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PREFACE

Radiation histopathology may be defined here broadly as that branch of radiation
biology which is concerned with the microscopic study of organized tissue and organ
changes caused in vivo by radiation directly and/or indirectly. This book is concerned
only with the effects of ionizing radiations on normal tissues and organs as observed
by means of light microscopy.

Radiohistopathologic effects represent the consequences of cellular radiobiologic ef-
fects and constitute the bridge between cellular radiobiologic effects and gross patho-
logic and clinicopathologic consequences in the sequences of pathogenetic mechanisms
of these gross effects and consequences. Although some biophysical and cellular radio-
biologic background is provided, this is neither a cellular radiobiologic nor a clinical
radiation pathology book, and is not intended to be a comprehensive treatise of the
many and complex interdisciplinary facets of either of these fields. Nor is this book
intended to be either an atlas, manual, or comprehensive reference source for radiation
histopathology, but rather a treatment of this subject in pathogenetic terms with illus-
tration of the principal features.

This book describes and illustrates the histopathology of ionizing radiations and
discusses the pathogeneses of the major somatic degenerative, nontumorous, nontera-
togenic effects of ionizing radiations. From the practical point of view, the principal
thrust of the book is directed at those changes capable of developing into functional
and/or structural impairments or lesions that may cause significant detriment in body
systems and adversely affect health. The main focus of the book is the attempt to
express radiohistopathologic observations in terms of the cellular dynamics of tissues
and organs and to consider radiation histopathology in the general context of tissue
response to injury rather than merely the special result of a specific type of injury or
agent. As such, the treatment of the subject in this book is primarily concerned with
general sequences, pathogeneses, and mechanisms, rather than with great detail and
anecdotal material.

By means of reasonably broad classifications and generalizations, this book repre-
sents and consistently applies interpretations, theories, concepts, and schemes of rela-
tive radiosensitivity and of direct and indirect mechanisms of radiation damage of
cells, tissues, organs, and systems in vivo which appear to be highly compatible with
the experimental and clinical evidence and which permit reasonable prediction of ra-
diopathologic damage. Permanent, progressive, and delayed radiation effects are con-
sidered as well as acute effects. The additivity of these radiation effects with other
changes occurring with time or increasing age and the influence of this additivity on
the time of appearance and degree of pathologic expression of the radiation injury are
also stressed.

Most of the information on which these concepts and interpretations of pathogenetic
sequences and mechanisms are based has come from extensive experimentation, with
a lesser amount from occasional well-designed extensive studies of human organs and
consideration of the aggregate of great numbers of more anecdotal human case re-
ports. Disagreement with some of the author’s interpretations, concepts, or criteria is
expected in such an interdisciplinary, multilevel field of investigation as that of radio-
biology in which there are still so many large gaps in knowledge. The gap between
basic cellular radiobiology and clinical radiopathology is still very large. For purposes
of study of pathogenetic sequences and mechanisms, there is more valuable radiohis-
topathologic information, and illustration, for some organs, which have been studied
intensively for this purpose, than for other organs. For this reason, certain organs and
tissues have been given more or less consideration and illustration in this book.



The illustrative materials used in this book are largely those developed from the
research of, and for graduate teaching by, the author in the field of radiation histo-
pathology over the past thirty years. The literature listed as being cited specifically
and/or as other sources omits of necessity many of the vast numbers of publications
which have more or less bearing on the subject. The references and other sources in-
clude those articles and books used in the review of specific subject matter. It is from
this diversity of selected background information that the text of this book has been
derived.

The author hopes that this book will help the reader, whether a researcher or clini-
cian, to understand better the translation of cellular effects of ionizing radiation into
subsequent detriment in the body.

George W. Casarett, Ph.D.
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Chapter 1

GENERAL RADIATION BIOPHYSICS AND BIOLOGY

This chapter is intended to provide briefly and generally some background infor-
mation useful in consideration of the subjects dealt with in subsequent chapters.

