 13 days after injection into the recipient mice. 

RADIATION SENSITIVITY OF THE COLONY FORMING UNIT 

The CFU assay has been used to develop complete survival curves for 
this class of cells. The cells are irradiated at several doses, and appropriate 
dilutions based on expected survival rates are injected into the lethally 
irradiated recipient animals. If the number of nodules per spleen at 13 
days exceeds 15 or so, the counting of discrete colonies is difficult; 
therefore, dilutions have to be prepared to keep the nodule number 
between a few to a maximum of 15 to 20. If earlier sacrifice times and 
resultant smaller colonies are scored, up to 25 colonies per spleen can be 
counted accurately. 

The irradiations may be performed on the donor cells by irradiating the 
intact mouse, or by using a suspension of cells collected from an unirradi- 
ated mouse may be used as a cell pool. Only minor and generally 
inconsistent differences in radiosensitivity result from irradiation by the 
two alternative methods. The multitarget-single-hit parameters for mouse 
marrow cells irradiated in vitro by Till and McCulloch were extrapolation 
number n = 2.5 and D o = 105 cGy. The parameters for the same cells 
irradiated in vivo were extrapolation number n = 1.5 and D o = 95 cGy. 
Many more investigators have made these determinations with approxi- 
mately the same results. The general characteristics of the radiation 
sensitivity of bone marrow cells is that there is nearly exponential cell 
killing, with little or no shoulder, and a D o of about 1 Gy. There is no 
doubt that the observed difference in extrapolation number between in 
vivo and in vitro irradiation is real, since it has been observed by a number 
of investigators. The basis for this difference is not known with certainty, 
but it has been suggested that for the in vivo irradiations, during the two 
hours or so required for cell collection and injection into the recipient 
there is movement of cells from another, probably resting or GO phase, cell 
compartment into the CFU compartment. As we would predict from the 
low extrapolation number, there is limited protection provided to bone 
marrow cells by protraction or fractionation of the radiation exposure. 
Sublethal damage repair, asmeasured from the standard Elkind-Sutton 
divided dose experiments,rarely is able to increase the D o by more than a 



246 10 Radiation Biology of Normal and Neoplastic Tissue Systems 

factor of about 1.5. The extent of potentially lethal damage (PLD) repair 
that can be observed from holding irradiated cells after exposure is 
inconsistent, because the holding of CFU-S before injection results in a 
significant drop in plating efficiency. Because of the near exponential 
survival characteristics of CFU, the repair of PLD is likely, in any case, to 
be small and insignificant. The other characteristics of the radiation 
responsiveness of CFU-S are much as one would predict. All the response 
modifiers work as predicted. Chemical protectors are active and anoxia 
protects the cells. 

Independent verifications of the radiation sensitivity of bone marrow 
cells lead us to put a good deal of faith in the CFU assay as a real measure 
of radiosensitivity of bone marrow cells. Isogeneic bone marrow cells can 
rescue otherwise lethally irradiated mice if an adequate cell number is 
provided. Using this end point, the same survival parameters have been 
found for bone marrow cells from irradiated donors. However, it must be 
realized that the CFU-S is not identical with the primitive bone marrow 
stem cell, and it represents subpopulations from the maturing and differ- 
entiating bone marrow stem cell compartment. The radiosensitivity of 
10 day CFU-S does not correlate with the LDs0 for various mouse strains, 
and divided dose experiments with CFU-S are not predictive of divided 
dose LDs0's. 

More recently a wide range of techniques has become available for 
growing monoclonal cultures of bone marrow stem cells in vitro. All 
these procedures provide survival parameters about like those found by 
the CFU assay. Frequently the monoclonal cultures are seen to have 
nearly exponential killing, and the extrapolation numbers are often not 
different from 1. 

An interesting but not very widely used version of the CFU assay is the 
measurement of the radiosensitivity of leukemia or lymphoma type cells 
that grow as colonies in the spleen after intravenous administration. Bush 
and Bruce (1964) measured the radiosensitivity of a lymphoma line by this 
method and found a result that was not different from that found with 
the Hewitt dilution assay, and was consistent with the survival parameters 
for CFU-S. 

As will be seen shortly, the low extrapolation number for bone marrow 
cells makes this population one of the more radiosensitive of the cell 
renewal populations of the mammal. As a result, this organ becomes dose 
limiting for survival at a much lower dose than for other of the cell 
renewal systems to be described that affect survival. Only the spermato- 
gonia are more sensitive than bone marrow clonogens, and the former are 
not required for survival. 
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GASTROINTESTINAL CRYPT CELL ASSAY 

The gastrointestinal tract is lined by villi, which are small papillary 
processes that project from the base of the intimal layer of the gut. These 
villi, which give a vastly expanded surface area to the gut to carry out its 
absorptive and secretory processes, are constituted on their outer surface 
by a classical cell renewal system that also happens to be geographically 
organized. At the base of the villi, in the intimal wall, are the gastrointesti- 
nal crypts (the crypts of Lieberkiihn) in which the stem cells for this 
population are situated. The lowest portion of the surface of the villus is a 
population of mostly dividing cells. Above it, toward the tip of the villus, 
are found regions of dividing and differentiating cells followed by a region 
of fully differentiated and functional cells. Most of the metabolic (absor- 
tive and secretory) activity of the villus is found in the distal third of the 
structure. In mammals, in general, the time for complete turnover of this 
population, from crypt cell to tip, is about 4 days. 

It had been known for some time that the gastrointestinal lining is 
sensitive to irradiation, and that this sensitivity is seen as a massive loss of 
fluid and electrolytes from the irradiated intestine. It remained, however, 
for Withers and Elkind (1970) to develop a quantitative assay for the stem 
cells of this cell renewal system. If we examine a histologically prepared 
cross section of the small intestine (usually the jejunum of the mouse is the 
test system), we find various degrees of depletion of the villi after irradia- 
tion. At very high doses, the villi are completely abolished about four days 
after irradiation. Withers and Elkind were able to detect visible signs of 
clonogenic activity in the intestinal crypts if the radiation dose was not so 
high that the stem cells of the crypts were completely sterilized. They were 
able to develop a dose-response curve for the survival of the clonogenic 
stem cells of the intestinal crypts, assuming that repopulation of the crypt 
stem cells occurred as the result of remaining clonogenic activity in one or 
a small number of these clonogenic cells. The data are amenable to a 
simple statistical analysis to correct for the possibility that regeneration of 
a crypt could have occurred from more than one remaining survivor 
stem cell. 

The criteria for determination of the survivability of clonogenic function 
1 in a single crypt are not entirely objective. About 3~-4 days after irradia- 

tion, the mice are sacrificed and a section of the jejunum is prepared by 
usual histological methods, being sure that sections are as orthogonal as 
possible to the long axis of the gut. Examination of these sections reveals 
the presence of darkly staining, mitotically active centers where the crypts 
are expected. The villi at this time are flattened and denuded of functional 
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absorptive cells if the radiation dose was large enough. The number of 
regenerating crypts in a transverse section is recorded, and a correction is 
made for the possibility that more than a single clonogenic stem cell 
survived in a single crypt. 

The assumption is made in this analysis that cells survive independently 
and that a single clonogenic survivor cell in the crypt is adequate for its 
repopulation. If the number of regenerating crypts seen at time of sacrifice 
is x, and the number of crypts counted per circumference in unirradiated 
animals is N, then the fraction of crypts sterilized by irradiation, f, is 

N m x  
f -  N " (10.1) 

This fraction, f, represents the fraction of crypts in which there are no 
surviving clonogens. For the surviving crypts the number of surviving 
clonogens could be 1, 2 , . . . ,  n, and the number of surviving clonogens per 
crypt is described by the Poisson distribution for which the average 
number of surviving clonogens per crypt is - I n  f. The corrected cell 
survival per circumference is then 

f '  = N( - ln  f )  (10.2a) 

= N - I n  - - ~  . ( 1 0 . 2 b )  

Some are confused by the fact that f '  is a number larger than the number 
of crypts per circumference in a normal, unirradiated jejunal section. The 
reader is reminded that f '  is the number of surviving clonogenic cells per 
circumference, not the number of surviving crypts per circumference. 

RADIATION SENSITIVITY OF GASTROINTESTINAL CRYPT CELLS 

The gastrointestinal crypt cells are remarkably different from other 
mammalian cell renewal systems in their response to irradiation. The 
original Withers and Elkind report (1970) gave the D O for these cells as 
approximately 1 Gy, which is not significantly different from that for other 
cell lines. However, the clonogenic cells of the gastrointestinal crypt are 
unusual in that little effect of irradiation is seen until the dose has 
exceeded about 9-10 Gy. The extrapolation number has been given by 
various authors as ranging from 50 to several hundred. The determination 
of the extrapolation number from a survival curve for acute radiation 
exposures is not particularly satisfactory. Very small changes in the D O will 
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be reflected in very large changes in the extrapolation number, since the 
shoulder (or Dq) is SO very large. The best means to determine the 
extrapolation number for the gastrointestinal crypt cells is to utilize 
the Elkind-Sutton repair of sublethal injury method described in Chapter 
8. After a conditioning dose and an appropriate time delay for construc- 
tion of the survival curve, the shift in the survival curve can be taken to be 
a measure of Dq, and the extrapolation number can be estimated from the 
usual expression, Dq = D O In n. The reader is referred to Chapter 8 for the 
details. With the method just described, the extrapolation number 
has been variously estimated to be from 100 to 400. Using an older 
"macrocolony assay," Withers reported an extrapolation number of 300 for 
gastrointestinal crypt cells. 

The significance of the broad shoulder for survival curves for GI crypt 
cells is that these cells will have a very large capacity to repair sublethal 
damage. Repair of SLD in this tissue has been variously shown to be 
nearly complete in 3-6 hours after irradiation. Because of the high repair 
rate we can see very significant effects of dose rate on gastrointestinal 
injury, since substantial repair may occur during irradiation. The repair of 
potentially lethal damage in GI crypt cells is difficult to demonstrate in the 
presence of the high SLD repair rates. 

The dose modifying effect of oxygen for the GI crypt cells has been 
difficult to demonstrate. Withers and Elkind's (1970) original paper found 
no difference for the cell survival parameters for animals breathing air at 
the time of irradiation and for animals breathing oxygen. The anoxia 

1 experiment is difficult to perform because the animals must survive for 3~ 
days after irradiation. There is little doubt that a dose modifying effect of 
anoxia is present, but it cannot be easily shown. 

The radiobiological characteristics of the GI crypt cell of the mouse 
have been established by other means than the crypt cell assay by a 
number of workers. The most commonly used method to assess the 
response of the gut to irradiation has been to evaluate the doses required 
to cause death of the animals in 4-6 days after irradiation. These deaths 
are taken to be due entirely to denudation of the gut and, indirectly, to 
sterilization of the clonogenic cells of the crypts. For 4 day lethality, there 
is a very large shoulder region, up to about 9 Gy, before any deaths occur, 
and beyond that dose there is a rapid increase in the death rate, which 
indicates a D O similar to that found from the crypt cell assay. 

We would be mistaken to draw one-to-one correlations between the 
assay of 4 day lethality and GI crypt cell survival characteristics. Repopula- 
tion of the villi from stem cells is by no means complete at 4 days, and the 
physiological mechanics of the 4 day death are not entirely documented. 
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SPERMATOGENESIS AND IN VIVO ASSAYS 

The production of mature sperm is the result of cell division and 
functional maturation in a classical hierarchical cell renewal system. The 
transit time from the earliest spermatogonial stem cell to mature sperma- 
tozoa in man is about 60 days and in the mouse is about 40 days. 
Reduction of the numbers of mature spermatozoa in the ejaculate will not 
be significant until the number of hierarchical predecessors of the sperma- 
tozoon begins to be depleted. The radiosensitivity of the various stages in 
the stem cell development chain varies widely. Table 10.1 lists the stages of 
spermatogonial development for the mouse. 

The extensive detail of the hierarchical model in Table 10.1 is the 
source of the complicated nature of the radiation sensitivity of the process 
of spermatogenesis. Several in vivo assays have been developed, but 
depending on the stage of advancement of the developmental chain that is 
most involved in the assay, different results are obtained. 

Table 10.1 

Developmental Stages in Spermatogenesis in the Mouse 

Days to mature LDs0 
Cell type spermatozoon (cGy) 

Type A spermatogonia 
(types A s, A1, A2, A3, A 4) 

Intermediate spermatogonia 

Type B spermatogonia 

Primary spermatocytes a 
Resting (preleptotene) 

Leptotene 
Zygotene 
Pachytene 
Diplotene 
Diakinesis 

Secondary spermatocytes 

Spermatids 

Spermatozoa 

a Meiotic stages 

35-45 200 + 

32-35 

30-35 

20-35 

20-22 

7-20 

0-7 

20 

100 

200 
500 
500 

Unknown 
800 
900 

1,000 

1,500 

50,000 
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Testis Weight Loss Assay 

Very early in the development of radiation biology it was observed by 
several investigators that there was a dramatic weight loss in the testes 
after irradiation. A number of approaches to developing a quantitative tool 
for the use of this observation were briefly reviewed by Alpen and 
Powers-Risius (1981). Kohn and Kallman (1954)were the pioneers in this 
effort, but it remained for J. S. Krebs to appreciate that a true survival 
curve could be developed from this weight loss data. Unfortunately, Krebs 
died before publishing this method, but it has been documented by Alpen 
and Powers-Risius (1981). 

This version of the testes weight loss assay is based on the assumption 
that the loss of weight in the organ after irradiation is made up of two 
parts. There is a radiosensitive portion of the mass of the testis that is 
rapidly reduced after irradiation, and the logarithm of this weight loss is 
related linearly to dose. The remaining fraction of the weight of the testis 
(somewhat less than half) is taken to be radioresistant, but again it falls as 
an exponential function with dose. 

The change in weight is described by 

W o = Ws e - k s ~  + WI e - k ' ~  (10.3) 

where W D is the total weight of the testes after dose D, W s is the weight 
of the radiosensitive fraction of the testes at zero dose, W/ is the weight of 
the radio-insensitive fraction of the testes at zero dose, and k s and k I are 
the inactivation constants for weight loss of the sensitive fraction ( k  s ) and 
the insensitive fraction (kt) after irradiation. 

The data in Fig. 10.8 are calculated for typical data published by Alpen 
and Powers-Risius using this method. The D o is taken as 90 cGy for 
the radiosensitive fraction ( k  s = 1 / D  o = 0.01111), and W s is 150 mg. 
The D o for the insensitive fraction is 18 Gy (k  I - - 1 / O  0 = 0.000556) ,  

and W/ is 110 mg. 

Testis Radiosensitivity-Weight Loss Methods 

Whether the more sophisticated methods just described or the simple 
weight loss methods of Kohn and Kallman (1954) are used, conclusions are 
much the same. The insensitive fraction of the mass of the testes is made 
up of the Sertoli and connective tissue cells surrounding the tubules. These 
cell types are radioresistant, with a D o of 18 Gy or more, and 
this observation is consistent with the radiosensitivity of a generally non- 
dividing cell population. 
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Figure 10.8 Plot of the weight of mouse testes 28 days after irradiation according to the 
method of Krebs as described by Alpen and Powers-Risius (1981). (A) A plot of the natural 
logarithm of the total testes weight and the derived lines for the insensitive weight and the 
sensitive weight components obtained by fitting a bi-exponential expression and assuming that 
the dose dependence of both the sensitive and insensitive weights are exponential. (B) The 
same data plotted in arithmetic form after derivation from panel A. 
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The weight loss described as the radiosensitive fraction represents the 
loss of mature spermatozoa and some of their predecessors, but these cells 
are nondividing and maturing forms that are radioresistant. The weight 
loss represents the cessation of formation of primary and secondary 
spermatocytes and spermatozoa from, probably, type B spermatogonia. 
This latter conclusion may be drawn from the fact that the maximum 
weight loss occurs at about 28 days after irradiation, which represents the 
transit time from type B spermatogonia to spermatozoa in the mouse. 
The fact that type B cells account for most of the multiplication in the 
production pathway and, therefore, represent the bulk of the weight loss 
supports this conclusion. 

The D O for type B spermatogonia can then be deduced from the weight 
loss curves to be on the order of 80-90 cGy. There is no shoulder to the 
survival curve derived by this method, and this is consistent with the 
observation that protraction of the exposure or fractionation has no effect 
on the outcome if the period of exposure is short enough to preclude 
cellular proliferation during exposure. The conclusion, then, is that this 
cell type is not capable of significant postirradiation repair. Many different 
studies, including the early studies of Kohn and Kallman, have come to the 
same conclusion that dose rate or fractionation do not modify the response 
to irradiation. There is, however, an important exception to this general- 
ization, as follows. 

Tubular Regeneration Clonogenic Assay 

The general theme of the crypt cell clonogenic assay was utilized by 
Withers et al. (1974). The survival curve for clonogenic cells in the tubules 
was estimated by examining microscopically the tubules of the irradiated 
testes at 35-40 days after regeneration, and scoring the percentage of the 
tubules that showed evidence of repopulation with spermatogonial ele- 
ments and their postcursors. Using this end point, Withers et al. found that 
there was little effect on the tubular regenerative activity from doses up to 
8 Gy, and at doses above this there was an exponential survival curve with 
a D O of about 1.8 Gy. There was still significant tubular regeneration with 
doses as high as 13 Gy. Also, these studies showed a significant repair 
capacity for whatever stem cell system of the spermatogonial hierarchy was 
being tested. We can only conclude that this assay system measures 
radiosensitivity of a quite different cell in the hierarchy of spermatogonial 
development. Other investigators have not pursued the findings of Withers 
et al., which are in sharp contrast to the findings from the Alpen and 
Powers-Risius measurements. 
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SUMMARY OF THE RADIOSENSITIVITY OF THE TESTIS 

Much of the conflicting data regarding the cellular radiosensitivity of 
the spermatogonial hierarchy can be understood in light of the data 
presented in the last column of Table 10.1. These data are reported LDs0's 
for various elements of this hierarchy as measured by Oakberg and Clark 
(1961), who used cytological criteria. These data are probably as reliable as 
any available today. As expected, the nondividing, differentiating late 
forms, such as the spermatids and the spermatozoa, are extremely resistant 
to cell killing by irradiation. With the exception of the type A s (the most 
primordial stem cell, which has an LDs0 of about 2 Gy), the stem cells of 
the spermatogonial series tend to be very radiosensitive. The intermediate 
and type B spermatogonia are the most radiosensitive, with an LDs0 of 
about 20 cGy and 1 Gy, respectively. It is not always clear which of these 
cell types is involved in any given assay. The type B spermatogonia, as 
mentioned earlier, are probably most represented in the survival curves 
determined by the weight loss method. If so, these are the stem cells with 
little or no repair capacity, as determined by fractionation studies. Withers 
et al. (1974) suggested that the tubular regeneration assay represents the 
survival of the earliest and most primordial of the stem cells. We are 
tempted to suggest, however, that because of the very high radioresistance 
found by them, some of the later, very resistant forms might be involved. 
In any case, there is evidence of repair capacity for whatever cell line is 
represented in their studies. It is indeed possible that the radiosensitivity 
of the earliest cell is measured by this latter method, but that a very small 
growth fraction for this population provides extra radioresistance. 

In the human male, sterility lasting for several years may be induced by 
doses on the order of 2.5 Gy, and permanent sterility will result after doses 
of about 6 Gy to the testes. 

ASSAYS FOR THE RADIOSENSITIVITY OF SKIN 

The remaining mammalian cell renewal system to be discussed is the 
skin. The epidermis of all mammals is a cell renewal system for which the 
stem cell is the cell found in the basal layer of the epidermis. As for all 
hierarchical systems, the stem cell provides a population of dividing and 
differentiating cells, and in the case of skin, as maturation progresses these 
cells move outward and ultimately undergo keratinization. Finally the 
dying, keratinized cells are lost from the scaly outer layer of the epidermis. 
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Withers (1967)was again responsible for developing a clonogenic assay 
for in situ epidermis. This assay was the first of his several clonogenic in 
vivo assays. The technique for the assay is to isolate a small island of 
epidermis by means of a heavily irradiated (30 Gy)"moat"  of epidermis 
surrounding a central island that is shielded while the moat is irradiated. 
The result is an annular region in which skin destruction is complete, 
surrounding a central island to which various radiation doses can be given. 
If graded doses are used, it is possible to determine the dose for which 
nodular regrowth occurred in 50% of the islands irradiated. This is taken 
to be the dose associated with the survival of one clonogen. Wither's 
method finally plots the number of surviving cells per square centimeter of 
skin and a survival curve is constructed. 

Since the resulting curve is not truly a survival curve, one cannot 
directly measure the shoulder, or Dq, but it can be measured indirectly by 
the divided dose technique. For this method, split doses with a separation 
of 24 hours are used. The Dq is the separation between the survival curves 
for a single dose and that for a split dose regimen. Withers found the Dq 
to be about 3 Gy and the D O to be about 1.35 Gy. Using the familiar 
expression, Dq -- D O In n, it is possible to estimate the extrapolation num- 
ber, n. For his original data, Withers found an extrapolation number of 12. 

Radiation Sensitivity of Skin 

Basal cells of the epidermis have a D O that is not very different from 
other mammalian cell lines, in vivo and in vitro. Associated with the 
extrapolation number of 12 is a good deal of radioprotection with fraction- 
ation or low dose rate. 

Because it is relatively easy to develop a scoring method for the 
destruction of the epidermis and since the tissue is conveniently available, 
skin has become a widely used tool for radiobiologists to look at all 
manner of dose modifying end points. 

A C U T E  L E T H A L  R E S P O N S E  I N  M A M M A L S  

When the intact mammal is exposed to sufficiently high doses of 
ionizing radiation, a characteristic set of physiological responses are the 
result, and when the dose is high enough, death can occur as the result of 
the failure of important organ systems. The nature of the acute radiation 
syndrome is highly predictable from the conclusions of the last few 
sections describing the response of various normal tissue systems. We must 
define limits for the acute lethal response. Radiation can lead to changes 
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in organ systems, such as cancer and other late effects, that will eventually 
lead to death on a long time scale. Mostly by custom we have come to 
define the acute lethal response in terms of deaths that occur within 
minutes or up to several months. The longer time effects of radiation will 
be described in detail in Chapters 11 and 12. 

PRINCIPAL ORGAN SYSTEM EFFECTS 

We have seen repeatedly in the foregoing chapters that the dividing cell 
is significantly more sensitive to damage and death from ionizing radiation 
because of the need to replicate DNA during cell division. With only one 
significant exception, the radiation effects on dividing tissues of the mam- 
mal are the cause of acute radiation syndrome. At the start of this chapter, 
we discussed the nature of cell populations in tissue (Fig. 10.1) and we 
identified three cell population types in which significant cell division 
occurs: type D, the dividing, transit population; type E, the stem cell 
population; and type F, the closed, dividing population. Of these, only 
population types D and E are important for prediction of radiation effects 
in normal tissue. Type F is only represented by growing tumors. As an 
interjection, we note that the type F nature of tumors is the basis of the 
action of ionizing radiation in radiotherapy of human tumors. 

The important tissues, then, for lethal radiation sensitivity can be 
predicted to be the blood forming organs (principally the bone marrow in 
adult mammals), the gastrointestinal tract, skin, spermatogonia, and hair 
follicles. Of these, the last two cannot contribute to lethality or illness. 
Only in very rare cases that involve the irradiation of large areas of skin to 
high doses of nonpenetrating radiation can failure of cell replication in 
skin be the cause of severe illness or lethality. 

Blood Forming Organs 

The bone marrow is the principal locus of formation of the cells that 
appear in circulating blood as granulocytes and other white cells, platelets, 
and erythrocytes. The other nucleated cell of the peripheral blood-- the 
lymphocyte~is not produced to a significant extent in the bone marrow, 
and its unique radiosensitivity requires a separate discussion. Mature white 
cells, platelets, and erythrocytes are the product of a stem cell population 
(type E) that produces a series of maturing and dividing cells (type D). 
The adult cells that appear in the peripheral blood are postmitotic 
and are therefore much more resistant to radiation damage than the 
precursor cells. 
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For ionizing radiation doses of 1 to a few Gy the response of the 
peripheral blood counts of white cells, platelets, and erythrocytes is deter- 
mined by the life span of the blood element in question, as well as the time 
required to exhaust a precursor compartment in which mitosis has ceased. 
For man and the dog, for example, the life span of the erythrocyte is about 
100 days. For the distribution of ages of the cells in the peripheral blood, 
we can expect to see a more or less monotonic fall in the number of these 
cells as soon as the stem cell and precursor compartments are exhausted, 
typically a few days for these two species. Figure 10.9 shows the typical 
hematological response for the dog after midlethal radiation doses. These 
data are excerpted and reorganized from a report by Alpen et al. (1958). 

Of the nucleated cells of the peripheral blood, the granulocytes are of 
overriding importance because of their role in control of infection as well 
as their role in inflammatory processes. For mature granulocytes, the 
peripheral survival time is only a few hours. The precipitous fall in 
granulocyte numbers occurs within the first few hours, mostly due to white 
cell senescence, and one cannot directly associate the fall in numbers with 
an emptying time for the precursor compartment that would account for 
the fall in later days (Fig. 10.9A). Notice the especially severe drop in white 
cell counts for the decedents. 

Platelets follow a pattern determined by the same set of criteria as for 
the white cells: the time for exhausting the precursor megakaryocyte 
compartment and the life span of the peripheral platelet. Figure 10.9B 
outlines these changes for the same set of animals and the same doses. We 
can see that precipitous decreases in platelet numbers does not occur until 
about 8 days after irradiation. 

Figure 10.9C displays the hematocrit values for surviving and nonsurviv- 
ing dogs for the doses of 250 kVp X-rays as shown. The hematocrit 
faithfully reflects the numbers of erythrocytes in the peripheral blood. The 
slow fall in hematocrit is related to the normal senescence of red cells, as 
well as the cessation or reduction of production from bone marrow 
precursors. In the nonsurvivors there is an additional decrement in red cell 
numbers caused by bleeding, which is related to the concomitant drop in 
platelet numbers. 

The result of the depletion of peripheral blood elements is the bone 
marrow syndrome. Referring again to Fig. 10.9, it is clear that severe 
depletion of the numbers of platelets and granulocytes will product at least 
two important results. Platelets are essential for blood clotting, and as 
their concentration falls, severe bleeding will result. Examination of the 
data on the nonsurviving dogs reveals that when platelet levels fall to very 
low levels there is an accompanying decrease in blood erythrocytes, and 
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this decrease is the result of blood loss, not direct radiation effects on the 
erythrocytes. The loss of granulocytes is the cause of the other element of 
the bone marrow syndrome; that is, widespread infections. 

Recovery Period 

If the animal is to survive, the remaining functional pluripotential stem 
cells must repopulate the stream of dividing, maturing cells in the bone 
marrow. This recovery time for the peripheral elements varies from a week 
or so for granulocytes to several weeks for erythrocytes. 

Gastrointestinal Tract 

The principal dividing cell of the gastrointestinal tract is the population 
of cells that covers the absorbing villi of the small intestine. The morphol- 
ogy of the gastrointestinal crypt as a cell renewal system was discussed 
earlier in this chapter, when we outlined the gastrointestinal crypt cell 
assay. For nearly all mammalian species the transit time for the dividing, 
maturing cell population of the cells covering the villus is 3-5 days; nearly 
all mitotic activity is in the early life history of the crypt cells. These cells 
are responsible for the absorption of water and electrolytes from the 
gastrointestinal tract, and their disappearance leads to intense loss of these 
essential elements of survival via the damaged gut. As a result, for doses 
that stop mitosis in the crypts of Leiberkiihn, severe diarrhea results. As 
predicted from the crypt cell assay, doses in excess of 10 Gy are required 
to block division in the crypt cell system. Expression of the gastrointestinal 
syndrome takes about 4-6  days, depending upon the radiation dose. 

Recovery Period 

If the radiation dose is not so high that the stem cells of the crypt are 
completely killed, the process of stem cell division and progression to 
mature crypt cells will proceed rather rapidly. The crypt architecture and 
function will be restored in less than 10 days. 

Figure 10.9 Hematological data for dogs irradiated uniformly with 250 kVp X-rays. The 
doses shown are in roentgens (the units of the day), but for our purposes they can be read as 
centigray. (A) Data for the white cell counts in peripheral blood for survivors and decedents. 
(B) The platelet counts in peripheral blood for the same animals. (C) The hematocrit data for 
these animals. From Alpen et al. (1958). Reprinted from Radiology, excerpted and reorga- 
nized by permission from the Radiological Society of North America. 
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Lymphoid System 

The lymphoid system consists of precursor stem cell compartments in 
lymph nodes, spleen, and thymus. This system is a dividing, differentiating 
type D cell renewal system. The cell renewal system is subject to the same 
results of irradiation as those for other similar systems. These results can 
be characterized as loss of clonogenic potential for the actively dividing 
cell types at any location in the chain. The result of such damage is the 
same as for the other cell renewal systems just described. There will be 
depletion of cell numbers throughout the development chain that should 
ultimately be seen as decreased output of the final cell product. There 
should then be depletion of the numbers of the final cell type in whatever 
peripheral location they might normally be found. The final cell type 
for the lymphoid system is the mature lymphocyte, which is found in 
peripheral blood, lymph nodes, spleen, and thymus. 

One of the long-standing enigmas of radiation biology has been the 
radiosensitivity of the mature, nondividing lymphocyte. Even though the 
life span of the mature lymphocyte is not well documented and may be 
different for various classes, the life span is certainly a number of days, 
perhaps as many as 20. The enigma is that within a very few hours after 
irradiation, even at doses of a few tens of centigray, the number of 
lymphocytes in peripheral blood drops dramatically. Since this cell is 
postmitotic, it must be assumed that it has undergone a form of interphase 
death. Until quite recently, the mechanism of this interphase death was 
unknown. Earlier in this chapter we discussed the process of apoptosis, 
and we remarked that lymphocytes are particularly sensitive to this form of 
cell death when minimal damage is done to the DNA of G1 cells. This 
special sensitivity of the interphase lymphocyte to apoptosis that is not 
seen in other interphase cells is due to the fact that cells of the lymphoid 
series produce prodigious amounts of the p53 gene product with minimal 
stimulation. 

Central Nervous System 

The effects of ionizing radiation on the central nervous system are seen 
at two dose levels. At low doses to human beings (1 Gy and below), 
malaise to frank vomiting is seen. The exact mechanism of this prodromal 
nausea and vomiting is not known, but it would appear to be a direct effect 
on the vomiting center in the brain. It can be induced by irradiation of the 
head only. 

Several very high dose exposures of human beings, mostly from acciden- 
tal fissioning of critical assemblies of plutonium, have led to the definition 
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of another CNS syndrome. At doses in excess of 100 Gy the exposed 
subject undergoes almost immediate disorientation followed by death from 
a complex of CNS and cardiovascular failures within hours of exposure. As 
for the low dose CNS effect of nausea and vomiting, this high dose effect 
clearly cannot have a basis in cell killing, since the time from exposure to 
onset of the symptoms is so brief. These very high dose effects have been 
described in detail by Fanzer and Lushbaugh (1967). 

ACUTE RADIATION SYNDROME IN MAN 

Clinical expression of the acute radiation syndrome is strongly modified 
by dose, dose rate, uniformity of exposure, the extent of treatment pro- 
vided, and by variations in individual susceptibility. 

At doses of more than 1 Gy and less than 2 Gy there is little clinical 
evidence of irradiation until the middle of the third or fourth week after 
exposure. There may be transient early nausea and vomiting in a small 
fraction of the exposed population at this dose. At the upper end of this 
exposure range, approaching 2 Gy, the clinical syndrome will intensify in 
the third or fourth week. The pattern at this dose is the start of hair loss, 
pallor, general malaise, diarrhea, and inflammation of mucous membrane 
surfaces. Treatment for individuals exposed at doses below 2 Gy is entirely 
supportive and symptomatic. No exposed individuals would be expected to 
die following this dose. At the lower dose there is recovery from most 
symptoms as early as two weeks after exposure, even in the absence of 
treatment. 

Response at the 5 Gy dose level, which is about the LDs0 for man if the 
exposure is uniform, is more or less instantaneous, and if no medical 
treatment is provided, initial nausea and vomiting will be experienced by 
all patients. The second wave of nausea and vomiting will start almost 
immediately and it will not be possible to resolve the two waves of malaise. 
By the third week, diarrhea is in full expression, and the onset of the bone 
marrow syndrome is demonstrated by bleeding, pallor, and inflammation 
or frank infections of mucous surfaces. By the fourth to sixth week 
emaciation, progressive infection, and inflammation precedes death in 
about one-half of the untreated irradiated population. Treatment in this 
dose range consists of sterile isolation if possible, treatment of the platelet 
and white cell deficiencies by transfusion of platelet and white cell concen- 
trates, nutritional supplements, and antibiotics. Intensive therapy can 
prevent death in nearly all cases for doses less than 6-7 Gy. 

For doses in excess of the 100% lethal range, that is, at doses of 10 Gy 
or more uniformly delivered in a short time, nausea and vomiting will be 
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intense from the first day, followed by diarrhea in a day or so. The nausea, 
vomiting, and diarrhea will be intense for the first week or so, and will be 
followed almost immediately by the complications of fever, inflammation 
of throat and other mucous surfaces, widespread infections, and bleeding. 
By the end of the third week progressive exacerbation of these symptoms 
leads to prostration and death. 

The clinical pattern just described arises from the expression of three 
different clinical syndromes that interact in a significant fashion. These 
three syndromes and their accompanying signs are as follows. 

1. Neurological syndrome. Depending on dose, primarily headache, 
weakness, occasional hyperactivity, abnormal sensory disturbances, and 
mental disorientation, followed by prostration at higher doses. At very 
high doses, in excess of 20 Gy, there is acute collapse of the central 
nervous system and the cardiovascular system that leads to shock and 
prompt death. 

2. Gastrointestinal syndrome. Nausea, vomiting, loss of appetite, 
diarrhea, and inanition. 

3. Hematological syndrome (bone marrow syndrome). The first title for 
this syndrome is more descriptive since the syndrome includes signs that 
result from depression of the lymphoid tissues as well as the bone marrow. 
The signs associated with this syndrome are hematological pancytopenia, 
bleeding, infections, and anemia. 

For detailed descriptions of the acute radiation syndrome in man, the 
reader is referred to Cronkite and Bond (1956). 

EFFECTS OF DOSE RATE OR PROTRACTION 

The effects of protraction are to allow recovery of tissue systems 
involved and to reduce the effectiveness of the radiation exposure. These 
reductions in effectiveness are highly predictable from laboratory studies 
on repair and recovery that have been described in previous sections of 
this chapter. The gastrointestinal crypt cells have very short repair half- 
times on the order of hours. Protraction of the radiation exposure reduces 
quite significantly the contribution of the gastrointestinal syndrome to the 
clinical outcome. On the other hand, the bone marrow clonogenic cells 
have very long repair half-times, with very little shoulder, as seen for 
survival curves for bone marrow CFU. As a result, the bone marrow 
syndrome is only moderately attenuated by protraction of the exposure, 
and moderation of the bone marrow effect due to protraction of the dose 
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is mostly due to repopulation of the bone marrow from still clonogenic 
precursor cells. 

R A D I A T I O N  EFFECTS ON THE EMBRYO 
A N D  FETUS 

The remaining normal tissue system to be considered is the growing 
embryo and fetus. Growth is associated with continuing cell division, and 
presumably the cells of the embryo and fetus have a radiation sensitivity 
much like that of other dividing tissues. The important difference is that 
these are not steady-state dividing tissues, with a resting or GO cell 
population that can be called upon for restitution of a cell population 
depleted by irradiation; thus there is limited possibility for compensatory 
cell replacement, and fetal death or developmental abnormalities may 
result. The important question for the developing embryo is how long the 
few cells of the beginning embryo remain totipotent. Once cells become 
committed to a developmental pathway they are not available to replace 
cells that are killed or altered by radiation. For the human embryo the 
fertilized zygote proceeds to the morulama tightly packed mass of cells, 
each of which seems to remain totipotent. According to Mole (1992), 
Handyside showed in unpublished data that the removal of one or two 
cells from a four or eight cell human conceptus does not prevent the 
pregnancy from proceeding normally. 

A clear distinction must always be made between those alterations from 
normal seen in the term fetus that can be attributed to genetic change in 
the gametes prior to fertilization and changes that occur in the growing 
new organism. The mutational effects are heritable in the offspring of the 
affected individual and are stochastic in nature. That is, there is presum- 
ably no dose threshold below which mutational effects will not occur, even 
though the probability is low at low doses. The nongenetic changes seen in 
the term fetus are the result of cell killing in the primitive anlage, which 
are not heritable, and have a dose threshold related to the usual survival 
curve of mammalian cells. 

In human populations, major congenital anomalies that have no herita- 
ble genetic basis are found in 5-8% of the population of newborn 
children. Radiation induced anomalies must be recognized against this 
background of naturally occurring defects. For both naturally occurring 
and radiation induced birth abnormalities, it is a possibility that they may 
be the result of somatic mutations rather than cell killing, leading to a 
defective developmental cell line. 
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Since congenital abnormalities have been reported for man and for 
rodents at doses at low as several centigray, the question must be posed as 
to whether there is a peculiar radiosensitivity of the dividing cells that 
make up the growing organism in utero. The answer is that there is no 
need for a special radiosensitivity of these cell lines to understand the 
observed results. If the population of cells responsible for a certain 
function in embryonic and fetal development (such as a limb or the eye) is 
small, for example, two or four cells that are no longer totipotent, 
or if only a few dozen cells must be the origin of complicated fetal 
development, then the death of only a small fraction of these cells will 
dramatically influence the developmental outcome. 

Consider the mathematics of cell survival if the anlage cells are typical 
of other mammalian cell populations. Assume, for example, an extrapola- 
tion number of 4 and a D O of 100 cGy. The probability of killing one cell 
responsible for a developmental program when it is irradiated with a dose 
of 50 cGy is 

S n 

- -  = 1 - (1 - e -D/~ = 1 - (1 - e - 5 ~ 1 7 6 1 7 6  4 - -  0.976. (10.4) 
So 

The chance, then, of killing this single cell is 0.024. To state it in another 
way, if this cell were responsible for a given developmental process, on 
average slightly more than 2 out of every 100 individuals irradiated in this 
way would have the given developmental abnormality. With the same 
parameters and a dose of 10 cGy, the probability would be 1 in 10,000, 
which is still an outcome for a human population that is probably of some 
concern. 

These calculations give some insight into the possible mechanisms and 
the timing of the production of developmental abnormalities as the result 
of radiation exposure. The timetable of embryonic and fetal development 
is complicated and detailed. At various times during prenatal development 
there will be crucial times when only a few cells will be responsible for the 
ultimate development of a complete organ system or phenotypic trait. The 
destruction or somatic mutation of a few cells at a critical time may lead to 
partial or total disruption of the developmental calendar. 

DEVELOPMENTAL SEQUENCE AND RADIATION EFFECTS ON 

PRENATAL DEVELOPMENT IN THE RODENT 

The most detailed early studies of the effects of irradiation of the fetus 
and embryo are those of Rugh (1964). These data are old, but they are still 
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of great significance, and little except detail has been added by recent 
work. Rugh's model for study was the mouse, and Fig. 10.10 is the 
schematic diagram offered as a summary of his results. 

The stages of intrauterine development are conveniently described as 
(1) preimplantation, the period before the fertilized ovum has attached to 
the uterine wall, (2) embryogenesis, the period of organ differentiation and 
development sometimes referred to as organogenesis, and (3) the period of 
fetal development, mostly a time of growth and elongation, but also a time 
in which some late organogenesis is taking place. Each of these periods is 
characterized by a somewhat different evident response to irradiation. 

Preimplantation Period 

During this period the fertilized ovum completes its descent through the 
fallopian tube to arrive in the uterus. Prior to implantation in the uterine 
wall, with concomitant formation of the placenta, the fertilized ovum will 
undergo several divisions, but the loss of some number of these cells to 
irradiation will cause the loss of viability of the product of the conception. 
Prior to the work of Handyside described by Mole (1992), it was held that 
the loss of only one or two cells from the preimplantation embryo would 
lead to death of the conceptus. From this study there is enough totipoten- 
tial in the remaining cells of the early preimplantation embryo to allow 
survival and normal development. In general, and particularly in the 
mouse, the detectable result of irradiation of the early, preimplantation 
embryo will be a reduction in the litter size for animals that usually have 
multiple births. Careful study of the dissected uterus can lead to detection 
of early implantation sites where the embryo failed to continue its growth 
after implantation. If the embryo fails to implant before its death, there is 
no visible sign of the loss. In the human being, these losses in the 
preimplantation period could not reasonably be expected to be detected. 

Doses on the order of 10 cGy, delivered to mice on the first day of 
gestation, can lead to death of the fertilized ovum. In addition, an 
increased number of vacant resorption sites has been seen in the rat for 
doses in the same range. Russell and Russell (1954) showed that a dose of 
about 200 cGy delivered in the first day or two after conception in mice 
could lead to a prenatal (preimplantation) death rate on the order of 80%. 

Congenital malformations only rarely result from irradiation of the 
embryo at these early preimplantation times. Either the embryo survives or 
it dies. The rare exception to this rule is that occasionally Rugh observed 
exencephaly that resulted from irradiation in the first several days 
after conception. 
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R e p r i n t e d  f r o m  Radiology b y  p e r m i s s i o n  o f  t h e  R a d i o l o g i c a l  S o c i e t y  o f  N o r t h  A m e r i c a .  
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Period of Organogenesis 

This period of embryonic life, which in the mouse extends roughly from 
the sixth to the thirteenth postconception day and in the human being 
extends from about the ninth or tenth to about the fortieth day postcon- 
ception, is the period when development and differentiation of all the 
organ systems that will be present in the term fetus commence. Following 
the reasoning given at the start of this section, since each of the organo- 
genetic phases commences with a primitive anlage of only a few cells, and 
with no backup replacement stem cell population, the totipotential charac- 
ter of the cells of the embryo rapidly disappears, the loss of only a few cells 
at critical times may lead to congenital abnormalities. Following the 
scheme laid down by Rugh as shown in Fig. 10.10, each system in turn, 
becomes susceptible to radiation induced abnormalities as that system 
enters into its development phase. 

The earliest developing elements that are susceptible to induction of 
abnormalities by irradiation are the elements of the central nervous system 
as shown in Fig. 10.10. As can be seen, essentially all developmental 
characteristics can be altered by irradiation at appropriate times. The later 
stages of organogenesis involve mostly skeletal elements, as well as the 
continuing development of some of the elements with more protracted 
periods of growth and development, such as the eye, the teeth, and some 
external features. Russell and Russell (1954) state that a dose of 1 Gy can 
induce abnormalities in essentially all embryos irradiated during organo- 
genesis. It has been variously reported that doses in the range of 15-20 
cGy produce significant numbers of abnormalities. In the mouse the period 
of greatest sensitivity is during days 9-12 after conception. For the human 
being, from a comparison of the organogenetic calendar, we might predict 
that the comparable time of maximum sensitivity might be during the 
fourth or fifth week of pregnancy. It is worth noting that, for human 
pregnancy, detection of pregnancy at this early time requires an alert and 
observant female. 

Prenatal or neonatal death can result from malformations that are not 
consistent with continued life, and these events can occur with a high 
frequency with doses on the order of 1-2 Gy during organogenesis. 
Another sequela of the developmental defects is low birth weight that 
results from cell loss during development. 

Stage of Fetal Growth 

During this stage of pregnancy, growth and elongation are the principal 
activities. Some organs complete their development late in the fetal stage, 
and it is possible that some developmental abnormalities might result from 



268 10 Radiation Biology of Normal and Neoplastic Tissue Systems 

irradiation at this time. By this stage of development, only large doses can 
cause neonatal death, and a more likely outcome of irradiation during the 
fetal stage is functional disorders that are not easily detected. Associated 
with fetal irradiation is some retardation of growth. A particular trait 
found in human babies irradiated in utero is a smaller head size (micro- 
cephalia). This effect is detectable for doses of 1 Gy or less. 

SURVIVAL OF THE MURINE CONCEPTUS 

Fertilized Zygote 

The survival parameters for the irradiated murine conceptus soon after 
fertilization of the zygote have been measured. In cell culture, the survival 
of individual fertilized zygotes was found to fit the first-order exponential 
relationship of single-hit kinetics by Pampfer and Streffer (1988). That 
is, N / N  o = e - g ~  with no shoulder evident. Friedberg et al. (1973), 
using similar methods in a much larger experiment, fitted the data to a 
multitarget-single-hit formulation, but the extrapolation number was 1.15, 
not significantly different from the 1.0 found by Pampfer and Streffer. The 
reciprocal of the inactivation constant, k, was found by both groups to be 
close to 1 Gy. 

An as yet unexplained anomaly is the radioresistance of the early stage, 
two cell conceptus. The inactivation constant is 0.007 cGy -1, and its 
reciprocal in the first-order inactivation equation is 150 cGy. Rugh et al. 

(1969) proposed that inactivation of both cells nearly simultaneously is 
required to kill the two cell zygote, and the inactivation constant is 
consistent with this hypothesis. The conclusion then is that both cells at 
this stage are totipotent. 

Embryo 

A significant shoulder is a characteristic finding for the survival of the 
embryo irradiated in vivo.  No killing of 5-8 day postconception rodent 
embryos has been found with doses up to 1.5 Gy. The conclusion drawn by 
most researchers is that a significant population of totipotent cells remains 
that is capable of replacing the cells killed by irradiation. None of the cell 
killing models describe the response of the embryo. This is not surprising, 
since we are irradiating a large group of cells and measuring survival, the 
clonogenic potential of single cells is largely irrelevant. 
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INTERPRETATION OF ANIMAL FINDINGS FOR HUMAN SUBJECTS 

To summarize the findings from rodents, it seems clear that the cells of 
the conceptus or embryo have no special sensitivity to ionizing radiation, 
and that at some stages these organ systems are less sensitive than 
mammalian cell lines cultured and irradiated in vitro. It is clear then, that 
the likelihood of teratogenesis resulting from ionizing radiation exposure 
should be carefully reexamined. The report of UNSCEAR (1986) (see 
Suggested Additional Reading), in referring to irradiation during major 
organogenesis, states: 

...in man, teratological effects of the type described in experimental 
animals are uncommon .. . .  The latest data show that mental retardation is the 
most likely type of developmental abnormality to appear in the human species. 

The principal, and most reliable, source of information on the terato- 
genic effects of ionizing radiation is data collected from the atomic bomb 
survivors in Japan. There is a good deal of information from irradiated 
patients from the early days of radiation utilization in medicine, but the 
reliability of the observations is not high because the physicians in charge 
did not understand what they were looking for. The most up-to-date and 
succinct summary of the findings relative to effects on prenatal develop- 
ment for bomb survivors is in Mole (1992). 

Severe Mental Retardation 

Severe mental retardation (SMR) attributable to in utero exposure to 
ionizing radiation from the bomb detonations was found in 16 subjects. 
Twelve of these subjects had intrauterine doses of from 1 to 5 Gy. 
Whether the SMR can be attributed completely to teratogenic effects is 
not at all clear. The maternal doses were high, and some of the effects 
could be attributed to radiation effects that lead to poor oxygenation or 
poor nutrition of the fetus. 

Microcephaly 

Small head size was reported by Miller and Blot (1972) for A-bomb 
survivors irradiated in utero. According to these authors, the effect on 
head size was detectable at in utero doses of 1 Gy or slightly less. The 
findings have not been universally accepted, since these authors used a 
criterion not widely utilized in clinical medicine. Mole (1992) pointed out, 
correctly, that there normally is wide variability in head circumference and 
in the disproportion between head and body size. The clinical criterion for 
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microcephaly is that the cranial circumference falls outside 4 standard 
deviations from the mean for the birth weight group. Miller and Blot 
(1972) used a criterion of deviation from the norm by only 2 standard 
deviations. As Mole points out, about 1 in 750 normal, unirradiated 
newborns will have a head size 3 standard deviations from the mean. 
Miller and Blot's findings were found by their tests to be statistically 
significant, and I find little reason to reject their findings. The cause is 
another matter, however. A mother exposed to doses as high as 1 Gy 
suffers significant clinical effects associated with acute radiation syndrome, 
and the microcephaly may not be a direct effect of in utero radiation. 
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P R O B L E M S  

1. The Hewitt dilution assay was carried out with a mouse lymphoma line 
that grows well as a single cell suspension. The following table lists the 
mortality rate (percent dead) in groups of 10 mice per data point that 
received the injected number of lymphoma cells shown. 

Dose (cGy) 
0 100 200 

Cells inj. % Dead  Cells inj. % Dead  Cells inj. % Dead  

2 0 6 2.5 8 12 
4 14 8 20 12 32 
6 42 10 30 14 52 
8 75 12 55 16 60 

10 100 14 70 18 70 
12 100 18 100 m 
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400 
Dose (cGy) 

500 600 

Cells inj. % Dead Cells inj. % Dead Cells inj. % Dead 

12 0 50 10 130 0 
14 6 60 25 140 10 
18 40 65 50 150 42 
20 49 70 52 160 51 
22 70 75 69 170 80 
26 100 80 95 180 100 

Dose (cGy) 
800 

Cells inj. % Dead 

400 0 
450 5 
500 17 
550 30 
600 51 
650 70 

, 

Given these data, construct the curves for animal lethality versus dose 
of injected cells for each of the irradiation dose levels given. Construct 
the derived survival versus dose curve for the irradiation of this line of 
lymphoma cells. Est imate the D O and the extrapolation number,  n, for 
this cell line. Using the linearized form of the l inear -quadra t ic  expres- 
sion, plot the survival curve in LQ format. In your opinion, which is the 
bet ter  fit for the data? 

The gastrointestinal crypt assay was carried out on a group of mice with 
the following results. Five mice were irradiated at each of the dose 
points. The animals were sacrificed at 4.5 days after irradiation, and the 
average number  of surviving crypt cells per jejunal circumference was 
calculated from the individual data. 

Surviving Surviving 
Dose (cGy) crypts Dose (cGy) crypts 

900 93 1250 16 
950 67 1300 11 

1000 61 1400 12 
1100 61 1500 3.4 
1150 38 1600 3 
1200 32 

The average number  of crypts per circumference in the unirradiated 
animals was 120. Calculate the corrected number  of surviving clonogens 
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per circumference and plot the data. Assuming MTSH kinetics of 
killing, estimate the D O for the cells. 
To estimate the extrapolation number, another experiment was con- 
ducted by irradiating the animals with 1000 cGy and, after 12 h, a series 
of additional graded doses was given and the surviving crypts were 
estimated just as before. The data are as follows. 

Surviving Surviving 
Dose (cGy) crypts Dose (cGy) crypts 

900 112 1250 12 
950 70 1300 11 

1000 62 1400 9 
1100 54 1500 4 
1150 32 1600 4 
1200 32 

The control crypt number was the same as in the earlier part of the 
problem. Calculate the corrected number of surviving clonogens per 
circumference and plot the data in the typical Elkind-Sutton fashion. 
Assuming MTSH, estimate D O for the reirradiated cells and estimate 
the extrapolation number for the gastrointestinal crypt clonogens. 



