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This book, like so many before it, grew out of a 
set of lecture notes. The lectures were given dur-
ing the autumn months of 1969, 1970, and 1971 
at the Columbia-Presbyterian Medical Center, 
New York City. The audience consisted primarily 
of radiology residents from Columbia, affi liated 
schools and hospitals, and various other institu-
tions in and around the city.

To plan a course in radiobiology involves 
a choice between, on the one hand, dealing at 
length and in depth with those few areas of the 
subject in which one has personal expertise as an 
experimenter or, on the other hand, surveying the 
whole fi eld of interest to the radiologist, necessar-
ily in less depth. The former course is very much 
simpler for the lecturer and in many ways more 
satisfying; it is, however, of very little use to the 
aspiring radiologist who, if this course is followed, 
learns too much about too little and fails to get 
an overall picture of radiobiology. Consequently, 
I opted in the original lectures, and now in this 
book, to cover the whole fi eld of radiobiology as it 
pertains to radiology. I have endeavored to avoid 
becoming evangelical over those areas of the 
subject which interest me, those to which I have 
d evoted a great deal of my life. At the same time I 
have attempted to cover, with as much enthusiasm 
as I could muster and from as much knowledge as 
I could glean, those areas in which I had no par-
ticular expertise or personal experience.

This book, then, was conceived and written for 
the radiologist—specifi cally, the radiologist who, 
motivated ideally by an inquiring mind or more re-
alistically by the need to pass an examination, elects 
to study the biological foundations of radiology. It 
may incidentally serve also as a text for graduate 
students in the life sciences or even as a review of 
radiobiology for active researchers whose viewpoint 
has been restricted to their own area of interest. If 
the book serves these functions, too, the author is 
doubly happy, but fi rst and foremost, it is intended 
as a didactic text for the student of radiology.

Radiology is not a homogenous discipline. 
The diagnostician and therapist have divergent 
interests; indeed, it sometimes seems that they 
come together only when history and conve-
nience dictate that they share a common course 
in physics or radiobiology. The bulk of this book 
will be of concern, and hopefully of interest, to all 
radiologists. The diagnostic radiologist is com-
mended particularly to Chapters 11, 12, and 13 
concerning radiation accidents, late effects, and 
the irradiation of the embryo and fetus. A few 
chapters, particularly Chapters 8, 9, 15, and 16, 
are so specifi cally oriented towards radiotherapy 
that the diagnostician may omit them without 
loss of continuity.

A word concerning reference material is in 
order. The ideas contained in this book repre-
sent, in the author’s estimate, the consensus of 
opinion as expressed in the scientifi c literature. 
For ease of reading, the text has not been bro-
ken up with a large number of direct references. 
I nstead, a selection of general references has 
been included at the end of each chapter for the 
reader who wishes to pursue the subject further.

I wish to record the lasting debt that I owe 
my former colleagues at Oxford and my present 
colleagues at Columbia, for it is in the daily cut 
and thrust of debate and discussion that ideas are 
formulated and views tested.

Finally, I would like to thank the young men 
and women who have regularly attended my 
classes. Their inquiring minds have forced me 
to study hard and refl ect carefully before facing 
them in a lecture room. As each group of stu-
dents has grown in maturity and understanding, 
I have experienced a teacher’s satisfaction and joy 
in the belief that their growth was due in some 
small measure to my efforts.

E. J. H.
New York
July 1972

Preface to the 
First Edition
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The seventh edition is the most radical revi-
sion of this textbook to date and now includes 
color fi gures, a visual transformation over the 
sixth edition. However, we were careful to re-
tain the same format as the sixth edition, which 
divided the book into two parts. Part I contains 
17 chapters and represents both a general in-
troduction to radiation biology and a complete 
self-contained course in the subject, suitable for 
residents in diagnostic radiology and nuclear 
medicine. It follows the format of the Syllabus in 
Radiation Biology prepared by the Radiological 
Society of North America (RSNA), and its con-
tent refl ects the questions appearing in recent 
years in the written examination for diagnostic 
radiology residents given by the American Board 
of Radiology. Part II consists of 11 chapters of 
more in-depth material designed primarily for 
residents in radiation oncology.

We live in an exciting time, but yet a dan-
gerous time as well. The threat of nuclear terror 
rears its head way too often. If such an event oc-
curs, those trained in the radiation sciences will 
be called on to manage exposed individuals. For 
this reason, we have included a new chapter on 
Radiologic Terrorism (Chapter 14).

The translation of molecular imaging into 
the clinic is moving at a rapid pace. Therefore, 
we also included a chapter on fundamental con-
cepts in molecular imaging that involves ionizing 
radiation such as CAT scans and PET imaging 
to refl ect these new advances and describe the 
underlying biologic principles for each of these 
technologies (Chapter 15).

The subject of retreatment with radiotherapy 
is not covered in most textbooks, and, because 
of this void, we have dedicated a new chapter to 
this subject (Chapter 24). Recent clinical trials 
have demonstrated a clinical benefi t with hyper-
thermia, fulfi lling the promise of this form of 
therapy. These recent clinical studies have been 
included in a thorough revision of this chapter 

(Chapter 28). Most of the other chapters in this 
edition have also been revised and updated to 
r efl ect current thoughts and ideas.

With the addition of the new chapters, some of 
the old chapters from the sixth edition have been 
eliminated. For some time, we considered omit-
ting the chapters on gene therapy and predictive 
assays because these areas have yet to justify their 
early promise. In the end, they did not make the 
cut for the seventh edition. A separate chapter 
on “Molecular Techniques in  Radiobiology” 
has also been eliminated because we felt that 
we could incorporate the fundamentals of these 
molecular techniques into the  description of the 
data where applicable throughout the book, and 
the relevance of this chapter to the diagnostic or 
therapeutic  radiologist is questionable.

The ideas contained in this book represent, 
we believe, the consensus of opinion as expressed 
in the scientifi c literature. We have followed 
the precedent of previous editions, in that, the 
pages of text are unencumbered with fl yspeck-
like numerals referring to footnotes or original 
publications, which are often too detailed to be 
of much interest to the general reader. On the 
other hand, there is an extensive and compre-
hensive bibliography at the end of each chapter 
for those readers who wish to pursue the subject 
further.

We commend this new edition to residents 
in radiology, nuclear medicine, and radiation on-
cology, for whom it was conceived and written. 
If it serves also as a text for graduate students 
in the life sciences or even as a review of basic 
science for active researchers or senior radiation 
oncologists, the authors will be doubly happy.

Eric J. Hall
Columbia University, New York

Amato J. Giaccia
Stanford University, California

October 2010

Preface
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In 1895, the German physicist Wilhelm Conrad 
Röntgen discovered “a new kind of ray,” emit-
ted by a gas discharge tube, that could blacken 
photographic fi lm contained in light-tight con-
tainers. He called these rays “x-rays” in his fi rst 
announcement in December 1895—the x rep-
resenting the unknown. In demonstrating the 
properties of x-rays at a public lecture, Röntgen 
asked Rudolf Albert von Kölliker, a prominent 
Swiss professor of anatomy, to put his hand in 
the beam and so produced the fi rst publicly taken 
radiograph (Fig. 1.1).

The fi rst medical use of x-rays was reported 
in the Lancet of January 23, 1896. In this report, 
x-rays were used to locate a piece of a knife in 
the backbone of a drunken sailor, who was para-
lyzed until the fragment was removed following 
its location. The new technology spread rapidly 
through Europe and the United States, and the 
fi eld of diagnostic radiology was born. There is 
some debate about who fi rst used x-rays thera-
peutically, but by 1896, Leopold Freund, an Aus-
trian surgeon, demonstrated before the Vienna 
Medical Society the disappearance of a hairy 
mole following treatment with x-rays. Antoine 
Henri Becquerel discovered radioactivity emit-
ted by uranium compounds in 1896, and 2 years 
later, Pierre and Marie Curie isolated the radio-
active elements polonium and radium. Within a 
few years, radium was used for the treatment of 
cancer.

The fi rst recorded biologic effect of radia-
tion was due to Becquerel, who inadvertently 
left a radium container in his vest pocket. He 
subsequently described the skin erythema that 
appeared 2 weeks later and the ulceration that 
developed and that required several weeks to 
heal. It is said that Pierre Curie repeated this 

experience in 1901 by deliberately producing a 
radium “burn” on his own forearm (Fig. 1.2). 
From these early beginnings, at the turn of the 
century, the study of radiobiology began.

Radiobiology is the study of the action of 
ionizing radiations on living things. As such, it 
inevitably involves a certain amount of radia-
tion physics. The purpose of this chapter is to 
 present, in summary form and with a minimum 
of mathematics, a listing of the various types 
of ionizing radiations and a description of the 
 physics and chemistry of the processes by which 
radiation is absorbed.

■ TYPES OF IONIZING RADIATIONS

The absorption of energy from radiation in 
biologic material may lead to excitation or to 
ionization. The raising of an electron in an atom 
or molecule to a higher energy level without ac-
tual ejection of the electron is called excitation. 
If the radiation has suffi cient energy to eject one 
or more orbital electrons from the atom or mol-
ecule, the process is called ionization, and that 
radiation is said to be ionizing radiation. The 
important characteristic of ionizing radiation is 
the localized release of large amounts of  energy. 
The energy dissipated per ionizing event is 
about 33 eV, which is more than enough to break 
a strong chemical bond; for example, the energy 
associated with a CBC bond is 4.9 eV. For con-
venience, it is usual to classify ionizing radiations 
as either electromagnetic or particulate.

Electromagnetic Radiations
Most experiments with biologic systems have 
involved x- or �-rays, two forms of electromag-
netic radiation. X- and �-rays do not differ in 

Types of Ionizing Radiations
Electromagnetic Radiations
Particulate Radiations

Absorption of X-rays

Direct and Indirect Action of Radiation
Absorption of Neutrons, Protons, and Heavy Ions
Summary of Pertinent Conclusions
Bibliography

Physics and Chemistry of 
Radiation Absorption

1
C H A P T E R
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4 | Section I • For Students of Diagnostic Radiology, Nuclear Medicine, and Radiation Oncology |

 electrical device that  accelerates electrons to 
high energy and then stops them abruptly in a 
target usually made of tungsten or gold. Part 
of the kinetic energy (the energy of motion) 
of the electrons is converted to x-rays. On the 
other hand, �-rays are emitted by radioactive 
isotopes; they represent excess energy that is 
given off as the unstable nucleus breaks up 
and decays in its efforts to reach a stable form. 
Natural background radiation from rocks in 
the earth also includes �-rays. Everything that 
is stated about x-rays in this chapter applies 
equally well to �-rays.

X-rays may be considered from two differ-
ent standpoints. First, they may be thought of 
as waves of electrical and magnetic energy. The 
magnetic and electrical fi elds, in planes at right 
angles to each other, vary with time, so that the 
wave moves forward in much the same way as 
ripples move over the surface of a pond if a stone 
is dropped into the water. The wave moves with 
a velocity, c, which in a vacuum has a value of 
3 � 1010 cm/s. The distance between successive 
peaks of the wave, �, is known as the wavelength. 
The number of waves passing a fi xed point per 
second is the frequency, �. The product of fre-
quency times wavelength gives the velocity of 
the wave; that is, �� � c.

A helpful, if trivial, analogy is to liken the 
wavelength to the length of a person’s stride 
when walking; the number of strides per min-
ute is the frequency. The product of the length 
of stride multiplied by the number of strides per 
minute gives the speed or velocity of the walker.

nature or in properties; the designation of x- or 
�-rays refl ects the ways they are produced. 
X-rays are produced extranuclearly; �-rays 
are produced intranuclearly. In practical terms, 
this means that x-rays are produced in an 

FIGURE 1.1  The fi rst publicly taken radiograph of a 
living object, taken in January 1896, just a few months 
after the discovery of x-rays. (Courtesy of Röntgen 
 Museum, Würzburg, Germany.)

FIGURE 1.2  Based on Becquerel’s ear-
lier observation, Pierre Curie is said to have 
used a radium tube to produce a radiation 
ulcer on his arm. He charted its appear-
ance and subsequent healing.
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 | Chapter 1 • Physics and Chemistry of Radiation Absorption | 5

(in kiloelectron volts*) and the wavelength 
(in angstroms†):

�Å � 12.4/E(keV)

For example, x-rays with wavelengths of 0.1 Å 
correspond to a photon energy of 124 keV.

The concept of x-rays being composed of 
photons is very important in radiobiology. If 
x-rays are absorbed in living material, energy is 
deposited in the tissues and cells. This energy is 
deposited unevenly in discrete packets. The en-
ergy in a beam of x-rays is quantized into large 
individual packets, each of which is big enough to 
break a chemical bond and initiate the chain of 
events that culminates in a biologic change. The 
critical difference between nonionizing and ion-
izing radiations is the size of the individual packets 
of energy, not the total energy involved. A simple 
calculation illustrates this point. It is shown in 
Chapter 8 that a total body dose of about 4 Gy‡ 
of x-rays given to a human is lethal in about half 
of the individuals exposed. This dose represents 
absorption of energy of only about 67 cal, assum-
ing the person to be a “standard man” weighing 
70 kg. The smallness of the amount of energy in-
volved can be illustrated in many ways. Converted 
to heat, it would represent a temperature rise of 
0.002° C, which would do no harm at all; the same 
amount of energy in the form of heat is absorbed 
in drinking one sip of warm coffee. Alternatively, 
the energy inherent in a lethal dose of x-rays may 
be compared with mechanical energy or work. It 
would correspond to the work done in lifting a 
person about 16 in. from the ground (Fig. 1.4).

Energy in the form of heat or mechanical 
energy is absorbed uniformly and evenly, and 
much greater quantities of energy in these forms 
are required to produce damage in living things. 
The potency of x-rays, then, is a function not 

Like x-rays, radio waves, radar, radiant heat, 
and visible light are forms of electromagnetic 
radiation. They all have the same velocity, c, but 
they have different wavelengths and, therefore, 
different frequencies. To extend the previous 
analogy, different radiations may be likened 
to a group of people, some are tall, some are 
short, all walking together at the same speed. 
The tall walkers take long measured strides but 
make few strides per minute; to keep up, the 
short walkers compensate for the shortness of 
their strides by increasing the frequencies of 
their strides. A radio wave may have a distance 
between successive peaks (i.e., wavelength) of 
300 m; for a wave of visible light, the corre-
sponding distance is about 500 thousandths of 
a centimeter (5 � 10�5 cm). The wavelength 
for x-rays may be 100 millionths of a centime-
ter (10�8 cm). X- and �-rays, then, occupy the 
short-wavelength end of the electromagnetic 
spectrum (Fig. 1.3).

Second, x-rays may be thought of as 
streams of photons, or “packets” of energy. 
Each energy packet contains an amount of en-
ergy equal to h�, where h is known as Planck’s 
constant and � is the frequency. If a radiation 
has a long wavelength, it has a small frequency, 
and so, the energy per photon is small. Con-
versely, if a given radiation has a short wave-
length, the frequency is large and the energy 
per photon is large. There is a simple nu-
meric relationship between the photon energy 

*The kiloelectron volt (keV) is a unit of energy. It is the 
energy possessed by an electron that has been accelerated 
through 1,000 volts (V). It corresponds to 1.6 � 10�9 ergs.
†The angstrom (Å) is a unit of length equal to 10�8 cm.
‡Quantity of radiation is expressed in röntgen, rad, or gray. 
The röntgen (R) is the unit of exposure and is related to the 
ability of x-rays to ionize air. The rad is the unit of absorbed 
dose and corresponds to energy absorption of 100 erg/g. 
In the case of x- and �-rays, an exposure of 1 R results in 
an absorbed dose in water or soft tissue roughly equal to 1 
rad. The International Commission on Radiological Units and 
 Measurements (ICRU) recommended that the rad be replaced 
as a unit by the gray (Gy), which corresponds to an energy 
absorption of 1 J/kg. Consequently, 1 Gy � 100 rad.

FIGURE 1.3  Illustration of the electromagnetic 
spectrum. X-rays and �-rays have the same nature 
as visible light, radiant heat, and radio waves; how-
ever, they have shorter wavelengths and conse-
quently, a larger photon energy. As a result, x- and 
�-rays can break chemical bonds and produce biologic 
effects.
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6 | Section I • For Students of Diagnostic Radiology, Nuclear Medicine, and Radiation Oncology |

used in  radiation therapy and have a potential in 
diagnostic radiology not yet explored.

Electrons are small, negatively charged par-
ticles that can be accelerated to high energy to a 
speed close to that of light by means of an elec-
trical device, such as a betatron or linear accel-
erator. They are widely used for cancer therapy.

Protons are positively charged particles and 
are relatively massive, having a mass almost 2,000 
times greater than that of an electron. Because of 
their mass, they require more complex and more 
expensive equipment, such as a cyclotron, to ac-
celerate them to useful energies, but they are in-
creasingly used for cancer treatment in specialized 
centers because of their favorable dose distribu-
tion (see Chapter 25).

In nature, the earth is showered with pro-
tons from the sun, which represent a component 
of natural background radiation. We are pro-
tected on earth to a large extent by the earth’s 
atmosphere. In addition, the earth behaves like 
a giant magnet so that charged particles from 
solar events on the sun are defl ected away from 
the equator by the earth’s magnetic fi eld; most 
miss the earth altogether while others are fun-
neled into the polar regions. This is the basis of 
the “aurora borealis,” or northern lights caused 
by intense showers of charged particles that spiral 
down the lines of magnetic fi eld into the poles, 
ionizing the air as they do so (see Chapter 16). 
Protons are a major hazard to astronauts on long-
duration space missions.

�-particles are nuclei of helium atoms and 
consist of two protons and two neutrons in close 
association. They have a net positive charge and, 
therefore, can be accelerated in large electrical 
devices similar to those used for protons.

�-particles are also emitted during the decay 
of heavy, naturally occurring radionuclides, such 
as uranium and radium (Fig. 1.5). �-particles are 
the major source of natural background radia-
tion to the general public. Radon gas seeps out 
of the soil and builds up inside houses, where, 
together with its decay products, it is breathed 
in and irradiates the lining of the lung. It is esti-
mated that 10,000 to 20,000 cases of lung cancer 
are caused each year by this means in the United 
States, mostly in smokers.

Neutrons are particles with a mass simi-
lar to that of protons, but they carry no electri-
cal charge. Because they are electrically neutral, 
they cannot be accelerated in an electrical device. 

so much of the total energy absorbed as of the 
size of the individual energy packets. In their 
biologic effects, electromagnetic radiations are 
usually considered ionizing if they have a photon 
energy in excess of 124 eV, which corresponds to 
a wavelength shorter than about 10�6 cm.

Particulate Radiations
Other types of radiation that occur in nature 
and that are also used experimentally are elec-
trons, protons, �-particles, neutrons, negative 
�- mesons, and heavy charged ions. Some also are 

FIGURE 1.4  The biologic effect of radiation is de-
termined not by the amount of the energy absorbed 
but by the photon size, or packet size, of the energy. 
A: The total amount of energy absorbed in a 70-kg 
human exposed to a lethal dose of 4 Gy is only 67 cal. 
B: This is equal to the energy absorbed in drinking one 
sip of warm coffee. C: It also equals the potential en-
ergy imparted by lifting a person about 16 in.
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 absorbed in the material through which they 
pass, they give up their energy to produce fast-
moving charged particles that in turn are able to 
produce damage.

The process by which x-ray photons are ab-
sorbed depends on the energy of the photons 
concerned and the chemical composition of the 
absorbing material. At high energies, characteris-
tic of a cobalt-60 unit or a linear accelerator used 
for radiotherapy, the Compton process domi-
nates. In this process, the photon interacts with 
what is usually referred to as a “free” electron, an 
electron whose binding energy is negligibly small 
compared with the photon energy. Part of the 
energy of the photon is given to the electron as 
kinetic energy; the photon, with whatever energy 
remains, continues on its way, defl ected from its 
original path (Fig. 1.6). In place of the incident 

They are produced if a charged particle is acceler-
ated to high energy and then made to impinge on 
a suitable target material. Neutrons are also emit-
ted as a by-product if heavy radioactive atoms un-
dergo fi ssion; that is, a split to form two smaller 
atoms. Consequently, neutrons are present in 
large quantities in nuclear reactors and are emit-
ted by some artifi cial heavy radionuclides. They 
are also an important component of space radia-
tion and contribute signifi cantly to the exposure 
of passengers and crews of high-fl ying jetliners.

Heavy charged particles are nuclei of ele-
ments, such as carbon, neon, argon, or even iron, 
that are positively charged because some or all of 
the planetary electrons have been stripped from 
them. To be useful for radiation therapy, they 
must be accelerated to energies of thousands of 
millions of volts and, therefore, can be produced 
in only a few specialized facilities, though the 
number of such centers is increasing.

Charged particles of enormous energy are 
encountered in space and represent a major 
 hazard to astronauts on long missions, such as 
the proposed trip to Mars. During the lunar mis-
sions of the 1970s, astronauts “saw” light fl ashes 
while their eyes were closed in complete dark-
ness, which turned out to be caused by high- 
energy iron ions crossing the retina.

■ ABSORPTION OF X-RAYS

Radiation may be classifi ed as directly or indirectly 
ionizing. All of the charged particles previously 
discussed are directly ionizing; that is, provided 
the individual particles have suffi cient kinetic en-
ergy, they can disrupt the atomic structure of the 
absorber through which they pass directly and 
produce chemical and biologic changes. Electro-
magnetic radiations (x- and �-rays) are  indirectly 
ionizing. They do not produce chemical and 
biologic damage themselves, but when they are 

FIGURE 1.5  Illustration of the decay 
of a heavy radionuclide by the emission of 
an �-particle. An �-particle is a helium nu-
cleus consisting of two protons and two 
neutrons. The emission of an �-particle de-
creases the atomic number by 2 and the 
mass number by 4. Note that radium has 
changed to another chemical element, 
radon, as a consequence of the decay.

FIGURE 1.6  Absorption of an x-ray photon by the 
Compton process. The photon interacts with a loosely 
bound planetary electron of an atom of the absorb-
ing material. Part of the photon energy is given to the 
electron as kinetic energy. The photon, defl ected from 
its original direction, proceeds with longer wavelength 
(i.e., with reduced energy).
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the mass absorption coeffi cient for photoelectric 
absorption varies rapidly with atomic number 
(Z)* and is, in fact, about proportional to Z3.

For diagnostic radiology, photons are used 
in the energy range in which photoelectric ab-
sorption is as important as the Compton pro-
cess. Because the mass absorption coeffi cient 
varies critically with Z, the x-rays are absorbed 
to a greater extent by the bone because the bone 
contains elements with high atomic numbers, 
such as calcium. This differential absorption in 

photon, there is a fast electron and a photon of 
reduced energy, which may go on to take part in 
further interactions. In any given case, the photon 
may lose a little energy or a lot; in fact, the frac-
tion lost may vary from 0% to 80%. In practice, 
if an x-ray beam is absorbed by the tissue, several 
photons will interact with several atoms, and on 
a statistical basis, all possible energy losses occur. 
The net result is the production of several fast 
electrons, many of which can ionize other atoms 
of the absorber, break vital chemical bonds, and 
initiate the change of events that ultimately is ex-
pressed as biologic damage.

For photon energies, characteristic of diag-
nostic radiology, both Compton and photo-
electric absorption processes occur, the former 
 dominating at the higher end of the energy range 
and the  latter being most important at lower en-
ergies. In the photoelectric process (Fig. 1.7), 
the x-ray photon interacts with a bound electron 
in, for example, the K, L, or M shell of an atom 
of the absorbing material. The photon gives up 
all of its energy to the electron; some is used to 
overcome the binding energy of the electron and 
release it from its orbit; the remainder is given 
to the electron as kinetic energy of motion. The 
kinetic energy (KE ) of the ejected electron is, 
therefore, given by the expression

KE � h� � EB

in which h� is the energy of the incident photon 
and EB is the binding energy of the electron in 
its orbit. The vacancy left in the atomic shell as a 
result of the ejection of an electron, then, must be 
fi lled by another electron falling in from an outer 
shell of the same atom or by a conduction elec-
tron from outside the atom. The movement of 
an electron from one shell to another represents 
a change of energy states. Because the electron is 
negatively charged, its movement from a loosely 
bound to a tightly bound shell represents a de-
crease of potential energy; this energy change is 
balanced by the emission of a photon of “charac-
teristic” electromagnetic radiation. In soft tissue, 
this characteristic radiation has a low energy, typi-
cally 0.5 kV, and is of little biologic consequence.

The Compton and photoelectric absorp-
tion processes differ in several respects that are 
vital in the application of x-rays to diagnosis and 
therapy. The mass absorption coeffi cient for the 
Compton process is independent of the atomic 
number of the absorbing material. By contrast, 

FIGURE 1.7  Absorption of a photon of x- or �-rays 
by the photoelectric process. The interaction involves 
the photon and a tightly bound orbital electron of an 
atom of the absorber. The photon gives up its energy 
entirely; the electron is ejected with a kinetic energy 
equal to the energy of the incident photon less the 
binding energy that previously held the electron in 
orbit (top). The vacancy is fi lled either by an electron 
from an outer orbit or by a free electron from outside 
the atom (bottom). If an electron changes energy 
 levels, the difference in energy is emitted as a photon 
of characteristic x-rays. For soft tissue, these x-rays are 
of very low energy.

*Z, the atomic number, is defi ned as the number of positive 
charges on the nucleus; it is, therefore, the number of pro-
tons in the nucleus.
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of electrons, spins are paired; that is, for every 
electron spinning clockwise, there is another one 
spinning counterclockwise. This state is associ-
ated with a high degree of chemical stability. In 
an atom or molecule with an odd number of elec-
trons, there is one electron in the outer orbit for 
which there is no other electron with an opposing 
spin; this is an unpaired electron. This state is as-
sociated with a high degree of chemical reactivity.

For simplicity, we consider what happens if 
radiation interacts with a water molecule, be-
cause 80% of a cell is composed of water. As a 
result of the interaction with a photon of x- or 
�-rays or a charged particle, such as an electron 
or proton, the water molecule may become ion-
ized. This may be expressed as

H2O → H2O� � e�

materials of high Z is one reason for the familiar 
appearance of the radiograph. For radiotherapy, 
however, high-energy photons in the megavolt-
age range are preferred because the Compton 
process is overwhelmingly important. As a con-
sequence, the absorbed dose is about the same in 
soft tissue, muscle, and bone, so that differential 
absorption in bone, which posed a problem in 
the early days when lower energy photons were 
used for therapy, is avoided.

Although the differences among the various 
absorption processes are of practical importance 
in radiology, the consequences for radiobiology 
are minimal. Whether the absorption process 
is the photoelectric or the Compton process, 
much of the energy of the absorbed photon is 
converted to the kinetic energy of a fast electron.

■  DIRECT AND INDIRECT ACTION 
OF RADIATION

The biologic effects of radiation result prin-
cipally from damage to deoxyribonucleic acid 
(DNA), which is the critical target, as described 
in Chapter 2.

If any form of radiation—x- or �-rays, charged 
or uncharged particles—is absorbed in biologic 
material, there is a possibility that it will inter-
act directly with the critical targets in the cells. 
The atoms of the target itself may be ionized or 
 excited, thus initiating the chain of events that 
leads to a biologic change. This is called direct 
action of radiation (Fig. 1.8); it is the dominant 
process if radiations with high linear energy 
transfer (LET), such as neutrons or �-particles, 
are considered.

Alternatively, the radiation may interact with 
other atoms or molecules in the cell (particularly 
water) to produce free radicals that are able to dif-
fuse far enough to reach and damage the critical 
targets. This is called indirect action of radia-
tion.* A free radical is an atom or molecule carry-
ing an unpaired orbital electron in the outer shell. 
An orbital electron not only revolves around the 
nucleus of an atom but also spins around its own 
axis. The spin may be clockwise or counterclock-
wise. In an atom or molecule with an even  number 

FIGURE 1.8  Direct and indirect actions of radiation. 
The structure of DNA is shown schematically. In direct 
 action, a secondary electron resulting from absorption 
of an x-ray photon interacts with the DNA to produce an 
effect. In indirect action, the secondary electron interacts 
with, for example, a water molecule to produce a hydroxyl 
radical (OH·), which in turn produces the damage to the 
DNA. The DNA helix has a diameter of about 20 Å (2 nm). 
It is estimated that free radicals produced in a  cylinder 
with a diameter double that of the DNA helix can affect 
the DNA. Indirect action is dominant for sparsely ion-
izing radiation, such as x-rays. S, sugar; P, phosphorus; A, 
 adenine; T, thymine; G, guanine; C, cytosine.
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*It is important to avoid confusion between directly and indi-
rectly ionizing radiation, on the one hand, and the direct and 
indirect actions of radiation on the other.
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second. The primary radicals produced by the 
ejection of an electron generally have a lifetime 
of 10�10 second. The OH· radical has a lifetime 
of about 10�9 second in cells, and the DNA radi-
cals formed either by direct ionization or by reac-
tion with OH· radicals have a lifetime of perhaps 
10�5 second (in the presence of air). The period 
between the breakage of chemical bonds and the 
expression of the biologic effect may be hours, 
days, months, years, or generations, depending 
on the consequences involved. If cell killing is the 
result, the biologic effect may be expressed hours 
to days later when the damaged cell attempts to 
divide. If the radiation damage is oncogenic, its 
expression as an overt cancer may be delayed for 
40 years. If the damage is a mutation in a germ 
cell leading to hereditary changes, it may not be 
expressed for many generations.

■  ABSORPTION OF NEUTRONS, 
 PROTONS, AND HEAVY IONS

In contrast to x-rays, neutrons interact not with 
the planetary elections, but with the nuclei of the 
atoms that make up the tissue (Fig 1.9) resulting 
in recoil protons, or in the case of higher energy 
neutrons “spallation products” (i.e., a high-energy 
neutron may hit a carbon atom which then breaks 
up into three �-particles), or may hit an oxygen 
atom to produce four �-particles.

Protons interact with both planetary elec-
trons to ionize the atoms with which they inter-
act and produce fast recoil electrons, and protons 
also interact with the nuclei of atoms in the tissue 
to produce heavier secondary particles. Nuclear 
disintegration becomes more and more likely to 
happen as the proton energy increases.

H2O� is an ion radical. An ion is an atom or 
molecule that is electrically charged because it 
has lost an electron. A free radical contains an 
unpaired electron in the outer shell, making it 
highly reactive. H2O� is charged and has an un-
paired electron; consequently, it is both an ion 
and a free radical. The primary ion radicals have 
an extremely short lifetime, on the order of 10�10 
second. They decay to form free radicals, which 
are not charged but still have an unpaired elec-
tron. In the case of water, the ion radical reacts 
with another water molecule to form the highly 
reactive hydroxyl radical (OH·):

H2O� � H2O → H3O� � OH·

The hydroxyl radical possesses nine electrons; 
therefore, one of them is unpaired. It is a highly re-
active free radical and can diffuse a short distance 
to reach a critical target in a cell. For example, it is 
thought that free radicals can diffuse to DNA from 
within a cylinder with a diameter about twice that 
of the DNA double helix. It is estimated that about 
two thirds of the x-ray damage to DNA in mam-
malian cells is caused by the hydroxyl radical. The 
best evidence for this estimate comes from experi-
ments using free radical scavengers, which can re-
duce the biologic effect of sparsely ionizing radia-
tions, such as x-rays, by a factor of close to 3. This 
is discussed further in Chapter 9. Indirect action is 
illustrated in Figure 1.8. This component of radia-
tion damage is most easily modifi ed by chemical 
means—either protectors or sensitizers —unlike 
direct action.

For the indirect action of x-rays, the chain of 
events, from the absorption of the incident pho-
ton to the fi nal observed biologic change, may be 
described as follows:

Incident x-ray photon
↓

Fast electron (e�)
↓

Ion radical
↓

Free radical
↓

Chemical changes from the breakage of bonds
↓

Biologic effects

There are vast differences in the time scale in-
volved in these various events. The physics of the 
process, the initial ionization, may take only 10�15 

FIGURE 1.9  Interaction of a fast neutron with the 
nucleus of a hydrogen atom of the absorbing material. 
Part of the energy of the neutron is given to the proton 
as kinetic energy. The neutron, defl ected from its origi-
nal direction, proceeds with reduced energy.
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ionizes the target molecule) or indirect 
action (the recoil electron interacts with 
water to produce an OH·, which diffuses 
to the target molecule).

■ About two thirds of the biologic damage by 
x-rays is caused by indirect action.

■ DNA radicals produced by both the direct 
and indirect action of radiation are modifi -
able with sensitizers or protectors.

■ DNA lesions produced by high-LET radi-
ations involve large numbers of DNA radi-
cals. Chemical sensitizers and protectors 
are ineffective in modifying such lesions.

■ The physics of the absorption process is 
over in 10�15 second; the chemistry takes 
longer because the lifetime of the DNA 
radicals is about 10�5 second; the biology 
takes hours, days, or months for cell kill-
ing, years for carcinogenesis, and genera-
tions for heritable effects.
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For heavy particles, as for x-rays, the biolo-
gic effect may be a consequence of the direct or 
indirect action, but there is a shift in the balance 
between the two modes of action. For x-rays, 
indirect action is dominant whereas for the neu-
trons or heavy ions, the direct action assumes 
greater importance, increasingly so as the density 
of ionization increases; that is, as the density of 
ionization increases, the probability of a direct in-
teraction between the particle track and the target 
molecule increases.

It is important to note at this stage that the 
 indirect effect involving free radicals is most  easily 
modifi ed by chemical means. Radioprotective 
compounds have been developed that work by 
scavenging free radicals. Such compounds, there-
fore, are quite effective for x- and �-rays but of 
little use for neutrons, �-particles, or heavier ions.

SUMMARY OF 
PERTINENT CONCLUSIONS

■ X- and �-rays are indirectly ionizing; the 
fi rst step in their absorption is the produc-
tion of fast recoil electrons.

■ Neutrons are also indirectly ionizing; the 
fi rst step in their absorption is the produc-
tion of fast recoil protons, �-particles, and 
heavier nuclear fragments.

■ Biologic effects of x-rays may be caused by 
direct action (the recoil electron directly 
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■  GENERAL OVERVIEW OF DNA 
STRAND BREAKS

There is strong evidence that DNA is the princi-
pal target for the biologic effects of radiation, in-
cluding cell killing, carcinogenesis, and mutation. 
A consideration of the biologic effects of radia-
tion, therefore, begins logically with a description 
of the breaks in DNA caused by charged-particle 
tracks and by the chemical species produced.

Deoxyribonucleic acid (DNA) is a large mol-
ecule with a well-known double helical structure. 
It consists of two strands held together by hydro-
gen bonds between the bases. The “backbone” of 
each strand consists of alternating sugar and phos-
phate groups. The sugar involved is deoxyribose. 
Attached to this backbone are four bases, the se-
quence of which specifi es the genetic code. Two 
of the bases are single-ring groups (pyrimidines); 
these are thymine and cytosine. Two of the bases 
are double-ring groups (purines); these are ade-
nine and guanine. The structure of a single strand 
of DNA is illustrated in Figure 2.1. The bases on 
opposite strands must be complementary; adenine 
pairs with thymine, and guanine pairs with cyto-
sine. This is illustrated in the simplifi ed model of 
DNA in Figure 2.2A.

Radiation induces a large number of lesions 
in DNA, most of which are repaired success-
fully by the cell and are discussed in the follow-
ing sections of this chapter. A dose of radiation 

that induces an average of one lethal event per 
cell leaves 37% still viable; this is called the D0

dose and is discussed further in Chapter 3. For 
mammalian cells, the x-ray D0 usually lies be-
tween 1 and 2 Gy. The number of DNA lesions 
per cell detected immediately after such a dose 
is approximately:

Base damage, �1,000
Single-strand breaks (SSBs), 1,000
Double-strand breaks (DSBs), 40

If cells are irradiated with a modest dose of 
x-rays, many breaks of a single strand occur. These 
can be observed and scored as a function of dose if 
the DNA is denatured and the supporting struc-
ture is stripped away. In intact DNA, however, 
SSBs are of little biologic  consequence as far as 
cell killing is concerned because they are  repaired 
readily using the opposite strand as a template 
(Fig. 2.2B). If the repair is incorrect (misrepair), 
it may result in a mutation. If both strands of the 
DNA are broken and the breaks are well sepa-
rated (Fig. 2.2C), repair again occurs readily be-
cause the two breaks are handled separately.

By contrast, if the breaks in the two strands 
are opposite one another or separated by only 
a few base pairs (Fig. 2.2D), this may lead to a 
DSB (double-strand break), resulting in the 
cleavage of chromatin into two pieces. DSBs are 
believed to be the most important lesions pro-
duced in chromosomes by radiation; as described 
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in the next section, the interaction of two DSBs 
may result in cell killing, carcinogenesis, or mu-
tation. There are many kinds of DSBs, varying in 
the distance between the breaks on the two DNA 
strands and the kinds of end groups formed. 
Their yield in irradiated cells is about 0.04 times 
that of SSBs, and they are induced linearly with 
dose, indicating that they are formed by single 
tracks of ionizing radiation.

Both free radicals and direct ionizations may 
be involved in the formation of the type of strand 
break illustrated in Figure 2.2D. As described in 

Chapter 1, the energy from ionizing  radiations is 
not deposited uniformly in the absorbing medium 
but is located along the tracks of the charged par-
ticles set in motion—electrons in the case of x- 
or �-rays, protons and �-particles in the case of 
neutrons. Radiation chemists speak in terms of 
“spurs,” “blobs,” and “short tracks.” There is, 
of course, a full spectrum of energy event sizes, 
and it is quite arbitrary to divide them into just 
three categories, but it turns out to be instruc-
tive. A spur contains up to 100 eV of energy and 
involves, on average, three ion pairs. In the case 

FIGURE 2.1  The structure of a single strand 
of DNA.

FIGURE 2.2  Diagrams of single- and double-strand 
DNA breaks caused by radiation. A: Two-dimensional 
representation of the normal DNA helix. The base pairs 
carrying the genetic code are complementary (i.e., ad-
enine pairs with thymine, guanine pairs with cytosine). 
B: A break in one strand is of little signifi cance because 
it is repaired readily using the opposite strand as a tem-
plate. C: Breaks in both strands, if well separated, are 
repaired as independent breaks. D: If breaks occur in 
both strands and are directly opposite or separated by 
only a few base pairs, this may lead to a double-strand 
break in which the chromatin snaps into two pieces. 
(Courtesy of Dr. John Ward.)
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 electrophoresis are still used to measure DNA 
strand breaks. In addition to these past techniques, 
radiation-induced nuclear foci has become a pop-
ular approach to visualize DNA damage through 
the recruitment of DNA repair proteins to sites of 
DNA damage.

PFGE is the method most widely used to de-
tect the induction and repair of DNA DSBs. It 
is based on the electrophoretic elution of DNA 
from agarose plugs within which irradiated cells 
have been embedded and lysed. PFGE allows 
separation of DNA fragments according to size 
in the megabase-pair range, with the assump-
tion that DNA DSBs are induced randomly. The 
fraction of DNA released from the agarose plug 
is directly proportional to dose (Fig. 2.4A). The 
kinetics of DNA DSB rejoining exhibit a fast ini-
tial rate, which then decreases with repair time. 
The most widely accepted description of this ki-
netic behavior uses two fi rst-order components 
(fast and slow) plus some fraction of residual 
DSBs. Studies have supported the fi nding that 
rejoining of incorrect DNA ends originates solely 
from slowly rejoining DSBs, and this subset of 
radiation-induced DSBs is what is manifested as 
chromosomal damage (i.e., chromosome translo-
cations and exchanges).

Single-cell electrophoresis (comet assay) 
has the advantage of detecting differences in 
DNA damage and repair at the single-cell level. 
This is particularly advantageous for biopsy 
specimens from tumors in which a relatively 
small number of cells can be assayed to deter-
mine DNA damage and repair. Similar to PFGE 
(described earlier), cells are exposed to ionizing 
radiation, embedded in agarose, and lysed under 
neutral buffer conditions to quantify induction 

of x- or �-rays, 95% of the energy  deposition 
events are spurs, which have a diameter of about 
4 nm, which is about twice the diameter of the 
DNA double helix (Fig. 2.3). Blobs are much 
less frequent for x- or �-rays; they have a diam-
eter of about 7 nm and contain on average about 
12 ion pairs with an energy range of 100–500 eV 
(Fig. 2.3). Because spurs and blobs have dimen-
sions similar to the DNA double helix, multiple 
radical attacks occurs if they overlap the DNA 
helix. There is likely to be a wide variety of com-
plex lesions, including base damage as well as 
DSBs. The term locally multiply damaged site 
was initially coined by John Ward to describe this 
phenomenon, but it has been replaced with the 
term clustered lesion. Given the size of a spur and 
the diffusion distance of hydroxyl free radicals, 
the clustered lesion could be spread out up to 
20 base pairs. This is illustrated in Figure 2.3, in 
which a DSB is accompanied by base damage and 
the loss of genetic information.

In the case of densely ionizing radiations, 
such as neutrons or �-particles, a greater pro-
portion of blobs are produced. The damage pro-
duced, therefore, is qualitatively different from 
that produced by x- or �-rays and it is much 
more diffi cult for the cell to repair.

■ MEASURING DNA STRAND BREAKS

Over the years, various techniques have been used 
to measure DNA strand breaks, including sucrose 
gradient sedimentation, alkaline and neutral fi l-
ter elution, nucleoid sedimentation, pulsed-fi eld 
gel electrophoresis (PFGE), and single-cell gel 
electrophoresis (also known as the comet assay). 
Of these techniques, PFGE and single-cell gel 

FIGURE 2.3  Illustration of a locally multiply 
damaged site. Energy from x-rays is not absorbed 
uniformly but tends to be localized along the 
tracks of charged particles. Radiation chemists 
speak in terms of spurs and blobs, which contain 
several ion pairs and have dimensions comparable 
to the DNA double helix. A double-strand break is 
likely to be accompanied by extensive base dam-
age. John Ward coined the term locally multiply 
damaged site to describe this phenomenon.
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afforded the DNA by packaging with proteins 
such as histones. Certain regions of DNA, particu-
larly actively transcribing genes, appear to be more 
sensitive to radiation, and there is some evidence 
also of sequence-specifi c sensitivity.

DNA damage-induced nuclear foci (radi-
ation-induced foci assay) in response to ioniz-
ing radiation represents complexes of signaling 
and repair proteins that localize to sites of DNA 
strand breaks in the nucleus of a cell. There are 
several advantages of assaying for foci formation 
over other techniques to measure DNA strand 
breaks, which include the ease of the protocol 
and that it can be carried out on both tissue sec-
tions and individual cell preparations. Techni-
cally, cells/tissues are incubated with a specifi c 
antibody raised to the signaling/repair protein 
of interest, and binding of the antibody is then 
detected with a secondary antibody, which also 
carries a fl uorescent tag. Fluorescence micros-
copy detects the location and intensity of the 
tag, which can then be quantifi ed.

and repair of DNA DSBs. To assess DNA SSBs 
and alkaline-sensitive sites, lysis is performed 
with an alkaline buffer. If the cells are undam-
aged, the DNA remains compact and does not 
migrate. If the cell has incurred DNA DSBs, the 
amount of damage is directly proportional to the 
migration of DNA in the agarose. As a result of 
the lysis and electrophoresis conditions, the frag-
mented DNA that migrates takes the appearance 
of a comet’s tail (Fig. 2.4B). This assay has high 
sensitivity and specifi city for SSBs and alkaline 
sensitive sites and to a lesser degree DNA DSBs. 
By changing the lysis conditions from an alkaline 
to a neutral pH, the comet technique can be used 
to measure DNA DSB repair.

Both of these assays are cell based, where DNA 
in cells is much more resistant to damage by radia-
tion than would be expected from studies on free 
DNA. There are two reasons for this: (1) the pres-
ence in cells of low-molecular-weight scavengers 
that mop up some of the free radicals produced by 
ionizing radiation, and (2) the physical  protection 

FIGURE 2.4  A: The effect of ionizing radiation on DNA strand break induc-
tion as measured by pulsed-fi eld gel electrophoresis. As the dose of ionizing ra-
diation increases from 5 to 100 Gy, the size of the DNA fragments as detected 
by ethidium bromide staining decreases. Thus, more DNA enters the gel with 
increasing dose of ionizing radiation. In these experiments, cells were embedded 
in agarose and irradiated on ice to eliminate the effects of repair. The number 
above each lane refers to the dose in Gy to which each group of cells was ex-
posed. (Courtesy of Dr. Nicholas Denko.) B: Photomicrograph of control and 8-Gy 
irradiated cells as detected by the comet assay. Unirradiated cells possess a near-
spherical appearance, whereas the fragmented DNA in irradiated cells gives 
the appearance of a comet when stained with ethidium bromide.  (Courtesy of 
Drs. Ester Hammond and Mary Jo Dorie.)
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8  Gy
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two proteins involved in the repair of DNA 
damage by homologous  recombination, have 
been used as biomarkers in a small pilot study 
by Willers et al. to detect repair defects in breast 
cancer biopsies.

■ DNA REPAIR PATHWAYS

Mammalian cells have developed specialized path-
ways to sense, respond to, and repair base dam-
age, SSBs, DSBs, sugar damage, and DNA–DNA 
crosslinks. Research from yeast to mammalian 
cells has demonstrated that the mechanisms used 
to repair ionizing radiation-induced base damage 
are different from the mechanisms used to repair 
DNA DSBs. In addition, different repair path-
ways are used to repair DNA damage, depending 
on the stage of the cell cycle.

Much of our knowledge of DNA repair is 
the result of studying how mutations in indi-
vidual genes result in radiation  hypersensitivity. 
Radiation-sensitive mutants identifi ed from 
yeast and mammalian cells appear either to be 
directly involved in the repair process or to 
function as molecular checkpoint–controlling 
elements. The pathways involved in the repair 
of base damage, SSBs, DSBs, sugar damage, 
and DNA–DNA crosslinks are discussed in the 
next sections and represent a simplifi ed repre-
sentation of our current state of understanding. 

The most commonly assayed proteins 
for foci formation are �H2AX and 53BP1 
(Fig. 2.5). H2AX is a histone protein, which 
is rapidly phosphorylated in response to dam-
age to form �H2AX. Staining for the unmodi-
fi ed histone (H2AX) gives a pan nuclear stain 
or unchanging band on a western blot while 
�H2AX is rapidly induced on a western blot in 
response to stress and can be seen to form dis-
creet nuclear foci in damaged cells (Fig. 2.5). 
53BP1 also becomes phosphorylated in re-
sponse to stress and forms nuclear foci at the 
sites of DNA DSBs. In this case, antibodies to 
either the phosphorylated or unmodifi ed form 
can be used to detect DSBs as the protein re-
localizes to the damaged chromatin (i.e., it is 
not already part of the chromatin as is the case 
for H2AX). DNA damage-induced increases 
in �H2AX or phosphorylated-53BP1 can also 
be quantifi ed by fl ow cytometry. Other pro-
teins also form foci in response to damage 
such as ataxia-telangiectasia mutated (ATM), 
replication protein A (RPA), RAD51, BRCA1 
 (discussed in subsequent sections).