I. RADIATIONS

Energy from radiations of relatively long wavelength, e.g., in the ultraviolet range,
may be dissipated in matter largely in the process called excitation in which an electron
is raised to a higher energy level. The energy of radiations of shorter wavelength may
be transferred by ionization as well as excitation, ionization involving the removal of
an electron from its atom or molecule.

This book is concerned primarily with biophysical events which are the consequences
of the interaction of ionizing radiations in matter, particularly living matter.

X-rays and gamma rays are electromagnetic radiations consisting of streams of en-
ergetic photons which can cause ionization. The peak energy and degree of penetration
of the radiation beam generated by a particular X-ray tube, determined by its charac-
teristic wavelength, is described in terms of kilovoltage peak, kVp. Gamma rays have
a single energy because they result from discrete nuclear disintegrations and are gen-
erally highly penetrating. In all other respects, X-rays and gamma rays have roughly
similar properties in terms of their interaction with matter. Their paths in matter are
relatively straight.

Electrons, or beta particles in the context of radioactive disintegrations, are particles
of very small mass carrying a single negative charge. As electrons are easily deflected
from their paths by other electrons, their tracks in matter are tortuous and the depth
to which they penetrate matter is shorter than the total track length. However, the
specific ionization or density of ionization is greatest near the end of the track, because
of the increasing probability of interaction between the electrons and atoms of the
target material at the lower velocity. The penetration of matter by electrons varies
directly with their energy, e.g., being greater for electron beams from a megavoltage
betatron or a linear accelerator than for the 0.53 meV beta particles from a strontium-
90 source (1 or 2 mm in tissue).

Alpha particles are relatively large particles (8000 times heavier than electrons) car-
rying a double positive charge. They are helium nuclei (two protons and two neutrons)
lacking two electrons. Their velocity is much lower than that of electrons, they pene-
trate tissue very shallowly, a few hundred um at most (depending on the tissue density),
their tracks are straight, and the ionization density is greatest near the end of the track.
Because of the shallow penetration, alpha radiation is relatively unimportant as an
external source of radiation, but it is important as a radiation emitted from various
radionuclides deposited within the body. Because of their low velocity and penetration
and their double charge, alpha particles are very densely ionizing. In terms of linear
energy transfer (LET) units (kev per um of track length), the average value V for alpha
particles would be about 100, as compared with 3.0 for orthovoltage X-rays and 0.3
for gamma rays.

Neutrons are noncharged particles which produce no ionization directly, but interact
with matter by direct collisions with atomic nuclei. Slow or thermal neutrons are cap-
tured upon entering atomic nuclei, while fast neutrons (energies greater than 20 keV)
interact mainly by elastic collisions with the nuclei. In terms of transfer of energy, the
most efficient interaction is that involving direct collision with a proton (hydrogen
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nucleus), a particle equal in mass to that of a neutron, such that up to all of the neutron
energy may be transferred to the proton, which recoils. As there is a high concentration
of hydrogen atoms in most tissues, a fast neutron beam produces many recoil protons,
heavy positively charged particles which lose velocity quickly in tissues and become
very densely ionizing near the end of the straight track (LET up to 90 keV/um) in a
manner similar to that described above for alpha particles, and with an average LET
of 10 to 50 keV/um, depending on the energy of the neutrons.

Collisions between fast neutrons and nuclei of oxygen, carbon, nitrogen, and other
atoms can also produce ionizing recoil particles. Also, inelastic scattering of fast neu-
trons may result from interaction with heavier atomic nuclei in tissue, with the produc-
tion of gamma rays. Still other forms of neutron energy transfer include neutron cap-
ture and nuclear disintegration. Neutron capture by hydrogen or nitrogen atoms makes
these atoms radioactive, with the emission of gamma rays and protons, respectively.
When neutron absorption into nuclei results in great instability, the nuclei may ex-
plode, with the emission of alpha particles, deuterons, protons, and other neutrons.

Heavy charged particles may also be accelerated by high energy machines, e.g., a
synchrotron, so that such densely ionizing particles may be energetic enough to pene-
trate tissue to useful depths, as in radiotherapy.