Chapter 11 

Late Effects of Radiation 
on Normal Tissues: 
Nonstochastic Effects 

I N T R O D U C T I O N  

In Chapter 10, all discussions of the effects of ionizing radiation on 
normal and neoplastic tissues were centered on the prompt responses 
observed within a few days to a few weeks of irradiation. Generally, all of 
these responses could be related to depletion of clonogenic cellular ele- 
ments that served as stem cells for the normal cell renewal of the 
population of cells at risk. Late damage to normal tissues is loosely defined 
as pathological changes in tissue systems that occur months to years after 
delivery of the radiation dose. In some cases, consideration is given to 
tissue effects that occur within weeks after irradiation. The more general 
definition of late effects describes any untoward changes in organs and 
tissues after irradiation, and often in tissues or organs not irradiated for 
effect. 

The terms stochastic and nonstochastic will be defined in detail in the 
next section of this chapter, but for the moment, it may be generalized that 
nonstochastic effects are those for which there is a dose threshold and 
intensity of response is dose related. Stochastic effects may be taken to be 
those for which there is no known threshold dose and intensity of effect is 
unrelated to dose. The early responses described in Chapter 10 are clearly 
nonstochastic, since they have a dose threshold and also have describable 
dose-response relationships related to the underlying survival curve of the 
clonogenic cells. There is another class of responses of normal tissues that 
is also nonstochastic. These are responses of tissues that first begin to be 
seen many weeks to many months after the radiation exposure. The doses 
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required to elicit these late responses frequently may be larger than those 
associated with most of the early, acute responses, and for this reason they 
are most often encountered with fractionated regional radiation of the 
type administered in radiotherapy for malignant or other disease. The 
fractionation protects organs from acute effects, but the late changes are 
less modified. The animals or patients would not normally survive total 
body radiation doses at  the dose levels usually associated with the onset of 
effects in these late responding tissues. Because of the association of late 
effects in normal tissues with typical radiotherapy regimens, these end 
points are of great concern mostly to radiotherapists and experimentalists 
who support this particular clinical application of radiation. 

The terms stochastic and nonstochastic have received a good deal of 
criticism from individuals who have felt the terms are not appropriate, 
mostly because neither process is purely probabilistic. As a result, the 
International Commission on Radiological Protection (1991) decided to 
replace the term nonstochastic by deterministic. I am not convinced that 
this new term transmits any more information than the old one, and since 
the community is slow to adopt the new term, I will remain with stochastic 
and nonstochastic for this text. 

In spite of the specialist approach of the clinical and experimental 
radiation oncologists to the late, nonstochastic effects of radiation in 
normal tissues, there is much of a fundamental nature to be learned from 
studying these end points. Because of the generally higher doses usually 
associated with these late changes, there has been much speculation as to 
their pathogenesis. We must point out, however, that late effects have 
frequently been studied for their importance in limiting radiotherapeutic 
regimes, so the emphasis has been on the higher doses associated with 
these regimes. One central question about late effects is whether simple 
cellular depletion of clonogenic cell lines could produce a resulting lesion 
many weeks or months after exposure, but no completely satisfactory 
models have been formulated to date. 

Two approaches to explanations of the underlying cause of late effects 
from ionizing radiation have received a great deal of recent attention. One 
group emphasizes cellular depletion (target cell depletion) of clonogenic 
elements or functional elements that require replacement from clonogenic 
pools. Another group suggests that the central process underlying all late 
effects in organ systems is damage to the vascular endothelium that leads 
to vascular insufficiency. 

In the Proceedings of the Twelfth L. H. Gray Conference, which took 
place in 1985, Hendry (1986) keynoted the conference by summarizing the 
questions that needed to be addressed to understand the pathogenesis of 
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late effects in normal tissue, whatever the mechanism. These are worth 
repeating here. 

1. Can target cell populations be defined in the tissue for specific types 
of injury? 

2. Are there qualitative differences in the target cell populations for 
different cytotoxic agents, for example, resistant subpopulations? 

3. What is the cellular basis for the volume effect (that is, greater injury 
per unit volume with increasing volume of tissue treated)? 

4. What is the contribution of intracellular repair of potentially lethal 
damage to the sparing of injury in late responding tissues? 

5. What are the contributions of repopulation by colony forming cells 
and cells with very limited division potential to the sparing of injury in the 
late responding tissues? 

6. How well is the functional (effector) cell number correlated with 
overall capacity for function? 

7. What is the contribution of stromal (including vascular) injury in the 
response of the parenchyma? 

All these questions have been addressed through experimental studies 
of the various normal tissue systems. Many views are held and strong 
positions are taken, but, as yet, no clear answer has developed to any of 
them. 

S T O C H A S T I C  V E R S U S  N O N S T O C H A S T I C  E F F E C T S  

In chapter 10, it was generally possible to describe the dose-response 
relationships for early acute effects in the usual pharmacological terms of 
a sigmoid dose-response curve with some dose below which one would not 
expect any effect in any exposed individual (the threshold). These same 
threshold-type dose-response relationships hold for the responses of late 
responding tissues also. However, although the acute effects almost always 
can be directly related to the survival of clonogenic cells, the underlying 
mechanism for the delayed and late effects is not at all clear. 

There is another group of responses, namely, genetic and oncogenic 
changes arising as the result of irradiation, for which the concept of a 
threshold is less applicable. For these latter responses to ionizing radia- 
tion, the scientific community has come to believe that changes can occur 
at any exposure level, even though for low doses the frequency of the 
change in an exposed population might be thought to be low, the fre- 
quency of occurrence is still not zero. There is still a great deal of 
discussion as to the actual shape of the dose-response relationship for 
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cancer and transmissible genetic damage, but there is no longer any 
argument that, after exposure to ionizing radiation, these are indeed 
effects without a dose threshold. We might postulate that there is a 
fundamental difference between these two types of responses. The non- 
threshold responses, such as carcinogenesis or genetic mutations, probably 
require only the alteration of one or, at most, a few cells to bring about the 
response. For the threshold responses it is probably necessary to alter the 
function of many cells, and destruction or alteration of less than this 
minimum number of cells leads to the threshold nature of the response. 

Because of the fundamental difference in the effects of ionizing radia- 
tion in the two classes of responses, the radiation protection community 
devised the terms stochastic and nonstochastic to describe each class of 
effects (International Commission on Radiological Protection, 1977), which 
were modified by the same authority to the terms stochastic and determin- 
istic in 1991. Effects for which the dose-response relationship is thought 
to have a dose threshold and for which the expectation is that any subject 
exceeding this threshold dose is likely to experience the effect, subject to 
the usual biological variability, are defined as nonstochastic or determinis- 
tic effects. Another characteristic of the nonstochastic class of effects is 
that there is usually a severity scale associated with dose, and increasing 
the dose to an individual subject is expected to increase the severity of the 
outcome for that subject. Stochastic effects, on the other hand, are thought 
to be effects for which there is a no threshold for the response and for 
which the severity of the response is independent of the dose, that is, "all 
or nothing." The two effects for which the stochastic definition is appropri- 
ate are the production of cancer and the induction of defects in the 
genetic substance of the germ cells. These two end points will be described 
in detail in successive chapters. 

An important inference is associated with the terms stochastic and 
nonstochastic. The definition of stochastic is that it describes a process 
that contains an element of chance in the outcome. In other words, 
predictions about the process are developed on a stochastic or probabilistic 
base. In biological terms we can best describe the nonstochastic class of 
effects as those that require the reduction of function in some class of cells 
that is essential to maintain a certain function, and if such a reduction is 
indeed achieved, then the expected altered or diminished function will be 
revealed. The intensity of the response is expected to be associated with 
the extent to which the functional population of cells is diminished, or the 
ability of the cell population to carry out the function is reduced in an 
individual as the result of the irradiation. For stochastic effects we envision 
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an event, or a chain of events, in a single cell that will ultimately lead to an 
irreversible alteration. Many additional steps of change may be necessary 
before we see expression of the outcome that was forecast by the initial 
event. 

The adjective stochastic can be taken to mean that within any very large 
population of cells, there is a probabilistic expression for the likelihood of 
any single cell being transformed into a potentially clonal line for some 
new trait. Presumably this trait also may be passed on to any progeny cells 
as a permanently heritable trait, while for the nonstochastic processes such 
heritability is not a necessary condition even though somatic mutations will 
exist. 

This chapter deals with the nonstochastic late effects, while future 
chapters will examine the two important stochastic effects; that is, carcino- 
genesis and heritable changes in the genome of the germ cells. 

R A D I A T I O N  I N D U C E D  L A T E  P A T H O L O G Y  

I N  O R G A N  S Y S T E M S  

A complete and detailed examination of the late and delayed functional 
alterations and histopathology of all organ systems that have been exposed 
to ionizing radiation is beyond the scope of a text that is emphasizing the 
biophysical aspects of radiation effects. The purpose of the descriptive 
detail that is provided is to lay the groundwork for examination of the 
extensive literature on the modeling of dose and dose-rate effects on these 
late changes. This will be the principal goal. For an extensive documenta- 
tion of the late effects of ionizing radiation, the readers are referred to the 
definitive texts by Rubin and Casarett (1968) and by Casarett (1980) (see 
Suggested Additional Reading). 

Before beginning an organ by organ discussion of the late effects of 
radiation, it is worthwhile to outline the mechanistic model first proposed 
in a formal way by Casarett in Creasey, Withers, and Casarett (1976), 
which deals almost entirely with one of at least two possible bases for late 
effects in normal tissue. This model suggests that the larger part of the late 
effects syndrome may be caused by an alteration of the microvasculature 
of individual organs, which includes a powerful feedback loop that pro- 
motes fibrosis and vascular insufficiency. This model is described in Fig. 
11.1. The cellular depletion (or target cell depletion) model will be dis- 
cussed in upcoming sections of this chapter. 
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Figure 11.1 The Casarett model for the generalized role of radiation damage to the 
microvasculature as the underlying cause of late tissue damage. Note the cyclic effect of 
fibrosis and secondary vascular regression on radiation induced early fibrosis and vascular 
change. Modified from Creasey, W., Withers, H. R., and Casarett, G. (1976). Cancer 37, 
999-1013. Copyright �9 1976 American Cancer Society. Reprinted by permission of Wiley-Liss, 
Inc., a subsidiary of John Wiley and Sons, Inc. 

VASCULAR ENDOTHELIUM AS THE TARGET TISSUE 

As alluded to earlier, because late effects are seen in organs in which 
there may be little or no normal proliferative activity, we must search for a 
mechanism that does not depend on the killing of mitotically active cells or 
one in which some indirect effector mechanism is responsible. The model 
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of Casarett, which has wide acceptance, particularly among pathologists in 
the field, suggests that the fundamental mechanism for late damage 
centers around changes to the microvasculature within the organ. The 
endothelial cells lining the microvasculature are indeed part of a cell 
renewal system in which depletion of clonogenic potential might lead to 
diminished function. Casarett does not deal explicitly with the importance 
or lack of importance of the destruction of cells within a cell renewal 
system of the vascular endothelium, but his model has been widely inter- 
preted as supporting vascular damage as the cause of most late effects. As 
shown in Fig. 11.1, the first result of irradiation is damage to the endothe- 
lium of the microvasculature of the organ (principally the capillary net- 
work and the smallest vessels feeding them). This damage can either be 
direct, in which case it may be presumed that the radiation is causing 
interphase death of essential cells making up the endothelial wall, or 
indirect, through interference with the cell renewal system of the vascular 
endothelium. The interphase death might be through the operation of the 
mechanism of apoptosis described in Chapter 10. The key signal to launch 
the apoptosis of endothelial cells could be DNA damage. The indirect 
mechanisms suggested by Casarett and others is via obstruction of the 
endothelial lumen by radiation induced cellular proliferation or the forma- 
tion of thrombi, or possibly by reduced functional integrity that results 
from cell loss. The root cause of the cellular proliferation presumably is 
due to either interphase death of functional cells (less likely) or to loss of 
clonogenic cells responsible for maintenance of the functional population. 

The model proposes a series of steps that start with increased vascular 
permeability of the microvessels with leakage (transudation), followed by 
classic inflammatory changes that lead to progressive permanent changes 
in the endothelial tissue. These changes include fibrosis and wall 
thickening that cause reduced blood perfusion and increased barriers to 
transvessel wall diffusion and osmotic activity. Calling up inflammatory 
degenerative changes as part of this process rules out the action of 
apoptosis--a cell killing process normally unaccompanied by inflammatory 
reaction. Once this process starts, the degeneration of the vascular system 
becomes cyclically worse. Fibrosis and lack of perfusion lead to further 
fibrosis, functional loss, and ultimately severe functional impairment. 

To what extent is this model universally applicable? The question 
remains open at this time, although (as will be seen) at least in some 
organs, microvascular degeneration can be only partly responsible for the 
functional defect seen. Examples of these might be the spinal cord, in 
which demyelination resulting from the killing of stem cells might account 
for most of the functional loss, and the kidney, where early functional 
changes in the tubular epithelium appear to precede any vascular change. 
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The exceptions do not, however, invalidate the model, which seems to be 
entirely adequate to explain many of the late postirradiation findings in 
mammalian organ systems. It is also equally likely that cellular depletion 
of important functional elements plays a role in this complex picture of 
cyclical loss of perfusion and fibrosis. 

The changes in the vascular endothelium are a special case of cellular 
depletion that is related to killing of clonogenic progenitors, and this 
depletion and resulting change in the vessels simply happens to be the 
most sensitive or most critical change in many organs. 

ROLE OF STROMAL AND PARENCHYMAL DAMAGE 

Those who do not support a unique role for vascular damage as the 
cause of late radiation damage in organ systems rightly point out that if 
there is a unique target system for late damage, then the time of onset of 
this late damage should be similar for most organs. This is clearly not the 
case. 

It is well known that nearly all organ systems have slowly turning over 
parenchymal or stromal tissue systems. These may play a role in late 
damage through loss of clonogenic potential after irradiation. The timing 
of the cell cycle and the extent of cellular involvement in the cell renewal 
process for the tissue or organ vary widely. Already we have recognized the 
importance of rapidly turning over cell systems in the gastrointestinal tract, 
but there are similar cell renewal systems in most other tissues. The most 
notable exceptions are the central nervous system and muscle. As an 
example, the kidney convoluted tubule probably turns over at a relatively 
rapid rate, followed, in order, by the capillary endothelium and the 
glomerulus. If the concept of stromal-parenchymal failure is correct, we 
would expect the order of failure of the tissue elements to follow roughly 
the order of cell turnover rate in the tissues. This is indeed the case for the 
kidney, but the observation cannot be generalized to all late responding 
tissues. 

FUNCTIONAL SUBUNITS 

It is unlikely that the underlying cause of late effects in organ systems 
will be found to be unique. Both vascular degeneration and depletion of 
key cell populations will be found to play important roles in the develop- 
ment of late damage following radiation exposure. 
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A quite different approach to the problem of late effects in organ 
systems was proposed by Withers (1989) and implemented in a model by 
Niemierko and Goitein (1993). Withers suggested that the fate of an organ 
depended on the fate of individual functional subunits. He observed that 
the range of doses that leads to significant functional deficits varies widely 
among tissues. Some of the variation might be ascribed to differences in 
cellular radiosensitivity, but, as we have observed earlier, this variation in 
relative radiosensitivity is not more than an order of magnitude and 
probably not adequate to explain observed differences. Withers suggested 
that one of the most important determinants of functional integrity is the 
structural arrangement of stem cells into functional subunits (FSU). The 
example he chose to demonstrate the concept is the individual nephron of 
the kidney, which is made up of the vascular tuft of the glomerulus, the 
glomerular capsule, and the tubules. If all the tubular epithelial cells were 
killed by radiation, that nephron is lost forever, since no stem cells are 
available to repopulate the tubule. In this case, the dose to destroy the 
function of the kidney is determined more by the number of cells per 
nephron rather than the total number of target cells in the organ. The 
anatomic definition of the FSU is clear for the kidney and a few other 
organs. For example, the alveolus is the FSU of the lung. The branching 
structures of the lung, and also the pancreas, are easily visualized as FSU. 
A broader definition of FSU was proposed by Withers. The FSU can be 
conceived of as a volume of tissue (or area in some cases, such as skin) 
that can be regenerated from a single surviving cell without loss of 
functional integrity. An example is the spinal cord, where neural function 
requires intact myelination of neurons, carried out by the oligodendrocyte. 
The FSU in this case is the smallest group of oligodendrocytes capable of 
maintaining myelin integrity for a given set of neurons. 

Niemierko and Goitein (1993) developed and modeled the critical 
volume concept, based on the FSU. Their model takes into account tissue 
radiosensitivity and architectural distribution of FSU to predict the proba- 
bility of late damage in an organ. Their studies so far have modeled only 
the kidney, for which the FSU concept is so easily grasped. Further testing 
of the model with real patient exposures should demonstrate the general 
utility of this approach. 

L A T E  E F F E C T S  I N  N O R M A L  T I S S U E  S Y S T E M S  

A N D  O R G A N S  

We will now try to present an overview of late effects on individual 
organ systems, with an emphasis on tissues and organs that are dose 
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limiting in radiotherapy. There are very few circumstances, outside of 
radiotherapy, where doses approaching those necessary to produce the 
nonstochastic late effects could be achieved. 

GASTROINTESTINAL TRACT 

The late radiation pathology of the gastrointestinal system can best be 
considered by its separate parts. These are esophagus, stomach, small 
intestine, large intestine, and rectum. 

Esophagus 
The esophagus is a tubular structure of striated muscle, with a many 

layered, interior squamous epithelium and extensive loose connective 
tissue. It has contractile activity that arises through action of the striated 
muscle components of the tubular structure. The squamous epithelial 
lining is a relatively rapidly turning over tissue that is generally radiosensi- 
tive, with the outcome after high doses being early denudation of the 
interior surface of the structure. This relatively prompt response of the 
epithelial lining might properly be listed as an acute response of the tissue, 
since the resulting ulcerative esophagitis arises in the second to the fourth 
week after irradiation in mice, and in the first postirradiation month for 
human patients. The dose required for the onset of the relatively early 
esophagitis has been shown to be about 24 Gyma very large dose com- 
pared to that necessary to bring about depletion of the cell renewal 
potential in the tissue systems described in Chapter 10. This dose estimate 
for esophagitis was developed by Michalowski et al. (1983), who also 
demonstrated that a tissue volume effect was detectable. Doubling the size 
of the section of esophagus irradiated significantly reduced the effective 
dose required for ulceration. 

Significant late injury to the esophagus is an important obstacle to 
radiotherapeutic treatment of malignant disease in this organ and in 
nearby structures, namely, lung and mediastinal lymph nodes. The impor- 
tant pathology that arises some months after irradiation of the esophagus 
is stricture of the organ (stenosis), and this can be so severe as to cause 
complete loss of the lumen, with concomitant inability to pass food to the 
stomach. The change in the organ, as far as can be determined experimen- 
tally and from human pathology, is not the result of altered function in the 
epithelial layer, but rather is due to impaired function in the striated 
muscle and connective tissue, with a probable significant source of the 
difficulty being due to impaired function in the vascular supply to the 
tissue. 
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Stomach 

The interior surface of the stomach, in its transition from the stratified 
epithelium of the esophagus, becomes a simple columnar epithelium richly 
endowed with secretory elements at various portions of its surface. The 
postmitotic cells of the functional columnar epithelium are relatively 
radioresistant, as one would predict, but the stem cells that are located 
deeper in the gastric pits are actively mitotic, replacing the surface 
columnar epithelium in a regular way. These progenitor cells are indeed 
radiosensitive. An analogy can be drawn to the crypts of Leiberkiihn of the 
small intestine. This functional subunit of the small intestine was described 
in some detail in Chapter 10. The stem cells of the stomach appear to have 
a similar dose-response characteristic to the crypt cells of the small 
intestine. Early responses of the stomach lining are much governed by the 
changes occurring as the result of cytocidal effects of radiation on the 
mitotically active precursor cells. The stomach returns quickly to normal 
after moderate doses of radiation, although secretory depressions and 
digestive disturbances may be detected for months to years after 
irradiation. 

The late effects in the stomach are predominantly those that might 
arise as the result of vascular insufficiency. There is a progression from 
interstitial fibrosis with arteriocapillary fibrosis to extensive and widespread 
fibroatrophy. The late syndrome for the stomach is described as fibroatro- 
phy of the gastric mucosa, impairment of motility, loss of distensive ability, 
and outright stenosis. 

Small and Large Intestine 

The small and large intestine are anatomically similar except for the 
extensive proliferation of the microvilli of the small intestine. The large 
intestine is without villi and, except for the goblet cells, which are the 
mucus secreting cells of the large intestine, it is a smooth surface. There is 
an extensive submucosal connective tissue and smooth muscle develop- 
ment in both small and large intestine that is richly supplied with vascular 
elements. 

The early effects of irradiation of the small intestine have been exam- 
ined in great detail in Chapter 10. These acute effects will not be 
reexamined here, except to report that, as we might expect, the large 
intestine is not involved in the acute changes induced by irradiation 
because of the lack of the rapidly turning over crypt cells found in the 
small intestine. 

Vascular and connective tissue changes are predominant in the late 
responses of all portions of the intestine. The earliest microscopically 
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visible precursor of the late effects in the intestine is the alteration of 
endothelial cells in small vessels, accompanied by extensive thrombosis. All 
these changes in the microvasculature are precursors to the familiar late 
syndrome outlined for other parts of the gastrointestinal tract. These 
changes are fibrotic thickening of the submucosal tissues, vascular insuf- 
ficiency, and generalized fibroatrophy. Again, stenosis or complete intesti- 
nal blockage can occur (Geraci et al., 1977). 

Rectum 

The rectum is a specialized extension of the large intestine, the function 
of which is the storage and elimination of the formed feces. The organ is 
similar in many respects to the large intestine, and the early radiation 
response as well as the late outcome of radiation to the rectum is 
essentially the same as for the large intestine. This organ is of particular 
importance in radiotherapy since it is frequently in the field of irradiation 
for tumors in the lower abdomen, for example, the bladder, uterus, 
prostate, cervix and others. Severe late radiation damage to the rectum is 
seen as the same sort of extensive fibrotic alteration, which leads to 
stenosis or complete blockage. In addition, because of the structural 
characteristics of the submucosal portion of the organ, thinning and 
ultimately perforation of the rectum are possible outcomes. 

SKIN 

Skin is an organ that has been considered before as a cell renewal 
system for which convenient bioassays have been developed. These are 
described in Chapter 10. The rapidly turning over cell renewal system of 
the skin is the epidermis, which is partly made up of a basal cell layer that 
acts as the stem cell reservoir for the constantly aging cells of the 
epidermis. The ultimate fate of these cells is keratinization to form the 
outer scaly layer of the skin and then to fall away. The remainder of 
the skin as an organ is the dermis~a  layer of loose connective tissues 
richly supplied with blood vessels. Hair follicles and sebaceous glands 
penetrate the dermis. These latter elements are rapidly renewing cell 
populations, but most of the dermis, except for vascular endothelium, is a 
nonrenewing cellular system. 

The immediate reactions of skin to irradiation are of both historical and 
practical importance. The changes in the skin occur over a period of 
several weeks to two or three months and are related to the cytocidal 
effects of radiation on the cell renewal systems. With moderate doses of 
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radiation, after the first two to three weeks an erythema of the skin is seen, 
and the time for appearance of the erythema can be as short as two or 
three days as the dose is increased. If the dose is high enough, there is a 
progressive change to dry desquamation and finally wet desquamation of 
the epidermis. The latter condition is characterized by the loss of intact 
epidermis and exudation of fluid from the underlying dermis. These 
changes are generally reversible, although, in the case of wet desquama- 
tion, there is residual thinning of the epidermis and alterations of the 
underlying capillary bed (telangiectasia). The rapidly turning over cells of 
the hair follicles and sweat glands are also affected, and the result is loss 
of hair and dysfunction of the sweat glands. Both of these latter changes 
can be irreversible at high doses. 

Historically, before physical dosimetry was developed for ionizing radia- 
tions used in medical practice, one of the most commonly used dosimetric 
methods was based on the threshold for appearance of the erythema 
following exposure~the erythema threshold dose. The skin continues to 
be a very practical limiting organ for the application of radiotherapy in 
many areas of the body, although modern methods for reducing the dose 
to the skin while achieving the dose in the tumar have reduced the 
importance of skin sensitivity. 

The late effects of irradiation of skin appear to be undoubtedly due to 
changes in the microvascular architecture of the dermal layer beneath the 
dermis. This point has been made forcefully and clearly, particularly by 
Hopewell (1986). 

The late lesion is described as being due to extensive alteration of the 
vascular network of the dermis, which leads to dermal thinning and even 
dermal necrosis at higher doses. In some cases, extensive fibrotic alteration 
of the dermal layer leads to cicatrix formation in the radiation field. These 
changes are all in accord with the model described earlier that identifies a 
cyclic inflammation, fibrosis, and vascular insufficiency that lead to the 
final irreversible changes. 

Because of its easy accessibility for damage scoring and the long history 
of erythema as a dosimetric tool, the skin has been used for a number of 
studies on the effects of fractionation and protraction on biological effec- 
tiveness. These fractionation models will be discussed in detail in the next 
section, but it is worth citing the landmark work of Strandqvist (1944). 

The findings of late changes in the skin are shared by other epidermoid 
mucosal organs of the body. One organ that already has been mentioned is 
the esophagus, with its epidermislike structure. In addition the bladder, the 
mucosa of the oropharynx and lower nasopharynx, the cardiac portion of 
the stomach, the ureters, anus, vagina, and cervix of the uterus all share a 
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quite similar radiation response with skin because of their histological 
similarity. 

LIVER 

The liver long has been considered to be a radioresistant organ. This is 
not surprising since it is, in general, a postmitotic, highly differentiated 
organ. An interesting early observation of Leong et al. (1961) was that, 
although the irradiated liver showed no detectable acute responses to 
moderately high doses, if the liver of the rat was resected sufficiently to 
initiate the typical proliferative response, severely disorganized mitotic 
cells were seen. This simple experiment demonstrates that DNA damage 
incurred by an intermitotic cell will be expressed by causing the cell to 
divide. 

Observations on irradiated patients and on animals have shown that 
late sequelae of irradiation of the liver can be significant and even life 
threatening. Again, the response appears to be mediated via damage to the 
microvasculature of the organ. Whether this microvascular damage is the 
precipitating cause or whether it, in turn, is the result of damage at some 
other level cannot be shown, but it is reasonable to assume that the 
general pattern of destruction of the microvascular endothelial cells is 
again at work here. 

Radiation induced hepatitis is a distinct entity that usually results from 
the inevitable inclusion of the liver in the radiation field during many types 
of radiotherapy. Observed histopathological changes are occlusion of the 
small hepatic veins, leading to sinus congestion, hyperemia, and hemor- 
rhage. At quite late times after irradiation, severe fibrotic alteration of the 
liver can be seen with clinically important doses. Liver failure, hepatitis, 
and ascites have been reported for radiotherapy patients who have re- 
ceived high doses to the liver. 

KIDNEYS 

The radiosensitivity of the kidney to late radiation damage has been 
well known and well documented. Its causes are less clear. In patients with 
advanced degenerative changes in the kidney resulting from irradiation, 
the disease is described as arteriolar nephrosclerosis. This disease state is 
an advanced fibrotic and sclerotic alteration of the arteriolar and capillary 
blood supply to the renal glomerulus, which leads to sclerotic alteration of 
the glomerulus and loss of its functional capacity to produce the plasma 
ultrafiltrate necessary as the first step in the process of urine formation. 
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The kidneys have certain other hormonal functions unrelated to the 
production of urine. The sclerotic changes lead to expressions of dysfunc- 
tion in these special characteristics in the form of hypertension and the 
anemia of renal insufficiency (Alpen and Stewart, 1984). 

Although it is clear that the ultimate outcome of the irradiation of the 
kidney at high doses is as just described, animal studies, particularly those 
of Stewart et al. (1984), have shown that the picture is much more 
complicated. These workers showed that even before significant glomeru- 
lar sclerotic changes have occurred, as judged by microscopic pathology, 
there were very large changes in both glomerular function and tubular 
reabsorptive function. It cannot be ruled out that these changes might be 
secondary to vascular alterations, particularly because the regulatory 
mechanisms of the kidney are so complex. Associated with each 
glomerular-tubular unit are effective baro- and osmoreceptors that can 
regulate blood flow to the glomerulus in complicated ways. It does appear 
that the polyuria reported by Stewart et al. (1984)would indicate a 
significant tubular dysfunction unrelated to vascular disorders. This polyuria 
occurs at the same time that the glomerular filtration rate is sharply 
reduced, so in spite of the smaller volume of plasma ultrafiltrate presented 
for processing in the tubule, the final daily urinary output is increased 
several-fold. A recent study by Moran et al. (1986), extended by Parkins et 
al. (1989), examined the effects of irradiation on the glucose reabsorbing 
function of pig kidney tubule cells grown in culture. These cells grown in 
culture retain at least some of the functional activity known to exist in the 
tubule of the intact kidney. When the cultured cells were exposed to an 
increased external concentration of glucose, they respond by generating 
increased glucose transporting function on the cellular surface. When the 
cells were irradiated (by doses of 10 Gy and higher), their ability to 
respond to a regulatory need for increased glucose transport was sharply 
reduced. The doses required to induce this effect are similar to those that 
lead to the late kidney damage reported by Stewart et al. (1984). Both 
Moran and Parkins hypothesized that their observations on the effects of 
irradiation on up- and down-regulation of glucose transport in pig kidney 
cells are related to altered gene expression, a very new thought as an 
irradiation effect. 

LUNG 

The lung is a complicated, highly vascularized organ that, because of its 
special function, operates in a mixed air-fluid environment. It is, in 
general, a nonturning over tissue, with some exceptions for specialized 
cells of the lung. One late effect of irradiation of the lungs is a radiation 



290 11 Late Effects of Radiation on Normal Tissues 

induced pneumonitis. It has been suggested that this pneumonitis is the 
result of altered characteristics of the alveolar surface with accompanying 
changes in fluid and gas transport across the alveolar subunit. The type 2 
alveolar cells of the lung are, indeed, a turning over population that is 
responsible for the production of the surfactant necessary for maintaining 
lung function. Reduction in the number of these cells as well as an effect 
on, again, the endothelial cells, which to a large degree regulate the 
transudation of water and macromolecules, is probably responsible for the 
radiation pneumonitis. The turnover time of the type 2 cell of about four 
weeks is in accord with the time of onset of the pneumonitis. The 
pneumonitis may be attributed to cell killing of clonogenic precursors for 
type 2 cells. 

After recovery from the radiation pneumonitis, if this is possible at the 
dose used, a much later and distinctly different syndrome becomes evident. 
Whereas the pneumonitis has an onset as early as three to six months, with 
resolution or death in six months or so, in mice, after about a year, a 
second phase of lung damage sets in. The critical tissue involved in this 
late lung damage is not known (Travis and Tucker, 1986). This last phase 
damage has much in common with other late effects in other organs, that 
is, fibrosis, inflammation, sclerosis, and loss of elasticity. Because of this 
similarity, we are tempted to relate the lesion again to microvascular 
damage, but there is no clear and convincing evidence for this mechanism. 

CENTRAL NERVOUS SYSTEM 

Brain 

The brain is known to have a high degree of sensitivity for both acute 
and delayed radiation damage. The acute effect of high radiation doses to 
the brain is expressed as increased intracranial pressure. The cause of this 
response is brain edema beyond that normally accompanying the brain 
lesion being treated. Modern methods of fractionation and radiation 
delivery rule out this acute response. There is also an early delayed 
reaction to brain irradiation under certain high dose conditions. This 
reaction, which is characterized by signs of neurological deterioration such 
as ataxia, somnolence, dysphagia, and speech defects, is rarely fatal. 
Return to normal conditions occurs in weeks to months. The cause of the 
early delayed reaction is thought to be due to transient interruption of 
myelin synthesis by oligodendrocytes. 

Severe late radiation damage to the brain is most often expressed as 
radiation necrosis varying from minimal changes in white matter to exten- 
sive damage leading to death. Radiation necrosis is the most serious sequel 
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to therapeutic irradiation of the brain. The injury is generally irreversible, 
and its outcome ranges from mild neurological impairment to death. 
White matter of the brain is the primary site of this late damage. Since 
necrosis occurs in regions of the brain that are clearly postmitotic, a 
vascular pathology is most certainly the cause of the necrosis. The break- 
down of white matter and release of necrotic cellular material can induce a 
marked edema in the brain. An extensive review of the late effects of 
irradiation of the brain was given by Leibel and Sheline (1991). 

There is one other change in the brain after irradiation that is now a 
generally accepted observation. Early after irradiation there appears to be 
a disturbance of the blood-brain barrier that is either the primary cause of 
brain edema or a major contributor to this early effect. Generally the 
blood-brain barrier changes are reversible if the dose is not too high. 

Spinal Cord 

Very different from the brain itself, the spinal cord has been the object 
of extensive research for some years. Part of the reason for this interest is 
the well known fact that the spinal cord is indeed a radiosensitive organ. 
During radiotherapy the cord must be carefully protected to prevent 
damage that would lead to functional total or complete transection and 
paralysis. 

A recent and very complete review of the state of the information about 
spinal cord injury resulting from irradiation is that of van der Kogel (1986). 

The functional lesion seen in the spinal cord, either in experimental 
animals or human beings, is paralysis of the affected regions of the body 
after some considerable t i m e ~ a  year in rats and two to three years in 
human beings, depending on dose. It has been suggested that the lesion in 
the cord is the direct result of damage to the vascular endothelium, and 
this cannot be ruled out. In fact, at the lower end of the dose range at 
which some paralysis becomes evident, it seems reasonably certain that 
this damage, which occurs at very late times, is associated with telangiecta- 
sia and petechial hemorrhage associated with the area of the lesion. The 
more rapidly developing paralysis that occurs with higher doses is more 
complex in its etiology. 

van der Kogel outlined the changes in the spinal cord after irradiation 
as follows. Within a few weeks to several months after exposure, dymyeli- 
nation occurs associated with the loss of glial cells. Repopulation of 
oligodendrocytes, stimulated by the glial cell loss, occurs. If glial repopula- 
tion is inadequate, there will be white matter necrosis and extensive 
radiation induced myelitis. While these events are occurring, vascular 
damage may be a contributing factor. Certainly, neurons are not involved 
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in the process of late injury development in the spinal cord. If glial 
repopulation is successful, sufficient injury still may be sustained as the 
result of vascular damage for the onset of the late developing myelitis just 
described. 

The spinal cord may be an example of an organ in which both clono- 
genic depletion and vascular damage play a role in the development of late 
damage. It shares this characteristic with the lung. 

EYE 

Cataractogenesis 

Of the anatomical parts of the eye, only the lens is of importance for its 
radiosensitivity. Cataracts, which are defined as detectable changes in the 
normally translucent character of the lens, were reported as a result of 
exposure to ionizing radiation by Abelson and Kruger (1949). This was the 
first reported incident of cataractogenesis as the result of occupational 
exposure to ionizing radiation, even though radiologists for years had 
known of the special sensitivity of the lens of the eye to opacification as 
the result of exposure of physicians and radiotherapy patients to ionizing 
radiation. 

The lens is an unusual structure in that it possesses no blood supply to 
provide nutrients and oxygen for the normal oxidative processes of tissue 
metabolism. It is an encapsulated organ and it must depend entirely on 
diffusional movement of oxygen and nutrients for its metabolic survival. 
The lens is possessed of a slowly turning over clonogenic population of 
cells. On the anterior surface of the lens there is a layer of epithelial cells, 
the dividing progenitors of which are located at the equatorial region of 
this anterior surface. The dividing cells migrate posteriorly and centrally, 
and during this migration process they undergo a differentiation to form 
lens fibers. Because of the unusual structure of the lens, there is no 
adequate mechanism for the removal or destruction of epithelial cells that 
are damaged by ionizing radiation. The products of division of damaged 
cells undergo ineffective differentiation as they migrate, and they fail to 
achieve the level of translucence necessary for the function of the lens as 
an optic device. These remnants of poorly differentiating lens epithelial 
cells form the defects in light transmission of the lens seen as cataracts on 
examination. 

Threshold for Cataractogenesis 

The threshold for cataractogenesis in human beings has been well 
established by analysis of the occurrence of these lesions in individuals 
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who have undergone radiotherapy. As a result of careful analysis of these 
patients, some general rules have been established. 

If the exposure of the lens occurs as a single brief event, cataracts may 
be expected to appear if the dose to the lens is in the range 2-6 Gy. The 
severity of the cataract is dose dependent, and at the bottom of the 
threshold range, barely detectable changes in the lens result. 

Fractionation of the exposure is effective in protecting the lens. For the 
lower total doses, fractionation increases the threshold two- to threefold, 
but there appears to be an upper dose limit beyond which fractionation 
loses its protective effect. If the total dose to the lens is in excess of 11 Gy, 
cataract formation will result, regardless of the pattern of dose delivery. 

For man the latent period for cataractogenesis is dose dependent. The 
latent period may be less than one year at the higher doses and in excess 
of 10 years for lower doses. 

One of the most unusual aspects of radiation cataractogenesis is the 
extreme sensitivity of the process to the linear energy transfer (LET) of 
the radiation source. From studies in mice, Bateman and Bond (1967) 
concluded that for high LET neutrons the threshold for cataractogenesis 
could be as low as 1 cGy. Presumably, this large RBE (greater than 20 and 
possibly as high as 100) is valid for human exposure also, and, indeed, the 
studies mentioned earlier (Abelson and Kruger, 1949) suggest that the 
threshold dose for cyclotron produced neutrons is on the order of 0.5 cGy. 
Careful, long term studies of occupationally exposed individuals may 
confirm that the high RBE found by Bateman and Bond for mice is 
applicable to man. More extensive discussion of the role of high LET 
radiations in cataractogenesis will be found in Chapter 14. 

Cataractogenesis is one late tissue change that is clearly not related to 
degenerative changes in the vascular endothelium, since none is available 
in this organ. We can almost certainly say that the defect must result from 
damage to the clonogenic epithelial cells of the lens that results in 
defective differentiation of the daughter cells. Also, cataractogenesis meets 
all the criteria for a nonstochastic event: There is a definite threshold, 
about 2 Gy, and there is a dose-severity relationship. 

F R A C T I O N A T I O N  A N D  P R O T R A C T I O N  

O F  E X P O S U R E  I N  T H E  M O D I F I C A T I O N  

O F  L A T E  R A D I A T I O N  I N J U R Y  

Radiotherapy has always had to be somewhat of an empirical practice of 
an art dependent more on observations in the clinic than on advanced 
radiobiological experimentation. Practice of the art simply has not been 
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able to wait for developments in the laboratory, and application of clinical 
observations for the improvement in probability of cure and lessened 
morbidity associated with the treatment has had to move forward without 
complete understanding of the underlying biological science. Nowhere has 
this been more true than in the development of treatment schemes for 
fractionated exposure during radiotherapy of malignant disease. Long 
before the development of the concepts of sublethal injury repair, poten- 
tially lethal injury repair, and, indeed, even before the development of in 
vitro techniques for tissue culture were developed, radiotherapists realized 
that a multifraction treatment plan, spread over several weeks, was more 
effective in the eradication of the tumor than a single dose treatment plan, 
while at the same time reducing undesirable side effects. Part of the 
increased effectiveness of fractionated treatment schemes lay in the ability 
to deliver a larger treatment dose to the tumor while associated morbidity 
in normal tissues was kept at acceptable levels. This latter observation 
suggests that the response of tumors to fractionation may be funda- 
mentally different from the response of normal tissues to fractionated 
radiation. 

FIRST APPEARANCE OF THE POWER LAW 

As early as 1939, Witte was able to visualize that the data of others on 
the relationship between the dose required to reach the threshold for skin 
erythema and the dose rate of the delivered dose (or number of fractions) 
were described best by a power law relationship. There was a linear 
relationship between the logarithm of the dose required for erythema 
production and the logarithm of the number of treatments. A separate 
dose-response curve described the relationship for each of the dose rates 
used. These reports by Witte (1939) and others were the stimulus for 
Strandqvist's report in 1944. 

STRANDQVIST RELATIONSHIP 

Strandqvist's improvements on prior models depended on his use of the 
total time of treatment as the basis for constructing an isoeffect relation- 
ship (Fig. 11.2). He concluded that since the power law relationship 
between dose rate (or intensity) and the overall time of treatment gave an 
exponent value in excess of 0.8-1.0, it was acceptable to reformat the 
information on the assumption that the dose rate, could be replaced by the 
quotient of dose, D, and time, T. The rearranged power law according to 
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Figure 11.2 The Strandqvist power relationship plotted for (A) threshold for skin erythema, 
(B) dry desquamation of skin, and (C) control of skin cancer. The data are from various 
literature sources, which were reviewed by Fletcher (1980). 

Strandqvist is 

D = constant x T 1-p. (11.1) 

Strandqvist found ( 1 -  p) to be approximately 0.2. The results were, 
however, based on the rather limited data then available. The longest 
treatment time for the control of skin cancer (squamous cell carcinoma) 
was 14 days and only 29 patients represented all of the recurrences and 
complications of the treatment. In spite of many reservations about the 
quantitative accuracy of the Strandqvist relationship for the establishment 
of equieffective doses given in different time periods, his results were in 
use for a number of years for clinical prescription of dose. This is in spite 
of a study by Cohen (1949) that convincingly showed that the time 
exponent for squamous cell carcinoma and for acute reactions in normal 
skin were indeed different. Cohen reported that the exponent for normal 
skin was 0.30 and that for squamous cell carcinoma the exponent was 0.22. 
In this difference, according to Cohen, lies the ability to successfully treat 
skin cancer without excessive damage to normal skin. 

NOMINAL STANDARD D O S E  (NSD) 

A fundamental assumption of the Strandqvist model is that overall time 
is the important parameter, and varying the number of fractions or how 
they are distributed in this overall time has little effect on the biological 
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outcome. Since most, if not all, of Strandqvist's analyses used clinical data 
that were based on the pattern of five or six daily fractions per week, which 
was and is widely used in radiotherapy, there was little sensitivity in the 
data to change in the fractionation pattern. 

Fowler et al. (1963) published data on the response of pig skin that led 
them to conclude that overall time, between 5 and 28 days, was relatively 
unimportant, and that the principal determinant of the isoeffective dose in 
this time period was the number and size of individual fractions. They 
concluded that if time is held constant within the constraint just men- 
tioned, then fewer and larger fractions required a reduction of the total 
dose for maintenance of isoeffectiveness. 

In response to the collection of new literature that suggested both 
overall time and number of fractions were important in the determination 
of isoeffective dose, as well as the findings of Cohen that the slopes of 
Strandqvist plots were not necessarily constant, Ellis (1969) proposed a 
new power law formulation that explicitly recognized the role of number of 
fractions and the overall treatment time. This formulation proposed that 
the tolerance dose, D, for a normal tissue is related to the number of 
fractions, N, and the overall treatment time in days, T, by a power law that 
includes a constant, which Ellis called the nominal standard dose (NSD). 
The power law function he proposed, with his choice of exponents, is 

D = (NSD)T~176 (11.2) 

This formula has seen widespread use in radiotherapy and is known as the 
Ellis formula. It is necessary to determine the constant NSD by empirical 
methods. For a given organ or tissue, a biologically effective dose is 
determined (for instance the 50% effective dose for skin erythema) for a 
given combination of T and N. It is then possible to solve Eq. (11.2) for 
the constant. The formulation has clinical attractiveness, since it putatively 
allows the prescription of dose for different treatment regimes, once NSD 
has been established. Even though there was almost immediate dispute 
about the utility and reliability of the formulation itself, as well as the 
quantitation of the exponents, the Ellis formulation has found widespread 
application. One of the great attractions of this construct is that NSD is 
especially determined for every organ, tissue, and tumor, and, in the best 
of circumstances, it is specifically determined in the clinic in which the 
formulation is used, with its machines, methods, and dosimetry. 

SUMMARY OF THE POWER LAW RELATIONSHIPS 

The power law models all have significant shortcomings, and in spite 
of extensive "fine tuning" of the exponents and "jiggling" of the mathe- 
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matical structure of the relationship, there has been no satisfactory 
accommodation to the reality of biological data. Repair during and 
after fractionated radiation is the result of both biochemical repair of 
cellular lesions that alter survival and biological response to damage 
expressed by repopulation of the tissue as the result of the commencement 
of cell division among the survivors. The mathematical form of the power 
law expressions implies more rapid recovery during the earlier part of the 
fractionation cycle, while it is well known that it takes some time for the 
proliferative response to set in, reach its maximum, and then subside when 
cellular population equilibrium is reached. Furthermore, it seems reason- 
ably certain, as Cohen (1949) suggested, that power law exponents are 
neither constant nor applicable to all tissue systems. As later experimental 
work has shown, and as will be discussed here when the linear-quadratic 
model is explored, there is enormous variability in the repair kinetics of all 
tissues, both for acute and late effects. Given these fundamental biologi- 
cally based objections to the power law formulations, we must look to 
alternative models to construct reliable predictions of isoeffect relation- 
ships for widely varying tissues and cells. Generally, the newer models 
based on newer understanding of the survival curve relationships have 
provided such tools. 

REPAIR AND REPOPULATION AFTER IRRADIATION 

The various studies of postirradiation survival with in vitro clonogenic 
systems have defined a number of forms of postirradiation repair that are 
vital to understanding the nature of the response of tissue systems to 
fractionated radiation. These intracellular repair processes have been 
described in detail in other chapters of this work, but the importance of 
each to the biological outcome of fractionated exposure has not been 
examined. Remember that, in addition to the cellular repair processes, 
repopulation at the intact tissue or organ level is also of great importance. 

The three intracellular damage processes and their subsequent repair 
are as follows: 

1. Sublethal damage and its repair 
2. Potentially lethal damage and its repair 
3. Nonreparable damage 

As mentioned in the previous paragraph, during protracted radiation 
and after its completion, the repair processes are complicated and assisted 
by repopulation of tissues from clonogenic survivors. 

In Chapter 7 the various mathematical models for cellular survival were 
outlined, along with their limitations. Most of the advanced models were 
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attempts to deal with two limitations of the multitarget-single-hit (MTSH) 
model: the inability of the model to deal with an initial slope of the 
survival curve that is nonzero and the slowly changing final slope that is 
seen in some or nearly all clonogenic survival systems. For the purposes of 
the discussions here, it is convenient to simplify these various models by 
proposing a nonzero initial slope to the survival curve that is related to the 
irreparable, single-hit component of the cell killing. This cell killing is 
probably predominantly due to the high LET component of the radiation 
used, and this high LET component is found, to a greater or lesser extent, 
in all radiation sources, regardless of their overall LET. Remember that 
even for high-energy gamma-ray interactions, the ends of slowing down 
electron tracts are relatively high LET. 

The original studies of the repair of sublethal damage showed that if a 
period of time were allowed to elapse between the first irradiation and 
delivery of the second, the shoulder of the survival curve tended to 
reappear, and if adequate time were allowed between the two doses, then 
the original shoulder was fully reexpressed. A number of workers has 
visualized the importance of the combination of initial slope, which is 
irreparable, and repair of sublethal damage in determining the response of 
tissue systems to fractionated radiation. A typical idealized response was 
presented by Withers and Peters (1980). 

For the model in Fig. 11.3, the effect of fraction size can be visualized. 
For the very smallest dose per fraction, where cell killing for each fraction 
is mostly limited to that due to the single-hit component, a limiting slope is 
that associated with the single-hit component (for example, fraction size W 
in Fig. 11.3). The other extreme limit is that associated with a single 
fraction for the entire dose, shown in Fig. 11.3 as the limiting slope for 
large dose per fraction. For intermediate doses per fraction, such as X and 
I1, the final survival curve for the fractionated regimen is determined by 
the cell killing for each individual dose, X or II. An effective D O that can 
be measured for each fractionation regimen is represented by the slopes of 
the straight lines, and there is no visible shoulder to the survival curve. 

Cells in organized tissue systems are able to repair potentially lethal 
damage (PLD) as well as sublethal damage (see, for example, Hendry, 
1985). To the extent that repair of PLD takes place during a fractionated 
exposure, the simplified diagrams of Fig. 11.3 will be modified in somewhat 
complicated ways. Recall that the effect of repair of PLD on the clono- 
genic survival curve is to increase the D O (that is, decrease the slope of the 
survival curve). A generalized statement about the effects of PLD repair is 
that a more or less constant increment of dose is required for the same 
level of initial damage. This alteration also appears to be more or less 
independent of the dose after a certain threshold is passed. It is not 
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Figure 11.3 Response of an idealized clonogenic survival system in which there is an initial 
slope less than zero to account for irreparable damage and where complete repair of 
sublethal damage is allowed to occur between fractions. The limiting slope for the smaller 
fractions will be determined by the slope of the single-hit component and is indicated on the 
figure for fraction sizes less than W. The survival for fractionated doses with fraction size X, 
for smaller doses per fraction than for fraction size II, will always be greater. From Withers 
and Peters, in Textbook of Radiotherapy, G. H. Fletcher, Ed. (1980). Reproduced by kind 
permission of Lea and Febiger, Inc. 

possible to be more specific from data available at this time and, further- 
more, no one has successfully modeled the influence of PLD repair on 
fractionation. For the time being, we must accept that it exists as a 
perturbing factor that is not exactly quantifiable. 

To the extent that clonogenic cell killing is responsible for the late 
effects of irradiation on normal tissues, it might be expected that simple 
models derivative of that shown in Fig. 11.3 are valuable in predicting the 
outcome of fractionation regimes. This is indeed the case. If the underly- 
ing mechanism for the late effects attributed to vascular endothelial 
damage is also a clonogenic depletion of endothelial precursors, the 
models derived from Fig. 11.3 will have general applicability. 
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DOUGLAS AND FOWLER F e FORMULATION 

Presently, one of the most popular formulations to predict the modula- 
tion of late effects of irradiation by fractionation is that due to Douglas 
and Fowler (1976). Their studies were done on the skin reaction of the foot 
of the mouse with fractionation schedules up to 64 fractions in a constant 
overall time for delivery of the total dose. It is important to note that these 
authors were able to control for and to rule out the effect of repopulation 
in the short overall time of their exposures. They observed that for a 
constant level of effect (isoeffect), when total dose to achieve the desired 
level of effect was plotted against the number of fractions, the data were 
very well described as 

n • ( a D + f l D  2) = 3'. (11.3) 

In this equation n is the number of fractions, D is the dose per fraction, 
and a, /3, and 7 are constants. Their interpretation of this formulation 
was based on three basic assumptions: 

1. Repair occurs after single doses of X-rays, although it requires a test 
dose to detect this repair (the Elkind-Sutton experiment). Equal amounts 
of repair occur after repeated dose fractions of equal size in any one 
tissue. 

2. The biological outcome depends on the surviving fraction of critical 
clonogenic cells in that system. The reaction level of the late effect 
(severity) correlates with this surviving fraction. 