Several �H2AX or 53BP1 foci that form in 
a damaged cell directly correlate with several 
DSBs present. If this value is measured over 
time, then it also refl ects the kinetics of repair 
(i.e., as the DSBs are repaired, the number of 
foci decreases). Recently, BRCA1 and RAD51, 

FIGURE 2.5  Photomicrograph of nuclear foci in control and 2-Gy irradiated cells as de-
tected by staining with antibodies to 53BP1 (green) and �H2AX (red). Cells were also stained 
with the nuclear stain 4�,6-diamidino-2-phenylindole (DAPI) to show the location of nuclei. 
Without DNA strand breaks, there is little staining with �H2AX and 53BP1 in foci. In contrast, 
staining for both proteins increases signifi cantly after 2 Gy. (Courtesy of Dr. Ester Hammond.)
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fl ap endonuclease 1 (FEN1), and DNA strands 
are sealed by ligase I (Fig. 2.6B). Although 
ionizing radiation–induced base damage is ef-
fi ciently repaired, defects in BER may lead to 
an increased mutation rate, but usually do not 
result in cellular radiosensitivity. One excep-
tion to this is the mutation of the x-ray cross 
complementing factor 1 (XRCC1) gene, which 
confers about a 1.7-fold increase in radiation 
sensitivity. However, the radiation sensitivity of 
XRCC1-defi cient cells may come from XRCC1’s 
potential involvement in other repair processes 
such as SSBs.

Nucleotide Excision Repair
Nucleotide excision repair (NER) removes 
bulky adducts in the DNA such as pyrimidine 
dimers. The process of NER can be subdi-
vided into two pathways: global genome repair 
(GGR or GG-NER) and transcription-coupled 
repair (TCR or TC-NER). The process of 
GG-NER is genome-wide (i.e., lesions can be 
removed from DNA that encodes or does not 
encode for genes). In contrast, TC-NER only 
removes lesions in the DNA strands of actively 

In Chapter 18, the syndromes associated with 
mutations in genes involved in sensing DNA 
damage or repairing DNA damage are dis-
cussed in more detail.

Base Excision Repair
Base damage is repaired through the base exci-
sion repair (BER) pathway illustrated in Figure 
2.6. Bases on opposite strands of DNA must be 
complementary; adenine (A) pairs with thymine 
(T), and guanine (G) pairs with cytosine (C). 
U therefore represents a putative single-base 
mutation that is fi rst removed by a glycosylase/
DNA lyase (Fig. 2.6A). Removal of the base is 
followed by the removal of the sugar residue by 
an apurinic endonuclease 1 (APE1), then re-
placement with the correct nucleotide by DNA 
polymerase �, and completed by DNA ligase 
III–XRCC1– mediated ligation. If more than 
one nucleotide is to be replaced (illustrated by 
the putative mutation UU in Fig. 2.6B), then 
the complex of replication factor C (RFC)/  
proli ferating cell nuclear antigen (PCNA)/DNA 
polymerase �/� performs the repair  synthesis, 
the overhanging fl ap structure is  removed by the 

FIGURE 2.6  Base excision repair 
pathways. A: Base excision repair of a 
single nucleotide. Bases on opposite 
strands must be complementary; 
adenine (A) pairs with thymine (T), 
and guanine (G) pairs with cytosine 
(C). U represents a putative mutation 
that is fi rst removed through a DNA 
glycosylase–mediated incision step. 
B: Base excision repair of multiple 
nucleotides. In this case, the double 
UU represents a putative mutation 
that is fi rst removed through apu-
rinic endonuclease 1 (APE1). See text 
for details.
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increases sensitivity to UV-induced DNA dam-
age and anticancer agents such as alky lating 
agents that induce bulky adducts. Germline 
mutations in NER genes lead to human DNA 
repair defi ciency disorders such as xeroderma 
pigmentosum in which patients are hypersensi-
tive to ultraviolet light.

DNA Double-Strand Break Repair
In eukaryotic cells, DNA DSBs can be re-
paired by two basic processes: homologous 
recombination repair (HRR), which requires 
an undamaged DNA strand as a participant in 
the repair as a template, and nonhomologous 
end-joining (NHEJ), which mediates end-
to-end joining. In lower eukaryotes such as 
yeast, HRR is the predominant pathway used 
for repairing DNA DSBs. Homologous re-
combination is an error-free process because 

transcribed genes. When a DNA strand that is 
being actively transcribed becomes damaged, 
the RNA polymerase can block access to the 
site of damage and hence prevents DNA repair. 
TC-NER has evolved to prevent this blockade 
by RNA polymerase by effectively removing 
it from the site of damage to allow the repair 
proteins access. The mechanism of GG-NER 
and TC-NER differs only in the detection of 
the lesion; the remainder of the pathway used 
to repair the damage is the same for both. The 
essential steps in this pathway are (1) damage 
recognition; (2) DNA incisions that bracket the 
lesion, usually between 24 and 32 nucleotides 
in length; (3) removal of the region containing 
the adducts; (4) repair synthesis to fi ll in the gap 
region; and (5) DNA ligation (Fig. 2.7). Muta-
tion in NER genes does not lead to ionizing 
 radiation sensitivity. However, defective NER 

FIGURE 2.7  Nucleotide exci-
sion repair pathways. The two sub- 
pathways of NER, GG-NER/GGR (global 
genome repair) and TC-NER/TCR (tran-
scription-coupled repair), differ at the 
initial damage recognition step. GGR 
uses the XPC-XPE protein complexes, 
whereas in TCR, the NER proteins are re-
cruited by the stalled RNA polymerase 
in cooperation with CSB and CSA. 
Following recognition, the lesion is 
demarked by binding of the transcrip-
tion factor IIH (TFIIH) complex, XPA and 
RPA. The TFIIH complex helicase func-
tion unwinds the DNA and generates 
an open stretch around the lesion, at 
which point the XPG and XPF-ERCC1 
endonucleases make incisions at the 
3� and 5� ends, respectively, releasing 
a 24–32 oligomer. The resulting gap is 
fi lled by the polymerases �/� aided by 
RFC and PCNA and the strand is fi nally 
ligated. (XPC, xeroderma pigmento-
sum, complementation group C; XPE, 
xeroderma pigmentosum, comple-
mentation group E; CSB, cockayne 
Syndrome B gene; CSA, cockayne Syn-
drome A gene; XPG, xeroderma pig-
mentosum, complementation group 
G; XPF, xeroderma pigmentosum, com-
plementation group F; ERCC1, excision 
repair cross-complementation group 
1 gene; RFC, replication factor C; PCNA, 
proliferating cell nuclear antigen.)
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The ligation of DNA DSBs by NHEJ does 
not require sequence homology. However, the 
damaged ends of DNA DSBs cannot simply 
be ligated together; they must fi rst be modi-
fi ed before they can be rejoined by a ligation 
reaction. NHEJ can be divided into fi ve steps: 
(1) end recognition by Ku binding, (2) recruit-
ment of DNA-dependent protein kinase cata-
lytic subunit (DNA-PKcs), (3) end processing, 
(4) fi ll-in synthesis or end bridging, and (5) li-
gation (Fig. 2.9).

End recognition occurs when the Ku het-
erodimer, composed of 70-kDa and 83-kDa 
subunits, and the DNA-PKcs bind to the ends 
of the DNA DSB. Although the Ku/DNA-PKcs 
complex is thought to bind ends fi rst, it is still 
unknown what holds the two DNA DSB ends 
together. Although microhomology between 
one to four nucleotides can aid in end alignment, 
there is no absolute requirement for micro-
homology for NHEJ. In fact, Ku does not only 
recruit DNA-PKcs to the DNA ends, but an ad-
ditional protein, Artemis, which possesses endo-
nuclease activity, forms a physical complex with 
DNA-PKcs. The Ku/DNA-PKcs complex that 
is bound to the DNA ends can phosphorylate 
Artemis and activate its endonuclease activity to 
deal with 5� and 3� overhangs as well as hairpins. 
End processing is followed by fi ll-in synthesis 
of gaps formed by the Artemis endonuclease 
activity. This aspect of NHEJ may not neces-
sarily be essential; for example, in the ligation 
of blunt ends or ends with compatible termini. 
At present, it is unclear what the signal is for 
a fi ll-in reaction to proceed after endo nuclease 
processing. However, DNA polymerase � or � 
has been found to be associated with the Ku/
DNA/XRCC4/DNA ligase IV complex and 
serves as the polymerase for the fi ll-in reaction. 
In the fi nal step of NHEJ, ligation of nicked 

repair is performed by copying information 
from the undamaged homologous chromatid/ 
chromosome. In mammalian cells, the choice 
of repair is biased by the phase of the cell cycle 
and by the abundance of repetitive DNA. HRR 
occurs primarily in the late S/G2 phase of the 
cell cycle, when an undamaged sister chromatid 
is available to act as a template, whereas NHEJ 
occurs in the G1 phase of the cell cycle, when 
no such template exists (Fig. 2.8). NHEJ is 
error prone and probably accounts for many of 
the premutagenic lesions induced in the DNA 
of human cells by ionizing radiation. However, 
it is important to keep in mind that NHEJ and 
HRR are not mutually exclusive, and both have 
been found to be active in the late S/G2 phase 
of the cell cycle, indicating that other as-yet-
unidentifi ed factors, in addition to cell cycle 
phase, are important in determining what re-
pair program is used.

Nonhomologous End-Joining
The immediate response of a cell to a DNA 
DSB is the activation of a group of sen-
sors that serve both to promote DNA repair 
and to prevent the cell from proceeding in 
the cell cycle until the break is faithfully re-
paired. These sensors, ATM and Rad3-related 
(ATR), are protein kinases that belong to the 
phosphatidylinositol-3-kinase-related kinase 
(PIKK) family and are recruited to the sites 
of DNA strand breaks induced by ionizing ra-
diation. The competition for repair by HRR 
versus NHEJ is in part regulated by the pro-
tein 53BP-1. Functionally, ATM promotes the 
processing of broken DNA ends to generate 
recombinogenic single-strand DNA by regu-
lating the activity of the NBS/MRE11/Rad50s 
protein complex (Fig. 2.9), and this resection 
activity of ATM is diminished by 53BP-1.

FIGURE 2.8  Illustration showing that nonho-
mologous recombination occurs in the G1 phase 
of the cell cycle, at which stage, there is no sister 
chromatid to use as a template for repair. In con-
trast, homologous recombination occurs in the S 
and G2 phases of the cell cycle, when there is a 
sister chromatid to use as a template in repair.
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FIGURE 2.9  Nonhomologous end-
 joining. DNA strand breaks are rec-
ognized by the ATM and the MRN 
 (Mre11-Rad50-Nbs1) complex, resulting 
in resection of the DNA ends. Homolo-
gous recombination is inhibited by the 
activity of 53BP1. The initial step of the 
core NHEJ pathway starts with the bind-
ing of the ends at the DSB by the Ku70/
Ku80 heterodimer. This complex then 
 recruits and activates the catalytic sub-
unit of DNA-PK (DNA-PKcs), whose role is 
the juxtaposition of the two DNA ends. 
The DNA-PK complex then recruits the 
ligase complex (XRCC4/XLF-LIGIV/PNK) 
that promotes the fi nal ligation step.

DNA ends that have been  processed is medi-
ated by a PNK/XRCC4/DNA ligase IV/XLF 
complex that is probably recruited by the Ku 
heterodimer. Polynucleotide kinase (PNK) is a 
protein that has both 3�-DNA phosphatase and 
5�-DNA kinase activities and serves to remove 
end groups that are not ligatable to allow end-
joining. XRCC4-like factor (XLF) is a protein 
that has a similar protein structure as x-ray re-
pair complementing defective repair in  Chinese 
hamster cells 4 (XRCC4) and stimulates the ac-
tivity of DNA ligase IV. NHEJ is error prone 
and plays an important physiologic role in gen-
erating antibodies through V(D)J rejoining. 
The error-prone nature of NHEJ is essential 
for generating antibody diversity and often goes 
undetected in mammalian cells, as errors in the 

noncoding DNA that composes most human 
genome has little consequence. NHEJ is pri-
marily found in the G1 phase of the cell cycle, 
where there is no sister chromatid.

Homologous Recombination Repair
HRR provides the mammalian genome a high-
fi delity mechanism of repairing DNA DSBs 
(Fig. 2.10). In particular, the increased activity 
of this recombination pathway in late S/G2 sug-
gests that its primary function is to repair and 
restore the functionality of replication forks with 
DNA DSBs. Compared to NHEJ, which re-
quires no sequence homology to rejoin broken 
ends, HRR requires physical contact with an un-
damaged chromatid or chromosome (to serve as 
a  template) for repair to occur.
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FIGURE 2.10  Homologous re-
combinational repair. The initial step 
in HR is the recognition of the lesion 
and processing of the double-strand 
DNA ends into 3� DNA single strand 
tails by the MRN (Mre11-Rad50-Nbs1) 
complex, which are then coated by 
RPA forming a nucleoprotein fi la-
ment. Then, specifi c HR proteins are 
recruited to the nucleoprotein fi la-
ments, such as RAD51, RAD52, and 
BRCA1/2. RAD51 is a key protein in 
homologous recombination as it 
mediates the invasion of the homolo-
gous strand of the sister chromatid, 
leading to formation of Holliday 
junctions. The Holliday junctions are 
fi nally resolved into two DNA du-
plexes. See text for details.

During recombination, evidence exists that 
ATM phosphorylates the breast cancer tumor 
suppressor protein BRCA1, which is then re-
cruited to the site of the DSB that has been 
bound by the NBS/MRE11/Rad50s protein 
complex (Fig. 2.10). MRE11 and perhaps 
other yet unidentifi ed endonucleases resect 
the DNA, resulting in a 3� single-strand DNA 
that serves as a binding site for Rad51. BRCA2, 
which is attracted to the DSB by BRCA1, fa-
cilitates the loading of Rad51 onto RPA-coated 
single-strand overhangs produced by endonu-
clease resection. Rad51 protein is a homologue 
of the Escherichia coli recombinase RecA and 
possesses the ability to form nucleofi laments 
and catalyze strand exchange with the comple-
mentary strand in the undamaged chromo-
some. Five additional paralogues of Rad51 also 
bind to the RPA-coated single-stranded region 

and recruit Rad52, which protects against exo-
nucleolytic degradation. To facilitate repair, 
Rad54 uses its ATPase activity to unwind the 
double-stranded molecule. The two invading 
ends serve as primers for DNA synthesis, and 
the so-called Holliday junctions are resolved 
by MMS4 and MUS81 by noncrossing over, 
in which case, the Holliday junctions disen-
gage and DNA strand pairing is followed by 
gap fi lling, or by crossing over of the Holli-
day junctions, which is  followed by gap fi lling. 
The identities of the polymerase and ligase 
involved in these latter steps are unknown. 
Because inactivation of HRR genes results in 
radiosensitivity and genomic instability, these 
genes provide a critical link between HRR and 
chromosome stability. Dysregulated homolo-
gous recombination can also lead to cancer by 
loss of heterozygosity (LOH).
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agents. In contrast, individuals affl icted with the 
syndrome Fanconi anemia are hypersensitive to 
crosslinking agents. Chromatin that contains 
actively transcribed genes is more susceptible 
to DNA–protein crosslinks, and the crosslinked 
proteins are usually nuclear matrix proteins.

Mismatch Repair
The mismatch repair (MMR) pathway removes 
base–base and small insertion mismatches 
that occur during replication. In addition, the 
MMR pathway removes base–base mismatches 
in  homologous recombination intermediates. 
See Fig ure 2.12 for schematic representation 
and an indication of the critical gene products. 
The process of MMR can be subdivided into 
four components: fi rst, the mismatch must be 
 identifi ed by sensors that transduce the signal 
of a mismatched base pair; second, MMR fac-
tors are recruited; third, the newly synthesized 
strand harboring the mismatch is identifi ed and 
the incorrect/altered nucleotides are excised; 
and in the fourth stage, resynthesis and ligation 

Crosslink Repair
Several DNA–DNA and DNA–protein cross-
links induced by ionizing radiation have not 
been extensively studied to arrive at a quantita-
tive estimate. Furthermore, the genes and path-
ways used for DNA–DNA or DNA– protein 
crosslink repair are still under investigation. 
The current thinking is that a  combination 
of NER and recombinational repair path-
ways is needed to repair DNA crosslinks 
(Fig. 2.11). The predominant signal from a 
DNA- interstrand crosslink that signals for re-
pair is stalling of the DNA replication fork. 
The crosslink is removed in a multistep pro-
cess, fi rst from one strand by a second round 
of NER, resulting in a strand break and a DNA 
adduct. DNA synthesis can proceed past the 
lesion, resulting in a point mutation opposite 
the lesion. However, the SSB will become a 
DSB, and seems to require HRR for restitution. 
 Finally, the adduct that remains is removed by 
NER. Cells with mutations in NER and HRR 
pathways are modestly sensitive to crosslinking 

FIGURE 2.11  DNA–DNA cross-
link repair. The initial signal for 
DNA–DNA crosslinks is stalling of 
the replication fork (A). The cross-
link is removed from one strand 
by nucleotide excision repair (B), 
followed by translesion synthesis, 
resulting in a mutation opposite 
the adduct (C). The resulting DNA 
double-strand break is repaired by 
homologous recombination (D) and 
the crosslink is removed from the 
DNA by another round of nucleotide 
excision repair (E–F). This schema 
for crosslink repair is still a work in 
progress.
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numbers of chromosome aberrations. On the 
basis of evidence such as this, it is concluded 
that DSBs are the most relevant lesions leading 
to most biologic insults from radiation includ-
ing cell killing. The reason for this is that DSBs 
can lead to chromosomal aberrations that pres-
ent problems at cell division.

■ CHROMOSOMES AND CELL DIVISION

The backbone of DNA is made of molecules of 
sugar and phosphates, which serve as a framework 
to hold the bases that carry the genetic code. At-
tached to each sugar molecule is a base: thymine, 
adenine, guanine, or cytosine. This whole con-
fi guration is coiled tightly in a double helix.

Figure 2.13 is a highly schematized illustra-
tion of the way an organized folding of the long 
DNA helix might be achieved as a closely packed 
series of looped domains wound in a tight helix. 
The degree of packing also is illustrated by the 

of the excised DNA tract is completed. MMR 
was fi rst characterized in E. coli by the character-
ization of the Mut genes, of which homologues 
of these gene products have been identifi ed and 
extensively characterized in both yeast and hu-
mans. Mutations in any of the mismatch MSH, 
MLH, and PSM families of repair genes leads to 
microsatellite instability (small base insertions 
or deletions) and cancer, especially hereditary 
nonpolyposis colon cancer (HNPCC).

■  RELATIONSHIP BETWEEN 
DNA DAMAGE AND 
CHROMOSOME ABERRATIONS

Cell killing does not correlate with SSBs, but re-
lates better to DSBs. Agents (such as hydrogen 
peroxide) produce SSBs effi ciently, but very few 
DSBs, and also kill very few cells. Cells defec-
tive in DNA DSB repair exhibit hypersensitiv-
ity to killing by ionizing radiation and increased 

FIGURE 2.12  Mismatch repair. 
The initial step in the mismatch repair 
pathway is the recognition of mis-
matched bases through either  Msh2-
Msh6 or Msh2-Msh3 complexes. These 
recognition complexes recruit MLH1-
PMS2, MLH1-PMS1, and MLH1-MLH3, 
alongside the exonu clease EXO1 that 
catalyzes the excision step that fol-
lows. A gap-fi lling step by polymer-
ases �/�, RCF, and PCNA is  followed by 
a fi nal ligation step.
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With the disappearance of the nuclear mem-
brane, the nuclear plasm and the cytoplasm mix. 
Metaphase then follows, in which two events 
occur simultaneously. The chromosomes move 
to the center of the cell (i.e., to the cell’s equa-
tor), and the spindle forms. The spindle is com-
posed of fi bers that cross the cell, linking its 
poles. Once the chromosomes are stabilized at 
the equator of the cell, their centromeres divide, 
and metaphase is complete.

The phase that follows, anaphase, is char-
acterized by a movement of the chromosomes 
on the spindle to the poles. The chromosomes 
appear to be pulled toward the poles of the cell 
by fi bers attached to the centromeres. The arms, 
particularly the long arms, tend to trail behind.

Anaphase is followed by the last phase of 
mitosis, telophase. In this phase, the chromo-
somes, congregated at the poles of the cell, begin 
to uncoil. The nuclear membrane reappears, as 
do the nucleoli; and as the phase progresses, the 
chromosome coils unwind until the nucleus re-
gains the appearance characteristic of interphase.

■ THE ROLE OF TELOMERES

Telomeres cap and protect the terminal ends 
of chromosomes. The name telomere literally 
means “end part.” Mammalian telomeres consist 
of long arrays of TTAGGG repeats that range 
in total length anywhere from 1.5 to 150 kilo-
bases. Each time a normal somatic cell divides, 
telomeric DNA is lost from the lagging strand 
because DNA polymerase cannot synthesize 

relative dimensions of the DNA helix and the 
condensed metaphase chromosome.

The largest part of the life of any somatic 
cell is spent in interphase, during which the 
nucleus, in a stained preparation, appears as a 
lacework of fi ne and lightly stained material in 
a translucent and colorless material surrounded 
by a membrane. In the interphase nucleus in 
most cells, one or more bodies of various sizes 
and shapes, called nucleoli, are seen. In most 
cells, little more than this can be identifi ed 
with a conventional light microscope. In fact, 
a great deal is happening during this time: The 
quantity of DNA in the nucleus doubles as each 
chromosome lays down an exact replica of itself 
next to itself. When the chromosomes become 
visible at mitosis, they are each present in du-
plicate. Even during interphase, there is good 
evidence that the chromosomes are not free 
to move about within the nucleus but are re-
stricted to “domains.”

The various events that occur during mi-
tosis are divided into several phases. The fi rst 
phase of division is called prophase. The begin-
ning of this phase is marked by a thickening of 
the chromatin and an increase in its stainability 
as the chromosomes condense into light coils. 
By the end of prophase, each chromosome has a 
lightly staining constriction known as a centro-
mere; extending from the centromere are the 
arms of the chromosome. Prophase ends when 
the chromosomes reach maximal condensation 
and the nuclear membrane disappears, as do 
any nucleoli.

FIGURE 2.13  Illustration of the 
relative sizes of the DNA helix, the vari-
ous stages of folding and packing of the 
DNA, and an entire chromosome con-
densed at metaphase.
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and generally much larger chromosomes; conse-
quently, until recently, information on chromo-
somal radiation damage accrued principally from 
studies with plant cells.

If cells are irradiated with x-rays, DSBs are 
produced in the chromosomes. The broken ends 
appear to be “sticky” because of unpaired bases 
and can rejoin with any other sticky end. It would 
appear, however, that a broken end cannot join 
with a normal, unbroken chromosome, although 
this is controversial. Once breaks are produced, 
different fragments may behave in various ways:

 1. The breaks may restitute, that is, rejoin in their 
original confi guration. In this case, of course, 
nothing amiss is visible at the next mitosis.

 2. The breaks may fail to rejoin and give rise to 
an aberration, which is scored as a deletion at 
the next mitosis.

 3. Broken ends may reassort and rejoin other 
broken ends to give rise to chromosomes that 
appear to be grossly distorted if viewed at the 
following mitosis.

The aberrations seen at metaphase are of two 
classes: chromosome aberrations and chromatid 
aberrations. Chromosome aberrations result 
if a cell is irradiated early in interphase, before 
the chromosome material has been duplicated. 
In this case, the radiation-induced break is in 
a single strand of chromatin; during the DNA 
synthetic phase that follows, this strand of chro-
matin lays down an identical strand next to itself 
and replicates the break that has been produced 
by the radiation. This leads to a chromosome ab-
erration visible at the next mitosis because there 
is an identical break in the corresponding points 
of a pair of chromatin strands. If, on the other 
hand, the dose of radiation is given later in in-
terphase, after the DNA material has doubled 
and the chromosomes consist of two strands of 
chromatin, then the aberrations produced are 
called chromatid aberrations. In regions re-
moved from the centromere, chromatid arms 
may be fairly well separated, and it is reasonable 
to suppose that the radiation might break one 
chromatid without breaking its sister chromatid, 
or at least not in the same place. A break that 
occurs in a single chromatid arm after chromo-
some replication and leaves the opposite arm of 
the same chromosome undamaged leads to chro-
matid aberrations.

new DNA in the absence of an RNA primer. 
Successive divisions lead to progressive shorten-
ing, and after 40 to 60 divisions, the telomeres 
in human cells are shortened dramatically, so 
that vital DNA sequences begin to be lost. At 
this point, the cell cannot divide further and 
undergoes senescence. Telomere length has 
been described as the “molecular clock” or gen-
erational clock because it shortens with age in 
somatic tissue cells during adult life. Stem cells 
in self- renewing tissues, and cancer cells in par-
ticular, avoid this problem of aging by activating 
the enzyme telomerase. Telomerase is a reverse 
transcriptase that includes the complementary 
sequence to the TTAGGG repeats and so con-
tinually rebuilds the chromosome ends to offset 
the degradation that occurs with each division. 

In tissue culture, immortalization of cells—
that is, the process whereby cells pass through a 
“crisis” and continue to be able to divide beyond 
the normal limit—is associated with telomere 
stabilization and telomerase activity.

Virtually all human tumor cell lines and ap-
proximately 90% of human cancer biopsy speci-
mens exhibit telomerase activity. By contrast, 
normal human somatic tissues, other than stem 
cells, do not possess detectable levels of this en-
zyme. It is an attractive hypothesis that both im-
mortalization and carcinogenesis are associated 
with telomerase expression.

■  RADIATION-INDUCED 
 CHROMOSOME ABERRATIONS

In the traditional study of chromosome aber-
rations, the effects of ionizing radiations are 
described in terms of their appearance when a 
preparation is made at the fi rst metaphase after 
exposure to radiation. This is the time when the 
structure of the chromosomes can be discerned.

The study of radiation damage in mammalian 
cell chromosomes is hampered by the large num-
ber of mammalian chromosomes per cell and by 
their small size. Most mammalian cells currently 
available for experimental purposes have a diploid 
complement of 40 or more chromosomes. There 
are exceptions, such as the Chinese hamster, with 
22 chromosomes, and various marsupials, such as 
the rat kangaroo and woolly opossum, which have 
chromosome complements of 12 and 14, respec-
tively. Many plant cells, however, contain fewer 
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chromatids of the same chromosome, and the 
sticky ends may rejoin incorrectly to form a sister 
union. At anaphase, when the two sets of chro-
mosomes move to opposite poles, the section 
of chromatin between the two centromeres is 
stretched across the cell between the poles, hin-
dering the separation into two new progeny cells, 
as illustrated in Figure 2.14C and Figure 2.16B. 
The two fragments may join as shown, but be-
cause there is no centromere, the joined frag-
ments will probably be lost at the fi rst mitosis. 
This type of aberration occurs in human cells and 
is essentially always lethal. It is hard to demon-
strate because preparations of human chromo-
somes usually are made by accumulating cells at 
metaphase, and the bridge is only evident at ana-
phase. Figure 2.16 is an anaphase preparation of 
Tradescantia paludosa, a plant used extensively for 
cytogenetic studies because of the small number 
of large chromosomes. The anaphase bridge is 
seen clearly as the replicate sets of chromosomes 
move to opposite poles of the cell.

Gross chromosome changes of the types 
 discussed previously inevitably lead to the repro-
ductive death of the cell.

Two important types of chromosomal 
changes that are not lethal to the cell are sym-
metric translocations and small deletions. The 
formation of a symmetric translocation is 
 illustrated in Figure 2.17A. It involves a break in 
two prereplication (G1) chromosomes, with the 
broken ends being exchanged between the two 
chromosomes as  illustrated. An aberration of this 
type is diffi cult to see in a conventional prepara-
tion but is easy to observe with the technique of 
fl uorescent in situ hybridization (FISH), or chro-
mosome painting, as it commonly is called. Probes 
are available for every human chromosome that 
makes them fl uorescent in a different color. Ex-
change of material between two different chro-
mosomes then is readily observable (Fig. 2.18). 
Translocations are associated with several human 
malignancies caused by the activation of an on-
cogene; Burkitt lymphoma and certain types of 
leukemia are  examples.

The other type of nonlethal chromosomal 
change is a small interstitial deletion. This is 
illustrated in Figure 2.17B and may result from 
two breaks in the same arm of the same chromo-
some, leading to the loss of the genetic informa-
tion between the two breaks. The actual sequence 
of events in the formation of a deletion is easier 

■  EXAMPLES OF RADIATION-INDUCED 
ABERRATIONS

Many types of chromosomal aberrations and 
rearrangements are possible, but an exhaustive 
analysis is beyond the scope of this book. Three 
types of aberrations that are lethal to the cell are 
described, followed by two common rearrange-
ments that are consistent with cell viability but 
are frequently involved in carcinogenesis. The 
three lethal aberrations are the dicentric; the 
ring, which are chromosome aberrations; and 
the anaphase bridge, which is a chromatid aber-
ration. All three represent gross distortions and 
are clearly visible. Many other aberrations are 
possible but are not described here.

The formation of a dicentric is illustrated in 
diagrammatic form in Figure 2.14A. This aber-
ration involves an interchange between two sepa-
rate chromosomes. If a break is produced in each 
one early in interphase and the sticky ends are 
close to one another, they may rejoin as shown. 
This bizarre interchange is replicated during the 
DNA synthetic phase, and the result is a grossly 
distorted chromosome with two centromeres 
(hence, dicentric). There also are two fragments 
that have no centromere (acentric fragment), 
which will therefore be lost at a subsequent mi-
tosis. The appearance at metaphase is shown in 
the bottom panel of Figure 2.14A. An example of 
a dicentric and fragment in a metaphase human 
cell is shown in Figure 2.15B; Figure 2.15A 
shows a normal metaphase for comparison.

The formation of a ring is illustrated in 
diagrammatic form in Figure 2.14B. A break 
is  induced by radiation in each arm of a single 
chromatid early in the cell cycle. The sticky 
ends may rejoin to form a ring and a fragment. 
Later in the cycle, during the DNA synthetic 
phase, the chromosome replicates. The ulti-
mate appearance at metaphase is shown in the 
lower panel of Figure 2.14B. The fragments 
have no centromere and probably will be lost at 
mitosis because they will not be pulled to either 
pole of the cell. An example of a ring chromo-
some in a human cell at metaphase is illustrated 
in Figure 2.15C.

An anaphase bridge may be produced in 
various ways. As illustrated in Figure 2.14C and 
 Figure 2.16, it results from breaks that occur 
late in the cell cycle (in G2) after the chromo-
somes have replicated. Breaks may occur in both 
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A B

FIGURE 2.14  A: The steps in the formation of a dicentric by irradiation of prereplication (i.e., G1) chromosomes. A 
break is produced in each of two separate chromosomes. The “sticky” ends may join incorrectly to form an interchange 
between the two chromosomes. Replication then occurs in the DNA synthetic period. One chromosome has two cen-
tromeres: a dicentric. The acentric fragment will also replicate and both will be lost at a subsequent mitosis because, 
lacking a centromere, they will not go to either pole at anaphase. B: The steps in the formation of a ring by irradiation of 
a prereplication (i.e., G1) chromosome. A break occurs in each arm of the same chromosome. The sticky ends rejoin in-
correctly to form a ring and an acentric fragment. Replication then occurs. C: The steps in the formation of an anaphase 
bridge by irradiation of a postreplication (i.e., G2) chromosome. Breaks occur in each chromatid of the same chromo-
some. Incorrect rejoining of the sticky ends then occurs in a sister union. At the next anaphase, the acentric fragment 
will be lost, one centromere of the dicentric will go to each pole, and the chromatid will be stretched between the 
poles. Separation of the progeny cells is not possible; this aberration is likely to be lethal. (Courtesy of Dr. Charles Geard.)
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FIGURE 2.15  Radiation-induced 
chromosome aberrations in human 
leukocytes viewed at metaphase. 
A: Normal metaphase. B: Dicentric 
and fragment (arrows). (Continued)
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weeks after total body irradiation, the frequency 
of asymmetric aberrations (dicentrics and rings) in 
the lymphocytes refl ects the dose received. Lym-
phocytes in the blood sample are stimulated to 
 divide with a mitogen such as phytohemagglutinin 
and are arrested at metaphase, and the incidence 
of rings and dicentrics is scored. The dose can be 
estimated by comparison with in vitro cultures 
 exposed to known doses. Figure 2.20 shows a dose-
response curve for aberrations in human lympho-
cytes produced by �-rays. The data are fi tted by a 
linear- quadratic  relationship, as would be expected, 
because rings and dicentrics result from the interac-
tion of two chromosome breaks, as previously de-
scribed. The linear component is a consequence of 
the two breaks resulting from a single charged par-
ticle. If the two breaks result from different charged 
particles, the probability of an interaction is a qua-
dratic function of dose. This also is illustrated for 
the formation of a dicentric in Figure 2.20.

If a suffi cient number of metaphases are 
scored, cytogenetic evaluations in cultured lym-
phocytes readily can detect a recent total body ex-
posure of as low as 0.25 Gy in the exposed person. 
Such studies are useful in distinguishing between 
“real” and “suspected” exposures, particularly in 
those instances involving “black fi lm badges” or 

to understand from Figure 2.19, which shows an 
interphase chromosome. It is a simple matter to 
imagine how two breaks may isolate a loop of 
DNA—an acentric ring—which is lost at a sub-
sequent mitosis. Deletions may be associated with 
carcinogenesis if the lost genetic material includes 
a tumor suppressor gene. This is discussed further 
in Chapter 10 on radiation carcinogenesis.

The interaction between breaks in different 
chromosomes is by no means random. There is 
great heterogeneity in the sites at which deletions 
and exchanges between different chromosomes 
occur; for example, chromosome 8 is particularly 
sensitive to exchanges. As mentioned previously, 
each chromosome is restricted to a domain, and 
most interactions occur at the edges of domains, 
which probably involves the nuclear matrix. Ac-
tive chromosomes are therefore those with the 
biggest surface area to their domains.

■  CHROMOSOME ABERRATIONS IN 
HUMAN LYMPHOCYTES

Chromosomal aberrations in peripheral lym-
phocytes have been used widely as biomarkers of 
 radiation exposure. In blood samples obtained for 
cytogenetic evaluation within a few days to a few 

FIGURE 2.15  (Continued) C: Ring (arrow). (Courtesy of Drs. Brewen, Luip-
pold, and Preston.)

C
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FIGURE 2.16  Anaphase chromosome preparation of Tradescantia paludosa. A: Nor-
mal anaphase. B: Bridge and fragment resulting from radiation (arrow). (Courtesy of 
Drs. Brewen, Luippold, and Preston.)

A

B

in  potential accidents in which it is not certain 
whether individuals who were at risk for exposure 
actually received radiation doses.

Mature T lymphocytes have a fi nite life span 
of about 1,500 days and are eliminated slowly 
from the peripheral lymphocyte pool. Con-
sequently, the yield of dicentrics observed in 

 peripheral lymphocytes declines in the months 
and years after a radiation exposure.

During in vivo exposures to ionizing radiation, 
chromosome aberrations are induced not only 
in mature lymphocytes but also in lymphocyte 
 progenitors in marrow, nodes, or other organs. 
The stem cells that sustain asymmetric aberrations 
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FIGURE 2.17  A: Formation of a symmetric  translocation. 
 Radiation produces breaks in two different prereplication 
chromosomes. The broken pieces are exchanged between 
the two chromosomes, and the “sticky” ends rejoin. This aber-
ration is not necessarily lethal to the cell. There are examples 
in which an exchange aberration of this type leads to the 
activation of an oncogene. See Chapter 10 on radiation carci-
nogenesis. B: Diagram of a deletion.  Radiation produces two 
breaks in the same arm of the same chromosome. What actu-
ally happens is illustrated more clearly in Figure 2.18.

A B

FIGURE 2.18  Fluorescence in situ hybridization of a metaphase spread from a cell that received 4 Gy. The 
hybridization was performed with a cocktail of DNA probes that specifi cally recognize each chromosome pair. 
Chromosome aberrations are demarcated by the arrows. (Courtesy of Dr. Michael Cornforth.)
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dicentrics  underestimates the dose and only stable 
aberrations such as translocations give an accurate 
picture. Until recently, translocations were much 
more diffi cult to observe than dicentrics, but now 
the technique of FISH makes the scoring of such 
symmetric aberrations a relatively simple matter. 
The frequency of translocations assessed in this 
way correlates with total body dose in exposed 
individuals even after more than 50 years, as was 
shown in a study of the survivors of the atomic 
bomb attacks on Hiroshima and Nagasaki.

(such as dicentrics) die in attempting a subsequent 
mitosis, but those that sustain a symmetric non-
lethal aberration (such as a translocation) survive 
and pass on the aberration to their progeny. Con-
sequently, dicentrics are referred to as “unstable” 
aberrations because their number declines with 
time after irradiation. Symmetric translocations, 
by contrast, are referred to as “stable” aberrations 
because they persist for many years. Either type of 
aberration can be used to estimate dose soon after 
irradiation, but if many years have elapsed, scoring 

FIGURE 2.19  Formation of a dele-
tion by ionizing radiation in an interphase 
chromosome. It is easy to imagine how 
two breaks may occur (by a single or two 
different charged particles) in such a way 
as to isolate a loop of DNA. The “sticky” 
ends rejoin, and the deletion is lost at a 
subsequent mitosis because it has no 
centromere. This loss of DNA may include 
the loss of a suppressor gene and lead to 
a malignant change. See Chapter 10 on 
radiation carcinogenesis.
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FIGURE 2.20  The frequency of chromosomal 
aberrations (dicentrics and rings) is a linear- 
quadratic function of dose because the aberra-
tions are the consequence of the interaction of 
two separate breaks. At low doses, both breaks 
may be caused by the same electron; the prob-
ability of an exchange aberration is proportional 
to dose (D). At higher doses, the two breaks are 
more likely to be caused by separate electrons. The 
probability of an exchange aberration is propor-
tional to the square of the dose (D2).
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■ Translocations are “stable” aberrations; 
they persist for many years because they 
are not lethal to the cell and are passed on 
to the progeny.
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SUMMARY OF 
PERTINENT CONCLUSIONS

■ Ionizing radiation induces base damage, 
SSBs, DSBs, and DNA protein crosslinks.

■ The cell has evolved an intricate series of 
sensors and pathways to respond to each 
type of radiation-induced damage.

■ DNA DSBs, the most lethal form of ioniz-
ing radiation–induced damage, is repaired 
by nonhomologous recombination in the 
G1 phase of the cell cycle and homologous 
recombination (mainly) in the S/G2 phase 
of the cell cycle.

■ Defective nonhomologous recombination 
leads to chromosome aberrations, immune 
defi ciency, and ionizing radiation sensitivity.

■ Defective homologous recombination leads 
to chromatid and chromosome aberrations, 
decreased proliferation, and ionizing radia-
tion sensitivity.

■ There is good reason to believe that DSBs 
rather than SSBs lead to important bio-
logic end points including cell death, car-
cinogenesis, and mutation.

■ Radiation-induced breakage and incorrect 
rejoining in prereplication (G1) chromo-
somes may lead to chromosome aberrations.

■ Radiation-induced breakage and incor-
rect rejoining in postreplication (late S or 
G2) chromosomes may lead to chromatid 
aberrations.

■ Lethal aberrations include dicentrics, rings, 
and anaphase bridges. Symmetric transloca-
tions and small deletions are nonlethal.

■ There is a good correlation between cells 
killed and cells with asymmetric exchange 
aberrations (i.e., dicentrics or rings).

■ The incidence of most radiation-induced 
aberrations is a linear-quadratic function 
of dose.

■ Scoring aberrations in lymphocytes from 
peripheral blood may be used to estimate 
total body doses in humans accidentally 
 irradiated. The lowest single dose that can 
be detected readily is 0.25 Gy.

■ Dicentrics are “unstable” aberrations; they 
are lethal to the cell and are not passed on 
to progeny. Consequently, the incidence of 
dicentrics declines slowly with time after 
exposure.
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■ REPRODUCTIVE INTEGRITY

A cell survival curve describes the relationship 
between the radiation dose and the proportion 
of cells that survive. What is meant by “sur-
vival”? Cell survival, or its converse, cell death, 
may mean different things in different contexts; 
therefore, a precise defi nition is essential. For 
differentiated cells that do not proliferate, such 
as nerve, muscle, or secretory cells, death can 
be defi ned as the loss of a specifi c function. For 
proliferating cells, such as stem cells in the he-
matopoietic system or the intestinal epithelium, 
loss of the capacity for sustained  proliferation—
that is, loss of reproductive integrity—is an ap-
propriate defi nition. This is sometimes called 
 reproductive death. This is certainly the end 
point measured with cells cultured in vitro.

This defi nition refl ects a narrow view of 
 radiobiology. A cell may still be physically pres-
ent and apparently intact, may be able to make 
proteins or synthesize DNA, and may even be 
able to struggle through one or two mitoses; but 
if it has lost the capacity to divide indefi nitely 
and produce a large number of progeny, it is by 
defi nition dead; it has not survived. A survivor 
that has retained its reproductive integrity and is 
able to proliferate indefi nitely to produce a large 
clone or colony is said to be clonogenic.

This defi nition is generally relevant to the ra-
diobiology of whole animals and plants and their 
tissues. It has particular relevance to the radio-
therapy of tumors. For a tumor to be eradicated, 
it is only necessary that cells be “killed” in the 
sense that they are rendered unable to divide and 
cause further growth and spread of the malig-
nancy. Cells may die by different mechanisms, 
as is described here subsequently. For most cells, 
death while attempting to divide, that is, mitotic 
death, is the dominant mechanism following 
irradiation. For some cells, programmed cell 
death, or apoptosis, is important. Whatever the 
mechanism, the outcome is the same: The cell 
loses its ability to proliferate indefi nitely, that is, 
its reproductive integrity.

In general, a dose of 100 Gy is necessary to 
destroy cell function in nonproliferating sys-
tems. By contrast, the mean lethal dose for loss 
of proliferative capacity is usually less than 2 Gy.

■ THE IN VITRO SURVIVAL CURVE

The capability of a single cell to grow into a large 
colony that can be seen easily with the naked eye 
is a convenient proof that it has retained its re-
productive integrity. The loss of this ability as 
a function of radiation dose is described by the 
dose-survival curve.

Reproductive Integrity
The In Vitro Survival Curve
The Shape of the Survival Curve
Mechanisms of Cell Killing

DNA as the Target
The Bystander Effect
Apoptotic and Mitotic Death
Autophagic Cell Death
Senescence

Survival Curves for Various Mammalian Cells in Culture
Survival Curve Shape and Mechanisms of Cell Death
Oncogenes and Radioresistance
Genetic Control of Radiosensitivity
Intrinsic Radiosensitivity and Cancer Stem Cells

Effective Survival Curve for a Multifraction Regimen
Calculations of Tumor Cell Kill

Problem 1
Answer
Problem 2
Answer
Problem 3
Answer
Problem 4
Answer

The Radiosensitivity of Mammalian Cells Compared 
with Microorganisms

Summary of Pertinent Conclusions
Bibliography

Cell Survival Curves3
C H A P T E R

25858_Hall_CH03.indd   3525858_Hall_CH03.indd   35 3/11/11   9:37 AM3/11/11   9:37 AM



36 | Section I • For Students of Diagnostic Radiology, Nuclear Medicine, and Radiation Oncology |

The number of cells per unit volume of this sus-
pension is counted in a hemocytometer or with 
an electronic counter. In this way, for example, 
100 individual cells may be seeded into a dish; if 
this dish is incubated for 1 to 2 weeks, each single 
cell divides many times and forms a colony that 
is easily visible with the naked eye, especially if it 
is fi xed and stained (Fig. 3.1). All cells making up 
each colony are the progeny of a single ancestor. 
For a nominal 100 cells seeded into the dish, the 
number of colonies counted may be expected to 
be in the range of 50 to 90. Ideally, it should be 
100, but it seldom is for various reasons, includ-
ing suboptimal growth medium, errors and un-
certainties in counting the cell suspension, and 
the trauma of trypsinization and handling. The 
term plating effi ciency indicates the percentage 
of cells seeded that grow into colonies. The plat-
ing effi ciency is given by the formula

PE �   Number of colonies counted   ___   
Number of cells seeded

   � 100

There are 70 colonies on the control dish in 
Figure 3.1A; therefore, the plating effi ciency is 
70%. If a parallel dish is seeded with cells, ex-
posed to a dose of 8 Gy of x-rays, and incubated 
for 1 to 2 weeks before being fi xed and stained, 
then the following may be observed: (1) Some of 
the seeded single cells are still single and have 

With modern techniques of tissue culture, it 
is possible to take a specimen from a tumor or 
from many normal regenerative tissues, chop it 
into small pieces, and prepare a single-cell sus-
pension by the use of the enzyme trypsin, which 
dissolves and loosens the cell membrane. If these 
cells are seeded into a culture dish, covered with 
an appropriate complex growth medium, and 
maintained at 37° C under aseptic conditions, 
they attach to the surface, grow, and divide.

In practice, most fresh explants grow well 
for a few weeks but subsequently peter out and 
die. A few pass through a crisis and continue to 
grow for many years. Every few days, the culture 
must be “farmed”: The cells are removed from 
the surface with trypsin, most of the cells are dis-
carded, and the culture fl ask is reseeded with a 
small number of cells, which quickly repopulate 
the culture fl ask. These are called established 
cell lines; they have been used extensively in ex-
perimental cellular radiobiology.

Survival curves are so basic to an understand-
ing of much of radiobiology that it is worth 
going through the steps involved in a typical ex-
periment using an established cell line in culture.

Cells from an actively growing stock cul-
ture are prepared into a suspension by the use 
of  trypsin, which causes the cells to round up 
and detach from the surface of the culture vessel. 

FIGURE 3.1  Colonies obtained with Chinese hamster cells cultured in vitro. A: In this unir-
radiated control dish, 100 cells were seeded and allowed to grow for 7 days before being stained. 
There are 70 colonies; therefore, the plating effi ciency is 70/100 or 70%. B: Two thousand cells 
were seeded and then exposed to 8 Gy of x-rays. There are 32 colonies on the dish. Thus,

Surviving fraction � Colonies counted/[Cells seeded � (PE/100)]

� 32/(2,000 � 0.7)

� 0.023
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few grays. At very high doses, the survival curve 
often tends to straighten again; the surviving 
fraction returns to being an exponential func-
tion of dose. In general, this does not occur until 
doses in excess of those used as daily fractions in 
radiotherapy have been reached.

By contrast, for densely ionizing (high-LET) 
radiations, such as �-particles or low-energy 
neutrons, the cell survival curve is a straight line 
from the origin; that is, survival approximates to 
an exponential function of dose (see Fig. 3.3).

Although it is a simple matter to qualitatively 
describe the shape of the cell survival curve, fi nd-
ing an explanation of the biologic observations 
in terms of biophysical events is another mat-
ter. Many biophysical models and theories have 
been proposed to account for the shape of the 
mammalian cell survival curve. Almost all can be 
used to deduce a curve shape that is consistent 
with experimental data, but it is never possible to 
choose among different models or theories based 
on goodness of fi t to experimental data. The bio-
logic data are not suffi ciently precise, nor are the 
predictive theoretic curves suffi ciently different, 
for this to be possible.

Two descriptions of the shape of survival 
curves are discussed briefl y with a minimum of 
mathematics (see Fig. 3.3). First, the multitar-
get model that was widely used for many years 
still has some merit (Fig. 3.3B). In this model, 
the survival curve is described in terms of an ini-
tial slope, D1, resulting from single-event killing; 
a fi nal slope, D0, resulting from multiple-event 
killing; and some quantity (either n or Dq) to 
represent the size or width of the shoulder of the 
curve. The quantities D1 and D0 are the recipro-
cals of the initial and fi nal slopes. In each case, 
it is the dose required to reduce the fraction of 
surviving cells to 37% of its previous value. As 
illustrated in Figure 3.3B, D1, the initial slope, is 
the dose required to reduce the fraction of sur-
viving cells to 0.37 on the initial straight por-
tion of the survival curve. The fi nal slope, D0, 
is the dose required to reduce survival from 0.1 
to 0.037 or from 0.01 to 0.0037, and so on. Be-
cause the surviving fraction is on a logarithmic 
scale and the survival curve becomes straight at 
higher doses, the dose required to reduce the 
cell population by a given factor (to 0.37) is the 
same at all survival levels. It is, on average, the 
dose required to deliver one inactivating event 
per cell.

not divided, and in some instances the cells 
show evidence of nuclear deterioration as they 
die an apoptotic death; (2) some cells have man-
aged to complete one or two divisions to form 
a tiny abortive colony; and (3) some cells have 
grown into large colonies that differ little from 
the unirradiated controls, although they may 
vary more in size. These cells are said to have 
survived because they have retained their repro-
ductive integrity.