The energy of electromagnetic radiations is transferred to matter by one or more of
three mechanisms, depending upon the energy spectrum of the radiation. For energies
less than 0.5 meV, the main mechanism is the photoelectric effect in which the photon
is completely absorbed by the target atom, an electron is emitted, and characteristic
radiation is produced. For megavoltage X-rays and gamma ray sources with a peak
energy greater than 1 meV, the main mechanisms are Compton scattering and pair
production. Compton scattering is predominant over the energy range of 0.5 meV to
about 5 meV. The incident photon collides with a planetary electron, produces a recoil
electron, leaves with diminished energy, and then, depending upon its energy, may
interact with additional target atoms by Compton scattering or the photoelectric effect.
Pair production begins at photon energies above 1.02 meV, but starts to become im-
portant quantitatively with megavoltage X or gamma radiations above 20 meV peak
energy. The incident photon is converted into an electron and a positron, the positron
being a positively charged electron which is eventually annihilated by collision with a
negative electron to produce two photons of 0.51 meV energy.

Ionization involves dissipation of an average of 34 electron volts when it occurs in
air, and probably less in liquids and solids. About two-thirds of this energy is dissi-
pated in excitation, which is relatively unimportant biologically, and the remainder in
ionization. With the ejection of an electron from an outer shell of an atom, the atom
becomes positively charged (positive ion) and the ejected electron may then interact
with another atom to form a negative ion to complete the production of an ion pair.
The lifetime of such an ion pair is very short (of the order of 107'° second) before they
result in relatively more stable neutral free radicals (lifetime up to 1073 second).

II. BIOPHYSICAL ASPECTS

About half of the biological effect of radiation is the indirect result of free radicals
produced in water, and the other half is due to direct ionization of critical biological
molecules.

Although many molecules in aqueous solutions already exist, at least partly, in ion-
ized states owing to simple dissociation into positive and negative ions in stable equilib-
rium, irradiation produces pairs of abnormal ions (free radical ions) which are not in
equilibrium. Water is ionized by irradiation into H,O* ions and free electrons. Such
free radical ions are extremely unstable and form neutral free radicals, i.e., uncharged



atoms or molecules with an unpaired electron in the outer orbit. Both free radical ions
and the resultant free radicals disrupt normal molecular structures and damage biolog-
ical targets.

Thus following the primary events in the absorption of radiation energy in tissues,
a complex series of events leads to the breakage of various chemical bonds. As living
material consists of 70 to 90% water, the radiolysis of water is of great importance in
the production of biological effects. The primary event is the ionization of the water
molecule to produce a positive ion and a free electron. This is followed by a complex
series of reactions leading to various chemical products. Biologically it makes little
difference whether a molecule is damaged directly or indirectly through ionization of
water.

The relative importance of these primary direct and indirect effects at the cellular
level varies with the LET of the radiation, i.e., the distribution of ionizing events in
relation to the target and the probability of these ionizations occurring inside or outside
a critical target volume for specific biological effects. A biological target in a cell is
more likely to receive the damage required for a biological effect by the direct mecha-
nism with high LET radiation and by the indirect mechanism with low LET radiation.
The high LET radiation will also be more damaging, dose for dose, i.e., will have a
greater relative biological effectiveness (RBE).

The densely ionizing radiations (high LET) have a greater probability of hitting an
intracellular target more than once than the sparsely ionizing radiations (low LET).
As seems to be the case, if the production of significant biological damage in a complex
target, such as the cell, requires that some critical or sensitive part of the cell be hit
more than once or that two or more sensitive sites be hit, high LET radiations are
more likely to satisfy such requirements.