3. Every equal fraction will have the same biological effect, indepen- 
dent of its position in the series. 

Given the formulation of Eq. (11.3), for a given tissue and range of 
dose, a simple function exists that, when multiplied by the dose, yields the 
logarithm of the surviving fraction. The equation that relates dose per 
fraction, D, and the number of fractions, n, for a constant surviving 
fraction, S (also, presumably, a constant level of biological effect), is 

InS = n Fe ) D. (11.4) 
a 

Note that in this reformulation of their model, Douglas and Fowler used 
the constant a, rather than a, as in Eq. (11.3), to make it clear that it is a 
different constant. For an appropriate choice of a, F e is the inverse of the 
total dose, nD, for multiffaction data. The equation for the single dose cell 
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survival curve is 

S =  e x p ( ~  Fea D) ,  (11.5) 

where S is the surviving fraction of cells after a dose, D. 
Recall that with an appropriately chosen a, 

Fe = n---D" (11.6) 

Note that F e, by its derivation, is the reciprocal of the total dose to 
produce a constant biological level of effect (isoeffectiveness)with any 
fractionation scheme in which repopulation does not play a role. If F e is 
plotted as a function of dose per fraction, a straight line is the result, and it 
is described by the equation 

F e = b + cD. (11.7) 

Substituting Eq. (11.7) into Eq. (11.4)yields 

l n S = n  
c ) 

- D + - D  2 . ( 1 1 . 8 )  
a a 

This elegant formulation, which has wide applicability for late damage 
in a number of tissues, was derived from first principles by Douglas and 
Fowler and was not dependent on any assumptions other than those three 
outlined previously. Can this formulation be reconstructed in a way that 
relates obviously to our preconceived models for radiation damage? The 
original authors and others have shown that is indeed the case. 

Using the linear-quadratic formulation, if we can assume constant 
effect per fraction, the equation for the surviving fraction of critical cells 
can be written 

In S = - n (  aD +/3D2) ,  (11.9) 

and if the effect being measured is directly related to the logarithm of 
surviving fraction, then (negative In) S / S  o can be relabeled E, and we can 
divide by the total dose, nD, to obtain 

1 ~ t3 
= - -  + - - D .  ( 1 1 . 1 0 )  

nD E E 
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The term on the left was defined earlier as F e, and Eq. (11.10) is identical 
with Eq. (11.7). Now the constants b and c of Eq. (11.7) are defined in 
terms of the well known constants a and /3 of the linear-quadratic or 
molecular model. Since E is an unmeasurable constant, it is not possible 
to directly determine the two constants a and/3, but from an isoeffectplot, 
that is, a plot of the reciprocal of the total dose for isoeffect as a function 
of dose per fraction, D, we may evaluate the constants a / E  and ~ / E  as 
the extrapolated zero dose per fraction intercept and the slope, respec- 
tively, of the isoeffect plot. The ratio of the two constants reduces to the 
ratio a / ~ .  This ratio has proved to be invaluable in the study of fractiona- 
tion effects, not only for late effects in normal tissue, but equally for 
clonogenic survival. 

The fact that Eq. (11.10) provides a good fit to the data for a very wide 
range of late effects in normal tissue is the strongest evidence available 
that most late effects have as their underlying mechanism the depletion of 
some population of critical clonogenic cells. Furthermore, the numerical 
value of the a/r ratio has proved to have great potential for estimating 
the repair potential and thus the protection provided by fractionation for a 
wide range of tissues. 

The F e model (Fig. 11.4) has grown to be the principal device for 
intercomparison of the effects of fractionation on various tissues. How- 
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Figure 11.4 A Douglas and Fowler F e plot for some arbitrary data replotted from my own 
data on gastrointestinal crypt cells. The data were collected at several fraction numbers and 
the total dose required to achieve a given biological response was determined. As shown in 
the theoretical plot, the intercept, which is taken to be a/E,  is 0.0175. The slope was then 
estimated graphically. 
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ever, the effectiveness of this model is not necessarily a proof of the 
biological significance of the linear-quadratic model. Any other cell killing 
model that presumes an initial slope less than zero appears to be equally 
useful. Since the MTSH model has an initial slope of zero, its theoretical 
limitation prevents its application for meaningful results. No version of the 
power laws discussed in the preceding section adequately describes the 
data fitted by the F e plot. 

SIGNIFICANCE OF THE ~///~ RATIO 

Since, in its simplest form, in the linear-quadratic model the a coeffi- 
cient describes single-hit, irreparable damage in general, and the /3 coef- 
ficient describes multiple-hit killing, the independent variability in these 
two terms can have an effect on the fractionation sensitivity of tissues. The 
simpler mechanistic description of the a-/3 formulation is no longer 
considered to be completely accurate, and the newer concepts of lesions 
and sublesions and their interaction (described in Chapter 7) are more 
acceptable. For the moment though, assuming a constant value for the a 
coefficient, a larger and larger value for the /3 coefficient will signify a 
smaller a / ~  ratio, but a higher proportion of the radiation damage will be 
reparable. This, in general, is what is found for biological systems. The 
range of values for a / ~  is quite large, but some significant differences 
between tumors and normal tissue are evident. Thames and Hendry (see 
Suggested Additional Reading) compiled some of these data from various 
literature sources for tumors irradiated as growing tumors in the animal 
and for some normal tissue late effects (see Table 3.3, page 76, and Table 
3.7, page 94 in Thames and Hendry). The growing tumors have a / ~  ratios 
from as low as 5 to as high as 30, but the predominant range is 10-20. a / ~  
ratios for late effects in normal tissues range from 1.5 to about 7, but again 
have a central tendency around 3-5. Acute effects in normal tissue 
generally have a / ~  ratios around 10. The conclusion to be drawn from 
these observations, although somewhat gingerly to say the least, is that we 
would expect to find significantly higher protection for late effects on 
normal tissues relative to tumor from fractionation. Indeed, these observa- 
tions have led radiotherapists to their present clinical trials of what has 
been called hyperfractionation, the delivery of several small fractions per 
day over an extended period to achieve effective total curative doses. 
Several reports on these clinical hyperfractionation studies have appeared. 
Although the results are not encouraging, further extensions of these trials 
are ongoing. 
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It must be restated clearly that the Douglas and Fowler F e model ( a / f l  
model), which was derived by ab initio data fitting, does not require that 
the linear-quadratic relationship faithfully represent cell killing in the 
sensitive tissue being considered. The only requirement is that the model 
effectively predicts the relative sensitivity of various tissues involved in 
radiotherapeutic practice. 

WITHERS EXTENSION OF THE f e MODEL 

Withers et al. (1983) extended and slightly modified the Douglas and 
Fowler model to produce a formulation that can be of daily utility in 
radiotherapeutic planning. The equations require an independent estimate 
of a / f l ,  but this is usually obtained by isoeffect-fractionation studies as 
just described for the methods of Douglas and Fowler. 

The Withers et al. isoeffect model makes the same generalized assump- 
tions as the Douglas and Fowler model. It also starts from the premise that 
cell killing in the tissue under consideration can be described adequately 
by the linear-quadratic model. That is, the surviving fraction after N 
fractions is 

S -- ( e -aD+ flD2) u. (11.11) 

Remember from Fig. 11.4 that there is a dose, W, such that further 
reduction in the dose per fraction yields no detectable further protection 
provided by interfraction repair processes. This dose is called the flexure 
dose, a term originated by Withers (1977). It is a useful concept, since it is 
important, in practice, to know the dose per fraction below which further 
protection of normal tissue is not provided. The flexure dose has been 
shown to be a multiple of a / f l  (Tucker and Thames, 1983). Therefore, 
characterization of the sensitivity of tissue to dose fractionation in terms of 
a / f l  may be thought of as dose specification in terms of the useful flexure 
dose concept. 

The most commonly used fraction size in radiotherapy is 2 Gy. There- 
fore, the model expresses change in sensitivity with different fraction size 
as the ratio of the new total dose, D, to the reference total dose, Dref, 
when a new fraction size, d, is proposed in place of the reference fraction 
size, dre f. The reader is referred to Withers et al. (1983) for the complete 
derivation of the equation, but it is the result of simple manipulation of 
Eq. (11.11): 

D ( a / f l )  + dre f 
= . (11.12) 

Ore f (a /13)  + d 
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Figure 11.5 Theoretical isoeffect curves developed by Withers et al. (1983) using their 
modification of the F e model. The curves were constructed using three different values for 
a / f l  and a dre f of 2 Gy. The total equieffective doses are expressed as a ratio and as a 
percentage of the total dose when it was given in dre f fractions of 2 Gy. Repair is assumed to 
be complete between dose fractions. Reprinted from Withers et al. (1983), with kind 
permission from Elsevier Science Ireland Ltd., Bay 15K, Shannon Industrial Estates, Co. 
Clare, Ireland, and the authors. 

The ratio a/[3 is that taken as appropriate for the tissue for which an 
isoeffect dose is required. Figure 11.5 shows a set of theoretical isoeffect 
curves constructed by Withers et al. for different values of a/ f t .  
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PROBLEMS 

1. One of the most widely used treatment schedules for radiotherapy is 
the administration of daily fractions on weekdays (Monday through 
Friday) for four consecutive weeks. The most widely used dose per 
fraction is 2 Gy. Assuming that NSD is 17 and that the exponents given 
in the text for the Strandqvist and Ellis NSD equations are appropriate, 
what change in the daily dose per fraction would be required if the total 
dose in the standard four week schedule is 60 Gy and this dose must be 
given in three weeks instead of four weeks. 

2. For skin reactions in the mouse foot Douglas and Fowler found that the 
values of alE and ~/E are, respectively, 1.32 x 10 -4 and 1.27 x 10 .7  

when the doses were expressed in rad. Using the equations in the text 
and, as desired, referring to the original reference, deduce the survival 
curve for the clonogenic cells responsible for maintaining the integrity 
of the skin of the foot of the mouse. 



Chapter 12 

Stochastic Effects 
Radiation Carcinogenesis 

INTRODUCTION 

HISTORICAL 

Unfortunately, the propensity for ionizing radiation to produce cancer 
in exposed human beings was demonstrated within a few short years of 
R/Sntgen's discovery of X-rays. Dermatitis of the hands, but with no proven 
resulting cancer, was reported as early as 1896. The first clearly cancerous 
changes were reported in 1902 in an X-ray induced ulcer, and clear-cut 
radiation associated leukemias were reported in 1911 (Stone, 1959). These 
early cancers were thought to be the result of "excessive exposure" to 
ionizing radiation; it was not until many years later that epidemiological 
studies demonstrated that cancer could be associated with low doses of 
radiation. A landmark 1946 study on cancer related mortality in radiolo- 
gists (Ulrich, 1946) suggested the possibility of a dose-effect relationship 
for radiation induced cancer that might be a "no-threshold" response. The 
world's literature on the subject of radiogenic cancer is very large indeed, 
but a number of very useful general reviews have appeared that summarize 
the field as of their date of publication. The most recent of these is by Fry 
and Storer (1987), to which the readers are referred. This reference also 
provides a good summary of the earlier review literature in the field. 

308 
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S T O C H A S T I C  V E R S U S  N O N S T O C H A S T I C  E F F E C T S  

The definition and characterization of stochastic and nonstochastic 
effects were given in detail in the Chapter 11. A brief discussion of 
the relationship of these definitions to radiogenic cancer is in order at 
this point. 

In Chapter 11, it was generally possible to describe the dose-response 
relationships for tissue late effects in the usual pharmacological terms of a 
sigmoid dose-response curve with some dose below which we would not 
expect any effect in any exposed individual (the threshold). The shapes of 
the dose-response curves for cancers that result from ionizing radiation 
are highly variable, and the shapes depend on many factors other than the 
radiation dose. In general, however, it has not been possible to demon- 
strate a threshold dose (nor is it theoretically possible to do so) for 
radiogenic cancers. Scientific opinion widely holds that there are theoreti- 
cal reasons for the lack of threshold, but proof of the null hypothesis is, as 
ever, not possible. It is taken that changes can occur at any exposure level, 
and even though for low doses the frequency of the changes in an exposed 
population might be thought to be low, the frequency of occurrence is still 
not zero. There is still a great deal of discussion as to the actual shape of 
the dose-response relationship for cancer as well as for genetic damage, 
but there is very little scientific opposition to the argument that these are 
indeed effects without a dose threshold after exposure to ionizing 
radiation. 

Since all the evidence seems to suggest that radiogenic cancer is, 
indeed, a stochastic effect, it is possible to express the likelihood of a 
cancer being produced either for a single individual for a given exposure of 
that individual or for a population of many individuals, all of whom have 
received some exposure. For example, if the chance of developing a 
particular cancer for one subject is thought to be 1 x 10 -6 cGy -1, then we 
can just as well project that if a million subjects all have an average 
exposure of 1 cGy, the likelihood is that one excess case of cancer over the 
normal incidence rate would be predicted, but it would be very unlikely 
that we could detect such a small increased incidence. Such reasoning 
gives rise to the concept that was earlier called population dose, but more 
recently has been renamed collective dose. The collective dose is expressed 
in person-sievert and it is the product of the average dose and the num- 
ber exposed, or the sum of the known or projected doses for all of the ex- 
posed people. The concept of collective dose is described in detail in Chap- 
ter 16. 
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ARGUMENTS FOR AND AGAINST THE STOCHASTIC MODEL 

The first classification of radiation damage as either stochastic or 
nonstochastic was suggested by the International Commission on Radio- 
logical Protection (1977). Their definitions required that, for a stochastic 
effect, the probability of the effect occurring, rather than the severity of 
the effect, is a function of dose. Nonstochastic effects are those for which 
severity is a function of the dose and for which there may be a threshold of 
dose below which there is no effect. 

The most impressive counterargument to assigning this definition to 
radiogenic cancer is that there is an accumulating body of evidence that 
there is some relationship between severity of the cancer and dose. Fry et 
al. (1976) showed that Harderian gland tumors were seldom invasive and 
rarely metastasized after low doses of low (LET) radiation, whereas after 
higher doses of low LET radiation, increased invasivity and metastatic 
potential resulted. Burns et al. (1975), Ullrich and Storer (1979), and 
others suggested also that there may be cancers for which there is indeed a 
threshold dose. In spite of these caveats, the stochastic-nonstochastic 
model remains useful and is in widespread application, especially for risk 
assessment. 

The argument continues unabated between the proponents and oppo- 
nents of the terms stochastic and nonstochastic, but there is no clear 
advantage to any of the alternatives yet offered. 

B A S E S  F O R  O U R  K N O W L E D G E  O F  

R A D I A T I O N  C A R C I N O G E N E S I S  

The three important sources of information for the understanding of 
carcinogenesis produced by ionizing radiation are as follows: 

1. Studies of radiation carcinogenesis in experimental animals. 
2. Studies of transformation of cells grown in tissue culture, an end 

point that is thought to be analogous to the processes of the early stages of 
carcinogenic transformation of cells in living animals. 

3. Studies of irradiated populations of human beings exposed either 
accidentally, for medical purposes, or as the result of atomic bomb detona- 
tions in World War II. 

Each of these subjects will be discussed in the following sections. 
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R A D I A T I O N  C A R C I N O G E N E S I S  I N  

E X P E R I M E N T A L  A N I M A L S  

The induction of cancer in experimental animals was known well before 
the unequivocal demonstration of the link between ionizing radiation 
exposure at the low doses, such as those received by radiologists, and 
cancer in human populations. In the 1930s, experimenters demonstrated 
the increased incidence of various leukemias in mice, and one landmark 
study of that time, but by no means the first, was that of Furth and Furth 
(1936). Upton et al. (1958)published extensive information on the 
dose-response relationships for the induction of myeloid leukemia and 
lymphoid leukemia in mice. The data for myeloid leukemia are shown in 
Fig. 12.1. The incidence of lymphoid leukemia was much lower for all 
doses used in this study. The relationship shown in Fig. 12.1 is prototypical 
for many of the dose-response curves of cancer induction for most tumors 
in experimental animals; only the dose and incidence scales will be 
different. These curves illustrate a number of important points that are 
general for animal tumor systems, and probably equally applicable in a 
qualitative sense for tumors in human beings. 
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Figure 12.1 The incidence of myeloid leukemia in RF mice as a function of radiation dose 
(from the data of Upton et al., 1958). The lower curve (solid data points) is the observed 
incidence without correction. When the data are corrected for intercurrent mortality from 
diseases unrelated to the leukemia, the upper curve (open data points) results. The data of 
Upton et al. on lymphoid leukemia are not presented in this figure. 
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1. There is a nonzero incidence of the tumor in animals that have never 
been irradiated (natural incidence). 

2. The curve of incidence versus dose rises sharply for low doses, and 
this curve usually has a complicated dose relationship that cannot be 
described by a first-order equation. 

3. There is a maximum value less than 100% for the incidence 
obtainable. 

4. Often there is a decreasing incidence for doses higher than the 
maximum, but these decreases may disappear when corrections are made 
for intercurrent death from other causes. 

The correction for intercurrent death is well illustrated in the data of 
Fig. 12.1. Deaths from other causes in the irradiated population remove 
individual members of the population who might have developed the 
tumor of interest if they had survived long enough. 

The shape and nature of the dose-response curve probably is among 
the more important contributions made from studies in experimental 
animal carcinogenesis. The quantitative description of the risk associated 
with ionizing radiation exposure for human populations cannot be directly 
derived from animal studies. That is clear (Fry, 1993). However, the great 
range of studies that have been undertaken in animals provides a reason- 
able understanding of the underlying biology associated with curves of the 
type seen in Fig. 12.1. We have every reason to expect that the qualitative 
aspects of those curves will apply for human carcinogenesis that results 
from radiation exposure, but the quantitative aspects of human carcino- 
genesis cannot be derived from animal studies alone. 

The data in Fig. 12.1 are for significantly higher doses than are of 
interest for the protection of the public, for example, 25 cGy to a few gray 
is generally the range of doses used for the animal studies, whereas the 
concern for human exposure is in the range of less than 1 mGy up to 1 
cGy. The important datum that is required for human radiation protection 
is the slope of the curve of incidence versus dose at these very low doses. 
The initial slopes for the curves in Fig. 12.1 are essentially unknown 
because no data were developed for doses below 1.5 Gy, and it is unlikely 
that animal studies will lead to a complete elucidation of the shape of this 
low dose portion of the curve for low LET radiation. However, there is one 
set of animal data that is beginning to shed light on the nature of the 
initial slope of the curve of excess tumor incidence versus dose. Fry et al. 
(1976) developed a model for carcinogenesis studies in the mouse, using 
the incidence or prevalence of tumors in the Harderian gland of the mouse 
as an end point. This experimental system is unusual in that it uses 
promotion of tumor incidence by growing implants of pituitary glands from 
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donor mice. We suggest that this model is much closer to the real 
circumstance in human carcinogenesis. With this model, Fry et al. (1976) 
were able to elucidate much information about initial slopes for tumor 
incidence at low doses. Alpen et al. (1993) extended the dose range 
downward in the same promoted Harderian gland system, to as low as 10 
cGy with heavy charged particles and to 40 cGy with low LET radiations. 
These low dose studies all suggest a nonthreshold response with a linear 
initial slope. 

Why is there a maximum for the incidence of tumors in irradiated 
animals? It has been suggested and confirmed from cell transformation 
studies that as the dose of radiation increases, the killing of potentially 
transformed cells becomes an important consideration. Accordingly the 
number of cells remaining alive to ultimately produce a tumor is reduced 
at very high doses. This explanation is not entirely satisfactory to explain 
the continuous plateau in the dose-response curve seen for many tumors. 
Literally hundreds of studies have been done on animal models for 
radiation carcinogenesis, but it would be unproductive to review these 
reports in detail. Upton (1986) has, however, provided a very concise 
summary of the findings of all of these experiments: 

1. Neoplasms of almost any type can be induced by irradiation of an 
animal of suitable susceptibility, given appropriate conditions of exposure. 

2. Not every type of neoplasm is increased in frequency by irradiation 
of animals of any one species or strain. 

3. The carcinogenic effects of irradiation are interconnected through a 
variety of mechanisms, depending on the type of tumor and the conditions 
of exposure. 

4. Some mechanisms of carcinogenesis involve direct effects on the 
tumor forming cells themselves, but others may involve indirect effects on 
distant cells or organs. 

5. Although the dose-incidence curve has not been defined precisely 
for any neoplasm over a wide range of doses, dose rates, and radiation 
qualities, the incidence generally rises more steeply as a function of dose 
and is less dependent on dose rates with radiations of high linear energy 
transfer (LET)~such  as alpha particles or fast neu t rons~ than  with 
radiations of low L E T ~ s u c h  as X-rays and gamma rays. 

6. The development of neoplasia appears to be a multicausal and 
multistage process in which the effects of radiation may be modified by 
other physical or chemical agents. 

7. At low to intermediate dose levels, the carcinogenic effects of 
radiation often remain unexpressed unless promoted by other agents. 
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8. At high dose levels the expression of carcinogenic effect often tends 
to be suppressed by sterilization of the potentially transformed cells or 
by other forms of radiation injury, resulting in saturation of the dose- 
incidence curve. 

9. The distribution in time of appearance of radiation induced tumors 
characteristically varies with the type of tumor, the genetic background 
and age of the exposed animal, the conditions of irradiation, and other 
variables. 

10. Because of the diversity of ways in which irradiation can influence 
the probability of neoplasia, the dose-incidence relationship may vary 
accordingly. 

The foregoing conclusions are quoted directly from Upton (1986), and, 
as for nearly all matters related to radiation carcinogenesis, there are 
disputes among specialists as to the precise tone of each quote. The 
"bending-over" of the dose-response curve is easily explained by the cell 
killing hypothesis, but as we will see shortly, when the cell transformation 
model is used, even after correction for cell killing, the curve of transfor- 
mants per surviving cell still shows a saturation-type curve in some in- 
stances. Statement 7 could imply the existence of the threshold effect for 
radiogenic carcinogenesis. This has been noted through private communi- 
cation from R. J. M. Fry. In item 10 it might be more informative to 
suggest that the biology of a specific tumor, including its relationship 
with host factors, is often more important than the radiation that has 
been given. 

CLONAL THEORY OF CARCINOGENESIS 

Essentially all the observations made in the preceding sections about 
experimental radiation carcinogenesis are in accord with the widely held 
concepts of modern theories of carcinogenesis in general. The theory holds 
that the disease~cancer~is  characterized by three properties: (1) trans- 
formation of a cell that brings about a state of unresponsiveness to growth 
control mechanisms of the intact organism, (2) the ability of these trans- 
formed cells to invade surrounding tissues, and (3) the ability of these cells 
to migrate to other locations in the body and to establish a new growing 
tumor (metastasis). These changes are the result of an initial somatically 
heritable change in the genome, followed by a multistep process that 
involves both further genetic as well as epigenetic changes. There is strong 
experimental support for the clonal model of carcinogenesis. Chromoso- 
mal alterations, the role of DNA repair, misrepair, and replication, and the 
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heritability in somatic cells of the transformed properties all follow pat- 
terns that are quite similar, if not identical, to the patterns seen in 
radiation induced cancer. The stochastic nature of the incidence of radia- 
tion induced cancers is also supportive of such a model. There is strong 
evidence from analysis of isozyme patterns within tumors, the consistency 
and long term persistence of karyotypic changes in the cancer cell, 
and special immunoglobulin production patterns that cancer arises from 
a single cell. 

It is a necessary, but usually not a sufficient requirement for the 
heritable, nonreversible change in a single cell to lead to production of a 
neoplasm. So then it is only necessary to alter the DNA of a single cell in 
such a way that the properties necessary for neoplastic growth might 
result. Only a single radiation interaction in a single cell should suffice, 
under the proper conditions, for transformation to occur and, ultimately, 
to lead to cancer. 

Such a simple model, which requires an appropriate change in the DNA 
of a somatic cell, is not adequate, however, to explain the many interac- 
tions that are known to modify the likelihood of a given transformation 
event developing into a full-blown malignant neoplasm. Both experimental 
studies on animals and observations on human patients have shown the 
importance of a number of factors, other than the clonal transformation 
event. The complex of factors modulate the final result of the transforma- 
tion of a single cell. Growth and function modulators in the intact 
organism are particularly important. Tumors of the mammary glands, the 
ovary, the adrenals, the pituitary, and the Harderian gland of the mouse, 
as well as several other tumor systems, all have a significant interaction 
with the level of hormones to which the normal tissues usually respond. 
The presence or absence of oncogenic viruses is of great importance, 
particularly for murine leukemias, as shown in the work of Kaplan (re- 
viewed by him; Kaplan, 1964). Large within-species (that is, strain related) 
differences in susceptibility to carcinogenesis induced by radiation, as well 
as large differences among species, indicate an important role for the 
genetic makeup of the irradiated subject. Immunocompetence is surely an 
important modifier in the ultimate determination of whether the trans- 
formed cell will survive to be expressed as a neoplasm. Many other factors, 
such as the state of cellular proliferation and the age dependence of 
sensitivity to cancer induction, are also intimately involved in the process. 
Figure 12.2 is intended to indicate some of these various interrelationships. 

The general concept of clonal origin for tumors is no longer widely 
disputed, subject to the interactions of all the modifying influences sug- 
gested in Fig. 12.2, but new and interesting ideas were presented by 
Alexander (1985), who suggested that even initiation may require the 
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Figure 12.2 The various events from the initial transformation of a single cell into a 
clonogenic, neoplastic phenotype. Many factors can influence the course of subsequent events 
until there is full expression of the phenotypic behavior in the fully autonomous malignant 
cell capable of invasion and metastasis. 

transformation of several cells to provide an appropriate environment for 
the development of the proliferation characteristics of tumors. Alexander's 
ideas are supported by several scattered but well established observations 
that some tumors might be multiclonal in origin. 

LATENCY FOR T U M O R  DEVELOPMENT 

All the human data that have been evaluated, as well as the animal 
experimental data, show that there is always a delay between the irradia- 
tion of the subject and the ultimate appearance of the neoplasm. For 
rodent populations, the usual subjects for the study of experimental 
radiation carcinogenesis, the latency between irradiation and appearance 
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of the tumor can be from a few months to most of the life-span of the 
animal (2-3 years). For human populations, the latency can be as short as 
2-5 years, as it is for leukemogenesis, or as long as 35-40 years, as it is for 
some solid human tumors. The reasons for this latent period are not at all 
clear, but the existence of a long latency indicates that a number of 
changes are necessary for ultimate tumor development, either in the 
transformed cell or in the host relationship to these transformed cells. 

INITIATION-- PROMOTION HYPOTHESIS 

A proposed mechanism first suggested by Berenblum (1941) has become 
part of the classic literature of carcinogenesis. He proposed that carcino- 
genesis was the result of at least a two-step process. The first step, which 
he called initiation, was an irreversible and necessary first step. This stage 
of the process is now associated with the somatic genomic alteration 
process (clonal origin), which may include somatic mutations, activation of 
an oncogenic virus, or activation of a normally silent oncogene. These 
processes, or any necessary combination of them, may be interrelated. 

The second step in oncogenesis, labeled promotion by Berenblum, is the 
result of exposure of the transformed cell to agents that ultimately lead to 
expression as a visible neoplasm. Promotion is a process that must neces- 
sarily happen after initiation, and could be related to further as yet 
ill-defined changes in the already transformed cell, as well as organismic 
changes such as altered immunosuppressive capability or altered cell 
replication characteristics. This multistep promotion process is thought by 
many investigators to be responsible for the long time period from the 
transformation event until the appearance of a visible tumor. 

It is important to understand one of the necessary axioms of the 
initiator-promoter concept. That is, that the initiator need act only once, 
and its continued presence or activity is not required, whereas the pres- 
ence of the promoter, in principle, is required for some longer time. 
However, there are known cases where the initiator is also the promoter, 
and ionizing radiation seems to act in both roles. 

Much more complex mechanisms than the Berenblum initiator- 
promoter hypothesis are certainly responsible for the multistep process of 
tumorigenesis. Studies on human diploid fibroblasts in culture have led to 
the definition of at least three major steps in the malignant transformation 
of these cells; (1) the development of morphological changes, (2) cellular 
immortality, and (3) tumorigenicity. The development of fully immortalized 
cells involves the escape from senescence, increase in cloning efficiency, 
and increase in growth rate (Bols et al., 1992). Immortality is a frequent 
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occurrence in rodent cell lines, but only rarely arises in human cell lines 
after irradiation. 

ONCOGENES IN ANIMAL AND HUMAN TUMORS 

Activation and enhanced expression of a number of oncogenes have 
been established in association with a variety of tumors, but there still has 
not been a clear association of oncogene expression in human tumors 
arising from ionizing irradiation. This is, perhaps, not surprising since it is 
rarely possible to define a human tumor as definitively the result of 
radiation exposure. Human diploid fibroblasts in culture have proved to be 
much more resistant to transformation by oncogene transfection than are 
the rodent lines, but some studies have produced anchorage inde- 
pendent growth after transfection with the H-ras  oncogene. Namba et al. 

(1989) showed that a human diploid cell line that had been transformed to 
immortality but not tumorigenicity by repeated gamma-ray exposures 
became tumorigenic on infection with the Harvey murine sarcoma virus 
and oncogenes of the ras family. These findings indicate, as we will see is 
the case for rodent cell lines, that oncogenes possibly play a much later 
role in the induction of tumorigenicity by radiation than is the case with 
chemical carcinogenesis. 

There has been unequivocal identification of N-ras  and KJ-ras in radia- 
tion induced tumors in rodents. Guerrero et al. (1984a, b) for example, 
reported the presence of the c-ICl-ras oncogene in radiation induced mouse 
lymphoma. Others have reported activation of Ki-ras and amplification of 
c-myc  in radiation induced skin tumors. 

The search for association of oncogene activation in the course of 
radiation induced tumors has not been particularly fruitful. Krolewski and 
Little (1989) failed to find oncogene activation in 23 X-ray transformed cell 
lines. They tested for a number of oncogenes, including those of the ras 

family. Several other authors have reported similar findings. It has been 
suggested that the presence of the ras family genes in those studies with 
positive findings is associated with a very late stage in the development of 
carcinogenesis. Studies with rodent cells indicate that cell line immortality 
was a prerequisite for malignant transformation by ras gene transfection. 
These findings suggest that the ras family plays a very late-stage role in 
the development of malignancy. 

Possibly, for radiation induced tumors and malignant cell lines, radia- 
tion alone through direct DNA damage is adequate to induce the early 
stages of malignant transformation without the need for oncogene activa- 
tion. Another possibility is that unique, radiation related oncogenes that 
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have not yet been identified will ultimately explain the relative noninvolve- 
ment of known oncogenes in transformation by ionizing radiation. 

Presently no experimental data known to me demonstrate the involve- 
ment of tumor suppressor genes in radiation carcinogenesis, but, almost 
certainly, they are important in the overall process. Suppressor genes have 
been shown to play a significant role in other tumors. The p53 and 
retinoblastoma genes play an important role in certain human 
tumors, including retinoblastoma, Wilm's tumor, and some colon and 
breast cancers. 

DOSE-RATE EFFECTS 

A general observation for radiation carcinogenesis is that decreasing 
the dose rate of the irradiation reduces the effectiveness of the radiation 
for cancer induction. The models just described suggest that the observed 
reduction of effectiveness with lowered dose rate is intimately connected 
with the ability of the irradiated cell to appropriately repair damage to the 
DNA molecule. Since the greater effectiveness of high LET radiation is 
also related to DNA repair or lack of it, we expect that high LET 
radiations also would be more effective than low LET radiations for 
carcinogenesis. This is indeed the case, presumably because the lesions 
associated with the high LET radiation are more difficult to repair. 
Whatever the underlying mechanism, it remains the case that lowering the 
dose rate will generally decrease the effectiveness of low LET radiation for 
tumor production. For this stochastic process, however, there is a dose 
level below which the dose rate should be irrelevant. If the total dose 
delivered is such that the cell "sees" only one ionizing event, then the time 
during which multiple events are delivered is irrelevant. The effects of 
dose rate and high LET radiation will be discussed further in Chapter 14. 

If the time over which the irradiation exposure is protracted is more 
than a few hours, other complications are introduced into the biological 
outcome. Repair at the level of the DNA molecule is generally thought to 
be effective on a time scale measured as a few hours. If protraction is 
longer relative to DNA repair time, not only will repair occur, but 
repopulation of tissues to replace cells killed by irradiation will offer new 
target cells at risk for transformation. If the time of irradiation is long 
relative to the life-span of the animal, the changing age-dependent sensi- 
tivity to radiogenic cancer formation becomes an important factor and can 
cloud the issue of the effects of protraction. In Fig. 12.2, an attempt has 
been made to outline most of the important interactive processes in 
radiation carcinogenesis. 
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T R A N S F O R M E D  C E L L  I N  V I T R O  ~ 

If, as has been suggested in the foregoing sections of this chapter, 
cancers are of clonal origin, and all the cells of a tumor are the progeny of 
a single cell that has undergone a transformation, then an experimental 
procedure that would allow the quick, reliable determination of this 
alteration in phenotype would be of great value. In terms of the mecha- 
nisms of carcinogenesis, the transformation of a single cell into one that is 
potentially malignant represents the initiation event and may be regarded 
as the first step in the process described in Fig. 12.2. It is essential to 
realize, however, that such an assay of initiation or transformation is 
indeed only an identification of the first step. The in vitro determination of 
the transformation step does not recognize the importance of the subse- 
quent steps that depend on the responses of the intact organism. These 
other determinants, such as hormonal or immunologic factors, as well as 
the physiological processes of vascularization, are of great importance but 
cannot be observed in a simple transformation system. 

The in vitro transformation system meets many criteria, however, that 
suggest that it is, indeed, a model system that reflects the cellular changes 
that occur in the two-stage initiation-promotion description of transfor- 
mation. There is a high degree of correlation for the transformation 
potential of a wide range of chemical and physical agents and their 
potential for the production of cancer in the intact animal. Both initiation 
and promotion can be demonstrated in the system by appropriate 
experiments. At least for mouse cells transformed in vitro, there is a 
demonstrable presence of activated oncogenes that, with modern molecu- 
lar biological methods, can be transfected into recipient cells, which in 
turn are transformed. It remains to be seen, however, where and at what 
time in the process of transformation to tumorigenicity the role of 
oncogenes enters. 

IN VITRO CELL TRANSFORMATION SYSTEMS 

It would be ideal, for transformation studies, to have cell lines that are 
pertinent for human and animal cancers. Since well over 90% of human 
cancers are of nonmesenchymal origin, it would be preferable to use cell 
lines of epithelial origin. However, the two principal systems in use are of 
fibroblastic origin. These two systems are significantly different in their 
characteristics. One of these, cells from Syrian hamster embryo primary 



Transformed Cell in Vitro 321 

fibroblast culture, represents a cell line that is not immortal in in vitro 
culture. These cells are obtained by subculturing cells that grow out of a 
primary culture of minced hamster embryo cells. The hamster system has 
the advantage that the cells are euploid in their karyotype and have not 
undergone the limited transformation that is required for a cell line to 
acquire the property of unlimited growth (immortal culture). The hamster 
cells, though, when assayed as transformed are not tumorigenic when 
transplanted into syngeneic recipients. The tumorigenic trait is acquired 
only after multiple tissue culture passage for transformed lines that arise 
from the hamster embryo culture. The radiation transformation of Syrian 
hamster embryo cells was first studied by Borek and Sachs (1967). 

For hamster embryo cell lines the transformation process is measured 
by using a variant of the colony assay. Cells are plated at low density on a 
plastic tissue culture plate. These cells are treated either by exposure to 
the potential carcinogen just before plating or by exposure on the culture 
dish after plating. The cells are allowed to grow to macroscopic colonies, 
usually about 8-10 days for this tissue system. At the end of the growth 
period the cells are fixed on the plate and stained. If no transformation 
events have taken place, the cells will have grown in an orderly fashion and 
individual colonies will be flat, with the cells growing in a single layer. 
Clones that are transformed will grow in a "piled-up" fashion and with 
very disorderly arrangement. These latter are scored as transformed clono- 
gens. Such transformation foci are distinguished easily in the fixed and 
stained plate as deeply staining, dense accumulations of cells. It is essential 
in the transformation assay to allow for the death of cells (or more 
precisely stated, loss of clonogenic potential of the cells) as the result of 
exposure to the carcinogen. Any cell that is incapable of further division is 
incapable of expressing its transformed potential. The results of the 
transformation assay are usually corrected for loss of clonogenic potential 
and expressed as the transformation frequency per surviving cell. 

The hamster embryo cell line system has the serious limitation that it 
measures only a very early morphological change in the long process of 
transformation. Cells isolated from transformed colonies using the tech- 
nique just described are not tumorigenic when transplanted into the 
hamster host. Only after many generations of replication, in in vitro 
cultivation, do occasional cells arise that are tumorigenic (Barrett and 
Ts'o, 1978). 

The second cell system widely used for transformation assay is based on 
immortal cell lines that have arisen from mouse embryonic tissue culture. 
Mouse fibroblasts that have been grown for many generations in in vitro 
culture are the cell lines of choice for this purpose. Cell lines are chosen 
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that are highly sensitive to contact inhibition. Contact inhibition is the 
property of a cell line such that when a growing clone grows to dimensions 
where cells are in contact on all sides with contiguous cells, growth stops. 
These cell lines are immortal and aneuploid, so they have undergone some 
of the steps necessary for ultimate tumorigenic transformation. They do 
still possess some of the traits of nontransformed cells, such as contact 
inhibition and the failure to produce tumors in syngeneic animal hosts. 

In contrast to the colony assay used for measurement of transformation 
in the hamster embryo cell system, transformation in the mouse fibroblast 
cell line assay uses an end point called the focus assay. The preliminary 
treatment is the same as that for the hamster system; however, the cells 
are allowed to grow to total confluence on the plate. This usually takes 4 
or 5 weeks of culture. The cells are fixed and stained, and foci of 
transformation, seen as heavily staining overgrown areas on a background 
layer of lightly stained cells, are counted as transformed cells. The trans- 
formation frequency is corrected for the fraction of cells dying as a result 
of treatment with the carcinogen. To express the data in this fashion it is 
necessary to independently determine the surviving fraction of cells as a 
function of the dose of the chemical or physical agent used as a trans- 
former. The surviving fraction for the dose of carcinogenic agent used is 
read from the survival curve, and the number of plated cells in the 
transformation assay is corrected for the expected death of cells. Sponta- 
neous transformation, that is, without treatment, is a rare event in these 
cell lines, and no correction need be made. 

Whereas transformed cells isolated from the hamster embryo culture do 
not have the ability to establish tumors in appropriate host animals 
without further treatment and passage, the transformed mouse cells fre- 
quently are tumorigenic in appropriate hosts. A wide range of phenotypic 
states can be found in the transformed mouse cells, from nontumorigenic 
early initiation states to full-blown tumorigenicity on transplant. 

The important difference between the mouse and the hamster system is 
that for the former some degree of transformation has already taken place 
to offer a cell line immortality in vitro. Therefore, with the mouse line, 
transformation steps caused by carcinogens are presumably late stages in 
the multistage process of transformation. The hamster embryo system 
represents transformation at its earliest stages. Both systems provide 
important insights into the stages of carcinogenesis by radiation, but at 
different points in the process. 

The mouse cell lines most often used for transformation studies are 
C3H/10T-1 /2  and Balb/c /3T3.  
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D O S E -  RESPONSE RELATIONSHIP FOR TRANSFORMATION 

There are significant differences in the dose- response  relationship for 
the hamster  embryo cell line and the mouse cell lines. 

M o u s e  C e l l  L i n e s  

Figure 12.3 is a typical representat ion of the dose- response  relationship 
for a mouse cell line, in this case, the C 3 H / 1 0 T 1 / 2  line. Data  are 
provided in this figure for both X-rays and high LET neutrons. For the 
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Figure 12.3 Dose-response relationship for the transformation of mouse C3H/10T-1/2 
cells in the in vitro transformation assay. Open symbols denote transformation by 50 kVp 
X-rays, and the solid symbols denote fission neutron irradiation. The RBEs at several levels 
of transformation are indicated. Reproduced from Han and Elkind (1979), by permission of 
the publisher, the American Association for Cancer Research, and the author. 
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moment the X-ray curve is the object of our attention. There is still 
significant dispute about the exact nature and shape of this curve at low 
doses. The present consensus is that at very low doses, below 30 cGy or so, 
the slope is linear or nearly so. As the dose increases, particularly in the 
range of 1.5-4.0 Gy, there may be a quadratic component. At high doses 
all workers agree that the frequency per surviving cell reaches a plateau. 
When the frequency of transformation is plotted without correction for 
survivorship, there is a descending arm on the curve that is reminiscent of 
the findings for in vivo animal tumor systems. 

Hamster Embryo Fibroblast System 

The dose-response relationship for this system appears to be a great 
deal more complicated than that for the mouse lines. Borek and Hall 
(1973) found that for low doses, below 1 Gy, there appeared to be a linear 
relationship between transformation frequency per surviving cell and dose. 
For larger doses they found that there was a decreasing likelihood of 
transformation per unit dose, and therefore the curve tended to have a 
plateau region. Larger doses (above 2 Gy) again showed somewhat of an 
increase in transformation frequency per unit dose. These findings presently 
lack theoretical explanation. 

Rodent-Human Cell Differences 

A number of cell lines of human derivation have become available in 
recent years, mostly of fibroblast origin, but with a few of epithelial 
derivation. Some significant differences between rodent and human cell 
lines have been established. Rodent cells undergo spontaneous immortal- 
ization with fairly high frequency on repeated subculturing. They are 
readily transformed to tumorigenic cell lines by a number of chemical and 
physical agents, including ionizing radiation. Human cells are much more 
resistant to spontaneous immortalization and they are very resistant to 
immortalization by chemical and physical agents. The induction of specific 
marker mutations, such as resistance to 6-thioguanine, appears to follow a 
curvilinear dose-effect relationship for rodent cells. In human cells the 
same end point appears to have a linear dose-response relationship. 
Dose-rate effects for rodent cells are far more pronounced than for human 
cells. Mutations in human cell lines appear to be produced in a dose-rate 
independent manner, while for rodent cells this is not the case. 

Finally, attempts to protect human cells from the mutagenic effects of 
X-rays by radical scavengers or -70 ~ irradiation demonstrate no effect for 
human cell lines, but are effective as expected for rodent cells. The 
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tentative conclusion drawn from these data is that the radiation acts on 
human cells principally by the direct effect mechanism and through water 
radical indirect effects on rodent cell lines. 

These differences between human and rodent cell lines suggest that 
extrapolation of data from rodent cell lines to human carcinogenesis is a 
long and dangerous leap. 

EFFECTS OF DOSE FRACTIONATION AND DOSE RATE 

A wide range of experiments in both the mouse and hamster systems, 
has evaluated the potential for repair of the transformation process. With 
one significant exception, the findings are uniform; that is, either protrac- 
tion of the dose or fractionation of the dose leads to a lessened frequency 
of transformation. Most workers have concluded that there is significant 
repair of whatever lesion is induced in the DNA if time for such repair is 
provided. The significant exception to the rule that fractionation reduces 
yield of transformants was noted by Borek (1977), who reported that split 
dose administration increased transformation rates with two split doses of 
radiation if the total dose was less than 1 Gy. When the total dose 
exceeded 1 Gy, the split dose combination was less effective than a single 
dose of the same total size. A difficulty in interpretation of these divided 
dose experiments with the Syrian hamster embryo system with its compli- 
cated dose-response relationship is that repair following the first dose 
may, in effect, reduce the dose equivalence of the first dose so that the 
second dose is at such a position on the dose-response curve that the 
effectiveness of the second dose is enhanced. When appropriate considera- 
tion is given for this fact, all experiments confirm that there is significant 
repair and /o r  recovery at all dose levels. 

HIGH LINEAR ENERGY TRANSFER RADIATION EFFECTS 

Studies of the relative biological effectiveness of high LET radiations 
have been done in many laboratories with neutrons, alpha particles, and 
other charged particles ranging from helium ions to silicon ions and 
higher. The findings are, again, consistent, and the data in Fig. 12.3 are 
typical. These data demonstrate that the high LET radiations are more 
effective than X-rays, as might be expected, and that the shape of the 
dose-response curve for the neutrons, as compared to X-rays, is such that 
the RBE increases as the dose decreases. Generally, at low dose levels, 
with all the high LET sources used, RBE's in the range of 10-20 are 
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observed. The peak effectiveness is seen for high LET beams of approxi- 
mately 150-200 keV ixm -~. 

Consistent with findings in other biological systems, repair is sharply 
decreased or nonexistent when high LET beams are used as the source of 
radiation. Scattered reports have appeared that provide evidence that 
fractionation of high LET radiation increases rather than decreases the 
yield of tumors. No satisfactory explanation has yet been given for these 
observations, although they have been verified often enough that there is 
no doubt of their validity. 

PROMOTERS AND CELL TRANSFORMATION 

Ideally, the cell transformation system should be equally suitable both 
for experimental examination of the initiation event and for the examina- 
tion of the post-transformation promotion effects that are inherent in the 
two-step model of carcinogenesis. Indeed, in spite of the difficulty of 
maintaining the necessary prolonged contact of promoter and the trans- 
formed cells, promotion has been successfully carried out in at least the 
mouse system. 12-O-tetradecanoyl-phorbol-13 acetate (TPA) is an ester of 
phorbol that has been shown to be an effective promoter ingredient of 
croton oil, the classic tumor promoter. Kennedy et al. (1978) demonstrated 
that TPA was a promoter for 10T1/2 cells that had been transformed with 
radiation. Repeated exposure of the irradiated cells was required for the 
six weeks of expression used in their experiments. TPA was added weekly 
or twice weekly in the exchange of medium for the growing cells. TPA 
itself could not produce transformation in the absence of preirradiation 
(Little, 1981). The results are shown in Fig. 12.4. Since the dose-response 
relationship for the cells untreated with TPA showed a very low transfor- 
mation frequency at low doses whereas the promoter treated cells had a 
linear relationship of transformation frequency with dose, the relative 
effect of the promoter was much greater at low dose. 

These studies show the importance of the multistep process of transfor- 
mation that leads to tumorigenic potential for the ultimate transformed 
cell, but unfortunately very little insight is provided as to the mechanisms 
by which the promoter effects the increase in transformation frequency. 

The transformation system for cells grown in vitro is a useful tool for 
the examination of at least part of the process of carcinogenesis by 
radiation. It must, however, be borne in mind that the system lacks the 
complicated responses and the modulators that exist in the intact animal 
system. The hormonal status of the host, its age, sex, and genetic makeup 
all prove to be extremely important parts of the radiation carcinogenesis 
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Figure 12.4 Transformation frequency for mouse C3H/10T 1/2 cells after X-ray alone 
(solid circles) or by X-rays followed by treatment with phorbol ester (TPA) promoter 
(crosses). The cells were exposed to the TPA for six weeks after irradiation. Reproduced from 
Little (1981), with permission. 

process. In vitro systems cannot effectively examine these interlocking 
processes that are host dependent. 

IN VIvo-IN VITRO A S S A Y  SYSTEMS 

It is difficult, if not impossible, to define experimentally with cell line 
experiments in vitro the steps in the process of transformation to ultimate 
tumorigenicity that are dependent on interactions with the host. Some of 
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these interdependencies include hormonal stimulation or promotion, 
within-species variability of susceptibility, host age dependence of re- 
sponse, and other factors. Gould et al. (1991) have developed systems for 
quantitatively estimating surviving stem-cell numbers in several tissues. 
The mammary gland system is the one we focus on here. A single cell 
suspension is prepared from the mammary gland of the rat, and a dilution 
assay is carried out by injecting these cells into subcutaneous fat pads of 
recipient rats. These recipient hosts can be exposed to intense promoter 
(presumably prolactin) exposure by transplating pituitary glands into the 
host rat sometime before injecting the dispersed mammary gland cells. The 
frequency of focal growth of the implanted cells is the end point. Initiation 
frequency can be estimated after either in situ or in vitro exposure of the 
cells to be implanted to a chemical carcinogen or irradiation. Gould et al. 
found wide variability among several rat strains in frequency of tumor 
induction following exposure to either chemical agents or radiation. They 
identified several genes associated with high and low susceptibility. For 
ionizing radiation, the principal gene that had this association was the ras 
oncogene family. 

The fat pad transplantation technique also was used by the same group 
to examine thyroid carcinogenesis (Mulcahy et al., 1984). In case of the 
thyroid the role of the thyroid stimulating hormone was extremely impor- 
tant in the induction of preneoplastic lesions by radiation. As was the case 
with the mammary implant technique, the authors reported that radiation 
induced neoplastic initiation was a common event in both tissues. 

R O L E  O F  V I R U S E S  I N  C A R C I N O G E N E S I S  

For some years there has been convincing evidence that viruses play a 
significant role in some rodent cancers. The best known example of this is 
thymic lymphoma in mice. This rodent system was examined in great detail 
originally by Kaplan (1967), and more recently by Muto et al. (1983). 
Although recombinant retroviral complexes were reproducibly detected in 
radiation induced lymphomas, the specific role remains uncertain. Among 
human cancers, it has been known for many years that there is a virus 
associated with Burkitt's lymphoma, and more recently the human papil- 
loma virus has been implicated in anogenital cancers. Epstein-Barr 
virus and human cytomegalovirus infections also have been implicated in 
human cancers. 

Both the rodent and human viruses with oncogenic potential may act 
through chronic growth stimulation in target tissues rather than through a 
direct effect, but there is no convincing direct evidence for this role. It is 
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possible that viral oncogenesis is effected through at least three mecha- 
nisms, none of which includes a direct induction step, that probably are 
described best as promotional steps. There may be transduction of ac- 
quired and activated viral oncogenes and growth promoting genes into 
target cells. There may be specific proviral integration into the genomes of 
target cells and activation of otherwise silent cellular protooncogenes. 
Finally, there may be specific interaction of viral and cellular proteins with 
promotional activity in the product (Nusse, 1986). 

R A D I A T I O N  C A R C I N O G E N E S I S  I N  

H U M A N  P O P U L A T I O N S  

Radiogenic cancer in man is now such a well documented event that 
there remains only the quantitation of the dose-response relationship 
between radiation exposure and the incidence of the many types of cancer 
that are the result of such exposure. This goal of quantitation of risk, 
however, still remains partially unfulfilled. Extensive epidemiological anal- 
yses of populations that have been exposed to ionizing radiation for one 
reason or another have been carried out. The best detailed reports and 
analyses of these studies are to be found in the scientific reports of the 
United Nations Scientific Committee on the Effects of Atomic Radiation 
(UNSCEAR) and the Committee on the Biological Effects of Ionizing 
Radiation of the National Academy of Sciences (BEIR). The latest rele- 
vant UNSCEAR scientific report was published in 1988, and that of the 
BEIR Committee was published in 1990. 

Preston and Pierce (1988) reanalyzed the data on excess cancer among 
the populations at Hiroshima and Nagasaki with newly available data for 
the radiation doses delivered at both of these cities. The new dose 
estimates significantly lower the doses and also reduce the contribution 
from neutrons (high LET radiation) to the total dose. The result is a 
significant increase in the risk coefficients for the development of both 
excess leukemia and excess of other solid tumors. 

A number of groups of exposed individuals has been available for 
epidemiological evaluation of radiogenic cancers, among which the follow- 
ing groups are the most significant. 