In the example shown in Figure 3.1B, 2,000 
cells had been seeded into the dish exposed to 
8 Gy. Because the plating effi ciency is 70%, 
1,400 of the 2,000 cells plated would have 
grown into colonies if the dish had not been 
irradiated. In fact, there are only 32 colonies on 
the dish; the fraction of cells surviving the dose 
of x-rays is thus

  32 _ 
1,400

   � 0.023

In general, the surviving fraction is given by

Surviving fraction �   Colonies counted  ___   
Cells seeded � (PE/100)

  

This process is repeated so that estimates of 
survival are obtained for a range of doses. The 
number of cells seeded per dish is adjusted so 
that a countable number of colonies results: Too 
few reduces statistical signifi cance; too many 
cannot be counted accurately because they tend 
to merge into one another. The technique is 
 illustrated in Figure 3.2. This technique, and the 
survival curve that results, does not distinguish 
the mode of cell death, that is, whether the cells 
died mitotic or apoptotic deaths.

■ THE SHAPE OF THE SURVIVAL CURVE

Survival curves for mammalian cells usually are 
presented in the form shown in Figure 3.3, with 
dose plotted on a linear scale and surviving frac-
tion on a logarithmic scale. Qualitatively, the 
shape of the survival curve can be described 
in relatively simple terms. At “low doses” for 
sparsely ionizing (low-linear energy transfer 
[LET]) radiations, such as x-rays, the survival 
curve starts out straight on the log-linear plot 
with a fi nite initial slope; that is, the surviving 
fraction is an exponential function of dose. At 
higher doses, the curve bends. This bending or 
curving region extends over a dose range of a 
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When the priest was handed the badly deformed 
infant who was to grow up to be the hunchback, he 
cradled him in his arms and said, “We will call him 
Quasimodo—he is almost a person!” Similarly, the 
quasithreshold dose is almost a threshold dose. It 
is defi ned as the dose at which the straight portion 
of the survival curve, extrapolated backward, cuts 
the dose axis drawn through a survival  fraction of 
unity. A threshold dose is the dose below which 

The extrapolation number, n, is a measure of 
the width of the shoulder. If n is large (e.g., 10 or 
12), the survival curve has a broad shoulder. If n is 
small (e.g., 1.5–2), the shoulder of the curve is nar-
row. Another measure of shoulder width is the qua-
sithreshold dose, shown as Dq in Figure 3.3. This 
sounds like a term invented by a committee, which 
in a sense it is. An easy way to remember its mean-
ing is to think of the hunchback of Notre Dame. 

FIGURE 3.2  The cell culture technique used to generate a cell survival curve. 
Cells from a stock culture are prepared into a single-cell suspension by trypsin-
ization, and the cell concentration is counted. Known numbers of cells are in-
oculated into petri dishes and irradiated. They are then allowed to grow until 
the surviving cells produce macroscopic colonies that can be counted readily. 
The number of cells per dish initially inoculated varies with the dose so that the 
number of colonies surviving is in the range that can be counted conveniently. 
Surviving fraction is the ratio of colonies produced to cells plated, with a correc-
tion necessary for plating effi ciency (i.e., for the fact that not all cells plated grow 
into colonies, even in the absence of radiation).
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the square of the dose. The notion of a compo-
nent of cell inactivation that varies with the square 
of the dose introduces the concept of dual radia-
tion action. This idea goes back to the early work 
with chromosomes in which many chromosome 
aberrations are clearly the result of two separate 
breaks. (Examples discussed in Chapter 2 are di-
centrics, rings, and anaphase bridges, all of which 
are likely to be lethal to the cell.)

By this model, the expression for the cell sur-
vival curve is

S �   e ��D��D  2 

in which S is the fraction of cells surviving a dose 
D, and � and � are constants. The components 
of cell killing that are proportional to dose and to 
the square of the dose are equal if

�D � �D2

or

  D � �/�

there is no effect. There is no dose below which 
radiation produces no effect, so there can be no 
true threshold dose; Dq, the quasithreshold dose, 
is the closest thing.

At fi rst sight, this might appear to be an awk-
ward parameter, but in practice, it has certain 
merits that become apparent in subsequent dis-
cussion. The three parameters, n, D0, and Dq, are 
related by the expression

logen � Dq/D0

The linear-quadratic model has taken over as 
the model of choice to describe survival curves. 
It is a direct development of the relation used 
to describe exchange-type chromosome aberra-
tions that are clearly the result of an interaction 
between two separate breaks. This is discussed in 
some detail in Chapter 2.

The linear-quadratic model, illustrated in 
Figure 3.3A, assumes that there are two compo-
nents to cell killing by radiation, one that is pro-
portional to dose and one that is proportional to 

FIGURE 3.3  Shape of survival curve for mammalian cells exposed to radiation. The fraction 
of cells surviving is plotted on a logarithmic scale against dose on a linear scale. For �-particles 
or low-energy neutrons (said to be densely ionizing), the dose-response curve is a straight line 
from the origin (i.e., survival is an exponential function of dose). The survival curve can be de-
scribed by just one parameter, the slope. For x- or �-rays (said to be sparsely ionizing), the dose-
response curve has an initial linear slope, followed by a shoulder; at higher doses, the curve 
tends to become straight again. A: The linear quadratic model. The experimental data are fi tted 
to a linear-quadratic function. There are two components of cell killing: One is proportional to 
dose (�D); the other is proportional to the square of the dose (�D2). The dose at which the linear 
and quadratic components are equal is the ratio �/�. The linear-quadratic curve bends continu-
ously but is a good fi t to experimental data for the fi rst few decades of survival. B: The multitar-
get model. The curve is described by the initial slope (D1), the fi nal slope (D0), and a parameter 
that represents the width of the shoulder, either n or Dq.
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place of thymidine if substituted in cell cul-
ture growth medium. This substitution dra-
matically increases the radiosensitivity of the 
mammalian cells to a degree that increases as 
a function of the amount of the incorpora-
tion. Substituted deoxyuridines, which are 
not incorporated into DNA, have no such ef-
fect on cellular radiosensitivity.

 3. Factors that modify cell lethality, such as 
variation in the type of radiation, oxygen 
concentration, and dose rate, also affect the 
production of chromosome damage in a fash-
ion qualitatively and quantitatively similar. 
This is at least prima facie evidence to indi-
cate that damage to the chromosomes is im-
plicated in cell lethality.

 4. Early work showed a relationship between 
virus size and radiosensitivity; later work 
showed a better correlation with nucleic acid 
volume. The radiosensitivity of a wide range 
of plants has been correlated with the mean 
interphase chromosome volume, which is 
defi ned as the ratio of nuclear volume to 
chromosome number. The larger the mean 
chromosome volume, the greater the radio-
sensitivity.

The Bystander Effect
Generations of students in radiation biology 
have been taught that heritable biologic effects 
require direct damage to DNA; however, experi-
ments in the last decade have demonstrated the 
existence of a bystander effect, defi ned as the 
induction of biologic effects in cells that are not 
directly traversed by a charged particle, but are in 
proximity to cells that are. Interest in this effect 
was sparked by the 1992 report of Nagasawa and 
Little that following a low dose of �-particles, a 
larger proportion of cells showed biologic dam-
age than was estimated to have been hit by an 
�-particle; specifi cally, 30% of the cells showed 
an increase in sister chromatid exchanges even 
though less than 1% were calculated to have 
undergone a nuclear traversal. The number of 
cells hit was arrived at by a calculation based on 
the fl uence of �-particles and the cross-sectional 
area of the cell nucleus. The conclusion was thus 
of a statistical nature because it was not possible 
to know on an individual basis which cells were 
hit and which were not.

This observation has been extended by the 
use of sophisticated single-particle microbeams, 

This is an important point that bears repeat-
ing: The linear and quadratic contributions to 
cell killing are equal at a dose that is equal to the 
ratio of � to �.

A characteristic of the linear-quadratic for-
mulation is that the resultant cell survival curve 
is continuously bending; there is no fi nal straight 
portion. This does not coincide with what is 
observed experimentally if survival curves are 
determined down to seven or more decades of 
cell killing in which case the dose–response re-
lationship closely approximates to a straight line 
in a log-linear plot; that is, cell killing is an ex-
ponential function of dose. In the fi rst decade or 
so of cell killing and up to any doses used as daily 
fractions in clinical radiotherapy, however, the 
linear-quadratic model is an adequate represen-
tation of the data. It has the distinct advantage of 
having only two adjustable parameters, � and �.

■ MECHANISMS OF CELL KILLING

DNA as the Target
Abundant evidence shows that the principal sensi-
tive sites for radiation-induced cell lethality are lo-
cated in the nucleus as opposed to the cytoplasm.

Early experiments with nonmammalian sys-
tems, such as frog eggs, amoebae, and algae, were 
designed so that either the cell nucleus or the cy-
toplasm could be irradiated selectively with a mi-
crobeam. The results indicated that the nucleus 
was much more radiosensitive than the cytoplasm.

Evidence for chromosomal DNA as the prin-
cipal target for cell killing is circumstantial but 
overwhelming. There is evidence that the nu-
clear membrane may also be involved. Indeed, 
the one does not exclude the other because some 
portions of the DNA may be intimately involved 
with the membrane during some portions of the 
cell cycle.

The evidence implicating the chromosomes, 
specifi cally the DNA, as the primary target for 
radiation-induced lethality may be summarized 
as follows:

 1. Cells are killed by radioactive tritiated thy-
midine incorporated into the DNA. The 
radiation dose results from short-range �-
particles and is therefore very localized.

 2. Certain structural analogues of thymidine, 
particularly the halogenated pyrimidines, 
are incorporated selectively into DNA in 
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One of the earliest steps a cell takes if it is com-
mitted to die in a tissue is to cease communicating 
with its neighbors. This is evident as the dying 
cell rounds up and detaches from its neighbors. 
Condensation of the chromatin at the nuclear 
membrane and fragmentation of the nucleus 
are then evident. The cell shrinks because of 
cytoplasmic condensation, resulting from cross-
linking of proteins and loss of water. Eventually, 
the cell separates into several membrane-bound 
fragments of differing sizes termed apoptotic bod-
ies, which may contain cytoplasm only or nuclear 
fragments. The morphologic hallmark of apop-
tosis is the condensation of the nuclear chroma-
tin in either crescents around the periphery of 
the nucleus or a group of spheric fragments.

Double-strand breaks (DSBs) occur in the 
linker regions between nucleosomes, produc-
ing DNA fragments that are multiples of ap-
proximately 185 base pairs. These fragments 
result in the characteristic ladders seen in gels. 
In contrast, necrosis causes a diffuse “smear” of 
DNA in gels. Apoptosis occurs in normal tis-
sues, as described previously, and also can be 
induced in some normal tissues and in some 
 tumors by radiation.

As a mode of radiation-induced cell death, 
apoptosis is highly cell-type dependent. Hemo-
poietic and lymphoid cells are particularly prone 
to rapid radiation-induced cell death by the 
apoptotic pathway. In most tumor cells, mitotic 
cell death is at least as important as apoptosis, 
and in some cases, it is the only mode of cell 
death. Several genes appear to be involved. First, 
apoptosis after radiation seems commonly to be 
a p53-dependent process; Bcl-2 is a suppressor 
of apoptosis.

The most common form of cell death from 
radiation is mitotic death: Cells die attempting to 
divide because of damaged chromosomes. Death 
may occur in the fi rst or a subsequent division 
following irradiation. Many authors have re-
ported a close quantitative relationship between 
cell killing and the induction of specifi c chro-
mosomal aberrations. The results of one of the 
most elegant studies by Cornforth and Bedford 
are shown in Figure 3.4. It should be noted that 
these experiments were carried out in a cell line 
where apoptosis is not observed. The log of the 
surviving fraction is plotted against the average 
number of putative “lethal” aberrations per cell, 
that is, asymmetric exchange-type  aberrations 

which make it possible to deliver a known num-
ber of particles through the nucleus of specifi c 
cells, whereas biologic effects can be studied in 
unirradiated close neighbors. Most microbeam 
studies have used �-particles because it is easier 
to focus them accurately, but a bystander effect 
has also been shown for protons and soft x-rays. 
Using single-particle microbeams, a bystander 
effect has been demonstrated for chromosomal 
aberrations, cell killing, mutation, oncogenic 
transformation, and alteration of gene expres-
sion. The effect is most pronounced when the 
bystander cells are in gap-junction communica-
tion with the irradiated cells. For example, up to 
30% of bystander cells can be killed in this situa-
tion. The bystander effect is much smaller when 
cell monolayers are sparsely seeded so that cells 
are separated by several hundred micrometers. 
In this situation, 5% to 10% of bystander cells 
are killed, the effect being due, presumably, to 
cytotoxic molecules released into the medium. 
The existence of the bystander effect indicates 
that the target for radiation damage is larger 
than the nucleus and, indeed, larger than the cell 
itself. Its importance is primarily at low doses, 
where not all cells are “hit,” and it may have im-
portant implications in risk estimation.

In addition to the experiments described pre-
viously involving sophisticated single-particle 
microbeams, there is a body of data involving the 
transfer of medium from irradiated cells that re-
sults in a biologic effect (cell killing) when added 
to unirradiated cells. These studies, which also 
evoke the term bystander effect, suggest that irra-
diated cells secrete a molecule into the medium 
that is capable of killing cells when that medium 
is transferred onto unirradiated cells. Most by-
stander experiments involving medium transfer 
have used low-LET x- or �-rays.

Apoptotic and Mitotic Death
Apoptosis was fi rst described by Kerr and col-
leagues as a particular set of changes at the micro-
scopic level associated with cell death. The word 
apoptosis is derived from the Greek word meaning 
“falling off,” as in petals from fl owers or leaves 
from trees. Apoptosis, or programmed cell death, 
is common in embryonic development in which 
some tissues become obsolete. It is the mechanism, 
for example, by which tadpoles lose their tails.

This form of cell death is characterized by 
a stereotyped sequence of morphologic events. 
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chromosome aberrations is carried over to the 
cell survival curve.

Autophagic Cell Death
Autophagy is literally defi ned as a self-digestive 
process that uses lysosomal degradation of 
long-lived proteins and organelles to restore 
or maintain cellular homeostasis. Autophagy 
is evolutionarily conserved and is considered a 
dynamic process that involves a unique series 
of steps, of which the sequestration of portions 
of the cytoplasm and organelles in a double-
membrane vesicle, called an autophagosome, 
is a hallmark characteristic. These autophago-
somes ultimately fuse with lysosomes, where 
protein and organelles are degraded and repro-
cessed. Autophagosomes then fuse with lyso-
somes, which acidify as they mature to become 
autolysosomes in a step called autophagic fl ux. 
Autophagy is a multistep process that is geneti-
cally regulated by a unique set of genes termed 
autophagy-related genes (Atgs). These Atgs were 
fi rst discovered in yeast, and approximately 
30 Atg orthologs have been identifi ed in mam-
mals that include two ubiquitin-like conjuga-
tion systems: the Atg12-Atg5 and the Atg8 
(LC-3)- phosphatidylethanolamine (PE). These 
systems are required for the elongation of the 
autophagosomal membrane. However, the pro-
teins and traffi cking mechanisms involved in the 
autophagosomal maturation step are not com-
pletely understood.

such as rings and  dicentrics. There is virtually 
a one-to-one correlation. In addition, there is 
an excellent correlation between the fraction of 
cells surviving and the fraction of cells without 
visible aberrations.

Data such as these provide strong circum-
stantial evidence to support the notion that 
asymmetric exchange-type aberrations represent 
the principle mechanism for radiation-induced 
mitotic death in mammalian cells.

Figure 3.5 illustrates, in a much oversim-
plifi ed way, the relationship between chromo-
some aberrations and cell killing. As explained 
in Chapter 2, cells, in which there is an asym-
metric exchange-type aberration (such as a 
dicentric or a ring), lose their reproductive 
integrity. Exchange-type aberrations require 
two chromosome breaks. At low doses, the two 
breaks may result from the passage of a single 
electron set in motion by the absorption of a 
photon of x- or �-rays. The probability of an 
interaction between the two breaks to form 
a lethal exchange-type aberration is propor-
tional to dose. Consequently, the survival curve 
is linear at low doses. At higher doses, the two 
chromosome breaks may result from two sepa-
rate electrons. The probability of an interaction 
between the two breaks is then proportional to 
the square of the dose. If this quadratic compo-
nent dominates, the survival curve bends over 
and becomes curved. Thus, the linear-quadratic 
relationship characteristic of the induction of 

FIGURE 3.4  Relationship between the aver-
age number of “lethal” aberrations per cell (i.e., 
asymmetric exchange-type aberrations such as 
dicentrics and rings) and the log of the surviving 
fraction in AC 1522 normal human fi broblasts 
exposed to x-rays. There is virtually a one-to-one 
correlation. (From Cornforth MN, Bedford JS. A 
quantitative comparison of potentially lethal 
damage repair and the rejoining of interphase 
chromosome breaks in low passage normal 
human fi broblasts. Radiat Res. 1987;111:385–405, 
with permission.)
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chemotherapy and radiotherapy. Previous studies 
have reported that the metabolic stress observed 
in human tumors leads cancer cells to acquire re-
sistance to apoptosis and to stimulate autophagy 
to maintain energy demand and prevent necro-
sis. Furthermore, chemotherapeutic agents and 
radiotherapy have been reported to induce au-
tophagy and autophagic cell death. Although the 
mechanism underlying this form of cell death 
is unclear, accumulation of autophagosomes in 
response to chemotherapy or radiotherapy sug-
gests that this type of cell death is associated with 
an inhibition of the maturation and degradation 
process. The signals for the induction of autoph-
agy by radiotherapy are still under investigation, 
but may involve signaling from the endoplasmic 
reticulum, particularly, the protein kinase-like 
endoplasmic reticulum kinase (PERK), which is 
described in more detail in Chapter 26. Induc-
tion of endoplasmic reticulum stress in cells that 
have lost their ability to die by apoptosis when 
exposed to radiation results in radiosensitization. 
This data suggests that the combination of en-
doplasmic stress-inducing agents and ionizing 
radiation could enhance cell killing by inducing 
autophagic cell death. Thus, in the regulation of 
cancer, autophagy should be considered a new 
target for anticancer therapy.

Senescence
Cellular senescence has emerged as a pro-
grammed cellular stress response that represents 
a unique response to the accumulation of dam-
age to a cell. Whether through the shortening 
of telomeres associated with a high number of 
cell divisions, activation of oncogenes, or DNA 
damage caused by oxidative stress, induction of 
senescence in primary cells leads to an irrevers-
ible cell cycle arrest that is almost invariably 
characterized by the activation of the p53 and 
retinoblastoma (Rb) proteins, and is associated 
with chromatin modifi cations that result in the 
silencing of genes necessary to promote transi-
tion from the G1 to S phase of the cell cycle. For 
these reasons, senescence has been classifi ed as 
a tumor suppressor mechanism that prevents ex-
cessive cellular divisions in response to inappro-
priate growth signals or division of cells that have 
accumulated DNA damage. Because it is a genet-
ically regulated process that involves the p53 and 
Rb proteins, it is understandable that loss of p53 
and Rb control through gene  mutation will result 

Although autophagy was initially described 
as a protective mechanism for cells to survive 
and generate nutrients and energy, studies have 
been published to demonstrate that continuous 
exposure to a stress-inducing condition can also 
promote autophagic, or what has been termed 
programmed type II, cell death. Defective au-
tophagy has been characterized in different dis-
eases including infections, neurodegeneration, 
aging, Crohn disease, heart disease, and cancer. 
Although autophagy can be found in cells dying 
from stress, it is unclear whether it represents a 
drastic means for the cell to survive by digesting 
part of itself or whether it actually promotes cell 
death. Evidence for both possibilities exist in dif-
ferent cell types and will require further studies 
to clarify its role in irradiated cells.

The induction of apoptosis by anticancer 
agents, as described previously, including ioniz-
ing radiation, is directed at specifi cally eliminat-
ing cancer cells. However, defects in  apoptosis 
observed in many solid tumor cells possess 
 diminished apoptotic programs because of muta-
tions in key regulatory proteins and develop re-
sistance to killing by apoptosis when exposed to 

FIGURE 3.5  Relationship between chromosome 
aberrations and cell survival. Cells that suffer exchange-
type chromosome aberrations (such as dicentrics) are 
unable to survive and continue to divide indefi nitely. 
At low doses, the two chromosome breaks are the con-
sequence of a single electron set in motion by the ab-
sorption of x- or �-rays. The probability of an interaction 
between the breaks is proportional to dose; this is the 
linear portion of the survival curve. At higher doses, the 
two chromosome breaks may result also from two sep-
arate electrons. The probability of an interaction is then 
proportional to the square of the dose. The survival 
curve bends if the quadratic component dominates.
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date, normal or malignant, regardless of their 
species of origin, exhibit x-ray survival curves 
similar to those in Figure 3.6; there is an initial 
shoulder followed by a portion that tends to 
become straight on a log-linear plot. The size 
of the initial shoulder is extremely variable. For 
some cell lines, the survival curve appears to 
bend continuously, so that the linear-quadratic 
relationship is a better fi t and n has no mean-
ing. The D0 of the x-ray survival curves for 
most cells cultured in vitro falls in the range 
of 1 to 2 Gy. The exceptions are cells from 
patients with cancer-prone syndromes such as 
ataxia- telangiectasia (AT); these cells are much 
more sensitive to ionizing radiations, with a D0 
for x-rays of about 0.5 Gy. This in vitro sensi-
tivity correlates with a hypersensitivity to ra-
diotherapy found in these patients.

The fi rst in vitro survival curve was reported 
in 1956 and generated great excitement in the 
fi eld of radiobiology. It was thought that at last, 
with a quantitative system available to relate ab-
sorbed dose with surviving fraction of cells, great 
strides would be made in understanding the ef-
fect of ionizing radiation on biologic materials. In 
particular, it was anticipated that signifi cant con-
tributions would be made toward understanding 
radiotherapeutic practice. This enthusiasm was 
not shared by everyone. Some researchers were 
skeptical that these in vitro techniques, which 

in loss of senescence in response to DNA dam-
age. However, although tumor cells typically lose 
their ability to undergo senescence in response 
to DNA damage caused by mutations in the p53 
and Rb pathways, normal cells do not lose this 
ability. The induction of senescence in normal 
tissue is important to consider because these cells 
are still metabolically active, but reproductively 
inhibited. This is best exemplifi ed by fi broblasts 
that, when irradiated in cell culture, stay attached 
to plates for weeks, but never divide. However, 
they are able to secrete growth factors and mi-
togens that promote the growth of tumor cells. 
Therefore, senescence results in a permanent cell 
cycle arrest, but will not eliminate the mitogenic 
or cytokine contribution of the arrested cell that 
could ultimately promote tumor regrowth.

■  SURVIVAL CURVES FOR VARIOUS 
MAMMALIAN CELLS IN CULTURE

Survival curves have been measured for many 
established cell lines grown in culture. These 
cell lines have been derived from the tissues 
of humans or other mammals such as small 
rodents. In some cases, the parent tissue has 
been neoplastic; in other cases, it has been nor-
mal. The fi rst in vitro survival curve for mam-
malian cells irradiated with x-rays is shown 
in  Figure 3.6. All  mammalian cells studied to 
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FIGURE 3.6  Survival curve for HeLa cells in culture exposed to x-rays. Characteristi-
cally, this cell line has a small initial shoulder. (From Puck TT, Markus PI. Action of x-rays on 
mammalian cells. J Exp Med. 1956;103:653–666, with permission.)
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determined with the in vitro technique could be 
applied to the complex in vivo situation. Such 
faith and optimism were completely vindicated, 
however, by subsequent events. When techniques 
became available to measure cell survival in vivo, 
the parameters of the dose–response relation-
ships were shown to be similar to those in vitro.

In more recent years, extensive studies have 
been made of the radiosensitivity of cells of hu-
man origin, both normal and malignant, grown 
and irradiated in culture. In general, cells from 
a given normal tissue show a narrow range of 
radiosensitivities if many hundreds of people are 
studied (Fig. 3.7). By contrast, cells from human 
tumors show a very broad range of D0 values; 
some cells, such as those from squamous carcino-
mas, tend to be more radioresistant, whereas sar-
comas are somewhat more radiosensitive. Each 
tumor type, however, has a broad spectrum of 
radiosensitivities that tend to overlap. Tumor 
cells bracket the radiosensitivity of cells from 
normal tissues; that is, some are more sensitive, 
and others are more resistant.

■  SURVIVAL CURVE SHAPE AND 
MECHANISMS OF CELL DEATH

Mammalian cells cultured in vitro vary consid-
erably in their sensitivity to killing by radiation. 
This is illustrated in Figure 3.8A, which includes 
survival curves for asynchronous cultures of 

involved growing cells in petri dishes in very 
 artifi cial conditions, would ever benefi t clinical 
radiotherapy. The fears of these skeptics were el-
oquently voiced by F. G. Spear in the MacKenzie 
Davidson Memorial Lecture given to the British 
Institute of Radiology in 1957:

An isolated cell in vitro does not necessarily behave 
as it would have done if left in vivo in normal as-
sociation with cells of other types. Its reactions to 
various stimuli, including radiations, however in-
teresting and important in themselves, may indeed 
be no more typical of its behavior in the parent 
tissue than Robinson Crusoe on his desert island 
was representative of social life in York in the mid-
seventeenth century.

The appropriate answer to this charge was 
given by David Gould, then professor of radiol-
ogy at the University of Colorado. He pointed out 
that the in vitro culture technique measured the 
reproductive integrity of cells and that there was 
no  reason to suppose that Robinson Crusoe’s re-
productive integrity was any different on his des-
ert island from what it would have been had he 
remained in York; all that Robinson Crusoe lacked 
was the opportunity. The opportunity to repro-
duce to the limit of their capability is afforded to 
cells cultured in vitro if they fi nd themselves in the 
petri dish, with temperature and humidity con-
trolled and with an abundant supply of nutrients.

At the time, it required a certain amount of 
faith and optimism to believe that survival curves 

FIGURE 3.7  Summary of D0 values for cells of human origin grown and irradiated 
in vitro. Cells from human tumors tend to have a wide range of radiosensitivities, which 
brackets the radiosensitivity of normal human fi broblasts. In general, squamous cell car-
cinoma cells are more resistant than sarcoma cells, but the spectra of radiosensitivities 
are broad and overlap. (Courtesy of Dr. Ralph Weichselbaum.)
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essentially the same radiosensitivity. The im-
plication of this is that if the chromosomes are 
condensed during mitosis, all cell lines have the 
same radiosensitivity governed simply by DNA 
content; but in interphase, the radiosensitiv-
ity differs because of different conformations 
of the DNA. Another interesting observation 
comes from a comparison of the survival curves 
in Figure 3.8A with the DNA laddering in 
 Figure 3.8B.

mouse tumor cells (EMT6) as well as for six cell 
lines derived from human tumors.

Asynchronous EMT6 cells are the most ra-
dioresistant, followed closely by glioblastoma 
cells of human origin; thereafter, radiosensitiv-
ity increases, with two neuroblastoma cell lines 
being the most sensitive. Although asynchro-
nous cells show this wide range of sensitivi-
ties to radiation, it is a remarkable fi nding that 
mitotic cells from all of these cell lines have 

FIGURE 3.8  A: Compilation of sur-
vival curves for asynchronous cultures 
of several cell lines of human and ro-
dent origin. Note the wide range of ra-
diosensitivity (most notably the size of 
the shoulder) between mouse EMT6 
cells, the most resistant, and two neu-
roblastoma cell lines of human origin 
(the most sensitive). The cell survival 
curve for mitotic cells is very steep, and 
there is little difference in radiosensitiv-
ity for cell lines that are very different in 
asynchronous culture. (Data compiled 
by Dr. J.D. Chapman, Fox Chase Cancer 
Center, Philadelphia.) B: DNA purifi ed 
from various cell lines (survival curves 
shown in Fig. 3.8A) 18 hours after irra-
diation with 10 Gy and electrophoresed 
for 90 minutes at 6 V/cm. Note the broad 
variation in the amount of “laddering”—
which is characteristic of an apoptotic 
death. In this form of death, DSBs occur 
in the linker regions between nucleo-
somes, producing DNA fragments that 
are multiples of about 185 base pairs. 
Note that cell lines that show prominent 
laddering are radiosensitive. (Gel pre-
pared by Drs. S. Biade and J.D. Chapman, 
Fox Chase Cancer Center, Philadelphia.)
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■ ONCOGENES AND RADIORESISTANCE

Numerous reports have appeared in the litera-
ture that transfection of activated oncogenes into 
cells cultured in vitro increases their radioresis-
tance, as defi ned by clonogenic survival. Reports 
include the transfection of activated N-ras, raf, 
or ras � myc, a combination that is particularly 
effective in transforming primary explants of ro-
dent embryo cells to a malignant state. Results, 
however, are equivocal and variable. The change 
of radiosensitivity did not correlate with cell 
cycle distribution or DNA DSBs or their repair; 
the best correlation was with the length of the 
G2 phase delay induced by radiation. It is by no 
means clear that oncogene expression is directly 
involved in the induction of radioresistance, and 
it is far less clear that oncogenes play any major 
role in radioresistance in human tumors.

■  GENETIC CONTROL OF 
 RADIOSENSITIVITY

The molecular biology of repair processes in 
lower organisms, such as yeast and bacteria, has 
been studied extensively. In several instances, a 
dramatically radiosensitive mutant can result 
from a mutation in a single gene that functions 
as a repair or checkpoint gene. In mammalian 
cells, the situation is much more complicated, 
and it would appear that a large number of genes 
may be involved in determining radiosensitivity. 
Many radiosensitive mutants have been isolated 
from cell lines maintained in the laboratory, es-
pecially rodent cell systems. In many but not all 
cases, their sensitivity to cell killing by radiation 
has been related to their greatly reduced ability 
to repair DNA DSBs. Examples of these genes 
are Ku 80, Ku 70, and XRCC7. The fi rst of these 
two genes are involved in DNA-dependent ki-
nase activity that binds to the free ends at the site 
of a DSB, so that if they are defective, repair of 
DSBs is prejudiced. The third gene codes for a 
protein that is defective in mice with the “severe 
combined immune defi ciency syndrome” that 
are sensitive to radiation.

Some patients who show an abnormally se-
vere normal tissue reaction to radiation therapy 
exhibit the traits of specifi c inherited syndromes. 
These are listed in Table 3.1 and discussed in 
more detail in Chapter 18. The most striking 
example is AT. Fibroblasts taken from patients 

Characteristic laddering is indicative of 
programmed cell death or apoptosis during 
which the DNA breaks up into discrete lengths 
as previously described. Comparing Figure 
3.8A and B, it is evident that there is a close and 
impressive correlation between radiosensitivity 
and the importance of apoptosis. The most ra-
dioresistant cell lines, which have broad shoul-
ders to their survival curves, show no evidence 
of apoptosis; the most radiosensitive, for which 
survival is an exponential function of dose, 
show clear DNA laddering as an indication of 
apoptosis. The increased clarity of the ladder-
ing correlates with increasing radiosensitivity 
together with a smaller and smaller shoulder 
to the survival curve. Many of the established 
cell lines that have been cultured in vitro for 
many years, and with which many of the basic 
principles of radiation biology were demon-
strated, show no apoptotic death and have an 
abrogated p53 function. Continued culture in 
vitro appears often to select for cells with this 
characteristic.

Mitotic death results (principally) from ex-
change-type chromosomal aberrations; the as-
sociated cell survival curve, therefore, is curved 
in a log-linear plot, with a broad initial shoulder. 
As is shown subsequently here, it is also charac-
terized by a substantial dose-rate effect. Apop-
totic death results from mechanisms that are not 
yet clearly understood, but the associated cell 
survival curve appears to be a straight line on a 
log-linear plot—that is, survival is an exponential 
function of dose. In addition, there appears to 
be little or no dose-rate effect, although data are 
sparse on this point.

Although there are some cell lines in which 
mitotic death dominates and others in which 
apoptosis is the rule, most cell lines fall some-
where in between, with contributions from both 
mitotic and apoptotic death following a radiation 
exposure, in varying proportions. It has been 
proposed that the dose–response relationship be 
described by the following relation:

S �  e �(�M��A)D��M D2
 

in which S is the fraction of cells surviving a dose 
D, �M and �A describe the contributions to cell 
killing from mitotic and apoptotic death that are 
linear functions of dose, and �M describes the 
contribution to mitotic death that varies with the 
square of the dose.
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It has been well accepted that the radiosensi-
tivity of cells changes as they undergo differen-
tiation. If this is true, then cell death in tumors 
exposed to ionizing radiation in tumors should 
correlate with the elimination of tumor stem cells 
and survival of the more differentiated tumor 
cells that have lost their renewal capability. How-
ever, this has not what has been recently reported 
in the literature. In fact, cancer stem cells may be 
more resistant to radiation than their more dif-
ferentiated counterparts. Mechanistically, cancer 
stem cells appear to have lower levels of reactive 
oxygen species because of increased levels of free 
radical scavengers. If this is the case, then the 
same increased levels of free radical scavengers 
that protect the cancer stem cells from the meta-
bolic consequences of reactive oxygen species 
during their growth also protect them when ex-
posed to ionizing radiation. The radiosensitivity 
of cancer stem cells can be increased if they are 
fi rst treated with inhibitors of free radical scaven-
gers before radiation exposure.

These rather provocative results will defi -
nitely require further investigation to determine 
whether all cancer stem cells possess high levels 
of free radical scavengers both in experimental 
tumor systems as well as in human biopsies. If 
this is the case, then a potential means of radio-
sensitizing these stem cells through the targeting 
of free radical scavengers could be tested.

■  EFFECTIVE SURVIVAL CURVE FOR A 
MULTIFRACTION REGIMEN

Because multifraction regimens are used most 
often in clinical radiotherapy, it is frequently use-
ful to think in terms of an effective survival curve.

If a radiation dose is delivered in a series of 
equal fractions, separated by suffi cient time for 
repair of sublethal damage to occur between 
doses, the effective dose-survival curve becomes 
an exponential function of dose. The shoulder 
of the survival curve is repeated many times, so 
that the effective survival curve is a straight line 
from the origin through a point on the single-
dose  survival curve corresponding to the daily 
dose fraction. This is illustrated in Figure 3.9. 
The effective survival curve is an exponential 
function of dose whether the single-dose survival 
curve has a constant terminal slope (as shown) 
or is continuously bending, as implied by the 
linear-quadratic relation. The D0 of the  effective 

with this  syndrome are two or three times as 
 radiosensitive as normal, and patients with AT re-
ceiving radiation therapy show considerable nor-
mal tissue damage unless the doses are reduced 
appropriately. They also have an elevated inci-
dence of spontaneous cancer. Cells from AT het-
erozygotes are slightly more radiosensitive than 
normal, and there is some controversy whether 
AT heterozygotes are predisposed to cancer.

The gene associated with AT has been 
identifi ed and sequenced and called the ataxia-
telangiectasia mutated (ATM) gene. The ATM 
protein appears to be part of signal transduction 
pathways involved in many physiologic pro-
cesses, although the exact mechanism by which 
the genetic defect in AT cells leads to radiosensi-
tivity is not altogether clear.

■  INTRINSIC RADIOSENSITIVITY AND 
CANCER STEM CELLS

Assays of individual tumor radiosensitivity re-
quire cells to be grown from fresh explants of 
human tumor biopsies. These do not grow well as 
attached cells in regular clonogenic assays. Better 
results have been obtained with the Courtenay 
assay in which cells grow in a semisolid agar gel 
supplemented with growth factors. In addition, 
several nonclonogenic assays have been devel-
oped based on cell growth in a multiwell plate. 
Growth is assessed in terms of the ability of cells 
to reduce a compound that can be visualized by 
staining or is based on total DNA or RNA con-
tent of the well. These end points are surrogates 
for clonogenicity or reproductive integrity.

TABLE 3.1 Inherited Human Syndromes 
Associated with Sensitivity to 
X-rays

Ataxia-telangiectasia (AT)

Seckel syndrome

Ataxia-telangiectasia-like disorder

Nijmegen breakage syndrome

Fanconi’s anemia

Homologues of RecQ–Bloom syndrome, 
Wernder syndrome, and Rothmund- 
Thompson syndrome
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3 Gy. What total dose is required to give a 90% 
chance of tumor cure?

Answer
To give a 90% probability of tumor control in 
a tumor containing 108 cells requires a cellular 
depopulation of 10�9. The dose resulting in one 
decade of cell killing (D10) is given by

D10 � 2.3 � D0 � 2.3 � 3 � 6.9 Gy

The total dose for 9 decades of cell killing, 
therefore, is 9 � 6.9 � 62.1 Gy.

Problem 2
Suppose that, in the previous example, the clo-
nogenic cells underwent three cell doublings 
during treatment. About what total dose would 
be required to achieve the same probability of 
tumor control?

Answer
Three cell doublings would increase the cell 
number by

2 � 2 � 2 � 8

Consequently, about one extra decade of 
cell killing would be required, corresponding to 

survival curve (i.e., the reciprocal of the slope), 
defi ned to be the dose required to reduce the 
fraction of cells surviving to 37%, has a value 
close to 3 Gy for cells of human origin. This is 
an average value and can differ signifi cantly for 
different tumor types.

For calculation purposes, it is often useful to 
use the D10, the dose required to kill 90% of the 
population. For example:

D10 � 2.3 � D0

in which 2.3 is the natural logarithm of 10.

■ CALCULATIONS OF TUMOR CELL KILL

The concept outlined previously of an effective 
survival curve for a multifraction radiation treat-
ment may be used to perform simple calculations 
of tumor cell kill after radiotherapy. Although 
such calculations are greatly oversimplifi ed, they 
are nevertheless instructive. Four examples are 
given here.

Problem 1
A tumor consists of 108 clonogenic cells. The ef-
fective dose-response curve given in daily dose 
fractions of 2 Gy has no shoulder and a D0 of 

FIGURE 3.9  The concept of an 
“effective” survival curve for a multi-
fraction regimen is illustrated. If the 
radiation dose is delivered in a series 
of equal fractions separated by time 
intervals suffi ciently long for the repair 
of sublethal damage to be complete 
between fractions, the shoulder of the 
survival curve is repeated many times. 
The effective dose-survival curve is an 
exponential function of dose, that is, a 
straight line from the origin through 
a point on the single-dose survival 
curve corresponding to the daily dose 
fraction (e.g., 2 Gy). The dose result-
ing in one decade of cell killing (D10) 
is related to the D0 by the expression 
D10 � 2.3 � D0.10–3

S
u

rv
iv

in
g

 f
ra

ct
io

n

Dose (Gy)

10–2

10–1

100

4 8

A

B

Cell survival curve
for single doses

Effective D10

Effective survival curve
for a multifraction regimen

Effective D0

D0

D10

D10 = 2.3    D0

12 16 20 240

25858_Hall_CH03.indd   4925858_Hall_CH03.indd   49 3/11/11   9:37 AM3/11/11   9:37 AM



50 | Section I • For Students of Diagnostic Radiology, Nuclear Medicine, and Radiation Oncology |

which represents a large target for radia-
tion damage.

 2. DNA content is not the whole story, how-
ever. E. coli and E. coli B/r have the same 
DNA content but differ in radiosensitivity 
because B/r has a mutant and more effi cient 
DNA repair system. In higher organisms, 
mode of cell death—that is, apoptotic versus 
mitotic—also affects radiosensitivity.

 3. Figure 3.10 explains why, if radiation is used 
as a method of sterilization, doses of the 
order of 20,000 Gy are necessary. Even if ob-
jects are socially clean, such huge doses are 
necessary to reduce the population of con-
taminating microorganisms because of their 
extreme radioresistance.

SUMMARY OF 
PERTINENT CONCLUSIONS

■ Cells from tumors and many normal regener-
ative tissues grow and form colonies in vitro.

■ Fresh explants of normal tissues often grow 
well in culture for a few weeks before they 

an additional dose of 6.9 Gy. The total dose is 
62.1 � 6.9 � 69 Gy.

Problem 3
During the course of radiotherapy, a tumor con-
taining 109 cells receives 40 Gy. If the D0 is 2.2 Gy, 
how many tumor cells will be left?

Answer
If the D0 is 2.2 Gy, the D10 is given by

 D10 � 2.3 � D0

 � 2.3 � 2.2 � 5 Gy

Because the total dose is 40 Gy, the number of 
decades of cell killing is 40/5 � 8. The number 
of cells remaining is 109 � 10�8 � 10.

Problem 4
If 107 cells were irradiated according to single-
hit kinetics so that the average number of hits 
per cell is one, how many cells would survive?

Answer
A dose that gives an average of one hit per cell is 
the D0, that is, the dose that on the exponential 
region of the survival curve reduces the number 
of survivors to 37%. The number of surviving 
cells is therefore

107 �   37 _ 
100

   � 3.7 � 106

■  THE RADIOSENSITIVITY OF 
 MAMMALIAN CELLS COMPARED 
WITH MICROORGANISMS

The fi nal illustration in this chapter (Fig. 3.10) 
is a compilation from the literature of survival 
data for many types of cells. The steepest dose–
response relationship (curve A) is an average 
curve for mammalian cells; it is evident that they 
are exquisitely radiosensitive compared with 
microorganisms. The bacterium Escherichia coli 
is more resistant, yeast is more resistant still, 
and the most resistant is Micrococcus radiodurans, 
which shows no signifi cant cell killing even after 
a dose of 1,000 Gy. There are several important 
points to be made from this:

 1. The dominant factor that accounts for this 
huge range of radiosensitivities is the DNA 
content. Mammalian cells are sensitive 
because they have a large DNA content, 

10−0
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10−3

10−4

10−2

500 1,000

FIGURE 3.10  Survival curves for mammalian cells 
and for various microorganisms including E. coli, yeast, 
and M. radiodurans. It is evident that mammalian cells 
are exquisitely radiosensitive compared with microor-
ganisms, principally because they have a much larger 
DNA content, which represents a bigger “target” for ra-
diation damage. A, mammalian cells; B, E. coli; C, E. coli 
B/r; D, yeast; E, phage staph E; F, Bacillus megatherium; 
G, potato virus; H, M. radiodurans.
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 adequately represented by the linear- 
quadratic  relationship

S �   e ��D��D  2 

 in which S is the fraction of cells surviving 
a dose D and � and � are constants rep-
resenting the linear and quadratic compo-
nents of cell killing.

■ The initial slope of the cell survival curve is 
determined by �; the quadratic component 
of cell killing (�) causes the curve to bend 
at higher doses.

■ The ratio �/� is the dose at which linear 
and quadratic components of cell killing 
are equal.

■ There is good evidence that the nucleus, 
specifi cally the DNA, is the principal tar-
get for radiation-induced cell lethality. 
Membrane damage also may be a factor.

■ Following exposure to radiation, cells may 
die attempting the next or a subsequent 
mitosis (mitotic death), or they may die 
programmed cell deaths (apoptotic death).

■ In cells that die a mitotic death, there is a 
one-to-one correlation between cell sur-
vival and the average number of putative 
“lethal” chromosomal aberrations per cell, 
that is, asymmetric exchange-type aberra-
tions such as dicentrics and rings.

■ Cells that die an apoptotic death follow 
a stereotyped sequence of morphologic 
events, culminating in the breaking up of 
the DNA into fragments that are multiples 
of 185 base pairs; this leads to the charac-
teristic DNA laddering seen in gels.

■ In some cell types (such as lymphoid cells), 
apoptotic death is dominant following ir-
radiation. Survival is then an exponential 
function of dose; that is, the survival curve 
is straight and shoulderless on the usual log-
linear plot. There is also no dose-rate effect.

■ In some cell types (such as Chinese ham-
ster ovary [CHO] or V79 cells in culture), 
mitotic death is dominant following irra-
diation. Survival is then a linear-quadratic 
function of dose; that is, the survival curve 
has a shoulder on the usual log-linear plot. 
There is usually a large dose-rate effect.

■ Many cell populations die both mitotic 
and apoptotic deaths. There is, in general, 
a correlation between the importance of 
apoptosis and radiosensitivity. If  apoptosis 

peter out and die. A few pass through a 
“crisis” and become immortal; these are the 
established cell lines.

■ A cell is said to have retained its reproduc-
tive integrity if it is capable of sustained 
proliferation, that is, if it can grow into a 
macroscopic colony.

■ A survivor that has retained its reproduc-
tive integrity is said to be clonogenic.

■ The percentage of untreated cells seeded 
that grow into macroscopic colonies is 
known as the plating effi ciency. Thus:

PE �   Number of colonies counted   ___   
Number of cells seeded

   � 100

■ The plating effi ciency may be close to 
100% for some established cell lines but 
1% or less for fresh explants of human 
cells.

■ The fraction of cells surviving a given dose 
is determined by counting the number of 
macroscopic colonies as a fraction of the 
number of cells seeded. Allowance must be 
made for the plating effi ciency. Thus:

SF �   Number of colonies counted   ____   
Number of cells seeded � (PE/100)

  

■ A cell survival curve is the relationship be-
tween the fraction of cells retaining their re-
productive integrity and the absorbed dose.

■ Conventionally, surviving fraction on a 
logarithmic scale is plotted on the ordinate 
against dose on the abscissa. The shape of 
the survival curve is important.

■ The cell survival curve for �-particles and 
low-energy neutrons (densely ionizing ra-
diations) is a straight line on a log-linear 
plot; that is, survival approximates to an 
exponential function of dose.

■ The cell survival curve for x- or �-rays 
(sparsely ionizing radiations) has an ini-
tial slope, followed by a bending region or 
shoulder, after which it tends to straighten 
again at higher doses.

■ Survival data are adequately fi tted by many 
models and theories. The data are never 
suffi ciently precise, nor are the models suf-
fi ciently different for experimental results 
to discriminate among models.

■ For the fi rst one or two decades of sur-
vival and up to doses used in single frac-
tions in radiotherapy, survival data are 
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is dominant, cells are radiosensitive; if 
apoptosis is absent, cells are radioresistant.

■ In addition to mitotic and apoptotic cell 
death, cells exposed to ionizing radiation 
can die by autophagic cell death or enter 
senescence, which is a permanent type of 
growth arrest.

■ Cells cultured from different tumors in hu-
mans show a broad range of radiosensitivi-
ties that bracket the sensitivity of normal 
cells from different people.

■ There is some evidence in cells cultured in 
vitro that transfection of activated oncogenes 
in cells increases their radioresistance. It is 
not clear that oncogenes play a role in the 
radioresistance of human tumors in vivo.

■ Several genes that infl uence the radiosensitiv-
ity of mammalian cells have been  identifi ed.

■ If these genes are defective, the repair of 
DSBs is often prejudiced.

■ Several human syndromes have been found 
to be associated with radiosensitivity; AT is 
the best example.

■ There is often a link between sensitivity to 
killing by radiation and predisposition to 
cancer.

■ Cancer stem cells may be more radioresis-
tance than their differentiated tumor cell 
counterparts because of increased levels of 
reactive oxygen-specifi c scavengers.