Rossi'®?° and Kellerer and Rossi,'*'* on the basis of their observations that the RBE
of neutrons for different biological effects varies inversely as the square root of the
dose over a wide range of doses, have theorized that this represents a general radio-
biological relationship. They postulated that the biological effect is the result of
changes or impairments at two sites within a single target in the cell nucleus, and that
the yield of such changes for a given LET is proportional to the mean square of the
specific energy (absorbed energy at a site divided by the mass of the site) and thereby
proportional to a quadratic function of the absorbed dose. In other words, the yield
(Y) of impairments is a function of the proportional dose (D) term plus a dose squared
relationship term as in Y = aD + bD?, where the coefficient a is a function of the
size of the site and the radiation quality (LET), and the value of the coefficient b varies
from O to 1, depending on the probability of interaction between sites of radiation
impairment and therefore on dose rate and time available for repair. For high LET
radiations the linear term greatly predominates, and the dose square term is of little
importance over the practical range of doses. For low LET radiation the dose square
term is important at high dose levels, and the linear term becomes important only at
low dose levels. Spreading out the primary impairments produced by an intermediate
or high dose of low LET radiation by reducing the dose rate reduces the probability
of interactions between impairments because of repair.

As the effect of high LET radiation is proportional to dose (linear) and independent
of dose rate, the RBE of that radiation increases as the dose and/or dose rate decrease;
not that the effectiveness of the high LET radiation changes, but because the effective-
ness of the low LET reference radiation decreases with reduction of dose and/or dose
rate. In regard to any requirement for a minimum amount of radiation energy depos-
ited within a small body to initiate a biological effect, the probability of low LET
radiation producing the effect with a single track or hit is small, and the probability
increases with increasing LET to a point above which the efficiency in terms of energy
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per unit mass may decrease with increase of energy deposition that is superfluous or
wasted in terms of production of the specified effect. Thus the RBE may increase with
increasing LET to a peak at an intermediate LET, often observed to be from about
100 to 300 keV/um, and then decrease as LET rises further, without dependence on
size of dose and dose rate.

On the assumption that most cellular radiobiological data support a multitarget sin-
gle-hit theory, if only one sensitive site is hit then the cell may recover from such
physical damage and the significant biological effect will not occur. However, if more
than one sensitive site is hit, then the biological effect may occur and be irreversible.
High LET radiations are more likely to produce the effect than low LET radiations.
Thus under comparable conditions and in the practical ranges of dose, high LET ra-
diations are relatively more effective in producing biological damage than low LET
radiations. Spreading out the radiation dose in time, i.e., substantially reducing the
dose rate, may reduce the effectiveness of low LET radiation because of repair of some
injured sites before injury occurs in other sites. For this reason, reduction of dose rate
has much less influence on the effectiveness of high LET radiations.

Relative biological effectiveness (RBE) is defined as the ratio of the dose of a stand-
ard reference low LET radiation dose to the dose of another radiation required to
produce the same effect under given conditions. If one chooses as the standard refer-
ence a low LET radiation, a radiation with low effectiveness, such as megavoltage X-
rays or ®°Co gamma rays, and assigns to such radiation an RBE value of I, then me-
dium voltage X-rays tend to have a slightly greater RBE value and fast neutrons, alpha
particles, and accelerated heavy charged particles, i.e., high LET radiations, tend to
have much higher RBE values. However, in the case of the high LET radiations, the
RBE values tend to vary considerably with dose size and/or dose rate, as well as with
level of biological endpoint, the RBE tending to increase with decreasing dose and/or
dose rate. This variation with dose size and dose rate is due to the reduction in effec-
tiveness of the standard reference low LET radiation with decreasing dose and/or dose
rate.

The main products of the radiolysis of water are the oxidative OH radicals and the
reducing hydrated electrons. Compounds that have an affinity for electrons tend to
radiosensitize cells and tissues. As the degree of the initial indirect radiobiological dam-
age from low LET radiation depends to some extent on the competition between dis-
solved or available oxygen and endogenous hydrogen donors in a tissue, the concentra-
tion of oxygen near sensitive biological targets influences to some extent the amount
of initial radiation damage. Highly oxygenated tissues tend to sustain greater radiation
damage than hypoxic or anoxic tissues, all other conditions being equal. Relative pro-
tection or sensitization of tissue to the initial effects of low LET radiation depends
upon the balance of reducing and oxidizing substances in the immediate environment
of the critical targets. As the LET of the radiation increases, and therefore the degree
of direct irreversible damage of targets and the overall degree of damage increases,
the influence of oxygen availability decreases.