OCCUPATIONAL EXPOSURE 

1. Radiologists exposed in the course of their practice, particularly 
before modern procedures and equipment were in place. 
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2. Workers in uranium and other mines exposed to radon and radon 
daughters in the workplace. 

3. Radium dial painters who ingested radium in the course of painting 
luminous dials. These workers were mostly young women at the time of 
their exposure. 

MEDICAL EXPOSURE 

1. Patients treated for ankylosing spondylitis (a chronic inflammatory 
disease involving the spine and adjacent tissues)with either X-rays or 
radium. 

2. Women treated for benign (nonmalignant) disease of either the 
pelvic region or the breast. 

3. Women patients in tuberculosis sanitoria who were subjected to 
multiple fluoroscopic procedures to the chest in the course of treatment of 
their disease. 

4. Infants and children who were treated for two benign conditions, 
enlarged thymus glands or tinea capitis (ring worm of the scalp). 

5. A group of children who were exposed in utero for diagnostic 
purposes during the pregnancy of the mother. 

NUCLEAR WEAPON DETONATION AND ACCIDENT 
RELATED EXPOSURES 

1. The survivors of the nuclear weapon explosions in Japan in the cities 
of Hiroshima and Nagasaki. 

2. The inhabitants of several islands in the Marshall Island chain who 
were exposed to downwind fallout from nuclear testing in the Pacific. 

3. Workers and military personnel possibly exposed on site at the 
nuclear weapons testing ranges in Nevada and the Pacific. 

4. Residents of the western states who were exposed or potentially 
exposed to downwind fallout from the atmospheric nuclear weapons test- 
ing at the Nevada test range. 

5. Large populations exposed in the Ukraine and worldwide as the 
result of the nuclear accident at the Chernobyl nuclear power station. 

Unfortunately, the large population of all ages exposed as the result of 
the severe accident at the Chernobyl nuclear power station in the Ukrainian 
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SSR has not been very amenable to analysis up to this time. The political 
turbulence in the USSR, and then in the Ukrainian Republic and Russia 
has obscured much of the detail that will, hopefully, arise from the study of 
this accident. Only one clear and indisputable fact has so far arisen from 
the studies of this accident. Cancer of the thyroid and benign tumors of 
the thyroid in children has risen manyfold over expectation, but detailed 
location and dose information has not been available to allow analysis of 
the data on sound epidemiological grounds. The inhalation of volatile 
radioactive iodine isotopes clearly is responsible for the observed increase, 
but this is all that can be said at this time. 

These foregoing groups by no means comprise a complete list of all the 
human populations available for the study of the induction of cancer as the 
result of exposure to ionizing radiation; it is provided as a measure of the 
extent of the epidemiological data base that is available for the quantita- 
tive analysis of the relationship of the incidence of additional cancers in 
the population and the dose of ionizing radiation. Some of these popula- 
tion subgroups have been studied more exhaustively than others, for 
example, the survivors of the nuclear weapon detonations in Japan. The 
Atomic Bomb Casualty Commission and its successor agency, The Radia- 
tion Effects Research Foundation, has followed the surviving population 
for over 50 years. The other groups that are of great importance in the 
establishment of radiogenic cancer risk criteria are the ankylosing 
spondylitis patients, relatively new information arising from an interna- 
tional study of women treated by radiation for carcinoma of the cervix 
(Boice et al., 1988), and the tuberculosis patients subjected to repeated 
chest fluoroscopy. 

Each group studied has severe limitations on the utility of the derived 
risk estimates. For all the groups, it has been necessary to develop dose 
estimates after the fact. For all the groups for which measurable increased 
cancer incidence is found, the dose range over which the increases are 
observed has a lower limit that is always very high by comparison with 
regulatory exposure limits. The dose rate at which the exposure occurred 
was highly variable, from very high (nearly instantaneous delivery of the 
total dose) in the case of the Japanese victims to working lifetime exposure 
in the case of the uranium miners. The volume distribution of the dose 
within the irradiated subject is also highly variable, ranging from nearly 
whole body exposure in the Japanese to small volume partial body expo- 
sure in some of the diagnostic medical procedures. Finally, for most of the 
irradiated groups under study, most or part of the population at risk is still 
alive and cancer-free, so the influence of age at irradiation cannot yet be 
accurately assessed. 
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APPROACHES TO RISK ESTIMATION 

There are two important considerations in analyzing the potential for 
radiation exposure to produce an excess number of cancers over that 
which would be expected in the control population. These are the shape of 
the dose-response relationship from which one can derive risk coefficients 
and the nature of the assumption made as to the underlying mechanisms 
of radiogenic cancer. It is necessary to decide whether the effect of the 
radiation is simply to add a fixed number of cases per unit dose, inde- 
pendent of the natural incidence of the disease (usually called the 
absolute risk), or must one adjust the number of cases produced by a given 
dose of radiation, depending on the natural incidence of that disease at the 
time of irradiation. The latter is referred to as the relative risk model. The 
absolute risk model is simply additive to the natural incidence. The relative 
risk model is multiplicative. 

SHAPE OF THE DOSE--RESPONSE RELATIONSHIP 

In the ideal case, suppose that a population of individuals, all of the 
same age and sex, is irradiated with a series of increasing doses, and the 
excess incidence of cancer is determined. The dose-response curve can be 
plotted and a functional fit to the data can be made that would be 
predictive for a similar group in future exposures. Such a procedure is not 
possible, and existing epidemiological evidence must be analyzed. From 
the biophysical models of radiation interaction that have been described in 
detail in Chapter 8, at least two dose-effect relationships have come into 
widespread use in the interpretation of increased incidence of radiogenic 
cancer. The two relationships are linear and linear-quadratic (LQ). 
A degenerate form of the LQ, with no linear term, is the quadratic 
formulation. 

Linear Dose-Response Relationship 

The linear dose-response relationship is 

I D = I n + a i D  , (12.1) 

where I o is the observed incidence of cancer for dose D, I n is the normal 
incidence of the disease in the absence of radiation exposure, o~ 1 is the 
linear risk coefficient, and D is the dose. 
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L i n e a r -  Q u a d r a t i c  - D o s e  - R e s p o n s e  R e l a t i o n s h i p  

The l inear-quadratic-dose-response relationship is 

I D - - I  n + CelD + c~2 D2, (12.2) 

where all of the variables are as in Eq. (12.1), with the addition of ~2, 
which is the quadratic risk coefficient. 

Equation (12.1) is simply a degenerate form of Eq. (12.2), in which the 
quadratic risk coefficient is taken to be zero. Another alternative is that 
the linear risk coefficient is zero. In that case, Eq. (12.2) degenerates to a 
simple quadratic expression. This alternative has not found wide accep- 
tance, but it has been considered by some as a possible fit to some 
radiogenic cancer data, especially for high doses of low LET radiation. 

As in the case of cell transformation studies that were described earlier 
in this chapter, if doses are high enough to cause cell death, those cells 
that have lost their clonogenic potential cannot give rise to a growing 
neoplasm, and corrections must be made for their loss. It has become the 
practice in estimating radiogenic cancer risks to assume that loss of 
clonogenic potential is described by the molecular model of cell killing. 
The procedure is then to correct the radiogenically induced excess inci- 
dence by multiplication by a term equal to the surviving fraction of 
clonogenic cells. This then provides a general expression for estimation of 
the increased incidence of radiogenic cancer as in the equation 

I D = I n + (O~lD + a 2 D 2 ) ( e - ( ~ I D + ~ 2 D 2 ) ) ,  (12.3) 

where all other parameters are as in Eqs. (12.1) and (12.2), and /~1 and ]32 
are the linear and quadratic coefficients for loss of clonogenic potential. 
To avoid misunderstanding, it is important to note that /31 and /~2 are  the 
a and /3 coefficients of the molecular model. 

The expression in Eq. (12.2), in which the cell killing is presumed to be 
negligible, can be assumed to be related to the frequency of transforma- 
tion through a multiple-step process to cells that are then capable of 
expressing the neoplastic phenotype. The two risk coefficients, a I and a2, 
have the properties associated with the linear and quadratic coefficients in 
the molecular model of radiation action (sometimes referred to as the a/ /3  
model or the LQ model). The linear coefficient predominates in the action 
of high LET radiations, whereas the quadratic coefficient predominates for 
low LET radiations except at very low dose and /o r  dose rate. When 
D = a l / a  2, the contributions of the linear and quadratic terms to the 
total transformation will be equal. 
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It has been pointed out very clearly in the report of the BEIR Com- 
mittee (National Research Council, 1980) that the bias introduced into 
estimates of the risk coefficient for cancer production depends strongly on 
the assumed shape of the dose-response curve as well as on the range of 
doses over which data are available. Since most available data are in the 
high dose range, when data are fitted to a linear model over the range of 
dose information available and when the underlying "true" relationship is 
best described by the linear quadratic model, then the predicted cancer 
incidence at low doses is higher than the actual incidence. The bulk of 
experimental data from animal carcinogenesis, as well as from cell trans- 
formation experiments, leads us to expect that the linear-quadratic model 
is the best descriptor of radiogenic human carcinogenesis. There are, 
however, no data on human beings that unequivocally support either the 
linear or linear-quadratic model. Indeed, the quadratic model cannot be 
excluded by analysis of available data on human populations. 

The 1980 BEIR (National Research Council, 1980) report subjects the 
data on incidence of leukemia in survivors of the Hiroshima-Nagasaki 
bomb detonations to a comparative analysis of the goodness-of-fit of these 
data to the three model alternatives. The chi-square test for goodness-of-fit 
does not provide a basis for rejecting any of the three models. Assuredly, 
all the Japanese data are presently being subjected to intensive reanalysis 
as mentioned earlier (Preston and Pierce, 1988) as the result of new 
information about the doses received, but only the quantitative value for 
the risk coefficients is likely to change significantly. Figure 12.5 is a graphic 
presentation of the three models for a mythical set of data that are 
presented to indicate the impact of the model applied to estimates of 
excess radiation induced cancers at low dose. The values of o~ 1 and a 2 
used to calculate the curves shown are for the best fit to the Japanese 
leukemia incidence data before the recent reanalysis. A good bit of 
editorial license is involved, since no account was taken of the additional 
linear component that would be contributed by neutron radiation at the 
two locations. For this reason the excess incidence as shown should not be 
given serious consideration except as a model to compare the three 
choices of dose-response curves. 

LATENT PERIOD 

The time from irradiation exposure until the appearance of a detectable 
cancer in any given organ may be very long, and this latent period varies 
greatly among the organs in which cancer may occur. This fact must be 
carefully noted when epidemiological studies are undertaken to demon- 
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Figure 12.5 Comparison of hypothetical fits to data for excess cancer incidence as a function 
of the dose. It is assumed that the data contributing to the fit exist principally in the dose 
range from 100 to 160 cGy. Because the data are edited to make the point of the graph, the 
incidence values should not be given serious consideration. The units are, however, excess 
cases per million per year. 

strate the dose-response relationships for radiogenic cancers. Among 
human cancers the shortest latency is for leukemias, which can be ob- 
served in excess incidence as early as two or three years after the radiation 
exposure. On the other hand, latency for cancer of the female breast and 
of the lung appears to be as much as 30 years. It is obvious that age at 
irradiation is important, even if there were no age-dependent variation of 
the sensitivity to cancer induction. The individual irradiated late in life will 
probably not experience an excess tumor induction simply because he or 
she will not live beyond the latency period. Latency, like most matters 
involving carcinogenesis, is a complicated story, and we know very few 
answers to its questions. For example, now more than 50 years after the 
bomb detonations in Japan, there is still an excess yearly incidence of 
leukemia, even though this disease is known to have a relatively short 
latent period. 

ABSOLUTE R I S K  VERSUS RELATIVE R I S K  

Two general epidemiological models are used to extrapolate radiogenic 
cancer risks from the existing data (data that are acknowledged to gener- 
ally be at high doses) in a manner that would provide reliable estimates of 
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increased incidence of the disease at the much lower doses that are of 
interest in radiation protection. The absolute risk model is based on the 
assumption that the risk associated with a specific dose level is a determi- 
nate number that is wholly independent of the risk for the spontaneous 
occurrence of the same disease in the absence of radiation exposure. For 
this model the number of excess cancers induced by radiation simply adds 
to the number predicted from natural incidence rates for the population. 
In other words, the risk is additive to the natural risk. 

The relative risk model is based on the assumption that the likelihood of 
a radiogenic cancer is directly related to the natural incidence of the 
disease. Since the natural incidence of most cancers increases throughout 
life, the relative risk model suggests that the number of radiogenic cancers 
from a given dose will increase with age, at least as long as there remains 
adequate residual life-span for the predicted latency for tumors in the 
organ in question. In other words, the risk is multiplicative of the natural 
risk at the time of irradiation. 

The terms relative and absolute risk are in wide use in the epidemiolog- 
ical community, but are not always well understood outside of that profes- 
sional group. For those readers who wish a more detailed development of 
the two approaches, the texts by Breslow and Day (1980) or Armitage and 
Berry (1987) are highly recommended. 

Absolute Risk 

Assume that the population is stratified into i strata, based on whatever 
criteria are useful, for example, age, sex, and domicile. If we let ~li be the 
incidence of the disease in the i th stratum for the exposed group, and we 
let A0i be the incidence of the disease in the ith stratum for the non- 
exposed group we can define the excess risk of the disease, bi, a s  

the difference between the stratum-specific measures, (group i) for the 
exposed and nonexposed groups: 

b i = l ~ l i -  1~0i. (12.4) 

If the factors operating to cause the disease in both the exposed and 
nonexposed population strata operate independently of each other, we 
might expect the number of excess cases that occur per person-year to 
reflect only the level of exposure, and to be unrelated to the underlying 
natural risk. If indeed we accept the idea of constant risk for a given level 
of exposure, then Eq. (12.4) expresses excess risk validly. 

Unfortunately this simplistic model fails badly in many epidemiological 
studies of cancer causation. In statistical terms Eq. (12.4) asserts in- 
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dependence of the effect of a given dose and, furthermore, asserts that all 
strata have the same excess risk. 

Relative Risk 

This alternative model assumes that the risk factor, ri, in this case 
radiation exposure,  multiplies the background rate. The relative risk, ri, is 
defined as the ratio of stratum-specific incidences: the risk ratio is 

r i = ~ .  (12.5) 
Aoi 

The assumed effect in the relative risk model is that there are no 
interactions other than that the incidence for a given stratum at a given 
level of exposure will be a multiplier. Expressed in log form, the result is 

log /~li-- log /~0i q- /~' (12.6) 

where /3 = log r i. The multiplicative model has the same form as the 
additive model except that log rates appear in Eq. (12.6). 

For human epidemiological studies, the distribution of ages and sex is 
usually strongly skewed by the existing circumstances associated with the 
radiation exposure. For example, patients treated for ankylosing spondyli- 
tis are generally over 30 and frequently male. It remains a thorny problem 
of how to derive appropriate relative risk coefficients for populations of a 
specific age distribution. The usual compromise is to use the value R o 

derived for the model calculation as a risk coefficient for dose D. 
The epidemiological tables of risk versus dose for a given population, 

for instance the Japanese survivors, cannot give us much insight into which 
of these models is likely to be most representative of the real circum- 
stance. What is recorded is excess incidence of a given tumor type, possibly 
on a population with a typical life table distribution of ages. The data are 
known as a function of dose, not as a function of underlying natural 
incidence rates. We must, therefore, turn to animal experiments for some 
insight into which model is most appropriate. Storer et al. (1988) examined 
the goodness-of-fit of data on nine animal tumor systems. Of these sets of 
data, there were five data sets that required the relative risk model, and 
did not fit the absolute risk model. For two data sets, either the relative 
risk or the absolute risk model was a satisfactory fit. For two others, 
neither model was a satisfactory fit. In no case was it possible to reject the 
relative risk model in preference to the absolute risk model. 
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Table 12.1 

Comparison of Lifetime Excess Cancer Risk Estimates 
Using Absolute and Relative Risk Models a 

Continuous 
lifetime exposure Instantaneous 

1 mGy year- 1 exposure 0.1 Gy 
Nonleukemia (deaths/100,000) (deaths/100,000) 

deaths Males Females Males Females 

BEIR III 
Additive risk 24.6 42.4 42.1 65.2 
Relative risk 92.9 118.5 192 213 

BEIR V 
Relative risk 450 540 660 730 

aBEIR V, National Research Council, 1990. 

How sensitive are the projections of excess cancer risk for human 
populations as a function of the relative and absolute risk models? BEIR 
V (National Research Council, 1990) adopted relative risk as the only 
acceptable model for analysis and projection of cancer rates induced by 
ionizing radiation. Table 12.1, which is an excerpt from that report, gives 
comparisons of excess cancer risk estimates developed in BEIR III 
(National Research Council, 1980) using a version of the additive risk 
model and risk estimates developed in BEIR V (National Research 
Council, 1990) using the relative risk model. 

In summary, nearly all the epidemiology experts who analyze cancer risk 
data now accept that the relative risk model is the only acceptable 
approach to cancer risk estimation after radiation exposure. As we can see 
from Table 12.1, there are large differences even between the relative risk 
estimates for BEIR III and BEIR V. These differences are due to the 
heavy impact of the dose reanalysis on risk estimates for the Japanese 
Life-span Study. 

O R G A N - S P E C I F I C  R A D I O G E N I C  C A N C E R  

IN H U M A N  B E I N G S  

Estimation of risk coefficients for cancers of specific organs is presently 
in a state of intense reexamination. As mentioned earlier, it has been 
discovered that the estimates of the doses received by the survivors at 
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Hiroshima and Nagasaki were in error as the result of incorrect assump- 
tions about the radiations from the weapons that were detonated at these 
sites. The reestimations of the dose are now complete. In general, they 
show reductions in the neutron doses with their assumed high RBE's for 
cancer induction, and some modifications downward in the gamma-ray 
dose. These analyses suggest that the absolute risk coefficients will be not 
quite double the values that were used by BEIR and UNSCEAR in their 
earlier reports. Further data will be released as the analyses continue. A 
report from the annual meeting of the National Council for Radiation 
Protection and Measurements (NCRP, 1988) is completely given over to an 
analysis of the impact of the new dosimetry on risk estimates. This report 
notes that, in addition to the increase in the risk coefficients, there is a 
better fit of the excess cancer data to a linear dose model than with the 
earlier dosimetry, and the data for the two cities are consistent. 

In spite of the uncertainties, it is important to examine the relative 
sensitivities of individual organs to radiogenic cancer induction, and for 
this reason the presently published values for risk coefficients will be used. 

The central theme when one examines risk coefficients for specific 
organs is that the sensitivity for radiogenic cancer induction varies widely. 
As mentioned earlier, the latency for the onset of these diseases also 
varies widely, from less than 5 years for leukemia to 30 years or so for the 
female breast. As time has passed and new data have accumulated, our 
view of relative sensitivities has changed greatly. When the data on 
leukemia incidence in the Japanese survivors and in other groups was 
evaluated, its short latency led observers to predict that the bone marrow 
would be the most sensitive organ for radiogenic cancer. That view has 
changed drastically because time has permitted the expression of radio- 
genic cancers in other organs. The two organs now believed to be the most 
sensitive for radiogenic cancer are the female breast and the lung. 
Estimates of excess lifetime mortality by organ, after acute exposure to 
1 Gy low LET radiation, are given in Table 12.2. 

The data in Table 12.2 are based on the application of the data derived 
from the Hiroshima-Nagasaki study to the Japanese population as 
a whole, including the age distribution of the Japanese population 
(UNSCEAR, 1988). There was no effort by UNSCEAR to make any 
adjustments for low dose extrapolation from these data, nor was 
there any adjustment for dose rate, so the values should be limited in their 
application to doses delivered in short time intervals. Reporting of cancer 
death rates has widely varying reliability from country to country, and, 
since the multiplicative model is sensitive to the estimate of death rates 
from given cancers in the unexposed population, UNSCEAR made some 
adjustments for underreporting of death rates in the Japanese population. 
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Table 12.2 

Estimates of Excess Lifetime Mortality for Specific Organ Systems after 
Acute Exposure to 1 Gy of Organ Absorbed Dose of Low LET Radiationa 

Deaths per 100,000 persons 

Multiplicative 
model Additive model 

Red bone marrow 97 93 
All except leukemia 610 360 

Bladder 39 23 
Breast 60 43 
Colon 79 29 
Lung 151 59 
Multiple myeloma 22 9 
Ovary 31 26 
Esophagus 34 16 
Stomach 126 86 
Remainder 114 103 

Total 707 453 

aBased on the Japanese data, UNSCEAR, 1988. 

The data in Table 12.2 represent a total population independent of sex, 
and when the sexes are separated, both the absolute risk model and the 
relative risk model show that women experience a death rate from 1 Gy 
exposure that is about 50% higher than that for men when all cancers 
except leukemia are analyzed. For death from leukemia, men are at a 
somewhat increased risk. 

There are many reasons, some of which have already been mentioned, 
to view the data of Table 12.2 with serious reservations. One of the most 
important of these is that the relative risk model starts from a natural 
incidence figure that may be quite different for a Japanese population as 
compared with a Western country. Also, the test population has not yet 
lived out its life-span, and further data collection will certainly have an 
impact on the risk ratios, if not the absolute risk. 
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Chapter 13 

Stochastic Effects Genetic 
Effects of Ionizing Radiation 

I N T R O D U C T I O N  

The emphasis in the earlier chapters of this text was on the overriding 
importance of the action of ionizing radiation, predominantly on DNA, 
that leads to damage to the nucleotide bases, breaking of the sugar 
phosphate backbone, and possibly, through covalent cross-linking, to dam- 
age to proteins associated with DNA or other proteins in the locale. The 
loss of clonogenic potential with sustained vegetative activity, that is, 
metabolism, has been the central interest of the text to this point. It has 
been stated that the loss of the ability of an otherwise actively dividing 
somatic cell to continue its division and production of progeny is almost 
certainly due to defects in the DNA that interfere with the replicative and 
mitotic process. Since all the genetic information carried by the cell is in 
the same DNA molecules in which this damage is declared to exist, it is 
only reasonable to suggest that the same mechanisms that lead to loss of 
clonogenic potential in somatic cells will also lead to possible loss of, or 
alterations in, the genomic information carried in the cell. This loss of 
genomic information is expressed as a change in the gene complement of 
the cell, and if the genomic change exists in the gametes of the radiated 
subject, these changes may be passed on to future generations at the time 
of reproductive activity. 

Mutations in germ cells are generally referred to as genetic mutations, 
whereas mutations in somatic cells are referred to as somatic mutations. 
The latter class of changes is not transmissible to offspring, but its 
presence is revealed as altered function or phenotype in the cellular 

344 



Structural Changes in Chromosomes 345 

progeny of the altered cell. An important class of such somatic mutations 
is the production of cancer, presumably through alterations in the genome 
of somatic cells. 

The reader is reminded that two classes of damage have been shown to 
result from ionizing radiation exposure: stochastic and nonstochastic (or 
deterministic). Both terms were defined in detail previously. It will be seen 
that the changes in the DNA of the gametes that are classed as genetic 
mutations are, indeed, of the stochastic class. They occur on a probabilistic 
basis with no threshold for occurrence, and the severity of the phenotypic 
change resulting from them is unrelated to dose. 

Two general types of genetically related events can occur as the result 
of ionizing radiation damage to DNA. The classification is, at best, artifi- 
cial, since there is a continuum in the severity of damage that can be 
sustained in the genome as a result of radiation exposure. The two classes 
of change in the genome that have been identified are structural changes 
that are visible in the chromosomes at metaphase, and gene mutations, 
which are not generally associated with visible structural change in the 
metaphase chromosomes. 

A general and presumably self-evident principle must be stated. For a 
cell (either a gamete or a somatic dividing cell) to express the changes that 
have occurred in its genome, it must be capable of division. In other words, 
it must continue to have clonogenic potential. 

S T R U C T U R A L  C H A N G E S  I N  C H R O M O S O M E S  

Severe damage to the DNA molecules of the cell may be visible by 
microscopic examination of the cell at the time of cell division. During 
mitosis the cells can be treated in such ways that the chromosomes can be 
revealed in their metaphase format, and they can be examined individually 
for structural defects. Some of the earliest work on the chromosome 
changes resulting from radiation damage was carried out on chromosomes 
of the salivary gland of the fruit fly, but since these studies had to be 
carried out on the offspring of irradiated parents, they were of limited 
utility because all nonviable chromosome forms produced in the irradiated 
sperm were eliminated in the course of production of the larvae that were 
examined. The first quantitative studies of chromosomal aberrations in the 
first mitotic cycle following irradiation were done by Sax as early as 1938. 
These data, collected on Tradescantia microspores, were reported in some 
detail (Sax, 1950). Lea, and Lea and Catchside (Lea, 1946)were also 
prolific contributors to the literature on chromosome alterations in 
Tradescantia . 
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A major forward step was the development in the 1960s of techniques to 
examine the postirradiation chromosomes of mammalian and, indeed, 
human lymphocytes (Bender and Gooch, 1962). It must be borne in mind, 
however, that no matter which class of cells is examined, the metaphase 
chromosome represents only a brief portion of the life cycle of the 
chromosome, and during the rest of the cell cycle the chromosome cannot 
be examined except by special new techniques that have been developed 
for the examination of interphase chromosomes (Waldren and Johnson, 
1974). The method devised by them is called premature chromosome 
condensation (PCC). During this "invisible" period, much of importance is 
happening: the molecule is being replicated to form the chromatid pairs 
seen at metaphase, and much structural change activity involving the 
packing of the DNA molecule and the regulation of its relationship to 
control proteins is proceeding. In spite of the limitations, examination 
of the metaphase chromosome for structural change is fruitful and 
gives valuable insight into radiation induced structural alteration in 
chromosomes. 

CHROMOSOME BREAKAGE 

Chromosome breakage is one of the more important outcomes of 
ionizing radiation exposure of cells, and, indeed, ionizing radiation is most 
effective in producing this class of structural change. Another chromosome 
defect, other than breakage, that is important in genetic diseases, but that 
is of little consequence as a result of radiation damage, is maldistribution 
of chromosomes, such that daughter cells have an incorrect complement of 
intact chromosomes. Since this latter change is generally not an important 
outcome of radiation exposure, no more will be said. 

Chromosome breakage can occur before replication of the DNA of the 
cell, in which event, at replication the structural defect will also be 
replicated (or it will fail in attempted replication), and the defect will be 
seen in the metaphase chromosome in both chromatids. When breakage 
occurs after DNA replication, the damage will usually be seen as an 
asymmetric change in one of the two chromatids. As a population of 
dividing cells is exposed to ionizing radiation, the cells are in all possible 
stages of progression through the cell cycle. Depending on the location of 
the affected cell in the cycle, three different types of chromosome aberra- 
tions that result from chromosome breakage can be found. Each of these 
will be observed in the metaphase chromosome array as that portion of the 
cell population progresses forward through the cell cycle to mitosis. Time 
from the irradiation event to the collection of mitoses will determine the 
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position of the cell cycle that is observed. For example, for a given cell line, 
when the length of the S period is, say 6 hours and the length of G2M is 1 
hour, then collection of mitoses at 7 hours after irradiation will provide 
access to changes that occurred as the result of the irradiation of cells that 
were on the verge of entering the S period at the time of irradiation. The 
cells collected at 7 hours after irradiation will have had all of this time for 
repair and /o r  restitution of DNA. 

The three principal types of changes that will be observed through 
observation of metaphase chromosomes are subchromatid, chromatid, and 
chromosome changes. Cells that were already in prophase at the time of 
irradiation will have aberrations of the subchromatid type. This class of 
aberrations is hard to distinguish, and generally no attempt is made to 
score changes within a chromatid region unless very advanced techniques 
are used. Cells which are in the post-DNA replicative stage (G2) at the 
time of irradiation will have mainly chromatid-type aberrations when they 
are examined at metaphase. Aberrations in the chromosomes of cells that 
were in G1 at time of irradiation (pre-DNA synthesis)will be of the 
chromosome type, since the changes will generally be replicated if possible 
as the cell proceeds through DNA synthesis. 

There is a strong driving force of chemical bond energy for the frag- 
ments of DNA to rejoin. Some of the breaks that are induced, and 
probably the majority, will be restored to their normal condition (restitu- 
tion), and at the time of examination no defect will be seen. This presump- 
tion from chemical evidence has been confirmed through the technique for 
examination of interphase chromosomes called premature chromosome 
condensation, which was referred to previously (Waldren and Johnson, 
1974). The PCC method forces chromosomes of the synthetic and postsyn- 
thetic phase of the cell cycle to assemble as if they were in the mitotic 
period of the cell cycle, and chromosomal or chromatid defects are 
revealed shortly after delivery of the radiation. When this method is used, 
it is discovered that the timing of chromosomal damage repair is very 
fast-happening in a few hours after irradiation. The conclusion from these 
studies is that much of the chromosomal damage induced by radiation is 
repaired before the cell enters normally into mitosis. In some cases the 
rejoining will be either to a site that is incorrect or the incorrect end of the 
broken fragment will join at the point of the initial lesion causing a 
transposition of nucleotide order in the final product. Since ionizing 
radiation produces many breaks in the genome, it is possible that multiple 
breaks may occur in the same chromosome or chromatid, and it is also 
possible that breaks in nearby chromosomes or chromatids may give rise to 
interactions between these entities. 



348 13 Stochastic Effects-  Genetic Effects of Ionizing Radiation 

Some of the types of interactions that might occur are diagrammed in 
the following diagrams. The symbolism, due to Gaulden, can be found in 
Dalrymple et al. (1973). An alphabetic marker indicates position on an 
unreplicated chromatid. The heavy dot (-) indicates the location of the 
centromere--the point of attachment of the spindle fibers that are so 
important in the distribution of chromosomes to the two daughter cells at 
the time of cell division. Several types of structural change in chromo- 
somes are known to be the result of irradiation of the cell. These 
structural alterations are described as follows. 

Single-Hit Breakage 

The diagram assumes a strand break as the result of radiation damage 
at the point marked by the arrow: 

A B C �9 D E F G H I yields A B C �9 D E F and 

Structure I 

The majority of these lesions will be restored to the original state with no 
alteration. Those that are not restored can undergo a number of incorrect 
rejoinings. For example, consider the following case. 

Inversion of the Fragment or Rejoining at the Wrong End 

The Italic fragment, GtII, is the fragment formed in the preceding 
example. It can rejoin to its original site in a number of ways: 

AB r D E F ZHG Z H G A B  r �9 D ~ F 

a;HZAB C, D E F 

Structure II 

Alternatively, the large fragment can join end to end to form a circular 
chromosome, leaving a small fragment without a centromere (see 
Structure III). The latter is generally referred to as an acentric fragment. 
The importance of the acentric fragment is that, since it does not have a 
centromere, even though it undergoes replication normally, the two result- 
ing chromosomes will not be capable of movement to the two daughter 
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FfA  
B 

E 

Structure III 

and G H / 

nuclei through the action of the mitotic spindle machinery. The fragment 
and its replica will be sorted randomly into the daughter nuclei. The 
circular product can replicate normally, and at mitosis, the spindle machin- 
ery will sort the two chromosomes normally to the two daughter cells. The 
genetic contents of the circular chromosome and the fragment both 
presumably can be expressed, but, in the case of the fragment, its absence 
from one daughter cell will cause the loss of its genetic information. 

T w o - H i t  B r e a k a g e  

In an unreplicated chromatid, two or more breaks may occur in the 
same chromosome; again the arrows indicate the location of the scissions 
in DNA: 

A B C o_ D E F G H I yields A B C �9 D, EF and 

Structure IV 

If these fragments are not correctly restored, all possible recombinations 
can result; for example, 

A B r  

Structure V 

is a recombination of fragments that has omitted a small fragment from its 
normal position between D and G. This is normally referred to as an 
interstitial deletion, and EF, an acentric fragment, is left without a rejoining 
site, since the normal terminal ends of the molecule do not readily accept 
an addition. This remnant acentric fragment is called a minute fragment or 
minute. The three fragments may rejoin in any of the possible alternative 
arrangements, of which there are a number, including rejoinings of all 
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three in a disordered array. An example at random is 

EFAB C o,P IHG 

Structure VI 

Reordering of the fragments without loss is usually referred to as 
inversion. Depending on the length of the larger fragments, they may also 
form ring structures as in the earlier example. 

Multiple Hits in Replicated Chromosomes 

If ionizing radiation damage to the chromosomes occurs after replica- 
tion is complete, a wide variety of chromosome aberrations may occur. 
Exchange of parts of the DNA between the two chromatids is a possibility, 
and this can occur in very complex ways. Exchange of parts between two 
chromosomes is also a possibility. Some simple examples are shown in 
Figs. 13.1 and 13.2. 

Figure 13.1 shows one of the possible results of two chromatid breaks in 
a single chromosome. This lesion occurred after replication. A break at 
essentially the same location in the two chromatids is called an isocentric 
break. The possible results of such a lesion are shown. The two small ends 
without a centromere may join as shown in Fig. 13.1C to produce a 
chromosome that has lost a very large part of its genomic information but 

I I 

(A) (B) (C) 

Figure 13.1 An isochromatid break. Both chromatids are broken at the points indicated by 
the arrow in (A). If restitution does not occur, a joining as shown in (C) is possible. The result 
is a large acentric fragment. 
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still possesses a centromere and leaves an acentric remnant that will be 
incapable of appropriate distribution at mitosis. 

An exchange between two chromosomes can give rise to a dicentric 
product, which is frequently seen as the result of irradiation. Movement of 
parts of chromosomes to another chromosome is called translocation. 
Frequently, a translocation of a portion of a chromosome will leave no 
detectable structural change and all genetic information is intact. This 
change is referred to as a balanced translocation. 

In the examples in Fig. 13.2 of multiple hits in replicated chromosomes 
the two chromatids are shown in juxtaposition. In the true state of the 
chromosome, the centromere (-) is considered as a common junction point 
for the two chromatids. 

The product in Fig. 13.2C contains two centromeres, hence the name 
dicentric. One of the special characteristics of mitosis for cells that contain 
dicentric chromosomes is the formation of dicentric bridges that are fatal 
to the cell or its postmitotic daughters. As the chromosomes proceed 
through the mitotic process, spindle fibers attach to the centromere region 
of the chromosome, one to each chromatid, and, presumably, with the 
spindle fibers so arranged that the two chromatids will sort to the appro- 
priate daughter nuclei. In normal, undisturbed mitosis the two spindle 
fibers attached to the centromere occasionally may be such that when no 
correction happens, the two chromatids both go to one daughter nucleus 

(a) (a') 

v 

(A) (B) (C) (D) 

Figure 13.2 A break in one arm of each of two chromosomes is shown in this representa- 
tion. (A) The breaks are formed in one chromatid of each chromosome. (B) The rejoining of 
the two breaks is such that the two chromosomes are now connected. The two products are 
(C) a dicentric chromosome, and (D) an acentric remnant. After Revell (1974). 
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after disjunction. These attachment errors are usually corrected during 
metaphase and before chromatid movement. In the case of the dicentric 
chromosome, however, it is possible for spindle fibers to attach to both 
centromeres of the same chromosome such that the chromosome is moved 
simultaneously to opposite poles of the mitosis. Such attachments are not 
recognized as errors by the cell, and the dicentric chromosome remains 
stranded in the mid-region of the dividing cell. During cytokinesis, the cell 
wall forms around the chromosome bridge. Such an event, as mentioned 
previously, is expected to be fatal, and dicentric chromosomes are expected 
to be eliminated quickly from the cell population. 

Another important chromosome aberration that is seen with many 
agents that cause chemical damage to DNA is the exchange of DNA 
fragments from one chromatid to another between the two chromatids of a 
single chromosome. If the net exchange is such that each chromatid still 
has the same apparent amount of DNA, that is, the exchange is symmetri- 
cal, the process is called a sister chromatid exchange. Although this process 
has great importance for chemical mutagens, it appears to play only a 
minor role in chromosome aberrations that result from ionizing radiation, 
and it will not be discussed further here. 

BREAKAGE HYPOTHESIS AND EXCHANGE HYPOTHESIS 

The models presented previously provide very simplified explanations of 
the complicated processes that lead to chromosome aberrations produced 
by ionizing radiation, but they are indeed probably entirely oversimplified. 

The so-called breakage hypothesis was proposed by Sax in 1940 (see Sax, 
1950) when knowledge of the molecular biology of the genetic material of 
the cell was in its infancy. This model was capable of further development 
with the application of Lea's target theory to the problem. The target 
theory model suggests that aberrations that require one break (hit) follow 
a dose-response relationship that is first order in dose, and it follows that 
those aberrations that require two or three breaks (hits) follow a dose- 
response relationship that is, respectively, second and third order in dose. 
Development of more modern data has shown that the target model does 
not entirely explain the data for chromosome aberrations. Revell (1955) 
found that for lesions called achromatic gaps, which were defined by him as 
nonstaining regions of the chromatid, the dose-response curve was first 
order in dose as predicted by the breakage hypothesis. He found, on the 
other hand, that the frequency of true chromatid deletions, which should 
follow a first-order relationship, were best described by the dose to the 
1.71 power. This and other data led him to propose what he called the 
exchange hypothesis. 
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The exchange hypothesis suggests that all chromosome aberrations 
arise from an exchange process that has much in common with, and may 
be similar to, the meiotic crossing over that occurs normally during the 
division stages of the gametes. Radiation initiates the complex process by 
damaging the chromatids, and when damaged regions come into proximity, 
the exchange process proceeds. The exchange hypothesis versus the 
breakage-reunion hypothesis argument is still in full swing after many 
years. The readers are referred to Revell (1974) for a complete description 
of the competing models and to any genetics textbook for a description of 
the normal crossing over process. 

An important contribution to resolving the conflict between these two 
models has been made with the use of a new technique called fluorescence 
in situ hybridization (FISH). For a detailed description of this procedure, 
the review by Gray et al. (1994) is recommended. In brief, the DNA 
sequences of the target molecule and an appropriate fluorescently marked 
probe are denatured and mixed together. The probe binds to regions of 
high homology. The bound fluorescent probe is then detectable with 
appropriate microscopic procedures. The FISH method was used with 
whole chromosome probes to finally clarify the breakage-reunion versus 
exchange controversy (Lucas and Sachs, 1993; Brown and Kovacs, 1993). 
The exchange hypothesis assumes that all exchanges are reciprocal, whether 
they produce a dicentric or a translocation. Only two chromosomes can be 
involved when the exchange process is operative, whereas the breakage- 
reunion model allows the two broken ends of a chromosome to interact 
with the broken ends of two different chromosomes, which leads to 
nonreciprocal exchanges. Application of the FISH technology demon- 
strated the existence of nonreciprocal exchanges after irradiation of lym- 
phocytes or fibroblasts, apparently ruling out the exchange hypothesis. 

In any case, it is now known that the processes of production of 
chromosome aberrations is very complicated, and both the breakage- 
reunion model and the exchange model are inadequate in light of the 
findings of modern molecular biology. It is beyond the scope of this text to 
examine the molecular biology of chromosome aberrations in detail, but 
the exchange model must, to a great extent, be put aside. 

G E N E  M U T A T I O N S  

The structural changes in chromosomes that were just discussed are 
relatively gross disturbances in the genetic material of the cell, and they 
often lead to such metabolic or structural disturbances in the cell that no 
divisions, or only a few, will occur before cell death. Many more subtle 
changes can and do occur that are not visible in the morphology of the 
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chromosome, but that make their presence known through alteration of 
some genetically controlled function of the cell. These changes are gener- 
ally called gene mutations and are taken to be rather smaller changes than 
those associated with chromosome aberrations. The smallest or simplest of 
these changes is the alteration of a single base in the nucleotide sequence 
of DNA. This change may arise as the result of chemical change in the 
base that results from either radiation damage or the incorrect insertion of 
a base in repair or replication. These small changes are called point 
mutations, and they give rise to a change in one codon that will misread for 
a single amino acid in the gene product protein that eventually is synthe- 
sized. A second significant type of mutation can arise as the result of a 
minor deletion, addition, or substitution. This type of mutation is called a 
frame shift. It can be visualized as follows, using a nonsense codon, CAT. 
Suppose the sequence 

. . .  CAT CAT CAT CAT CAT CAT CAT CAT. . .  

X 

exists and a CA is deleted at the X. The sequence now reads 

�9 .. CAT CAT CAT CAT TCA TCA TCA TCA. . .  

and all codons from the point of deletion onward are now incorrect. 
The mutations that are produced by radiation are in no way different 

from those produced by other agents or from those mutations that other- 
wise occur through natural misadventure. The essential difference is the 
frequency. In the absence of radiation, the mutation rate for a single gene 
may be on the order of one mutation or less per gene site per million cells 
that are formed. Radiation can easily raise this rate by a thousandfold or 
more. The other important characteristic for all mutations, whether they 
are the result of radiation action or other mutagenic agents, is that they 
are overwhelmingly recessive in character and thus are observed phenotyp- 
ically only when the cell line or animal has the homozygous presence of 
the altered gene. Finding radiation induced mutations then presents cer- 
tain problems. Either we must find ways to examine an extremely large 
number of progeny for phenotypic change or methods must be developed 
to detect the recessive changes. Both methods have been used. 

Microorganisms and cultured mammalian cells are relatively easy to use 
as systems to measure mutation frequency after ionizing radiation. Bio- 
chemical mutations are those most frequently used. For yeasts, bacteria, 
and other microorganisms, the most typical method for evaluation of the 
rate of gene mutations is to use test strains of the organism that require a 
specific metabolic precursor to be present in the medium. After irradia- 
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tion, the ability of single cells to survive and form clones in a medium 
deficient in the metabolic precursor required by the unirradiation cells, is a 
sign of a mutation event in the irradiated cells. The number of cells plated 
divided into the number of survivors in the deficient medium is the 
mutation rate. Mutation rates in mammalian cells are estimated by a 
slightly different technique. An example of this technique was first de- 
scribed by Little et al. (1988). Chinese hamster ovary cells (CHO), which 
are normally killed by exposure to low concentrations of 6-thioguanine 
(5 txg m1-1 concentration), occasionally undergo point mutations in the 
hprt locus that confer resistance to 6-thioguanine (6-TG). To measure 
mutation rates, the cells are irradiated and then large numbers of cells are 
exposed to the 6-thioguanine at the normally lethal concentration. 
Typically, 200,000 cells are seeded into Petri dishes in the 6-TG con- 
taining medium, and the outgrowth of 6-TG resistant mutants is counted. 
As for microorganisms, the fraction of resistant mutants to the number 
of cells seeded is the mutation rate. Typically for this system the mutant 
fraction at 400 cGy is 4 x 10 -5, or 1 mutant per 25,000 cells. When the 
dose-response relationship is linear, the mutation frequency is then 
1 x 10 -7 cGy -1. 

Over the last two decades many other studies have been undertaken on 
gene mutations in cultured mammalian cells. Clearly the mutation rates 
deduced are not for mammalian gametes, but rather are for somatic cells 
grown in culture and undergoing continuous population increase. Three 
classes of studies have been undertaken. One of these is the study of 
auxotrophic mutants (as in the deSerre case, an auxotrophic mutant has a 
particular growth requirement). Another group of studies used tempera- 
ture sensitive mutants that grow only at specific temperatures other than 
the normal incubator temperature. Finally, a group of mutants was 
developed through irradiation that is resistant to certain drugs, such 
as nucleotide base analogs or specific metabolic inhibitors. 

Susuki and Okada (1976) measured the mutation frequency for an 
auxotrophic strain of the mouse L5178Y lymphoma line that required 
alanine for normal growth. The mutation end point was the disappearance 
of the dependence on alanine for growth (conversion to prototrophy). The 
measured mutation frequency with X-rays was 3 x 10-7 cGy-~. 

Among many other investigators who used acquired drug resistance as 
the selection tool for identification of mutations, Knapp and Simons (1975) 
used acquired resistance to the drug 6-thioguanine in the same mouse 
L5178Y line. This work is quite similar to that of Little et al. (1988), 
but with a different cell line. Knapp and Simons obtained a mutation 
frequency for X-rays of 1.5-3 x 10 -7 cGy-~. 
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The mutation frequencies for most of the work using the techniques we 
just examined have been in the range of 1-5 x 10 -7 cGy -~. An important 
exception is the work of deSerres et al. (1967). They carried out a series of 
studies on the fungal organism, Neurospora crassa, that examined the 
mutation of two adjacent genes, both of which control the synthesis of 
adenine. A mutation in either or both of these genes causes the organism 
to lose its ability to synthesize adenine, and the mutant will grow only on a 
medium supplemented with preformed adenine. The mutation frequency 
data, as a function of dose, did not fit a linear relationship, but rather was 
a best fit to a quadratic form. The actual final formulation was 

Yield of (mutants per 10 6 surviving cells) = 0.3 + 5.39D + 0.16D 2, 

(13.1) 

where D is the dose in kilorad (1 krad = 10 Gy). 
The interpretation of these data by deSerres and his group was that the 

total yield of adenine requiring mutants was made up of a portion 
produced by point mutations that required one hit and another portion 
produced by chromosome deletions that required two hits. In light of 
modern data this is certainly an oversimplified explanation, but it repre- 
sents elegant work in the field and provides interesting insights to compare 
the formulation of Eq. (13.1) to the linear-quadratic molecular model 
and to suggest why the Neurospora data are different from that for 
mammalian cell lines. 

G E N O M I C  I N S T A B I L I T Y  

Classical theories of mutation events suggest that the mutation, based 
on a change in coding sequences, occurs during the semiconservative 
replication of DNA, either through replication over a damaged template or 
by introduction of errors during the repair of DNA damage. The damage 
may be caused by ionizing radiation or another DNA damaging agent. We 
expect that most mutations occur during the first generation of DNA 
replication and cell division after radiation exposure. A number of experi- 
menters working with mammalian cells in culture have described the 
phenomenon of microcolony formation, that is, colonies that do not 
continue to grow to confluence. Thompson and Suit (1969) followed the 
postirradiation proliferation of a mammalian cell line by time-lapse cine- 
matography for seven generations after the radiation exposure. They found 
that cell death continued for several generations after the initial exposure 
event. Sinclair (1964) and others reported considerable heterogeneity in 
colony size and growth rate after radiation exposure. Until recently most 
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authors have attributed microcolony formation and growth heterogeneity 
to DNA damage or mutations that are not immediately fatal to the cell, 
but ultimately lead to cell death after a few generations. 

More recently, a number of authors have suggested that a continuing 
genomic instability is the cause of the kind of findings described in the 
previous paragraph. Little et al. (1990) examined two end points: lethal 
mutations, as measured by reduction in cloning efficiency through many 
generations, and specific gene mutations. The latter was done with the 
6-thioguanine resistance measurement of mutations in the hprt locus. A 
persistent production of new 6-TG resistant mutants was found for up to 
seven generations after the single radiation exposure to 400 cGy. Continu- 
ing expression of lethal mutations, as measured by decrease in cloning 
efficiency that lasted through at least 20-30 population doubling times, 
also was found. Little et al. concluded that radiation damage that results in 
cell killing or specific gene mutations may be delayed for many generations 
after irradiation. Seymour et al. (1986) first described the phenomenon 
of expression of lethal mutations during proliferation at long times 
after irradiation. 

Sabatier et al. (1992) described chromosomal instability in mammalian 
cells after irradiation, rather than reduced cloning efficiency or mutations 
in specific loci. Marder and Morgan (1993) applied fluorescence in situ 
hybridization (FISH) methods to follow a single copy of human chromo- 
some 4 in irradiated human-hamster hybrid cells. These workers reported 
the same chromosomal instability described by Sabatier. 

The wide range of findings related to presistent drops in cloning 
efficiency, continuing appearance of locus-specific mutations, and the 
observed instability of chromosomes has led to the conclusion that 
genomic instability is a condition characteristic of ionizing radiation 
exposure. A good review of the issue of genomic instability is that of 
Kronenberg (1994). 

G E N E  M U T A T I O N S  I N  H I G H E R  O R G A N I S M S  

To this point we have discussed only gene mutations and chromosome 
damage in cells grown in culture. Be aware that the findings in these 
systems are equally applicable for genomic change in somatic cells and 
germ cells, but only changes in the latter can be inherited by offspring. It 
should be equally apparent at this point that nearly all the research in cell 
systems in uitro is equally applicable to the mechanisms of carcinogenesis 
and heritable genetic change. We will now discuss studies that are 
applicable only for examination of heritable alterations in the genome. 
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M O L L E R ' S  S E X ' - L I N K E D  RECESSIVE T E S T  

Miiller (1927) developed a truly elegant test system to reveal the 
presence of lethal mutations anywhere on the X chromosome of the fruit 
fly, Drosophila melanogaster. Since these mutations almost always are 
recessive in nature, they are not disclosed by the simpler experiments 
associated with changes in phenotypic expression. The model system, 
which earned the Nobel prize for Miiller for being the first to show that 
radiation could produce mutation events, is as follows. 

1. Construct a female fly with an X / X  chromosome that carries three 
gene markers on one of the X chromosomes: C, of only procedural 
interest, 1 a lethal gene, ~ ,  and a morphological marker, B. The latter 
symbol, B, which indicates bar-eyed, is useful as a sorting tool to identify 
flies that carry the ~ gene, since the same chromosome carries both 
genes. The notation for this sex chromosome combination in the female fly 
is C 2 B / + ,  which indicates that one of the X chromosomes ( + )  is 
sufficient, if present, to prevent the lethal but recessive action of .~. 

2. Cross the C S : B / +  female with wild-type males that have been 
irradiated at doses chosen by the investigator. The competent, wild-type 
male is coded + / Y  to indicate that it also has an X chromosome (+) ,  
which will prevent the otherwise lethal action of .Z~'. If the irradiated, 
wild-type male has not suffered a radiation induced mutation in the X 
chromosome, the bar-eyed daughters of this cross will all carry the sex 
chromosome C S : B / + .  The + / +  females will not be bar-eyed and are 
excluded from further study. 

3. Now mate individually the bar-eyed daughters collected from this 
first mating with the irradiated male, with normal, unirradiated males, and 
examine for surviving male offspring. 

The possible outcomes are as follows: The original irradiated male parent of 
the first mating has no mutation in X: 

C.~WB / + female x + / Y  male yields" males C.~B / Y  and + / Y ,  

females C.~B / + and + / + .  

The C S : B / Y  males will die. There is no X + present. The + / Y  males 
will survive and will not be bar-eyed. 

1 The C marker is a gene that suppresses crossing over, a process that occurs normally at 
meiosis and that would negate the experiment if it were to occur with any significant 
frequency. 
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It is clear that in the absence of a mutation in the irradiated male 
parent, some male offspring will survive from these crosses, but they will 
not be bar-eyed. As will be seen, the survival of any males will be 
unimportant. 

The original male parent of the first mating has a lethal mutation some- 
where on X. The F1 bar-eyed daughters of the cross will be C.Z~B/~, , ,  
where -~m is a lethal mutation on the other X chromosome: 

C _ ~ B / ~ m  female x + / Y  male yields males: CSCB / Y  and C . ~  / Y .  

No males survive from this cross. The lack of surviving males from the 
cross is the sign that a mutation occurred in the irradiated male grand- 
parent, and the number of such crosses lacking male survivors is the 
number of the original irradiated males with mutations. There is no need 
to enumerate survivors of either sex. 