■ The effective survival curve for a multifrac-
tion regimen is an exponential function of 
dose: A straight line from the origin through 
a point on the single-dose survival curve 
corresponding to the daily dose  fraction.

■ The average value of the effective D0 for 
the multifraction survival curve for human 
cells is about 3 Gy.

■ The D10, the dose resulting in one decade 
of cell killing, is related to the D0 by the 
expression:

D10 � 2.3 � D0

■ Calculations of tumor cell kill can be per-
formed for fractionated clinical radiother-
apy regimens using the concept of effective 
survival curve.

■ Mammalian cells are exquisitely radiosen-
sitive compared with microorganisms such 
as bacteria and yeast, principally because of 
their larger DNA content, which represents 
a bigger “target” for radiation damage.

25858_Hall_CH03.indd   5225858_Hall_CH03.indd   52 3/11/11   9:37 AM3/11/11   9:37 AM



 | Chapter 3 • Cell Survival Curves | 53

Savitsky K, Bar-Shira A, Gilad S, et al. A single ataxia telangi-
ectasia gene with a product similar to PI-3 kinase. Science. 
1995;268:1749–1753.

Schmitt CA. Cellular senescence and cancer treatment. 
 Biochim Biophys Acta. 2007;1775:5–20.

Spear FG. On some biological effects of radiation. Br J 
Radiol. 1958;31:114–124.

Swift M. Ionizing radiation, breast cancer, and ataxia-
telangiectasia. J Natl Cancer Inst. 1994;21:1571–1572.

Taccioli CE, Gottlieb TM, Blunt T, et al. Ku80: product of 
the XRCC5 gene and its role in DNA repair and V(D)J 
recombination. Science. 1994;265:1442–1445.

Turcotte S, Giaccia AJ. Targeting cancer cells through autophagy 
for anticancer therapy. Curr Opin Cell Biol. 2010;22:246–251.

WC, Eddington M, Fry RJM, et al., eds.  Radiation 
 Research: A Twentieth Century Perspective. San Diego, 
Calif: Academic Press; 1992:392–397.

Moorhead PS, Nowell PC, Mellman WJ, et al. Chromosome 
preparation of leukocytes cultured from human periph-
eral blood. Exp Cell Res. 1960;20:613–616.

Munro TR. The relative radiosensitivity of the nucleus and 
cytoplasm of the Chinese hamster fi broblasts. Radiat Res. 
1970;42:451–470.

Puck TT, Markus PI. Action of x-rays on mammalian cells. 
J Exp Med. 1956;103:653–666.

Ris H. Chromosome structure. In: McElroy WD, Glass 
B, eds. Chemical Basis of Heredity. Baltimore, Md: Johns 
Hopkins University Press; 1957.

25858_Hall_CH03.indd   5325858_Hall_CH03.indd   53 3/11/11   9:37 AM3/11/11   9:37 AM



54

■ THE CELL CYCLE

Mammalian cells propagate and proliferate by 
mitosis. When a cell divides, two progeny cells 
are produced, each of which carries a chromo-
some complement identical to that of the parent 
cell. After an interval of time has elapsed, each 
of the progeny may undergo a further division. 
The time between successive divisions is known 
as the mitotic cycle time or, as it is commonly 
called, the cell cycle time (TC).

If a population of dividing cells is observed 
with a conventional light microscope, the only 
event in the entire cell cycle that can be identifi ed 
and distinguished is mitosis, or division itself. Just 
before the cell divides to form two progeny cells, 
the chromosomes (which are diffuse and scattered 
in the nucleus in the period between  mitoses) 
condense into clearly distinguishable forms. In 
addition, in monolayer  cultures of cells just before 
mitosis, the cells round up and become loosely at-
tached to the surface of the culture vessel. This 
whole process of mitosis—in  preparation for 
which the cell rounds up, the chromosome mate-
rial condenses and the cell divides into two and 
then stretches out again and attaches to the sur-
face of the culture  vessel—lasts only about 1 hour. 
The remainder of the cell cycle, the interphase, 
occupies all of the intermitotic period. No events 
of interest can be identifi ed with a conventional 
microscope during this time.

Because cell division is a cyclic phenomenon 
repeated in each generation of the cells, it is usual 
to represent it as a circle, as shown in  Figure 4.1. 
The circumference of the circle represents the 

full mitotic cycle time for the cells (TC); the pe-
riod of mitosis is represented by M. The remain-
der of the cell cycle can be further subdivided 
by using some marker of DNA synthesis. The 
original technique was autoradiography, intro-
duced by Howard and Pelc in 1953.

The basis of the technique, illustrated in 
Figure 4.2, is to feed the cells thymidine, a basic 
building block used for making DNA, which has 
been labeled with radioactive tritium ( 3H-TdR). 
Cells that are actively synthesizing new DNA as 
part of the process of replicating their chromo-
some complements incorporate the radioactive 
thymidine. Then the surplus radioactive thymi-
dine is fl ushed from the system, the cells are fi xed 
and stained so that they may be viewed easily, 
and the preparation of cells is coated with a very 
thin layer of nuclear (photographic)  emulsion.

�-particles from cells that have incorporated 
radioactive thymidine pass through the nuclear 
emulsion and produce a latent image. When the 
emulsion is subsequently developed and fi xed, 
the area through which a �-particle has passed 
appears as a black spot. It is then a comparatively 
simple matter to view the preparation of cells 
and to observe that some of the cells have black 
spots or “grains” over them, which indicates that 
they were actively synthesizing DNA at the time 
radioactive thymidine was made available. Other 
cells do not have any grains over their nuclei; 
this is interpreted to mean that the cells were 
not actively making DNA when the radioactive 
label was made available to them. Examples of 
labeled cells are shown in Figure 4.3. If the cells 
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are allowed to grow for some time after labeling 
with tritiated thymidine so that they move into 
mitosis before being fi xed, stained, and autora-
diographed, then a labeled mitotic cell may be 
observed (Fig. 4.3A).

The use of tritiated thymidine to identify cells 
in the DNA synthetic phase (S) has been replaced 
largely by the use of 5-bromodeoxyuridine, which 
differs from thymidine only by the substitution of 
a bromine atom for a methyl group. If this halo-
genated pyrimidine is fed to the cells, it is incor-
porated into DNA in place of thymidine, and its 
 presence can be detected by using an appropriate 
stain (see Fig. 4.3B). Cells that have incorporated 
bromodeoxyuridine appear darkly stained a bright 
purple color. To identify cells that are in S phase 
and have incorporated bromodeoxyuridine even 
more readily, one can use a fl uorochrome-tagged 

G2 G1

M
(Mitosis)

S
(DNA synthetic phase) 

FIGURE 4.1  The stages of the mitotic cycle for 
actively growing mammalian cells. M, mitosis; S, DNA 
 synthetic phase; G1 and G2, “gaps,” or periods of appar-
ent inactivity between the major discernible events in 
the cycle.

FIGURE 4.2  Cell-labeling techniques. Top panels: The principle of autoradiography, which may be applied to 
cells in culture growing as a monolayer on a glass microscope slide or to thin sections cut from a tumor or normal 
tissue. Cells in the DNA synthetic phase (S) take up tritiated thymidine. After the cells are fi xed and stained so that 
they are visible by light microscopy, they are covered with a layer of nuclear (photographic) emulsion and left for 
several weeks in a cool refrigerator. As �-particles from the tritiated thymidine pass through the emulsion, they 
form latent images that appear as black grains when the emulsion is subsequently developed and fi xed. If cells are 
stained and autoradiographed immediately after incorporation of the tritiated thymidine, cells that are labeled are 
in S phase (top middle panel). If staining and autoradiography are delayed for 6 to 8 hours after the pulse label, 
some cells may move from S to M, and labeled mitotic cells are observed (top right panel). The lengths of the vari-
ous phases of the cycle can be determined in this way. Bottom panels: The principle of cell cycle analysis using 
5-bromodeoxyuridine as the DNA precursor instead of radioactively labeled thymidine. The bromodeoxyuridine 
is incorporated into cells in S. It can be recognized by the use of a Giemsa stain (which is purple) or a monoclonal 
antibody to bromodeoxyuridine-substituted DNA. The antibody is tagged with a fl uorescing dye (e.g., fl uorescein), 
which shows up bright green under a fl uorescence microscope. If cells are stained immediately after labeling with 
bromodeoxyuridine, those staining darkly are in S phase (bottom middle panel). If staining is delayed for 6 to 
8 hours, cells incorporating bromodeoxyuridine may move from S to M, and a darkly staining mitotic cell is seen 
 (bottom right panel). (Courtesy of Dr. Charles Geard.)
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S phase. There is an interval between mitosis 
and DNA synthesis in which no label is incor-
porated. This fi rst “gap” in activity was named 
G1 by Howard and Pelc, and the nomenclature is 
used today. After DNA synthesis has been com-
pleted, there is a second gap before mitosis, G2.

All proliferating mammalian cells, whether 
in culture or growing normally in a tissue, have a 
cycle of mitosis (M), followed by G1, S, and G2, 
after which mitosis occurs again. The relative 
lengths of these various constituent parts of the 
cell cycle vary according to the particular cells 
studied. If cells stop progressing through the 
cycle (i.e., are arrested), they are said to be in G0 
(see Fig. 4.4).

The characteristics of two cell lines com-
monly used for in vitro culture are summarized in 
Table 4.1. HeLa cells have a total cell cycle time 
of about 24 hours, which is more than double 
that of the Chinese hamster cell, which has a cell 
cycle time of about 11 hours. Mitosis lasts only 
a relatively short time, about 1 hour, and is not 
very different for those two cell lines or for most 
others. The S phase is 8 hours for HeLa cells and 
6 hours for hamster cells; in all cell lines studied 

antibody against bromodeoxyuridine-substituted 
DNA, which fl uoresces brightly under a fl uores-
cence microscope. Examples of stained and un-
stained cells are shown in Figure 4.3B. If time is 
allowed between labeling with bromodeoxyuri-
dine and staining, then a cell may move from S 
to M phase and a stained mitotic cell is observed 
(Fig. 4.3B). If the cell is in the fi rst mitosis after 
bromodeoxyuridine incorporation, both chroma-
tids of each chromosome are equally stained, as 
shown in the Figure 4.3B (upper left), but by the 
second mitosis, one chromatid is stained darker 
than the other (lower right in Fig 4.3B)

The use of bromodeoxyuridine has two advan-
tages over conventional autoradiography using 
tritiated thymidine. First, it does not involve ra-
dioactive material. Second, it greatly shortens the 
time to produce a result because if cells are coated 
with emulsion to produce an autoradiograph, they 
must be stored in a refrigerator for about a month 
to allow �-particles from the incorporated tritium 
to produce a latent image in the emulsion.

By using either of these techniques, it can be 
shown that cells synthesize DNA only  during a 
discrete well-defi ned fraction of the cycle, the 

FIGURE 4.3  A: Autoradiograph of Chinese ham-
ster cells in culture fl ash-labeled with tritiated thymi-
dine. The black grains over some cells indicate that they 
were synthesizing DNA when they were labeled. Also 
shown is a labeled mitotic cell. This cell was in S phase 
when the culture was fl ash-labeled but moved to M 
phase before it was stained and autoradiographed. 
B: Color photomicrograph showing cells labeled and 
unlabeled with bromodeoxyuridine. Cells were grown 
in the presence of bromodeoxyuridine and then fi xed 
and stained 20 hours later. Incorporated bromodeoxy-
uridine stains purple. The purple-stained interphase 
cell (upper right) was in S phase during the time the 
bromodeoxyuridine was available. Also shown is a fi rst-
generation mitotic cell (upper left), which had been in 
S phase at the time the bromodeoxyuridine was avail-
able and had moved to M phase by the time it was 
fi xed and stained. It can be identifi ed as fi rst genera-
tion because both chromatids of each chromosome 
are stained uniformly. A second-generation mitotic cell 
(lower right) passed through two S phases during bro-
modeoxyuridine availability. One chromatid of each 
chromosome is darker because both strands of the 
DNA double helix have incorporated bromodeoxyuri-
dine. One chromatid is lighter because only one strand 
of the DNA has incorporated bromodeoxyuridine. 
(Courtesy of Dr. Charles Geard.)

B
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a complete cell cycle, the cell must  accurately 
replicate the DNA once during S phase and dis-
tribute an identical set of chromosomes equally 
to two progeny cells during M phase. In recent 
years, we have learned much more about the 
mechanisms by which the cycle is regulated in 
eukaryotic cells. Regulation occurs by the pe-
riodic activation of different members of the 
cyclin-dependent kinase (Cdk) family. In its ac-
tive form, each Cdk is complexed with a par-
ticular cyclin. Different Cdk–cyclin complexes 
are required to phosphorylate several protein 
substrates that drive such cell cycle events as the 
initiation of DNA replication or the onset of 
mitosis. Cdk–cyclin complexes are also vital in 
preventing the initiation of a cell cycle event at 
the wrong time.

Extensive regulation of Cdk–cyclin activity 
by several transcriptional and posttranscriptional 
mechanisms ensures perfect timing and coordina-
tion of cell cycle events. The Cdk catalytic subunit 
by itself is inactive, requiring association with a 
cyclin subunit and phosphorylation of a key thre-
onine residue to become fully active. The Cdk–
cyclin complex is reversibly inactivated either by 
phosphorylation on a tyrosine residue located in 
the adenosine triphosphate–binding domain, or 
by association with Cdk inhibitory proteins. After 
the completion of the cell cycle transition, the 
complex is inactivated irreversibly by ubiquitin-
mediated degradation of the cyclin subunit.

Entry into S phase is controlled by Cdks that 
are sequentially regulated by cyclins D, E, and  A. 

in culture or growing in vivo, the S phase never 
exceeds about 15 hours. The G2 period is very 
similar in HeLa and hamster cells; in fact, the dif-
ference in the total cell cycle time between these 
two cell lines is accounted for almost entirely by 
the difference in the length of the G1 period.

This is an important point: The difference 
among mammalian cell cycle times in different 
circumstances, varying from about 10 hours for 
a hamster cell grown in culture to hundreds of 
hours for stem cells in some self-renewal tis-
sues, is the result of a dramatic variation in the 
length of the G1 period. The remaining com-
ponents of the cell cycle (M, S, and G2) vary 
 comparatively little among different cells in dif-
ferent  circumstances.

The description of the principal phases of the 
cell cycle (M, G1, S, and G2) dates from Howard 
and Pelc in 1953, as previously discussed.  During 
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by protein kinases–activated by cyclins
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D Cyclins

Cyclin A

Cyclin B
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FIGURE 4.4  Update of the phases 
of the cell cycle, showing how they 
are regulated by the periodic acti-
vation of different members of the 
cyclin- dependent kinase family. Vari-
ous cyclin-dependent kinase–cyclin 
complexes are required to phos-
phorylate several protein substrates, 
which drive key events, including the 
initiation of DNA replication and the 
onset of  mitosis.

TABLE 4.1 Phases of the Cell Cycle for 
Two Commonly Used Cell 
Lines  Cultured In Vitro

 Hamster Cells, h HeLa Cells, h

TC 11 24

TM 1 1

TS 6 8

TG1 1 11

TG2 3 4
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the surface and fl oat in the medium. If this me-
dium is then removed from the culture vessel and 
plated out into new petri dishes, the population 
consists almost entirely of mitotic cells. Incuba-
tion of these cell cultures at 37° C then causes 
the cells to move together synchronously in step 
through their mitotic cycles. By delivering a dose 
of radiation at various times after the initial har-
vesting of mitotic cells, one can irradiate cells at 
various phases of the cell cycle.

An alternative method for synchronizing cells, 
which is applicable to cells in a tissue as well as 
cells grown in culture, involves the use of a drug. 
Several different substances may be used. One of 
the most widely applicable drugs is hydroxyurea. 
If this drug is added to a population of dividing 
cells, it has two effects on the cell population. 
First, all cells that are synthesizing DNA (S phase) 
take up the drug and are killed. Second, the drug 
imposes a block at the end of the G1 period; cells 
that occupy the G2, M, and G1 compartments 
when the drug is added progress through the cell 
cycle and accumulate at this block.

The dynamics of the action of hydroxyurea 
are illustrated in Figure 4.5. The drug is left 
in position for a period equal to the combined 
lengths of G2, M, and G1 for that particular cell 
line. By the end of the treatment period, all of 
the viable cells left in the population are situated 
in a narrow “window” at the end of G1, poised 
and ready to enter S phase. If the drug is then 
removed from the system, this synchronized 
cohort of cells proceeds through the cell cycle. 
For example, in hamster cells, 5 hours after the 
removal of the drug, the cohort of synchronized 
cells occupies a position late in the S phase. Some 
9 hours after the removal of the drug, the cohort 
of cells is at or close to mitosis.

Techniques involving one or another of a wide 
range of drugs have been used to produce syn-
chronously dividing cell populations in  culture, in 
organized tissues (in a limited number of cases), 

D-type cyclins act as growth factor sensors, with 
their expression depending more on the extracel-
lular cues than on the cell’s position in the cycle. 
Mitogenic stimulation governs both their synthe-
sis and complex formation with Cdk4 and Cdk6, 
and catalytic activity of the assembled complexes 
persists through the cycle as long as mitogenic 
stimulation continues. Cyclin E expression in 
proliferating cells is normally periodic and maxi-
mal at the G1/S transition, and throughout this 
interval, it enters into active complexes with its 
catalytic partner, Cdk2. Figure 4.4 illustrates this 
view of the cell cycle and its regulation. This is, 
in essence, an update of Figure 4.1 and is dis-
cussed in more detail in Chapter 18.

■  SYNCHRONOUSLY DIVIDING 
CELL CULTURES

In the discussion of survival curves in Chapter 3, 
the assumption was implicit that the popula-
tion of irradiated cells was asynchronous; that 
is, it consisted of cells distributed throughout all 
phases of the cell cycle. Study of the variation of 
radiosensitivity with the position or age of the 
cell in the cell cycle was made possible only by 
the development of techniques to produce syn-
chronously dividing cell cultures—populations 
of cells in which all of the cells occupy the same 
phase of the cell cycle at a given time.

There are essentially two techniques that 
have been used to produce a synchronously di-
viding cell population. The fi rst is the mitotic 
harvest technique, fi rst described by Terasima 
and Tolmach. This technique can be used only 
for cultures that grow in monolayers attached 
to the surface of the growth vessel. It exploits 
the fact that if such cells are close to mitosis, 
they round up and become loosely attached to 
the surface. If at this stage the growth medium 
over the cells is subjected to gentle motion (by 
 shaking), the mitotic cells become detached from 

FIGURE 4.5  Mode of action of hydroxy-
urea as an agent to induce synchrony. A: This 
drug kills cells in S phase and imposes a 
“block” at the end of the G1 phase. B: Cells in 
G2, M, and G1 accumulate at this block when 
the drug is added. C: If the block is removed, 
the synchronized cohort of cells moves on 
through the cycle.
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1 hour after the mitotic cells are seeded into the 
petri dishes, when the cells are in G1, a dose of 6.6 
Gy results in a surviving fraction of about 13%. 
The proportion of cells that survive the dose in-
creases rapidly with time as the cells move into 
S phase; by the time the cells near the end of S 
phase, 42% of the cells survive this same dose. 
When the cells move out of S phase into G2 phase 
and subsequently to a second mitosis, the propor-
tion of surviving cells falls again. This pattern of 
response is characteristic for most lines of Chi-
nese hamster cells and has been reported by sev-
eral independent investigators.

Complete survival curves at several discrete 
points during the cell cycle were measured by Sin-
clair. The results are shown in Figure 4.8. Survival 
curves are shown for mitotic cells, for cells in G1 

and even in the whole animal.  Figure 4.6 is a pho-
tomicrograph of a squash preparation of the root 
tip of a Vicia faba plant seedling 11 hours after 
synchrony was induced with hydroxyurea. A very 
large proportion of the cells are in mitosis.

■  THE EFFECT OF X-RAYS ON 
 SYNCHRONOUSLY  DIVIDING 
CELL CULTURES

Figure 4.7 shows results of an experiment in 
which mammalian cells, which were harvested at 
mitosis, were irradiated with a single dose of 6.6 
Gy at various times afterward, corresponding to 
different phases of the cell cycle. The data (from 
Sinclair) were obtained using Chinese hamster 
cells in culture. As can be seen from the fi gure, 

FIGURE 4.6  Photomicrograph of a squash preparation of the root tip of a Vicia 
faba seedling 11 hours after synchrony was induced with hydroxyurea. Note the large 
proportion of cells in mitosis. (From Hall EJ, Brown JM, Cavanagh J. Radiosensitivity and 
the oxygen effect measured at different phases of the mitotic cycle using synchro-
nously dividing cells of the root meristem of Vicia faba. Radiat Res. 1968;35:622–634, 
with permission.)
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The broken line in Figure 4.8 is the calculated 
survival curve that would be expected to apply for 
mitotic cells under conditions of hypoxia; that is, 
the slope is 2.5 times shallower than the solid line 
for mitotic cells, which applies to the aerated condi-
tion. This line is included in the fi gure to show that 
the range of sensitivity between the most sensitive 
cells (mitotic) and the most resistant cells (late S) 
is of the same order of magnitude as the oxygen 
effect (the oxygen effect is discussed in Chapter 6).

The experiments of Terasima and Tolmach 
with HeLa cells, in which a dose of 3 Gy was 
delivered to cultures at various intervals after 
mitotic harvesting of the cells, are shown in 
 Figure 4.9. From the beginning of S phase on-
ward, the pattern of sensitivity is very similar to 
that of hamster cells; the cells become progres-
sively more resistant as they proceed toward the 
latter part of S, and after the cells move from S 
into G2, their sensitivity increases rapidly as they 
approach mitosis. The important difference be-
tween HeLa and hamster cells is the length of 
the G1 phase. The G1 of HeLa cells is apprecia-
bly long, and there appears to be a fi ne structure 
in the age-response function during this period. 
At the beginning of G1, there is a peak of resis-
tance, followed by a sensitive trough toward the 
end of G1. This pattern cannot be distinguished 
in the hamster cell because G1 is too short.

and G2, and for cells in early and late S phase. It 
is at once evident that the most sensitive cells are 
those in M and G2, which are characterized by a 
survival curve that is steep and has no shoulder. 
At the other extreme, cells in the latter part of S 
phase exhibit a survival curve that is less steep, but 
the essential difference is that the survival curve 
has a very broad shoulder. The other phases of the 
cycle, such as G1 and early S, are intermediate in 
sensitivity between the two extremes.
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FIGURE 4.8  Cell survival curves for 
Chinese hamster cells at various stages of 
the cell cycle. The survival curve for cells 
in mitosis is steep and has no shoulder. 
The curve for cells late in S phase is shal-
lower and has a large initial shoulder. G1 
and early S phases are intermediate in 
sensitivity. The broken line is a calculated 
curve expected to apply to mitotic cells 
under hypoxia. (Adapted from Sinclair 
WK. Cyclic x-ray responses in mammalian 
cells in vitro. Radiat Res. 1968;33:620–643, 
with permission.)
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Figure 4.10 compares the age-response curves 
for cells with short G1, represented by V79 ham-
ster cells, and cells with a long G1, represented 
by HeLa cells. If the time scales are  adjusted so 
that S phase has a comparable length for both 
cell lines, it is evident that the general pattern of 
cyclic variation is very similar, the only important 
difference being the extra structure during G1 in 
the HeLa cells. In later experiments, other sub-
lines of hamster cells were investigated for which 
G1 had an appreciable length; an extra peak of 
resistance was noted for hamster cells that was 
similar to the one observed for HeLa cells.

The sensitivity of cells in different parts of G2 is 
diffi cult to determine if synchrony is produced by 
mitotic selection because of synchrony decay dur-
ing the passage of the starting population of mi-
totic cells through their fi rst G1 and S phases and 
because G2 transit times are relatively short (about 
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FIGURE 4.10  Age-response curves 
for cells with short G1 phase, represented 
by hamster cells (A), and cells with long G1 
phase, represented by HeLa cells (B). The 
time scales have been adjusted so that 
S phase has a comparable length on the 
fi gure for both cell lines. (Adapted from 
 Sinclair WK. Dependence of radiosensitivity 
upon cell age. In: Proceedings of the Carmel 
Conference on Time and Dose Relationships 
in Radiation Biology as Applied to Radiother-
apy. Brookhaven National Laboratory Re-
port 50203 (C-57). Upton, NY: 1969:97–107, 
with permission.)
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detail, but the  molecular genetics in yeast have 
been worked out, and the search is on for homol-
ogous pathways in mammalian cells.

In several strains of yeast, mutants have been 
isolated that are more sensitive than the wild type 
to both ionizing radiation and ultraviolet light by 
a factor between 10 and 100. The mutant gene 
has been cloned and sequenced and found to be 
a “G2 molecular checkpoint gene.”

In the most general terms, the function of 
checkpoint genes is to ensure the correct order 
of cell cycle events, that is, to ensure that the 
initiation of later events depends on the com-
pletion of earlier events. The particular genes 
involved in radiation effects halt cells in G2, so 
that an inventory of chromosome damage can 
be taken and repair is initiated and completed 
before the complex task of mitosis is attempted 
(Fig. 4.11). Mutant cells that lose this G2 check-
point gene function move directly into mitosis 
with damaged chromosomes and are, therefore, 
at a higher risk of dying—hence their greater 
sensitivity to radiation or, for that matter, to any 
DNA-damaging agent.

It has been proposed that a checkpoint con-
trol monitors spindle function during mitosis. 
If the spindle is disrupted by a microtubular 
poison, progression through mitosis is blocked. 
The checkpoint control is involved in this 

1–2 hours). A modifi cation of the technique, how-
ever, allows a much greater resolution for studying 
G2 sensitivity. This is sometimes called “retroac-
tive synchronization”: Cells fi rst are irradiated, and 
then, as a function of time, cells arriving in mitosis 
are harvested by mitotic shake-off and plated for 
survival. In this way, it was shown that early G2 
cells are as radioresistant as late S cells and late G2 
cells are nearly as sensitive as mitotic cells; that is, 
a sharp transition in radiosensitivity occurs around 
the so-called x-ray transition point (now often 
called a “checkpoint”) for G2 cell cycle delay.

The following is a summary of the main 
characteristics of the variation of radiosensitivity 
with cell age in the mitotic cycle:

 1. Cells are most sensitive at or close to mitosis.
 2. Resistance is usually greatest in the latter 

part of S phase. The increased resistance is 
thought to be caused by homologous recom-
bination repair between sister chromatids 
that is more likely to occur after the DNA 
has replicated (see Chapter 2).

 3. If G1 phase has an appreciable length, a resis-
tant period is evident early in G1, followed by 
a sensitive period toward the end of G1.

 4. G2 phase is usually sensitive, perhaps as sen-
sitive as M phase.

Several cell lines other than HeLa and ham-
ster have been investigated, some of which tend 
to agree with these results and some of which are 
contradictory. The summary points listed here 
are widely applicable, but exceptions to every 
one of these generalizations have been noted for 
one cell line or another.

■ MOLECULAR CHECKPOINT GENES

Cell cycle progression is controlled by a family of 
genes known as molecular checkpoint genes. It 
has been known for many years that mammalian 
cells exposed to radiation tend to experience a 
block in the G2 phase of the cell cycle. For exam-
ple, the inverse dose-rate effect has been reported 
for cells of human origin, whereby over a limited 
range of dose rates around 0.30 to 0.40 Gy per 
hour, cells become more sensitive to radiation-
induced cell killing as the dose rate is reduced, 
resulting in their accumulation in G2, which is a 
radiosensitive phase of the cell cycle. This is de-
scribed in Chapter 5. The mechanisms for this 
observation in human cells are not understood in 

FIGURE 4.11  Diagram illustrating the site of action 
and function of the molecular checkpoint gene. Cells 
exposed to any DNA-damaging agent, including ioniz-
ing radiation, are arrested in G2 phase. The function of 
the pause in cell cycle progression is to allow a check of 
chromosome integrity before the complex task of mi-
tosis is attempted. Cells in which the checkpoint gene is 
inactivated are much more sensitive to killing by �-rays 
or ultraviolet light. The mutant gene isolated from a 
sensitive strain of yeast functions as a checkpoint gene.
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synchronously. The mitotic harvest technique 
is clearly only applicable to monolayer cultures, 
but techniques that involve a drug, such as hy-
droxyurea, to produce a synchronously dividing 
population can be applied to some organized 
 tissues.

The epithelial lining of the mouse jejunum 
represents a classic self-renewal tissue. (The 
technique used to obtain a survival curve for 
the crypt cells is described in Chapter 19.) The 
rapidly dividing crypt cells can be synchro-
nized by giving each mouse fi ve intraperito-
neal injections of hydroxyurea every hour. The 
rationale for this regimen is that all S cells are 
killed by the drug, and cells in other phases of 
the cycle are accumulated at the G1/S bound-
ary for at least 4 hours (the overall time of the 
fi ve injections).

Figure 4.12, from Withers and his colleagues, 
shows the response of the jejunal crypt cells to a 
single dose of 11 Gy of �-rays (uppermost curve) 
delivered at various times after the synchroniz-
ing action of the fi ve injections of hydroxyurea. 
The number of crypt cells per circumference of 
the sectioned jejunum varies by a factor of 100, 
according to the phase in the cycle at which the 
radiation is delivered, ranging from about 2 sur-
vivors per circumference for irradiation 2 hours 
after the last injection of hydroxyurea to about 
200 survivors per circumference by 6 hours. The 
DNA synthetic activity of the synchronized jeju-
nal mucosa was monitored by injecting groups of 
mice with tritiated thymidine at hourly intervals 
after the last injection of hydroxyurea and sub-
sequently removing a sample of the jejunum and 
assaying the radioactive content. The bottom 
curve of Figure 4.12 shows the variation of thy-
midine uptake with time. The fi rst wave of the 
thymidine uptake represents the period of DNA 
synthesis of the synchronized crypt cells. The 
peak coincides closely with the period of maxi-
mum resistance to x-rays (about 5 hours after the 
last injection of hydroxyurea).

These data indicate clearly that the radiosen-
sitivity of crypt cells in the mouse jejunum var-
ies substantially with the phase of the cell cycle 
at which the radiation is delivered. Further, the 
pattern of response in this organized normal tis-
sue, with a sensitive period between G1 and S 
and maximum radioresistance late in S, is very 
similar to that characteristic of many cell lines 
cultured in vitro.

 dependency of mitosis on spindle function. It 
is thought that the mechanism of action of G2 
checkpoint genes involves Cdk1 (p34 protein 
kinase), levels of which control passage through 
mitosis. It is likely that mammalian cells that lack 
checkpoint genes would be sensitive not only to 
radiation-induced cell killing but also to carcino-
genesis. Cells with damaged chromosomes that 
survive mitosis are likely to give rise to errors in 
chromosome segregation at mitosis, and this is 
one of the hallmarks of cancer.

■  THE EFFECT OF OXYGEN AT VARIOUS 
PHASES OF THE CELL CYCLE

By combining the most sophisticated techniques 
of fl ow cytometry to separate cells in different 
phases of the cycle with the most sensitive as-
says for cell survival, it has been shown that the 
oxygen enhancement ratio (OER) varies sig-
nifi cantly through the cycle, at least if measured 
for fast-growing proliferating cells cultured in 
vitro. The OER was measured at 2.3 to 2.4 for 
G2 phase cells, compared with 2.8 to 2.9 for S 
phase, with G1 phase cells showing an interme-
diate value. This is discussed in more detail in 
Chapter 6.

For any given phase of the cell cycle, oxygen 
was purely dose modifying; that is, the value of 
the OER was the same for all dose levels. For 
an asynchronous population of cells, however, 
the OER does vary slightly with dose or survival 
level. This is illustrated in Figure 6.1. The OER 
appears to be smaller at high levels of survival, 
at which the survival curve is dominated by the 
killing of the most sensitive moieties of the pop-
ulation; the OER appears to be larger at higher 
doses and lower levels of survival, at which the 
response of the most resistant (S phase) cells, 
which also happen to exhibit the largest OER, 
dominates.

This is an interesting radiobiologic observa-
tion, but the small change of OER is of little or 
no clinical signifi cance in radiation therapy.

■  THE AGE-RESPONSE FUNCTION FOR 
A TISSUE IN VIVO

Most studies of the variation in radiosensitivity 
with phase of the mitotic cycle have been done 
with mammalian cells cultured in vitro because of 
the ease with which they can be made to  divide 
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joining. In the early part of the cycle, before 
replication has occurred, DSBs must be re-
paired by nonhomologous end joining because 
no template exists to guide gap fi lling. This 
process is error prone. On the other hand, in 
S phase after replication, DSBs can be repaired 
by homologous recombination because a tem-
plate is available (i.e., an identical sister chro-
matid is available). This process is less likely 
to result in errors. Radiosensitivity correlates 
with error-prone nonhomologous end join-
ing of DSBs; radioresistance correlates with 
homologous recombination of DSBs, which is 
likely to be more faithful. For a description of 
homologous and nonhomologous repair, see 
Chapter 2.

■  THE POSSIBLE IMPLICATIONS OF 
THE AGE-RESPONSE FUNCTION 
IN RADIOTHERAPY

If a single dose of radiation is delivered to a 
population of cells that are asynchronous—that 
is, distributed throughout the cell cycle—the 
effect is different on cells occupying different 
phases of the cell cycle at the time of the radia-
tion exposure. A greater proportion of cells are 
killed in the sensitive portions of the cell cycle, 
such as those at or close to mitosis; a smaller 
proportion of those in the DNA synthetic phase 
are killed. The overall effect is that a dose of 

■  VARIATION OF SENSITIVITY WITH 
CELL AGE FOR HIGH–LINEAR 
ENERGY TRANSFER RADIATIONS

Figure 4.12 compares the fl uctuations in survival 
of jejunal crypt cells in the mouse after irradiation 
with �-rays or neutrons. The variation in radio-
sensitivity as a function of cell age is qualitatively 
similar for neutrons and x-rays; that is, with both 
types of radiation, maximum sensitivity is noted 
at or close to mitosis, and maximum resistance 
is evident late in S phase. There is, however, a 
quantitative difference in that the range of ra-
diosensitivity between the most resistant and the 
most sensitive phases of the cell cycle is much 
less for fast neutrons than for x-rays. As LET in-
creases, the variation in radiosensitivity through 
the cell cycle decreases, so that at very high LET, 
the age-response function is almost fl at—that is, 
radiosensitivity varies little with the phase of the 
cell cycle.

■  MECHANISMS FOR THE 
AGE-RESPONSE FUNCTION

The reasons for radiosensitivity changes 
through the cell cycle are not fully understood. 
The most likely correlation involves the mech-
anism of DNA repair. DNA double-strand 
break (DSB) repair occurs either by homolo-
gous  recombination or by nonhomologous end 
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FIGURE 4.12  The upper three curves 
represent fl uctuations in the survival of 
jejunal crypt cells exposed to �-rays or 
neutrons as they pass through the cell 
cycle after synchronization with hydroxy-
urea (H-U). The doses were 11 Gy of �-rays; 
7 Gy of neutrons generated by 50 MeV d� 
→ Be; and 6 Gy of neutrons generated by 
16 MeV d� → Be. The lower curve repre-
sents the uptake of tritiated thymidine 
(expressed as counts per minute) per wet 
weight of jejunum as a function of time 
after the last injection of hydroxyurea. The 
fi rst wave indicates crypt stem cells pass-
ing through S phase after synchronization 
at G1–S phase by hydroxyurea. (Adapted 
from Withers HR, Mason K, Reid BO, et 
al. Response of mouse intestine to neu-
trons and gamma rays in relation to dose 
fractionation and division cycle.  Cancer. 
1974;34:39–47, with permission.)
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■ The age-response function for neutrons 
is qualitatively similar to that for x-rays, 
but the magnitude of changes through the 
cycle is smaller.

■ The patterns of radiosensitivity and radio-
resistance correlate with the mechanism of 
repair of DNA DSBs. Radiosensitivity cor-
relates with nonhomologous end joining, 
which dominates early in the cell cycle and 
is error prone. Radioresistance correlates 
with homologous recombinational repair, 
which occurs after replication (in S phase) 
and is more faithful.

■ Variations in sensitivity through the cell cycle 
may be important in radiation therapy because 
they lead to “sensitization resulting from reas-
sortment” in a fractionated  regimen.
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men. This is considered sensitization resulting 
from reassortment. It results in a therapeutic 
gain because sensitization by this mechanism 
occurs only in rapidly dividing cells and not in 
late-responding normal tissues.

SUMMARY OF 
PERTINENT CONCLUSIONS

■ The cell cycle for mammalian cells can be 
divided into four phases: mitosis (M), fol-
lowed by G1, followed by the DNA syn-
thetic phase (S), then G2, and into mitosis 
again.

■ The phases of the cycle are regulated by 
the periodic activation of different mem-
bers of the Cdk family.

■ The fastest cycling mammalian cells in cul-
ture, as well as crypt cells in the intestinal 
epithelium, have cycle times as short as 9 
to 10 hours. Stem cells in resting mouse 
skin may have cycle times of more than 
200 hours. Most of this difference results 
from the varying length of G1, the most 
variable phase of the cycle. The M, S, and 
G2 phases do not vary much.

■ In general, cells are most radiosensitive in 
the M and G2 phases and most resistant in 
late S phase.

■ For cells with longer cell cycle times and 
signifi cantly long G1 phases, there is a sec-
ond peak of resistance early in G1.

■ Molecular checkpoint genes stop cells 
from cycling if exposed to x-rays or any 
other DNA-damaging agent, allowing the 
chromosomes to be checked for integ-
rity before the complex task of mitosis is 
 attempted.

■ The OER varies little with phase of the cell 
cycle but may be slightly lower for cells in 
G1 than for cells in S.

■ The age-response function for crypt cells 
in the mouse jejunum is similar to that for 
cells in culture. This is the only tissue in 
which this has been studied.
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■  OPERATIONAL CLASSIFICATIONS OF 
RADIATION DAMAGE

Radiation damage to mammalian cells can op-
erationally be divided into three categories: (1) 
lethal damage, which is irreversible and irrepa-
rable and, by defi nition, leads irrevocably to cell 
death; (2) potentially lethal damage (PLD), 
the component of radiation damage that can be 
modifi ed by postirradiation environmental con-
ditions; and (3) sublethal damage (SLD), which 
under normal circumstances, can be repaired in 
hours unless additional SLD is added (e.g., from 
a second dose of radiation) with which it can in-
teract to form lethal damage (SLD repair, there-
fore, is manifested by the increase in survival 
observed if a dose of radiation is split into two 
fractions separated by a time interval).

Potentially Lethal Damage Repair
Varying environmental conditions after expo-
sure to x-rays can infl uence the proportion of 
cells that survive a given dose because of the 
expression or repair of PLD. This damage is 
potentially lethal because under ordinary cir-
cumstances, it causes cell death, but if survival is 
increased as a result of the manipulation of the 
postirradiation environment, PLD is considered 
to have been repaired. PLD is repaired if cells 
are incubated in a balanced salt solution instead 

of a full growth medium for several hours after 
irradiation. This is a drastic treatment, however, 
and does not mimic a physiologic condition that 
is ever likely to occur. Little and his colleagues 
chose to study PLD repair in density-inhibited 
stationary-phase cell cultures, which are consid-
ered a better in vitro model for tumor cells in vivo
(Fig. 5.1). Cell survival was enhanced consider-
ably if the cells were allowed to remain in the 
density-inhibited state for 6 or 12 hours after ir-
radiation before being subcultured and assayed 
for colony-forming ability.

The relevance of PLD to radiotherapy be-
came much more obvious when it was shown 
that repair, comparable in magnitude and kinet-
ics to that found in vitro, also occurred in vivo
in experimental tumors. In this case, repair took 
the form of signifi cantly enhanced cell survival if 
several hours were allowed to elapse between ir-
radiation of the tumor in situ and removal of the 
cells from the host to assess their reproductive 
integrity (Fig. 5.2).

To summarize the available experimental 
data, there is a general agreement that PLD 
is repaired, and the fraction of cells surviving 
a given dose of x-rays is enhanced if postirra-
diation conditions are suboptimal for growth, 
so that cells do not have to attempt the com-
plex process of mitosis while their chromo-
somes are damaged. If mitosis is delayed by 
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to suppose that it does not occur in human tu-
mors. It has been suggested that the radioresis-
tance of certain types of human tumors is linked 
to their ability to repair PLD; that is, radiosensi-
tive tumors repair PLD ineffi ciently, but radio-
resistant tumors have effi cient mechanisms to 

suboptimal growth conditions, DNA damage 
can be repaired.

The importance of PLD repair to clinical ra-
diotherapy is a matter of debate. That it occurs 
in transplantable animal tumors has been docu-
mented beyond question, and there is no reason 
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FIGURE 5.1  X-ray survival curves for density- 
inhibited stationary-phase cells, subcultured (tryp-
sinized and plated) either immediately or 6 or 
12 hours after irradiation. Cell survival is enhanced if 
cells are left in the stationary phase after irradiation, 
allowing time for the repair of potentially lethal 
damage. (Adapted from Little JB, Hahn GM, Frindel 
E, et al. Repair of potentially lethal radiation damage 
in vitro and in vivo. Radiology. 1973;106:689–694, 
with permission.)
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FIGURE 5.2  Repair of potentially lethal damage in mouse fi brosarcomas. The tu-
mors were irradiated in situ and then removed and prepared into single cell suspen-
sions. The number of survivors was determined by their ability to form colonies in 
vitro. The fraction of cells surviving a given dose increases if a time interval is allowed 
between irradiation and removal of the tumor, because during this interval, PLD is 
repaired. (Adapted from Little JB, Hahn GM, Frindel E, et al. Repair of potentially lethal 
radiation damage in vitro and in vivo. Radiology. 1973;106:689–694, with permission.)
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The data shown in Figure 5.3 were obtained 
with cultured mammalian cells maintained at 
room temperature (24° C) between the dose 
fractions to prevent the cells from moving 
through the cell cycle during this interval. This 
rather special experiment is described fi rst be-
cause it illustrates repair of sublethal radiation 
damage uncomplicated by the movement of cells 
through the cell cycle.

Figure 5.4 shows the results of a parallel ex-
periment in which cells were exposed to split 
doses and maintained at their normal growing 
temperature of 37° C. The pattern of repair seen 
in this case differs from that observed for cells 
kept at room temperature. In the fi rst few hours, 
prompt repair of SLD is again evident, but at 
longer intervals between the two split doses, the 
surviving fraction of cells decreases, reaching a 
minimum with about a 5-hour separation.

repair PLD. This is an attractive hypothesis, but 
it has never been proven.

Sublethal Damage Repair
SLD repair is the operational term for the in-
crease in cell survival that is observed if a given 
radiation dose is split into two fractions sepa-
rated by a time interval.

Figure 5.3 shows data obtained in a split-
dose experiment with cultured Chinese hamster 
cells. A single dose of 15.58 Gy of absorbed ra-
diation leads to a surviving fraction of 0.005. If 
the dose is divided into two approximately equal 
fractions separated by 30 minutes, the surviving 
fraction is already appreciably higher than for 
a single dose. As the time interval is extended, 
the surviving fraction increases until a plateau 
is reached at about 2 hours, corresponding to 
a surviving fraction of 0.02. This represents 
about four times as many surviving cells as for 
the dose given in a single exposure. A further 
increase in the time interval between the dose 
fractions is not accompanied by any signifi cant 
additional increment in survival. The increase 
in survival in a split-dose experiment results 
from the repair of sublethal radiation damage.
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FIGURE 5.3  Survival of Chinese hamster cells 
exposed to two fractions of x-rays and incubated at 
room temperature for various time intervals between 
the two exposures. (Adapted from Elkind MM, Sutton-
Gilbert H, Moses WB, Alescio T, Swain RB. Radiation re-
sponse of mammalian cells in culture: V. Temperature 
dependence of the repair of x-ray damage in surviving 
cells [aerobic and hypoxic]. Radiat Res. 1965;25:359–
376, with permission.)
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FIGURE 5.4  Survival of Chinese hamster cells ex-
posed to two fractions of x-rays and incubated at 37° C 
for various time intervals between the two doses. The 
survivors of the fi rst dose are predominantly in a resis-
tant phase of the cycle (late S). If the interval between 
doses is about 6 hours, these resistant cells have moved 
to the G2M phase, which is sensitive. (Adapted from 
Elkind MM, Sutton-Gilbert H, Moses WB, et al. Radiation 
response of mammalian cells in culture: V. Temperature 
dependence of the repair of x-ray damage in surviving 
cells [aerobic and hypoxic]. Radiat Res. 1965;25:359–
376, with permission.)
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of stem cells may be as long as 10 days rather than 
9 hours of the rapidly growing cells in Figure 5.4. 
The mouse tumor data show more repair in small 
1-day tumors than in large hypoxic 6-day tumors; 
this important point illustrates that repair is an 
active process requiring oxygen and nutrients.

An understanding of this phenomenon is 
based on the age-response function described 
in Chapter 4. If an asynchronous population 
of cells is exposed to a large dose of radiation, 
more cells are killed in the sensitive than in the 
resistant phases of the cell cycle. The surviving 
population of cells, therefore, tends to be partly 
synchronized.

In Chinese hamster cells, most of the survi-
vors from a fi rst dose of radiation are located in 
the S phase of the cell cycle. If about 6 hours 
are allowed to elapse before a second dose of ra-
diation is given, this cohort of cells progresses 
around the cell cycle and is in G2/M, a sensitive 
period of the cell cycle at the time of the second 
dose. If the increase in radiosensitivity in moving 
from late S to the G2/M period exceeds the effect 
of repair of SLD, the surviving fraction falls.

The pattern of repair shown in Figure 5.4 is 
therefore a combination of three processes oc-
curring simultaneously. First, there is the prompt 
repair of sublethal radiation damage. Second, 
there is progression of cells through the cell cycle 
during the interval between the split doses, which 
has been termed reassortment. Third, there is 
an increase of surviving fraction resulting from 
cell division, or repopulation, if the interval be-
tween the split doses is from 10 to 12 hours, be-
cause this exceeds the length of the cell cycle of 
these rapidly growing cells.

This simple experiment, performed in vitro, 
illustrates three of the “four Rs” of  radiobiology: 
repair, reassortment, and repopulation. The 
fourth “R,” reoxygenation, is discussed in 
 Chapter 6. It should be emphasized that the dra-
matic dip in the split-dose curve at 6 hours caused 
by reassortment, and the increase in survival by 
12 hours because of repopulation are seen only 
for rapidly growing cells. Hamster cells in cul-
ture have a cycle time of only 9 or 10 hours. The 
time sequence of these events would be longer in 
more slowly proliferating normal tissues in vivo.

Repair of sublethal radiation damage has 
been demonstrated in just about every biologic 
test system for which a quantitative end point is 
available. Figure 5.5 illustrates the pattern for re-
pair of sublethal radiation damage in two in vivo 
systems in mice, P388 lymphocytic leukemia and 
skin cells. In neither case, there is a dramatic dip 
in the curve at 6 hours resulting from movement 
of cells through the cycle, because the cell cycle 
is long. In resting skin, for example, the cell cycle 
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FIGURE 5.5  Repair of sublethal damage in two in 
vivo mammalian cell systems. A: Split-dose experiments 
with P388 lymphocytic leukemia cells in the mouse. The re-
covery factor is the ratio of the surviving fraction resulting 
from two-dose fractionation to the survival from a single 
equivalent dose. One-day-old tumors are composed pre-
dominantly of oxygenated cells; the cells in 6-day-old tu-
mors are hypoxic. (Adapted from Belli JA, Dicus GJ, Bonte FJ. 
Radiation response of mammalian tumor cells: 1. Repair of 
sublethal damage in vivo. J Natl Cancer Inst. 1967;38:673–
682, with permission.) B: Split-dose experiments with skin 
epithelial cells in the mouse. The total x-ray dose, given as 
two fractions, required to result in one surviving epithelial 
cell per square millimeter is plotted against the time in-
terval between the two doses. (Adapted from Emery EW, 
Denekamp J, Ball MM. Survival of mouse skin epithelial 
cells following single and divided doses of x-rays. Radiat 
Res. 1970;41:450–466, with permission.)
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survival curve, it is the quadratic component (�) 
that causes the curve to bend and that results in 
the sparing effect of a split dose. A large shoulder 
corresponds to a small �/� ratio.