Protective compounds such as those containing the sulfhydryl (SH) group, e.g., cys-
teamine and cysteine, may act against the oxygen influence by enabling restoration of
ionized molecules to their normal state. Therefore, radiosensitizers other than oxygen
act not only by altering the oxidative-reduction balance, but also by intracellular bind-
ing of naturally occurring radioprotective substances, such as the SH compounds.

II1. RADIATION QUANTITIES AND DOSE

The Roentgen (R) is the unit of exposure for X or gamma radiations and relates to



the quantity of ionization produced in air. It is defined as 2.58 x 10~* coulomb per kg
of dry air.

Until recently, the rad (100 ergs/g tissue) has been the unit of absorbed dose of
ionizing radiation, and has been replaced by the gray (gy) which is equal to 100 rads.
These units apply to particulate and electromagnetic radiations. As the absorbed dose
of X or gamma radiation (100 keV to 3 meV) in water and soft tissues is almost equal
numerically to Roentgens, the rad and the Roentgen will sometimes be used inter-
changeably in this book.

Linear energy transfer (LET) is defined in limited fashion here for the purposes of
this book as the mean energy lost per unit length of radiation track and is commonly
expressed in terms of keV/um.

The physical quantities defined above were developed primarily to provide a quan-
titative physical basis for the assessment of biological effects of ionizing radiation.
However, it is now well established that equal absorbed doses of various ionizing ra-
diations of different quality (different LET) can cause different degrees of effect and
that such differences may be especially pronounced at low doses and/or dose rates,
particularly when high LET radiations are compared with low LET radiations.

The relative biological effectiveness (RBE) of any radiation R, as compared with
some standard reference radiation S of low LET, is defined as Ds/Dx, which is the
ratio of absorbed doses required for equal effect, all other conditions being equal.
RBE is an LET-dependent factor.

Because of the variation of RBE with dose size and/or dose rate, nature of effect,
and LET, there have been chosen for practical purposes of radiation protection, single
values for effectiveness of various categories of radiation quality (LET), e.g., to facil-
itate equating or summation of doses from various radiations in terms of effects or
risks. These selected values are called ‘‘quality factors’’ (QF or simply Q). For conser-
vative purposes, it has been necessary to select Q values not greatly different from
RBE values that apply to various systems at various dose and dose rate levels. Conse-
quently, Q values for high LET radiations are likely to be higher than RBE values
found in many radiobiological experiments utilizing relatively high doses and/or dose
rates, because of the known increase in RBE of high LET radiations with decreasing
dose size and/or dose rate. The use of the RBE unit is now limited to radiobiology.

The Q values currently in use in radiation protection practice are 1 for X rays,
gamma rays, and electrons; 10 for neutrons and protons; and 20 for alpha particles
and other heavy, multiply-charged particles.

For purposes of radiation protection, it has been convenient to use a quantity, the
dose equivalent, which is more predictive than the rad and better correlated with the
radiation effects of most concern in radiation protection. The dose equivalent (H) is
the absorbed dose (rad) multiplied by the quality factor (Q) and the product (N) of all
other specified effect-modifying factors (such as dose rate and dose distribution fac-
tor). The value for N is sometimes 1, sometimes greater, and sometimes smaller. The
dose equivalent at a point in tissue is described by the equation H= DQN.

Until recently, the special name for the dose equivalent unit has been the rem, which
has been replaced by the Sievert (Sv) which is equal to 100 rems.

The Curie (Ci) is a unit of radioactivity for radioactive nuclides and is equal to 3.7
x 10'° radioactive disintegrations per second.

IV. RADIOBIOLOGICAL ASPECTS

Mammalian cells are enclosed by a cellular membrane (lipoprotein) and contain a
nucleus (except for erythrocytes) bound by a nuclear membrane (except at cell divi-
sion). The nuclei contains the chromosomes or chromatin substance with its deoxyri-