This elegant experiment allowed Miiller to construct dose-effect curves 
for this type of mutation in Drosophila. The work on Drosophila was 
carried forward by Stern and others. The data of Spencer and Stern (1948) 
unequivocally demonstrated the linear dependence of the mutation rate on 
dose for the particular model of recessive mutations in Drosophila. It must 
be borne in mind that the Miiller recessive lethal model does not permit 
examination of the sensitivity of the female for radiation mutagenesis. 

The conclusions that can be drawn from the cumulative studies on 
Drosophila over the years can be summarized as follows: 

1. From 0.25 to 40 Gy, the rate of production of sex linked recessive 
lethals is constant per unit dose. That is, the plot of excess mutation 
frequency as a function of dose is linear. 

2. There appears to be no threshold below which an effect would not be 
predicted. However, even the lowest dose used, 25 cGy, is high by radiation 
protection standards. We cannot unequivocally say that there is no 
threshold, but it seems highly probable for Drosophila. 

3. There is no effect of dose rate over a wide range of rates. There is 
also no effect of fractionation of the dose if account is taken of the elapsed 
time and of the stage of the male gamete that is irradiated. 

4. The sensitivity of the male gamete varies greatly with the stage of 
development at which it is irradiated. Table 13.1 lists the relative sensitivi- 
ties of the various stages of the male gamete. 

5. The relative sensitivity of the female gamete has been measured by 
another method (the specific locus method; to be described shortly). The 
values are 

Oocytes and oogonia 1 
Late oocytes 2 
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Table 13.1 

Relative Sensitivity of the Various Stages 
of the Male Gamete of the Mouse 

Relative 
Stage sensitivity 

Spermatogonia and 1 
early spermatocytes 

Meiotic division stages 8 
Spermatids 2 
Spermatozoa 3-6 

6. The induction of mutations by ionizing radiation in Drosophila will 
occur at the rate of 1.5-8 • 10 -8 per locus per centigray. 

These reports on mutation rates in Drosophila were very influential in 
the establishment of guidelines for radiation exposure of human beings. It 
was taken as established precept for man that there would be no threshold 
and that no matter how the dose was accumulated there would be no 
reduction in effectiveness of the dose. Concerns about reliability of 
Drosophila data for projections to human beings led to the establishment 
in the early 1960s of a large project at the Oak Ridge National Laboratory 
to determine the sensitivity of a mammalian species for radiation mutagen- 
esis. The mouse was chosen as a test animal. The papers by L. B. Russell 
and W. L. Russell are too numerous and extensive to cite here, but the 
reader is directed to an extensive review of their work by Searle (1974). 

SPECIFIC LOCUS TEST IN MICE 

The Russells were able to make use of an experimental mouse colony in 
which nine mouse specific locus end points were available for study. The 
general problem stated earlier still holds. The great majority of mutations 
produced by any agent will be recessive, and a special methodology is 
necessary to accomplish the measurement of mutation frequency. The 
specific locus method is suitable for this purpose and is particularly valu- 
able for studies in animal species where numbers of subjects, breeding 
frequency, and length of parturition rule out studies of the Miiller type. 

Specific phenotypic expressions are chosen that can be easily detected 
in the offspring. Examples might be "curly wing" in Drosophila or "kinky 
tail" in mice. Mice or flies are bred to be homozygous-recessive for a trait. 
The mice or flies are mated with normal subjects in which the marker trait 
is known not to exist in heterozygous form. Figure 13.3 indicates how the 
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Parent 1, Parent 2, 
male or female opposite sex 

DD dd 

 al~ Oo enop/~176 
DD and a few Dd* offspring: 
Dd (D phenotype), d*d (d phenotype) 

Figure 13.3 General structure of the specific locus model. This approach was used in all the 
studies of mutations in mice by Russell and Russell (reviewed by Searle, 1974). Either the 
male or female can be the irradiated partner. 

specific locus method operates. Emphasis is on the use of this method in 
mice, but it is obviously available for any species in which the appropriate 
phenotypic markers are available. 

The frequency of appearance of the recessive phenotype is a measure of 
the mutation frequency for the locus for which the test is designed. It is 
also possible to measure the relative sensitivity of the various stages of 
gamete development by choosing an appropriate time for mating after the 
radiation has been delivered. The longer we wait before the mating, the 
earlier will be the stage of maturation of the gamete that is being 
measured. 

The observation and conclusions from this study with the specific locus 
test in mice are very different from those just described for Drosophila. For 
seven of the loci studied in the mouse, the average mutation rate per locus 
per centigray was found to be 2.2 x 10 -7 .  Compare this figure to that 
given for Drosophila of 1.5-8 x 10 -8 cGy -1. 

Of even greater significance was the discovery of a dose-rate effect for 
induction of mutations in mice. Studies with male mice were undertaken at 
dose rates of 90 cGy m -1 and 0.09 mGy m -1 .  There were very large 
reductions in the mutation frequency at the lower dose rate, which 
indicates a large capacity for repair or elimination of induced mutations in 
the mouse. Interestingly, though, when the dose rate was lowered even 
further to 0.01 mGy m -1 almost one-tenth of the 0.09 mGy m-a rate, no 
further reduction in the mutation frequency was seen for the same total 
dose. The authors postulate a repair process that is dose-rate (not dose) 
dependent and that it is saturatable at the 0.09 mGy m-1 dose rate. 
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The Russells also were able to demonstrate a dose-rate effect in the 
female mouse, with a factor of 8 lower mutation rate per unit dose for the 
0.09 mGy m-1 dose rate compared with the highest dose rate. If matings 
are undertaken immediately after irradiation of the male, the spermato- 
zoon is the gamete stage that is being evaluated. In this last case no 
dose-rate effect is demonstrable. This finding concords with the observa- 
tions we made earlier that the late stages of the male gamete are 
apparently incapable of repairing DNA damage (Chapter 10). 

Radiation that is received by human beings beyond that attributable to 
background is, to a great extent, delivered in brief, widely separated, 
episodes, such as medical radiographic exposures. There is no possible way 
to interpret the dose-rate effects just described in terms of the exposures 
usually received by human beings. 

An extensive summary of the results of the study of specific locus 
mutation frequencies in the mouse was provided by Searle (1974). This 
summary is abstracted here. 

Male Gamete 

1. The mutation frequency for the various loci studied varied signifi- 
cantly (differential repair?). 

2. The average mutation rate in mice is 10-15 times higher than for 
Drosophila. 

3. There is no evidence that spermatogonia that contain these induced 
mutations are less viable than the normal. No change in the mutation 
frequency was observed for matings that took place as long as two years 
after irradiation. Therefore, these mutations will persist throughout repro- 
ductive life. 

4. The mutation frequency varied widely depending on the stage of 
development of the gamete at the time of irradiation. 

5. There is no relationship between the spontaneous rate for a locus 
and its susceptibility to radiation mutagenesis. 

6. Dose-rate is an important independent variable. 

Female Gamete 

1. Mature and nearly mature follicles have the highest mutation fre- 
quency for the stages of the female gamete. 

2. Early or immature oocytes appear to be very resistant to radiation 
induced mutations. 
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3. Dose-rate dependence is also seen in the oocyte, and it extends to 
much lower dose rates than for the male before saturation of repair 
sets in. 

4. On the whole, the female gamete is significantly less sensitive than 
the male gamete. 

SUMMARY 

For mammalian cells in culture and for the specific locus test in mice, 
the mutation frequencies are quite consistently in the range of 1-5 • 10 -7 

cGy-a. Female mice are significantly less sensitive to specific locus muta- 
tions. The powerful dose-rate effect seen for the specific locus test in mice 
is not a characteristic of the findings with mammalian cell lines. It is 
important to remember that much of the history and folklore of the effects 
of ionizing radiation as a cause for genetic mutations is based on the 
results with Drosophila. This organism has a mutation frequency that is a 
factor of 10 lower than that for the mouse specific locus tes t  (10 -7 cGy-1 
for the mouse, 10 -8 cGy-a for Drosophila). 
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Chapter 14 

High Linear Energy Transfer 
Radiation Effects 

I N T R O D U C T I O N  

Earlier in this text, and particularly in Chapters 4 and 5, the concept of 
the rate of energy transfer per unit of track length of the high-kinetic- 
energy electron was discussed at great length. It is now time to examine in 
greater detail the differences in the physical, chemical, and biological 
events that are associated with radiations which do indeed have a high rate 
of such linear transfer of energy compared to X-rays and gamma rays. 
There are several important sources of high LET radiations in the environ- 
ment. One of the most important of these from the health protection point 
of view is the neutron radiations that are produced in the course of power 
generation from nuclear fission. If nuclear fusion ever becomes a signifi- 
cant industry in the world, it too will be an important source of high LET 
radiations. Astronauts in the space environment will also be faced with 
significant sources of high LET radiation, particularly from the high- 
energy charged particle environment (Tobias and Todd, 1974). Significant 
high LET radiations are also generated from radiation generating equip- 
ment in modern physics research (high-energy accelerators), and from 
advanced equipment used in radiotherapy of cancer and other diseases. 

365 
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STOPPING POWER A N D  LINEAR ENERGY TRANSFER 

LINEAR ENERGY TRANSFER 

Linear energy transfer was explicitly defined in Chapter 1, using the 
definition of the International Commission on Radiation Units and 
Measurements (ICRU), as the average energy, dE L, locally imparted 
to the medium by a charged panicle of specific energy traversing a 
distance dr: 

dE L 
LET = ---&---. (14.1) 

The definition includes high-kinetic-energy electrons from photon scatter- 
ing processes, but not photons themselves. 

In what way is LET, as defined, different from the term stopping power 
usually used in physics? Stopping power is defined as the energy loss per 
unit thickness (read length) and sometimes is redefined as a density 
corrected stopping power. The latter is obtained by dividing the stopping 
power, dE/dx, by the density, p. 

The differences are specific and important. It should be noted that the 
stopping power used by physicists, dE/dx, is not confined to a description 
of energy loss from charged particles, as is the ICRU definition of LET, 
and stopping power, can indeed, describe the rate of energy loss from a 
photon beam scattering without the production of a high-kinetic-energy 
electron. Another important constraint on the ICRU definition of LET is 
that it describes the rate of transfer of energy to the medium locally. These 
constraints give the concept of LET special utility for the understanding of 
the biological action of radiation as it relates to the pattern of energy 
deposition. As has been suggested so many times in this text, for biological 
damage to be sustained in a cell, energy must be deposited by some means 
in that cell. In that context, the definition of local in the LET formulation 
is essential, in that it limits the consideration of energy deposition events 
to a radius from the line of the particle track that is appropriate for the 
biologically effective deposition of energy. 

In practice, the use of the LET involves the development and accept- 
ance of a number of important assumptions. When we examine the 
detailed structure of individual charged particle tracks, every track is 
different from its predecessors. Also, it is a very rare case where we can 
examine the LET of a population of charged particles in which each 
particle has the same initial energy. Furthermore, the concept implicit in 
the LET is a continuous deposition of energy, the "continuous slowing 
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down approximation" of the Bethe-Bloch equation to which reference was 
made earlier. Finally, the LET, as it is used in radiation biophysics, is the 
average rate of local deposition of energy from a real spectrum of charged 
particles as they traverse a medium. Since we will see that part of the 
different biological effectiveness of high LET particles is due to the 
closeness of ionization events along the particle track, we must not lose 
sight of the fact that the continuous slowing down approximation is aptly 
named an approximation. 

We also note that there are general references throughout the practice 
of radiobiology that indicate that gamma rays or X-rays have an associated 
LET, even though the definition limits the LET to charged particles. The 
same discrepancy is also seen in reference to neutrons passing through 
tissue. This widespread and useful usage, which is observed in this text 
also, is simply a recognition that, in the case of gamma rays or X-rays, the 
transfer of energy occurs from electron tracks, and, in the case of neu- 
trons, from recoil protons or other charged particles produced as the result 
of interactions in the tissue. Zirkle (1940) and Zirkle and Tobias (1953), 
when they first discussed the importance of linear energy transfer and then 
introduced the concept of LET, were certainly aware of these limitations 
on the definition, but they found it a useful construct to include all energy 
loss processes in a single descriptive parameter. 

Before discussing the effects of this parameter, LET, on the energy 
transfer mechanisms and biological effect of radiations, it is useful first to 
define the LET values associated with radiations that are commonly 
available and, second, to define what is intended by the loose descriptions 
"effects of low LET radiation" and "effects of high LET radiation". 

In the radiobiological literature it can be taken that the term "low LET 
radiation," without another descriptor, is meant to include the usually 
available gamma-ray sources such as 6~ and 137Cs, as well as usual 
laboratory X-ray machines that have peak energies in the range of 50 keV 
or more. The electrons generated in tissue by interaction with the X-rays 
from typical 250 kVp X-ray generators have mean LET values of about 
2-3 keV i~m -1, while the gamma-ray sources have mean LET values in 
the range of 0.2-0.5 keV ~m -1. Experiments done with these radiation 
sources will generally be classified as low LET experiments. Even these 
radiations that we call, by convention, low LET, have high LET compo- 
nents in the processes of energy transfer and absorption. To recall the 
interactions of high-kinetic-energy electrons as they slow down, ~-rays are 
one of the possible results of these slowing down reactions. The ~-rays are 
electrons that recoil from interactions with fast electrons that have im- 
parted to the ~-ray sufficient energy so that it has an ionization track of its 
own. ~-rays of 0.1-1.5 keV, the range that might be expected from track 
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interactions of electrons generated from 6~ gamma rays, have LET 
values of 33 and 9 keV txm -a, respectively. These LET values are associ- 
ated with ranges for the ~-rays of 0.003 and 1.0 I~m, respectively. 
Obviously, even for so-called low LET radiations, there will frequently, if 
not always, be an associated high LET component. 

A wide range of natural radiation sources will provide radiations with 
LET values far in excess of those just discussed. The group of sources that 
is of particular importance because of the high LET values found is made 
up of the radionuclides which decay with the emission of high-energy alpha 
particles. For example, a 222Rn alpha particle will have an LET of about 
100 keV ixm -a. Neutrons will also generally be a high LET radiation 
because of the short range and the significant mass of the recoil particles 
produced in their interaction with tissue. Finally, a wide range of radia- 
tions can be produced on modern accelerators, including neutrons of high 
energy, as well as accelerated heavy charged particles. The range of LET 
values associated with the latter can exceed 10,000 keV ixm -~. 

B R A G G  P E A K  O F  I O N I Z A T I O N  

In Chapter 5 the formulation of the coulombic interaction of a charged 
particle with another charged particle in the medium was developed. This 
formulation, which was particularly directed toward an understanding of 
the interactions of secondary electrons with the medium, used a mostly 
classical approach. It was demonstrated that the rate of energy deposition 
for high-energy charged particles was proportional to the inverse of the 
velocity of the particle squared or, stated another way, inversely propor- 
tional to the kinetic energy of that particle. For stopping electrons, this 
aspect of the rate of energy deposition as a function of trajectory is not 
particularly important, because the electron, with its small mass, follows a 
tortuous path to its final stopping point, and the change of LET with the 
slowing down electron will be masked by the average LET of other slowing 
down electrons in the volume. For alpha particles from radioactive decay, 
for recoil protons from neutron scattering interactions, and for charged 
particles produced in accelerators, the nature of this pattern of energy 
deposition is indeed important, since the particle trajectory is only little 
influenced by the interactions that it undergoes, and the rate of energy loss 
will have a geometric significance. To reiterate that statement a little more 
simplistically, since the electron has a tortuous path and all the secondary 
electrons do not stop at the same location in the absorbing medium, the 
high rate of energy transfer at the terminus of the electron track will be 
distributed more or less randomly in the absorber. For heavy particles, 
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with specific range and minimum scatter associated with high initial 
momentum, the fact that the majority of the energy is deposited at the end 
of the track has great physical and biological significance. 

CONTINUOUS SLOWING DOWN APPROXIMATION 

The complete description of the rate of energy loss from a charged 
particle passing through an absorbing medium is given by the Bethe-Bloch 
formulation (Evans, 1955) for any particle that has a rest mass M which is 
very much larger than m 0. This complex formula will not be developed 
here, and the readers are referred to Evans for the details. A more widely 
used form of the Bethe-Bloch expression was provided by Curtis (1974): 

-dE 0.307z*2Z ( ln 2moc2~ 2 C 6) 
dr = A/32 (1 - /32)1 - / 3 2  Z 2 . (14.2) 

Why is Eq. (14.2) called the continuous slowing down approximation? The 
real description of scattering events for charged particles is of a number of 
individual scattering events with the particle moving at constant velocity 
between events. The continuous slowing down approximation assumes, as 
the expression suggests, a continuous loss of energy along the track length. 
It is still a very useful formulation, because, if we assume many tracks in 
the medium with random scattering events, the average loss of energy is 
well described by the Bethe-Bloch equation. 

In Eq. (14.2), z* (read, z-star) is the effective charge on the projectile 
particle, making adjustment for the charge of the particle as its picks up 
electrons at low velocity, and, for the case of an atomic nucleus not fully 
stripped of its electrons, z* is corrected for the charge shielding influence 
of these electrons. Z and A are the atomic number and mass of the 
absorbing medium, /3 is the ratio of the particle velocity to the speed of 
light, m 0 is the electron rest mass, I is the mean ionization potential of the 
absorbing medium, C is the sum of electron shell corrections, and the last 
term, 6/2, is a condensed medium density correction. C/Z and the density 
correction are very small under most conditions and can be ignored. The 
important implication of the Bethe-Bloch expression is that, even in this 
form with its necessary relativistic corrections, the rate of energy transfer 
still is determined mainly by the inverse of the velocity of the particle 
squared, which in this formulation is represented as /32. When, as the 
charged particle slows down, it captures electrons, changing z*, then 
the rate of energy loss is described better as depending upon 
(Z*)2//~ 2. 
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B R A G G  PEAK 

The rate of energy loss (LET) of a heavy charged particle as a function 
of its residual energy is shown in Fig. 14.1. The peak energy loss occurs just 
as the particle approaches the end of its range (the residual energy is 
small). This LET distribution versus residual energy is characteristic of a 
heavy charged particle, and has come to be known as the Bragg peak. 
Formally the Bragg distribution is more generally shown as a plot of 
relative ionization against range in the absorber. Such a plot is shown in 
Fig. 14.2. The Bragg ionization curve is named in honor of W. H. Bragg 
(1912), who first systematically examined it. The important difference 
between Figs. 14.1 and 14.2 is that the former plots rate of energy loss per 
unit path length (LET) as a function of residual energy, E; there is only 
indirect information about dose or total ionization. In Figure 14.1 there is 
no indication of the number of particles that remain in the beam for a 
given residual energy. Figure 14.2 shows the ratio of total ionization to the 
ionization produced by the entering beam as a function of depth of 
penetration of the beam. No direct information is shown as to the LET of 
the ionization as the particle slows down and stops. 
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Figure 14.1 Rate of energy loss for a heavy charged particle as a function of its residual 
energy. The arbitrary scales show that the energy loss follows approximately as the inverse of 
the effective velocity squared. E 1 and E 2 are residual energies associated with LET 1 and 
LET 2, respectively. Note that the rate of energy loss is nearly constant at the initial energy of 
the particle (Ema x). 
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Figure 14.2 Bragg curve for 425 MeVA neon ions, experimentally measured for absorption 
in water. The beam for these measurements at the Berkeley BEVALAC was very nearly 
monochromatic. 

For very energetic particles (hundreds of MeV) the track in tissue can 
be significantly long, but for the more usual case of an alpha particle from 
radioactive decay or a recoil nucleus from a neutron interaction, these 
dimensions will be quite small. For example, the alpha particle from 21~ 
decay has an initial energy of 5.3 MeV, and it will have a track length in 
tissue of only 35 ixm~the  dimension of a few cell diameters. Under these 
conditions of rapidly changing LET with distance of penetration, it is 
necessary to refine the definition of LET. If the sensitive target of the cell 
has dimensions that are appreciably larger or smaller than, for example, 
the distance from E 1 to E 2 in Fig. 14.1, then LET variation within the 
region, or even over a somewhat larger region, will be significant. Two 
conceptual parameters have been developed for this application. 
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By examining Fig. 14.1, it is clear not only that the LET depends upon 
the depth of penetration in the absorbing medium, but that if the sensitive 
target dimensions are such that the entrance and exit depths correspond to 
E 1 and E 2 with their corresponding LET values, the change in LET is not 
so great, and the LET can be assigned a value between the narrow limits. 
In the limit, however, only when AE and ALET are very small can the 
LET be stated with precision. From these considerations two alternative 
forms of LET estimate have come into general usage. These are the track 
segment average LET, (LETav)S, and the average LET averaged either over 
(a) track dimension, the track average LET, (LETav)T, or (b) averaged over 
energy deposited, the energy average LET, (LETav)e. 

FORMULATIONS FOR LINEAR ENERGY TRANSFER 

The track segment LET can be understood clearly by reference to 
Fig. 14.1. For the designated E 1 and E 2 in that figure, the relationship for 
the track segment average LET is 

1 fEE21 [LET( E)]  dE. (14.3) (LETav)s = ( E  2 - El)  

To be explicit, the track segment average LET is the average of the LET 
integral over the energy range E 2 to El, and if E 2 and E a are in regions of 
the curve where LET is changing slowly, that is, near Emax, then 

(LETav)s 7[(LET)I + (LET)21. (14.4) 

When LET studies of biological effectiveness can be performed with 
monoenergetic, charged heavy particles of sufficient energy such that the 
AE is small passing through a thin biological target, Eq. (14.3) [or Eq. 
(14.4) for a thin target specimen] is an unambiguous estimate of the 
density of ionization along the track core. Experiments carried out under 
these special conditions are often referred to as track segment experi- 
ments. Some studies to be described shortly meet these criteria. For the 
more usual case, an LET estimate must be used such as the track average 
or energy average. These parameters are strongly dependent on the 
averaging method used. In principle, Eq. (14.1) can define either energy 
average or track average for a moving particle. In practice, the differences 
in the definitions of energy average and track average can be visualized 
best as differing by the localization of the energy absorbed. 



Significance of Linear Energy Transfer to Biological Damage 373 

Table 14.1 

Comparison of Track Average LET (LETav)r and Energy Average 
LET (LETav)~ for Some Typical Radiation Types 

Track average LET Energy average LET 
Radiation type (keY txm- 1 ) (keV Ixm- 1) 

60 Co gamma r a y s  a 0.27 19.6 
250 kVp x - r a y s  a 2.6 25.8 
3 MeV neutrons a 31 44 
Radon alpha rays 118 83 
14 MeV neutrons a 11.8 125 
Recoil protons 8.5 25 
Heavy recoils 142 362 

a LET values derived from the LET's of the charged particles produced in 
scattering interactions. 

The energy average LET can be computed, say, for a neutron of some 
initial energy by summing the initial energies of all charged particles set in 
motion by the neutron over a track length, L. The energy average LET, 
(LETav)E, is then the quotient of the two quantities. On the other hand, 
the track average LET is obtained as the sum of all energy deposited over 
the total track length of the initial particle and does not account for energy 
that was not locally deposited in the dimension, L. The (LETav) r is 
generally a smaller value than (LETav)e. A comparison for some radiations 
is shown in Table 14.1. 

S I G N I F I C A N C E  O F  L I N E A R  E N E R G Y  T R A N S F E R  
T O  B I O L O G I C A L  D A M A G E  

The general effectiveness of a given radiation to produce lesions or 
irreparable damage in bioactive molecules depends to a great extent on 
the spatial distribution of the ionization and excitation events that occur in 
the medium. A useful oversimplification that allows us to visualize the 
effect of LET on biological effectiveness is to imagine the two possible 
extremes. For low LET radiations (gamma rays, for example), the average 
spacing between energy transfer events along the track of the charged 
particle (the scattered electron)wil l  be on the order of hundreds of 
nanometers. Under these circumstances, as was discussed in the earlier 
sections on radiation chemistry, there is little or no chance for the volume 
elements containing the products of the ionization event to interact with 
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each other. Therefore, there can be little or no cooperative interaction 
between these events that lead to irreparable or misreparable damage to 
the DNA molecule. This generalization is true for both the direct and the 
indirect action of radiations. For high LET radiations, the formation of 
regions of ionization will be close together and will, in the limit, form a 
continuous chain, or column, of ionization damage, again, either by action 
in water or in the biomolecules themselves. 

To examine a simple calculation that will make this point, assume a 
gamma ray, the secondary electrons of which provide a track average LET 
of 0.25 keV ixm -1. Assume also that the average energy transfer per spur 
is 60 eV. The spacing of spurs along the track will be 

250 eV/60  eV = 4 events per Ixm or an average of 250 nm 
spacing of these events. 

Now make the same assumption for a radon alpha ray with a track average 
LET of 118 keV ixm -1. For approximate purposes, we can again assume 
an average energy transfer of 60 eV per event: 

118,000 eV/60  eV = 2000 events per Ixm or an average 
of 0.5 nm spacing for these events. 

Clearly, in the latter case the products of the ionization reaction in a single 
spur will interact with the products in the neighbouring spur, and if the 
concept of cooperative damage between or among two or more lesions in 
the strands of DNA is correct, the latter form of radiation will be more 
effective, as it indeed is. 

DIRECT VERSUS INDIRECT ACTION 

High LET radiation does not have a preferential action on biomolecules 
over water. All the usual water radiochemistry will happen whenever 
ionization occurs in that medium. All of the products will form and diffuse 
away from the site of formation in the same fashion as after gamma or 
X-irradiation. The products of radiolysis of water will be capable of all the 
chemical damage that is known to result from low LET radiations in 
aqueous systems. There will, however, be significantly more interaction of 
the water radicals with each other because of the event distribution 
described in the previous paragraph. Of greater importance with high LET 
radiations is the high likelihood that an ionizing event will occur directly in 
the important target bioactive molecule, and that more than one lesion (or 



Relative Biological Effectiveness 375 

sublesions, to use the more modern terminology of the cell inactivation 
models) will be formed in close enough proximity for cooperative interac- 
tion of the lesions. This is simply because of the very high density of the 
ionizing events and the subsequent high likelihood that the ionization 
event will fall in the volume of the important biomolecule if the track 
crosses the cell or nucleus at all. If the important molecule is indeed DNA, 
its large size provides even more assurance that interactions will occur 
within the ionization track. 

A number of radiation effectiveness modifiers are known to act through 
modification of the indirect effect. One of the most important of these is 
oxygen, and we will discuss the role and relevance of oxygen for high LET 
radiations shortly. Other scavengers also compete for the water radiolysis 
products. Each of these radiation response modifiers is seen to be nearly 
inactive for very high LET radiation and to have limited activity for 
moderately high LET radiation. This evidence strongly suggests that for 
high LET radiations the direct effect of the radiation predominates, but 
we must not forget that the indirect action most certainly still takes place 
in the aqueous milieu, and to the extent that it does occur, the radiation 
modifiers will intervene in the reactions. The indirect effect simply has 
little relevance in the presence of the more effective direct action. The 
reader is reminded that the oxygen effect may be demonstrated in the 
irradiation of bioactive molecules in the dry state. In the dry state 
the direct effect must assuredly predominate. Why, then, is it not possible 
to demonstrate the oxygen effect on the products of the direct action of 
high LET radiations? Oxygen will indeed react, if it is present, but since 
the damage induced by a high LET track will generally be extensive and 
often irreversible, the damage fixation by oxygen is not a necessary 
component of the process. 

R E L A T I V E  B I O L O G I C A L  E F F E C T I V E N E S S  

There must be a comparison indicator in order to consider the effects of 
various radiations and to evaluate the role of LET. The term that has 
generally been adopted for this purpose is relative biological effectiveness 
(RBE). It is defined explicitly, using the ICRU definition, in Chapter 1 and 
elsewhere in several locations in the text. 

In brief, the RBE is the ratio of absorbed doses to produce the same 
biological end point, using a reference radiation and a comparison radia- 
tion. A lower absorbed dose for the comparison radiation than for the 
reference radiation for the same end point gives an RBE greater than 1 
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(see Chapter 1 for the explicit definition). The expression for RBE is 

dose for given end point (reference radiation) 
R B E =  . (14.5) 

dose for given end point (test radiation) 

There is a very serious limitation to the RBE concept. It assumes that 
the dose-response curves for the biological effect are described by identi- 
cal functions, with parameters such that a simple multiplicative dose 
modification describes the difference in response for the two radiation 
types. Stated in another fashion, the RBE, as defined, should be inde- 
pendent of the response level at which it is estimated. Unfortunately, 
this is rarely the case. An example is shown in Fig. 14.3. Schneider and 
Whitmore (1963), whose work is shown in simplified form in Fig. 14.3, 
examined a number of cell lines with the same two radiation sources and 
found a reasonable degree of similarity among the responses of all these 
cell lines. The key problem is to decide the appropriate biological end 
point to use for determination of the RBE. In their particular case, they 
settled on the ratio of the D O values and found that the RBE's calculated 
in this way were in the range of 2.0-2.2. The extrapolation number ratios, 
on the other hand, varied among the cell lines studied from slightly more 
than 2 to greater than 6. 

t -  

.o O. 1 

L_ 

~r~ 
c -  

:~_ o.ol 

0.001 

o . o o o i  I I I I 
0 5 10 15 20 

Dose, gray 

Figure 14.3 Survival curves for hamster fibroblasts irradiated with 280 kVp X-rays (A) and 
fast neutrons (B). The estimated LET is about 30 keV ixm -1 for the neutrons. The 
D0(X-rays) is 1.45 Gy. The D0(neutrons) is 0.65 Gy. In various experiments the extrapolation 
number for neutrons was 1.1-2; for X-rays it varied from 4 to nearly 10. After Schneider and 
Whitmore (1963). 
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Another parameter that is often used for description of the RBE is the 
ratio of doses for equieffective biological response. Schneider and 
Whitmore did not use this method, but I have calculated from their data 
the RBE for cell killing to the level of 10% survival and to the level of 1% 
survival. The RBE values are, respectively, 2.6 and 2.3. This variation in 
RBE with level of response, decreasing as the survival level falls, is quite 
typical. Only in the case of first-order survival curves, where there is no 
shoulder and survival is described as a simple exponential, is the 
R B E ~ d e t e r m i n e d  as ratio of effective d o s e s ~ a  constant. These differ- 
ences clearly delineate the difficulty in using the RBE as a parameter that 
could be a single-valued indicator of relative effectiveness of a given 
radiation. Low LET curves generally seem to fit reasonably well to 
multitarget-single-hit-type curves or to l inear-quadratic curves with 
nonzero values of both a and /3. The high LET curves are better fits to 
single-hit-type curves or to l inear-quadratic curves with very small or zero 
values for/3.  There will rarely, if ever, be an RBE that can be used as a 
dose modifying adjustment factor at all levels of response. The one special 
case for which a unique RBE that is good at all response levels can be 
derived is when both curves are linear in the plot of logarithm of response 
versus dose. In this special case the RBE is the appropriate ratio of the 
Do's  or of the inactivation coefficients. 

For radiation protection purposes, RBE values are chosen in conserva- 
tive fashion to assure worst case protection. These values so chosen are 
then used to estimate the radiation weighting factor, w R, for radiation 
protection purposes (see the definition of equivalent dose in Chapter 1). 

Given the limits described for RBE, it is still the only convenient 
descriptor that is available. Using the RBE for this purpose the R B E - L E T  
relationship can be described in a moderately successful fashion as long as 
one understands the limits and pitfalls of the parameter thus derived. 

D E P E N D E N C E  OF RBE O N  LET 

BIOPHYSICAL DESCRIPTIONS OF RBE/LET RELATIONSHIPS 

Returning to considerations from target theory, when a single active 
event produces the end point being considered, then additional events that 
occur in the irradiated active volume are unproductive of further biological 
inactivation in that volume. With high LET radiations, the likelihood of 
the occurrence of multiple events, which is equivalent to "wasted hits," 
increases with increasing LET. For a number of systems, including 
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bacteria, some viruses, bioactive molecules in solution, and a few other 
systems, the expected decrease of effectiveness with LET is observed. 
Figure 14.4 is an example of such a relationship. There is a more or less 
smooth, monotonic decrease in the effectiveness of the radiation as its 
LET increases, in accord with target theory predictions. 

There is, however, a wide range of other examples, using end points 
such as clonogenic survival of mammalian cells, chromosome aberrations, 
mitotic delay, late effects in normal mammalian tissues, and cancer pro- 
duction, for which Fig. 14.4 is not at all a correct description. Generally the 
cellular inactivation or other end points in these latter systems are not 
describable by single-hit target theory, but are shouldered curves. There is 
at least one systemmsurvival of mouse spermatogonial stem cells--for 
which the survival curve is apparently single-hit in nature, yet the 
L E T - R B E  dependence for this system is not as described in Fig. 14.4 
(Alpen and Powers-Risius, 1981). 

An LET-RBE relationship that is much more generally applicable for 
the wide range of end points in the cellular systems that are sigmoid in 
their dose-response relationship is that described by Todd (1965) and 
others. 

The curve of Fig. 14.5 (Blakely et al., 1984) is characterized by an 
ascending portion, with the RBE increasing monotonically until it reaches 
a peak value. For many systems studied, the LET associated with maxi- 
mum RBE is around 100-180 keV p.m -1. At LET values higher than this 
the RBE is seen to decrease in a similar fashion for both human and 
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Figure 14.4 Inactivation of trypsin by radiations of differing LET. Brustad et al. (1967) used 
beams of charged particles produced by an accelerator. From data of Hendrickson (1966). 
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Figure 14.5 Range of RBE values as a function of LET as found for six different cell lines of 
human origin and four hamster cell lines examined by several investigators. The ordinate is 
RBE measured for a survival fraction of 0.1. The same end point is plotted for all of the cell 
lines. Reproduced from Blakely et al. (1984) with permission. 
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hamster cell lines as described in Fig. 14.5. The data shown in Fig. 14.5 are 
from a number of sources, using beams of low initial energy in some cases 
and high initial energy in others. The cell lines or the radiation sources 
used seem to have little influence on the position of the maximum 
RBE. The maxima for the various human cell lines fall between 80 and 
200 keV i~m -1, and the maxima for the hamster cell lines are tightly 
grouped around 100 keV i~m -1. 

Several models have been presented in the past to explain the findings 
graphically shown in Fig. 14.5. None of these has been completely satisfac- 
tory. The earlier models generally called on mechanisms that responded in 
opposite directions to increasing LET. The model of Zirkle and Tobias 
(1953), for example, proposed two reactive species that were formed such 
that one increased and one decreased with LET. These models have 
generally fallen into disfavor, and a model based on cooperative effects on 
DNA presently is most widely accepted. 

This cooperative effects model proposes, as does the molecular model 
described in Chapter 7, that damage to DNA occurs most effectively when 
radiation is delivered in such a fashion that just enough ionization is 
deposited in or near the DNA strands so that both strands are broken. 
Ionization densities below this critical value will cause easily reparable 
damage, whereas ionization densities above the critical value will simply 
cause additional ineffective damage, and therefore the killing effectiveness 
of the radiation will be decreased. The peak effectiveness (RBE)wil l  
deposit just enough energy to cause critical damage without "overkill" or 
wasted ionization energy. Note that the parameter used in Fig. 14.5 for 
RBE is the ratio of equieffective doses for the 10% survival level. It is 
therefore subject to the serious limitations described earlier in this section. 
If a lower survival level were used, the RBE's would all be lower. 

C E L L  C Y C L E  D E P E N D E N C E  O F  R A D I O S E N S I T I V I T Y  

Most in vitro studies of clonogenic survival of cell lines are done on 
exponentially growing populations. In such a case any variation in sensitiv- 
ity of the cells at various parts of the cell cycle (G1, S, G2, M) are 
effectively masked. The first evidence that there was a differential sensitiv- 
ity for cells in various parts of the cycle was the data from Elkind and 
Sutton's studies of repair of sublethal injury (Elkind and Sutton, 1960). 
The first experiments specifically designed to test the sensitivity of the cell 
as a function of postmitotic cell age with synchronized cells were those of 
Terasima and Tolmach (1961). Since then a large number of reports has 
appeared that describe the cell age-specific radiosensitivity of various cell 
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lines. The Terasima and Tolmach study with HeLa s3-91V cells showed a 
very significant increase in sensitivity of the cells that were in mitosis at the 
time of irradiation. The next most sensitive period was the period of DNA 
synthesis (S phase). Unfortunately, the cell age-specific sensitivity varies 
widely with cell line. Only the high sensitivity in mitosis is common to 
all lines. 

Within the last few years, very careful studies of the cell age-specific 
radiosensitivity to high LET radiations have been done (Blakely et al., 
1985). The common finding is that most of the cell age-specific changes 
in radiosensitivity disappear when the cells are irradiated with high 
LET radiations. 

O X Y G E N  E F F E C T  A N D  H I G H  L I N E A R  

ENERGY TRANSFER 

One of the most well recognized modifying agents for radiation re- 
sponse was discussed in Chapter 6, where the ability of molecular oxygen 
to potentiate the effectiveness of radiation was described as the oxygen 
effect. One parameter that was developed to quantitate the oxygen effect 
for enhancement of the effectiveness of radiation in causing loss of 
clonogenic effectiveness was described in Chapter 6. It is labeled the 
oxygen enhancement ratio (OER) and is defined as the ratio of the dose 
required for a given level of cell killing (or other biological end point, for 
that matter) in a fully oxygenated medium to the dose required to achieve 
the same level of killing in a fully anoxic medium, that is, radiation in pure 
nitrogen. The reader is referred to Chapter 6 for more complete back- 
ground on the OER, but, as a reminder, the mathematical description is 

dose in N 2 for s.f. of 0.1 

(OER)0.1 = dose in O 2 (or air) for s.f. of 0.1 '  
(14.6) 

where s.f. abbreviates surviving fraction. Note that the level of response 
must be specified. In the example it is taken as 0.1. 

The formulation in Eq. (14.6) is for a surviving fraction of 0.1, but any 
appropriate level can be chosen. For example, in radiotherapy, where each 
individual radiation fraction given the patient is in the range of 1-2 
Gy, the OER is usually taken for a survival fraction more appropriate for 
that dose, for example, 0.5. 

The models generally accepted for the potentiating action of molecular 
oxygen generally all call on a mechanism that suggests that oxygen inter- 
venes in a competitive fashion with the reaction of radicals in important 
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molecules such as DNA to cause their fixation before they are restored by 
other scavengers in the cell. The product, a peroxidated radical, is more 
stable and therefore more long lived than the original DNA radical, and it 
is more likely to proceed to irreversible damage or misrepair of the DNA 
molecule. 

Since the oxygen effect in aqueous media calls on the indirect action 
pathway for a good deal of its effectiveness, we must then presume that its 
potentiating action will be suppressed to the extent that damage occurs via 
direct action of radiation on DNA. This is particularly true if that direct 
action causes damage so extensive that restitution through intracellular 
scavengers is not effective. Barendsen (1968) and Blakely et al. (1984) 
showed that the OER decreases monotonically as the LET is increased. 
These data were collected with elegant experiments using monoenergetic 
charged particles for which the LET was well defined, and indeed were 
track segment LET experiments as defined earlier [(LETav)S]. The Barend- 
sen data are redrawn in Fig. 14.6. It can be seen that the OER decreases 
monotonically to a value of 1.0 at an LET of approximately 200 keV Ixm-1. 
The extensive survival curve data presented by these workers, along with 
the O E R - L E T  relationship shown here, demonstrate several interesting 
points. The shoulder portion of the survival curve decreases as the LET 
increases, and this decrease in the shoulder of the survival curve is 
accompanied by a decreasing OER. When the shoulder of survival curves 
is related to the amount of reparable damage that is presumably induced 
by the indirect effect, the decrease in the extrapolation number with 
increased LET is not surprising, since for high LET radiations we attribute 
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Figure 14.6 For a mammalian cell line of human origin, Barendsen measured the oxygen 
enhancement ratio for a range of LET values. All the data were collected with monoenergetic 
charged particles at all LET values above that for 250 kVp X-rays, for which a track average 
LET of 1.3 keV ~ m  - 1  w a s  assumed. Data redrawn from Barendsen (1968). 
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most of the lethal action to the direct effect. That the picture is not 
entirely that simple is demonstrated by the fact that the OER has not 
fallen to its minimum of 1.0 for survival curves where the extrapolation 
number is 1.0. For example, for 4 MeV alpha rays with a track average 
LET of 110 keV ixm -1, the extrapolation number for the survival curve 
measured either in oxygen or nitrogen is 1.0, and there is clearly no 
shoulder for either the nitrogen or the oxygen curve. However, the OER 
for this radiation quality is 1.3. In other words, there is still a significant 
potentiation of radiation effect by the presence of oxygen in spite of the 
lack of shoulder on the survival curve. How can we interpret these 
observations? Probably the best explanation is that there is indeed still 
some contribution to cell killing from the indirect effect, and this cell 
killing might be attributable to g-rays that are formed during the slowing 
down interactions of the alpha particle. At least for part of their track, 
these g-rays have LET values that are a good deal lower than that for the 
initial alpha particle. 

HIGH LINEAR ENERGY TRANSFER, DOSE RATE, 
A N D  F R A C T I O N A T I O N  

The survival curves for high LET radiations have shoulders that get 
smaller and smaller as the LET increases, that is, the extrapolation 
number approaches 1.0. To the extent that the extrapolation number 
reflects repair capacity, we expect that, as the LET increases, repair 
capacity decreases accordingly, and that is what is observed. Reference was 
made in Chapter 8, when describing the Elkind-Sutton-type of divided 
dose experiments, that with high LET radiations there was only limited 
reappearance of the shoulder during the delay before the second dose is 
administered. Whether the damage is classed as sublethal or potentially 
lethal, it appears to be poorly repaired, if at all, after high LET radiations. 

The generalization can be made that neither fractionation of the dose 
nor low dose rate reduces the effectiveness of high LET radiations, and 
complete suppression of repair does not occur until the LET approaches 
100 keV ixm -1  o r  more. 

A number of reports in the literature indicate that fractionation of the 
high LET radiation exposure actually enhances the effectiveness of the 
high LET exposure. One of the first such report was that of Ainsworth 
et al. (1976) regarding the potentiation of the effectiveness of neutron 
irradiation by fractionation. Another report by Ngo (see Blakely et al., 
1984) suggested that the potentiation effect of fractionation could be 
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demonstrated with divided exposures to high LET argon ions for survival 
of cells grown in vitro. 

L A T E  E F F E C T S  O F  H I G H  L I N E A R  E N E R G Y  

T R A N S F E R  R A D I A T I O N  

CARCINOGENESIS 

Neutron Carcinogenesis 

One of the landmark early studies of cancers induced as the result of 
high LET irradiation was that of Upton et al. (1970). A few other studies 
preceded this one, but the dosimetry and experimental design of the early 
experiments left much to be desired. In Upton's study many hundreds of 
RF mice were irradiated at various doses and dose rates. The dose rates 
varied from 40 Ix Gy per day to 10 cGy per day, and the doses ranged from 
1.6 to 1000 cGy, for the neutron exposed animals. For the gamma exposed 
mice, the dose rates were from 1 cGy per day to essentially instantaneous. 
The doses for these animals were from 1 cGy to 100 Gy. The animals were 
followed through their lifespan and necropsied for tumors at the time of 
natural death. 

Lifetime incidence of tumors was, as expected, reduced if the gamma 
irradiations were protracted. For exposure to neutron irradiation, daily 
exposures were significantly more effective for tumor induction than single 
exposures to the same dose. This is another well confirmed showing of 
enhanced effectiveness of high LET radiations as the dose rate is reduced, 
but the total dose is held constant. Response by tumor type was highly 
variable for this strain of mouse, both for tumor incidence and for the 
effect of dose rate on the incidence. For example, myeloid leukemia was 
fairly resistant to induction by either gamma irradiation or neutron irradia- 
tion, and the RBE was not much different from 1.0, except for the lowest 
dose rates, where the RBE was 16. Much of the large increase in RBE at 
the low dose rate was due to the ineffectiveness of gamma rays. Neutrons 
remained about equieffective at all of the dose rates used. For thymic 
lymphoma, high-dose-rate gamma rays and neutrons again were about 
equieffective. The dose-rate findings were about the same as for myeloid 
leukemia. 

Ullrich (1984) carried out a study similar to that of Upton, with a 
different mouse strain (BALB/c) and with somewhat different objectives. 
He specifically compared the effect of a single high dose of neutrons with 
the dose delivered in two fractions with a 24 h interval or a 30 day interval 
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between fractions. He examined the incidence of mammary tumors, lung 
tumors, and ovarian tumors, and he focused on doses below 50 cGy. As in 
the Upton study, a great deal of variation was found among the tumor 
types studied. Ullrich found that for mammary tumors, lung tumors, and 
ovarian tumors there was no difference in the effectiveness of the divided 
doses when a 24 h interval separated the two fractions. With a 50 cGy dose 
given with a 30 day interfraction interval, there was enhancement of the 
yield of tumors for lung and mammary gland tumors, but there was no 
enhancement for ovarian tumors. Another important finding was that the 
dose-response relationship was not linear for this high LET neutron 
radiation, but showed the saturation and fall-off in incidence as the dose 
was increased. Ullrich made no attempt to measure RBE values, and there 
were no gamma-ray studies reported. 

Heavy Ion Carcinogenesis 

Tumor induction by heavy charged particle irradiation in the mouse 
Harderian gland was investigated by Alpen et al. (1993), whose objective 
was to determine the dose-response relationship at low doses in order to 
obtain the initial slope of the curve. The ratio of the initial slope of the 
particle irradiation curve to the initial slope of the gamma irradiation 
curve was estimated in order to determine the maximum RBE. The track 
average LET range was 0.4-470 keV txm -1. The measured RBEma x was 
2.3 for 228 MeVA 4He ions (LET = 1.6 keV txm -1), 20 for 350 MeVA 
56Fe ions (LET = 250 keV ixm-1), and 40 for 600 MeVA 56Fe ions 
(LET = 193 keV ~zm- 1). 

Particle Fluence as a Dose  Parameter 

Alpen et al. used a novel approach to risk analysis based on particle 
fluence as the dose parameter. This approach was first suggested by Curtis 
et al. (1992). The fluence calculations are only possible for charged particle 
track segment experiments such as those conducted by Alpen et al. (1993), 
since a constant LET over the range of the target volume is essential. The 
fluence may be calculated by using the equation 

D i 
~i = 6.24 L---~' (14.7) 

where (I) i is the fluence of the ith particle type, D i is the dose in gray, and 
L i is the track average LET for the i th particle type. Once the fluence is 
known, the cross section ~r (in ixm 2) can be estimated by fitting a linear 
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regression to the low-dose, straight-line portion of the fluence (in number 
of particles/ ix m 2) versus prevalence of the tumor as a proportion. The 
cross section for tumor induction is the slope of this relationship. A 
"fluence equivalent" may also be calculated for 60Co gamma rays by using 
Eq. (14.7) and a track average LET for 6~ of 0.24 keV ~m-1. The cross 
sections for each of the ions and for 6~ are plotted in Fig. 14.7. The 
cross section should be interpreted as the increase in proportion of the 
animals with tumors per unit fluence. 

Curtis (1992) described a method for the use of the fiuence-based 
cross-section data to estimate risk in mixed radiation fields such as the 
charged particle fields in space. 

An important new insight for understanding the carcinogenic potential 
of heavy charged particles is achieved by examining the statistics of cell 
traversals by heavy charged particles as suggested by Alpen et al. (1994). 
Since we can calculate the particle fluence per unit area and since we 
know rather precisely the geometric cross section of the target nucleus, we 
can estimate the probability of traversal of the nucleus by one or more 
particle tracks using the Poisson statistic (see Table 14.2). 

The probability of one or more traversals should mirror rather closely 
the probability of tumor induction, and that is indeed the case. Such a 
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Figure 14.7 Cross sections for tumor induction in the Harderian gland of the mouse for all 
the ions studied by Alpen et al. (1993). The log of the cross section in ixm 2 is plotted against 
the log of the LET. Reproduced with permission. 
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Table 14.2 

Probabilities That a Particle Track of 600 MeVA Iron Ions 
Will Traverse the Cell Nucleus for a 20 i~m 2 Cell 

Average 
Dose fluence Probability of traversals 
(Gy) per cell 0 1 2 > 1 

0.01 0.006 0.993 0.006 0.000021 0.006 
0.02 0.013 0.987 0.013 0.000062 0.013 
0.05 0.032 0.968 0.031 0.0005 0.032 
o. 15 0.097 0.907 0.088 o. 004 0.092 
0.20 0.129 0.878 0.114 0.007 0.121 
0.30 0.193 0.823 0.159 0.015 0.176 
0.40 0.258 0.772 0.199 0.025 0.227 

finding suggests that for this high LET radiation only a single hit will cause 
complete transformation to the neoplastic state. Alpen et al. used the 
cross-sectional area of the cell rather than the nucleus, since near misses 
of the nucleus may be equally effective. If adjustments are made for the 
smaller geometric cross-section of the probable target, the nucleus, the 
traversal probability of one or more hits is even closer to the actual tumor 
induction probability. 

Another important observation to be made from the data in Table 14.2 
is that, for doses well above the regulatory limits of exposure, there is little 
likelihood of a second traversal. What does this mean? The significance is 
that repair of sublethal injury can play no role since there is no second 
radiation event to interact with the first. There is no explanation, however, 
from these statistics for the potentiation effect of nearly 50% reported by 
Alpen et al. for 56Fe ions at 600 MeVA when the dose was given in 
six fractions, each separated by 2 weeks. This is further confirmation 
of the potentiation effect reported by many investigators for high LET 
radiation effects. 

CELL TRANSFORMATION AND HIGH LINEAR ENERGY TRANSFER 

Extensive measurements of cell transformation in vitro were carried out 
by Yang et al. (1985). These authors investigated the neoplastic transfor- 
mation of C3H10T1/2  cells in confluent culture irradiated with heavy 
charged particles. The results are expressed as transformants per surviving 
cell based on separate determinations of the surviving fraction for the 
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Figure 14.8 RBE as a function of LETo~ for transformation of C3H 10T 1/2  cells. RBE is 
measured as transformation frequency per surviving cell at the X-ray dose that kills 50% of 
the cells. Open squares along the solid line denote results when cells are plated immediately 
after irradiation. Solid circles along the dashed line denote when cells are held at 37~ in 
confluent monolayer for 24 h after irradiation. Reproduced from Yang et al. (1985) with 
permission. 

doses used of each ion. The end point used by Yang et al. (1985)was the 
focus assay described in earlier chapters. Neoplastic transformation was 
measured either immediately after irradiation or after 24 h of holding at 
37~ The objective of the holding experiment was to test for the possibility 
of repair of the transforming lesion by holding the cells in the resting, 
confluent state. 

The transformation data are summarized in Fig. 14.8. Great care must 
be taken to understand the data of this figure. RBE is the plotted variable 
as a function of the particle LET. There is a monotonically increasing 
RBE up to an LET of about 100-150 keV i~m -1  followed by a rapid fall in 
RBE for higher values of LET. The difference in RBE for the cells held 
for 24 h before plating is entirely due to repair of the transforming lesion 
in the X-irradiated cells (reduced effectiveness of the X-rays). Separate 
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determinations for the cells receiving high LET radiation showed no 
significant repair. 