The time course of the increase in cell survival 
that results from the repair of SLD is charted in 
Figure 5.6B. As the time interval between the 
two dose fractions is increased, there is a rapid 
increase in the fraction of cells surviving owing 
to the prompt repair of SLD. This repair is com-
plete by 1 or 2 hours for cells in culture but may 
take longer for late-responding tissues in vivo 
( Chapter 23). As the time interval between the 
two dose fractions is increased, there is a dip in the 
curve owing to the movement of surviving cells 
through the cell cycle, as explained in Figure 5.4. 
This occurs only in a population of fast- cycling 
cells. In cells that are noncycling, there can be 
no dip. If the time interval between the two dose 

The various factors involved in the repair of 
SLD are summarized in Figure 5.6. Figure 5.6A 
shows that if a dose is split into two fractions sep-
arated by a time interval, more cells survive than 
for the same total dose given in a single fraction, 
because the shoulder of the curve must be re-
peated with each fraction. In general, there is a 
good correlation between the extent of repair of 
SLD and the size of the shoulder of the survival 
curve. This is not surprising because both are 
manifestations of the same basic phenomenon: 
the accumulation and repair of SLD. Some mam-
malian cells are characterized by a survival curve 
with a broad shoulder, and split-dose experi-
ments then indicate a substantial amount of SLD 
repair. Other types of cells show a survival curve 
with a minimal shoulder, and this is refl ected in 
more limited repair of SLD. In the terminology 
of the linear-quadratic (�/�)  description of the 
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FIGURE 5.6  Summary of the repair of sublethal damage as evidenced by a split-
dose experiment. A: If the dose is delivered in two fractions separated by a time interval, 
there is an increase in cell survival because the shoulder of the curve must be expressed 
each time. B: The fraction of cells surviving a split dose increases as the time interval be-
tween the two dose fractions increases. As the time interval increases from 0 to 2 hours, 
the increase in survival results from the repair of sublethal damage. In cells with a long 
cell cycle or that are out of cycle, there is no further increase in cell survival by separating 
the dose by more than 2 or 3 hours. In a rapidly dividing cell population, there is a dip in 
cell survival caused by reassortment. However, as shown in Figure 5.7, if the time interval 
between the split doses exceeds the cell cycle, there is an increase in cell survival owing 
to proliferation or repopulation between the doses.
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dividing the total dose into two equal fractions, 
separated from 1 to 4 hours, results in a marked 
increase in cell survival because of the prompt re-
pair of SLD. By contrast, dividing the dose into 
two fractions has little effect on cell survival if 
neutrons are used, indicating little repair of SLD.

■ THE DOSE-RATE EFFECT

For x- or �-rays, dose rate is one of the principal 
factors that determine the biologic consequences 
of a given absorbed dose. As the dose rate is low-
ered and the exposure time extended, the bio-
logic effect of a given dose generally is reduced.

The classic dose-rate effect, which is very 
important in radiotherapy, results from the re-
pair of SLD that occurs during a long radiation 
exposure. To illustrate this principle, Figure 5.8 
shows an idealized experiment in which each 
dose (D2, D3, D4, and so on) is delivered in sev-
eral equal fractions of size D, with a time inter-
val between fractions that is suffi cient for repair 
of SLD. The shoulder of the survival curve is 
repeated with each fraction. The broken line, F, 
shows the overall survival curve that would be 

fractions exceeds the cell cycle, there is an increase 
in the number of cells surviving because of cell 
proliferation; that is, cells can double in number 
between the dose fractions.

■  MECHANISM OF SUBLETHAL 
 DAMAGE REPAIR

In Chapter 3, evidence was summarized of the 
correlation between cell killing and the produc-
tion of asymmetric chromosomal aberrations, 
such as dicentrics and rings. This, in turn, is a 
consequence of an interaction between two (or 
more) double-strand breaks in the DNA. Based 
on this interpretation, the repair of SLD is sim-
ply the repair of double-strand breaks. If a dose 
is split into two parts separated by a time inter-
val, some of the double-strand breaks produced 
by the fi rst dose are rejoined and repaired before 
the second dose. The breaks in two chromo-
somes that must interact to form a lethal lesion 
such as a dicentric may be formed by (1) a single 
track breaking both chromosomes (i.e., single-
track damage), or (2) separate tracks breaking the 
two chromosomes (i.e., multiple-track damage).

The component of cell killing that results from 
single-track damage is the same whether the dose 
is given in a single exposure or fractionated. The 
same is not true of multiple-track damage. If the 
dose is given in a single exposure (i.e., two frac-
tions with t � 0 between them), all breaks pro-
duced by separate electrons can interact to form 
dicentrics. But if the two dose fractions (D/2) are 
separated by, for example, 3 hours, then breaks 
produced by the fi rst dose may be repaired before 
the second dose is given. Consequently, there are 
fewer interactions between broken chromosomes 
to form dicentrics, and more cells survive. Based 
on this simple interpretation, the repair of SLD 
refl ects the repair and rejoining of double-strand 
breaks before they can interact to form lethal le-
sions. This may not be the whole story, but it is a 
useful picture to keep in mind.

■ REPAIR AND RADIATION QUALITY

For a given biologic test system, the shoulder 
on the acute survival curve and, therefore, the 
amount of SLD repair indicated by a split-dose 
experiment vary with the type of radiation used. 
The effect of dose fractionation with x-rays and 
neutrons is compared in Figure 5.7. For x-rays, 
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FIGURE 5.7  Split-dose experiments with Chinese 
hamster cells. For 210-kV x-rays, two 4-Gy doses, sepa-
rated by a variable interval, were compared with a sin-
gle dose of 8 Gy. For neutrons (35-MeV d� → Be), two 
1.4-Gy doses were compared with a single exposure 
of 2.8 Gy. The data are plotted in terms of the recovery 
factor, defi ned as the ratio of surviving fractions for a 
given dose delivered as two fractions compared with 
a single exposure. It is evident that repair of sublethal 
damage during the interval between split doses is 
virtually nonexistent for neutrons but is a signifi cant 
factor for x-rays. (Adapted from Hall EJ, Roizin-Towie L, 
Theus RB, et al. Radiobiological properties of high-en-
ergy cyclotron produced neutrons used for radiother-
apy. Radiology. 1975;117:173–178, with permission.)
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be  expected, because both are expressions of the 
cell’s capacity to accumulate and repair sublethal 
radiation damage. By contrast, Chinese hamster 
cells have a broad shoulder to their acute x-ray 
survival curve and show a correspondingly large 
dose-rate effect. This is evident in Figure 5.10; 

observed if only single points were determined, 
corresponding to equal dose increments. This 
survival curve has no shoulder. Because con-
tinuous low-dose-rate (LDR) irradiation may 
be considered to be an infi nite number of infi -
nitely small fractions, the survival curve under 
these conditions also would be expected to have 
no shoulder and to be shallower than for single 
acute exposures.

■  EXAMPLES OF THE DOSE-RATE 
 EFFECT IN VITRO AND IN VIVO

Survival curves for HeLa cells cultured in vitro 
over a wide range of dose rates, from 7.3 Gy/
min to 0.535 cGy/min, are summarized in Fig-
ure 5.9. As the dose rate is reduced, the survival 
curve  becomes shallower and the shoulder tends 
to disappear (i.e., the survival curve becomes an 
exponential function of dose). The dose-rate ef-
fect caused by repair of SLD is most dramatic be-
tween 0.01 and 1 Gy/min. Above and below this 
dose-rate range, the survival curve changes little, 
if at all, with dose rate.

The magnitude of the dose-rate effect from 
the repair of SLD varies enormously among dif-
ferent types of cells. HeLa cells are character-
ized by a survival curve for acute exposures that 
has a small initial shoulder, which goes hand in 
hand with a modest dose-rate effect. This is to 
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FIGURE 5.8  Idealized fractionation experi-
ment. Curve A is the survival curve for single acute 
exposures of x-rays. Curve F is obtained, if each 
dose is given as a series of small fractions of size 
D1 with an interval between fractions suffi cient for 
repair of sublethal damage. Multiple small fractions 
approximate to a continuous exposure to a low 
dose rate. (Adapted from Elkind MM, Whitmore GF. 
 Radiobiology of Cultured Mammalian Cells. New York, 
NY: Gordon and Breach; 1967, with permission.)
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FIGURE 5.9  Survival curves for HeLa cells cultured 
in vitro and exposed to �-rays at high and low dose rates.
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apoptosis is an important form of cell death fol-
lowing radiation, whereas for hamster cells, apop-
totic death is rarely seen.

Figure 5.11 shows survival curves for 40 dif-
ferent cell lines of human origin, cultured in 
vitro and irradiated at high dose rates (HDR) 
and low dose rates (LDR). At LDR, the survival 

there is a clear-cut difference in biologic effect, 
at least at high doses, between dose rates of 1.07, 
0.30, and 0.16 Gy/min. The differences between 
HeLa and hamster cells in the size of the shoulder 
to the acute survival curve and the magnitude of 
the dose-rate effect refl ect differences in the im-
portance of apoptosis. In the case of HeLa cells, 
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FIGURE 5.10  Dose-response curves 
for Chinese hamster cells (CHL-F line) 
grown in vitro and exposed to cobalt-60 
�-rays at various dose rates. At high 
doses, a substantial dose-rate effect is 
evident even when comparing dose 
rates of 1.07, 0.30, and 0.16 Gy/min. The 
decrease in cell killing becomes even 
more dramatic as the dose rate is re-
duced further. (Adapted from Bedford JS, 
Mitchell JB. Dose-rate effects in synchro-
nous mammalian cells in culture. Radiat 
Res. 1973;54:316–327, with permission.)
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FIGURE 5.11  Dose-survival curves 
at high dose rates (HDR) and low dose 
rates (LDR) for a large number of cell 
lines of human origin cultured in vitro. 
Note that the survival curves fan out 
at LDR because in addition to a range 
of inherent radiosensitivities (evident 
at HDR), there is also a range of repair 
times of sublethal damage.
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curves “fan out” and show a greater variation in 
slope because, in addition to the variation of in-
herent radiosensitivity evident at an HDR, there 
is a range of repair times of SLD. Some cell 
lines repair SLD rapidly, some more slowly, and 
this is refl ected in the different survival curves 
at LDR.

Survival curves for crypt cells in the mouse 
jejunum irradiated with �-rays at various dose 
rates are shown in Figure 5.12. There is a dra-
matic  dose-rate effect owing to the repair of sub-
lethal radiation damage from an acute exposure 
at 2.74 Gy/min to a protracted exposure at 0.92 
cGy/min. As the dose rate is lowered further, cell 
division begins to dominate the picture because 
the exposure time is longer than the cell cycle. 
At 0.54 cGy/min, there is little reduction in the 
number of surviving crypts, even for very large 
doses, because cellular proliferation occurs dur-
ing the long exposure and makes up for cell kill-
ing by the radiation.

■ THE INVERSE DOSE-RATE EFFECT

There is at least one example of an inverse dose-
rate effect, in which decreasing the dose rate re-
sults in increased cell killing. This is illustrated 
in Figure 5.13. Decreasing the dose rate for this 
HeLa cell line from 1.54 to 0.37 Gy/h increases 
the effi ciency of cell  killing, such that this LDR 
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FIGURE 5.12  Response of mouse je-
junal crypt cells irradiated with �-rays from 
cesium-137 over a wide range of dose rates. 
The mice were given total body irradiation, 
and the proportion of surviving crypt cells 
was determined by the appearance of re-
generating microcolonies in the crypts 3 
days later. Note the large dose-rate effect. 
(Adapted from Fu KK, Phillips TL, Kane LJ, et 
al. Tumor and normal tissue response to ir-
radiation in vivo: variation with decreasing 
dose rates. Radiology. 1975;114:709–716, 
with permission.)

F
ra

ct
io

n
 o

f 
in

it
ia

l s
in

g
le

 c
el

ls
 s

u
rv

iv
in

g

Dose (Gy)
0 10 20

1.54 Gy/h

.74 Gy/h
.55 Gy/h

.37 Gy/h

Acute
.428 Gy/h

100

10–1

10–2

10–3

10–4

10–5

10–6

FIGURE 5.13  The inverse dose-rate effect. A range 
of dose rates can be found for HeLa cells such that 
lowering the dose rate leads to more cell killing. At 
1.54 Gy/h, cells are “frozen” in the various phases of the 
cycle and do not progress. As the dose rate is dropped 
to 0.37 Gy/h, cells progress to a block in G2, a radio-
sensitive phase of the cycle. (Adapted from Mitchell 
JB, Bedford JS, Bailey SM. Dose-rate effects on the cell 
cycle and  survival of S3 HeLa and V79 cells.  Radiat Res. 
1979;79:520–536, with permission.)
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during the radiation exposure if the dose rate is 
low enough and the exposure time is long com-
pared with the length of the mitotic cycle. This 
may lead to a further reduction in biologic effect 
as the dose rate is progressively lowered, because 
cell birth tends to offset cell death.

■  BRACHYTHERAPY OR 
 ENDOCURIETHERAPY

Implanting radioactive sources directly into a 
tumor was a strategy fi rst suggested by Alexan-
der Graham Bell in 1901. Over the years, vari-
ous groups in different countries coined various 
names for this type of therapy, using the prefi x 
brachy, from the Greek word for “short range,” 
or endo, from the Greek word for “within.” 
There are two distinct forms of brachytherapy, 
also called endocurietherapy: (1) intracavitary 

is almost as damaging as an acute exposure. The 
explanation is illustrated in Figure 5.14. At about 
0.37 Gy/h, cells tend to progress through the 
cycle and become arrested in G2, a radiosensitive 
phase of the cycle. At higher dose rates, they are 
“frozen” in the phase of the cycle they are in at 
the start of the irradiation; at lower dose rates, 
they continue to cycle during irradiation.

■  THE DOSE-RATE EFFECT 
 SUMMARIZED

Figure 5.15 summarizes the entire dose-rate ef-
fect. For acute exposures at high dose rates, the 
survival curve has a signifi cant initial shoulder. As 
the dose rate is lowered and the treatment time 
protracted, more and more SLD can be repaired 
during the exposure. Consequently, the survival 
curve becomes progressively more shallow (D0 
increases) and the shoulder tends to disappear. 
A point is reached at which all SLD is repaired 
resulting in a limiting slope. In at least some cell 
lines, a further lowering of the dose rate allows 
cells to progress through the cycle and accumu-
late in G2. This is a radiosensitive phase, and so 
the survival curve becomes steeper again. This is 
the inverse dose-rate effect. A further reduction 
in dose rate allows cells to pass through the G2 
block and divide. Proliferation then may occur 
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FIGURE 5.14  The inverse dose-rate effect. A range 
of dose rates can be found, at least for HeLa cells, that 
allows cells to progress through the cycle to a block in 
late G2. Under continuous low-dose-rate irradiation, an 
asynchronous population becomes a population of ra-
diosensitive G2 cells. (Adapted from Hall EJ. The biologi-
cal basis of endocurietherapy: the Henschke Memorial 
Lecture 1984.  Endocurie Hypertherm Oncol. 1985;1:141–
151, with permission.)
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FIGURE 5.15  The dose-rate effect resulting from 
repair of sublethal damage, redistribution in the 
cycle, and cell proliferation. The dose-response curve 
for acute exposures is characterized by a broad ini-
tial shoulder. As the dose rate is reduced, the survival 
curve becomes progressively more shallow as more 
and more sublethal damage is repaired, but cells are 
“ frozen” in their positions in the cycle and do not prog-
ress. As the dose rate is lowered further and for a lim-
ited range of dose rates, the survival curve steepens 
again because cells can progress through the cycle to 
pile up at a block in G2, a radiosensitive phase, but still 
cannot divide. A further lowering of dose rate below 
this critical dose rate allows cells to escape the G2 block 
and divide; cell proliferation then may occur during the 
protracted exposure, and survival curves become shal-
lower as cell birth from mitosis offsets cell killing from 
the irradiation. (Based on the ideas of Dr. Joel Bedford.)
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Interstitial Brachytherapy
Interstitial brachytherapy can be either tempo-
rary or permanent. Temporary implants in ear-
lier times used radium, but the most widely used 
radionuclide at present is iridium-192. Implants 
at LDR are considered by many radiotherapists 
to be the treatment of choice for the 5% or so 
of human cancers that are accessible to such 
 techniques.

The dose-rate range used in these treat-
ments is in the region of the dose-rate spectrum 
in which the biologic effect varies rapidly with 
dose rate. The maximum dose that can be de-
livered without unacceptable damage to the sur-
rounding normal tissue depends on the volume 
of tissue irradiated and on the dose rate, which 
is in turn a function of the number of radioac-
tive sources used and their geometric distribu-
tion. To achieve a consistent biologic response, 
the total dose used should be varied according to 
the dose rate employed.

Paterson and Ellis independently published 
curves to relate total dose to result in normal-
tissue tolerance to dose rate (Fig. 5.16); there is 
remarkable agreement between the two sets of 
data based on clinical judgment.

Quoting Paterson:

The graph for radium implants is an attempt to set 
out the doses in 5 to 10 days, which are equivalent 
to any desired 7-day dose. In its original form, it 
perhaps owed more to inspiration than to science 
but it has gradually been corrected to match actual 
experience.

Both Paterson and Ellis regarded a dose of 
60 Gy in 7 days as the standard treatment for 
interstitial therapy, corresponding to a dose rate 
of 0.357 Gy/h. If the sources are of higher activ-
ity and the treatment dose rate is higher, then a 
lower total dose should be used. For example, a 
dose rate of 0.64 Gy/h would produce an equiv-
alent biologic effect with a total dose of only 
46 Gy in a treatment time of 3 days.

Also shown in Figure 5.16 are isoeffect 
curves, matched to 60 Gy in 7 days based on ra-
diobiologic data for early- and late-responding 
tissues. The variation of total dose with dose rate 
is much larger for late- than for early-responding 
tissues because of the lower �/� characteristic 
of such tissues. It is interesting to note that the 
curve for late-responding tissues calculated from 
radiobiologic data agrees closely with the clinical 

irradiation, using radioactive sources placed in 
body cavities in proximity to the tumor, and 
(2) interstitial brachytherapy, using radioactive 
wires or “seeds” implanted directly into the 
tumor volume.

Both intracavitary and interstitial techniques 
were developed to an advanced stage at an early 
date because the technology was readily available. 
Radium in suffi cient quantities was extracted and 
purifi ed in the early 1900s, whereas radioactive 
sources of suffi cient activity for teletherapy (or 
external beam radiotherapy) sources of adequate 
dose rate only came as a spin-off of World War 
II nuclear technology.

Intracavitary Brachytherapy
Intracavitary brachytherapy at LDR is always 
temporary and usually takes 1 to 4 days (with a 
dose rate of about 50 cGy/h). It can be used for 
several anatomic sites, but by far, the most com-
mon is the uterine cervix. There has been a con-
tinual evolution in the radionuclide used; in the 
early days, radium was used, but this went out 
of favor because of the safety concern of using 
an encapsulated source that can leak radioactiv-
ity. As an interim measure, cesium-137 was in-
troduced, but today most treatment centers use 
iridium-192; its shorter half-life and lower �-ray 
energy make for ease of radiation protection, es-
pecially in conjunction with a remote afterloader.

To an increasing extent, LDR intracavitary 
brachytherapy is being replaced by HDR in-
tracavitary therapy, delivered in 3- to 12-dose 
fractions. Replacing continuous LDR therapy 
with a few large-dose fractions gives up much 
of the radiobiologic advantage and the sparing 
of late-responding normal tissues, as described 
in Chapter 23. It is only possible because the 
treatment of carcinoma of the cervix is a spe-
cial case in which the dose-limiting normal 
tissues (e.g., bladder, rectum) receive a lower 
dose than the prescribed dose to the tumor (or 
to point A). For HDR treatments lasting a few 
minutes, it is possible to use retractors that re-
sult in even lower doses to the critical normal 
tissues than are possible with an insertion that 
lasts 24 hours or more. These physical advan-
tages offset the radiobiologic disadvantages, 
so that the general principle that administra-
tion of a few large fractions at an HDR gives 
poorer results than at an LDR, does not apply 
to this special case.
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used, so only limited conclusions can be drawn 
from these data. The results (Fig. 5.18), however, 
show a correlation between the  proportion of 
 recurrent tumors and the dose rate. For a given 
total dose, there were markedly fewer recur-

estimates of Paterson and of Ellis, as it should, 
because their judgment was stated unequivocally 
to be based on late effects.

In the 1990s, Mazeron and his colleagues in 
Paris published two papers that show clearly that 
a dose-rate effect is important in interstitial im-
plants. They have, perhaps, the most experience 
in the world with the use of iridium-192 wire 
implants. Their fi rst report describes the analy-
sis of local tumor control and the incidence of 
necrosis in a large cohort of patients with T1-2 
squamous cell carcinoma of the mobile tongue 
and the fl oor of the mouth who were treated 
with interstitial iridium-192. The data are shown 
in Figure 5.17. Patients were grouped according 
to dose rate, either more or less than 0.5 Gy/h. 
It is evident that there was a substantially higher 
incidence of necrosis in patients treated at the 
higher dose rates. By contrast, dose rate makes 
little or no difference to local control provided 
that the total dose is high enough, from 65 to 
70 Gy, but there is a clear separation at lower 
doses (60 Gy), with the lower dose rate being less 
effective. These results are in good accord with 
the radiobiologic predictions.

Their second report analyzes data from a 
large group of patients with carcinoma of the 
breast who received iridium-192 implants as a 
boost to external beam radiotherapy. These re-
sults allow an assessment of the effect of dose 
rate on tumor control, but provide no informa-
tion on the effect of dose rate on late effects, 
because there was only one case that involved 
necrosis. The  interstitial implant was only part 
of the radiotherapy and a fi xed standard dose was 
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FIGURE 5.16  Dose equivalent to 60 Gy 
in 7 days as proposed by Paterson (in 1963) 
and by Ellis (in 1968) based on clinical obser-
vation of normal-tissue tolerance or calcu-
lated from radiobiologic principles. The �/� 
ratios and the half-time of repair of sublethal 
damage were chosen for early- or late-re-
sponding tissues (Chapter 23).
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FIGURE 5.17  Local tumor control and necrosis rate 
at 5 years as a function of dose in patients with T1–2 
squamous cell carcinomas of the mobile tongue and 
the fl oor of the mouth who were treated with intersti-
tial iridium-192 implants. The patients were grouped 
according to whether the implant was characterized 
by a high dose rate (equal to or above 0.5 Gy/h) or low 
dose rate (below 0.5 Gy/h). The necrosis rate was higher 
for the higher-dose-rate group at all dose levels. Local 
tumor control did not depend on dose rate, provided 
the total dose was suffi ciently large. (Data from Ma-
zeron JJ, Simon JM, Le Pechoux C, et al. Effect of dose 
rate on local control and complications in defi nitive ir-
radiation of T1-2 squamous cell carcinomas of mobile 
tongue and fl oor of mouth with interstitial iridium-192. 
Radiother Oncol. 1991;21:39–47.)
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size can be small, and (2) its lower photon en-
ergy makes radiation protection easier than with 
radium or cesium-137. Sources of this radionu-
clide are ideal for use with computer-controlled 
remote afterloaders introduced in the 1990s 
(Fig. 5.19). Catheters can be implanted into 
the patient while inactive and then the sources 
transferred from the safe by remote control after 
the patient has returned to his own room. The 
sources can be returned to the safe if the patient 
needs nursing care.

Permanent Interstitial Implants
Encapsulated sources with relatively short half-
lives can be left in place permanently. There are 
two advantages for the patient: (1) An opera-
tion to remove the implant is not needed, and 
(2) the patient can go home with the implant 
in place. On the other hand, this does involve 
additional expense because the sources are not 
reused. The initial dose rate is high and falls off 
as the implanted sources decay. Iodine-125 has 
been used most widely to date for permanent 
implants. The total prescribed dose is usually 
about 160 Gy at the periphery of the implanted 
volume, with 80 Gy delivered in the fi rst half-
life of 60 days. The soft emission from iodine 
has a relative biologic effectiveness (explained in 
Chapter 7) of about 1.5; this corresponds to 80 
� 1.5 or 120 Gy of high-energy �-rays. This is 
a big dose, even at an LDR and corresponds to a 
good level of cell kill. It is, however, spread over 
60 days; consequently, the success of the implant 
in sterilizing the tumor depends critically on the 

rences if the radiation was delivered at a higher 
dose rate rather than a lower dose rate.

The relatively short half-life of iridium-192 
(70 days) means that a range of dose rates is in-
evitable, because the activity of the sources de-
cays during the months that they are in use. It 
is important, therefore, to correct the total dose 
for the dose rate because of the experience of 
 Mazeron and his colleagues described previously. 
Iridium-192 has two advantages: (1) The source 
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FIGURE 5.18  Percentage of patients who showed 
no local recurrence as a function of dose rate in treat-
ment for breast carcinoma by a combination of external-
beam irradiation plus iridium-192 interstitial implant. 
The implant was used to deliver a total dose of 37 Gy; the 
dose rate varied by a factor of 3 (30–90 cGy/hr), owing to 
different linear activities of the iridium-192 wire and dif-
ferent volumes implanted. (Data from Mazeron JJ, Simon 
JM, Crook J, et al. Infl uence of dose rate on local control 
of breast carcinoma treated by external beam irradia-
tion plus iridium-192 implant. Int J Radiat Oncol Biol Phys. 
1991;21:1173–1177.)

FIGURE 5.19  Diagram illustrating the 
use of a computer-controlled remote af-
terloader to minimize radiation exposure 
of personnel during brachytherapy. Cath-
eters are implanted into the tumor, and 
radiographs are made to check the validity 
of the implant using “dummy” nonradioac-
tive sources. The catheters then are con-
nected to a shielded safe containing the 
radioactive (iridium-192) sources, which 
are transferred by remote control to the 
implant in the patient. The control panel 
is located outside a lightly shielded room. 
The sources can be retracted temporarily 
to the safe so that personnel can care for 
the patient, thus effectively eliminating ra-
diation exposure to personnel.
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characteristics of radionuclides more com-
monly used for brachytherapy.

■  RADIOLABELED IMMUNOGLOBULIN 
THERAPY FOR HUMAN CANCER

Radiolabeled immunoglobulin therapy is radio-
therapy for cancer using an antibody to deliver 
a radioactive isotope to the tumor. Much of the 
pioneering work in this fi eld was done by Stanley 
Order and his colleagues in the 1980s, with the 
primary focus on antiferritin labeled with radio-
active iodine or yttrium.

Ferritin is an iron-storage protein that is 
synthesized and secreted by a broad range of 
malignancies, including hepatoma, lung cancer, 
neuroblastoma, acute myelogenous leukemia, 
cancer of the breast and pancreas, and Hodgkin 
disease. It is not known why ferritin is produced 
preferentially in tumors. It has been suggested 
that messenger RNA for ferritin may resemble 
that for many viruses. This suggestion is highly 
speculative but consistent with the observation 
that ferritin is present in tumors that are sus-
pected of having a viral cause. This connection 
is strongly suspected for hepatomas, which have 
been associated with the hepatitis B virus and 
probably exists for Hodgkin disease, too.

cell cycle of the clonogenic cells. In a rapidly 
growing tumor, cell birth by mitosis compen-
sates for cell killing by the radiation during the 
prolonged exposure time. This is much less of 
a problem with slowly growing tumors, such as 
carcinoma of the prostate, and it is in such sites 
that permanent implants with iodine-125 have 
found a place.

A major advantage of a radionuclide such 
as iodine-125 is the low energy of the photons 
emitted (about 30 keV). This makes little dif-
ference to the dose distribution in an implanted 
tumor but greatly simplifi es radiation protec-
tion problems, because medical and nursing 
staff are easily shielded. In addition, the dose 
falls off rapidly outside the treatment volume, 
so that doses to parts of the patient’s body re-
mote from the implant are greatly reduced. 
Several other new radionuclides are under con-
sideration as sources for brachytherapy that 
share with iodine-125, the properties of a rela-
tively short half-life and a low-energy photon 
emission to reduce problems of radiation pro-
tection. By contrast, americium-241 emits a 
low-energy photon but has a long half-life of 
hundreds of years. Table 5.1 summarizes some 
of the physical characteristics of the newly de-
veloped sources and contrasts them with the 

TABLE 5.1 Characteristics of Radionuclides for Intracavitary 
or Interstitial Brachytherapy

 Photon Energy, keV

Radionuclide Average Range Half-Life HVL,a mm Lead

Conventional

 Cesium-137 662 — 30 y 5.5

 Iridium-192 380 136–1060 74.2 d 2.5

New

 Iodine-125 28 3–35 60.2 d 0.025

 Gold-198 412 — 2.7 d 2.5

 Americium-241 60 — 432 y 0.125

 Palladium-103 21 20–23 17 d 0.008

 Samarium-145 41 38–61 340 d 0.06

 Ytterbium 169 100 10–308 32 d 0.1
aHVL, half-valve layer, the thickness required to reduce the incident radiation by 50.

Data computed by Dr. Ravinder Nath, Yale University.
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no longer acceptable to scan with a conventional 
�-camera because single photon emission com-
puted tomography (SPECT) provides a clearer 
picture. The bremsstrahlung from �-emitters 
can be scanned by this means, so that radionu-
clides such as yttrium-90 can be used without the 
need to add a �-emitter for visualization.

Targeting
The ability to target tumors with antiferritin 
mirrors the vascularity of the tumor nodules. In 
general, tumors with a high degree of vascular-
ity are better targeted with antiferritin than less 
vascularized tumors. The presence of ferritin per 
se is not enough to ensure targeting. The need 
for neovasculature means that uptake tends to 
be greater in smaller tumors. Uptake also can 
be affected by radiation or hyperthermia. A dose 
of external radiation can act as an initiator. This 
fi rst was observed empirically but now is used 
routinely to enhance the targeting of the radio-
labeled antiferritin. This is probably a conse-
quence of damage to tumor vasculature, which 
allows antiferritin to leak out of vessels and into 
tumor cells. The targeting ratio of a tumor to the 
average for normal tissue is about 2.9 for antifer-
ritin labeled with iodine-131; the corresponding 
ratios are 1.2 for bone and gastrointestinal tract 
and 0.8 for lung.

Clinical Results
The most promising results have been in the 
treatment of unresectable primary hepatoma, 
for which 48% partial remission and 7% com-
plete remission rates have been reported by the 
Johns Hopkins group for patients receiving io-
dine-131–labeled antiferritin in combination 
with low doses of doxorubicin (Adriamycin) and 
5-fl uorouracil. Some success also has been re-
ported by other groups using similar techniques 
in the treatment of metastatic neuroblastoma, 
relapsed grade IV gliomas after radiotherapy and 
chemotherapy, metastatic ovarian cancer resis-
tant to prior radiotherapy, and malignant pleural 
and pericardial effusions of diverse causes.

Iodine-131–labeled antiferritin led to partial 
remissions in patients with Hodgkin disease, but 
yttrium-90 antiferritin produced complete re-
missions, indicating the increased effectiveness 
of the larger doses possible with radionuclides 
emitting pure �-rays. Radiolabeled immuno-
globulin therapy has been used with varying 

Although ferritin is also present in normal tis-
sues, selective tumor targeting has been demon-
strated in animal models and in clinical scanning, 
historically performed fi rst for Hodgkin disease. 
This differential is the basis of the potential ther-
apeutic gain, and thus, the clinical usefulness of 
radiolabeled immunoglobulin therapy.

In the early years of radiolabeled immuno-
globulin therapy, radiolabeled polyclonal antibod-
ies were used. These were replaced with murine 
monoclonal antibodies carrying iodine-131, which 
could be used for both diagnosis and therapy. 
More recently, chimeric mouse–human antibod-
ies, which are human antibodies derived by tissue 
culture or produced in genetically altered mice, 
and synthetically derived antibodies have become 
available. These developments have progressively 
reduced the possibility of inducing an immune 
response, lengthened the effective half-life, and 
hence, increased the tumor dose.

Radionuclides
Early studies used iodine-131, which is easily 
linked to antibodies. The disadvantage of using 
iodine-131 is that it requires large amounts of 
radioactivity (about 1,000 MBq); as a conse-
quence of this, patients must be  hospitalized, 
self-care is needed, and pediatric patients are 
excluded. In addition, the dose and dose rate to 
the tumor are limited by the relatively weak �-
emission (0.3 MeV) and by the total body dose 
resulting from the �-emission, which causes sys-
temic hematopoietic toxicity.

In more recent developments, iodine-131 
has been replaced by yttrium-90, which is char-
acterized by a pure �-emission of relatively high 
energy (0.9 MeV). This allows a higher tumor 
dose and dose rate and enables the applica-
tions to be administered on an outpatient basis. 
More recently, rhenium-188, rhenium-186, and 
phosphorus-32 have been used. New chemical 
linkages, including various chelates, have also 
been used; all seeking to bind the isotope fi rmly 
to the antibody.

Tumor Target Visualization
When iodine-131 was used, the �-ray emission 
allowed tumor localization as well as providing 
the bulk of the therapeutic dose. When pure 
�-emitters such as yttrium-90 were fi rst intro-
duced, it was necessary to add a �-emitter such 
as indium-111 to allow visualization. Today, it is 
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Sublethal Damage Repair
■ SLD repair is an operational term that 

 describes the increase in survival if a dose 
of radiation is split into two fractions sepa-
rated in time.

■ The half-time of SLD repair in mamma-
lian cells is about 1 hour, but it may be 
longer in late-responding normal tissues 
in vivo.

■ SLD repair occurs in tumors and normal 
tissues in vivo as well as in cells cultured 
in vitro.

■ The repair of SLD refl ects the repair of 
DNA breaks before they can interact to 
form lethal chromosomal aberrations.

■ SLD repair is signifi cant for x-rays, but 
 almost nonexistent for neutrons.

Dose-Rate Effect
■ If the radiation dose rate is reduced from 

about 1 Gy/min to 0.3 Gy/h, there is a 
reduction in the cell killing from a given 
dose, because SLD repair occurs during 
the protracted exposure.

■ As the dose rate is reduced, the slope of 
the survival curve becomes shallower 
(D0 increases), and the shoulder tends to 
disappear.

■ In some cell lines, an inverse dose-rate ef-
fect is evident (i.e., reducing the dose rate 
increases the proportion of cells killed) 
owing to the accumulation of cells in G2, 
which is a sensitive phase of the cycle.

Brachytherapy
■ Implanting sources into or close to a tumor 

is known as brachytherapy (from the Greek 
word brachy, meaning “short”) or endo-
curietherapy (from the Greek word endo, 
meaning “within”).

■ Intracavitary radiotherapy involves placing 
radioactive sources into a body cavity close 
to a tumor. The most common example is 
the treatment of carcinoma of the uterine 
cervix.

■ Interstitial therapy involves implanting ra-
dioactive sources directly into the tumor 
and adjacent normal tissue.

■ Temporary implants, which formerly uti-
lized radium needles, now are performed 
most often with iridium-192 wires or seeds.

■ If the implant is used as a sole treatment, 
a commonly used dose is 50 to 70 Gy in 

degrees of success for a wide range of other ma-
lignancies, including hepatomas, ovarian cancer, 
gliomas, and leukemia. Although various radio-
labeled antibodies have been shown to achieve 
remissions in lymphoma, the question of the 
effect of the total body exposure versus tumor 
targeting is still open.

Dosimetry
For iodine-131–labeled antiferritin treatment of 
unresectable primary hepatoma, about 1,000 MBq 
is administered on day 1, followed by about 700 
MBq on day 5. Escalation of dose beyond these lev-
els is not helpful because the deposition of labeled 
antiferritin becomes saturated. This translates into 
a peak dose rate of 45 to 50 mGy/h on days 1 and 
5 and a total accumulated dose of 10 to 12 Gy by 
about 15 days. The corresponding dose rate to 
normal liver is 10 mGy/h, and the total body dose 
is 2 to 3 mGy/h, which results limit hematologic 
toxicity. It is remarkable that such a small dose at 
such an LDR can produce remissions in patients 
with tumors of 1 kg or more. This response is diffi -
cult to explain based on conventional radiobiologic 
data, but the clinical results are exciting.

For yttrium-90–labeled antiferritin treatment, 
a single application of about 700 MBq results in a 
peak dose rate of about 0.16 Gy/h, which decays 
with a tumor-effective half-life of 2 days and results 
in a total accumulated dose of about 20 to 35 Gy.

SUMMARY OF 
PERTINENT CONCLUSIONS

Potentially Lethal Damage Repair
■ The component of radiation damage that 

can be modifi ed by manipulation of the 
postirradiation conditions is known as PLD.

■ PLD repair can occur if cells are prevented 
from dividing for 6 hours or more after ir-
radiation; this is manifested as an increase 
in survival. This repair can be demon-
strated in vitro by keeping cells in saline or 
plateau phase for 6 hours after irradiation 
and in vivo by delayed removal and assay of 
animal tumors or cells of normal tissues.

■ PLD repair is signifi cant for x-rays but 
does not occur after neutron irradiation.

■ It has been suggested that resistant human 
tumors (e.g., melanoma) owe their resis-
tance to large amounts of PLD repair. This 
is still controversial.
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5 to 9 days. Total dose should be adjusted 
for dose rate. Clinical studies show that 
both tumor control and late effects vary 
with dose rate for a given total dose. Often, 
the implant is used as a boost to external 
beam therapy, and only half the treatment 
is given with the implant.

■ Because of their small size and low pho-
ton energy, iridium-192 seeds are suitable 
for use with computer-controlled remote 
afterloaders.

■ Permanent implants can be used with radio-
nuclides (such as iodine-125 or palladium-103) 
that have relatively short half-lives.

■ Several novel radionuclides are being con-
sidered as sources for brachytherapy. Most 
emit low-energy photons, which simplifi es 
the problems of radiation protection.

Radiolabeled Immunoglobulin Therapy
■ In the early days of radiolabeled immuno-

globulin therapy, radiolabeled polyclonal 
antibodies were used. These were replaced 
with murine monoclonal antibodies. More 
recently, chimeric mouse–human antibod-
ies, which are human antibodies derived by 
tissue culture or produced in genetically al-
tered mice, have become available. Finally, 
synthetically derived antibodies have been 
produced.

■ Iodine-131 largely has been replaced by 
pure �-ray emitters such as yttrium-90, 
resulting in an increased tumor dose and 
decreased total body toxicity.

■ SPECT can now be used to visualize the 
tumor, using the bremsstrahlung from the 
�-rays, so it is no longer necessary to add a 
�-emitter when using yttrium-90.

■ Radiolabeled immunoglobulin therapy has 
produced promising results in unresectable 
primary hepatoma and in patients with 
Hodgkin lymphoma. It has been used with 
varying degrees of success for a wide range 
of other malignancies.
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C H A P T E R

A number of chemical and pharmacologic agents 
that modify the biologic effect of ionizing ra-
diations have been discovered. None is simpler 
than oxygen, none produces such a dramatic ef-
fect, and, as it turns out, no other agent has such 
obvious practical implications.

The oxygen effect was observed as early as 
1912 in Germany by Swartz, who noted that 
the skin reaction produced on his forearm by a 
radium applicator was reduced if the applicator 
was pressed hard onto the skin. He attributed 
this to the interruption in blood fl ow. By 1921, 
it had been noted by Holthusen that Ascaris eggs 
were relatively resistant to radiation in the ab-
sence of oxygen, a result wrongly attributed to 
the absence of cell division under these condi-
tions. The correlation between radiosensitivity 
and the presence of oxygen was made by Petry 
in 1923 from a study of the effects of radiation 
on vegetable seeds. All of these results were pub-
lished in the German literature but were appar-
ently little known in the English-speaking world.

In England in the 1930s, Mottram explored 
the question of oxygen in detail, basing his in-
vestigations on work of Crabtree and Cramer 
on the survival of tumor slices irradiated in the 
presence or absence of oxygen. He also dis-
cussed the importance of these fi ndings to radio-
therapy. Mottram began a series of experiments 
that culminated in a quantitative measurement 
of the oxygen effect by his colleagues Gray and 
Read, using as a biologic test system the growth 

inhibition of the primary root of the broad bean 
Vicia faba.

■ THE NATURE OF THE OXYGEN EFFECT

Survival curves for mammalian cells exposed to 
x-rays in the presence and absence of oxygen 
are illustrated in Figure 6.1. The ratio of doses 
administered under hypoxic to aerated condi-
tions needed to achieve the same biologic ef-
fect is called the oxygen enhancement ratio
(OER). For sparsely ionizing radiations, such 
as x- and �-rays, the OER at high doses has a 
value of between 2.5 and 3.5. The OER has been 
determined for various chemical and biologic 
systems with different end points, and its value 
for x-rays and �-rays always tends to fall in this 
range. There is some evidence that for rapidly 
growing cells cultured in vitro, the OER has a 
smaller value of about 2.5 at lower doses, on the 
order of the daily dose per fraction generally 
used in radiotherapy. This is believed to result 
from the variation of OER with the phase of the 
cell cycle: Cells in G1 phase have a lower OER 
than those in S, and because G1 cells are more 
radiosensitive, they dominate the low-dose re-
gion of the survival curve. For this reason, the 
OER of an asynchronous population is slightly 
smaller at low doses than at high doses. This re-
sult has been demonstrated for fast-growing cells 
cultured in vitro, for which precise survival mea-
surements are possible, but would be diffi cult to 
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the survival curve does not have an initial shoul-
der. In this case, survival estimates made in the 
presence or absence of oxygen fall along a com-
mon line; the OER is unity—in other words, 
there is no oxygen effect. For radiations of inter-
mediate ionizing density, such as neutrons, the 
survival curves have a much reduced shoulder. In 
this case, the oxygen effect is apparent, but it is 
much smaller than is the case for x-rays. In the 
 example shown in Figure 6.2, the OER for neu-
trons is about 1.6.

In summary, the oxygen effect is large and 
important in the case of sparsely ionizing radia-
tions, such as x-rays; is absent for densely ion-
izing radiations, such as �-particles; and has an 
intermediate value for fast neutrons.

■  THE TIME AT WHICH OXYGEN ACTS 
AND THE MECHANISM OF THE 
 OXYGEN EFFECT

For the oxygen effect to be observed, oxygen 
must be present during the radiation exposure 
or, to be precise, during or within microseconds 
after the radiation exposure. Sophisticated ex-
periments have been performed in which oxy-
gen, contained in a chamber at high pressure, 
was allowed to “explode” onto a single layer of 
bacteria (and later mammalian cells) at various 
times before or after irradiation with a 2-�s elec-
tron pulse from a linear accelerator. It was found 
that oxygen need not be present during the irra-
diation to sensitize but could be added afterward, 
provided the delay was not too long. Some sen-
sitization occurred with oxygen added as late as 
5 milliseconds after irradiation.

Experiments such as these shed some light 
on the mechanism of the oxygen effect. There is 
general agreement that oxygen acts at the level 
of the free radicals. The chain of events from the 
absorption of radiation to the fi nal expression of 
biologic damage has been summarized as follows: 
The absorption of radiation leads to the pro-
duction of fast-charged particles. The charged 
particles, in passing through the biologic mate-
rial, produce several ion pairs. These ion pairs 
have very short life spans (about 10�10 second) 
and produce free radicals, which are highly re-
active molecules because they have an unpaired 
valence electron. The free radicals are important 
because although their life spans are only about 

show in a tissue. There is some evidence also that 
for cells in culture, the survival curve has a com-
plex shape for doses less than 1 Gy. What effect, 
if any, this has on the OER is not yet clear.

Figure 6.2 illustrates the oxygen effect for 
other types of ionizing radiations. For a densely 
ionizing radiation, such as low-energy �-particles, 

FIGURE 6.1  Cells are much more sensitive to x-rays 
in the presence of molecular oxygen than in its absence 
(i.e., under hypoxia). The ratio of doses under hypoxic to 
aerated conditions necessary to produce the same level 
of cell killing is called the oxygen enhancement ratio 
(OER). It has a value close to 3.5 at high doses (A), but 
may have a lower value of about 2.5 at x-ray doses less 
than about 2 to 3 Gy (B). (Adapted from Palcic B, Skars-
gard LD. Reduced oxygen enhancement ratio at low 
doses of ionizing radiation. Radiat Res. 1984;100:328–
339, with permission.)
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cannot take place in the absence of oxygen; since 
then, many of the ionized target molecules are 
able to repair themselves and recover the ability 
to function normally. In a sense, then, oxygen 
may be said to “fi x” or make permanent the ra-
diation lesion. This is known as the oxygen fi xation 
hypothesis. The process is illustrated in Figure 6.3.

■  THE CONCENTRATION OF 
OXYGEN REQUIRED

A question of obvious importance is the concen-
tration of oxygen required to potentiate the ef-
fect of radiation. Is the amount required small or 
large? Many investigations have been performed 
using bacteria, plants, yeast, and mammalian cells, 
and the similarities between them are striking.

10�5 second, that is appreciably longer than that 
of the ion pairs. To a large extent, it is these free 
radicals that break chemical bonds, produce 
chemical changes, and initiate the chain of events 
that result in the fi nal expression of biologic 
damage; however, it has been observed that the 
extent of the damage depends on the presence or 
absence of oxygen.

If molecular oxygen is present, DNA reacts 
with the free radicals (R·). The DNA radical 
can be chemically restored to its reduced form 
through reaction with a sulfhydryl (SH) group. 
However, the formation of RO2 ·, an organic 
peroxide, represents a nonrestorable form of 
the target material; that is, the reaction results 
in a change in the chemical composition of the 
material exposed to the radiation. This reaction 

FIGURE 6.2  The oxygen enhance-
ment ratio (OER) for various types of 
radiation. X-rays exhibit a larger OER 
of 2.5 (A). Neutrons (15-MeV d� → T) 
are between these extremes, with an 
OER of 1.6 (B). The OER for low-energy 
�-particles is unity (C). (Adapted from 
Barendsen GW, Koot CJ, van Kersen 
GR, et al. The effect of oxygen on im-
pairment of the proliferative capacity 
of human cells in culture by ionizing 
radiations of different LET. Int J Radiat 
Biol Relat Stud Phys Chem Med. 1966;10:
317–327, and Broerse JJ, Barendsen 
GW, van Kersen GR. Survival of cultured 
human cells after irradiation with fast 
neutrons of different energies in hy-
poxic and oxygenated conditions. Int 
J Radiat Biol Relat Stud Phys Chem Med. 
1968;13:559–572, with permission.)
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obtained under experimental conditions (10 ppm 
of oxygen in the gas phase). The introduction 
of a very small quantity of oxygen, 100 ppm, is 
readily noticeable in a change in the slope of the 
survival curve. A concentration of 2,200 ppm, 
which is about 0.22% oxygen, moves the survival 
curve about halfway toward the fully aerated 
condition.