Yang et al. suggested from their review of the literature on high LET 
transformation that the mechanism for neoplastic transformation by high 
LET radiations is qualitatively different from the mechanism of transfor- 
mation by low LET radiations. They pointed out that high LET radiations 
are quite ineffective in systems dependent on simple point mutations or 
gene amplification for their mechanisms. Acquired ouabain resistance is 
the result of a point mutation, and methotrexate resistance depends on a 
gene amplification process. Neither of these is effectively produced by high 
LET radiations, whereas 6 thioguanine resistance results from an exchange 
and deletion mechanism and is quite sensitive to high LET radiations. 

The findings of Kronenberg et al. (1995) strongly support the suggestion 
of Yang et al. that high LET radiations have a special means to effect 
transformation. These authors investigated the nature of the genetic 
change in a large number of mutants in two cell lines: human TK6 
lymphoblasts, for which the end point was hprt deficient mutants, and A L 
cells, a human-hamster hybrid for which the end point was the selection 
of S1 deficient mutants (M1C1 gene). The entire hprt gene was missing in 
19 of 39 mutants induced by irradiation with 56Fe ions, whereas only 2 of 
30 spontaneous mutants lost the entire coding sequence for hprt. The 
studies with A L cells permitted the examination of mutation frequency for 
a single copy genetic marker in the human-hamster hybrid cells. Two gray 
of 56 Fe ions produced a four-fold higher mutation frequency compared to 
control cultures. Multilocus deletions exceeding 50 Mbp were common in 
the irradiated group. 

These findings are important in explaining the in vivo carcinogenesis 
results in which it is clear that single particle traversals produce transfor- 
mation. If large genomic changes are brought about by heavy ion irradia- 
tion, then a multistep process may be short circuited to the single event. 

CATARACTOGENESIS 

It has been known for a very long time that ionizing radiation is a 
potent cause for the development of cataracts in the eyes of human beings 
and animals. The pathology of the process was described in Chapter 11, 
and it will not be repeated here. Much of the history of cataractogenesis 
from high LET radiation is anecdotal from workers around early 
high-energy accelerators. 
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Neutron Cataractogenesis 

A number of studies of cataractogenesis in human beings subjected to 
neutron irradiation has been reported, usually on a small population and 
without appropriate controls. Possibly the best estimate of the RBE for 
human beings from high-energy neutrons is the report of cataract produc- 
tion in the A-bomb survivors in Japan (Otake and Schull, 1990). For a 
range of estimated doses based on the DS86 dosimetry at Hiroshima and 
Nagasaki, these authors estimated that the RBE for cataract production 
from fission neutrons lies between 30 and 100. Medvedovsky and Worgul 
(1991) reviewed most of the published reports on neutron cataractogenesis 
in human beings (17 studies). In those cases where RBE is estimated, it 
falls between 2 and 20, with most values in the upper part of that range. 
The same authors summarized the effects of the various dose parameters 
on neutron produced cataracts and concluded that neutrons are certainly 
more effective than low LET radiation, the RBE varies inversely with dose, 
and dose protraction does not reduce, and may increase, the effectiveness 
of neutrons. 

Bateman and Bond (1967) studied lens opacification in mice at rela- 
tively low doses. They estimated RBE values for fission neutrons that were 
in excess of 100 for very low doses (1 mGy). Di Paola et al. (1980) found 
similar RBE values for higher energy neutrons at doses as low as 10 mGy. 
It is clear, however, that it is a deterministic (nonstochastic) end point. In 
human beings cataracts are very rare when doses up to 2 Gy are received 
in a matter of weeks. Below 5 Gy the cataracts are insignificant enough in 
size that no surgical intervention is needed. Cataracts are nearly universal 
when the dose exceeds 11-12 Gy. 

Heavy Ion Cataractogenesis 

Worgul et al. (1986, 1989) and Merriam et al. (1984) studied cataracto- 
genesis by high-energy argon and iron ions. They found that for low doses 
of argon ions (0.05-0.25 Gy) the RBE values ranged from 12 for the higher 
dose to 40 for the lowest dose. The effect associated with the lowest dose 
they used for the 56Fe study was so great that an RBE estimate was not 
possible, but it is certainly as high or higher than the RBE for argon ions. 
These authors concluded that the RBE increases as the dose decreases, 
just as was the case for neutron irradiation. No data are available on 
protraction or fractionation. 

A number of studies of cataractogenesis caused by heavy ions has all 
found that the RBE for high doses is much lower (2-5) than the values 
reported by Worgul et al. and by Merriam et al. 
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Chapter 15 

Metabolism and Biological 
Effects of Deposited 
Radionuclides 

INTRODUCTION 

The text has, to this point, dealt entirely with the delivery of ionizing 
radiation from external sources. There is, however, another enormously 
important contributor to the dose received by biological systems. This 
source comprises all manmade as well as naturally occurring radionuclides. 
Obviously these radionuclides can also contribute to the dose received 
from externally located sources. Naturally occurring radioactivity in the 
Earth's crust will always be a significant contributor to externally delivered 
dose, and it cannot be more than marginally controlled. 

Those radionuclides that are able to enter the living cell by either 
metabolic or other processes give rise to localized dose that may be very 
high and that may be qualitatively different in its effect from the dose 
delivered externally, since often these deposited radioisotopes are sources 
of high LET radiations. 

Only in rather unusual circumstances will living systems, particularly 
human beings, be exposed to high LET radiation from external sources. 
Such circumstances might include occupational exposure around large 
experimental accelerators or the occupational exposure of astronauts to 
high-energy, heavy charged particles in extraterrestrial space. Such expo- 
sures to high LET radiations will be of little significance to the large 
proportion of the population. On the other hand, when radionuclides are 
incorporated into living systems, the high LET radiations produced by 
their disintegration, which would otherwise be unimportant, become very 
significant. For example, alpha particles, which are incapable of delivering 
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significant dose when external to the living system, can deliver very large 
local doses to cells in which they may be deposited after absorption into 
the body. 

The focus of this chapter is exploration of the health risks that arise 
from the incorporation of radionuclides into the cells and organs of 
human beings. 

P A T H W A Y S  O F  E N T R Y  O F  R A D I O N U C L I D E S  

The metabolic fate of any radionuclide is not affected by the fact that it 
is capable of radioactive decay and the release of energy. Its pathway in 
any metabolically active system~cell, organ, or human being~is deter- 
mined by the reactivity of the parent element, as fixed by its position in the 
periodic chart of the elements, and by the chemical reactivity of the 
chemical and physical form in which it exists. The latter statement means 
its solubility, its valence state, its salt form, and the chemical milieu in 
which it exists, for example, the pH of the medium. There is a minor 
exception to the generalization that radioisotopes are treated in identically 
the same manner as the stable, metabolically involved nuclides. For the 
lighter elements and, in particular, tritium, a mass effect can be observed. 
For tritium the mass difference is a factor of 3 compared to hydrogen, and 
it should not be surprising that certain kinetic discriminations result from 
this mass difference. For all other nuclides, the mass effect is unimportant. 

Complex chemistry and complex metabolic chains from the state of the 
radionuclide in the inorganic world to human beings are beyond the scope 
of this text, since it is the intention to focus principally on effects in human 
beings. However, to remind the reader of the complexity of the pathways 
leading to deposition in an organ of the human body, the example of the 
biological pathways for iodine and its radioactive isotopes will be outlined 
briefly. Note that in all of the ensuing discussions, the nuclide of iodine 
that is involved in the pathway is irrelevant, as is the nature of the decay 
transformations. 

Elemental iodine that exists in the environment, since it is a volatile 
element, may enter into the human body by the simplest available route, 
that is, by inhalation of the nuclide. By transfer across the alveolar surface 
of the lung, the nuclide is taken up in the circulation and distributed 
according to the usual metabolic pathways for blood-borne iodine or 
iodide. This inhalation route of entry is, in all except very limited and 
unusual conditions, the route of least importance. The unusual condition 
is, however, very important. Accidental release of volatile radioactive 
iodine at the time of nuclear reactor accidents or at the time of nuclear 
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detonations plays an important role in human exposure to radioactivity. 
The release of radioactive isotopes of iodine may prove to be one of the 
most significant consequences of the major nuclear reactor accident at the 
Chernobyl power plant in the Ukraine. 

The alternate pathway is by ingestion. Aerosol-borne or free vapor state 
iodine is taken up by green vegetation, either by deposition on the surface 
of the foilage or by metabolic transport into the cellular contents. When 
the green vegetation is eaten by people, iodine is absorbed through normal 
gastrointestinal processes. Because human beings eat only small quantities 
of green field crops, this is a limited source of the nuclide. Cultural 
circumstances can, however, significantly change the importance of uptake 
from green plant material. In countries where vegetarian eating habits are 
prevalent, the ingestion of leafy green plant material is extremely impor- 
tant. Much more important, particularly in the Western world, is the 
ingestion of milk, either bovine or from other sources. The animals eat 
large quantities of field crops, and the absorbed iodine from these food- 
stuffs appears in their milk. This milk, which is then ingested by people, 
becomes an important source of the iodine nuclides. Would the flesh of 
the animal be an important source of iodine nuclides? For this special set 
of nuclides, the answer is no, since all the important radionuclides of 
iodine are short lived and they would have disappeared by radioactive 
decay before the meat enters the consumption chain. 

The reader is directed to the very extensive literature that exists on the 
food chain relationships for many of the important radionuclides (Whicker 
and Kirchner, 1987). One important generalization can be made, however. 
The example just given is for an element that has a well known active 
metabolic role in mammals. Iodine is used in the synthesis of the iodinated 
hormones of the thyroid gland, so any radioactive form of the element will 
be treated indiscriminately by the body. If the element involved is not 
usually part of the normal metabolic processes, its metabolic fate will be 
determined by the metabolic activity and pathways of its nearest neighbor 
in its column in the periodic chart of the elements that does have a usual 
metabolic role. For example, rubidium and cesium, both of which have no 
normal metabolic role, tend to behave metabolically like potassium, their 
nearest neighbor with an important metabolic function. In these cases the 
normal nuclide competes with the foreign nuclide, but the normal nuclide, 
in this case potassium, has a discriminatory edge in the competition. In the 
case of most foreign nuclides, discrimination factors have been developed 
for estimating the relative importance of the competing nuclides in displac- 
ing the natural metabolically active element. 

A third pathway also exists, but it is not normally of importance. This 
pathway is injection. Direct entry of the nuclide into the bloodstream 
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occurs when radionuclides are injected by a nuclear medicine practioner 
for diagnostic or therapeutic purposes. Another possible injection modality 
is by the accidental penetration of the skin by objects which themselves 
have surface contamination with radionuclides. This latter possibility usu- 
ally is associated only with occupational uses of radioactive materials. 

Once radionuclides enter the body by any of the pathways mentioned, a 
complicated network of interactions develops among these pathways. A 
simplified diagram of these interactions is shown in Fig. 15.1. There are 
four principal body compartments in which the interchange of radioactive 
materials entering the body may occur. These are (1) the lungs and upper 
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F i g u r e  15.1 Pathways for the absorption, transport, and excretion of radionuclides in 
mammals. Inhalation may be by either nose/nasopharynx or by way of the mouth. Ingestion 
is via the mouth, but the two-way arrows indicate that inhaled material may return from the 
tracheobronchial tree to the oral cavity and be swallowed to become part of the ingestion 
pathway. The text describes the processes in detail. 
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respiratory tract, (2) the mouth and gastrointestinal tract, (3) the circula- 
tory system for blood, including the heart and the excretory function of the 
kidney, and (4) the lymphatic circulatory system, including the associated 
lymph nodes. The injection pathway mentioned briefly has little practical 
significance as a route of entry for radionuclides into the body except in 
special cases. Injection simply amounts to direct placement of radio- 
nuclides into the blood circulation. The other entry pathways, ingestion 
and inhalation, account for essentially all of the nondeliberate entry of 
radionuclides into the body. 

INGESTION 

Material may be taken into the oral cavity in either soluble or insoluble 
form and, once it has entered, it usually will not be expelled via the mouth. 
In addition to material that enters the oral cavity directly, there is 
contribution from the normal "cleaning" activity of the upper portions of 
the tracheobronchial tree. Particulate material that is inhaled via the nose 
or the mouth enters the respiratory organ and, depending on the particle 
size, either deposits on the walls of the upper tracheobronchus or pene- 
trates the deeper lung. Particulate matter deposited in the upper tracheo- 
bronchial region is cleared upward by the ciliary action that occurs on the 
luminal surfaces of the upper regions of the organ. The material is 
incorporated in mucus and expelled into the mouth, and it will generally 
be swallowed. This material makes a significant contribution to the total 
ingestion burden, particularly when exposure to a heavily dusty or a wet 
aerosol environment exists. 

Once ingested, radioactive material follows the normal pathway of other 
substances that transit the gastrointestinal tract. The most important 
consideration in determining the amount of a radionuclide absorbed after 
ingestion is its solubility in the chemical environment of the tract, which 
ranges from strongly acid in the stomach to alkaline in the upper small 
intestine. Material that is not transported across the gastrointestinal ep- 
ithelial surface ultimately will be excreted, as shown in the diagram, in the 
feces. Absorption from the gastrointestinal tract can be directly into the 
blood stream or, less likely, into the lymphatic circulation. An additional 
complication to the gastrointestinal pathway is the possible secretion into 
the gastrointestinal tract of bile that contains radionuclides that have been 
collected in the liver from one or both circulatory pathways. This route is 
indicated in Fig. 15.1 by the arrow from the gall bladder into the lumen of 
the small intestine. 
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INHALATION 

For purposes of consideration of the transport and localization of 
radionuclides in the human body, we can divide the respiratory system into 
three regions that have distinctly different characteristics for retention of 
aerosols that are introduced, whether they are radioactive or not. These 
regions are the nasal passages (N-P), the tracheobronchial tree (T-B), and 
the deep lung parenchyma (P). The penetration of aerosols into these 
regions is determined entirely by the aerodynamic properties of the 
aerosol particles inhaled. The usual term to describe the aerodynamic 
properties of aerosol particles is the activity median aerodynamic diameter 
(AMAD). The exact definition of AMAD is the diameter of a unit density 
sphere with the same terminal settling velocity in air as that of the aerosol 
particle the activity of which is the median for the entire aerosol. For purposes 
of these discussions, there will be no great distortion in understanding the 
models if the reader simply assumes that we are dealing with unit density 
spheres of the median size designated. In Fig. 15.2 [International Commis- 
sion on Radiological Protection (ICRP), 1978] the relationship between 
the AMAD and the penetration of particles into the respiratory tree is 
shown in some detail. 

Since a reasonably large fraction of material deposited in the nasophar- 
ynx and in the upper tracheobronchial tree is removed from the lung and 
often swallowed, the most important curve in Fig. 15.2 is that for Dp, the 
fraction retained in the deep parenchyma. It is interesting that the fraction 
retained in the tracheobronchial tree is essentially independent of AMAD 
over a very wide range. This is because of the competing behavior of 
particles in the other two compartments. Large particles (AMAD > 1 Ixm) 
are principally retained in the nasopharynx, and particles of less than 1 ~m 
penetrate into the deep lung. 

After penetration of the smaller airborne particles into the lung, fol- 
lowed by sedimentation onto the air-side surfaces of the lung, the ultimate 
fate of the radioactive material incorporated in the particle will, as for 
ingestion, depend on the physical and chemical state of the material. 
Substances that are soluble at the essentially neutral pH of the lung 
surface quickly dissolve into the aqueous media of the lung surface and are 
transported across the alveolar wall into the vascular system. The plentiful 
surfactants available on the lung surface facilitate this process effectively. 
If the radioactive material is in an insoluble or poorly soluble form and in 
a form that cannot be altered by the chemical environment of the lung 
surface, the particle is phagocytized by the lung macrophages. These 
phagocytized particles ultimately reside in nearby lymph nodes and will 
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Figure 15.2 Relationship between aerosol particle size (expressed as AMAD) and the 
penetration of the particles into the lung. The labels on the lines are as follows: DT_B, the 
fraction deposited in the tracheobronchial tree; DN_p, the fraction deposited in the nasal 
passages; D p, the fraction deposited in the deep parenchymal regions of the lung. Repro- 
duced with permission of the International Commission on Radiological Protection from 
ICRP Publication 30, Part 1, adopted in July 1978. 

remain at this location for some time. If there is some small solubility of 
the radionuclide deposited in the lymph node, transport of this soluble 
fraction into the lymph as it passes through the node will occur. Ulti- 
mately, the collected lymph empties into the vascular circulation and the 
dissolved material will distribute as if it were directly transported into the 
blood stream. 

Once into the vascular system, radionuclides that entered by inhalation 
and ultimately were transported into the vascular system will be metabo- 
lized in the same fashion as nuclides absorbed from the gastrointestinal 
tract. 
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M E T A B O L I S M  O F  R A D I O N U C L I D E S  

In the introduction to this chapter a brief synopsis of the fate of 
radionuclides within the body was offered. The point was made that 
radionuclides that are simply isotopes of naturally occurring constituents 
of the body are treated in the same fashion as the naturally occurring 
element. The example given was iodine, an element that occurs naturally 
in the mammalian body, which enters into the metabolic processes of the 
thyroid gland and is distributed in varying amounts throughout the body 
tissues. Other examples of elements for which there are important radioac- 
tive counterparts are carbon (14C), potassium (4~ iron (55Fe, 59Fe, and 
other iron nuclides), sodium (24Na), calcium (45Ca), and hydrogen (3H). 
For those elements that normally occur in the body, an introduced ra- 
dioisotope ultimately will come to equilibrium specific activity throughout 
all tissues of the body. The amount of the radioisotope in each organ that 
is the principal determinant of organ dose is the organ concentration of 
the specific element. The speed of attainment of equilibrium specific 
activity depends on the turnover and biological availability of the element 
in question, and, depending on competing excretory processes, equilibrium 
may, in practice, never be achieved. For example, tritium (3H) comes to 
very rapid equilibrium with all the hydrogen in body water in a few 
minutes, but it interchanges more slowly with organically bound hydrogen. 
Iodine, the example discussed earlier, comes rapidly to specific activity 
equilibrium with the iodine of the blood plasma, since this iodine is loosely 
bound to plasma albumin, but iodine cannot freely exchange with the 
bound iodine molecules of the thyroid hormones. It will be incorporated 
into newly synthesized thyroid hormone at the specific activity of the 
protein bound iodine of plasma. Since other competing processes, excre- 
tion and radioactive decay, continue while the radionuclide is coming to 
specific activity equilibrium with its stable elemental counterpart, the 
mathematical description of the process is complicated and often difficult 
to quantitate. 

Radionuclides that are isotopes of elements normally foreign to the 
metabolic composition of the body are usually treated metabolically like 
their "near neighbor" in the periodic chart of the elements. Since chemical 
activity is determined to a great extent by valence electrons, we expect the 
nearest neighbor in the vertical column of the chart to be the determinant 
of the metabolic fate of the foreign isotope. Examples were given earlier. 
Rubidium and cesium isotopes are metabolically distributed as if they were 
potassium; radium and strontium isotopes are treated as if they were 
calcium; astatine isotopes are distributed as if they were iodine. 
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The important distinction for the metabolic distribution of foreign 
isotopes is that they generally will be at a metabolic disadvantage when 
competing with their normally metabolized counterpart. A term called the 
discrimination ratio has been developed to characterize the competition 
between a given radionuclide and its normally occurring metabolic 
counterpart. When 100 atoms of a radionuclide compete with 100 
atoms of its normal counterpart for metabolic incorporation or for 
metabolic transport, and it is found that 5 atoms of the radionuclide are 
acted upon for every 50 atoms of the normal counterpart, then the 
discrimination ratio is 5/50 = 0.1. This discrimination ratio is all impor- 
tant in developing and applying mathematical models to the transport and 
deposition of radionuclides. 

D E T E R M I N A T I O N  O F  D O S E  W I T H  I N T E R N A L L Y  

D E P O S I T E D  R A D I O N U C L I D E S  

The determination of dose to a tissue from internally deposited ra- 
dionuclides is an especially difficult and vexing problem. Within the body 
in which the radionuclide has been deposited, there is nonuniform deposi- 
tion of the isotope in various organs, depending on metabolic activity, 
biological accessibility, and competing excretion of the isotope in urine and 
feces. While these events are in progress, the isotope undergoes its normal 
physical decay, described by its decay constant or half-life. In addition, the 
radionuclide administered or accidentally incorporated may undergo decay 
that gives rise to radioactive daughter products that also contribute to 
dose. The complications of dose determination for internally deposited 
radionuclides include, among others, some of the following concepts. 

1. There is a variable and organ-dependent rate for the radioisotope to 
come to specific activity equilibrium, if ever, in the pool that is important 
for determination of dose in that organ. 

2. Each organ may have a very different pattern of distribution of the 
isotope within it. An example is the thyroid gland and the isotopes of 
iodine. Since iodine is an important constituent of the thyroid hormones 
such as thyroxine, which contains four atoms of iodine per molecule, the 
concentration of iodine in this organ will be intense. The dose to the organ 
received from iodine radionuclides is affected not only by the half-life of 
the radionuclide, but also by the turnover time for the hormone and the 
urinary excretion of the isotope. In addition, within the gland the iodine 
will be specifically localized in those portions of the gland where synthesis 
and storage of the thyroid hormones occur. 
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3. As the radioisotope is incorporated into various components of body 
chemistry, the rate of excretion via urine and feces will be controlled by 
the metabolic fate and excretory management of these newly synthesized 
compounds. 

4. Within the organ of interest, at the microscopic level and dimension- 
ally, at a level where the physical range in tissue of the radioactive 
emissions of the isotope is significant, the distribution of the isotope is not 
homogeneous. An example just mentioned is the localization of iodine in 
the thyroid. Another important example is the deposition of strontium, 
which follows pathways for calcium metabolism. The strontium is not 
deposited generally throughout the substance of calcium containing bone 
in a homogeneous fashion; rather, it is deposited on the more rapidly 
turning over surfaces of remodelling or growing bone. Beta particles 
emitted by strontium incorporated in the general corpus of bone would be 
sharply attenuated by surrounding bone, but in reality the strontium 
incorporated in bone surfaces is subjected to very little attenuation by 
surrounding bone and can irradiate nearby bone marrow efficiently. 

Factors that are often overlooked in calculating dose received from 
internally deposited isotopes are radioactive purity and radiochemical 
purity. For the practice of nuclear medicine, where isotopic preparations 
are produced commercially and delivered to the physician user, both of 
these terms are provided in the analysis of the product at delivery. By 
radiochemical purity we mean the extent to which only the expected single 
radionuclide is present in the preparation. We cite as an example of the 
significance of radioactive purity a preparation of 59Fe used for hematolog- 
ical investigations. This isotope has a half-life of 45 days, and it is a beta 
emitter. It is usually associated with a low concentration of 55Fe, which has 
a half-life of 2.6 years and decays by electron capture. The long half-life, 
compared to the 59Fe isotope, and the low-energy K-capture fluorescent 
radiation can lead to significant dose, even when the 55Fe isotope originally 
is present in relatively low concentration. 

The radiochemical purity refers to the chemical form the preparation is 
stated to contain. Again, analysis by the provider of the material is 
essential, but not conclusive. For example, high specific activity prepara- 
tions can be radiochemically altered by the radiations released by the 
intended isotope. Although not used in diagnostic nuclear medicine, an 
example is tritium labeled nucleotides such as thymidine. In this case the 
tritium beta rays can cause significant radiochemical degradation of the 
originally synthesized material. 
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ABSORBED DOSE 

The simplest approach to dose determination is to use a physical model 
that assumes a uniform distribution of the isotope and furthermore as- 
sumes that it is known how many disintegrations will take place in the 
volume of distribution of the isotope that will contribute to dose in that 
organ in the time period of interest. The formulation and notation are 
detailed in Report  32 of the International Commission on Radiation Units 
and Measurements (1979). 

The following calculations are for estimation of dose when the energy 
released has sufficient range such that not all of the energy is locally 
deposited. The source region is defined as that volume of tissue from which 
the energy released by radioactive disintegrations arises. The target region 
is defined as the volume in which the dose is to be determined. The source 
and target volumes may be the same or different. The mean absorbed dose 
to the target region as the result of radioactive decays that arise from the 
source region is given as 

= AnEckm - 1.  ( 15.1) 

In this expression D is the mean absorbed dose to the target region from 
nuclear transformations in the source region. A, the time integral of the 
activity A (the notation of activity or other parameter  with tilde above it 
signifies integration over a stated time period), is the number of nuclear 
transformations (radioactive decay events, not the number of particles or 
photons emitted) in the source region in the time period of interest. The 
mean number of ionizing events per nuclear transformation is n, and the 
mean energy per particle is E. The term ~b, the absorbed fraction, denotes 
the fraction of the particle energy emitted by the source volume that is 
absorbed in the target volume. The term m is the mass of the target 
volume. The notation generally used to identify source region and target 
region is of the form ~b(r 2 ~ rl) , which can be read as the absorbed 
fraction in r I coming from r 2. Another term, specific absorbed fraction, ~,  
is defined as the quotient of cb/m - ~ ,  where m is the mass of the target 
volume, r 1. The source-target  notation is ~ ( r  2 ~ rl) , which can be read as 
the specific absorbed fraction in r I coming from r 2. Occasionally there is a 
symmetrical relationship between the source region and the target region, 
that is, r I receives dose from r 2 and the reverse. The notation for this 
reciprocal relationship is ~ ( r  2 ~ r~). 
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Much of the literature on determination of dose from internally de- 
posited isotopes still uses the pre-SI units of Curie and rad. The reasons 
for this continued presence of the older units is that conversions are 
simple and rewrites are avoided. Some important conversion factors are 

1 grad = 10 -5 J = 10 -5 kg Gy, 

1 IxCi h = 3.7 X 104 dis S -1  X 3600 s = 1.332 108 dis, 

1 grad (txCi h) - 1 __ 1 0 -  5 j (1.332 x 108 dis) - 1 __ 0 . 7 5 1  x 1 0 - 1 3  j dis- 1 

where disintegration is abbreviated by dis. If we let A represent nE, the 
total energy released per disintegration, then a new formulation for the 
mean absorbed dose is 

D = AA(I). (15.2) 

Note that time is implicit in Eqs. (15.1) and (15.2) in the time integral of 
activity, A, and that Eq. (15.1) describes dose to a finite volume or mass. 
The reader may find it helpful to review the definitions of activity and 
specific activity in Chapter 3. 

Absorbed Dose under Equilibrium Conditions 

In Chapter 5, where general principles of dosimetry including energy 
absorbed and energy emitted were discussed, it was proposed that an 
equilibrium condition can exist that is satisfied when energy emitted is 
equal to energy absorbed in any given volume element. The same principle 
may be applied for radionuclides under a special condition. That condition 
is one in which the radionuclide is uniformly distributed in an infinite 
homogeneous absorbing material. The absorbed dose under these equilib- 
rium conditions can be defined as 

O'-eq = d E mi ,  ( 1 5 . 3 )  
i 

where (~ is the time integral of C, the concentration using the same tilde 
notation, integrated over time for the period of interest. Remember that 
activity, A, has the dimensions (dis t -1) and is read as disintegrations per 
unit time. The concentration has the units (dis m -a t-a) disintegrations 
per unit mass per unit time. Because (~ is a time integral, it is expressed as 
cumulative disintegrations per unit mass. The t e r m  m i is the mean energy 
per nuclear transformation for the ith particle type. Therefore m i - -  k n i E i ,  
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where k is simply an appropriate constant for the choice of units. The 
terms are summed, as indicated by Ei, over all particles from 1 to i for a 
given integration scheme. 

Absorbed Fraction and Specific Absorbed Fraction 

The absorbed fraction, ~b, was defined earlier as the fraction of the 
energy delivered in target region v, from the source region r that is 
absorbed in v. For the i th type of radiation the notation is (~i = t~i(U ~ r ) .  

Since 4, is defined and limited by a target volume, the concept of specific 
absorbed fraction, ~, the absorbed fraction per unit mass of target, is more 
useful. This concept can describe, for example, dose to a massless point in 
space or a surface. Specific absorbed fraction is formulated as 

(~i( U (--- r) 
(~i(U ( " -  r) = . (15.4) 

m v 

Reciprocity Theorem 

A general theorem holds for the conditions where the radionuclide is 
uniformly distributed in regions of absorbing material that are homoge- 
neous and infinite, or if, for the same homogeneous distribution, the 
radiation is absorbed without scatter. The theorem states that for any pair 
of regions, r I and r 2, the specific absorbed fraction is independent of which 
region is designated source and which is designated target. 

BIOLOGICAL REALITIES OF DOSE ESTIMATION 

It was stated previously, for Eqs. (15.1)-(15.3), that time is implicit 
in the expressions. The time of exposure to the radionuclide is contained 
in the two integral expressions A and C, which are, respectively, the time 
integral of activity and specific activity. The time histories of activity or 
specific activity are, however, usually very complicated, and they certainly 
do not follow the usual rules of radioactive decay, since biological in- 
corporation and elimination are proceeding while radioactive decay is 
taking place. 

There are two generally important situations for which the determina- 
tion of dose from radionuclides deposited in the body is important. A very 
large number of radionuclides is used in medical diagnosis and treatment 
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under the rubric of nuclear medicine. In these applications the radionu- 
clides usually are injected in a single brief dose. Since the isotope is usually 
injected, questions of transport and deposition within the body are less 
critical. Determination of dose to the organs of the patient is important for 
these applications. The second important application for dose estimation 
from deposited radionuclides has to do with the determination of dose to 
organs or tissues from radionuclides incorporated into the body subse- 
quent to the release of these radionuclides into the environment. In some 
cases the isotope is already generally present in the natural environment. 
For these cases, determination of the time integral of activity or specific 
activity is extremely complicated. Exposure may be continuous or intermit- 
tent and may be from several routes of entry, for example, food, water, 
inhaled aerosols, and so forth. 

One of the simplest models for estimation of the time integral of 
activity assumes instantaneous administration and first-order exponential 
removal and radioactive decay. This model gave rise to the concept of 
biological or effective half-life. 

Biological Half-Life 

As just outlined, when a radioactive nuclide is present in the body, the 
concentration or activity of the isotope per unit volume decreases with 
time through two mechanisms. The isotope is excreted in urine or feces 
(and in rare cases, such as for carbon and hydrogen, through expired air as 
carbon dioxide and water), and it undergoes its normal physical decay with 
the characteristic decay constant of the radionuclide. 

Let Ap be the physical decay constant, which is the fraction of the 
radionuclide that disappears by physical decay per unit time. Let A b be the 
constant that describes the fraction of the isotope removed by excretion or 
other biological means per unit time. Then the effective constant for the 
fraction removed per unit time (/~eff) will be the sum of the two constants 
Ap and Ab: 

h e f t - -  /~'p + /~b" (15.5) 

From Eq. (3.3), the decay constants 
half-lives as 

may be rewritten in terms of 

In 2 0.693 
Aef f -- . (15.6) 

Teff Teff 

The equivalent expressions for Ap and /~b a r e  identical. Tell, Tp, and T b 
are the effective, physical, and biological half-lives, respectively. Substitut- 
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ing in Eq. (15.5) and dividing through by In 2, 

1 1 1 TpT b 
= ~ + ~ giving Ter f =  ~ .  (15.7a) 

An example for the calculation of the effective half-life is the following. 
The radionuclide 51Cr is used to determine the survival time of red 

blood cells since it irreversibly attaches to red cells in vitro. When 
reinjected, these labeled cells are efficient markers for the survival of a 
population of red cells from which they are drawn. The biological half-life, 
T b, is taken to be 30 days. The physical decay half-life, Tp for this isotope 
is 27.7 days. The effective half-life may be calculated using Eq. (15.7a) in 
either form as 

1 1 1 27.7 • 30 
= + giving Ter f = days, (15.7b) 

Tel f 27.7 days 30 days 27.7 + 30 

Tee f = 14.40 days. (15.7c) 

The great oversimplification of the effective half-life is the assumption 
that the decay constant for the effective half-life can be described as the 
simple combination of two exponentials: one that describes physical decay 
and one that describes biological removal. In only a very few cases can this 
description be shown to be a true representation of fact. The 51Cr example 
just given is one example. Since physical decay is known to be a constant 
fraction of the activity remaining per unit time, the assumption that is 
made in this model is that the fraction of the isotope biologically removed 
per unit time is also a cons tan t~a  condition rarely met. 

Figure 15.3 shows data that are more characteristic of the complicated 
time-activity functions that might be found after the administration of a 
single dose of a radionuclide (Gait and Tothill, 1973). With the complexi- 
ties present in the time-activity relationships apparent in the data shown 
in Fig. 15.3, it is necessary to adopt a more general formulation for A(t )  
and C(t). Short of developing a complex and comprehensive model for the 
biological movement of a given chemical form of a radionuclide, it has 
become common practice to express the activity and specific activity 
relationships to time as a product of exponentials, combining the radioac- 
tive decay constant with a series of exponential expressions that arbitrarily 
describe the time relationships. This formulation is 

A ( t )  = exp(-At)  E qj exp( -h j t ) .  (15.8) 
J 
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Figure 15.3 Complexities of the time course of activity in individual organs after the single 
administration of a radionuclide. The example is the data following administration of 1311 
labeled macroaggregated albumin. Data are from Gait and Tothill (1973). Reproduced by 
permission of the British Institute of Radiology. 

Absorbed  Fraction and Specific Absorbed  Fraction 
in Actual Dos imetry  

The radiations emitted in radioactive decay are of two types: those 
absorbed locally, such as alpha particles and beta particles, and those with 
long range, such as gamma rays, bremsstrahlung, and related penetrating 
radiations. For the former (beta and alpha radiations), the absorbed 
fraction can be taken as 1.0 for any rational organ size, since these 
radiations have a range of a fraction of a millimeter to tens of millimeters. 
For the penetrating radiations the estimation of absorbed fraction is more 
difficult. Generally accepted principles of gamma-ray attenuation are used 
to arrive at estimates of the absorbed fraction, but since the calculations 
are tedious, they have been done once and for all and presented in tabular 
form in appropriate resources. The reader is particularly referred to tables 
in Report  32 of the International Commission on Radiation Units and 
Measurements (1979) for examples of such resources. 
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Compartmental Analysis 
The most elegant and appropriate approach to complex dosimetric 

problems, particularly those associated with the transport and localization 
of radionuclides absorbed from the environment, is to develop complete 
compartmental analyses of the activity as a function of time for all relevant 
body compartments. It is beyond the scope of this text to explore these 
models, but the reader is referred to the lung model, the gastrointestinal 
model, and the bone model in Publication 30, Part 1 (International 
Commission on Radiological Protection, 1978). Recently the National 
Council on Radiation Protection and Measurements (1996) published a set 
of workbooks that are a great aid to estimation of dose from environ- 
mental releases. 

Practically speaking, the task of computing dose from internally de- 
posited isotopes from first principles is so daunting that there has been a 
concerted effort to develop a set of tables and procedures for the calcula- 
tions. The Society of Nuclear Medicine has taken the lead in preparing 
these guides. A committee of the Society [Medical Internal Radiation 
Dose Committee (MIRD)] has tabulated all the necessary data for compu- 
tation of dose for isotopes used in medicine. We will examine the pro- 
cedures and tables using for our example 99mTc as our model. This isotope 
of technetium is one of the most widely used tools of nuclear medicine. 

Table 15.1 

Emissions from Disintegrat ion of 99mTca 

Mean no. /  Transition 
Transition disintegration energy (MeV) 

Gamma i 0.9860 0.0021 
Gamma 2 0.9860 0.1405 
Gamma 3 0.0140 0.1426 

aFrom Dillman and Von der Lage, 1975. 

The first data required are the particle types and energies emitted by 
99mTc. These data are shown in Table 15.1 (from Dillman and Von der 
Lage, 1975). The energy released per disintegration is 

(0.9860 • 0.0021) + (0.9860 • 0.1405) + (0.0140 • 0.1426) 

= 0.14260 MeV. 
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Then to convert MeV to joules, 

0.1426 MeV • 1.602 • 10 -13 = 0.2284 x 10 -13 J. 

The next step in the calculation is to tabulate the energy conversion 
processes for each of the gamma rays in order to arrive at the evaluation 
of the constant A. An abridged form of Dillman and Von der Lage's 
second table is shown in our Table 15.2. 

Imagine some source organ with a certain activity, and we wish to know 
the dose to a target organ. The determination of A is a first step. Next we 
need to deal with the variables of biological half-life and anatomical 
variables such as organ size and location relative to the source. MIRD has 
undertaken this task and tabulated the results for their version of the 
"standard man" (Snyder et al. 1969, 1975). The results of their "standard 

Table 15.2 

Details of the Gamma-Ray Conversions from 99mTCa'b 

Mean no . /  Mean particle A 
disintegration energy (J /dis  • 10-13) 

(1) Gamma i 0.0000 0.0021 0.0000 
(la)  Int. 0.9860 0.0016 0.0026 
conv. el-M 

(2) Gamma 2 0.8787 0.1405 0.1980 
(2a) Int. 0.0913 0.1194 0.0174 
conv. el-K 
(2b) Int. 0.0118 0.1377 0.0026 
conv. el-L 
(2c) Int. 0.0039 0.1400 0.0008 
conv. el-M 

(3) Gamma 3 0.0003 0.1426 0.0001 
(3a) Int. 0.0088 0.1215 0.0016 
conv. el-K 
(3b) Int. 0.0035 0.1398 0.0007 
conv. el-L 
(3c) Int. 0.0011 0.1422 0.0002 
conv. el-M 

Holes created c 0.0039 
Total A 0.2279 

a From Dillman and Von der Lage, 1975. 
b Only the details for gamma rays 1 and 2 are shown. There are 10 conversions for gamma 

ray 3 of which the 3 most important are shown. The total value of A is shown at the foot 
of the table. 

C As a result of the electron internal conversions there are seven "hole-filling events" 
leading to entries for fluorescent radiation and Auger electrons. 
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Table 15.3 

Absorbed Dose in Several Target Organs from Uniform 
Deposition of 99mTc (half-life, 6.03 h) in the 

Source Organ Shown a 

Source Target Dose 
organ organ [Gy (Bq s) -1 ] 

Liver liver 3.45 x 10-15 
ovaries 3.38 • 10-17 
testes 4.66 • 10-18 
bone marrow 1.20 • 10-16 

Thyroid thyroid 1.73 • 10-13 
Bladder thyroid 1.58 • 10 -19 

aFrom Snyder et al., 1975. 
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man" calculations are achieved by the application of Monte Carlo tech- 
niques; the data for 99mTc are shown in Table 15.3. A sample calculation 
for dose to the bone marrow from deposition in the liver is as follows. 
Assume the injection of 4 x 10 4 Bq of 99mTc. Further assume that the 
biological half-life is long compared with the 6.03 h physical half-life, that 
uptake is instantaneous, and that localization in the liver is uniform. Then 
cumulative activity is 

4 x 10 4 X 6.03 • 3600 • 1.44 = 1.25 • 10 9 dis, 

where we remember that average life is 1.44 • T, then dose to bone 
marrow is 

1.25 • 10 9 X 1.20 • 10 -16 = 1.5 • 10 -7 Gy. 

These "cookbook" calculations may be less than satisfying but, short of 
carrying out the Monte Carlo calculations with a "standard" anthropomor- 
phic shape that is closer to the reality of an individual patient, there is no 
real alternative. The dose estimates with the MIRD tables are probably no 
better than +25% when the subject is close to the standard dimensions. 
When there are extreme body size differences, the errors are even larger. 

R E L A T I V E  B I O L O G I C A L  E F F E C T I V E N E S S  A N D  

I N T E R N A L L Y  D E P O S I T E D  R A D I O N U C L I D E S  

To this point there has been no discussion of the relative biological 
effectiveness of the various radiations emitted during radioactive decay. 
From the foregoing discussions it should be clear, however, that the local 
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deposition of energy from nonpenetrating radiations is of utmost impor- 
tance in the determination of dose in an organ, particularly if these 
radiations make up a large part of the emitted energy of the radionuclide. 
Since this is frequently the case, there must be a modification of the dose 
formulations to allow for the variability of biological effectiveness for 
different end points and different radiations. For this purpose the concept 
of e q u i v a l e n t  d o s e  was formulated [International Commission on Radiolog- 
ical Protection (ICRP), 1991]. The equivalent dose H T ,  R,  is defined by 

HT, R -- WRDT, R, (15.9) 

where DT, R is the absorbed dose in tissue T from radiation type R, and 
w R is the radiation weighting factor for radiation type R. The radiation 
weighting factor is intended to be an adjustment for the influence of 
radiation quality on the specified biological outcome. There is extensive 
controversy in the scientific community about the exact value of w R to be 
used for any given value of LET. For alpha particles of a few MeV, w R for 
some years was assigned a value of 10, but biological evidence supports a 
value of w R for these radiations of 20, which now has been adopted. It 
must be understood that, to a great extent, w R is based on the best 
biological information. In the end, the value of w R is politically negotiated 
around the scientific data by the bodies that govern radiation protection 
policy. The concept of equivalent dose and the adoption of the radiation 
weighting factor of 20 for high LET radiations is discussed at greater 
length in Chapter 16. 

R A D I O N U C L I D E S  O F  B I O L O G I C A L  I M P O R T A N C E  

TRITIUM 

Tritium is the mass 3 isotope of hydrogen (3H). The principal source of 
tritium in the environment is from nuclear weapon testing in the atmos- 
phere. It is also a by-product of the operation of nuclear power reactors. 

Exposure of individuals to elemental tritium is quite unlikely, given the 
chemical reactivity of this element. Exposure to water that contains tritium 
as a partial replacement for the other isotopes of hydrogen is a more likely 
occurrence. When such exposure occurs, either by ingestion or inhalation, 
rapid equilibration with body water takes place. Generally, tritiated body 
water is a good label for total body water, and elimination of the radionu- 
clide follows the kinetics of body water turnover. The biological half-life of 
10 days is essentially the same for tritiated water as for all body water. The 
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pool of dilution for tritiated water is essentially the soft tissue mass of the 
body, which is taken as 63 kg for "standard man." 

Because of the large volume of dilution of tritiated water in the body 
and the very low energy of the beta particles from tritium, the biological 
hazards from this radionuclide in water form are low. On the other hand, 
tritium taken into the body incorporated into organic compounds may give 
significant doses to sensitive cellular components. Feinendegen and 
Cronkite (1977) suggested that the exposure limits for tritium incorporated 
in DNA precursors should be as low as one-tenth to one-fiftieth of that 
allowed for tritium in water. 

NOBLE GASES: KRYPTON AND RADON 

Of the noble gases only krypton and radon are of environmental 
significance. Xenon is used in nuclear medicine as a diagnostic agent. All 
of the noble gases are characterized by a lack of chemical reactivity, and 
this limits the hazards associated with them. They all have the property of 
preferential solubility in body fat. 

85Kr has a relatively long half-life, 3.9 • 10 3 days, and is produced in 
large amounts by the nuclear power industry. Most of the krypton is 
released at the time of reprocessing the nuclear fuel when the cladding of 
the fuel rods is ruptured. Since the isotope is not incorporated into 
biological systems it is associated with relatively limited risk. The dose to 
the bone marrow is less than one-thousandth of that received by the lungs 
when the gas is inhaled. 

Radon is widely distributed in the environment and will be considered 
as a special case in the Chapter 16. Radon itself is not different from 
krypton or the other noble gases, but because of its ubiquitous presence in 
the environment and because of the special conditions relative to its 
radioactive daughters, it is of unusual significance. 

ALKALI METALS: SODIUM, POTASSIUM, CESIUM AND RUBIDIUM 

Lithium has no known isotopes of half-life longer than a second; 
therefore, it can be disregarded. 

Sodium 

Isotopes of sodium are used in nuclear medicine diagnostic procedures, 
but are of no environmental importance. 
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Potassium 

This element, on the other hand, has a naturally occurring radioisotope, 
4~ that is present in all living systems and that contributes a significant 
fraction of the annual background dose to human beings. 

Cesium 

Cesium and, to a very much lesser extent, rubidium, are produced by 
nuclear fission. Cesium (137Cs) has a widespread distribution in the envi- 
ronment as the result of atmospheric testing of nuclear weapons. The 
common chemical forms of cesium are soluble in water, and are rapidly 
and completely absorbed across the gastrointestinal tract. The element 
tends to behave as if it were potassium. It is localized intracellularly, and 
since muscle represents the largest proportion of body intracellular space, 
muscle also represents the largest proportion of the cesium content of the 
body. The biological half-life varies rather widely among individuals be- 
tween 50 and 150 days. Its excretion is characterized by a two component 
model (Cryer and Baverstock, 1972). Since cesium distributes effectively in 
all soft tissue of the body, it is also present in meat animals, and the 
radionuclide may enter the human body via the food chain in a compli- 
cated way. A very complete and detailed modelling of the movement of 
cesium through the food chain to human beings was developed by Whicker 
and Kirchner (1987). 

Rubidium 

Rubidium-87 is a naturally occurring radionuclide that is discussed in 
some detail in Chapter 16. It is a trivial contributor to biological exposure. 

ALKALINE EARTH ELEMENTS: BERYLLIUM, MAGNESIUM~ CALCIUM, 

STRONTIUM, BARIUM, AND RADIUM 

The radionuclides of beryllium, magnesium, and calcium have been 
widely studied for the insights they give into metabolic processes, but they 
are of no health and safety interest. 

The distribution of all of the alkaline earth elements, with the exception 
of beryllium, is predominantly to bone, in a manner much like the native 
element, calcium. Like calcium, strontium, barium, and radium are incor- 
porated in newly formed or remodeling bone. 
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Strontium 

Strontium has been known for many years to be a significant contribu- 
tor to bone dose and, concomitantly, bone marrow dose. It is a major 
constituent of fission products and was released in large amounts by the 
atmospheric nuclear weapon testing that occurred in the United States and 
abroad during the 1950s and 1960s. Two isotopes of strontium, 89Sr and 
9~ are important contributors. 9~ which has a half-life of 28 years, is 
the more important hazardous radionuclide of the two. Soluble strontium 
compounds are absorbed rapidly across the gastrointestinal tract to the 
extent of about 50% of the administered dose. The movement of strontium 
also was evaluated and modeled in the food chain by Whicker and 
Kirchner (1987). 

Since strontium is such an efficient tracer of calcium metabolism, it 
appears in many parts of the food cycle where calcium-rich products are 
consumed by people; the most important of these are milk and milk 
products. During the years of intensive atmospheric weapons testing, 
children received very significant doses from consumption of milk and milk 
products. Because of its importance, a great deal of research has been 
done on the metabolism and dosimetry of strontium in human beings and 
animals. Much of this research is incorporated in a very comprehensive 
model for the retention of the radionuclide in people. The model was 
developed by Task Group on Alkaline Earth Metabolism in Adult Man 
[International Commission on Radiological Protection (ICRP), 1973]. 

Myelogenous leukemia, lymphosarcoma, and reticulum cell sarcoma 
have been reported in dogs and swine given chronic exposure to 9~ 
administered by the oral route. 

Barium 

14~ has a physical half-life of 128 days, but it gives rise to its daughter, 
14~ The pair, 14~176 makes up a significant fraction of fission 
product activity from nuclear weapon detonation or power reactor opera- 
tion. These isotopes will be a major contributor of dose to bone for people 
nearby in the case of accidental releases from a nuclear power accident, 
but because of the relatively short half-life, they constitute a limited 
environmental hazard except for the "close-in" case just described. 

Radium 

The radionuclides of this element are all products of the decay of 
naturally occurring precursor elements in the Earth's crust. The uranium 
series, which starts with 238U, gives rise, after a number of successive decay 
products, to 226Ra. The radium decays via 2e2Rn to radioactive isotopes of 
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polonium, bismuth, and lead. These, in turn, ultimately decay to the stable 
isotope of lead, 2~ Two other naturally occurring decay chains give rise 
to two other radioactive isotopes of radium: the so-called thorium and 
actinium series. The former decay series commences with 232Th and 
produces 224Ra; the latter commences with 235U and produces 223Ra. 
Figure 15.4 is a simplified decay scheme for the uranium series. In nature 
the 226Ra isotope of radium that arises from 238U is of overriding 
importance. 

Comparison of the Effects of Radium and Strontium 

If radium and strontium isotopes are injected intravenously into ani- 
mals, we predict that, since each of these elements mimics calcium in 
metabolism, turnover will be very similar. The retention for the two 
nuclides is, in fact, quite dissimilar. At approximately 100 days, injected 
radium is retained to the extent of about 5% in people whereas injected 
strontium is retained to the extent of about 20-25%. Both elements are 
retained for a very long time after deposition. A very old study (Martland, 
1931) showed that some 20 years after deposition in the human body, 
radium still remained to the extent of 0.6% of the original amount 
deposited. 

The preponderance of cancers that occurred in animals after experi- 
mental deposition of strontium radionuclides was cancers of myelogenous 
origin; tumors or fractures in bone were of lesser significance. After 
deposition of radium, the tumors were preponderantly of bony origin and 
the tumors were accompanied by frequent fractures. Lyon et al. (1979) 
reported an increased incidence of childhood leukemias in association with 
exposure to fallout from continental nuclear weapons testing in the United 
States. Further research continues to be equivocal as to this increase in 
childhood leukemia, but the attribution of cause would undoubtedly be to 
the dose to the bone marrow from deposited strontium. 

Radium Dial Painters 

At the turn of the century and through the 1920s, young women were 
employed to apply luminous paint containing radium salts to the numbers 
and markers on watch faces. This work was accomplished with the use of 
very fine brushes that were wetted with the lips before they were dipped 
into the paint pot. As a result, the women ingested the radium-containing 
paint and the radionuclide was deposited in bone. Many years later these 
women developed extensive sarcomas of the bone and carcinomas of the 
sinus epithelium, with the preponderance of the tumors in the head 
and neck. 
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Figure 15.4 The naturally occurring decay chain commencing with 238U and ending with 
stable 2~ For the purpose of this chapter, the radioactive characteristics of radium are the 
most relevant. The decay chains are extremely complex in detail, and the figure is a 
simplification for the purpose of illustration. The half-life of the nuclide is given in exponen- 
tial notation, when necessary, in its block in the diagram. 
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Radium isotopes also were used historically as a therapeutic measure. 
The individuals receiving these treatments also developed bony tumors 
after a long latent period. Shortly after World War II approximately 2000 
young people were injected with a shorter half-life isotope of radium 
(224Ra, half-life, 362 days), for the treatment of either tuberculosis or a 
serious disease of the spinal column, ankylosing spondylitis. At last report, 
follow-up on 900 of these patients disclosed 53 with bone sarcomata. 

Individuals with radium body burdens have been followed for many 
years at the Massachusetts Institute of Technology and at Argonne 
National Laboratory. These studies have given us extensive knowledge of 
the metabolism of radium as well as the dose required for induction of 
malignant neoplasms (Rowland et al., 1970). These data have been used to 
set limits for radium in the body, and have been particularly useful to set 
limits for plutonium in the body, since this latter element behaves metabol- 
ically much like radium. A particularly intriguing approach was used to 
estimate the body burden of plutonium likely to produce cancers in human 
beings. From experimental studies in dogs, the dose response for bony 
cancer induction is well known for both radium and for plutonium. The 
body burden of radium required to produce bony tumors in human beings 
is also well known from studies on the dial painters and on individuals 
receiving radium for therapeutic purposes. The ratio of the mean effective 
doses for tumor induction in dogs for plutonium and radium is computed, 
and this ratio is multiplied by the radium body burden required to produce 
human tumors. The result is an estimate of the body burden of plutonium 
required to produce tumors in human beings. 