Other experiments have shown that, gener-
ally, by the time a concentration of oxygen cor-
responding to 2% has been reached, the survival 
curve is virtually indistinguishable from that 
obtained under conditions of normal aeration. 
Furthermore, increasing the amount of oxygen 
present from that characteristic of air to 100% 
oxygen does not further affect the slope of the 
curve. This has led to the more usual “textbook 
representation” of the variation of radiosen-
sitivity with oxygen concentration as shown in 
Figure 6.5. The term used here to represent ra-
diosensitivity is proportional to the reciprocal of 
the D0 of the survival curve. It is arbitrarily as-
signed a value of unity for anoxic conditions. As 
the oxygen concentration increases, the biologic 
material becomes progressively more sensitive 
to radiation, until, in the presence of 100% oxy-
gen, it is about three times as sensitive as under 
complete anoxia. Note that the rapid change of 
radiosensitivity occurs as the partial pressure of 
oxygen is increased from zero to about 30 mm 
Hg (5% oxygen). A further increase in oxygen 
tension to an atmosphere of pure oxygen has 

The simple way to visualize the effect of oxy-
gen is by considering the change of slope of the 
mammalian cell survival curve. Figure 6.4 is a 
dramatic representation of what happens to the 
survival curve in the presence of various concen-
trations of oxygen. Curve A is characteristic of 
the response under conditions of equilibration 
with air. Curve B is a survival curve for irradia-
tion in as low a level of hypoxia as usually can be 

FIGURE 6.3  The oxygen fi xation hypothesis. About 
two-thirds of the biologic damage produced by x-rays 
is by indirect action mediated by free radicals. The dam-
age produced by free radicals in DNA can be repaired 
under hypoxia but may be “fi xed” (made permanent 
and irreparable) if molecular oxygen is available.

FIGURE 6.4  Survival curves for Chinese 
hamster cells exposed to x-rays in the pres-
ence of various oxygen concentrations. Open 
circles, air (A); closed circles, 2,200 ppm of 
oxygen or pO2 of 1.7 mm Hg; open squares, 
355 ppm of oxygen or pO2 of 0.25 mm Hg; 
closed squares, 100 ppm of oxygen or pO2 of 
0.075 mm Hg; open triangles, 10 ppm of oxy-
gen or pO2 of 0.0075 mm Hg (B), which cor-
responded to the lowest level of hypoxia that 
could usually be obtained under experimental 
conditions. (Adapted from Elkind MM, Swain 
RW, Alescio T, et al. Oxygen, nitrogen, recovery 
and radiation therapy. In: Cellular Radiation Bi-
ology. Baltimore, MD: Williams & Wilkins; 1965:
442–461, with permission.)
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■ CHRONIC AND ACUTE HYPOXIA

It is important to recognize that hypoxia in tu-
mors can result from two quite different mecha-
nisms. Chronic hypoxia results from the limited 
diffusion distance of oxygen through tissue that is 
respiring. The distance to which oxygen can dif-
fuse is largely limited by the rapid rate at which 
it is metabolized by respiring tumor cells. Many 
tumor cells may remain hypoxic for long peri-
ods. In contrast to chronic hypoxia, acute hypoxia 
is the result of the temporary closing of a tumor 
blood vessel owing to the malformed vasculature 
of the tumor, which lacks smooth muscle and 
often has an incomplete endothelial lining and 
basement membrane. Tumor cells are exposed to 
a continuum of oxygen concentrations, ranging 
from the highest in cells surrounding the capil-
laries to almost anoxic conditions in cells more 
distant from the capillaries. This is signifi cant 
because both chronic and acute hypoxia have 
been shown to drive malignant progression.

Chronic Hypoxia
As already mentioned, radiotherapists began to 
suspect that oxygen infl uences the radiosensitivity 
of tumors in the 1930s. It was, however, a paper 
by Thomlinson and Gray in 1955 that triggered 
the tremendous interest in oxygen as a factor in 
radiotherapy; they described the phenomenon 
of chronic hypoxia that they observed in their 
histologic study of fresh specimens of bronchial 
 carcinoma. Cells of the stratifi ed squamous epi-
thelium, normal or malignant, generally remain 
in contact with one another; the vascular stroma 
on which their nutrition depends lies in contact 
with the epithelium, but capillaries do not pen-
etrate between the cells. Tumors that arise in this 
type of tissue often grow in solid cords that, seen 
in section, appear to be circular areas surrounded 
by stroma. The centers of large tumor areas are 
necrotic and are surrounded by intact tumor cells, 
which consequently appear as rings. Figure 6.6A, 
reproduced from Thomlinson and Gray, shows a 
transverse section of a tumor cord and is typical 
of areas of a tumor in which necrosis is not far 
advanced. Figure 6.6B shows large areas of ne-
crosis separated from stroma by a narrow band of 
tumor cells about 100 �m wide.

By viewing a large number of these samples 
of human bronchial carcinomas, Thomlinson 
and Gray recognized that as the tumor cord 

little, if any, further effect. An oxygen concen-
tration of 0.5% (or about 3 mm Hg) results in 
a radiosensitivity halfway between the charac-
teristic of hypoxia and that of fully oxygenated 
conditions.

It is evident, then, that very small amounts of 
oxygen are necessary to produce the dramatic and 
important oxygen effect observed with x-rays. 
Although it is usually assumed that the oxygen 
tension of most normal tissues is similar to that 
of venous blood or lymph (20–40 mm Hg), in 
fact, oxygen probe measurements indicate that 
the oxygen tension may vary between different 
tissues over a wide range from 1 to 100 mm Hg. 
Many tissues are therefore borderline hypoxic 
and contain a small proportion of cells that are 
radiobiologically hypoxic. This is particularly 
true of, for example, the liver and skeletal mus-
cles. Even mouse skin has a small proportion of 
hypoxic cells that shows up as a change of slope 
if the survival curve is pushed to low survival 
levels.

FIGURE 6.5  An idealized representation of the de-
pendence of radiosensitivity on oxygen concentration. 
If the radiosensitivity under extremely anoxic condi-
tions is arbitrarily assigned a value of unity, the relative 
radiosensitivity is about 3 under well-oxygenated con-
ditions. Most of this change of sensitivity occurs as the 
oxygen tension increases from 0 to 30 mm Hg. A further 
increase of oxygen content to that characteristic of air 
or even pure oxygen at high pressure has little further 
effect. A relative radiosensitivity halfway between an-
oxia and full oxygenation occurs for a pO2 of about 
3 mm Hg, which corresponds to a concentration of 
about 0.5% oxygen. This illustration is idealized and 
does not represent any specifi c experimental data. 
 Experiments have been performed with yeast, bacteria, 
and mammalian cells in culture; the results conform to 
the general conclusions summarized here.
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went on to calculate the distance to which oxy-
gen could diffuse in respiring tissue and came 
up with a distance of about 150 �m. This was 
close enough to the thickness of viable tumor 
cords on their histologic sections for them to 
conclude that oxygen depletion was the princi-
pal factor leading to the development of necrotic 
areas in tumors. Using more appropriate values 

grows larger, the necrotic center also enlarges, so 
that the thickness of the sheath of viable tumor 
cells remains essentially constant. This is illus-
trated in Figure 6.7.

The obvious conclusion was that tumor cells 
could proliferate and grow actively only if they 
were close to a supply of oxygen or nutrients 
from the stroma. Thomlinson and Gray then 

FIGURE 6.6  Transverse sections of tumor cords surrounded by stroma from human carci-
noma of the bronchus. A: A typical tumor area in which necrosis is not far advanced. B: Large 
areas of necrosis separated from the stroma by a band of tumor cells about 100 �m wide. (From 
Thomlinson RH, Gray LH. The histological structure of some human lung cancers and the pos-
sible implications for radiotherapy. Br J Cancer. 1955;9:539–549, with permission.)
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region in which cells would be at an oxygen ten-
sion high enough for cells to be clonogenic but 
low enough to render the cells protected from 
the effect of ionizing radiation. Cells in this re-
gion would be relatively protected from a treat-
ment with x-rays because of their low oxygen 
tension and could provide a focus for the subse-
quent regrowth of the tumor (Fig. 6.8). Based on 
these ideas, it was postulated that the presence of 
a relatively small proportion of hypoxic cells in 
tumors could limit the success of radiotherapy in 
some clinical situations.

of oxygen diffusion coeffi cients and consump-
tion values, a better estimate of the distance that 
the oxygen can diffuse in respiring tissue is about 
70 �m. This, of course, varies from the arterial 
to the venous end of a capillary, as illustrated in 
Figure 6.8.

By histologic examination of sections, it is 
possible to distinguish only two classes of cells: 
(1) those that appear to be proliferating well and 
(2) those that are dead or dying. Between these 
two extremes, and assuming a steadily decreas-
ing oxygen concentration, one would expect a 

FIGURE 6.7  The conclusions reached by 
Thomlinson and Gray from a study of histologic 
sections of human bronchial carcinoma. No ne-
crosis was seen in small tumor cords with a ra-
dius of less than about 160 �m. No tumor cord 
with a radius exceeding 200 �m was without a 
necrotic center. As the diameter of the necrotic 
area increased, the thickness of the sheath of 
 viable tumor cells remained essentially constant 
at 100 to 180 �m.
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FIGURE 6.8  The diffusion of oxygen from a capillary through tumor 
tissue. The distance to which oxygen can diffuse is limited largely by 
the rapid rate at which it is metabolized by respiring tumor cells. For 
some distance from a capillary, tumor cells are well oxygenated (white). 
At greater distances, oxygen is depleted, and tumor cells become ne-
crotic (black). Hypoxic tumor cells form a layer, perhaps one or two cells 
thick, in between (gray). In this region, the oxygen concentration is high 
enough for the cells to be viable but low enough for them to be rela-
tively protected from the effects of x-rays. These cells may limit the ra-
diocurability of the tumor. The distance to which oxygen can diffuse is 
about 70 �m at the arterial end of a capillary and less at the venous end.
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between acute and chronic hypoxia. In contrast 
to acutely hypoxic cells, chronically hypoxic cells 
are less likely to become reoxygenated and will 
die unless they are able to access a blood supply.

■  THE FIRST EXPERIMENTAL 
 DEMONSTRATION OF HYPOXIC 
CELLS IN A TUMOR

The dilution assay technique, described in 
 Chapter 21, was used by Powers and Tolmach to 
investigate the radiation response of a solid sub-
cutaneous lymphosarcoma in the mouse. Survival 
estimates were made for doses from 2 to 25 Gy. 
The results are shown in Figure 6.10, in which the 
dose on a linear scale is plotted against the fraction 
of surviving cells on a logarithmic scale.

The survival curve for this solid tumor clearly 
consists of two separate components. The fi rst, 
up to a dose of about 9 Gy, has a D0 of 1.1 Gy. 
The second has a shallower D0 of 2.6 Gy. This 
biphasic survival curve has a fi nal slope about 
2.5 times shallower than the initial portion, 
which strongly suggests that the tumor consists 
of two separate groups of cells, one oxygenated 
and the other hypoxic. If the shallow component 
of the curve is extrapolated backward to cut the 
surviving-fraction axis, it does so at a survival 
level of about 1%. From this, it may be inferred 
that about 1% of the clonogenic cells in the 
tumor were defi cient in oxygen.

The response of this tumor to single doses of 
radiation of various sizes is explained readily on 

These ideas about the role of oxygen in cell 
killing dominated the thinking of radiobiologists 
and radiotherapists in the late 1950s and early 
1960s. A great deal of thought and effort was 
directed toward solving this problem. The solu-
tions proposed included the use of high-pressure 
oxygen chambers, the development of novel 
radiation modalities such as neutrons, negative 
�-mesons, and heavy-charged ions, and the de-
velopment of hypoxic cell sensitizers.

Acute Hypoxia
Regions of acute hypoxia develop in tumors as 
a result of the temporary closing or blockage of 
a particular blood vessel. If this blockage were 
permanent, the cells downstream, of course, 
would eventually die and be of no further con-
sequence. There is, however, good evidence that 
tumor blood vessels open and close in a random 
fashion, so that different regions of the tumor 
become hypoxic intermittently. In fact, acute 
hypoxia results from transient fl uctuations in 
blood fl ow because of the malformed vascula-
ture. At the moment when a dose of radiation is 
delivered, a proportion of tumor cells may be hy-
poxic, but if the radiation is delayed until a later 
time, a different group of cells may be hypoxic. 
The occurrence of acute hypoxia was postulated 
in the early 1980s by Martin Brown and was 
later demonstrated unequivocally in rodent tu-
mors by Chaplin and his colleagues. Figure 6.9, 
which illustrates how acute hypoxia is caused by 
fl uctuating blood fl ow, also depicts the difference 

FIGURE 6.9  Diagram illustrating the dif-
ference between chronic and acute hypoxia. 
Chronic hypoxia results from the limited dif-
fusion distance of oxygen in respiring tissue 
that is actively metabolizing oxygen. Cells 
that become hypoxic in this way remain hy-
poxic for long periods until they die and be-
come necrotic. Acute hypoxia results from the 
temporary closing of tumor blood vessels. 
The cells are intermittently hypoxic because 
normoxia is restored each time the blood ves-
sel opens up again. (Adapted from Brown JM. 
Tumor hypoxia, drug resistance, and metasta-
ses. J Natl Cancer Inst. 1990;82:338–339, with 
permission.)
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oxygenated cells with varying proportions of hy-
poxic cells. At low doses, the survival curve for a 
mixed population closely follows that for the oxy-
genated population. At higher doses, the number 
of surviving oxygenated cells is negligible com-
pared with the number of anoxic cells, and conse-
quently, the curve representing the mixed popula-
tion is parallel to (i.e., has the same slope as) the 
curve for the hypoxic population. The fraction of 
hypoxic cells in the tumor determines the distance 
between the parallel terminal slopes of the dose-
response curves, as shown in Figure 6.11A. This 
fraction is identical to the ratio of the surviving 
cells from the partially hypoxic tumor to those 
from the entirely hypoxic tumor.

In practice, the procedure is as follows: 
 Survival measurements are made at several dose 
levels under two different conditions:

 1. The animal (e.g., a mouse) is asphyxiated sev-
eral minutes before irradiation by breathing 
nitrogen. Under these conditions, all of the 
tumor cells are hypoxic, and the data points 
obtained defi ne a line comparable to the 
upper curve in Figure 6.11A.

 2. The animal is alive and breathing air when 
irradiated, so that the proportion of hypoxic 
cells in the tumor is at its normal level. The 

this basis. If 99% of the cells are well oxygenated 
and 1% are hypoxic, the response to lower doses 
is dominated by the killing of the well-oxygen-
ated cells. For these doses, the hypoxic cells are 
depopulated to a negligibly small extent. Once 
a dose of about 9 Gy is exceeded, however, the 
oxygenated compartment of the tumor is depop-
ulated severely, and the response of the tumor is 
characteristic of the response of hypoxic cells. 
This biphasic survival curve was the fi rst un-
equivocal demonstration that a solid tumor could 
contain cells suffi ciently hypoxic to be protected 
from cell killing by x-rays but still clonogenic and 
capable of providing a focus for tumor regrowth.

■  PROPORTION OF HYPOXIC CELLS IN 
VARIOUS ANIMAL TUMORS

Over the years, many investigators have de-
termined the fraction of hypoxic cells in vari-
ous tumors in experimental animals. The most 
 satisfactory and most widely used method is to 
obtain paired survival curves (Fig. 6.11A). The 
steepest curve relates to a fully oxygenated popu-
lation of cells; the uppermost curve, to a popu-
lation made up entirely of hypoxic cells. The in-
termediate curves refer to mixed populations of 

FIGURE 6.10  Fraction of surviving cells as a 
function of dose for a solid subcutaneous lym-
phosarcoma in the mouse irradiated in vivo. The 
fi rst part of the curve has a slope D0 of 1.1 Gy; the 
second component of the curve has a shallower 
slope D0 of 2.6 Gy, indicating that these cells are 
hypoxic. (Adapted from Powers WE, Tolmach 
LJ. A multicomponent x-ray survival curve for 
mouse lymphosarcoma cells irradiated in vivo. 
Nature. 1963;197:710–711, with permission.)
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FIGURE 6.11  A: Theoretic sur-
vival curves for cell populations con-
taining different fractions of hypoxic 
cells. The fraction of hypoxic cells in 
each population determines the dis-
tance between its survival curve and 
the curve for the completely hypoxic 
population. From the relative radio-
sensitivity at any dose level at which 
the survival curves are approximated 
by parallel lines, the fraction of hy-
poxic cells can be determined from 
the ratio of survival of the completely 
and partially hypoxic populations, as 
indicated by the vertical lines A-A, B-B, 
and so on. This illustration is based on 
the model proposed by Hewitt and 
Wilson. (Adapted from van Putten LM, 
Kallman RF. Oxygenation status of a 
transplantable tu mor during fraction-
ated radiotherapy. J Natl Cancer Inst. 
1968;40:441–451, with permission.) B: 
The proportion of hypoxic cells in a 
mouse tumor. The biphasic curve la-
beled air curve represents data for cells 
from tumors irradiated in mice breath-
ing air, which are therefore a mixture of 
aerated and hypoxic cells. The hypoxic 
curve is for cells irradiated in mice as-
phyxiated by nitrogen breathing or for 
cells irradiated in vitro in nitrogen, so 
that they are all hypoxic. The air curve 
is for cells irradiated in vitro in air. The 
proportion of hypoxic cells is the ratio 
of the air to hypoxic curves or the ver-
tical separation between the curves 
because the surviving fraction is on a 
logarithmic scale. (Courtesy of Dr. Sara 
Rockwell; based on data of Moulder 
and Rockwell and of Rockwell and 
 Kallman.)

data points obtained defi ne a lower line typi-
cal of a mixed population of hypoxic and oxy-
genated cells. The vertical separation between 
the two lines gives the proportion of hypoxic 
cells characteristic of that particular tumor.

An example of experimental data for a de-
termination of the hypoxic fraction in a mouse 
tumor is shown in Figure 6.11B. Hypoxic frac-
tions can also be calculated from a comparison of 
the TCD50 values (i.e., the doses at which 50% 
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■  TECHNIQUES TO MEASURE 
TUMOR OXYGENATION

Oxygen Probe Measurements
Oxygen probes—that is, electrodes implanted 
directly into tumors to measure oxygen con-
centration by a polarographic technique—have 
a long and checkered history. The widespread 
use of this technique did not come about until 
the development of the Eppendorf probe, which 
has a very fast response time and can be moved 
quickly through a tumor under computer con-
trol to obtain large numbers of oxygen measure-
ments along multiple tracks through the tumor. 
The data from polarographic oxygen electrode 
studies indicate that hypoxia can be used to pre-
dict treatment outcomes for various tumor sites, 
including the cervix, prostate, and head and 
neck. Local control of tumors treated by radio-
therapy correlates with oxygen-probe measure-
ments, indicating that oxygen measurements 
may have a predictive value in radiotherapy. 
Oxygen electrode studies of cervical cancers and 
sarcomas indicated that hypoxia was also predic-
tive of tumor aggressiveness. A new fi ber-optic 
probe has been introduced as an alternative oxy-
gen sensor. A dye in the tip of the probe has a 
fl uorescent lifetime that is inversely related to 
oxygen concentration.

Markers of Hypoxia
The idea of using hypoxia markers originated 
from the development of 2-nitroimidazoles, hy-
poxic radiosensitizers that bind irreversibly to 
macromolecules in hypoxic cells. These com-
pounds are administered systemically, but are 
only metabolized to form adducts under hypoxic 
conditions. Pimonidazole is an example of a hy-
poxia marker, which forms adducts in hypoxic 
tumor cells that can be detected by tumor biopsy 
and immunohistochemistry. The advantages of 
hypoxia markers over oxygen electrodes include 
(1) that they provide the relative oxygen con-
centrations on an individual cell basis, (2) that 
they make it possible to distinguish between vi-
able and necrotic tissue, and (3) that they make 
it possible to distinguish between chronic and 
acute hypoxia.

Radioactively labeled 2-nitroimidazoles and 
other redox-sensitive compounds have been de-
veloped to monitor tissue hypoxia noninvasively. 
Although noninvasive imaging of hypoxia has a 

of the tumors are locally controlled) for clamped 
and unclamped tumors or from a comparison 
of growth delays from tumors irradiated under 
these two conditions. Any of these methods in-
volves several assumptions, notably that cells 
made hypoxic artifi cially have the same sensi-
tivity as those that have respired to this condi-
tion in the tumor naturally and that the tumor is 
composed of two distinct populations, one aer-
ated and the other hypoxic, with nothing falling 
in between. Consequently, measured values for 
hypoxic fractions can serve only as a guide and 
must not be taken too seriously.

Moulder and Rockwell published a survey 
of all published data on hypoxic fractions and 
reported that of 42 tumor types studied, 37 
were found to contain hypoxic cells in at least 
one study. Hypoxic fractions range from 0% to 
50%, with a tendency for many results to average 
about 15%. Comparable measurements cannot 
be made in human tumors, of course, to deter-
mine precisely the proportion of hypoxic cells.

■  EVIDENCE FOR HYPOXIA IN 
HUMAN TUMORS

Over the last decade, various techniques have 
been used to determine the oxygenation of 
human tumors, including measuring the dis-
tance between tumor cells and vessels in histo-
logic sections, determining the oxygen satura-
tion of  hemoglobin, and monitoring changes 
in tumor metabolism. These techniques have 
been replaced by newer methods, including 
oxygen probes, hypoxia markers, the comet 
assay, and noninvasive imaging. Although each 
of these techniques has strengths and weak-
nesses, together they convincingly demonstrate 
that hypoxia is a common feature of human 
solid tumors that can infl uence both the malig-
nant progression and the response of tumors to 
therapy. In most studies, the  assessment of hy-
poxia in human tumors has been based largely 
on oxygen-probe measurements. This approach 
has been used to group patients based on their 
median pO2 values, but disregards a great deal 
of information that is obtained in the process, 
especially the heterogeneity of oxygen measure-
ments in solid tumors. Although oxygen probes 
are considered the “gold standard” for measur-
ing tumor pO2, newer noninvasive techniques 
will supplant them in the future.
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surrounding the blood vessels are not visible be-
cause they are fully oxygenated and do not express 
HIF-1 or reduce the pimonidazole. As would be 
expected, there is a gradient in oxygen tension 
away from blood vessels, with therapeutically rel-
evant hypoxic cells situated at some distance.

■ REOXYGENATION

Van Putten and Kallman determined the pro-
portion of hypoxic cells in a transplantable sar-
coma in the mouse. This tumor, which was of 
spontaneous origin, was transplanted from one 
generation of animals to the next by inoculating 
a known number of tumor cells subcutaneously. 
The tumor was allowed to grow for 2 weeks, by 
which time it had reached a size suitable for the 
experiment. The tumor was irradiated in vivo 
and then excised and made into a suspension of 
cells. The proportion of hypoxic cells was deter-
mined by the method described in Figure 6.11.

The researchers found that for this mouse sar-
coma, the proportion of hypoxic cells in the un-
treated tumor was about 14%. The vital contribu-
tion made by van Putten and Kallman involved a 
determination of the proportion of hypoxic cells 
in this tumor after various fractionated radiation 
treatments. When groups of tumors were exposed 
to fi ve daily doses of 1.9 Gy delivered Monday 
through Friday, the proportion of hypoxic cells 
was determined on the following Monday to be 
18%. In another experiment, four daily fractions 
were given Monday through Thursday, and the 
proportion of hypoxic cells measured the follow-
ing day, Friday, was found to be 14%.

These experiments have far-reaching im-
plications in radiotherapy. The fact that the 

lower resolution than invasive approaches, it has 
the distinct advantage of monitoring changes 
in oxygenation of both the primary tumor and 
metastases. Various positron emission tomog-
raphy (PET) and single photon emission com-
puted tomography (SPECT) imaging agents 
are available, including 18F-MISO, 18F-EF5, 
 60Cu-ATSM, and 123I-IAZA. The use of these 
agents in combination with IMRT theoreti-
cally allows the development of “physiologically 
targeted radiotherapy,” in which different por-
tions of the tumor can  receive different radiation 
doses based on differences in physiology such as 
oxygen tension. This is commonly referred to as 
“dose painting.”

Immunohistochemical staining for endoge-
nous markers of tumor hypoxia, such as carbonic 
anhydrase IX (CA9) and hypoxia-inducible fac-
tor (HIF), has also been found to colocalize with 
2-nitroimidazole binding, indicating that endog-
enous proteins are increased in hypoxic tumor 
regions. However, the expression of endogenous 
markers can be regulated by factors other than 
oxygen, complicating their use in quantifying 
tumor hypoxia.

Figure 6.12 illustrates the way in which these 
various compounds can be harnessed to “visual-
ize” hypoxic regions in tumors. Figure 6.12 is a 
pretreatment frozen biopsy from a patient with 
carcinoma of the cervix. The blue staining shows 
the blood vessels. The green staining shows pi-
monidazole (i.e., cells that are hypoxic and will 
exhibit decreased sensitivity to ionizing radiation). 
The red staining shows cell nuclei that  express the 
HIF-1 (i.e., in regions where the oxygen tension is 
lower than normal, but will not affect the response 
of cells to ionizing radiation). Cells immediately 

FIGURE 6.12  This image is from a pretreatment 
frozen biopsy from a patient with carcinoma of the 
cervix. Green staining shows pimonidazole binding 
(i.e., hypoxia), red nuclei express HIF-1alpha (i.e., are 
in a region of decreasing oxygen tension), and blue 
staining shows blood vessels expressing CD31. 
(From Sobhanifar S, Aquino-Parsons C, Stanbridge 
EJ, et al. Reduced expression of hypoxia-inducible 
factor-1alpha in perinecrotic regions of solid tu-
mors. Cancer Res. 2005;65:7259–7266. Courtesy of 
Dr. Peggy Olive.)
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dominated by hypoxic cells. If suffi cient time is 
allowed before the next radiation dose, the pro-
cess of reoxygenation restores the proportion of 
hypoxic cells to about 15%. If this process is re-
peated many times, the tumor cell population is 
depleted, despite the intransigence to killing by 
x-rays of the cells defi cient in oxygen. In other 
words, if reoxygenation is effi cient between dose 
fractions, the presence of hypoxic cells does not 
have a signifi cant effect on the outcome of a mul-
tifraction regimen.

■ TIME SEQUENCE OF REOXYGENATION

In the particular tumor system used by van 
 Putten and Kallman, the proportion of hypoxic 
cells returned to its original pretreatment level 
by 24 hours after delivery of a fractionated dos-
age schedule. Kallman and Bleehen reported 
experiments in which the proportion of hypoxic 
cells in the same transplantable mouse sarcoma 

proportion of hypoxic cells in the tumor is 
about the same at the end of a fractionated ra-
diotherapy regimen as in the untreated tumor 
 demonstrates that during the course of the treat-
ment, some hypoxic cells become oxygenated. 
If this were not the case, then the proportion of 
hypoxic cells would increase during the course 
of the fractionated treatment because the radia-
tion depopulates the aerated cell compartment 
more than the hypoxic cell compartment. This 
phenomenon, by which hypoxic cells become 
oxygenated after a dose of radiation, is termed 
reoxygenation. The oxygen status of cells in a 
tumor is not static; it is dynamic and constantly 
changing.

The process of reoxygenation is illustrated in 
Figure 6.13. A modest dose of x-rays to a mixed 
population of aerated and hypoxic cells results in 
signifi cant killing of aerated cells but little kill-
ing of hypoxic cells. Consequently, the viable 
cell population immediately after irradiation is 

X-rays

Aerated
cells

Immediately
after irradiation

Mostly
hypoxic cells

Reoxygenation

Reoxygenation

15%
Hypoxic

cells

Reoxygenation

etc.

FIGURE 6.13  The process of reoxy-
genation. Tumors contain a mixture of 
aerated and hypoxic cells. A dose of x-rays 
kills a greater proportion of aerated cells 
than hypoxic cells because aerated cells 
are more radiosensitive. Therefore, imme-
diately after irradiation, most cells in the 
tumor are hypoxic. However, the preirra-
diation pattern tends to return because 
of reoxygenation. If the radiation is given 
in a series of fractions separated in time 
suffi cient for reoxygenation to occur, the 
presence of hypoxic cells does not greatly 
infl uence the response of the tumor.
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much lower than that characteristic of the unir-
radiated tumor. This point is reached 3 days after 
the delivery of a single large dose of radiation. 
The only one of the fi ve tumors that does not 
show any signifi cant rapid reoxygenation is the 
osteosarcoma studied by van Putten, also illus-
trated in Figure 6.15.

■ MECHANISM OF REOXYGENATION

In experimental animals, some tumors take sev-
eral days to reoxygenate; in others, the process 
appears to be complete within 1 hour or so. In 
a few tumors, both fast and slow components to 
reoxygenation are evident. The differences of 
timescale refl ect the different types of hypoxia 
that are being reversed, chronic versus acute. In 
the long term, a restructuring or a revascular-
ization of the tumor occurs as the cells killed 
by the radiation are broken down and removed 
from the population. As the tumor shrinks in 
size, surviving cells that previously were be-
yond the range of oxygen diffusion are closer 
to a blood supply and so reoxygenate. This slow 
component of reoxygenation, taking place over 
a period of days as the tumor shrinks, involves 
reoxygenation of cells that were chronically hy-
poxic. By contrast, the fast component of re-
oxygenation, which is complete within hours, 
is caused by the reoxygenation of acutely hy-
poxic cells; that is, those cells that were hypoxic 
at the time of irradiation because they were in 
regions in which a blood vessel was temporarily 
closed quickly reoxygenate when that vessel is 
reopened.

■  THE IMPORTANCE OF 
 REOXYGENATION IN RADIOTHERAPY

The process of reoxygenation has impor-
tant implications in practical radiotherapy. 
If human tumors do in fact reoxygenate as 
rapidly and effi ciently as most of the animal 
 tumors studied, then the use of a multifraction 
course of radiotherapy, extending over a long 
period, may well be all that is required to deal 
effectively with any hypoxic cells in human 
 tumors.

The reoxygenation studies with mouse 
mammary carcinoma, included in Figure 6.15, 
indicate that by 2 to 3 days after a dose of radia-
tion, the proportion of hypoxic cells is actually 

was determined at various times after delivery of 
a single dose of 10 Gy. Their results are shown in 
Figure 6.14; the shape of the curve indicates that 
in this particular tumor, the process of reoxygen-
ation is very rapid indeed.

Similar results subsequently have been re-
ported by several researchers using various tumor 
systems. The patterns of reoxygenation after ir-
radiation observed in several  different animal 
tumor systems are summarized in Figure 6.15. 
Four of the fi ve animal tumors show effi cient 
and rapid reoxygenation, with the proportion of 
hypoxic cells returning to or even  falling below 
the pretreatment level in a day or two. The time 
sequence, however, is not the same for the fi ve 
types of tumors. In particular, the mammary 
carcinoma investigated by Howes shows a mini-
mum proportion of hypoxic cells that is very 
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FIGURE 6.14  Percentage of hypoxic cells in a trans-
plantable mouse sarcoma as a function of time after a 
dose of 10 Gy of x-rays. Immediately after irradiation, 
essentially 100% of the viable cells are hypoxic because 
such a dose kills a large proportion of the aerated cells. 
In this tumor, the process of reoxygenation is very rapid. 
By 6 hours after irradiation, the percentage of hypoxic 
cells has fallen to a value close to the preirradiation 
level. (Adapted from Kallman RF, Bleehen NM. Postir-
radiation cyclic radiosensitivity changes in tumors and 
normal tissues. In: Brown DG, Cragle RG, Noonan JR, eds. 
Proceedings of the Symposium on Dose Rate in Mam-
malian Radiobiology. Oak Ridge, TN: 1968:20.1–20.23. 
USAEC Report CONF-680410. Springfi eld, VA: Technical 
Information Service; 1968, with permission.)
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 radiotherapy clinics that many tumors are erad-
icated with doses on the order of 60 Gy given in 
30 treatments argues strongly in favor of reoxy-
genation because the presence of a very small 
proportion of hypoxic cells would make “cures” 
unlikely at these dose levels. It is an attractive 
hypothesis that some of the human tumors that 
do not respond to conventional radiotherapy 
are those that do not reoxygenate quickly and 
effi ciently.

■ HYPOXIA AND CHEMORESISTANCE

Hypoxia can also decrease the effi cacy of some 
chemotherapeutic agents owing to fl uctuat-
ing blood fl ow, drug diffusion distance, and 
decreased proliferation. In addition, some che-
motherapeutic agents that induce DNA dam-
age, such as doxorubicin and bleomycin, are less 

lower than in untreated tumors. Consequently, 
it was predicted that several large doses of  x-rays 
given at 48-hour intervals would virtually elimi-
nate the problem of hypoxic cells in this tumor. 
Fowler and his colleagues indeed showed that 
for the eradication of this tumor, the preferred 
x-ray schedule was fi ve large doses in 9 days. 
These results suggest that x-irradiation can 
be an extremely effective form of therapy, but 
 ideally requires a sharply  optimal choice of 
fractionation pattern. Making this choice, how-
ever, demands a detailed knowledge of the time 
course of reoxygenation in the particular tumor 
to be irradiated. Unfortunately, however, this 
information is available for only a few animal 
tumors and is impossible to obtain at present 
for human tumors. Indeed, in humans, it is not 
known with certainty whether any or all tu-
mors reoxygenate, although the evidence from 

FIGURE 6.15  The proportion of hypoxic cells as a function of 
time after irradiation with a large dose of x-rays for fi ve transplanted 
tumors in experimental animals. Open circles indicate mouse mam-
mary carcinoma that reoxygenates rapidly and well (data from 
Howes). Closed triangles indicate rat sarcoma that shows two waves 
of reoxygenation (data from Thomlinson). Open triangles show 
mouse osteosarcoma that does not reoxygenate at all for several 
days and then only slowly (data from van Putten). Closed circles 
indicate mouse fi brosarcoma that reoxygenates quickly but not 
as completely as the mammary carcinoma (data from Dorie and 
Kallman). Closed diamonds indicate mouse fi brosarcoma that re-
oxygenates quickly and well (data from Kummermehr, Preuss-Bayer, 
and Trott). The extent and rapidity of reoxygenation are extremely 
variable and impossible to predict. (Courtesy of Dr. Sara Rockwell.)
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were subsequently confi rmed in a Danish study 
in which 28 patients with soft tissue sarcoma ex-
hibited an increased risk of metastatic spread if 
they possessed low tumor pO2 values. This argues 
strongly that the level of tumor oxygenation infl u-
ences the aggressiveness of the tumor. This topic 
is discussed further in Chapter 26.

SUMMARY OF 
PERTINENT CONCLUSIONS

■ The presence or absence of molecular oxy-
gen dramatically infl uences the biologic 
effect of x-rays.

■ The OER is the ratio of doses under hy-
poxic to aerated conditions that produce 
the same biologic effect.

■ The OER for x-rays is about 3 at high doses 
and is possibly lower (about 2) at doses less 
than about 2 Gy.

■ The OER decreases as linear energy trans-
fer increases. The OER approaches unity 
(i.e., no oxygen effect) for �-particles. For 
neutrons, the OER has an intermediate 
value of about 1.6.

■ To produce its effect, molecular oxygen 
must be present during the radiation expo-
sure or at least during the lifetime of the 
free radicals generated by the radiation.

■ Oxygen “fi xes” (i.e., makes permanent) the 
damage produced by free radicals. In the 
absence of oxygen, damage produced by 
the indirect action may be repaired.

■ Only a small quantity of oxygen is required 
for radiosensitization; 0.5% oxygen (pO2 
of about 3 mm Hg) results in a radiosen-
sitivity halfway between hypoxia and full 
oxygenation.

■ There are two forms of hypoxia that are 
the consequence of different mechanisms: 
chronic hypoxia and acute hypoxia.

■ Chronic hypoxia results from the limited 
diffusion range of oxygen through respir-
ing tissue.

■ Acute hypoxia is a result of the temporary 
closing of tumor blood vessels and is there-
fore transient.

■ In either case, there may be cells present 
during irradiation that are at a suffi ciently 
low oxygen tension to be intransigent 
to killing by x-rays but high enough to be 
viable.

effi cient at killing hypoxic tumor cells in part 
because of decreased free-radical generation. Ex-
perimental animal studies have shown that 5-FU, 
methotrexate, and cisplatin are less effective at 
killing hypoxic cells than they are at killing nor-
moxic tumor cells. Furthermore, hypoxic tumor 
regions are frequently associated with a low pH 
that can also diminish the activity of some che-
motherapy agents. (For more about chemother-
apy agents and hypoxia, see Chapter 27.)

■ HYPOXIA AND TUMOR PROGRESSION

Evidence that low-oxygen conditions play an 
important role in malignant progression comes 
from studies of the correlation between tumor 
oxygenation and treatment outcome in patients, 
as well as from laboratory studies in cells and ani-
mals. A clinical study in Germany in the 1990s 
showed a correlation between local control in 
advanced carcinoma of the cervix treated by ra-
diotherapy and oxygen-probe measurements. 
Specifi cally, patients in whom the probe measure-
ments indicated pO2s greater than 10 mm Hg did 
better than those with pO2s less than 10 mm Hg. 
This suggested that the presence of hypoxic cells 
limited the success of radiotherapy. Later stud-
ies, however, indicated a similar  improvement in 
outcome for patients with better oxygenated tu-
mors if the treatment was by surgery rather than 
radiotherapy. This suggests that the correct in-
terpretation is that hypoxia is a general indicator 
of tumor aggression in these patients, rather than 
the initial view that hypoxia conferred radioresis-
tance on some cells. A Canadian study supported 
the concept that hypoxia drove malignant pro-
gression of cervical carcinomas in node-negative 
patients, as most of the failures occurred in the 
poorly oxygenated tumors with distant tumor 
spread outside the pelvis.

Studies carried out in the United States on 
patients receiving radiotherapy for soft tissue 
sarcoma highlighted the correlation between 
tumor oxygenation and the frequency of distant 
 metastases.  Seventy percent of those patients with 
pO2s less than 10 mm Hg developed distant me-
tastases, versus 35% of those with pO2s greater 
than 10 mm Hg. This study is particularly com-
pelling because the primary tumor was eradicated 
in all patients regardless of the level of oxygen-
ation; only the incidence of metastases varied 
between high and low pO2 values. These data 
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■ Most transplantable tumors in animals have 
been shown to contain hypoxic cells that limit 
curability by single doses of x-rays. Hypoxic 
fractions vary from 0% to 50%, with a ten-
dency to average about 15%.

■ There is strong evidence that human tu-
mors contain hypoxic cells. This evidence 
includes histologic appearance, oxygen-
probe measurements, the binding of nitro-
imidazoles, PET and SPECT studies, and 
pretreatment hemoglobin levels.

■ Oxygen probes with fast response times, 
implanted in a tumor and moving quickly 
under computer control, may be used to 
obtain the oxygen profi le of a tumor.

■ Hypoxia in tumors can be visualized by the 
use of hypoxia markers such as pimonida-
zole or hypoxia-inducible factors.

■ Reoxygenation is the process by which 
cells that are hypoxic at the time of irradia-
tion become oxygenated afterward.

■ The extent of reoxygenation and the ra-
pidity with which it occurs vary widely for 
 different experimental animal tumors.

■ If reoxygenation is rapid and complete, hy-
poxic cells have little infl uence on the out-
come of a fractionated radiation schedule.

■ The “slow” component is caused by the re-
oxygenation of chronically hypoxic cells as 
the tumor shrinks. The “fast” component 
of reoxygenation is caused by the reoxy-
genation of acutely hypoxic cells as tumor 
blood vessels open and close.

■ Reoxygenation cannot be measured in 
human tumors, but presumably it occurs, 
at least in those tumors controlled by con-
ventional fractionated radiotherapy.

■ There is clinical evidence that in addition 
to causing radioresistance, hypoxia may 
play an important role in malignant pro-
gression and in metastasis.
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C H A P T E R

■  THE DEPOSITION OF RADIANT 
 ENERGY

If radiation is absorbed in biologic material, 
ionizations and excitations occur that are not 
distributed at random but tend to be localized 
along the tracks of individual charged particles 
in a pattern that depends on the type of radiation 
involved. For example, x-ray photons give rise 
to fast electrons, particles carrying unit electri-
cal charge and having very small mass; neutrons, 
on the other hand, give rise to recoil protons, 
particles again carrying unit electrical charge 
but having mass nearly 2,000 times greater than 
that of the electron. �-particles carry two electri-
cal charges on a particle four times as heavy as a 
proton. The charge-to-mass ratio for �-particles 
therefore differs from that for electrons by a fac-
tor of about 8,000.

As a result, the spatial distribution of the ion-
izing events produced by different particles var-
ies enormously. This is illustrated in Figure 7.1. 
The background is an electron micrograph of a 
human liver cell. The white dots generated by 
a computer simulate ionizing events. The low-
est track represents a low-energy electron, such 
as might be set in motion by diagnostic x-rays. 
The primary events are well separated in space, 
and for this reason, x-rays are said to be sparsely 
ionizing. The second track from the bottom rep-
resents an electron set in motion by cobalt-60 
�-rays, which is even more sparsely ionizing. For 
a given particle type, the density of ionization 
decreases as the energy goes up. The third track 
from the bottom represents a proton that might 

be set in motion by a fi ssion spectrum neutron 
from a nuclear reactor; a dense column of ioniza-
tion is produced, so the radiation is referred to as 
densely ionizing. The uppermost track refers to a 
10-MeV proton, such as may be set in motion by 
the high-energy neutrons used for radiotherapy. 
The track is intermediate in ionization density.

■ LINEAR ENERGY TRANSFER

Linear energy transfer (LET) is the energy 
transferred per unit length of the track. The special 
unit usually used for this quantity is kiloelectron 
volt per micrometer (keV/�m) of unit density ma-
terial. In 1962, the International Commission on 
Radiological Units defi ned this quantity as follows:

 The LET (L) of charged particles in medium 
is the quotient of dE/dl, where dE is the aver-
age energy locally imparted to the medium by 
a charged particle of specifi ed energy in tra-
versing a distance of dl.

That is,

L � dE/dl

LET is an average quantity because at the mi-
croscopic level, the energy per unit length of track 
varies over such a wide range. Indeed, the range 
is so large that some believe that the concept of 
LET has little meaning. This can be illustrated 
by the story of a Martian visitor to Earth who ar-
rives knowing that the Earth is inhabited by living 
creatures with an average mass of 1 g. Not only is 
this information of very little use, but it also may 
be positively misleading, particularly if the fi rst 
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living creature that the Martian  encounters is an 
elephant. An average quantity has little meaning if 
individual variation is great.

The situation for LET is further complicated 
by the fact that it is possible to calculate an aver-
age in many different ways. The most commonly 
used method is to calculate the track average, 
which is obtained by dividing the track into 
equal lengths, calculating the energy deposited 
in each length, and fi nding the mean. The en-
ergy average is obtained by dividing the track 
into equal energy increments and averaging the 
lengths of track over which these energy incre-
ments are deposited. These methods are illus-
trated in Figure 7.2.

In the case of either x-rays or monoenergetic 
charged particles, the two methods of averaging 

FIGURE 7.1  Variation of ionization density associated with different types of radiation. 
The background is an electron micrograph of a human cell. The white dots are a com-
puter simulation representing ionizations. Top to bottom: A 10-MeV proton, typical of 
the recoil protons produced by high-energy neutrons used for radiotherapy. The track is 
 intermediate in ionization density. Also shown is a secondary 1-keV �-ray, an electron set 
in motion by the proton. A 500-keV proton, produced by lower-energy neutrons (e.g., from 
 fission spectrum) or by higher-energy neutrons after multiple collisions. The ionizations 
form a dense column along the track of the particle. A 1-MeV electron, produced, for ex-
ample, by cobalt-60 �-rays. This particle is very sparsely ionizing. A 5-keV electron, typical of 
secondary electrons produced by x-rays of diagnostic quality. This particle is also sparsely 
ionizing but a little denser than the higher-energy electron. (Courtesy of Dr. Albrecht 
Kellerer.)

FIGURE 7.2  Linear energy transfer (LET) is 
the average energy deposited per unit length of 
track. The track average is calculated by dividing the 
track into equal lengths and averaging the energy 
deposited in each length. The energy average is 
calculated by dividing the track into equal energy 
intervals and averaging the lengths of the track 
that contain this amount of energy. The method 
of averaging makes little difference for  x-rays 
or for monoenergetic charged particles, but the 
track  average and energy average are different for 
 neutrons.

LET = Average energy deposited per unit
length of track (keV/��m)

Track average

Energy average
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a measure of the energy absorbed per unit mass 
of tissue. Equal doses of different types of ra-
diation do not, however, produce equal biologic 
 effects. For example, 1 Gy of neutrons produces 
a greater biologic effect than 1 Gy of x-rays. The 
key to the difference lies in the pattern of energy 
deposition at the microscopic level.

In comparing different radiations, it is custom-
ary to use x-rays as the standard. The National 
Bureau of Standards in 1954 defi ned relative bio-
logic effectiveness (RBE) as follows:

The RBE of some test radiation (r) compared 
with x-rays is defi ned by the ratio D250/Dr, where 
D250 and Dr are, respectively, the doses of x-rays 
and the test radiation required for equal biologic 
effect.

To measure the RBE of some test radiation, 
one fi rst chooses a biologic system in which the 
effect of radiations may be scored quantitatively. 
To illustrate the process involved, we discuss a 
specifi c example. Suppose we are measuring the 
RBE of fast neutrons compared with 250-kV 
x-rays, using the lethality of plant seedlings as 
a test system. Groups of plants are exposed to 
graded doses of x-rays; parallel groups are ex-
posed to a range of neutron doses. At the end 
of the period of observation, it is possible to cal-
culate the doses of x-rays and then of neutrons 
that result in the death of half of the plants in a 
group. This quantity is known as the LD50, the 
mean lethal dose. Suppose that for x-rays, the 
LD50 turns out to be 6 Gy and that for neutrons, 
the corresponding quantity is 4 Gy. The RBE of 

yield similar results. In the case of 14-MeV neu-
trons, by contrast, the track average LET is about 
12 keV/�m and the energy average LET is about 
100 keV/�m. The biologic properties of neutrons 
tend to correlate best with the energy average.

As a result of these considerations, LET is a 
quantity condemned by the purists as worse than 
useless, because it can, in some circumstances, 
be very misleading. It is, however, useful as a 
simple and naive way to indicate the quality of 
different types of radiation. Typical LET values 
for various radiations are listed in Table 7.1. In-
cluded are x- and �-rays used for radiotherapy, 
protons, neutrons, and naturally occurring �-
particles, as well as high-energy heavy ions en-
countered by astronauts in space. Note that for 
a given type of charged particle, the higher the 
energy, the lower the LET and, therefore, the 
lower its biologic effectiveness. At fi rst sight, 
this may be counterintuitive. For example, �-
rays and x-rays both give rise to fast secondary 
electrons; therefore, 1.1-MV cobalt-60 �-rays 
have lower LETs than 250-kV x-rays and are 
less effective biologically by about 10%. By the 
same token, 150-MeV protons have lower LETs 
than 10-MeV protons and therefore are slightly 
less effective biologically.

■ RELATIVE BIOLOGIC EFFECTIVENESS

The amount or quantity of radiation is expressed 
in terms of the absorbed dose, a physical quan-
tity with the unit of gray (Gy).  Absorbed dose is 

TABLE 7.1 Typical Linear Energy  Transfer Values

Radiation Linear Energy Transfer, keV/�m

Cobalt-60 �-rays — 0.2 —

250-kV x-rays — 2.0 —

10-MeV protons — 4.7 —

150-MeV proton — 0.5 —

 Track average — Energy average

14-MeV neutrons 12 — 100

2.5-MeV �-particles — 166 —

2-GeV Fe ions  — 1,000 —
 (space radiation)
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neutron survival curves have different shapes, 
the x-ray survival curve having an initial shoul-
der, and the neutron curve being an exponential 
function of dose, the resultant RBE depends on 
the level of biologic damage (and therefore the 
dose) chosen. The RBE generally increases as 
the dose is decreased, reaching a limiting value 
that is the ratio of the initial slopes of the x-ray 
and neutron survival curves.

■  RELATIVE BIOLOGIC EFFECTIVENESS 
AND FRACTIONATED DOSES

Because the RBE of more densely ionizing ra-
diations, such as neutrons, varies with the dose 
per fraction, the RBE for a fractionated regimen 
with neutrons is greater than for a single expo-
sure, because a fractionated schedule consists 
of several small doses and the RBE is large for 
small doses.

Figure 7.3B illustrates a hypothetical treat-
ment with neutrons consisting of four frac-
tions. For a surviving fraction of 0.01, the RBE 

neutrons compared with x-rays is then simply 
the ratio 6:4 or 1.5.

The study of RBE is relatively straightfor-
ward so long as a test system with a single, un-
equivocal end point is used. It becomes more 
complicated if, instead, a test system such as the 
response of mammalian cells in culture is cho-
sen. Figure 7.3A shows survival curves obtained 
if mammalian cells in cultures are exposed to a 
range of doses of, on the one hand, fast neutrons 
and, on the other hand, 250-kV x-rays. The 
RBE may now be calculated from these sur-
vival curves as the ratio of doses that produce 
the same biologic effect. If the end point chosen 
for comparison is the dose required to produce 
a surviving fraction of 0.01, then the dose of 
neutrons necessary is 6.6 Gy; the corresponding 
dose of x-rays is 10 Gy. The RBE, then, is the 
quotient of 10/6.6 or about 1.5. If the compari-
son is made at a surviving fraction of 0.6, how-
ever, the neutron dose required is only 1 Gy and 
the corresponding x-ray dose is 3 Gy. The re-
sultant RBE is 3:1 or 3.0. Because the x-ray and 
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FIGURE 7.3  Typical survival curves for mammalian cells exposed to x-rays and 
fast neutrons. A: Single doses. The survival curve for x-rays has a large initial shoul-
der; for fast neutrons, the initial shoulder is smaller and the fi nal slope is steeper. Be-
cause the survival curves have different shapes, the relative biologic effectiveness 
(RBE) does not have a unique value but varies with dose, getting larger as the size 
of the dose is reduced. B: Fractionated doses. The effect of giving doses of x-rays or 
fast neutrons in four equal fractions to produce the same level of survival as in A. 
The shoulder of the survival curves is reexpressed after each dose fraction; the fact 
that the shoulder is larger for x-rays than for neutrons results in an enlarged RBE for 
fractionated treatments.
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in two important respects. First, the survival 
curve becomes steeper. Second, the shoulder of 
the curve becomes progressively smaller as the 
LET increases. A more common way to repre-
sent these data is to plot the RBE as a function of 
LET (Fig. 7.5). As the LET increases, the RBE 
 increases slowly at fi rst and then more rapidly as 
the LET increases beyond 10 keV/�m. Between 
10 and 100 keV/�m, the RBE increases rapidly 
with increasing LET and, in fact, reaches a maxi-
mum at about 100 keV/�m. Beyond this value 
for the LET, the RBE again falls to lower values. 
This is an important effect and is explained in 
more detail in the next section.

The LET at which the RBE reaches a peak 
is much the same (about 100 keV/�m) for a 
wide range of mammalian cells, from mouse to 
human, and is the same for mutation as an end 
point as for cell killing.

■  THE OPTIMAL LINEAR ENERGY 
TRANSFER

It is of interest to ask why radiation with an 
LET of about 100 keV/�m is optimal in terms 
of  producing a biologic effect. At this density 

for neutrons relative to x-rays is about 2.6. The 
RBE for the same radiations in Figure 7.3A at 
the same level of survival was about 1.5 because 
only single exposures were involved. This is a 
direct consequence of the larger shoulder that 
is characteristic of the x-ray curve, which must 
be repeated for each fraction. The width of the 
shoulder represents a part of the dose that is 
“wasted”; the larger the number of fractions, the 
greater the extent of the wastage. By contrast, the 
neutron survival curve has little or no shoulder, 
so there is correspondingly less wastage of dose 
from fractionation. The net result is that neu-
trons become progressively more effi cient than 
x-rays as the dose per fraction is reduced and the 
number of fractions is increased. The same is 
true, of course, for exposure to continuous low-
dose-rate irradiation. The neutron RBE is larger 
at a low dose rate than for an acute exposure, 
because the effectiveness of neutrons decreases 
with dose rate to a much smaller extent than is 
the case for x- or �-rays. Indeed, for low-energy 
neutrons, there is no loss of effectiveness.

■  RELATIVE BIOLOGIC EFFECTIVENESS 
FOR DIFFERENT CELLS AND TISSUES

Even for a given total dose or dose per fraction, 
the RBE varies greatly according to the tissue 
or cell line studied. Different cells or tissues are 
characterized by x-ray survival curves that have 
large but variable shoulder regions, whereas the 
shoulder region for neutrons is smaller and less 
variable. As a consequence, the RBE is different 
for each cell line. In general, cells characterized 
by an x-ray survival curve with a large shoulder, 
indicating that they can accumulate and repair 
a large amount of sublethal radiation damage, 
show larger RBEs for neutrons. Conversely, cells 
for which the x-ray survival curve has little if any 
shoulder exhibit smaller neutron RBE values.

■  RELATIVE BIOLOGIC EFFECTIVENESS 
AS A FUNCTION OF LINEAR ENERGY 
TRANSFER

Figure 7.4 illustrates the survival curves ob-
tained for 250-kVp x-rays, 15-MeV neutrons, 
and 4-MeV �-particles. As the LET increases 
from about 2 keV/�m for x-rays up to 150 keV/
�m for �-particles, the survival curve changes 
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FIGURE 7.4  Survival curves for cultured cells of 
human origin exposed to 250-kVp x-rays, 15-MeV neu-
trons, and 4-MeV �-particles. As the linear energy trans-
fer (LET) of the radiation increases, the slope of the 
survival curves gets steeper and the size of the initial 
shoulder gets smaller. (Adapted from Broerse JJ, Barend-
sen GW, van Kersen GR. Survival of cultured human cells 
after irradiation with fast neutrons of different energies 
in hypoxic and oxygenated conditions. Int J Radiat Biol 
Relat Stud Phys Chem Med. 1968;13:559–572, and Barend-
sen GW. Responses of cultured cells, tumors, and normal 
tissues to radiation of different linear energy transfer. 
Curr Top Radiat Res Q. 1968;4:293–356, with permission.)
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of ionization, the average separation between 
ionizing events just about coincides with the 
diameter of the DNA double helix (20 Å or 
2 nm).  Radiation with this density of ioniza-
tion has the highest probability of causing a 
double-strand break (DSB) by the passage of 
a single charged particle, and DSBs are the 
basis of most biologic effects, as discussed in 
 Chapter 2. This is illustrated in Figure 7.6. In 
the case of x-rays, which are more sparsely ion-
izing, the probability of a single track causing a 
DSB is low, and in general, more than one track 
is required. As a consequence, x-rays have a low 
biologic effectiveness. At the other extreme, 
much more densely ionizing radiations (with 
an LET of 200 keV/�m, for example) readily 
produce DSBs, but energy is “wasted” because 
the ionizing events are too close together. Be-
cause RBE is the ratio of doses producing equal 
biologic effect, this more densely ionizing ra-
diation has a lower RBE than the optimal LET 
radiation. The more densely ionizing radiation 
is just as effective per track, but less effective per 
unit dose.
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FIGURE 7.5  Variation of relative biologic effectiveness (RBE) with linear energy transfer (LET) 
for survival of mammalian cells of human origin. The RBE rises to a maximum at an LET of about 
100 keV/�m and subsequently falls for higher values of LET. Curves 1, 2, and 3 refer to cell survival 
levels of 0.8, 0.1, and 0.01, respectively, illustrating that the absolute value of the RBE is not unique 
but depends on the level of biologic damage and, therefore, on the dose level. (Adapted from 
Barendsen GW. Responses of cultured cells, tumors, and normal tissues to radiation of different 
linear energy transfer. Curr Top Radiat Res Q. 1968;4:293–356, with permission.)

x-ray 100 keV/�m 200 keV/�m

20
 A

LET

RBE

°

FIGURE 7.6  Diagram illustrating why radiation 
with a linear energy transfer (LET) of 100 keV/�m has 
the greatest relative biologic effectiveness (RBE) for cell 
killing, mutagenesis, or oncogenic transformation. For 
this transfer, the average separation between ionizing 
events coincides with the diameter of the DNA double 
helix (i.e., about 20 Å or 2 nm). Radiation of this quality 
is most likely to produce a double-strand break from 
one track for a given absorbed dose.
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depends little on the rate at which the radiation 
is delivered.

The biologic system or end point that is cho-
sen has a marked infl uence on the RBE values 
obtained. In general, RBE values are high for tis-
sues that accumulate and repair a great deal of 
sublethal damage and low for those that do not.

■  THE OXYGEN EFFECT AND 
LINEAR ENERGY TRANSFER

An important relationship exists between LET 
and the oxygen enhancement ratio (OER). 
 Figure 7.7 shows mammalian cell survival curves 
for various types of radiation that have very dif-
ferent LETs and that exhibit very different OERs. 
Figure 7.7A refers to x-rays, which are sparsely 
ionizing, have a low LET, and consequently ex-
hibit a large OER of about 2.5. Figure 7.7B refers 
to neutrons, which are intermediate in ionizing 
density and characteristically show an OER of 1.6. 
Figure 7.7D refers to 2.5-MeV �-particles, which 
are densely ionizing and have a high LET; in this 
case, survival estimates, whether in the presence or 
absence of oxygen, fall along a common line, and 
so the OER is unity. Figure 7.7C contains data for 
4-MeV �-particles, which are slightly less densely 
ionizing; in this case, the OER is about 1.3.

Barendsen and his colleagues have used 
mammalian cells cultured in vitro to investigate 
the OER for a wide range of radiation types. 
Their results are summarized in Figure 7.8, in 
which OER is plotted as a function of LET. At 
low LET, corresponding to x- or �-rays, the 
OER is between 2.5 and 3; as the LET increases, 
the OER falls slowly at fi rst, until the LET ex-
ceeds about 60 keV/�m, after which the OER 
falls rapidly and reaches unity by the time the 
LET has reached about 200 keV/�m.

Both OER and RBE are plotted as a function 
of LET in Figure 7.9. (The curves are taken from 
the more complete plots in Figures 7.5 and 7.8.) 
Interestingly, the two curves are virtually mirror 
images of each other. The optimal RBE and the 
rapid fall of OER occur at about the same LET 
value (i.e., 100 keV/�m).

■ RADIATION WEIGHTING FACTOR (WR)

Radiations differ in their biologic effectiveness 
per unit of absorbed dose, as discussed previ-
ously. The complexities of RBE are too diffi cult 

It is possible, therefore, to understand why 
RBE reaches a maximum value in terms of the 
production of DSBs, because the interaction of 
two DSBs to form an exchange-type aberration 
is the basis of most biologic effects. In short, the 
most biologically effective LET is that at which 
there is a coincidence between the diameter of the 
DNA helix and the average separation of ionizing 
events. Radiations having this optimal LET in-
clude neutrons of a few hundred kiloelectron volts, 
as well as low-energy protons and �-particles.

■  FACTORS THAT DETERMINE 
 RELATIVE BIOLOGIC EFFECTIVENESS

The discussion of RBE began with a simple illus-
tration of how this ratio may be determined for 
neutrons compared with x-rays using a simple 
biologic test system with a single, unequivocal 
end point, such as the LD50 for plant seedlings. 
Under these circumstances, RBE is conceptu-
ally very simple. In the years immediately after 
World War II, it was commonplace to see ref-
erences to the RBE for neutrons, as if it were a 
single, unique quantity.

Now that more information is available from 
different biologic systems, many of which allow 
the researcher to investigate the relationship 
between biologic response and radiation dose 
rather than observing one end point at a single 
dose; it is apparent that RBE is a very complex 
quantity. RBE depends on the following:

Radiation quality (LET)
Radiation dose
Number of dose fractions
Dose rate
Biologic system or end point

Radiation quality includes the type of radia-
tion and its energy, whether electromagnetic or 
particulate, and whether charged or uncharged.

RBE depends on the dose level and the num-
ber of dose fractions (or, alternatively, the dose 
per fraction) because in general, the shape of the 
dose–response relationship varies for radiations 
that differ substantially in their LET.

RBE can vary with the dose rate because the 
slope of the dose-response curve for sparsely ion-
izing radiations, such as x- or �-rays, varies criti-
cally with a changing dose rate. In contrast, the 
biologic response to densely ionizing  radiations 
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quantity produced by multiplying the absorbed 
dose by the weighting factor is called the equiva-
lent dose. The unit of absorbed dose is the gray, 
and the unit of equivalent dose is the sievert (Sv). 
(In the old system of units, the unit of absorbed 
dose was the rad and the unit of equivalent dose 
was the rem.)

to apply in specifying dose limits in  everyday 
radiation protection; it is necessary to have a 
simpler way to consider differences in biologic 
effectiveness of different radiations. The term 
radiation weighting  factor (WR) has been in-
troduced for this purpose by International Com-
mission on Radiological Protection (ICRP). The 
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FIGURE 7.7  Survival curves for cultured cells of human origin determined for four dif-
ferent types of radiation. Open circles refer to aerated conditions and closed circles to hy-
poxic conditions. A: For 250-kVp x-rays, oxygen enhancement ratio (OER) � 2.5. B: For 15-
MeV d� → T neutrons, OER � 1.6. C: For 4-MeV �-particles, linear energy transfer (LET) � 110 
keV/�m, OER � 1.3. D: For 2.5-MeV �-particles, LET � 166 keV/�m, OER � 1. (Adapted from 
Broerse JJ, Barendsen GW, van Kersen GR. Survival of cultured human cells after irradiation 
with fast neutrons of different energies in hypoxic and oxygenated conditions. Int J Radiat 
Biol Relat Stud Phys Chem Med. 1968;13:559–572, and Barendsen GW, Koot CJ, van Kersen 
GR, et al. The effect of oxygen on impairment of the proliferative capacity of human cells 
in culture by ionizing radiations of different LET. Int J Radiat Biol Relat Stud Phys Chem Med. 
1966;10:317–327, with permission.)
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�-particles. Detailed values recommended by 
the ICRP are discussed in Chapter 17. Using this 
system, an absorbed dose of 0.1 Gy of �-particles 
with a radiation weighting factor of 20 would re-
sult in an equivalent dose of 2 Sv.

SUMMARY OF PERTINENT 
CONCLUSIONS

■ X- and �-rays are said to be sparsely ion-
izing because along the tracks of the 
electrons set in motion, primary ionizing 
events are well separated in space.

■ �-particles and neutrons are densely ion-
izing because the tracks consist of dense 
columns of ionization.

■ LET is the energy transferred per unit 
length of track. Typical values are 0.2 keV/
�m for cobalt-60 �-rays, 2 keV/�m for 
250-kV x-rays, 166 keV/�m for 2.5-MeV 
�- particles, and 1,000 keV/�m for heavy 
charged particles encountered in space.

■ RBE of some test radiation (r) is the ratio 
D250/Dr, in which D250 and Dr are the doses 
of 250-kV x-rays and the test radiation, re-
spectively, required to produce equal bio-
logic effect.

■ RBE increases with LET to a maximum at 
about 100 keV/�m, thereafter decreasing 
with higher LET.

■ For radiation with the optimal LET of 
100 keV/�m, the average separation be-
tween ionizing events is similar to the 

Radiation weighting factors are chosen by the 
ICRP based on a consideration of experimental 
RBE values, biased for biologic end points rel-
evant to radiation protection, such as cancer 
and heritable effects, and also relevant to low 
doses and low dose rate. There is a considerable 
element of judgment involved. The radiation 
weighting factor is set at unity for all low-LET 
radiations (x-rays, �-rays, and electrons), with a 
value of 20 for maximally effective neutrons and 

FIGURE 7.8  Oxygen enhancement ratio (OER) as a function of linear 
energy transfer (LET). Measurements were made with cultured cells of 
human origin. Closed circles refer to monoenergetic charged particles, 
the open triangle to 250-kVp x-rays with an assumed track average LET 
of 1.3 keV/�m. (Adapted from Barendsen GW, Koot CJ, van Kersen GR, et 
al. The effect of oxygen on impairment of the proliferative capacity of 
human cells in culture by ionizing radiations of different LET. Int J Radiat 
Biol Relat Stud Phys Chem Med. 1966;10:317–327, with permission.)
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FIGURE 7.9  Variation of the oxygen enhancement 
ratio (OER) and the relative biologic effectiveness (RBE) 
as a function of the linear energy transfer (LET) of the 
radiation involved. The data were obtained using T1 
kidney cells of human origin irradiated with various 
naturally occurring �-particles or with deuterons ac-
celerated in the Hammersmith cyclotron. Note that 
the rapid increase in RBE and the rapid fall of the OER 
occur at about the same LET, 100 keV/�m. (Adapted 
from  Barendsen GW. In: Proceedings of the Conference 
on Particle Accelerators in Radiation Therapy. LA-5180-C. 
US Atomic Energy Commission, Technical Information 
Center. 1972:120–125, with permission.)
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 diameter of the DNA double helix (2 nm), 
so that DSBs can be most effi ciently pro-
duced by a single track.

■ The RBE of high-LET radiations com-
pared with that of low-LET radiations in-
creases as the dose per fraction decreases. 
This is a direct consequence of the fact 
that the dose-response curve for low-LET 
radiations has a broader shoulder than for 
high-LET radiations.

■ RBE varies according to the tissue or end 
point studied. In general, RBE values are 
high for cells or tissues that accumulate 
and repair a great deal of sublethal dam-
age, so that their dose-response curves for 
x-rays have a broad initial shoulder.

■ RBE depends on the following:

 Radiation quality (LET)
 Radiation dose
 Number of dose fractions
 Dose rate
 Biologic system or end point

■ The OER has a value of about 3 for low-
LET radiations, falls when the LET rises 
more than about 30 keV/�m and reaches 
unity by an LET of about 200 keV/�m.

■ The radiation weighting factor (WR) de-
pends on LET and is specifi ed by the 
ICRP as a representative RBE at low dose 
and low dose rate for biologic effects rele-
vant to radiation protection, such as cancer 
induction and heritable effects. It is used in 
radiologic protection to reduce radiations 
of different biologic effectiveness to a com-
mon scale.

■ Equivalent dose is the product of absorbed 
dose and the radiation weighting factor. 
The unit of equivalent dose is the sievert 
(Sv) (in the old units, absorbed dose was 
expressed in rads and equivalent dose was 
expressed in rem).
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■ ACUTE RADIATION SYNDROME

The effect of ionizing radiation on the whole or-
ganism is discussed in this chapter. Data on the 
various forms of the acute radiation syndrome 
(ARS) have been drawn from many sources. 
Animal experiments provide the bulk of the data 
and result in a signifi cant understanding of the 
mechanisms of death after exposure to total body 
irradiation. At the human level, data have been 
drawn from experiences in radiation therapy and 
studies of the Japanese survivors of Hiroshima 
and Nagasaki, the Marshallese accidentally ex-
posed to fallout in 1954, and the victims of the 
limited number of accidents at nuclear installa-
tions, including Chernobyl. From these various 
sources, the pattern of events that follows a total 
body exposure to a dose of ionizing radiation 
has been well documented. To date, worldwide, 
about 400 humans have died of the ARS.

■ EARLY LETHAL EFFECTS

Early radiation lethality generally is considered 
to be death occurring within a few weeks that 
can be attributed to a specifi c high-intensity ex-
posure to radiation. Soon after irradiation, early 
symptoms appear, which last for a limited period; 
this is referred to as the prodromal radiation 
syndrome. These symptoms may clear up after a 
few days, to be followed by a latent period before 
the development of the eventual life-threatening 
syndrome. This is illustrated in Figure 8.1. The 

eventual survival time and mode of death depend 
on the magnitude of the dose. In most mammals, 
three distinct modes of death can be identifi ed, 
although in the circumstances of an actual ac-
cidental exposure, some overlap is frequently 
seen. At very high doses, in excess of about 
100 Gy, death occurs 24 to 48 hours after expo-
sure and appears to result from neurologic and 
cardiovascular breakdown; this mode of death 
is known as the cerebrovascular syndrome. 
At intermediate dose levels, approximately 5 to 
12 Gy, death occurs in about 9 or 10 days and 
is associated with extensive bloody diarrhea and 
destruction of the gastrointestinal mucosa; this 
mode of death is known as the gastrointesti-
nal s yndrome. At lower dose levels, approxi-
mately 2.5 to 5 Gy, death occurs several weeks to 
2 months after exposure and is caused by effects 
on the blood-forming organs; this mode of death 
has come to be known as bone marrow death or 
the h ematopoietic syndrome.

The exact cause of death in the cerebrovascu-
lar syndrome is by no means clear. In the case of 
both of the other modes of death—the gastroin-
testinal and the hematopoietic s yndromes—the 
principal mechanisms that lead to the death of 
the organism are understood. Death is caused 
by the depletion of the stem cells of a critical 
self-renewal tissue: the epithelium of the gut 
or the circulating blood cells, respectively. The 
difference in the dose level at which these two 
forms of death occur and the difference in the 
time scales involved refl ect variations in the 
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n euromuscular symptoms include easy fatigabil-
ity, apathy or listlessness, sweating, fever, head-
ache, and hypotension. At doses that would be 
fatal to 50% of the population, the principal 
symptoms of the prodromal reaction are an-
orexia, nausea, vomiting, and easy fatigability. 
Immediate diarrhea, fever, and hypotension fre-
quently are associated with supralethal exposure 
(Table 8.1). One of the Soviet fi refi ghters at the 
Chernobyl reactor accident vividly described the 
onset of these symptoms as he accumulated a dose 
of several gray working in a high-dose-rate area. 
The prodromal phase is followed by a latent stage 
before the fi nal radiation syndrome develops. In 
the symptom-free latent stage, the patient may 
seem and feel relatively well for a  period of hours 
or even weeks. The duration of the latent stage is 
inversely proportional to the dose and may last a 
few hours for high exposures or as long as two or 
more weeks for lower exposures. Absence of a la-
tent phase—that is, a progressive worsening from 
prodromal signs and symptoms directly into the 
manifest illness phase—is an indicator that the 
dose was probably very high.

The diagnosis of the ARS can also be based 
on laboratory data. During the prodromal phase, 
evidence of hematopoietic damage can already be 
observed by a drop in the lymphocyte count after 
an exposure as low as 0.5 Gy. The circulating lym-
phocytes are one of the most radiosensitive cell 
lines, and a fall in the absolute lymphocyte count 
is the best and most useful laboratory test to de-
termine the level of radiation exposure in the early 
phase of observation. Among assays for b iologic 

p opulation kinetics of the two cell renewal sys-
tems involved and differences in the amount of 
the damage that can be tolerated in these differ-
ent systems before death ensues.

■  THE PRODROMAL RADIATION 
S YNDROME

The various symptoms making up the human 
prodromal syndrome vary with respect to time of 
onset, maximum severity, and duration, depend-
ing on the size of the dose. With doses of a few 
tens of gray, all exposed individuals can be ex-
pected to show all phases of the syndrome within 
5 to 15 minutes of exposure. Reaction might 
reach a maximum by about 30 minutes and per-
sist for a few days, gradually diminishing in inten-
sity until the prodromal symptoms merge with 
the universally fatal cerebrovascular syndrome or, 
after a lower dose, with the fatal gastrointestinal 
syndrome.

At lower doses, dose-response predictions 
are diffi cult to make because of the interplay of 
many different factors. A severe prodromal re-
sponse usually indicates a poor clinical prognosis 
and portends at the least a prolonged period of 
acute hematologic aplasia accompanied by po-
tentially fatal infection: anemia and hemorrhage.

The signs and symptoms of the human pro-
dromal syndrome can be divided into two main 
groups: gastrointestinal and neuromuscular. The 
gastrointestinal symptoms are anorexia, nausea, 
vomiting, diarrhea, intestinal cramps, salivation, 
fl uid loss, dehydration, and weight loss. The 

FIGURE 8.1  Illustrating the stages of the acute 
radiation syndrome. Following total body irradiation, 
the prodromal syndrome develops—the intensity 
and length depending on the dose. There follows a 
latent period when symptoms disappear, followed 
by the development of manifest illness described by 
the  cerebrovascular, gastrointestinal, or hematopoietic 
syndrome, depending on the dose.   
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TABLE 8.1 Symptoms of the 
Prodromal Syndrome

Neuromuscular Gastrointestinal

Signs and Symptoms to be Expected 
at about 50% Lethal Dose

Easy fatigability Anorexia

— Nausea

— Vomiting

Additional Signs to be Expected After 
S upralethal Doses

Fever Immediate diarrhea

Hypotension
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disoriented, and his blood pressure could not be 
maintained; he died 49 hours after the accident.

In a nuclear criticality accident at Los A lamos 
in 1958, one worker received a total body dose of 
mixed neutron and �-radiation estimated to be 
between 39 and 49 Gy. Parts of his body may 
have received as much as 120 Gy. This person 
went into a state of shock immediately and was 
unconscious within a few minutes. After 8 hours, 
no lymphocytes were found in the circulating 
blood, and there was virtually a complete urinary 
shutdown despite the administration of large 
amounts of fl uids. The patient died 35 hours 
after the accident.

The exact and immediate cause of death in 
what is known as the cerebrovascular syndrome 
is not fully understood. Although death is usu-
ally attributed to events taking place within the 
central nervous system, much higher doses are 
required to produce death if the head alone is 
i rradiated rather than the entire body; this would 
suggest that effects on the rest of the body are by 
no means negligible. It has been suggested that 
the immediate cause of death is damage to the 
microvasculature, which results in an increase in 
the fl uid content of the brain owing to leakage 
from small vessels, resulting in a buildup of pres-
sure within the bony confi nes of the skull.

■  THE GASTROINTESTINAL 
S YNDROME

A total body exposure of more than 10 Gy of 
�-rays or its equivalent of neutrons commonly 
leads in most mammals to symptoms character-
istic of the gastrointestinal syndrome, culminat-
ing in death some days later (usually between 
3 and 10 days). The characteristic symptoms 
are nausea, vomiting, and prolonged diarrhea. 
People with the gastrointestinal syndrome lose 
their appetite and appear sluggish and lethar-
gic. Prolonged diarrhea, extending for several 
days, usually is regarded as a bad sign because it 
indicates that the dose received was more than 
10 Gy, which is inevitably fatal. The person with 
this syndrome shows signs of dehydration, loss 
of weight, emaciation, and complete exhaustion; 
death usually occurs in a few days. There is no 
instance on record of a human having survived a 
dose in excess of 10 Gy.

The symptoms that appear and the death 
that follows are attributable principally to the 

dosimetry, chromosomal aberration analysis from 
cultured circulating lymphocytes is the most 
widely accepted and reliable. The dose–response 
relationships are well established in many labora-
tories around the world. The lower limit of detec-
tion of a dose by using this cytogenetic method is 
approximately 0.2 Gy of �-rays or x-rays.

■  THE CEREBROVASCULAR 
S YNDROME

A total body dose of about 100 Gy of �-rays or 
its equivalent of neutrons results in death in 24 
to 48 hours. At these doses, all organ systems are 
also seriously damaged; both the gastrointestinal 
and hematopoietic systems are, of course, se-
verely damaged and would fail if the person lived 
long enough, but cerebrovascular damage brings 
death very quickly, so that the consequences of 
the failure of the other systems do not have time 
to be expressed (i.e., death occurs before other 
symptoms have time to appear). The symptoms 
that are observed vary with the species of animal 
involved and also with level of radiation dose; 
they are summarized briefl y as follows: There is 
the development of severe nausea and vomiting, 
usually within a matter of minutes. This is fol-
lowed by manifestations of disorientation, loss 
of coordination of muscular movement, respira-
tory distress, diarrhea, convulsive seizures, coma, 
and fi nally death. Only a few instances of acci-
dental human exposure have involved doses high 
enough to produce a cerebrovascular syndrome; 
two such cases are described briefl y.

In 1964, a 38-year-old man working in a 
u ranium-235 recovery plant was involved in an 
accidental nuclear excursion. He received a total 
body dose estimated to be about 88 Gy made 
up of 22 Gy of neutrons and 66 Gy of �-rays. 
He recalled seeing a fl ash and was hurled back-
ward and stunned; he did not lose consciousness, 
however, and was able to run from the scene of 
the accident to another building 200 yards away. 
Almost at once he complained of abdominal 
cramps and headache, vomited, and was incon-
tinent of bloody diarrheal stools. The next day, 
the patient was comfortable but restless. On the 
second day, his condition deteriorated; he was 
restless, fatigued, apprehensive, and short of 
breath and had greatly impaired vision; his blood 
pressure could only be maintained with great 
diffi culty. Six hours before his death, he became 
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The rate of cell loss and shrinkage depends on 
the dose. It occurs faster at higher doses than at 
lower doses. At death, the villi are very clearly 
fl at and almost completely free from cells.

The precise time schedule of these events 
and the time required before the intestine is de-
nuded of cells entirely vary with the species. In 
small rodents, this condition is reached between 
3 and 4 days after the dose of radiation is deliv-
ered. In humans, it does not occur until about 9 
to 10 days after irradiation. All of the individuals 
who received a dose large enough for the gas-
trointestinal syndrome to result in death have 
already received far more than enough radiation 
to result in hematopoietic death. Death from a 
denuding of the gut occurs, however, before the 
full effect of the radiation on the blood-forming 
organs has been expressed because of differences 
in the population kinetics of the stem cell sys-
tems involved.

Before Chernobyl, there was probably only 
one example in the literature of a human suf-
fering a gastrointestinal death as a result of 
 radiation exposure. In 1946, a 32-year-old man 
was admitted to the hospital within 1 hour of a 
radiation accident in which he received a total 
body dose of neutrons and �-rays. The dosim-
etry is very uncertain in this early accident, and 
various estimates of total body exposure range 

depopulation of the epithelial lining of the gas-
trointestinal tract by the radiation. The normal 
lining of the intestine is a classic example of a self-
renewing tissue; Figure 8.2 shows the general 
characteristics of such a tissue. It is composed of 
a stem cell compartment, a differentiating com-
partment, and mature functioning cells.

The structure of the intestinal epithelium 
is illustrated in Figure 8.3. Dividing cells are 
confi ned to the crypts, which provide a continu-
ous supply of new cells; these cells move up the 
villi, differentiate, and become the functioning 
cells. The cells at the top of the folds of villi 
are sloughed off slowly but continuously in the 
normal course of events, and the villi are con-
tinuously replaced by cells that originate from 
mitoses in the crypts. A single-cell-thick barrier 
separates the blood vessels in the villi from the 
contents of the intestine.

A dose of radiation of about 10 Gy sterilizes 
a large proportion of the dividing cells in the 
crypts; a dose of this order of magnitude does not 
seriously affect the differentiated and function-
ing cells. As the surface of the villi is sloughed 
off and rubbed away by normal use, there are no 
replacement cells produced in the crypt. Conse-
quently, after a few days, the villi begin to shorten 
and shrink, and eventually, the surface lining 
of the intestine is completely denuded of villi. 

G1G2

M

S

Stem cell
compartment

Differentiation

Mature
functioning
cells

Life span

Self Renewal Tissue

FIGURE 8.2  The classic self-renewal tissue. The stem cell com-
partment contains the dividing cells. Of the new cells produced, 
some maintain the pool, and some go on to differentiate and pro-
duce mature functioning cells. If the tissue is exposed to radiation, 
the “Achilles heel” is the stem cell compartment. Huge doses of ra-
diation are needed to destroy differentiated cells and prevent them 
from functioning, but modest doses kill some or all of the stem cells 
in the sense that they lose their reproductive integrity. Irradiation 
does not produce an immediate effect on the tissue because it does 
not affect the functioning cells. The delay between the time of irra-
diation and the onset of the subsequent radiation syndrome is dic-
tated by the normal life span of the mature functioning cells.  
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everywhere by a layer of exudate in which masses 
of bacteria were seen, and in the jejunum, the 
bacteria had invaded the intestinal wall. Blood 
cultures postmortem yielded Escherichia coli.

Several of the fi refi ghters at Chernobyl, in-
cluding those who received bone marrow trans-
plants, died between a week and 10 days after 
e xposure, suffering from symptoms characteris-
tic of the gastrointestinal syndrome.

■ THE HEMATOPOIETIC SYNDROME

At doses of 2.5 to 5 Gy, death, if it occurs, is a 
result of radiation damage to the hematopoietic 
system. Mitotically active precursor cells are 
sterilized by the radiation, and the subsequent 
supply of mature red blood cells, white blood 
cells, and platelets is thereby diminished. The 
time of potential crisis at which circulating cells 
in the blood reaches a minimum value is delayed 
for some weeks. It is only when the mature circu-
lating cells begin to die off and the supply of new 
cells from the depleted precursor population is 
inadequate to replace them that the full effect of 
the radiation becomes apparent.

The concept of the 50% lethal dose (LD50) 
as an end point for scoring radiation death from 

from 11 to 20 Gy. In addition, the man’s hands 
received an enormous dose, possibly as much as 
300 Gy. The patient vomited several times within 
the fi rst few hours of the exposure. On admis-
sion, his temperature and pulse rate were slightly 
elevated; other than that, the results of his physi-
cal examinations were within normal limits. His 
general condition remained relatively good until 
the 6th day, at which time signs of severe para-
lytic ileus developed that could be relieved only 
by continuous gastric suction. On the 7th day, 
liquid stools that were guaiac-positive for occult 
blood were noted. The patient developed signs 
of circulatory collapse and died on the 9th day 
after irradiation. At the time of death, jaundice 
and spontaneous hemorrhages were observed for 
the fi rst time.

At autopsy, the small intestine showed the 
most striking change. The mucosal surface was 
edematous and erythematous, and the jejunum 
was covered by a membranous exudate. Micro-
scopically, there was complete erosion of the 
epithelium of the jejunum and ileum, as well as 
loss of the superfi cial layers of the submucosa. 
The duodenal epithelium was lost, except in the 
crypts; the colon epithelium was somewhat better 
preserved. The denuded surfaces were covered 

Differentiated
villus cells

Proliferating
progenitors

Crypt
paneth

cells

Crypt intestinal stem cells

Absorptive
enterocytes

Goblet cells

Mesenchyme

Pericryptal fibroblasts

FIGURE 8.3  The gastrointestinal 
epithelium is an example of a classic 
self-renewal tissue. Stem cells in the 
crypts divide rapidly and provide cells 
that differentiate to form the lining of 
the villi. A single cell layer separates the 
blood supply within the villus from the 
contents of the gastrointestinal (GI) 
tract. An exposure to radiation kills cells 
in the crypts, cutting off a supply of cells 
to cover the villi. As a consequence, the 
villi shrink and, eventually, the barrier 
between blood supply and the con-
tents of the GI tract is compromised, 
leading to a loss of fl uids and massive 
infections. (Courtesy of Dr. Jack Little.) 
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the chief symptoms of which are nausea and 
vomiting. A symptom-free interval, known as 
the latent period, follows. This is, in fact, a very 
inappropriate name because during this period, 
the most important consequences of the radia-
tion exposure, leading to its lethal effects, are 
in progress. About 3 weeks after the radiation 
exposure, there is onset of chills, fatigue, pete-
chial hemorrhages in the skin, and ulceration 
of the mouth; epilation (hair loss) also occurs at 
this time. These symptoms are a manifestation 
of the depression of blood elements: infections 
and fever from granulocyte depression and im-
pairment of immune mechanisms, bleeding, and 
possibly anemia caused by hemorrhage resulting 
from platelet depression. Anemia from red blood 
cell depression usually does not occur. Death oc-
curs at this stage unless the bone marrow has 
begun to regenerate in time. Infection is an im-
portant cause of death, but it may be controlled 
to a large extent by antibiotic therapy.

As a consequence of the reactor accident at 
Chernobyl, 203 operating personnel, fi remen, 
and emergency workers suffering from the early 
radiation syndrome were hospitalized, having 
received doses in excess of 1 Gy. Of these, 35 
had severe bone marrow failure, and 13 of them 
died. The remainder recovered with conserva-
tive medical care.

■  THE FIRST AND MOST RECENT ACUTE 
RADIATION SYNDROME DEATH

The most recent person to die of the ARS was 
 Alexander Litvinenko, a former offi cer of the 
 Russian Security Service who received political 
asylum in Great Britain and was assassinated by 
the administration of polonium-210 (Fig. 8.5). 
This radionuclide emits only �-particles that do 
not penetrate even a sheet of paper or the epi-
dermis of human skin, so �-emitters can cause 
signifi cant damage only if ingested. Litvinenko 
fell ill and was hospitalized on November 1, 
2006, and died on November 23, just more than 
3 weeks later. Scotland Yard initially investigated 
claims that he had been poisoned with thallium 
because the distinctive effects include hair loss 
and damage to peripheral nerves. Polonium-210 
was identifi ed only after his death. The adminis-
tered activity was estimated to be about 2 GBq, 
which corresponds to about 10 mcg of polo-
nium and is many times the mean lethal dose. 

this cause has been borrowed from the fi eld of 
pharmacology. The LD50 is defi ned as the dose 
of any agent or material that causes a mortality 
rate of 50% in an experimental group within a 
specifi ed period.

Within a given population of humans or ani-
mals, there are many factors that infl uence the 
response of the individual to total body irradia-
tion. For example, the very young and the old 
appear to be more radiosensitive than the young 
adult. The female, in general, appears to have a 
greater degree of tolerance to radiation than does 
the male. Figure 8.4 shows a typical relationship 
between the dose of radiation and the percentage 
of monkeys killed by total body irradiation. Up to 
a dose exceeding 2 Gy, no animals die, whereas a 
dose of about 8 Gy kills all the animals exposed. 
Between these two doses, there is a very rapid in-
crease in the percentage of animals killed as the 
dose increases, and it is a simple matter by visual 
inspection of the graph or by a more sophisticated 
statistical analysis to arrive at a precise estimate of 
the LD50 dose, which in this case is 5.3 Gy.

Humans develop signs of hematologic dam-
age and recover from it much more slowly than 
most other mammals. The peak incidence of 
human death from hematologic damage occurs at 
about 30 days after exposure, but deaths continue 
for up to 60 days. The LD50 estimates for hemato-
poietic death for humans are therefore expressed 
as the LD50/60, in contrast to the LD50/30 for mice, 
in which peak incidence of death occurs 10 to 
15 days after exposure and is complete by 30 days.

A dose of radiation close to the LD50 results 
in the prodromal syndrome already described, 
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FIGURE 8.4  Mortality rate of rhesus monkeys at 
30 days after a single total body exposure to x-rays. 
(Adapted from Henschke UK, Morton JL. Mortality of rhesus 
monkeys after single total body radiation. Am J Roentgenol 
Radium Ther Nucl Med. 1957;77:899–909, with permission.)
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■  MEAN LETHAL DOSE AND BONE 
MARROW TRANSPLANTS

Studies of total body irradiation have been per-
formed on many species; a few LD50 values are 
listed in Table 8.2, ranging from mouse to human. 
Such studies were popular and important in the 
1950s and 1960s, supported largely by the mili-
tary. In more recent years, total body irradiation 
has been of interest from the point of view of 
bone marrow transplantation. This interest may 
stem from the treatment of radiation accidents, 
such as the Chernobyl disaster, or from the res-
cue of patients receiving cancer therapy with total 
body irradiation, radiolabeled antibodies, or cyto-
toxic drugs.

Many attempts have been made to estimate 
the LD50/60 for humans based on the experiences 
at Hiroshima and Nagasaki, the total body irradi-
ation of patients with malignant disease, and the 
accidents that have occurred at nuclear installa-
tions. In a careful summary of all of the available 
data, Lushbaugh claims that the best estimate is 
around 3.25 Gy for young healthy adults with-
out medical intervention. There does exist in 
the literature a surprising number of instances 
in which young men and women have received 
total body irradiation up to a dose of around 
4 Gy and recovered under conservative care in a 
modern well-equipped hospital. The LD50/60 for 

This m assive amount of polonium-210 could only 
be produced in a large state-controlled nuclear 
reactor. In retrospect, the symptoms were char-
acteristic of the classic hematopoietic syndrome, 
hair loss, erythema, and death in about 3 weeks 
caused by loss of circulating blood elements.

The fi rst person to die of the ARS was a 
26-year-old male involved in a criticality accident 
at Los Alamos in March 1945. He was exposed 
total body to a mixture of neutrons and �-rays, 
the estimated equivalent dose being 6.35 Sv. 
His right hand received a much higher dose 
of 200 Gy, and his left hand received a dose of 
30 Gy. His red blood count changed little up to 
the time of his death. The platelet count dropped 
before being restored by a transfusion and then 
fell again. There was the characteristic early ini-
tial rise in the granulocyte count, but it fell to 
eventually zero by the time of his death. The 
most important events can be listed as follows:

Day 1: Nausea, anorexia, and vomiting
Day 2: Greatly improved, except for numbness 

in his hand
Day 3: Erythema on the front of the body
Day 5: Rise of temperature
Day 10: Nausea and cramps
Day 12: Acute mucositis of mouth and tongue
Day 17: Epilation of body hair
Day 24: Died with white cell count close to zero

FIGURE 8.5  Alexander Litvinenko, before and after radiation poi-
soning. Alexander Litvinenko was a former offi cer of the Russian S ecurity 
Service who received political asylum in Great Britain. He was assassi-
nated by the administration of a massive dose of polonium-210, presum-
ably added to his food. He died 3 weeks later.   

25858_Hall_CH08.indd   12025858_Hall_CH08.indd   120 3/11/11   12:06 PM3/11/11   12:06 PM



 | Chapter 8 • Acute Radiation Syndrome | 121

even after a scar has formed. The threshold local 
dose for epilation is approximately 3 Sv and that 
for erythema is about 6 Sv. With increasing dose 
of more than 10 Sv, the injury worsens progres-
sively, involving dry desquamation, wet desqua-
mation, bullae (blister) formation, ulceration, 
and fi nally necrosis. These may be debilitatingly 
painful like second-degree thermal burns and life 
threatening with concomitant infections.

■  SYMPTOMS ASSOCIATED WITH 
THE ACUTE RADIATION SYNDROME

The International Atomic Energy Agency and 
the World Health Organization jointly spon-
sored a report entitled Diagnosis and Treatment 
of Radiation Injuries. Tables 8.3 and 8.4 have been 
adapted from that report, and the expected dis-
tribution of symptoms following whole body 
 irradiation are summarized. Table 8.3 refers 
to the prodromal syndrome in the period soon 
after irradiation, whereas Table 8.4 refers to the 
later critical phase. These should not be taken 
too literally because the information is based on 
a limited number of exposed individuals over the 
years, but they are a useful guide. They cover the 
dose range from 1.0 Gy, which results in little 
effect, to more than 8 Gy, which is expected to 
result in 100% lethality. The nature of the symp-
toms, their severity, and the time of onset can 
be a useful predictor of the eventual outcome in 
the absence of physical dosimetry. For example, 

those exposed at Chernobyl was closer to 7 Gy 
because, although general medical care was poor, 
antibiotics were available.

■ CUTANEOUS RADIATION INJURY

The hematopoietic and gastrointestinal tract 
syndromes may be accompanied by cutaneous 
radiation injury (CRI). Radiation injury to the 
skin can also occur in the absence of the ARS, 
because nonpenetrating �-particles and low-
energy photons may deposit excess dose only to 
the integument. Such an injury may become ap-
parent within hours or may not be seen for weeks, 
depending on the dose. Findings and complaints 
can range from itching and tingling to epilation, 
erythema, edema, progressing to dry desquama-
tion, wet desquamation, ulceration, and necro-
sis as the dose is increased. Chronic, possibly 
severe, skin infections and recurrent ulceration 
may complicate the process. The fi rst person 
ever to die of the ARS in 1945, died a classic he-
matopoietic syndrome, having received a total 
body dose of about 6 Sv, but his hands received a 
much higher dose. Radiation damage to the skin 
and microvasculature of his hands caused great 
suffering before he died on Day 28 after expo-
sure because of bone marrow failure.

Localized radiation burns to the skin differ 
from thermal and chemical burns primarily in 
the delay between exposure and effect, and in 
their tendency to undergo recurrent breakdown, 

TABLE 8.2 The 50% Lethal Doses for Various Species from Mouse to Human and the 
Relation between Body Weight and the Number of Cells that Need to Be 
Transplanted for a Bone Marrow “Rescue”

    Relative
  50% Lethal Rescue Dose Hematopoietic
 Average Body Total Body per kg Stem Cell
Species Weight, kg Irradiation, Gy � 10�8 Concentration

Mouse 0.025 7 2 10

Rat 0.2 6.75 3 6.7

Rhesus monkey 2.8 5.25 7.5 7.3

Dog 12 3.7 17.5 1.1

Human 70 4 20 1

Data from Vriesendorp HM, van Bekkum DW. Susceptibility to total body irradiation. In: Broerse JJ, MacVittle T, eds. 
Response to Total Body Irradiation in Different Species. Amsterdam, The Netherlands: Martinus Nijhoff; 1984.
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If the dose is known to have exceeded about 
5 Gy, then death from the hematopoietic syn-
drome 3 to 4 weeks later is a real possibility. In 
some countries, isolation and barrier nursing—
that is, isolation of patients from others so that 
they do not come in contact with possible infec-
tions while their blood count is low—is recom-
mended. It has been shown in animals that the 
LD50 can be raised by a factor of about 2 by the 
use of antibiotics, and there is no reason to sup-
pose that the same is not true in humans. Indeed, 
this is supported by the Chernobyl experience 
where the LD50 was closer to 7 Gy than 4 Gy. The 
important things to avoid are infection, bleeding, 
and physical trauma during the period in which 
the circulating blood elements reach a nadir, and 
to give the bone marrow a chance to regenerate.

The area of most discussion and disagree-
ment is the use of bone marrow transplanta-
tion. This technique was used on four Yugoslav 
s cientists who were exposed accidentally in the 
1950s to doses initially estimated to be about 

severe immediate diarrhea indicates that a su-
pralethal dose has been received and that any 
treatment is likely to be ineffective and therefore 
useless.

■  TREATMENT OF RADIATION 
A CCIDENT VICTIMS EXPOSED 
TO DOSES CLOSE TO THE LD50/60

If the radiation exposure is known to be less 
than 4 to 5 Gy, most experts recommend that 
the patient be watched carefully but only treated 
in response to specifi c symptoms, such as anti-
biotics for an infection, fresh platelets for local 
hemorrhage, and so on. Petechial hemorrhages 
in skin were commonly observed in the Japanese 
irradiated in 1945 but are not reported so com-
monly among individuals exposed accidentally in 
nuclear power installations in the United States. 
Blood transfusions should not be given prophy-
lactically because they delay the regeneration of 
the blood-forming organs.

TABLE 8.3 Latent Phase (Prodromal Syndrome) of Acute Radiation Syndrome

  Degree of Acute Radiation Syndrome and Approximate
Dose of Acute Whole Body Exposure (Gy)

 Mild Moderate Severe Very Severe Lethal
 (1–2 Gy) (2–4 Gy) (4–6 Gy) (6–8 Gy) (�8 Gy)

Lymphocytes 0.8–1.5 0.5–0.8 0.3–0.5 0.1–0.3 0.0–0.1
 (G/L)
 (days 3–6)

Granulocytes �2.0 1.5–2.0 1.0–1.5 �0.5 �0.1
 (G/L)

Diarrhea None None Rare Appears  Appears
     on days   on days
     6–9  4–5

Epilation None Moderate,  Moderate or Complete Complete
   beginning  complete  earlier  earlier
   on day 15   on days  than  than
   or later  11–21  day 11  day 10

Latency 21–35 18–28 8–18 7 or less None
 period (d)

Medical Hospitalization  Hospitalization Hospitalization Hospitalization Symptomatic
 response  not necessary  recommended  necessary  urgently  treatment
     necessary  only

Adapted from Diagnosis and Treatment of Radiation Injuries, International Atomic Energy Agency, Vienna, Austria, 1998.