HALOGEN ELEMENTS 

Radioisotopes of fluorine, chlorine, and bromine are often used in 
nuclear medical diagnosis and therapy, but the element of overriding 
importance in the halogen group is iodine. 

Iodine 

All the radionuclides of iodine are produced in the fission of uranium or 
plutonium. Of these, 131I is the most important. In nuclear accidents iodine 
is released as a gas and is spread quickly over a large area. It has a short 
physical half-life of 8.04 days, but it moves rapidly through the food chain 
through the route of forage for cows and subsequent milk consumption by 
human beings (Whicker and Kirchner, 1987). Because of its short half-life, 
protective measures can include storage of food supplies or simply refrain- 
ing from eating the supplies for a few weeks at most. 
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Iodine has a complicated metabolic path in the body (see Fig. 15.3), but 
ultimately the isotope is concentrated mostly in a single ~ organ--the 
thyroid gland. Iodine is soluble in water and it can be quickly absorbed via 
all routes of entry. The major route of entry, however, is through ingestion 
of food supplies contaminated with 131i. Once incorporated in the thyroid 
gland, iodine is excreted only slowly, and for the short-lived isotopes of 
iodine most of the removal is through radioactive decay. 

The most recent event at which large releases of radioisotopes of iodine 
occurred was the nuclear disaster at Chernobyl in the Soviet Ukraine 
(Goldman et al., 1988). Significant concentrations of 131I were  seen in most 
of western Europe, including the Scandinavian countries. Prompt action 
was taken by concerned governments to boycott the utilization of contami- 
nated food supplies. The most significant problem that resulted from the 
Chernobyl accident is the sharp increase in thyroid neoplasms, both 
malignant and benign, in children who were exposed at the time of the 
release. 

A smaller, but still very significant release of 1311 occurred in the 1950s 
from the Windscale nuclear processing plant in western England. In this 
case, intake of the isotope was controlled by banning the consumption of 
milk from cows foraging in contaminated areas. 

An additional prophylactic measure that reduces the incorporation of 
iodine into the thyroid gland is the oral administration of iodide ion, 
usually as its potassium salt. The high levels of blood iodide that result 
from the administration of this salt effectively compete with the radionu- 
clide for incorporation into the thyroid gland, and the end result is a 
sharply reduced level of incorporation of the radionuclide into the thyroid 
hormones. 

URANIUM AND TRANSURANIC ELEMENTS 

Uranium 

This naturally occurring element is the principal precursor for other 
naturally occurring radionuclides in the Earth's crust. The parent nuclide 
of greatest importance is e38U. Also to be found in naturally occurring 
uranium is the radionuclide e35U to the extent of about 0.7% in the natural 
mixture of uranium isotopes. This isotope is extremely important, since it 
is the isotope of uranium that most efficiently undergoes fission when 
bombarded with thermal neutrons. For this reason, 235U is the principally 
used fuel in nuclear reactors and uranium-based fission-type nuclear 
weapons. 
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The principal isotope 238U has a half-life of 4.5 x 10 9 years (see Fig. 
15.4), which is long even in  terms of geological time. As a result, the 
number of decays seen from asmall sample of uranium will be quite small, 
and it has been shown repeatedly that the principal hazard from the 
incorporation of uranium in the body is a chemical one. Uranium in all 
its isotopes is an effective nephrotoxic agent, producing severe kidney 
damage. 

Only 235U can be of any significance among the other isotopes of 
uranium because it is prepared in enriched form for power production or 
use in nuclear weapons. Again, its half-life of 7 x 10 8 years leads to the 

same conclusion as for 238U as to the consequences of its biological 
incorporation. 

Plutonium 

Much has been written and said about this manmade radionuclide since 
its synthesis in the war years by the Manhattan project. Repeatedly, it has 
been stated that this element is " . . .  the most toxic substance known to 
mankind . . . .  " The basis of such a statement is hard to understand. 

There are two important isotopes of plutonium: 238pu, which has a 
half-life of 86.4 years, and 239pu, which has a half-life of 24,890 years. 
Plutonium is nearly entirely a manmade element, although naturally 
occurring traces of the element recently have been identified. Plutonium is 
commercially produced in nuclear reactors by the irradiation of uranium 
isotopes, and it is the principal nuclide used in modern nuclear weapons. 
The isotope 238pu, because of its shorter half-life and consequently higher 
specific activity, is used as a source of power for space vehicles. Power is 
produced by thermoelectric conversion of the heat produced during 
radioactive decay. 

The single largest available source of plutonium in the environment is 
that which was placed in the atmosphere by above-ground nuclear weapons 
testing. The unfissioned plutonium so injected returns to Earth as fallout 
in a global distribution pattern. It is estimated that over 6.3 x 1019 Bq 
(300 MCi) of 239-24~ was globally dispersed during the weapons testing 
era. (24~ is another isotope of plutonium which need not be of serious 
concern since it is only present in trace amounts.) Another 2 x 1019 Bq 
(100 MCi) of plutonium was deposited locally in the overseas and conti- 
nental test areas and surrounding countryside. A careful, ongoing, world- 
wide study of human cadavers has shown that traces of plutonium can be 
found in nearly all of the samples tested. The greatest concentrations of 



Radionuclides of Biological Importance 421 

plutonium in human cadavers have been found in the lung, liver, and 
skeleton. 

Plutonium is a member of the actinide series of elements and it is 
chemically similar, insofar as biological metabolism is concerned, to 
radium. Its oxides, the form usually encountered in the environment, are 
in general very insoluble. Because of the insoluble nature of the plutonium 
found in the environment, the most important route of entry for the 
radionuclide is by inhalation of aerosols bearing the element. These 
aerosols, if the particle sizes are correct, penetrate to the deep parenchyma 
of the lung and settle out there. In time they are taken up by lung 
macrophages and may move to nearby lymph nodes. To the extent that the 
plutonium solubilizes in the lymph node location, the element will be 
transported and to a great extent deposited in skeletal bone following the 
same pattern as radium. 

Absorption of plutonium by ingestion is much less effective than by 
inhalation if the element is in the insoluble oxide form, and because of the 
high chemical reactivity of the metal, the oxide is the most likely state in 
which it is found. The overall discrimination factor for plutonium for the 
soil-plant-animal-person chain is about 10 -5, which assures limited incor- 
poration in people from environmental sources through ingestion. 

From animal experiments, appropriately incorporated plutonium (that 
is, plutonium in the organ of interest) is expected to produce malignant 
neoplasms in bone, liVer, lungs, and lymph nodes. A relatively large cohort 
of nuclear industry workers who have had significant exposure to pluto- 
nium during their working life has been followed for many years to observe 
plutonium related pathology. To date no plutonium related disease has 
been observed in these individuals, but because of the long latent period 
for cancers of the lung in particular, it is too early to draw sweeping 
conclusions about the radiotoxicity of plutonium for these occupationally 
exposed individuals. 

Much of the public concern about plutonium stems from awareness of 
its very long half-life. In fact, the half-life is of very little relevance other 
than to determine the rate of nuclear disintegrations from a given mass of 
nuclide (specific activity). 

For biological purposes the half-life of radium at 1600 years is not 
different from that of plutonium at 25,000 years, since both of these 
periods are very long compared to the human life-span. 

Once deposited in the body, and particularly when deposited in the 
skeleton, we predict that, as a carcinogenic agent, plutonium is about as 
effective as radium, possibly somewhat more so, but up to now, no data 
on human beings are ~available to confirm this observation. Insoluble 
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plutonium inhaled into the lungs presumably also is an effective carcino- 
genic agent for the production of lung tumors. 

SPECIAL PROBLEMS WITH RADON AND ITS DAUGHTERS 

Radon has become the focus of widespread public attention in the last 
few years. Chapter 16 describes the biological hazards associated with 
exposure to radon gas and its daughter products. 
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PROBLEMS 

1. By direct measurement  of the activity of the thyroid gland in several 
patients who had received 1311 for diagnostic purposes, it was observed 
that the biological elimination half-life for t h e  radionuclide was 5.22 
days. What  is the effective half-life and what is the value of the 
effective decay constant? 

2. Compute  for 3H the mean energy per nuclear disintegration, A. The SI 
unit for A is kg Gy Bq-1 s-1 identical with J Bq-1 S-1. The effective 
half-life for tritium in body water is 10.5 days. Assume the injection of 
50 MBq of tritium labeled water. What  is the average absorbed dose in 
water after the elapse of three half-lives? Assume equilibrium condi- 
tions of energy deposition as defined in this chapter. 

3. Compute the mean energy per nuclear disintegration, A, for 99mTC if 
2.0 x 10 9 Bq of this isotope is injected into a patient. Assume that 
one-half of the administered dose is taken up by the thyroid and that 
the removal kinetics follow first-order exponential form with a biologi- 
cal half-life of 4 h. What  is the dose to the thyroid? Assume for 
purposes of this problem that the specific absorbed fraction is 0.5 and 
the thyroid weighs 80 g. Express the dose in gray. 



Chapter 16 

Radiation Exposure from 
Natural Background and 
Other Sources 

I N T R O D U C T I O N  

BACKGROUND AND SOURCE TERMS 

An adequate understanding of the relative risks from ionizing radiation 
is only achievable through a clear conceptualization of the sources of that 
radiation. What is controllable and what is not? There are two major 
sources of such exposure: natural background and the medical uses of 
ionizing radiation. The latter includes almost exclusively the diagnostic 
applications of ionizing radiation in medicine. These medical applications 
include the use of X-rays and radioisotopes in diagnostic imaging. Both 
X-rays and radioisotopes are also used for therapeutic purposes, but even 
though the individual doses for these applications are high, the population 
exposed is limited. Since the population exposed is so small, the contribu- 
tion to the national population dose is trivial. In addition to the two 
principal sources of environmental and medical radiation exposure, there 
is a myriad of technological applications and consumer use for radioactive 
materials and for ionizing radiation. Some of these are not even well 
known or understood by the general public. These consumer applications, 
in general, do not contribute significantly to population dose, but since, in 
some cases at least, they have been the object of worldwide attention, it is 
appropriate to record their contribution to the national collective dose. An 
example of radiation exposure from such a consumer application that has 
received a great deal of attention in the past is the emission of X-rays from 
television receivers. 

424 
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We are in a time of somewhat confusing change in dose descriptions 
used for risk estimation. Some of the long-standing usages for definition of 
radiation dose quantities are changing as the result of decisions by the 
International Commission on Radiological Protection (ICRP, 1991) and 
the National Council on Radiation Protection and Measurements (NCRP, 
1993). An effort will be made to compare the old and the new terminology, 
and to highlight the differences in the following sections. All users of 
these new quantities will observe that there is still widespread use of the 
older quantities. 

DOSE EQUIVALENT 

The radiobiological unit of dose used throughout this text is the gray, 
but for health protection purposes a biologically effective dose has been 
widely used. This older quantity was named the dose equivalent, H, and it 
was defined in Eq. (15.9) in Chapter 15. The quality factor, Q, is a 
dimensionless multiplier that corrects for LET-dependent differences in 
the biological effectiveness of the radiation for which H is being calcu- 
lated. It is a derivative of the RBE, but since the end point and the 
response level are not specified, it is not the same as the RBE. The quality 
factor is a consensus value, agreed on among the health professionals as 
being an adequate, conservative, and representative value for the effec- 
tiveness of the radiation being considered. The factor N is a correction 
factor for nonuniformities in dose distribution as well as any other multi- 
plicative factors the health protection professionals deem necessary, and N 
is generally important only for internally deposited sources of radiation. If 
the field of radiation is mixed, appropriate corrections are necessary for 
each type of radiation and the dose equivalent is the sum of each corrected 
contributor to the dose. The dose equivalent, H, is expressed mathemati- 
cally as 

R n 

H = E OiQiNi, (16.1) 
R1 

where it is shown as the summation for all radiation types, from R 1 to Rn, 
of the dose corrected by the quality factor, Qi, and any other necessary 
factor, N,.. The unit for the quantity H, depends on the unit in which D is 
expressed. The name of the unit for H when D is expressed in rad is rem, 
but this is now of historical interest only. The name of the unit for H when 
D is expressed in gray is sievert. Because the doses are generally small, the 
units milli- or microsievert are commonly used. 
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Table 16.1 

Radiation Weighting Factors for Calculation of 
Equivalent Dose H~ 

Radiation type and energy W R 

X-rays, 3' rays, electrons, 
positrons, and muons 1 

Neutrons to 10 keV 5 
Neutrons, 10-100 keV 10 
Neutrons, > 100 keV to 2 MeV 20 
Neutrons, > 2-20 MeV 10 
Neutrons, > 20 MeV 5 
Protons, other than 

recoils, > 2 MeV 2 b 
a particles, fission fragments, 

and relativistic heavy ions 20 

a NCRP, 1993. 
b ICRP (1991) recommended a value of 5 for high- 

energy protons. 

EQUIVALENT DOSE 

In the two references cited before [ICRP (1991) and N C R P  (1993)] a 
new quantity, equivalent dose, Hr,  is proposed to substantively replace the 
dose equivalent. The two are conceptually different in that the dose 
equivalent, H,  is based on an absorbed dose at a point which is weighted 
by a quality factor, Q, related to the LET distribution at that point. The 
equivalent dose is based on an average absorbed dose in the organ or 
tissue designated, and this is weighted by a radiation weighting factor, w R. 
The equivalent dose is then 

H T =  E WRDT, R, (16.2) 
R 

where H r is the equivalent dose to tissue T. The weighting factor for 
radiation type R is w R, and it is similar to Q in the dose equivalent 
expression. The radiation weighting factors adopted by ICRP and N C R P  
are listed in Table 16.1. 

EFFECTIVE DOSE 

The effective dose, E, is so defined that it has associated with it the same 
probability of occurrence of cancer and genetic effects, whether  the dose 
was received uniformly in the whole body or was nonuniformly deposited. 
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The effective dose is similar to the effective dose equivalent as defined by 
ICRP (1977). However, there are some conceptual differences. The weight- 
ing factors for relative organ sensitivity are applied to equivalent dose, 
H T ,  rather than the older dose equivalent, H. The equation for effective 
dose E is 

E = E W T H T ,  (16.3) 
T 

where H T is the equivalent dose for tissue T computed according to Eq. 
(16.2), and w T is the tissue weighting factor, which is chosen so that it 
takes into account the relative detriment to each organ and tissue from 
stochastic effects. If the weighting factors are appropriately chosen and 
applied, the risk for all stochastic effects will be the same whether the 
body is irradiated uniformly or nonuniformly. 

Implicit in the formulation of effective dose is that the radiation 
weighting factor, w R, is independent of the tissue or organ and that the 
tissue weighting factor, w T, is independent of the radiation type and 
energy. These are broad assumptions that are not necessarily accurate for 
all conditions, but the values assigned for w R and w T are sufficiently 
conservative to allow for the known variabilities. The consensus values for 
w T are given in Table 16.2. 

C O M M I T T E D  EQUIVALENT D O S E  AND C O M M I T T E D  EFFECTIVE D O S E  

Particularly useful for risk estimation for doses received from inter- 
nally deposited radionuclides is the concept of a committed dose. This do- 
simetric concept was first adopted by the International Commission on 

Table 16.2 

Tissue Weighting Factors for Calculation of 
Effective Dose, E a 

W r = 0.01 W r = 0.05 Wv = 0.12 W T = 0.20 

Bone surface Bladder Bone marrow Gonads 
Skin Breast Colon 

Liver Lung 
Esophagus Stomach 
Thyroid 
Remainder b 

a NCRP, 1993. 
b All other tissues not specifically listed. 
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Radiological Protection in 1977 (ICRP, 1977) using the dose equivalent as 
the basis for its calculation. The change to equivalent dose by that body in 
1991 required a restatement of committed dose in terms of equivalent 
dose, H r. The committed equivalent dose, Hr(z),  is the time integral for 
time z of the equivalent dose rate in the specific tissue T, following intake 
of the radionuclide into the body. For a single radionuclide absorbed by 
the body at time t o , 

= dt. 
to 

(16.4) 

Using the usual notation where the dot over the symbol for dose indicates 
dose rate, I-:I z is the relevant equivalent dose rate in a specific tissue T at 
time t 0. The period of integration is z. Usually the period of integration is 
taken as 50 years for occupational exposure and 70 years for the general 
public. The committed effective dose for each internally deposited radionu- 
clide is calculated as the sum of the products of the committed equivalent 
doses and the appropriate w r values for the tissues irradiated. The general 
equation is 

E ( z )  = E w r H r ( z ) .  (16.5) 
T 

The times of integration are as previously stated: 50 years for occupational 
exposure and 70 years for public exposure. Obviously, for a population of 
advanced years, adjustments are made in the integration period. There are 
serious limitations of the committed equivalent dose and the committed 
effective dose if intake of a radionuclide of long half-life is continuous for 
a period approaching the life-span. In this case, Eqs. (16.4) and (16.5) 
seriously overestimate the lifetime equivalent and effective committed 
doses. 

For all of the equivalent and effective doses the unit of dose is the 
sievert, w R is equivalent to the value of Q in Eq. (16.1), and the value of 
w r can be visualized as the equivalent of N in Eq. (16.1). 

COLLECTIVE DOSE 

The concept of collective dose, (S), is based on the idea that stochastic 
end points can be attributed to populations or to individuals. For example, 
if the probability of a certain cancer is 1/100,000 for a given dose, then 
this probability can be equally applied to an individual or to a cohort which 
has received this dose. For the probability just stated, the individual has an 



Risk Estimates for the Tissue Weighting Factor 429 

increased excess risk over normal incidence of 1/100,000 of developing the 
cancer. The cohort has the chance of developing one excess cancer in 
every 100,000 individuals. It must remain clear though that there is also a 
chance that no excess cancers will develop in either the irradiated cohort 
or the irradiated individual who receives the total collective dose. The 
actual incidence rate will be governed by the Poisson statistic. Collective 
dose is clearly applicable only to stochastic risks, and its precision will be 
controlled by the homogeneity of the cohort. As collective dose is applied 
in the real world, with usual distributions of age, sex, health, and pre- 
existing disease, it becomes less precise in predicting excess stochastic 
risks. The expression for collective dose is 

S = H i P  i, (16.6) 

where H i is the per capita dose in subgroup i, and Pi is the census of the 
same subgroup. Any appropriate dose quantity can be used, including 
dose, equivalent dose, effective dose, or committed dose. 

The collective dose has particular utility in projecting outcomes for 
various strategies that affect a large number of people. 

RISK ESTIMATES FOR THE TISSUE 
W E I G H T I N G  FACTOR 

The development of the tissue weighting factors for use in determina- 
tion of effective dose and its derivatives is straightforward. Both NCRP 
(1993) and ICRP (1991) have published tables of risk factors. The parts of 
the tables that refer to the total stochastic detriment are shown in our 
Table 16.3. Note that only fatal cancers, genetic risk, and life shortening 
are accounted for in these risk estimates. 

The weighting factor for an organ or tissue is developed as the ratio of 
the risk for that organ to the total risk. For example, the weighting factor 
for bone marrow, using fatal leukemias as the risk, would be the quotient 
of 1.04/7.25 = 0.14. 

The product desired from application of the effective dose model is a 
risk-weighted dose estimate for a mixture of types of radiation or for 
radiation of parts of the body. In practice, it is usual to convert doses to 
single organs from internally deposited radionuclides into equivalent dose 
with the appropriate weighting factor and to sum these for the whole-body 
equivalent dose. 
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Table 16.3 

Total Stochastic Detriment (Cancer and Genetic Risk) 
for Individual Organs and Tissues for the Population 
as a Whole and for Occupational Radiation Workers 

Lifetime risk coefficients a for total detriment (10 -2 Sv-1) 

Organ or t issue Population 

Occupational 
radiation 
workers 

Bladder 0.29 0.23 
Bone marrow 1.04 0.83 
Bone surface 0.07 0.06 
Breast 0.36 0.29 
Esophagus 0.24 0.19 
Colon 1.03 0.82 
Liver 0.16 0.13 
Lung 0.80 0.64 
Ovary 0.15 0.12 
Skin 0.04 0.03 
Stomach 1.00 0.80 
Thyroid 0.15 0.12 
Remainder 0.59 0.47 
Gonads (genetic) 1.33 0.80 
Grand total 7.25 5.53 

a For fatal cancers, severe genetic effects, and life shortening. 

EXPOSURE SOURCES 

The doses generally received from the two sources mentioned, natural 
background and medical applications, are highly dependent on location as 
well as socioeconomic condition. The general range of doses from natural 
radiation sources in the United States is about 0.7-1.10 mSv year -a, and 
the general range for medically related exposures is about 1.0 mSv year-1. 
Another important issue of social concern is that within recent years there 
has been a sharp increase in public awareness of the importance of the 
contribution of naturally occurring radon to human exposure. Much of the 
concern about the importance of natural radon as a contributor to natural 
background exposure has arisen because of the increase in quality factor, 
Q, or radiation weighting factor, w R, to 20. 

In the following sections, in addition to the discussion of natural 
background and medical applications dosage, there will be some discussion 
of the role of consumer products in contributing to population dose, as 
well as an examination of the technological enhancement of the natural 
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contribution to background exposure. What is meant by technological 
enhancement as a contributor to background exposure are those activities 
of people that cause an increase in the population dose from natural 
sources. A typical example of technological enhancement is the increased 
contribution to population dose from mining and milling tailings that 
results from the extraction of uranium from the earth. Increased exposure 
due to technological enhancement and from consumer products con- 
tributes less than 10% to the total nonoccupational exposure of the 
American population, but both are the result of human activity and should 
be well understood and controlled. 

E X P O S U R E  T O  N A T U R A L  B A C K G R O U N D  

R A D I A T I O N  A N D  R A D I O A C T I V I T Y  

Natural radiation and radioactivity in the environment, along with 
diagnostic medical exposure, make up the very largest part of the accumu- 
lated annual dose to human beings who are not occupationally exposed to 
ionizing radiation from other sources during their daily work activity. 
Often comparisons are made between the annual radiation exposure 
arising from natural radiation and radioactivity and the exposure for 
people from all technology-generated sources. The purposes of these 
comparisons are often to place in perspective the magnitude of potential 
exposure from technology-generated sources. Many reports on exposure to 
natural radiation are available. Among these, the most comprehensive are 
the United Nations Scientific Committee on the Effects of Atomic Radia- 
tion (UNSCEAR) reports (1966, 1972, 1977, 1982), and the most recent is 
the National Council on Radiation Protection and Measurements report 
94 (1987c). Oakley (1972) examined doses from external radiation only. 

In recent years it has become evident that inhalation of the short-lived 
decay products of 222Rn is one of the more important sources of natural 
exposure, and there has been a significant change in the radiation weight- 
ing factor, w R, for alpha radiation that changes our perception of the 
importance of this source of radiation exposure. Radon-222 is the 
daughter product of the decay of 226Ra. 

Figure 16.1 displays in bar chart form the contributions to external 
population dose for average North American residents. The data are 
plotted to indicate the relative importance of each of these sources of 
radiation exposure for individuals who are not occupationally engaged in 
radiation-related employment. Two important sources of such dose make 
the other components of exposure seem to be relatively very small: the 
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Figure 16.1 Approximate distribution of external average annual individual dose from 
natural and manmade nonoccupational sources. The first block is the average annual 
individual dose delivered externally from all naturally occurring sources. This value can vary 
widely depending upon location and other factors. The medical dose is the approximate 
average for the United States and other countries with advanced economies. Exposure from 
the three sources to the right (nuclear industry, consumer products, and air travel) are all less 
than 10 mSv year-1. Doses from radioactive material deposited in the body are considered 
elsewhere in the text. 

dose from natural  background and the dose from medical diagnostic uses 
of radiation. Fur thermore ,  it is important  to emphasize that the medical 

diagnostic exposure is very much a characteristic of the state of economic 
and technological advancement  of the nation. For  third world countries 

this contribution can be as small as 100 txSv year -1, compared  with the 

Nor th  American  average of 1 mSv year -1. 

NATURALLY OCCURRING RADIONUCLIDES 

The sources of natural  background radiation can be classified in a 

two-fold fashion. There  is the dose that comes from living in the environ- 

ment  of natural  radioactivity at the Ear th 's  surface, and the dose from 

direct cosmic radiation that arrives at the Earth 's  surface. Of  these 
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two, the contribution to dose from naturally occurring radionuclides is 
much larger. 

Primordial Radionuclides 

The primordial radionuclides are principally, but not entirely, the iso- 
topes of three radioactive series. The parent nuclides for these series are 
238U, 232Th, and 235U. If these parent isotopes are not chemically or 
physically separated from their daughter products, the various members of 
the decay chain attain a state of radioactive equilibrium in which the 
apparent rate of decay of each nuclide is the same as that of the 
primordial parent. Each of these are examples of secular equilibrium of 
radionuclides as described in Chapter 3. An example of the decay scheme 
for one of the naturally radioactive series, the uranium series (decay of 
238U), was shown in Fig. 15.4 in the previous chapter. 

Nonseries Primordial Radionuclides 

In addition to the primordial nuclides of the three series just described, 
there are several others that decay directly, in one step, to a stable nuclide. 
Of these the most important are 4~ and 87Rb. The radionuclide 4~ 
occurs only to the extent of 0.0118% isotopic abundance in natural 
potassium, but since the element is so ubiquitous in living systems, it 
contributes as much as one-third of the external terrestrial and internal 
dose from natural background. Although the isotopic abundance of 87Rb is 
higher than that for 4~ its contribution to dose is limited by the relative 
scarcity of the element in the Earth's crust. 

Cosmogenic Radionuclides 

The cosmogenic radionuclides are produced by nuclear transformations 
in elements of the Earth's crust or the atmosphere through interaction 
with cosmic ray particles reaching the Earth from galactic and extragalac- 
tic space. The cosmogenic radionuclides are a relatively small contributor 
to dose. They are beta and gamma emitters with a wide range of half-lives. 
For exposure of human beings the four major cosmogenic radionuclides 
are 14C, 3H (tritium), 7Be, and 22Na. Three of these cosmogenic radio- 
nuclides, 14C, 3H, and 22Na, are of particular interest since they are 
important elements in human body composition. 
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DOSE FROM EXTERNAL SOURCES 

Outdoor Exposure 

External exposure for human beings from natural radionuclides is from 
the radionuclides of the uranium-thorium series. The contribution from 
4~ in the environment external to the body is also important, but the 4~ 
in the composition of the human body is a more significant contributor to 
dose from internal sources which will be considered later. The exposure 
from external sources is from the heavy elements in the Earth's soil which 
are descendants of the uranium and thorium precursors. The local concen- 
tration of these radionuclides and their decay products varies widely 
depending on the geologic characteristics of the region. It is a common 
misconception that igneous rocks are a more important contributor to this 
dose source; in fact, sedimentary-type formations are not a great deal less 
important. The doses from these sources external to the body are entirely 
from gamma rays emitted during decay of radionuclides. The radiation 
weighting factor (w R) for these radiations is 1, and the doses are expressed 
in the more familiar unit, gray, but at times the sievert will be used for this 
purpose. Of course, for a weighting factor of 1, the gray and the sievert are 
equal. Any emissions of beta or alpha particles from the decay of natural 
radionuclides will not contribute to the dose from externally located 
nuclides because of their low power of penetration. There will be a minor 
contribution of beta rays to the doses received by the skin. 

Beck (19-75) calculated the dose rates in half-space (defined as dose in 
air above an infinite plane surface) from each of the three important 
contributors to the external dose. The dose is calculated in air at 1 m 
above the surface for a unit concentration of the source nuclide. He gives 
the absorbed dose rate in air for 4~ as 13 txGy year-1 pCi-1 (37 mBq). 
For 238U and daughters in equilibrium this value is 139 txGy year -1 pCi -1. 
For 232Th and daughters in equilibrium, the dose rate is 216 IxGy year -1 
pCi -1. With the typical values for elemental soil composition, it can be 
calculated that the 232Th series contributes about 150-250 IxGy year -1 to 
dose from external sources, and 4~ iS responsible for about the same 
contribution. The 238U series is the source for about one-half of that value 
(75-125 I~Gy year-l) .  

A special circumstance exists for the daughters of the decay of 222Rn. 
Radon gas that diffuses into the atmosphere decays in a nonequilibrium 
fashion, and this decay leads to external exposure principally from the lead 
and bismuth radionuclides that are produced from radon decay. For a 
typical time-averaged outdoor radon concentration of 7.5 Bq m -3, NCRP 



Exposure to Natural Background Radiation and Radioactivity 435 

report 97 (NCRP, 1988) estimates that the absorbed dose rate in air from 
these radon daughters is 232 txGy year -1. 

The significant external exposure from the radionuclides in soil and 
from atmospheric radon daughters is from gamma radiation. As just 
mentioned, alpha and beta emitting radionuclides do not contribute 
significantly to whole body external dose. 

The dose to human beings from terrestrial radioactivity varies greatly as 
a function of the geological composition and geological history of the area. 
Typical terrestrial absorbed dose rates from naturally occurring radionu- 
clides in the Earth's crust in the United States are as follows: for Atlantic 
and Gulf coastal plains, 150-350 IxGy year -1 (average 230 IxGy year-l) ;  
middle American plains, 350-750 IxGy year -1 (average 460 IxGy year -1); 
for the Colorado plateau, 750-1400 i~Gy year-1 (average 900 txGy year-l) .  

Indoor Exposure from External Sources 

The dose from the gamma rays from crustal radionuclides to individuals 
who are indoors is modified by the materials of construction and by the 
position of the individual within the structure. Wood, plastic, metal, and 
glass used in construction contribute very little to modification of exposure 
through shielding of the external dose, whereas brick, concrete, masonry, 
and stone building materials offer significant shielding. UNSCEAR (1982) 
used a factor of 1.2 for an indoor-outdoor dose ratio (that is, higher 
indoors than outdoors), but these data are based mostly on European-style 
construction methods. The UNSCEAR values presume that the building 
materials themselves, which contain some amount of crustal radionuclides, 
contribute more to dose than they remove by shielding. 

A summary of North American measurements is shown in Table 16.4 
(after data from report 94, NCRP, 1987c). These data are presented to 
make several points. The first is that there is a widespread belief that the 
interior of masonry buildings has a very much higher indoor dose rate than 
wood structures, due to the contribution to dose from the crustal radionu- 
clides in the building material. Clearly this is only marginally so, and the 
variation is much less than the regional variation in outdoor exposure rate. 
The shielding effect of the structure is, again, only marginal, and the 1.2 
ratio for wood and masonry structures used by UNSCEAR seems to be 
excessive. All in all, the indoor to outdoor variation is a trivial concern, 
even though the data in Table 16.4 indicate that there is a real but 
relatively small contribution to dose from radionuclides incorporated into 
brick and concrete building materials. 
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Table 16.4 

Comparison of Indoor and Outdoor Dose Rates in Air as 
Determined by the Construction Material of the Residence 

Outer wall Indoor dose rate 
construction (% of outdoor) Reference 

frame, brick, stone Solon et al. (1960) 
apartments/houses 80-100 

mostly wood flame 70 Lowder and Condon (1965) 
frame structures 82 Yeates et al. (1970) 
brick 96 
steel and concrete 97-106 
mostly wood frame 75 Lindeken et al. (1971) 

Finally, for external exposure from naturally radioactive materials, there 
is only a small contribution from other than the uranium-thorium series, 
although 4~ in the soil contributes a measurable amount. 

DOSE FROM INHALED RADIONUCLIDES 

The importance of the short-lived daughters of radon as a source of 
exposure of the human lung has been given the significance and attention 
it deserves only in the last decade or so. An earlier (1975) NCRP report on 
background radiation considered only the contribution from outdoor radon 
to the dose from external sources. That dose was considered in the 
compilation of the preceding section. Recently the contribution to poten- 
tial lung exposure from the inhalation of radon accumulating indoors was 
carefully studied. The report of Nero and Nazaroff (1984) is a landmark 
reference for this subject. Two NCRP reports (1984, 1988) explored in 
depth the issues related to the measurement of radon and its daughters 
and the dose from this source. In short, the indoor concentration of radon 
depends on the rate of effusion of radon from the soil as a gaseous decay 
product of radium, followed by its diffusion from the point of origin into 
the interior of the house. The pathways are complex and depend on the 
tightness of the house structure and the air turnover rate in the structure. 
It has been shown, again contrary to common belief, that the material of 
which the house is constructed is not an important factor. Release rates of 
radon from structural materials play only a minimal role in the final dose 
rate in the structure (NCRP, 1984). 
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RADON-222 AS A SOURCE OF INTERNAL EXPOSURE 

The concentration of 222Rn has been measured in many indoor loca- 
tions in the United States and Canada, and it has been shown to vary 
widely, depending to a great extent on the effusion rate of radon from the 
surrounding earth surfaces. The outdoor concentrations have been widely 
measured to be in the range of 3.7-18.5 x 10 -3 Bq m -3, whereas the 
indoor concentrations have been measured and shown to vary equally 
widely, between, for example, 1 and 40 x 10 -2 Bq m -3. The higher 
concentrations of radon seen indoors compared with outdoors are the 
result of accumulation of the gas in the enclosed spaces of the buildings. 
Radon is a noble gas that enters into no chemical reactions of importance. 
It is inhaled and exhaled with very little dose to the lung contributed by 
the gas itself. The significant dose is from the decay products of 222 Rn (see 
Fig. 16.2). The exposure from these radon daughters is received from the 
alpha rays emitted on the decay of the daughters. Since the daughters are 

226Ra 
1600 yr 

I 4.8 MeV alpha 

222Rn 
3.82 days 

I 5.5 MeV alpha 

218po 
3.05 min 

6.0 MeV 
alpha 

0.4, 3.3 MeV beta 214po 
1.6 e-4 s 

214Bi [ ~ " ' ~ ~ "  / 7.7 MeV alpha 
19.7 min 

210pb ~ ~ " ~  
0.7, 1.0 MeV beta 22 yr <0.1 MeV beta 

214pb 
26.8 min 

Figure 16.2 Decay scheme for 226Ra giving rise to 222 Rn. The energy and type of radioactive 
transitions are shown along the arrows. Note that there are two important alpha decays that 
occur after the transition from 222Rn to 218p0: the transitions from 218p0 to 214pb and from 
214p0 to 2]~ The transition from 21~ gives rise to two additional radionuclides, 21~ to 
21~ and ultimately to stable 2~ 
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solid elements, not gases, as they form from the decay of radon they are 
adsorbed on aerosol particles, either in the lung or in the external 
environment. These particles, as they are respired, are deposited on the 
surfaces of the tracheobronchial tree, where they undergo alpha decay. 
These short-lived daughters are 218po (RaA), 214pb (RaB), 214Bi (RaC), 
and 214po (RaC'). The parenthetical labels are the archaic names for these 
radionuclides. They are no longer appropriate, but they are given here 
because the radionuclides are still often referred to by these names. Of the 
daughter nuclides listed, 214po and 218po are the most significant because 
of their half-lives and their decay schemes. 

Since these short-lived products are rarely in secular equilibrium be- 
cause of the dynamic processes associated with their formation from a 
short-lived gaseous predecessor and their adsorption on airborne aerosols, 
the usual units of radioactivity are not appropriate. For this reason it has 
become practice to speak of exposure to mixtures of these nuclides in 
terms of a working level (WL), and to state cumulative exposures in 
working level months (WLM). A working level is defined as any combina- 
tion of short-lived daughters that results in the emission of 1.3 x 10 5 MeV 
of potential alpha energy. The readers are referred to NCRP report 78 
(NCRP, 1984) for extensive detail. That reference gives the conversion 
factors that we list in Table 16.5 for dose to bronchial epithelium from 
working level months. Note that even though the dose is predominantly 
from alpha particles of very high LET, the dose is given in gray, not 
sievert. The discussion of w R for these doses will be taken up shortly. 

The differences among men, women, and children for the conversion 
factor from WLM to dose are due to the differences in respiratory 
physiology of each. The principal factor is the respiratory volume per unit 
time compared to the overall lung volume. 

Table 16.5 

Conversion Factors from Working Level Months 
to Dose for Various Exposure Classifications 

Dose per working 
Classification level month (cGy WLM- 1 ) 

Underground miners 0.5 
Adult men 0.7 
Adult women 0.6 
Children 1.2 
Infants 0.6 
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George and Breslin (1980), in a careful analysis of the New York-  
New Jersey area, arrived at an average outdoor 222Rn concentration 
of 7 Bq m -3 and an average indoor concentration of 30 Bq m -3. NCRP 
report 78 (NCRP, 1984) converts these values to average annual dose to 
the lungs, unadjusted for radiation weighting factor, as follows: 

- 1  Adult male 1.9 mGy year 
Adult female 1.7 mGy year- 1 
Child 3.0 mGy year- 1 

George and Breslin did not convert the dose to mSv per year, since the 
choice of the quality factor, Q (radiation weighting factor), at that time 
would have been uncertain. Scientific opinion was divided between the 
quality factor of 10, which had been in use for some years, and a newly 
proposed quality factor of 20. Scientific evidence in support of the in- 
creased quality factor has accumulated in the meantime, and the factor of 
20 now is widely adopted as the appropriate value of w R. Using the new 
value of 20 for w R for alpha radiation and other high LET radiations, the 
adult male dose is 38 mSv year -1, whereas a child receives a dose of 60 
mSv year -1. Remember that these doses are calculated as doses to the 
lung, not the whole body. In any case, these environmental exposures 
overshadow all other single sources of natural radiation exposure, and 
even exceed, by a wide margin, the total nonoccupational dose from all 
sources. For comparison, the annual allowed maximum dose for the 
general public for stochastic effects is 1 mSv year-1. The limit for occupa- 
tional workers, based on stochastic effects, is 50 mSv year -1 (report 116, 
NCRP, 1993). The dose limits set in NCRP report 116 for controlled 
occupational exposure and for controlled public exposure do not include 
the annual dose from background and medical sources. The dose to the 
lungs from radon daughters, as part of the background dose, is roughly 
equal to the occupational limit, which is only rarely reached in occu- 
pational practice. 

THORIUM SERIES AND ITS DECAY PRODUCTS 

Under normal conditions, only 222Rn and its daughters need to be 
seriously considered in the evaluation of dose from internally deposited 
nuclides of the uranium-thorium series; however, there are small contri- 
butions from some other nuclides. Thoron (22~ has a decay chain 
similar to that of 222 Rn, but the half-life of 22~ is only 55 s; so, in spite of 
the roughly equal radioactivities of the chain precursors for the uranium 
and thorium series, the steady-state activity of 22~ will always be very 
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much less than that for 222Rn. Furthermore, because of its short half-life, 
decay losses during diffusion from the soil, where its thorium precursor 
resides, are very great. The only decay product of 22~ with a long enough 
half-life to be of biological consequence is 212pb (half-life 10.6 h). With its 
daughter products, 212Bi and 212po, this nuclide contributes a dose to the 
lung that is about one-sixth of that from the 222Rn daughter products. An 
interesting observation is that the dose from 22~ daughter products, 
although low compared to the dose to the lung from 222Rn, is still large 
compared to other contributors to natural background exposure. 

NONSERIES RADIONUCLIDES 

In addition to the uranium-thorium series, which contributes the major 
portion of the exposure to human populations from natural radionuclides, 
there are several nonseries primordial radionuclides that exist in the 
Earth's environment. Only two of these make any contribution of signifi- 
cance to the dose received by the human population: they are 4~ and 
87Rb. It was suggested earlier that 4~ makes a contribution to the dose 
from external sources. Both nuclides enter into the natural metabolic 
pathways of the body: potassium is a natural constituent of intracellular 
electrolytes and rubidium acts chemically somewhat like potassium. Since 
rubidium is a relatively rare element in the Earth's crust, it makes only a 
small contribution to dose after internal deposition. The doses to soft 
tissue from these radionuclides are as follows (report 94, NCRP, 1987c): 

40 K 

87Rb 

180 ~Sv year- a to gonads 
60 ~Sv year-1 to bone 
270 I~Sv year-1 to bone marrow 
10 p~Sv year- 1 to gonads 
less than 10 ~zSv year -1 to bone 
10 ~Sv year- 1 to bone marrow 

The quality factor may be taken as 1.0 for these nuclides. 

E X P O S U R E  F R O M  C O S M I C  R A Y S  A N D  

C O S M O G E N I C  R A D I O N U C L I D E S  

COSMIC RAYS 

The charged particles, primarily protons, from extraterrestrial sources 
that are incident on the Earth's surface have sufficiently high energies to 
generate a significant flux of secondary particles that penetrate to ground 
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level. The primary galactic flux is attenuated in the first few hundred grams 
per square centimeter of atmosphere. However, because of a multiplicity 
of nuclear interactions that occur in this region of the atmosphere, there is 
a net buildup of total particle flux density in the outer first 100 g cm -2 of 
the atmosphere. The first generation products are predominantly neutrons, 
protons, and pions. The decay of the pions produces further electrons, 
photons, and muons. As further attenuation proceeds, the particle flux 

- 2  density decreases, and at atmospheric depths greater than 800 g cm 
(about 6 km altitude) the highly penetrating muons and the associated 
electrons are the dominant components of the cosmic ray flux. These 
particles and, to a much lesser extent, the gamma rays produced from pion 
decay are the source of radiation exposure at sea level. 

There are significant variations related to latitude and, to a much lesser 
degree, longitude in the total flux at the Earth's surface and at altitude. A 
long term average dose from cosmic radiation is shown in Fig. 16.3. The 
data are given as dose in milligray on the scale to the right. However, the 
total dose has a significant fraction contributed from neutrons. In tissue 
equivalent material at sea level, the neutron dose is about 5% of the total. 
At an altitude of 3 km this contribution is as much as 25% of the total 
dose from cosmic radiation. Note that with the recent recommendations of 
regulatory bodies that the radiation weighting factor should be 20, as is the 
case for radon daughter alpha radiation, equivalent dose rate will increase 
at altitude. The total dose rates from all cosmic ray sources, corrected for 
the radiation weighting factor are shown relative to the left ordinate in 
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Figure 16.3 Long term average outdoor absorbed dose in air from cosmic radiation as a 
function of altitude. The absorbed dose rate (mGy/y) in air or tissue is shown in the lower 
curve, relating to the ordinate at right. The upper curve, relating to the ordinate at the left, is 
the total equivalent dose rate (mSv/y) (charged particles plus neutrons) at 5 cm depth in a 30 
cm thick slab of tissue. Reproduced with permission from National Council for Radiation 
Protection and Measurements report 94 (NCRP, 1987c). 
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Fig. 16.3. The doses calculated at sea level and at 3 km are, respectively, 
0.4 and 1.2 mSv year -1. These doses are of particular significance for 
high altitude flying. 

COSMOGENIC RADIONUCLIDES 

Cosmic rays that reach the Earth's surface produce a variety of spalla- 
tion and neutron activation reactions in the constituents of the lower 
atmosphere and in the constituents of the Earth. The entire geosphere 
contains these products in equilibrium concentrations. The most important 
of these from the point of view of contribution to dose are 14C, 3H, 22Na, 
and 7Be. Of these, 14C and 3H (tritium) are the most important because 
they are relatively long-lived isotopes of elements that are major body 
constituents. The concentrations of these two radionuclides in the geo- 
sphere have been significantly affected by nuclear weapons testing and, to 
a small extent in the case of 3H, by the operation of the nuclear fuel cycle. 
Very little of the total natural background dose to human beings is 
contributed by cosmogenic radionuclides. The total annual effective dose 
from 7Be and 22 Na through inhalation and ingestion (drinking water, milk, 
leafy vegetables, and meat) is estimated to be, respectively, 30 and 4 nSv. 
These doses are inconsequential and can be disregarded. The annual 
equivalent dose for tritium, which is always in equilibrium with the 
total body water, is 12 nSv. For 14C the annual equivalent dose is 
10 p~Sv to the soft tissues and approximately 30 IxSv for the bone marrow. 
The nuclides that we have been discussing are produced by nuclear 
interactions in the upper atmosphere. Other radionuclides are produced 
by cosmogenic action in the superficial layers of the Earth's crust, but they 
are inconsequential, since they are produced in small amounts and gener- 
ally have short half-lives. 

S U M M A R Y  O F  E X P O S U R E  FROM 
N A T U R A L  S O U R C E S  

Figure 16.4 summarizes the data given in the preceding sections of this 
chapter. When the data are displayed in this fashion, the overwhelming 
importance of the contribution of radon daughters to the lung dose is seen. 
These data are not corrected for the radiation weighting factor, which 
would make the importance of the radon daughter exposure even more 
evident. 

Table 16.6 was developed from data in NCRP report 94 (NCRP, 1987c), 
in which data similar to that shown in Fig. 16.3 are converted into 
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Figure 16.4 Contributions of each of the components of the natural background exposure 
are shown, with the dose expressed in mGy/y. The vertical columns for the U-Th series 
internal dose is further subdivided to show the overwhelming contribution of the 222Rn 
daughters, denoted by the double asterisks, to the total internal dose from the U-Th series. 

Table 16.6 

Estimated Effective Dose per Year for a Member of the Population in the 
United States and Canada from Natural Background Radiation Sources a 

Total effective dose rate b (mSv year-1) 

Lung Gonads Bone Marrow Other Total 
W r = 0.12 W r = 0.25 W r = 0.03 W r = 0.12 W r = 0.48 W r = 1.00 

Cosmic radiation 0.03 0.07 0.008 0.03 0.13 0.27 
Cosmogenic 

radionuclides 0.001 0.002 u 0.004 0.003 0.01 
Terrestrial 

External 0.03 0.07 0.008 0.03 0.14 0.28 
Inhaled 2.00 u 2.00 

Radionuclides in 
the body 0.04 0.09 0.03 0.06 0.17 0.40 

Totals 2.1 0.23 0.05 0.12 0.44 2.96 

a Report 94, NCRP, 1987c. 
b Dashes (-)  indicate negligible dose. 



444 16 Radiation Exposure from Natural Background and Other Sources 

appropriate effective doses. The weighting factors, WT, used in NCRP 
report 94 are slightly different from those given in Table 16.2, since NCRP 
has removed the thyroid risk from their calculations and the tabulation 
predates the new values of w T found in NCRP report 116 (NCRP, 1993). 

This summary table still shows the predominant role of radon and its 
daughters in contributions to the total annual effective dose. The total 
effective dose from all natural background sources is 3 mSv year -i ,  
and of this, on a risk-based apportionment of dose, the lung receives 
2 mSv year-1, almost entirely from radon daughters. Little doubt remains 
that the predominant risk to people from natural background radiation 
sources is to the lung from radon daughters. 

E X P O S U R E  F R O M  M E D I C A L  A P P L I C A T I O N S  

The use of radiation in medicine is clearly the largest single source of 
external exposure of the population in developed countries. There has been 
continuing effort in the United States over the last two decades to reduce 
the exposure from this source through improved practices and improved 
equipment, without the sacrifice of diagnostic efficiency and precision 
[Food and Drug Administration (FDA), 1984]. Much of the data in this 
section on population exposure to medical radiation in the United States 
have been derived from this publication and its predecessors. The goal of 
this national dose reduction program certainly has been achieved, but at 
the same time that the average dose per procedure has been significantly 
reduced, there is no question that the frequency of application of diagnos- 
tic procedures in medicine and dentistry has increased. This is partly the 
result of new and better technologies, such as computerized tomography, 
but the frequency of standard examinations such as mammography, chest, 
and extremity X-rays also has increased. It remains to be seen what effects 
on average medical radiation exposure result from some of the newer 
technologies that do not use ionizing radiation. Magnetic resonance 
imaging and ultrasound imaging are already important elements of the 
medical diagnostic array, and other technologies such as microwave 
imaging are in developmental stages. 

Extensive data on the demographics of radiography was published by 
the National Council for Radiation Protection and Measurements (report 
100, NCRP, 1989). 

Another sociological factor that greatly influences the use of radio- 
graphic diagnosis of all types is the rise of managed health care in the 
United States. If the use patterns develop in this country in the same way 
that we have seen in other developed countries, such as Canada and the 
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United Kingdom, the introduction of managed health care will significantly 
reduce the medical component of lifetime radiation exposure. 

DIAGNOSTICX-RAY EXAMINATIONS 

Because of the nature of disease distribution in the population, there is 
a substantial weighting of radiation exposure from diagnostic X-rays 
toward the older age groups: over half of the individuals subjected to X-ray 
examination are over 45 years and at least a quarter over 64 (FDA, 1985). 
This result is not unexpected, since the older population is seen more 
frequently by their physicians because the aging population group experi- 
ences a higher disease rate, as well as a spectrum of diseases in late life 
that require diagnostic X-ray examination. The skewing of the age distri- 
bution has a distinct effect on the computation of the effective dose. 

Since a large proportion of the population is beyond the child-bearing 
age, there should be a sharp downward reduction in the weighting factor 
for the gonads and some changes in the risk estimates for cancer because 
of two factors. The incidence of cancer is strongly dependent on age and 
sex, and, to the extent that the radiation induced additional risk is relative 
and not absolute, the risk estimates need adjustment. Cancer incidence 
rates generally increase with age, and we have accepted earlier that 
radiogenic cancer is a proportionate risk, that is, it is multiplicative of the 
basic incidence. Another factor is the long latent time for development of 
radiogenic cancer, for example, the latency for breast and lung cancer can 
be as much as 20-25 years. 

Estimates were made for the genetically significant dose (dose to the 
gonads for the child-bearing age group) and the dose to the active bone 
marrow arising from the diagnostic use of X-rays for the U.S. population 
as of 1980 (FDA, 1984; NCRP, 1989). These population estimates were 
made for each decade since 1960 as an activity of the U.S. Food and Drug 
Administration's Center for Medical Devices and Radiological Health. 
Depending on the source of the data for dose associated with each 
procedure, the mean adult active bone marrow dose in 1980 is between 
1.14 and 0.75 mGy year -1. The genetically significant dose (GSD) due to 
these same procedures is approximately 0.3 mGy year-a. NCRP report 100 
(NCRP, 1989) estimates the GSD at 1 mGy for males and 2 mGy for 
females. The increase in these values for the NCRP report are probably 
within the error range, but the GSD has slowly increased over the decades. 
Since, at the same time, dose per procedure generally has been sharply 
reduced for most diagnostic techniques, all of the increase in average 
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individual, dose from diagnostic medical usage of radiation must be the 
result of increased frequency. 

Recalculation of the diagnostic X-ray doses from the usual values stated 
in gray, as just given, to the effective dose provides a slightly different view 
of the 1980 exposure patterns. The per capita annual effective dose for the 
1980 values is 0.36 mSv. As suggested, further weighting of these annual 
doses to recognize the latency question and the difference in susceptibility 
to radiogenic cancer as a function of age at exposure and the sex of the 
exposed person probably is warranted. If such additional weighting factors 
for age and gender-specific adjustments are applied, the annual effective 
dose drops from 0.36 to 0.23 mSv, which is an appreciable decrement from 
the approximately 1 mSv mentioned earlier as an unadjusted dose for 
annual exposure to diagnostic X-rays for medical purposes. Further adjust- 
ment of the effective dose for the genetically significant dose is not 
necessary for most procedures, since dose to the gonads is trivial in well 
performed diagnostic examinations. 

Social factors play a very significant role in determination of the annual 
population dose from medical X-rays. The extreme point can be made that 
medicine as practiced in third world countries does not approach the level 
of sophistication seen in America and Europe. For diagnostic X-ray 
procedures generally poorer and older equipment is used, and these 
machines do not incorporate all the new dose reduction technology of the 
most modern X-ray diagnostic suites. Individuals in third world countries 
probably receive a higher dose per procedure, but since fewer individuals 
enter the medical service stream, the population average is lower. In 
addition to this extreme case of third world medicine, there is a broad 
spectrum of practices that affect the average annual dose to an individual. 
As a result, a great deal of variation in annual medical X-ray dose is seen 
throughout the world. 

THERAPEUTIC RADIOLOGY 

High doses of ionizing radiation are routinely used in the control of 
cancer. Typically, the course of treatment for local control of cancer in a 
tumor may be as much as 60 Gy. There is a limited population under 
treatment, and one that, in general, does not have an optimistic after- 
survival outlook. With these considerations in mind, applications of ioniz- 
ing radiation for therapy make only a very small contribution to annual 
average per capita dose. 
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NUCLEAR MEDICINE PROCEDURES 

The speciality of nuclear medicine has developed the use of radionu- 
clides for the diagnosis of disease and dysfunction. The radionuclides used 
are numerous indeed and may be either manmade or naturally available. 
The former predominate in modern nuclear medical practice. Nuclear 
medical procedures are not nearly as widely used as are diagnostic X-rays, 
but there has been a very significant growth in the volume of nuclear 
medicine procedures in the last decade or so. The principal growth has 
been in the use of radionuclides for cardiac function tests. The popularity 
of radioisotope brain scans has dropped, but the frequency of cardiac 
function tests with radionuclides has increased dramatically. The popula- 
tion undergoing nuclear medical examinations is, on average, even older 
and generally more ill than that receiving diagnostic X-rays. 

A new procedure has come to prominence in the last decadempositron 
emission tomography, in which a positron emitting nuclide is administered 
to the patient and the two annihilation photons are used to create a 
computerized reconstruction of the target volume. Just as is the case with 
X-ray computed tomography, the dose to the patient is significantly higher 
than for the simpler procedures, but the diagnostic information obtained is 
of much greater significance. 

There is just as much emphasis in the nuclear medical community as in 
diagnostic radiology on the principle of dose reduction without compromis- 
ing diagnostic efficiency. Some important and useful steps already have 
been introduced. For example, replacement of 1311 by 123I will bring about 
significant reduction in doses to the thyroid gland in future procedures. 
Many of the comments about diagnostic radiology also are applicable to 
nuclear medicine. Although dose reduction strategies continue to be 
stressed, the development of new technologies as well as more widespread 
use of nuclear medical procedures will increase the average annual dose 
from this source. The rapid growth of positron emission tomography, 
which, in general, leads to a very significant contribution to individual 
dose, also increases the average annual per capita dose from nuclear 
medical procedures, but it is too early to quantify this change. 

For nuclear medicine diagnostic procedures, with their highly localized 
dose and difficult dose distribution calculations, it is practice to state the 
annual per capita organ dose only in terms of the effective dose, and to 
make no attempt at the assessment of a dose in gray or even equivalent 
dose. In the United States in 1982 the annual average effective dose from 
nuclear medicine was 140 txSv. This value is quite a bit higher than that 
found for the United Kingdom (17 p~Sv), and that for the Soviet Union 
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(20-40 txSv). Again, as for diagnostic X-ray procedures, social norms and 
practices play a very large role in determining the average annual per 
capita dose from the practice of nuclear medicine. 

As is the case for medical use of X-rays, there are also therapeutic 
applications for the use of radioisotopes, but, again, as for X-rays, the 
number of individuals receiving nuclear medical procedures with thera- 
peutic intent is very small. Even though the dose to the individual 
patients may be very high, the contribution to per capita average annual 
dose is insignificant. 

Figure 16.5 gives a comparison of the average annual per capita dose in 
the United States from diagnostic X-ray procedures and from nuclear 
medicine procedures. At first examination, the diagnostic X-ray contribu- 
tion seems to be a very important contributor to annual dose from medical 

Figure 16.5 Comparison of the doses from diagnostic X-ray procedures and nuclear medicine 
procedures. The two upper bars compare the average annual effective dose from nuclear 
medicine and diagnostic X-rays. The middle two bars compare the genetically significant dose 
(GSD) for the same sources. The bottom bar is the average annual bone marrow dose from 
diagnostic X-rays. 
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procedures, but if the X-ray dose is compared to the nuclear medical dose 
in terms of effective dose, it is clear that the X-ray dose is only about half 
again larger than the nuclear medicine dose. This is not surprising, since 
probably three to five times as many more people experience an X-ray 
diagnostic procedure. 

Because of the highly localized nature of the dose from radioiso- 
topes, there is essentially no genetically significant dose from radio- 
isotope procedures. 

P O P U L A T I O N  E X P O S U R E  F R O M  C I V I L I A N  

N U C L E A R  P O W E R  O P E R A T I O N S  

Public perception of the sources of public exposure that result from the 
production of electric power by nuclear means tends to identify only the 
actual operations of the reactor and the storing of generated radioactive 
wastes as the principal contributors to population dose from nuclear power 
operations. It is important when discussing this issue that the totality of 
possible exposure sources be identified. There are two valuable resources 
for data on population exposure as the result of operations of the nuclear 
fuel cycle; NCRP report 92 (NCRP, 1987b) and Alpen et al. (1988). 

NUCLEAR FUEL CYCLE 

The cycle of movement of the uranium fuel through the nuclear power 
production system serves to identify the sources of radiation exposure 
associated with each step. Some of these are significantly more important 
than others in their contribution to public radiation dose. The stages of the 
cycle are discussed next. For more detail, the reader is referred to NCRP 
report 92 (NCRP, 1987b). 

Mining 

Uranium mining in the United States is concentrated in the Rocky 
Mountain states. Uranium extraction is about equally divided between 
open pit and underground mines. Radon released into the atmosphere is 
the principal source of public exposure from this element of the fuel cycle. 
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Extraction, Milling, and Refining 

The feedstock for extraction of uranium is ore containing, on average, 
0.01-0.3% U308. The feedstock is crushed, ground, and then leached by 
either an acid or alkaline process. The material is then dried and packaged 
as a product called yellowcake. The product is a semirefined uranium 
compound, U308 or Na2U207, for the acid and alkaline processes, respec- 
tively. The "tailings" from these processes contain residual uranium and its 
radioactive daughter products. This is the source of public exposure. 

Production of Uranium Hexafluoride 

Uranium hexafluoride can be converted into a vapor form for use as 
feedstock for the diffusion enrichment process. The yellowcake is con- 
verted to hexafluoride by treatment with fluorine and hydrofluoric acid. 
Small quantities of oxides and fluorides of uranium are released to the 
environment by this process. 

Enrichment 

Only 235U is effectively fissionable by thermal neutrons. Natural ura- 
nium contains 0.72% of the 235 isotope. Enrichment is carried out by a 
diffusion process with uranium hexafluoride vapor. The final product is 
enriched to 2-4% in 235U, which is satisfactory as a fuel for light water 
reactors, but is not of a high enough level of enrichment for nuclear 
weapon manufacture. Small quantities of hexafluoride escape from enrich- 
ment plants into air and waste streams. 

Fuel Fabrication 

Enriched uranium hexafluoride is converted to uranium dioxide, U02, 
pressed, and sintered to form ceramic pellets. The pellets are assembled in 
long, small diameter tubes that are sealed and tested. The small tubes are 
assembled into fuel rod bundles appropriate to the design of the reactor in 
which they will be used. Conversion to the oxide and subsequent fabrica- 
tion into fuel rod assemblies is accompanied by the release of a small 
amount of airborne uranium, most of which is trapped in efficient air 
handling systems in the fabrication facility. There is the possibility of very 
small releases as liquid waste. 
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Power Generation 

The fuel rod assemblies are arranged in the core of the operating power 
reactor, and during power production sustained fission of 235U occurs. 
Approximately one-third to one-fourth of the fuel assemblies are replaced 
yearly, depending on the level of power production. 

Within the plant, components become radioactive as the result of 
nuclear reactions with leakage neutrons from the core. As small cladding 
defects occur in the fuel rods, there is the possibility of the transfer of 
radionuclides to the secondary cooling water loop. There are also deliber- 
ate releases of radionuclides in small amounts during plant operation. 

Fuel Reprocessing 

Expended fuel assemblies removed from the reactor core still contain 
significant quantities of 235U which are economically valuable enough to be 
commercially recovered. As a national policy at the present time, no 
nuclear fuel is reprocessed in the United States. 239pu can also be 
recovered as a by-product for use as a nuclear fuel. 

At the time of reprocessing, the fuel cladding is removed and the 
accumulated fission products are released at the same time that the 
uranium and plutonium are put into solution. The material is dissolved in 
strong acid and subjected to chemical separation. The purified uranium 
and plutonium are recycled for further fuel use, and the fission products 
are concentrated for storage. Public radiation exposure is principally 
from the fission products. A modern reprocessing plant has no aqueous 
waste stream, and only gaseous releases are expected under normal 
plant operations. 

Low Level Waste Disposal 

Any portion of the fuel cycle may give rise to low level wastes contami- 
nated with fission products, uranium compounds, or transuranic elements. 
Present practice is to bury these wastes in engineered, shallow-ground 
burial sites. Public exposure can occur from gases released from the sites, 
such as tritium and 222Rn. 

Spent Fuel Storage 

If fuel is not reprocessed or if it is held for reprocessing, it will be stored 
in sites especially engineered for the necessary cooling of the fuel rods and 
containment of released radioactivity. Releases occur as airborne volatile 
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fission products that escape through cladding defects on the spent fuel 
rods in storage. Any releases into the cooling water are contained by the 
plant removal systems. 

High Level Waste Disposal 

The residues from fuel reprocessing will be highly radioactive, and these 
wastes, as well as spent fuel that will not be reprocessed, must be stored in 
safe, long-lived storage sites. Present U.S. policy is to dispose of these 
wastes in deep geologically secure sites after the waste is prepared in a 
form designed to exclude the release of radioactivity. Federal regulations 
have set a standard that public exposure from such storage procedures 
shall not exceed 0.25 mSv year-1. It appears quite possible to achieve this 
standard by presently available means. 

Transportation 

Fuel and wastes must be transported from fabrication, use, and disposal 
sites to other destinations. Public exposure includes low level direct 
exposure to radiation from the containers and possible release during road 
or rail accidents. 

ESTIMATION OF POPULATION DOSE 

Population dose from the nuclear fuel cycle is fundamentally different 
from that received from the natural background and medical exposures 
discussed earlier. The latter sources are generally applicable to all the 
population, and population averages are meaningful. Releases from the 
nuclear fuel cycle are regional in nature, and some population smaller 
than the national population will be potentially exposed and at risk. 
Furthermore, brief exposures to long-lived radionuclides may lead to 
corporeal deposition of the nuclides and concomitant continuing dose 
accumulation after the cessation of exposure. For these reasons two dose 
concepts are applied in considering population exposure to the nuclear 
fuel cycle. 

Committed Equivalent Dose 

After deposition of a radionuclide in the body from a brief exposure, 
the nuclide continues to decay in the body and continues to contribute to 
the organ dose. The nuclide not only undergoes radioactive decay, but it 
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also is excreted from the body by biological processes. The committed 
equivalent dose is simply the total dose deposited in the organ throughout 
the residence time of the radionuclide in the body. Since it is an equivalent 
dose, radiation weighting factors are used as necessary to adjust for 
differences in biological effectiveness. 

Collective Effective Dose Commitment 

For stochastic radiogenic effects, such as cancer and genetic effects, 
there is a probability associated with any dose that the effect will occur, 
and this probability can be dealt with collectively for population groups. It 
is particularly useful to use the collective dose commitment for the case of 
groups of individuals in which the individuals have widely varying doses. 
The concept of collective dose was discussed earlier in this chapter, but 
will be briefly reviewed here. The important conclusion, based on the 
stochastic nature of the radiogenic effects considered and assuming a 
linear relationship with dose, is that the same number of radiogenic lesions 
will be discovered on average for each of these irradiated populations. The 
collective dose commitment almost always will be presented in terms of 
the collective effective dose, and the calculation of this quantity will use the 
appropriate radiation weighting factors and tissue weighting factors. 

Maximally Exposed Individual 

Although the probabilistic outcome predicted by the collective effective 
dose is entirely correct, the individual outlook for 105 individuals who 
received 10 cSv is very different from that for 10 6 people who received 
1 cSv. The collective effective dose is the same for both cohorts, but the 
individual excess risk is not the same. To deal with this issue, the concept 
of the maximally exposed individual was developed. This person, some- 
times called the "fence-post person," is declared to be the person who 
lived closest to the source of external radiation and had dietary and 
respiratory patterns that maximized the expected dose. Such a person has 
no reality, but the concept provides a conservative upper limit on potential 
exposure. 

These concepts are discussed at length in NCRP report 92 (NCRP, 
1987b), and interested persons are urged to consult this source. It is 
particularly appropriate to point out that this report does not compute 
collective dose for the entire U.S. population, since this would make 
average individual doses trivial; rather it computes collective doses for the 
number of people in the affected region for each part of the fuel cycle. 
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ESTIMATED POPULATION EXPOSURES 

Data from NCRP report 92 have been extracted and summarized for 
the exposure of the "fence-post person," the maximally exposed individual 
(Table 16.7) and for the collective dose equivalents to regional populations 
as the result of operations of existing U.S. nuclear fuel cycle facilities 
(Table 16.8). The highest doses are associated, not surprisingly, with the 
mining processes. The 222Rn decay chain is almost exclusively responsible 
for this radiation exposure, and, again, as for radon in the natural environ- 
ment, this exposure is almost entirely from the short-lived daughters of 
this nuclide. Compared to the 30 mSv year-1 to basal cells of the bronchial 
epithelium from the natural background of the short-lived daughters of 
222Rn, the doses listed in the preceding text are relatively small. 

Reprocessing is not included in the tabulations, since none is being 
undertaken in the United States. It is being done in other countries, 
however. UNSCEAR (1982) reports that reprocessing is an important 
contributor to the collective effective dose from the fuel cycle. Again, 
airborne effluents are principally responsible for the dose. The main 
contributors to the dose a re  3H, 14C, 85Kr, a n d  129I, all of which are long 
lived and can diffuse some distance from the source. 

Table 16.7 

Summary of Radiation Doses to the Maximally Exposed Individual from 
Existing Nuclear Fuel Cycle Facilities in the United States a 

Fuel cycle stage 

Effective Effective 
dose dose 

(mSv year- 1 ) (mSv year- 1 ) 

external from 
gamma only effluents 

Mining b 200-400 20-60 
Milling 7 0.4-260 
Conversion negligible ~ 3 
Enrichment negligible < 1 
Fabrication negligible < 1 
Reactor operations 10-15 < 5 
Low level waste negligible < 1 
Transportation 20 < 1 

a NCRP, 1987b. 
b This table is for population exposure, not occupational exposure. The mining 

component is at locations of tailings and ore storage areas of abandoned mines. 
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Table 16.8 

Collective Effective Dose Equivalent to Regional Populations 
Due to Radioactive Effluents from Fuel Cycle Facilities 

Fuel cycle stage 
Collective effective dose 

(person Sv year-  1 ) 

Mining 
Open pit (air) 0.01 
Open pit (water) 0.002 
Underground (air) 0.10 
Underground (water) 0.21 

Milling (air) 0.62 
Conversion (mostly air) 

Wet process 0.004 
Dry process 0.03 

Enrichment (air) < 0.004 a 
Fabrication (air) < 0.007 a 
Reactor operations 

Air <0.13 a 
Water < 0 . 4 0  a 

Low level waste storage negligible 

a The ranges for these processes arise as the result of different 
affected populations at different process sites. 

The careful studies of NCRP report 92 show that the airborne releases 
of radioactivity are overwhelmingly responsible for public exposure from 
nuclear-power-related activity. Doses from liquid effluents are very small. 
The high value associated with mining for exposure to external gamma 
radiation is important, but must be understood in context. At the place 
where measurements and calculations were made, people were not in 
residence, and actual exposures from this category are, on average, much 
below the value given. The value does highlight the national importance 
given to controlling the disposal of tailings from uranium mines. 

R A D I A T I O N  EXPOSURE FROM 
C O N S U M E R  PRODUCTS 

There is a variety of consumer products and miscellaneous sources of 
ionizing radiation that results in exposure of the U.S. population. For the 
most part these contributions to total nonoccupational dose are trivial or 
nearly so. However, there is often significant public concern about some of 
them. The readers are referred for extensive detail to NCRP report 95 
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(NCRP, 1987d). Although some of the sources of radiation dose are 
naturally occurring, they are considered here either because of a special 
consumer use, such as tobacco, or because technological activities have 
increased the potential for exposure from the source. The latter has 
come to be called technological enhancement. Of the sources of public, 
nonoccupational radiation exposure, cigarette smoking is the only 
significant contributor, and, at best, this effect is of marginal importance. 

NATURAL RADIOACTIVE PRODUCTS 

Tobacco Products 

Both 21~ and 21~ have been observed in tobacco and in cigarette 
smoke, and there is evidence of the presence of these radionuclides in the 
lungs of smokers (Little et al., 1965). In spite of the 30 odd years that have 
passed since these data were published and confirmed, there has been 
little or no public awareness that tobacco smoking is a contributor to 
radiation dose to the human lung. 

The presence of 21~ and 21~ in tobacco seems to be primarily the 
result of absorption from airborne particulates deposited on the foliage of 
the tobacco plant. Intake via the root system appears to be insignificant, so 
the soil concentrations of the precursor nuclides seems to be of little 
relevance. The inhaled volatile compounds of 21~ are probably cleared 
rapidly from the lung, but the insoluble aerosol-borne 21~ may accumu- 
late in the lung, and the ensuing ingrowth of 21~ from 21~ decay can 
lead to some local dose. 

NCRP report 95 (1987d) reviewed the calculations made by Little et al. 
(1965) and others on the dose to the lung for adult smokers in the United 
States. It was assumed that 35% of adult males and 30% of adult females 
smoked an average of 45 cigarettes per day. These figures, which are from 
the Public Health Service statistics on cigarette smoking in the United 
States, are probably high estimates of the frequency of cigarette smoking, 
since they are old data. The dose to the lung for each of 50-55 million 
adult smokers in the United States is estimated to be about 8-10 
mGy year-1. If the radiation weighting factor of 20 used earlier for alpha 
emitting isotopes is applied for these alpha emitting isotopes, the annual 
equivalent dose is 160 mSv. NCRP report 95 (NCRP, 1987d) concluded 
that Little et al. were unwilling, with the then available data, to compute 
the effective dose. 

Clearly, for smokers, this may be a significant portion of the total dose 
to the lung, and it competes with indoor radon as a source of lung 
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exposure. Is this exposure important as a contributor to lung disease 
from smoking? Probably not, and the most conclusive evidence for this 
is that smoking is associated with disease in other organs which are 
not irradiated. 

Other Contributors 

Domestic water supplies, building materials, fertilizers, and combustible 
fuels may all contribute to the dose, both external and internal, from 
uranium-thorium chain nuclides, but these contributions are generally in 
the range of a few to tens of microsievert per year. For example, coal and 
natural gas combustion contribute on the order of 1-3 I~Sv year -1 to the 
annual effective dose for adults in the United States. The annual equiva- 
lent dose from building materials to occupants of masonry buildings is on 
the order of 130 ixSv year-l;  however, only a fraction of the U.S. 
population approaches this upper limit. 

Glass and ceramic industries have routinely used uranium compounds 
to produce fluorescence in glassware and for glazes on tiles. Uranium has 
another unusual application as an additive for fluorescence and color 
improvement in artificial teeth. Federal regulations allow up to 10% by 
weight of nonfood glass product to be composed of uranium and thorium. 
In large volume glass applications, such as glass brick, this limit is 0.05% 
by weight. All these applications in ceramic and glass manufacturing 
contribute very little to individual and collective dose. 

TELEVISION RECEIVERSI VIDEO DISPLAY 
AND AIRPORT X-RAY MACHINES 

TERMINALS, 

These devices have been the object of public and federal regulatory 
concern for many years, but extensive measurements, as well as the federal 
regulatory programs, assure that the dose contributions from these sources 
are negligible. The advent in the 1960s of color TV receivers with signifi- 
cantly higher accelerating voltages in the color video display tube led to 
significantly higher dose rates at the front surface of the television picture 
tube. Dose rates were measured in excess of 0.1 mSv h -1 at a few 
centimeters from the front surface of the picture tube. Subsequent regula- 
tions and emission standards have caused that value to fall to a very low 
number. New emission standards established in the late 1960s set a level of 
0.005 mSv h -1 at 5 cm from any portion of the set. These emission 
standards have been implemented by television equipment manufacturers 



458 16 Radiation Exposure from Natural Background and Other Sources 

to the extent that television receivers now emit virtually no ionizing 
radiation. Good shielding design, including increased wall thickness of the 
glass envelope of the picture tube, led to the decreased exposure potential. 
Insufficient data are available, but certainly the present designs of TV 
receivers are such that the average per capita population dose is certainly 
very much less than 10 I~Sv year-1, and probably closer to 2-3 ixSv year-1 
at the surface of the picture tube. Video display terminals (VDT's) are the 
visual display units for modern computer terminals, personal computers, 
word processors, and other information display devices. The display units 
have much in common with TV receiver visual display tubes. The ionizing 
radiation exposure level for VDT's is at or below the level quoted for TV 
tubes. 

Results of surveys of airport inspection systems, which are also federally 
regulated, demonstrate that the population dose from this source is less 
than 0.003 I~Sv yearly and these devices can be neglected in a summary of 
total environmental exposure. 

OTHER CONSUMER PRODUCTS 

A number of other sources of environmental exposure exist, but 
their contribution is usually very much less than a small fraction of a 
microsievert per year. These sources include smoke, gas and aerosol 
detectors, transport of radioactive materials (mostly for medical applica- 
tions), spark gap irradiators and electron tubes, thorium products, such as 
fluorescent lamp starters and gas lamp mantles, and highway and road 
construction materials. 

SUMMARY: CONSUMER PRODUCTS 

Among all of the potential and actual sources for radiation exposure 
discussed in this section, only cigarette smoking appears to be of any 
consequence compared to natural environmental exposure. To what extent 
the radiation dose to the bronchoepithelial basal cells of the lung is 
responsible for the excess cancer risk in smokers is not known. Probably 
the radiogenic component of lung cancer in smokers remains small 
compared with the overall risk. 
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Appendix 

USEFUL PHYSICAL C O N S T A N T S  
A N D  C O N V E R S I O N  FACTORS 

Physical constants 

Speed of light in vacuo c 

Gravitational constant G 

Universal gas constant R 

Avogadro 's  number  N O 

Boltzmann's  constant kb 
Planck's constant h 

Coulomb constant k 
Elementary charge e 
Atomic mass unit amu 
Electron rest mass m e 

Proton rest mass mp 

Neutron  rest mass m n 

2.9979 • 108 m s -  1 
6.6726 • 10 -11 m 3 kg 

8.3144 J m o l -  1 K -  1 
6.02204 x 10 23 mol -1  
1.38 x 10-  23 j K -  1 

6.6262 • 10 -34 J s o r  

4.14 • 10 -15 eV s 
9 . 0 0 •  1 0 9 N m  2 C - 2  

1.602 • 10 -19 C 

1.660 • 10 -27 kg 
9.11 • 10 -31 kg or 

0.000549 amu 
1.6727 • 10 -27 kg or 

1.007276 amu 
1.6749 • 10 -27 kg or 

1.008665 amu 

- 1  S - 2  

Conversion factors 

Mass energy conversion 

Joule 

Electronvolt  

c 2 

J 
ev  

931.48 MeV a m u - 1  or 
8.99 x 1016 J kg-1  

107 erg 
1.60 • 10 -19 J or 

1.60 x 10-12 erg 
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Interstitial deletion, 349 
Intracellular thiols, 211 
Invasion, 314 
Inversion, 350 
In vitro cell transformation, 320 

mammary gland system, 328 
thyroid gland system, 328 

Iodine, 394, 418 
Iodine, biological pathways, 394 
Ionization, 89, 106 
Ionizing particles, directly, 4 
Ionizing particles, indirectly, 4 
Ionizing radiations, 13 
Ion pairs, 90, 106 
Isobars, definition, 36 
Isocentric break, 350 
Isoeffect, 300 
Isoeffect plot, 302 
Isotones, definition, 36 
Isotopes, definition, 36 

J 
Joule, 3 

K 

K-capture 
fluorescence, 46 
radiation, 46 
X-ray, 46 
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Kerma, 8, 90 
Kerma and dose from neutrons, 96 
Kidneys 

anemia of renal insufficiency, 289 
late effects, 288 
polyuria, 289 
role in metabolism of radionuclides, 397 

Klein-Nishina formulation, Compton scat- 
ter, 67, 79 

Krypton, 413 

L 

L5178Y lymphoma auxotroph, 355 
Large intestine, late effects, 285 
Late effects of high LET radiation, 384 

carcinogenesis, 384 
cataractogenesis, 389 
cataractogenesis, neutrons 390 
heavy ion carcinogenesis, 385 
neutron carcinogenesis, 384 

Late effects in normal tissues, 283 
anus, 287 
bladder, 287 
brain, 290 
central nervous system, 290 
cervix, 287 
esophagus, 284, 287 
eye, 292 
gastrointestinal tract, 284 
kidneys, 288 
large intestine, 285 
liver, 288 
lung, 289 
nasopharynx, 287 
oropharynx, 287 
other epidermis like organs, 287 
rectum, 286 
skin, 286 
small intestine, 285 
spinal cord, 291 
stomach, 285, 287 
ureters, 287 
vagina, 287 

Latency for cancers, 316, 334 
Law of Bergonie and Tribondeau, xxxi 
Law of radioactive decay, 28 
LDs0, 231 
Lea's target theory model, 133 

Lesions, critical sites, 151, 153 
LET, 8, 97 
Lethal-potentially-lethal (LPL) model, 151, 

160 
assumptions, 160 
high-dose-rate approximation, 164 
irreparable C lesions, 161 
linear-quadratic approximation, 165 
low-dose-rate approximation, 164 
reparable B lesions, 161 
survival equation, 163 

LET/RBE relationship, 378 
Leukemias, 308, 311 
Life cycle of cell, 185 
Light 

ether, 11 
diffraction, 11 
mechanical model, 11 
particle model, 11 
refraction, 11 
speed of, 13 

Linear attenuation coefficient, 51 
Linear dose-response, cancer, 332 
Linear energy transfer, 8, 366 
Linear eurepair, 158 
Linear-quadratic dose response, cancer, 333 
Linear-quadratic model, 144, 146, 150, 172 
Litter size, 265 
Liver, late effects, 288 

functional failure, 288 
hepatitis, 288 
mitotic disturbance, 288 

Local control index, 236 
Local energy density, (Z), 98, 100 
Locally imparted, 98 
Loss of genomic information, 344 
Low LET and cancer, 319 
Lung colony assay, 233 
Lung, late effects, 289 

pneumonitis, 290 
type 2 alveolar cells, 290 

Lung model, 409 
Lung tumors, 385 
Lungs and upper respiratory tract, 396 
Lymphatic circulatory system, 397 
Lymphoid leukemia, 311 
Lymphoid system, acute response, 260 
Lysozyme, 198 
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M 

Macromolecular target, 117 
Magnesium, 414 
Maldistribution of chromosomes, 346 
Male gamete, specific locus test, 362 
Malignant transformation, 317 
Mammalian cells, first culture, xxxi 
Mammary tumors, 385 
Mass 

attenuation coefficient, 54 
decrement, 3, 40 
defect, A, 39 
effect, 394 
of the electron, 20 

Mass-energy absorption coefficient, 58 
Mass-energy equivalence, 18 
Maximally exposed individual, 453 
Mean lethal dose, 140 
Mean life, ~-, 29 

average lifetime, 29 
Mechanical model for light, 11 
Mechanism of action, nitroaromatics, 217 
Mechanism, neoplastic transformation, high 

LET, 389 
Mechanistic model, 279 
Medical uses 

nuclear medicine, exposure, 447 
radiation exposure, 424, 444 

Megabequerel, 2 
Metabolic fate, 394 
Metabolism of radionuclides, 400 

discrimination factors, 395 
discrimination ratio, 401 
distribution of the isotope, 402 
effective half-life, 406 
food chain relationships, 395 
near-neighbor rule, 400 

Metaphase chromosome, 346 
Metastasis, 314 
Methotrexate resistance, 389 
Metronidazole, 215 
Microcephaly, 269 
Microcolony formation, 356 
Microcurie, 27 
Microdosimetry, 96, 152 

energy locally imparted (LET), 98 
event size, (Y and Y*), 98 
linear energy transfer, 98 
local energy density (Z), 98, 100 

Rossi microdosimetric formulation, 97 
significance of D(Y) and D(Z), 101 
specification of radiation quality, 98 
track structure, 96 
I1, 98 
Y*, 99 
Z, 100 

Microvasculature, 281 
Millicurie, 27 
Minute, 349 
Misrepair, 126, 128, 158 
Mitotic shake-off, 187 
Mixtures 

radioactive decay of, 30 
total attenuation coefficient, 83 

Mizonidazole, 216 
Modification of radiation response, 195 

exogenous thiols, protection, 212 
oxygen as a modifier, 200 
role of water, 195 
temperature as a modifier, 197 
thiols as modifiers, 210 

Modifiers and CFU, 246 
Molecular lesions, 134 
Molecular model, 144, 146 

and LET, 380 
Molecular repair, 175 
Molecular theory (LQ), 146 

biological effectiveness factor, 150 
coefficients, pa, p~, 150 
A, radiation quality, 148 
double-stranded DNA is target, 146 
effectiveness factor, 148 
model derivation, 148 
survival equation 

linearized, 150 
linear quadratic, 150 

two mechanisms, DNA damage, 147 
Molecular weight by radiochemistry, 114 
Momentum, photon, 63 
Morphological changes, 317 
Morula, 263 
Mouse cells, transformation, 322 
Mouse spermatogonial stem cells, 378 
M period, 185 
MTSH 

properties, 142 
shortcomings of the model, 144 

Multilocus deletions by high LET, 389 
Multiple collision energy transfer, 87 
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Multiple hits in replicated chromosomes, 350 
Multiplicative and relative risk 336 
Multiplicity, 134, 143, 172 
Multistage development of cancer, 313 
Multitarget, single-hit (MTSH) model, 141, 

142 
multiplicity, 143, 172 
quasi-threshold dose, 143 

Murine leukemias, 315 
Mutagenic action, xxxi 
Mutant fraction, 355 
Mutation rate, 361 
Myelin synthesis, 290 
Myeloid leukemia, 384 

N 

Nasal passages (N-P), 398 
Natural background, 424 
Natural background radiation, 431 
Natural incidence, 312 
Natural radioactive series, xxx 
Natural radioactivity, discovery, xxix 
Naturally occurring radioactivity, 393 
Naturally occurring radionuclides, 431 
Nature of cell populations, 224 
Necrosis, 223 
Negative electron (13-) decay, 42 
Neonatal death, 267 
Neoplastic tissues, radiation sensitivity, 230 
Neurological syndrome, acute, in man, 262 
Neurospora, 356 
Neutrino, 43 
Neutron, 92 

capture, 93, 95 
cataractogenesis, 390 
elastic scatter, 92 
inelastic scatter, 92 
interactions in tissue, 92 
kerma and dose from neutrons, 96 
nonelastic scatter, 92, 94 
number, (N), 36 
spallation, 93, 95 

Newton, unit of force, 1 
9L cell line, 189 
Nitroaromatic radiation sensitizers, 215 

clinical testing, 217 
mechanism of action of the nitroaromat- 

ics, 217 
metronidazole, 215 
nitroaromatic compounds, 215 

Nominal standard dose (NSD), 295, 296 
Nonelastic scatter, 94 
Nonequilibrium, chain decay, 31, 34 
Nonfunctional mercapto groups, 197 
Nonseries primordial radionuclides, 433 
Nonseries radionuclides, 433, 442 
Nonstochastic, 275, 309 
Normal tissues, assay models, 242 
No threshold response, 308 
Nuclear fuel cycle, 449 

enrichment, 450 
extraction, milling and refining, 450 
fuel fabrication, 450 
fuel reprocessing, 451 
high-level waste disposal, 452 
low-level waste disposal, 451 
mining, 449 
power generation, 451 
production of uranium hexafluoride, 450 
spent fuel storage, 451 
transportation, 452 

Nuclear mass, 39 
Nuclear matrix proteins, 124 
Nuclear nomenclature, 36 
Nuclear power operations, population expo- 

sure, 449, 454 
Nuclear reactor accidents, 394 
Nuclear stability, 38 
Nuclear weapon detonations, 330, 395 
Nucleosome, 124 
Nuclide 

definition, 36 
radionuclide, 36 

O 

O2., 195, 209 
OER, 202, 381 
OH- ,  hydroxyl radical, 107, 108, 116, 119, 

120, 123, 195 
Oncogene expression 

animals, 318 
man, 319 

Oncogenic change, 277 
Oncogenic viruses, 315 
Oocytes, 362 
Orbital velocity, electron, 23 
Organogenesis, 265 
Ouabain resistance, 389 
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Outdoor exposure 
dose rates, 424 
from natural background, 434 

Ovarian tumors, 385 
Oxygen and superoxide, 209 
Oxygen effect, 200 

competition model, 200 
concentration of oxygen, effect of, 203 
damage fixation by oxygen, 201 
dose modifying effect, 202 
high LET, 381 
mechanisms, 209 
oxygen enhancement ratio, 202, 381 
oxygen fixation, 205 
oxygen present after irradiation, 208 
oxygen present before irradiation, 207 
oxygen reactions with radicals, 117 
time dependence of the effect, 207 

Oxygen enhancement ratio, 202, 381 

P 

p21, p34, p53, and cell progression, 191 
p53 gene product, 223, 260 
Packing fraction, 40 
Pair production, 50, 51, 71 

annihilation radiation, 72 
annihilation reaction, 72 
atomic cross section, 71 
effect of Z, 73 
energy dependence of cross-section, 74 
energy transferred-absorbed, 73 
summary of pair production, 73 
triplet production, 74 

Parenchymal damage, 282 
Parent, definition in chain decay, 30 
Partial stopping powers, 78 
Particle 

fluence, 7 
flux density, 7 

Particle fluence as dose parameter, 385 
Particle model for light, 11 
Pattern of distribution of radionuclides, 401 
Penetration of aerosols, 398 
Permeability constant, 12 
Permittivity constant, 12 
Peroxidated DNA radical, 382 
Person-sievert, 309 
Phagocytosis and apoptosis, 223 
Phorbol, 326 

Photoelectric effect, light, 16 
stopping potential, 16 
work function, 17 

Photoelectric process with an electron, 88 
Photoelectric process and internal conver- 

sion, 46 
Photoelectric scattering process, 50, 51, 58 

binding energy, 59 
energy transferred-energy absorbed, 61 
partial attenuation coefficient, 60 
partial cross section, 60 
photoelectric effect, 62 
photoelectric scattering, 58 
photoelectrons, 62 
spatial distribution of photoelectrons, 62 

Photon, 16 
Photon, momentum, 63 
7r-mesons, 215 
Planck 

constant, 15 
energy of radiation, 13 
formulation, 13 
wavelength, 13 

Planetary model of Rutherford, 21 
Platelets, 257 
Plating efficiency, 170 
PLD 

expression, 183 
fixation, saline, 183 
repair 

in CFU, 246 
in GI crypt cells, 249 

Plutonium, 420 
Point mutations, 354 
Polonium, discovery of, xxx 
Polymerase I, DNA, 126 
Population dose, 309 
Positron, 42 
Positron (13 +) decay, 37, 42 
Positron emission tomography, 447 
Post-synthetic pause, G 2, 185 
Potassium (4~ radioactive), 413, 414, 440 
Potential difference, 3 
Potentially lethal damage, (PLD), 125, 182 

depleted medium, 183 
expression of, 183 
fixation with hypertonic saline, 183 
repair of, 183 

Potentially lethal injury, see potentially lethal 
damage 
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Potentiation of effect, high LET fractiona- 
tion, 383, 385 

Power, 3 
Power law relationships, 294, 296 
Preimplantation death rate, 265 
Premature chromosome condensation, 346, 

347 
Pre-synthetic pause, 185 
Primary galactic flux, 441 
Primordial radionuclides, 433 
Principal organ system effects, 256 
Principle of relativity, 17 
Progression checkpoints, 191 
Proliferating (P) cell, 227 
Proliferative death, 133 
Promoter, 326 
Promoters and cell transformation, 326 
Promotion, 317 
Protection by exogenous thiols, 212 
Protraction and late effects, 293 
Proviral integration, 329 
Pulse radiolysis, 207 

Q 

Quadratic dose response, cancer, 333 
Quadratic risk coefficient, 333 
Quality factor, 6, 425 
Quantity 

capacity, definition, 3 
charge, definition, 3 
definition, 2 
dose, definition, 5 
energy, definition, 3 
exposure, definition, 5 
frequency, definition, 3 
potential difference, definition, 3 
power, definition, 3 
work, definition, 3 

Quantized orbitals, 21 
Quantum number, 15 
Quantum theory of electromagnetic radia- 

tion, 15 
Quasi-threshold dose, Dq, 143, 172 
Quiescent (Q) cell, 227 

R 

Rad, 5 
Radiation carcinogenesis in humans, 329 

absolute risk, 332, 335, 336 
accidents, 330 

cancer in radiologists, 308 
linear dose response, 332 
linear-quadratic dose response, 333 
medical exposure, 330 
multiplicative risk, 336 
nuclear weapon detonations, 330 
occupational exposure, 329 
organ specific radiogenic cancer, 338 
quadratic dose response, cancer, 333 
relative risk model, 332, 335, 336, 337 
risk coefficients, 332 
risk estimation, approaches, 332 

Radiation chemistry of water, 107 
chemical stage, 109 
G value for primary radiolytic yield, 110 
immediate products, 108 
initial radiation chemistry, 107 
primary products of radiolysis, 107 
radical chemistry of water, 108 
reactions of products of radiolysis, 119 

addition reactions, 119 
damage fixation, 120 
dissociation, 119 
extraction, 119 
restitution, 119 

recombination, 109 
solvated (hydrated) electron, 108 
water radiolysis, final products, 109 

Radiation, discovery of, xxvii 
adverse medical effects, xxvii 
biological effects of, xxvii 
mutagenic action of, xxxi 

Radiation effects on embryo and fetus, 263 
embryo, 268 
fetal growth, 267 
microcephaly, 269 
period of organogenesis, 267 
preimplantation, 265 
prenatal development, rodent, 264 
rate of congenital anomalies in man, 264 
relevance to man, 269 
severe mental retardation, 269 

Radiation modifiers and LET, 375 
Radiation quality, specification of, 98 
Radiation sensitivity 

CFU-S, 245 
GI crypt cells, 248 
skin, 255 
testes, 254 
untransformed fibroblasts, 237 
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Radiation sensitizers, 201 
Radiation weighting factor, w R, 377, 412, 426 
Radical chemistry of water, 107 
Radical production, 200 
Radical restoration, 201 
Radical scavengers 

and LET, 375 
NO, R--SH, 196 

Radical scavenging, 213 
Radical transfer mechanism, 121 
Radioactive decay 

law of, 28 
serial, xxx 

Radioactive purity, 402 
Radioactive series, natural, xxx 
Radioactivity, 2 

branching decay, 34 
chain decay, 30 
decay of mixtures, 30 
intensity, definition, 29 
mean life, r, 29 
natural radioactivity, discovery, xxix 
nomenclature of decay, 36 

atomic mass number, (A), 36 
atomic number, (Z), 36 
neutron number, (N), 36 

serial decay, xxx 
unit of, 27 

Radiobiological responses of tumors, 236 
Radiochemical degradation, 402 
Radiochemical purity, 402 
Radiolysis of water, 107 

primary products of, 107 
Radiolytic products of water, 109 
Radionuclide, definition, 36 
Radionuclide entry pathways, 394 

deep lung parenchyma (P), 398 
ingestion, 397 
inhalation, 394, 398 
injection, 395 
mouth, 397 
nasal passages (N-P), 398 
tracheobronchial tree (T-B), 398 

Radionuclides, 27, 36 
Radium, 414, 415 

dial painters, 416 
discovery of, xxx 
isotopes, therapeutic use, 416 

Radon, 413, 430 
Radon and daughters, 422, 437 

Radon-222, LET of, 368 
Radon accumulating indoors, 436 
Rate of excretion, 402 
Rayleigh scattering, 51, 62 
RBE, internally deposited nuclides, 411 
Reactions with DNA, 120 
recA, 127 
Reciprocity theorem, 405 
Recombination repair, 127 
Recombination, water chemistry, 109, 116 
Recombinational repair fidelity, 129 
Rectum, late effects, 286 
Reference radiation, 6 
Refraction, 11 
Rejoining errors, 348 
Relative biological effectiveness, 6, 90, 375 
Relative risk model, 332, 335, 336, 337 
Relative sensitivities of individual organs, 339 
Relativistic considerations, mass and veloc- 

ity, 19 
Relativistic correction, 19 
Relativistic energy, 18 
Relativistic mass, 19 
Rem, definition, 6 
Reoxygenation, 241 
Reoxygenation in tumors, 239 
Repair, 116 
Repair 

of DNA, 125 
of double-strand breaks, 127 
of potentially lethal injury, 182 
repair fidelity, 127 
and repopulation, 277, 297 
of sublethal damage, 177, 182 

interpretation, 178 
Repair-misrepair model, 151, 155 

comparison with MTSH, 159 
eurepair, 158 
linear eurepair, 158 
linear repair, 156, 160 
misrepair, 158 
quadratic misrepair, 158 
quadratic repair, 156 
repair states, 155 
time is explicit, 157 
U (unrepaired) lesions, 155 

Reprocessing nuclear fuel, 454 
Reproductive death, 133 
Rest energy, 18, 19 
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Rest mass, 6, 19 
electron, 18 

Restitution, 116 
Risk coefficients, 332 
Risk estimates for tissue weighting factor, 

429 
Risk ratio, 337 
Rodent-human cell differences, transforma- 

tion, 324 
Roentgen, 5 
Rossi microdosimetric formulation, 97 
Rubidium,(87Rb, radioactive), 395, 413, 440 
Rutherford's planetary model, 21 
Rutherford-Bohr atomic model, 21 

S 

Saturation, cancer incidence, 314 
Scattering events, 17 
Scattering, gold foil experiment, 21 
Scavengers, role of, 110 
Scavenging of water radicals, 201 
Secular equilibrium, chain decay, 31,433 
Sensitive site, 153 

dimension, 153 
Sensitizers, nitroaromatics, 215 
Serial radioactive decay, xxx 
Severe mental retardation (SMR), 269 
Severity scale, 278 
Sex-linked recessive test, 358 

dose rate effects, 359 
drosophila, 357 
gene markers, 357 
male-female sensitivity, 359 
mutation rates, 359 
test results, 358 

Shielding by structures, 435 
Short track, 105 
Shortcomings of MTSH, 144, 145 
Shoulder on the survival curve, 174 
Sievert, 6, 425 
Sigmoid survival curve, 135 
Significance of D(Y) and D(Z), 101 
Simple transit population, 224 
Single-hit breakage, 348 
Single-hit inactivation model, 139 
Single-strand break, 121 
Single-target multihit, 143 
Sister chromatid exchange, 352 
Site size, 155 

Skin 
assays for radiosensitivity, 254 
cancer, early findings, xxxii 
late effects, 286 

dermis, 287 
desquamation, 287 
epidermis, 287 
erythema, 287 
microvascular change, 287 
telangiectasia, 287 

Small intestine, late effects, 285 
Sodium (radioactive), 413 
Solvated electron, 108 
Somatic mutations, 344 
Spallation, 93 
Special relativity, 17 
Special units, 2 
Specific absorbed fraction, 403, 405, 408 
Specific locus, 360 
Specific locus test, 360 

dose rate effects, 361 
female gamete, 362 
male gamete, 362 
mice as test organism, 360 
mutation rate, 361 
phenotypic expressions, 360 

Specification of radiation quality, 98 
Speed of light, 13 
S period, DNA replication period, 185 
Spermatogenesis and in vivo assays, 250 

radiosensitive and radioresistant fractions, 
251 

simple weight loss methods, 251 
spermatogonia, survival parameters, 253 
testes weight loss assay, 251 
tubular regeneration assay, 253 

Spinal cord, 291 
clonogenic depletion, 292 
demyelination, 291 
glial cell loss, 291 
oligodendrocytes, 291 

Spindle fibers, 351 
Spleen colony assay, 243 
Split dose and transformation, 325 
Spurs, blobs, and tracks, 105 
SSB repair, error rates, 128 
Stability rules, 39 
Standard man, 410, 413 
Statistics of cell traversals, high LET, 386 
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Stem cell 
in FSU, 283 
population, 225 

Stenosis, 285, 286 
Stochastic, 275, 277, 309 
Stomach, 287 
Stomach, late effect, 285 
Stopping potential, 16 
Stopping power, 9, 366 
Strain related differences, cancer, 315 
Strandqvist relationship, 287, 294 
Stromal damage, 282 
Strontium, 415 
Subchromatid changes, 347 
Sublesions, 153 
Sublethal damage 

high and low LET, 179 
interpretation of sublethal damage, 177 
repair of, xxxi, 177, 182 

Sublethal injury, see sublethal damage 
Sugar phosphate attack on DNA, 121 
Summary of Compton scattering, 66 
Summary of pair production, 73 
Supercoiled DNA, 124 
Superexcitation, 106 
Superoxide dismutase, 116, 209 
Superoxide radical, 116, 195, 209 
Survival curve, 169 

shoulder on, significance, 174 
sigmoid, 135 
threshold-type, 135 

Survival equation, 139, 150, 154, 163 
target theory, 139 

Survival of the murine conceptus, 268 
Surviving fraction, 135, 171 
Synthetic (S) period, 185 
Synthetic thiols, 213 
Syst~me Internationale, 1 

T 
T1 cell line, 173 
Target cell depletion, 276 
Target multiplicity, 134, 143, 172 
Target theory model, Lea, 133, 136, 352 

active events, 137 
basic assumptions, 134 
binomial coefficient, 139 
critical volume, 134 
hit probability, 138 
hit survival function, 139, 141, 142 

hits, 137 
inactivation coefficient, 140 
mean lethal dose, D O , 140 
molecular lesions, 134 
MTSH, properties, 142 
multiplicity, n, 143 
multitarget, single-hit (MTSH) model, 141, 

142 
quasi-threshold dose, 143 
shortcomings of MTSH, 144 
single-hit inactivation model, 139 
single-target multihit, 143 
survival equation, 139 
target definition, 134 
target multiplicity, 134 
target volume, 144 

TCDs0, 50% tumor cure dose, 236 
Technetium-99m, 33 
Technological enhancement, 431, 456 
Telangiectasia, 287 
Temperature and radiation damage, 197 
Tesla, 1 
Testes, 251 

summary of radiosensitivity, 254 
weight loss assay, 251 

Therapeutic radiology, 446 
Thermal neutrons, 92 
Thioguanine resistance, 355, 389 
Thiol modification of the radiation response, 

210 
chemical repair, 210, 213 
competition model, 210 
cysteamine, 211, 212 
cysteine, 211, 212 
endogenous thiols, 210 
exogenous thiols, 212 
glutathione, 211 
synthetic thiols, 213 
WR2721, 214 

Thomson classical scattering, 68 
Thorium, 415 
Thorium series, 439 
Thoron (22~ 439 
Thoron, discovery, xxix 
Threshold, 277, 309 
Threshold type survival curve, 135 
Thymic lymphoma, 384 
Thymidylic synthetase, 218 
Thyroid carcinogenesis, 328 
Time dependence of oxygen effect, 207 
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Tissue weighting factor, 427 
Topoisomerase, DNA, 124 
Total attenuation coefficients, 80, 83 

for mixtures, 83 
TPA, 326 
Tracheobronchial tree (T-B), 398 
Track average LET, 372 
Track segment average LET, 372 
Track segment experiments, 372, 382 
Track segment LET, 372, 382 
Track structure, 96, 366 
Tradescantia, 345 
Transduction, 329 
Transformation, 310, 314 

constant, 28 
foci, 321 

Transformed cell, 170, 320 
Transient equilibrium, chain decay, 31, 32 
Translocation, 351 
Transmutation, xxx 
Triplet production, 74 
Tritium, 3H, 412 
Tubular regeneration clonogenic assay, 253 
Tumor bed effect, 236 
Tumor growth and tumor cure models, 234 

TCDs0, tumor cure dose, 236 
Tumor suppressor genes, 223, 319 
Tumor volume versus time, 234, 235 
Tumorigenicity, 317 
Two-hit breakage, 348 

U 

U lesions, 155 
Ultrasoft X-rays, 178 
Unit 

definition, 2 
derived, 2 
fundamental, 2 
special, 2 

Units 
becquerel, 3, 10 
centigray, 2 
coulomb (C), 3 
curie, 10 
dyne, 1 
electron volt (eV), 3 
farad, 3 
gauss, 1 

gray, 3, 5 
hertz (Hz), 3 
joule, 3 
megabecquerel, 2 
newton, 1, 3 
rad, 5 
rem, 6 
roentgen, 5 
sievert, 6 
tesla, 1 
volt, 3 
watt, 3 

Uranium, 419 
compounds in glass, 457 
series, 415 

V 

V79 cell line, 186 
Variation in D0,173 
Variation in target multiplicity, 173 
Vascular endothelium, target tissue, 276, 280 
Vascular insufficiency, 276, 287 
Vascular permeability, 281 
Viruses, cancer, 328 
Volume effect, 277 

W 

Wasted hits, 377 
Water chemistry and indirect action, 116 
Water, excited, H20*, 107 
Water, first ionization potential, 17 
Water as modifier, 195 
Water radiolysis, products, 119 

addition reactions, 119 
dissociative reactions, 119 
hydrogen extraction reactions, 119 
immediate products, 108 
reactions of products, 119 
reactions with DNA, 120 

Wave theory of de Broglie, 24 
Wavelength, 13 
Wavelength and energy of radiation, 13 
Wet desquamation, 287 
Wien's formula, 13 
Windscale, 419 
Work, 3 
Work function, 17 
Working level, defined, 438 
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Working level months, 438 
WR2721, 214 

X 

Xeroderma pigmentosum, 237 
X-rays, 

definition, 4 
ionizing properties, xxxi 

Y 
Y, event size, 98 
Yellowcake, 450 

Z 
Z, 98 
z*, 369 
ZJr 2//~ 2, 369 
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