25858_Hall_CH08.indd   12225858_Hall_CH08.indd   122 3/11/11   12:06 PM3/11/11   12:06 PM



 | Chapter 8 • Acute Radiation Syndrome | 123

 
D

eg
re

e 
of

 A
R

S 
an

d 
A

pp
ro

xi
m

at
e 

D
os

e 
of

 A
cu

te
 W

ho
le

 B
od

y 
E

xp
os

ur
e 

(G
y)

 
M

ild
 (1

–2
 G

y)
 

M
od

er
at

e 
(2

–4
 G

y)
 

Se
ve

re
 (4

–6
 G

y)
 

V
er

y 
Se

ve
re

 (6
–8

 G
y)

 
L

et
ha

l (
�

8 
G

y)

O
ns

et
 o

f 
�

30
 d

ay
s 

18
–2

8 
da

ys
 

8–
18

 d
ay

s 
�

7 
da

ys
 

�
3 

da
ys

 
sy

m
pt

om
s

L
ym

ph
oc

yt
es

  
0.

8–
1.

5 
0.

5–
0.

8 
0.

3–
0.

5 
0.

1–
0.

3 
0–

0.
1

 
(G

/L
)

P
la

te
le

ts
 

60
–1

00
 

30
–6

0 
25

–3
5 

15
–2

5 
�

20
 

(G
/L

) 
10

%
–2

5%
 

25
%

–4
0%

 
40

%
–8

0%
 

60
%

–8
0%

 
80

%
–1

00
%

a

C
lin

ic
al

  
Fa

tig
ue

, w
ea

kn
es

s 
Fe

ve
r, 

in
fe

ct
io

ns
, 

H
ig

h 
fe

ve
r, 

in
fe

ct
io

ns
, 

H
ig

h 
fe

ve
r, 

di
ar

rh
ea

, 
H

ig
h 

fe
ve

r, 
di

ar
rh

ea
,

 
m

an
ife

st
at

io
ns

 
 

 
bl

ee
di

ng
, w

ea
kn

es
s,

  
 

bl
ee

di
ng

, e
pi

la
tio

n 
 

vo
m

iti
ng

, d
iz

zi
ne

ss
 

 
un

co
ns

ci
ou

sn
es

s
 

 
 

ep
ila

tio
n 

 
 

 
an

d 
di

so
ri

en
ta

tio
n,

 
 

 
 

 
 

 
hy

po
te

ns
io

n

L
et

ha
lit

y 
(%

) 
0 

0–
50

 
20

–7
0 

50
–1

00
 

10
0

 
 

O
ns

et
 6

–8
 w

ee
ks

 
O

ns
et

 4
–8

 w
ee

ks
 

O
ns

et
 1

–2
 w

ee
ks

 
1–

2 
w

ee
ks

M
ed

ic
al

  
P

ro
ph

yl
ac

tic
 

Sp
ec

ia
l p

ro
ph

yl
ac

tic
 

Sp
ec

ia
l p

ro
ph

yl
ac

tic
 

Sp
ec

ia
l t

re
at

m
en

t f
ro

m
 

Sy
m

pt
om

at
ic

 o
nl

y
 

re
sp

on
se

 
 

 
tr

ea
tm

en
t f

ro
m

 
 

tr
ea

tm
en

t f
ro

m
 

 
da

y 
1;

 is
ol

at
io

n 
fr

om
 

 
 

da
ys

 1
4–

20
; i

so
la

tio
n 

 
da

ys
 7

–1
0;

 is
ol

at
io

n 
 

th
e 

be
gi

nn
in

g
 

 
 

fr
om

 d
ay

s 
10

–2
0 

 
fr

om
 th

e 
be

gi
nn

in
g

a In
 v

er
y 

se
ve

re
 c

as
es

, w
ith

 a
 d

os
e 

�
50

 G
y,

 d
ea

th
 p

re
ce

de
s 

cy
to

pe
ni

a.

A
da

pt
ed

 fr
om

 D
ia

gn
os

is 
an

d 
Tr

ea
tm

en
t o

f R
ad

ia
tio

n 
In

ju
ri

es
, I

nt
er

na
tio

na
l A

to
m

ic
 E

ne
rg

y 
A

ge
nc

y,
 V

ie
nn

a,
 A

us
tr

ia
, 1

99
8.

TA
B

L
E

 8
.4

C
ri

ti
ca

l P
h

as
e 

o
f A

cu
te

 R
ad

ia
ti

o
n

 S
yn

d
ro

m
e 

25858_Hall_CH08.indd   12325858_Hall_CH08.indd   123 3/11/11   12:06 PM3/11/11   12:06 PM



124 | Section I • For Students of Diagnostic Radiology, Nuclear Medicine, and Radiation Oncology |

10 Gy, death from the gastrointestinal syndrome 
is inevitable, and so a bone marrow transplant is 
of no use. This highlights the narrow “window” 
of dose within which a transplant can be effective 
(about 8–10 Gy). This is illustrated in Figure 8.7. 
Therefore, there is an urgent need to develop 
better methods of in vivo biologic dosimetry be-
cause chromosome aberrations in lymphocytes 
are not always useful in this dose range.

■ TRIAGE

Following an event in which several individuals 
are exposed to radiation, an immediate need is 
to know what doses are involved. If the exposed 
individuals are radiation workers wearing moni-
tors, the solution is easy. However, in general, 
members of the public will not be monitored. 
The following are several possibilities:

 1. The average time to emesis decreases with increas-
ing dose. The original work was performed by 
Ricks and Lushbaugh at Oak Ridge Associ-
ated Universities and involved 502 patients 
who had undergone therapeutic or accidental 
radiation exposure between 1964 and 1975. 
The data as analyzed by Goans is shown 
in Figure 8.8. Individual responses vary so 
widely that time to emesis can provide only 
rough guidance. For example, few individu-
als vomit if the acute radiation dose is less 
than 1 Gy, whereas most vomit if the dose is 
more than 2 Gy. Further, if no vomiting oc-
curs during the fi rst 4 hours after exposure, it 
is unlikely that severe clinical effects caused 
by radiation will follow later. On the other 
hand, Goans has reported that if the time to 
emesis is less than 2 hours after exposure, the 
effective whole body dose is at least 3 Gy.

 2. The decline in the lymphocyte count allows an 
e stimate to be made of the total body radiation ex-
posure. Typical data for the decline of lympho-
cyte count with radiation dose are shown in 
Figure 8.9. Goans and colleagues developed 
an algorithm to estimate an approximate dose 
based on the depletion rate from serial blood 
counts performed at various times after ex-
posure because, of course, the preirradiation 
lymphocyte count is usually unknown.

Because the lymphocyte count falls more 
rapidly the higher the dose, the best estimate 
of dose and prognosis can be made at about 
48 hours postexposure. Again, the estimate is 
only an approximation.

7 Gy. All of the grafts were rejected, but the 
exposed individuals survived anyway, probably 
b ecause later estimates indicated that the dose 
received was much lower, in the region of 4 Gy. 
In fact, many observers claim that the scientists 
survived in spite of the transplants rather than 
because of them. Figure 8.6 shows the depression 
and recovery of blood elements in the Y ugoslav 
scientists and also in victims of the famous Y-12 
reactor accident at Oak Ridge, Tennessee, who 
received about 4 Gy.

In more recent years, bone marrow trans-
plantation techniques have been greatly im-
proved and, together with growth factors, have 
been used routinely to “rescue” patients given 
supralethal doses of radiation for the treatment 
of leukemia or in preparation for organ trans-
plants. In such cases, of course, the dosimetry is 
accurate and the doses are just enough to sup-
press the immunologic response.

Of the Chernobyl accident victims, 13 received 
bone marrow transplants (some matched for im-
mune compatibility and some are not). In addition, 
6 received fetal liver transplants, but these patients 
all died early, some of gastrointestinal symptoms. 
Of the 13 who received bone marrow transplants, 
only 2 survived and 1 showed autologous bone 
marrow repopulation. There was, therefore, only 
one possible successful transplant that saved a life, 
and even that result has been questioned.

The situation was made diffi cult because the 
doses to which individuals had been exposed were 
not known with any precision. After doses close 
to the LD50, and certainly for higher doses, pe-
ripheral lymphocytes disappear before 24 hours, 
and then it is not possible to estimate total body 
doses by counting chromosome aberrations in 
stimulated lymphocytes taken from peripheral 
blood. Because the US transplant team did not 
arrive in Chernobyl for some time, biologic do-
simetry was never possible for those exposed to 
higher doses. Consequently, some victims who 
received bone marrow transplants were already 
doomed to die of the gastrointestinal syndrome, 
having received doses in excess of 10 Gy.

In fact, the “window” of dose within which 
a bone marrow transplant is useful is very small. 
For a dose of less than about 8 Gy, an exposed 
person is likely to survive with careful nursing 
and an antibiotic screen because the LD50 can 
be approximately doubled by such conservative 
measures. In such cases, therefore, a transplant 
is not necessary. For a dose of more than about 

25858_Hall_CH08.indd   12425858_Hall_CH08.indd   124 3/11/11   12:06 PM3/11/11   12:06 PM



 | Chapter 8 • Acute Radiation Syndrome | 125

G
ra

n
u

lo
cy

te
s 

p
er

 m
m

3
P

la
te

le
ts

 (
  1

0–
3  

p
er

 m
m

3 )

Days

Comparison of granulocyte counts in the Y-12 patients
and in 4 victims of the Vinca accident

Comparison of platelet counts in the Y-12 patients
and in 4 victims of the Vinca accident

275

250

225

200

175

150

125

100

75

50

25

0
0 5 10 15 20 25 30 35

Bone marrow

Bone marrow

Yugoslav patients

Yugoslav patients

Y-12 patients

Y-12 patients

40 45 50 55 60 65

WHO 1282

WHO 1283Days

9,000

8,000

7,000

6,000

5,000

4,000

3,000

2,000

1,000

0
0 5 10 15 20 25 30 35 40 45 50 55 60 65

^

^

FIGURE 8.6  Depression and recovery of circulating blood elements in vic-
tims of the Y-12 reactor accident at Oak Ridge, Tennessee, and four accidentally 
exposed Yugoslav scientists. (Adapted from Andrews GA, Sitterson BW, Kretchmar 
AL, et al. Diagnosis and Treatment of Acute Radiation Injury. Geneva, Switzerland: 
World Health Organization; 1961:27–48.)
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FIGURE 8.7  Illustrating the narrow 
window of dose over which bone mar-
row transplants might be useful follow-
ing total body irradiation. Up to about 
8 Gy, most people would survive with 
antibiotics and careful nursing. Above 
about 10 Gy, most people would die be-
cause of the gastrointestinal syndrome.
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by the time of onset of vomiting. Early 
onset of vomiting indicates a high dose. 
However, there is a large variation be-
tween individuals. (Based on Anno GH, 
et al. Health Physics, 1999; 56[6]:821–838, 
and Goans RE. Clinical care of the radiation 
accident patient: patient presentation, as-
sessment, and initial diagnosis. In: Ricks RC, 
Berger ME, Ohara, FM Jr, eds. The Medical 
Basis for Radiation Accident Preparedness: 
The Clinical Care of Victim. Boca Raton, FL: 
The Parthenon Publishing; 2001.)  

FIGURE 8.9  The rate of decline and the degree of de-
pleted lymphocytes are directly related to absorbed dose. 
(Based on the data from Guskova et al., 1988.)
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 3. If a cytogenetic laboratory is available, the 
best method to assess radiation exposure is 
to measure the incidence of chromosomal 
aberrations in peripheral lymphocytes stimu-
lated to divide in vitro. Doses of more than 
0.2 Gy can be accurately assessed in this way. 
This technique is described in more detail in 
Chapter 2. After high doses, of course, lym-
phocytes disappear quickly and so this tech-
nique has severe limitations.

■  SURVIVORS OF SERIOUS RADIATION 
ACCIDENTS IN THE UNITED STATES

Over the past 50 years, there have been several 
accidents in which small numbers of people em-
ployed in the nuclear program were exposed to 
total body or partial body irradiation. Most oc-
curred in the early days of the nuclear program 
and involved criticality accidents. The number 
involved in the United States is about 70 workers 
in 13 separate accidents.

The long-term survivors have been studied ex-
haustively over the years. The medical history of 
these heavily irradiated people mirrors that of any 
aging population. The expected high incidences of 
shortened life span, early malignancies after a short 
latent period, and rapidly progressing lenticular 
opacities have not been observed. The numbers in 
any group are small, but the several malignancies, 
cataracts, and degenerative diseases that have been 
seen are no more than might be expected in a simi-
lar group of unirradiated people of the same age.

The survivors of the 1958 criticality accident 
at the Oak Ridge Y-12 plant are a case in point. 
Their blood cell counts are shown in Figure 8.6. 
A group of eight workers, ranging in age from 25 
to 56 years, received total body doses of 0.23 to 
3.65 Gy; fi ve of them received doses of more than 
2 Gy. Nevertheless, as of 1999, more than 40 years 
after the accident, none had died of a classic “ra-
diogenic” cancer. There were two cases of lung 
cancer in very heavy smokers, a meningioma, and 
prostate cancer in a 70-year-old man. In fact, the 
only medical fi nding likely to be radiation related 
is bilateral posterior  capsular cataracts in two of 
these patients. Three of the workers who received 
the biggest doses are retired and in good health.

This highlights the problem of detecting an 
excess cancer incidence in any small irradiated 
population. For example, if a group of workers re-
ceives a total body exposure of 3 Gy, the biggest 

dose possible without suffering early death from 
the hematopoietic syndrome, the excess cancer 
incidence would be expected to be about 24%. 
(The cancer risk estimates of the Committee on 
Biological Effects of Ionizing Radiation and the 
United Nations Scientifi c Committee on the 
E ffects of Atomic Radiation based on the Japanese 
atomic bomb survivors amount to about 8% per 
sievert.) Thus, the biggest dose to which humans 
can be exposed and survive doubles the spontane-
ous cancer incidence. This is diffi cult to detect in a 
small group of people and is likely to be masked by 
other biologic factors. That is not to say that heav-
ily irradiated individuals are not at increased risk, 
but an excess cancer incidence can be observed 
only by a careful study of a large population.

■  RADIATION EMERGENCY 
A SSISTANCE CENTER

In the context of radiation accidents, it should be 
noted that the Medical Sciences Division of the 
Oak Ridge Institute for Science and Education op-
erates a Radiation Emergency Assistance Center/
Training Site (REAC/TS). This is operated on 
behalf of the U.S. Department of Energy.

REAC/TS provides 24-hour direct or consul-
tative assistance with medical and health physics 
problems associated with radiation accidents in 
local, national, and international incidents. The 
resources of REAC/TS consist of expertise in 
cytogenetics for dose assessment, calculation of 
doses from internally deposited radionuclides, 
and laboratory facilities that include total body 
c ounting capabilities. The regular telephone 
number for information is (865) 576-3131, and 
the 24-hour emergency number is (865) 576-1005 
(ask for REAC/TS). The REAC/TS website is 
http://www.orau.gov/reacts.

SUMMARY OF 
PERTINENT CONCLUSIONS

■ The prodromal syndrome varies in time of 
onset, severity, and duration.

■ At doses close to the dose that would be 
lethal to 50% of the population (LD50), 
the principal symptoms of the prodromal 
s yndrome are anorexia, nausea, vomiting, 
and easy fatigability.

■ Immediate diarrhea, fever, or hypotension 
indicates a supralethal exposure.
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■ The cerebrovascular syndrome results from 
a total body exposure to about 100 Gy of 
�-rays and in humans results in death in 
24 to 48 hours. The cause of death may 
be changes in permeability of small blood 
v essels in the brain following damage to the 
microvasculature.

■ The gastrointestinal syndrome results from 
a total body exposure to about 10 Gy. Death 
occurs in about 7 to 10 days in humans be-
cause of depopulation of the epithelial lin-
ing of the gastrointestinal tract.

■ The hematopoietic syndrome results from 
total body exposure to 2.5 to 5 Gy. The ra-
diation sterilizes some or all of the mitoti-
cally active precursor cells. Symptoms result 
from lack of circulating blood elements 3 or 
more weeks later.

■ The hematopoietic or gastrointestinal syn-
dromes may be complicated by damage to 
the skin from high local doses.

■ The LD50 for humans is estimated to be 
between 3 and 4 Gy for young adults with-
out medical intervention. It may be less for 
the very young or the very old. The LD50 
may be raised to 7 Gy by the use of antibi-
otics, as was the case at Chernobyl.

■ Some people who would otherwise die 
from the hematopoietic syndrome may be 
saved by antibiotics, platelet infusions, bone 
marrow transplants, or factors to stimulate 
h ematopoiesis.

■ The dose window over which bone mar-
row transplants may be useful is narrow, 
namely, 8 to 10 Gy.

■ Heavily irradiated survivors of accidents in 
the nuclear industry have been followed for 
many years; their medical history mirrors 
that of any aging population. An expected 
higher incidence of shortened life span, early 
malignancies after a short latency, and rapidly 
progressing cataracts has not been observed. 
That is not to say that heavily irradiated indi-
viduals are not at increased risk, but an excess 
cancer incidence can be observed only by a 
careful study of a large population.

■ The fi rst recorded death with the ARS was 
a worker at Los Alamos in 1945. The most 
recent was the Russian agent, Litvinenko, 
who was “poisoned” with polonium-210 
in 2006. Worldwide, about 400 individuals 
have suffered from the ARS.
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■  THE DISCOVERY OF 
RADIOPROTECTORS

Some substances, although they do not directly af-
fect the radiosensitivity of cells, nevertheless, may 
protect whole animals because they cause vasocon-
striction or, in some way, upset normal processes of 
metabolism to such an extent that the oxygen con-
centration in critical organs is reduced. Because 
cells are less sensitive to x-rays under hypoxia, this 
confers a measure of protection. Examples of such 
protective substances are sodium cyanide, carbon 
monoxide, epinephrine, histamine, and serotonin. 
Such compounds are not really radioprotectors 
per se and are not discussed further here.

The most remarkable group of true radio-
protectors is the sulfhydryl (SH) compounds. 
The simplest is cysteine, an SH compound 
containing a natural amino acid, the structure of 
which is

 NH2

SHMCH2MCH

 COOH

In 1948, Patt discovered that cysteine could 
protect mice from the effects of total body expo-
sure to x-rays if the drug was injected or ingested 
in large amounts before the radiation exposure. 
At about the same time, Bacq and his colleagues 
in Europe independently discovered that cys-
teamine could also protect animals from total 
body irradiation. This compound has a structure 
represented by

SHMCH2MCH2MNH2

Animals injected with cysteamine to con-
centrations of about 150 mg/kg require doses of 
x-rays 1.8 times larger than control animals to 
produce the same mortality rate. This factor of 
1.8 is called the dose reduction factor (DRF), 
defi ned as
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C H A P T E R

DRF �   
Dose of radiation in the presence of the drug

    ____    
Dose of radiation in the absence of the drug

  

to produce a given level of lethality.

■ MECHANISM OF ACTION

Many similar SH compounds have been tested 
and found to be effective as radioprotectors. The 
most effi cient SH compounds tend to have cer-
tain structural features in common: a free SH 
group (or potential SH group) at one end of the 
molecule and a strong basic function, such as 
amine or guanidine, at the other end, separated by 
a straight chain of two or three carbon atoms. SH 
compounds are effi cient radioprotectors against 
sparsely ionizing radiations such as x- or �-rays.

The mechanisms most implicated in SH- 
mediated cytoprotection include:

 1. Free-radical scavenging that protects against 
oxygen-based free radical generation by ion-
izing radiations or chemotherapy agents such 
as alkylating agents

 2. Hydrogen atom donation to facilitate direct 
chemical repair at sites of DNA damage

Chapter 1 includes a discussion of the chain 
of events between the absorption of a photon and 
the eventual biologic damage, which includes the 
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�-rays) and minimal for densely ionizing radia-
tions (e.g., low-energy �-particles). It might be 
predicted that with effective scavenging of all 
free radicals, the largest possible value of DRF
for sparsely ionizing radiations would equal the 
oxygen enhancement ratio, with a value of 2.5 
to 3.0.

This simple description of the mechanism 
of action of SH radioprotectors is intellectually 
satisfying, but it is clearly not the whole story 
because radioprotectors of this class have more 
effect with densely ionizing radiations (such as 
neutrons) than would be expected based on this 
explanation alone. Other factors must be in-
volved that are not fully understood.

■  DEVELOPMENT OF MORE 
EFFECTIVE COMPOUNDS

The discovery in 1948 of a compound that of-
fered protection against radiation excited the in-
terest of the U.S. Army because the memory of 
Nagasaki and Hiroshima was vivid in the years 
immediately after World War II. However, al-
though cysteine is a radioprotector, it is also toxic 
and induces nausea and vomiting at the dose lev-
els required for radioprotection. A development 
program was initiated in 1959 by the U.S. Army 
in studies conducted at the Walter Reed Institute 
of Research to identify and synthesize drugs ca-
pable of conferring protection to individuals in 
a radiation environment, but without the debili-
tating toxicity of cysteine or cysteamine. More 
than 4,000 compounds were synthesized and 
tested. At an early stage, the important discov-
ery was made that the toxicity of the compound 
could be greatly reduced if the SH group was 
covered by a phosphate group. This is illustrated 
for cysteamine, otherwise known as mercapto-
ethylamine (MEA), in Table 9.1. The 50% lethal 

production of free radicals, which are highly re-
active species. If these free radicals are scavenged 
before they can interact with biologic molecules, 
the effect of the radiation is reduced. This pro-
cess is illustrated in Figure 9.1.

The protective effect of SH compounds 
tends to parallel the oxygen effect, being maxi-
mal for sparsely ionizing radiations (e.g., x- or 
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FIGURE 9.1  Radioprotectors containing a sulfhy-
dryl group exert their effect by scavenging free radicals 
and by reducing free-radical damage to DNA. They are 
most effective for radiations characterized by low lin-
ear energy transfer (LET), becoming progressively less 
effective with increasing LET because the amount of 
local damage is so great.

TABLE 9.1 Effect of Adding a Phosphate-Covering Function on the Free Sulfhydryl of 
�-Mercaptoethylamine (MEA)

  Mean 50% Lethal 
  Dose (Range) Dose Reduction
Drug Formula in Mice Factor

MEA NH2MCHMCH2MSH 343 (323–364) 1.6 at 200 mg/kg

MEA-PO3 NH2MCH2MCHMSH2PO3 777 (700–864) 2.1 at 500 mg/kg
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 period, the astronauts would have been  exposed 
to a shower of high-energy protons, result-
ing in an estimated total body dose of several 
grays. The availability of a radioprotector with 
a DRF of between 2 and 3 would have been very 
important in such a circumstance. As it turned 
out, no major solar event occurred during any 
manned lunar mission, thus the protectors were 
not used. The potential for this problem will be 
greatly magnifi ed in future missions to Mars, 
which may take as long as 3 years.

■  AMIFOSTINE (WR-2721) AS A 
 RADIOPROTECTOR IN RADIOTHERAPY

The only radioprotective drug approved by the 
U.S. Food and Drug Administration (FDA) for 
use in radiation therapy is amifostine (WR-2721), 
sold under the trade name Ethyol for use in the 
prevention of xerostomia in patients treated for 
head and neck cancer. The Radiotherapy Oncol-
ogy Group (RTOG) conducted a phase III ran-
domized clinical trial, which demonstrated the 
effi cacy of amifostine in reducing xerostomia in 
patients with head and neck cancer receiving ra-
diotherapy without prejudice to early tumor con-
trol. The drug was administered daily, 30 min-
utes before each dose fraction in a multifraction 
regimen. Three months posttreatment, the in-
cidence of xerostomia was signifi cantly reduced 

dose of the compound in animals can be doubled 
and the protective effect in terms of the DRF can 
be greatly enhanced if the SH group is covered 
by a phosphate. This tends to reduce systemic 
toxicity. Once in the cell, the phosphate group is 
stripped and the SH group begins scavenging for 
free radicals.

The structures of two typical compounds of 
more than 4,000 synthesized in the Walter Reed 
series are shown in Table 9.2. The fi rst com-
pound, WR-638, called cystaphos, was said to be 
carried routinely in the fi eld pack of Soviet in-
fantry in Europe during the Cold War for use in 
the event of a nuclear confl ict.

The second compound, WR-2721, now 
known as amifostine, is perhaps the most effec-
tive of those synthesized in the Walter Reed 
series. It gives good protection to the blood-
forming organs, as can be seen by the DRF for 
30-day death in mice, which approaches the 
theoretic maximum value of 3. It was probably 
the compound carried by US astronauts on their 
trips to the moon, to be used if a solar event 
 occurred. On these missions, when the space 
vehicle left Earth’s orbit and began coasting to-
ward the moon, the astronauts were committed 
to a 14-day mission because they did not have 
suffi cient fuel to turn around without fi rst orbit-
ing the moon and using its gravitational fi eld. 
If there had been a major solar event in that 

TABLE 9.2

Two Radioprotectors in Practical Use

Compound Structure Use

WR-638 NH2CH2CH2SPO3HNa Carried in fi eld pack by Russian army
    (cystaphos)

WR-2721 NH2(CH2)3NHCH2CH2SPO3H2 Protector in radiotherapy and carried
     by US astronauts on lunar trips 

 (amifostine)

Comparison of Gastrointestinal and Hematopoietic Dose Reduction Factors in Mice for these 
Radioprotectors (the Two Compounds Listed Previously)

  Dose Reduction Factor

Compound Drug Dose, mg/kg 7 Days (Gastrointestinal) 30 Days (Hematopoietic)

WR-638 500 1.6 2.1

WR-2721 900 1.8 2.7
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and neuropathy from cisplatin and hematologic 
toxicity from cyclophosphamide. The same ex-
perimental studies indicated no obvious antitu-
mor activity of the radioprotector, implying a 
differential uptake between normal and malig-
nant tissues.

■  AMIFOSTINE AS A PROTECTOR 
AGAINST CANCER

Although the emphasis for the development of 
amifostine was to protect against cell killing, 
this compound also protects against radiation-
induced mutagenesis and oncogenic transforma-
tion in cells in culture and against carcinogenesis 
in mouse model systems. Furthermore, although 
a dose of about 400 mg/kg is required to dem-
onstrate optimal cytoprotection—a dose that 
carries with it signifi cant side effects—its anti-
mutagenic effect persists following prolonged 
exposure to a dose as low as 25 mg/km, which is 
nontoxic. Of even greater interest is the observa-
tion that the effect occurs even when cells are 
exposed to amifostine up to 3 hours following ir-
radiation. This has led to the speculation that the 
antioxidant properties of amifostine may not be 
the only mechanism by which it protects against 
cancer; it has been proposed that the polyamine-
like properties of the phosphorothioates may 
result in a stabilization of DNA-damaged sites, 
facilitating a slower and more error-free repair 
of damage.

■  DIETARY SUPPLEMENTS AS 
COUNTERMEASURES TO RADIATION

Long-term exposure to nonlethal doses of ion-
izing radiation is known to result in an excess 
incidence of cancer and other deleterious bio-
logic effects. To the extent that the mechanism 
involved may include oxidative stress, dietary 
supplements involving antioxidants have a po-
tential role to play. Several possibilities have 
shown promise in cellular and animal systems. 
One such example is the soybean-derived serine 
protease inhibitor known as the Bowman-Birk 
inhibitor (BBI), which has long been proposed 
as a cancer chemopreventive agent. Another 
possibility is a cocktail of common antioxidants, 
including L-selenomethionine, ascorbic acid, N-
acetyl cysteine, alpha-lipoic acid, vitamin E suc-
cinate, and coenzyme Q10.

in those patients treated with amifostine. There 
was an improvement in the patients’ assessments 
of such symptoms as dry mouth and diffi culty 
in eating or speaking and in the need for fl uids 
and oral comfort aids. There was no difference 
in locoregional tumor control between patients 
who received the radioprotector and those who 
did not. Giving the amifostine only 30 minutes 
before each treatment was designed to exploit the 
slower rate at which the drug penetrates tumors 
relative to normal tissues.

Amifostine is a phosphorothioate that is non-
reactive and does not readily permeate cells, pri-
marily because of its terminal phosphorothioic 
acid group. It is therefore a “prodrug.” When 
dephosphorylated by the enzyme alkaline phos-
phatase, which is present in high concentrations 
in normal tissues and capillaries, it is converted 
to the active metabolite designated WR-1065. 
This metabolite readily enters normal cells by 
facilitated diffusion and scavenges free radicals 
generated by ionizing radiations or by drugs 
used in chemotherapy such as alkylating agents.

It might have been expected that radiopro-
tectors would enjoy a wider use in radiation 
therapy, but in practice, clinical use continues to 
be plagued by issues relating to possible tumor 
protection and loss of therapeutic gain. The 
potential use of such protectors is based on the 
observation from animal studies that amifostine 
quickly fl oods normal tissues but penetrates 
more slowly into tumors. Consequently, if the 
radiation dose is given within minutes after the 
administration of the radioprotector, there is a 
differential sparing of normal tissue compared 
with tumor cells. Because one can never be sure 
that the tumor is not protected to some extent, 
the use of radioprotectors is not “fail safe.” For 
this reason, radioprotectors are not widely used 
in radiotherapy, indeed, in practice they are used 
only for the reduction of xerostomia.

■  RADIOPROTECTORS AND 
CHEMOTHERAPY

Although SH compounds were developed ini-
tially as radioprotectors against ionizing ra-
diation, they also protect against the cytotoxic 
 effects of several chemotherapeutic agents. 
The experimental clinical use of amifostine 
has shown that the compound offers signifi cant 
protection against nephrotoxicity, ototoxicity, 
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■ An RTOG phase III trial demonstrated the 
effi cacy of amifostine in reducing xerosto-
mia in patients with head and neck cancer 
receiving radiation therapy without affect-
ing locoregional control. The radioprotec-
tor was administered 30 minutes before 
radiation.

■ Amifostine is a “prodrug” that is unreactive 
and that penetrates poorly into cells until 
it is dephosphorylated by the enzyme al-
kaline phosphatase to the active metabolite 
WR-1065.

■ The rationale for the use of phosphoro-
thioate radioprotectors is that they fl ood 
normal tissues rapidly after administration 
but penetrate tumors much more slowly. 
The strategy is to begin irradiation soon 
after administration of the drug to exploit 
a differential effect.

■ The clinical use of radioprotectors in 
 radiation therapy continues to be plagued 
by issues relating to possible tumor 
 protection and diminution of therapeutic 
gain.

■ Amifostine is useful as a protector for che-
motherapy as well as radiotherapy. It is 
 reported to offer protection against neph-
rotoxicity, ototoxicity, and neuropathy 
from cisplatin and hematologic toxicity 
from cyclophosphamide, without reduc-
tion of tumor activity.

■ A dose of 400 mg/kg is required for op-
timal cytoprotection, which is toxic with 
many side effects, but its antimutagenic ef-
fect persists at a low nontoxic dose of 25 
mg/kg. Furthermore, its antimutagenic ef-
fect still occurs if the drug is added 3 hours 
following irradiation.

■ Dietary supplements, including various an-
tioxidants, have been suggested as counter-
measures to the long-term biologic effects 
of radiation exposure.

■ Following the destruction of the World 
Trade Center on September 11, 2001, and 
the rise of a nuclear terrorism threat, there 
has been a revived interest in the devel-
opment of novel, effective, and nontoxic 
radioprotectors for potential use in home-
land defense. In addition, NASA is inter-
ested in countermeasures to the radiation 
exposure that astronauts experience on 
long-term space missions.

Following the destruction of the World Trade 
Center on September 11, 2001, and the rise of 
a nuclear terrorism threat, there has been a re-
vived interest in the development of novel, effec-
tive, and nontoxic radioprotectors for potential 
use in homeland defense as well as in medical 
applications. In addition, National Aeronautics 
and Space Administration (NASA) is interested 
in countermeasures to the exposure to protons 
and high-energy heavy ions that astronauts expe-
rience during long-term missions in space.

SUMMARY OF PERTINENT 
CONCLUSIONS

■ Radioprotectors are chemicals that reduce 
the biologic effects of radiation.

■ The SH compounds, cysteine and cyste-
amine, were discovered early but are toxic. 
If the SH group is covered by a phosphate 
group, toxicity is reduced.

■ The mechanism of action is the scavenging 
of free radicals and restitution of free-radical 
damage, although this is not the whole story.

■ The DRF is the ratio of radiation doses 
required to produce the same biologic ef-
fect in the absence and presence of the 
 radioprotector.

■ The best available radioprotectors can at-
tain DRF values of 2.5 to 3.0 for bone mar-
row death in mice irradiated with x-rays.

■ DRF values close to the oxygen enhance-
ment ratio are possible for �-rays, but the 
effectiveness of radioprotectors decreases 
with increasing linear energy transfer.

■ During the Cold War, it is said that Soviet 
infantry in Europe carried radioprotectors 
for use in a possible nuclear war. Radiopro-
tectors were carried to the moon by US as-
tronauts to be used in the event of a solar 
fl are.

■ More than 4,000 compounds were syn-
thesized by the U.S. Army in studies con-
ducted at the Walter Reed Institute of 
Research. Amifostine (WR-2721) appears 
to be the best for use in conjunction with 
radiotherapy.

■ Amifostine, sold under the trade name 
Ethyol, is the only radioprotective drug 
approved by the FDA for use in the pre-
vention of xerostomia in patients treated 
for head and neck cancer.
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■  DETERMINISTIC AND 
STOCHASTIC EFFECTS

If cellular damage occurs as a result of radiation 
and it is not adequately repaired, it may prevent 
the cell from surviving or reproducing or it may 
result in a viable cell that has been modifi ed, that 
is, suffered a change or mutation that it retains 
as a legacy of the radiation exposure. The two 
outcomes have profoundly different implications 
for the person of whom the cell is a part.

Most organs or tissues of the body are unaf-
fected by the loss of a few cells; but if the number 
of cells lost is suffi ciently large, there is observable 
harm, refl ecting the loss of tissue function. The 
probability of such harm is zero at small radia-
tion doses, but above some level of dose, called the 
threshold dose, the probability increases rapidly with 
dose to 100%. Above the threshold, the severity of 
harm also increases with dose. Effects such as these 
are said to be deterministic. A deterministic effect has 
a threshold in dose, and the severity of the effect is 
dose related. Radiation-induced cataracts and late 
tissue fi brosis are examples of deterministic effects.

The outcome is very different if the irradi-
ated cell is viable but modifi ed. Carcinogenesis 
and heritable effects fall into this category. If so-
matic cells are exposed to radiation, the probabil-
ity of cancer increases with dose, probably with no 

threshold, but the severity of the cancer is not dose 
related. A cancer induced by 1 Gy is no worse than 
one induced by 0.1 Gy, but of course, the prob-
ability of its induction is increased. This category 
of effect is called stochastic, a word that has been 
given a special meaning in radiation protection but 
in general, just means “random.” If the radiation 
damage occurs in germ cells, mutations may occur 
that could cause deleterious effects in future gen-
erations. Again, there is probably no threshold and 
the severity of heritable effects is not dose related, 
although the probability of it occurring is.

The belief that stochastic effects have no dose 
threshold is based on the molecular mechanisms in-
volved. There is reason to believe that even a single 
x-ray photon could result in a base change leading 
to a mutation that could cause cancer or a heritable 
defect. For this reason, it is considered prudent and 
conservative to assume that no dose is too small to 
be effective, although this can never be proved.

The two types of effects are summarized as 
follows:

Deterministic effect: severity increases with dose; 
practical threshold; probability of occurrence 
increases with dose (e.g., cataract).

Stochastic effect: severity independent of dose; 
no threshold; probability of occurrence in-
creases with dose (e.g., cancer).
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radiation come from populations irradiated for 
medical purposes or exposed deliberately or 
inadvertently to nuclear weapons. Persons ex-
posed therapeutically received comparatively 
high doses, and their susceptibility to the ef-
fects of radiation might have been infl uenced 
by the medical condition for which treatment 
was being given. Populations exposed to �-rays 
and neutrons from nuclear weapons represent a 
wider cross section in terms of age and health 
and also include persons exposed to lower 
doses. In both cases, dose rates were high and 
exposure times brief.

There are a few groups of exposed persons 
to whom these generalizations do not apply. 
Examples include pitchblende and uranium 
miners who inhaled the radioactive gas radon 
and its progeny products over a prolonged pe-
riod, patients injected with radium chloride 
or Thorotrast for medical purposes, and per-
sons who ingested radionuclides while painting 
 luminous dials on clocks and watches with paint 
containing radium. Hundreds of thousands of 
nuclear workers have been exposed occupation-
ally, and useful cancer risk estimates have be-
come available in recent years. Miners exposed 
to radon in the uranium mines are an excellent 
source of data on lung cancer.

■  CARCINOGENESIS: 
THE HUMAN  EXPERIENCE

Cancer induction is the most important so-
matic effect of low-dose ionizing radiation. In 
sharp contrast to the case for the heritable ef-
fects of radiation (Chapter 11), risk estimates 
for leukemogenesis and carcinogenesis do not 
rely on animal data but can be based on expe-
rience in humans. There is a long history of a 
link between radiation exposure and an elevated 
incidence of cancer. Figure 10.1 is a beautiful 
photograph of Marie Curie and her daughter 
Irene, who are both thought to have died of leu-
kemia as a result of the radiation exposure they 
received while conducting their experiments 
with radioactivity. Figure 10.2 is a photograph 
of the hand of a dentist in New York who held 
x-ray fi lms in patients’ mouths for many years 
and who suffered malignant changes as a re-
sult. Quantitative data on cancer induction by 

FIGURE 10.1  Marie Curie (seated) at work with 
her daughter, Irene. Both are thought to have died of 
leukemia as a consequence of the radiation exposure 
they received during their experiments with radioactiv-
ity. (Courtesy of the Austrian Radium Institute and the 
International Atomic Energy Bulletin.)

FIGURE 10.2  Hand of a dentist who, for 35 years, 
held x-ray fi lms in place in patients’ mouths. The thumb 
has been partially amputated. Damaged skin on the 
fi ngers has been replaced by grafts. The lesion on the 
fi nger is a skin cancer subsequently removed. (Courtesy 
of Dr. Victor Bond, Brookhaven National Laboratory.)
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dosimetry in each instance is so uncertain that it 
is rarely possible to deduce any quantitative rela-
tionship between the dose of radiation involved 
and the tumor incidence.

More recent examples of the human experi-
ence with radiation-induced cancer and leuke-
mia include the following:

 1. The Japanese survivors of the atomic bomb 
attacks on Hiroshima and Nagasaki are the 
most important single group studied because 
of their large number, the care with which 
they have been followed, and the fact that 
people of all ages and both sexes received a 
wide range of doses. About 120,000 people 
have been followed carefully, of whom 
about 50,000 received doses in excess of 
0.005 Sv. By 1998, there had been more 
than 17,000 cases of cancer, of which about 
853 were considered to be caused by radia-
tion. The weapons used on the two cities 
were very different. The one used on Na-
gasaki was of a type that would be expected 
to emit gamma rays with few neutrons and 
had been previously tested, so dosimetry is 
based partly on measurements. The weapon 
used at Hiroshima was of a type never tested 
before or since, so that dose estimates are 
based largely on computer simulations. The 
radiation from this weapon was a mixture of 
neutrons and �-rays. The dosimetry relating 
to the atomic bombs has been revised sev-
eral times over the years, leading to changes 
in the cancer risk estimates. The most re-
cent estimates were published in the Biologic 
Effects of Ionizing Radiation (BEIR) VII re-
port in 2006 and will be discussed later in 
this chapter.

 2. In Britain, from 1935 through 1944, some 
14,000 patients suffering from ankylosing 
spondylitis were given radiotherapy to vari-
ous regions of their spine to relieve pain. A 
small risk of leukemia mortality has been 
reported in these patients. Although the 
spondylitic series provides one of the largest 
bodies of data on leukemia in humans after 
exposure to x- or �-radiation, and the dosim-
etry is quite good, it is far from ideal because 
it lacks a proper control, consisting of pa-
tients with the same disease who did not re-
ceive x-ray therapy but whose treatment was 
otherwise the same. A possible contribution 

The early human experience of radiation-
induced cancer may be summarized as follows:

 1. Skin cancer and leukemia were common in 
early x-ray workers, principally physicists 
and engineers who worked around accelera-
tors before radiation safety standards were 
introduced.

 2. Lung cancer was a frequent problem in 
pitchblende miners in Saxony, who dug out 
the ore from which radium was extracted. 
In the years following World War II, lung 
cancer also was noted in uranium miners in 
the central Colorado plateau. In both cases, 
the mines were poorly ventilated and there 
was a buildup of radon gas in the atmosphere 
of the mine; radon and its progeny were in-
haled by the miners, depositing atoms of 
radioactive material in their lungs. The in-
tense local �-radiation was responsible for 
inducing lung tumors. Bone tumors were 
observed in the radium dial painters. The 
painters were mostly young women who 
worked in factories in which the luminous 
dials on clocks and watches were painted 
with a special paint preparation containing 
radium. The workers dipped their brushes 
into the radium paint and used their tongues 
to shape the brushes into sharp points to 
paint the small dials on watches. As a result, 
some radium was ingested, which, because 
it is in the same group in the periodic table 
as calcium, was deposited in the tips of the 
growing bones. The intense �-radiation pro-
duced bone tumors. There is also history of 
bone tumors in people who, in the 1920s and 
1930s, received injections of radium salts for 
the treatment of tuberculosis or ankylosing 
spondylitis.

 3. An excess incidence of liver tumors was re-
ported in patients in whom the contrast 
material Thorotrast was used. Thorotrast 
contains radioactive thorium, which, when 
deposited in the liver, produced a small inci-
dence of liver tumors by �-radiation.

These early examples are interesting but 
largely anecdotal, although they did alert scien-
tists to the danger of excessive radiation expo-
sure. None of these examples involved situations 
that now constitute a public health hazard; 
these problems will never happen again, and the 
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■ THE LATENT PERIOD

The time interval between irradiation and the 
appearance of a malignancy is known as the la-
tent period.

Leukemia has the shortest latent period. Ex-
cess cases began to appear in the survivors of 
Hiroshima and Nagasaki a few years after irra-
diation and reached a peak in 5 to 7 years; most 
cases occurred in the fi rst 15 years. Solid tumors 
show a longer latency than the leukemias, on the 
order of anything from 10 to 60 years or more. 
For example, an excess incidence of solid tumors 
is still evident in Japanese survivors exposed to 
radiation from the atomic bombs in 1945. In-
deed, for solid cancers, the excess risk is appar-
ently more like a lifelong elevation of the natural 
age-specifi c cancer risk.

As the Japanese data have matured, the con-
cept of a fi xed time interval between irradiation 
and the appearance of the malignancy has been 
replaced by or combination of “age at exposure” 
and “time since exposure.” Regardless of the age 
at the time of exposure, radiation-induced solid 
tumors tend to be expressed later in life, at the 
same time as spontaneous tumors of the same 
type. Breast cancer in women is the most striking 
example. This suggests that although radiation 
may initiate the carcinogenic process at a young 
age, additional steps are required later in life, 
some of which may well be hormone dependent.

■ ASSESSING THE RISK

To use the available human data to estimate risks 
as a function of dose, it is necessary to fi t the 
data to a model. Several reasons for this are as 
follows:

 1. Data obtained at relatively high doses must 
be extrapolated to the low doses of public 
health concern.

 2. No large human population exposed to radi-
ation has yet been studied for its full life span, 
and so estimates must be projected into the 
future. For example, in the year 2000, about 
half of the Japanese survivors irradiated in 
1945 were still alive.

 3. The best data pertain to the Japanese irradiated 
by the atomic bombs and risk estimates based 
on this must be transferred to other popula-
tions that have quite different characteristics, 
including their natural cancer incidence.

of carcinogenic drugs to the tumor incidence 
also has been suggested.

 3. There is also documentation of an elevated 
incidence of leukemia in radiologists who 
joined learned societies before about 1922, 
before the introduction of radiation safety 
standards. This will be discussed later in the 
chapter.

 4. Thyroid cancer has been observed in chil-
dren who received radiotherapy for what was 
thought to be an enlarged thymus. The thy-
roid was included in the treatment fi eld, and 
both malignant and benign thyroid tumors 
have been observed. Breast cancer is also el-
evated in these patients.

 5. Until the 1950s, it was common practice to 
use x-rays to epilate children suffering from 
tinea capitis (ringworm of the scalp). An in-
creased incidence of thyroid cancer from this 
practice was fi rst reported by Modan and his 
colleagues in Israel, who treated more than 
20,000 immigrant children from North Af-
rica in whom ringworm of the scalp reached 
epidemic proportions. There was also a 
signifi cantly increased risk of brain tumors 
(mostly meningiomas), salivary gland tumors, 
skin cancer, and leukemia mortality. A com-
parable group of children in New York for 
whom x-rays were used for epilation before 
treatment for tinea capitis show quite differ-
ent results. There were only two malignant 
thyroid tumors in addition to some benign 
tumors. There is, however, an incidence of 
skin cancer around the face and scalp in those 
areas also subject to sunlight. The skin tu-
mors arose only in white children and there 
were no tumors in black children in the New 
York series.

 6. Patients with tuberculosis, who were fl uo-
roscoped many times during artifi cial pneu-
mothorax, have shown an elevated incidence 
of breast cancer. This was fi rst reported in 
Nova Scotia, but the report was confi rmed 
by a similar study in New England. The 
doses these patients received are uncertain 
but must have been about 0.8 to 0.9 Gy, 
because some of the women developed skin 
changes in the chest wall on the side fre-
quently fl uoroscoped. Patients who received 
radiotherapy for postpartum mastitis were 
also shown to have an excess incidence of 
breast cancer.
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There are two types of models that are 
conceptually quite different: the absolute risk 
model and the relative risk model. The abso-
lute risk model assumes that radiation induces 
a “crop” of cancers over and above the natu-
ral incidence unrelated to it. The relative risk 
model assumes that the effect of radiation is to 
increase the natural incidence at all ages subse-
quent to exposure by a given factor. Because the 
natural or spontaneous cancer incidence rises 
signifi cantly in old age, the relative risk model 
predicts a large number of radiation-induced 
cancers in old age.

The model favored by recent BEIR commit-
tees, for the assessment of the cancer risks from 
the Japanese atomic bomb survivors is the time-
dependent relative risk model. The excess in-
cidence of cancer was assumed to be a function 
of dose, the square of the dose, age at exposure, 
and time since exposure. For some tumors, gen-
der must be added as a variable—for example, in 
the case of breast cancer.

■  COMMITTEES CONCERNED 
WITH RISK ESTIMATES AND 
RADIATION PROTECTION

There are two series of reports that analyze avail-
able data and come up with risk estimates for 
radiation-induced cancer. The fi rst is the United 
Nations Scientifi c Committee on the  Effects of 
Atomic Radiation (UNSCEAR) reports. This 
committee reports to the General Assembly 
at regular intervals; the most recent report ap-
peared in 2000. The second is the committee of 
the U.S. National Academy of Sciences known as 
the Biologic Effects of Ionizing Radiation (BEIR). 
 Reports appear periodically, the most recent com-
prehensive report (BEIR VII) appearing in 2006. 
To a large extent, these are “scholarly” commit-
tees, inasmuch as they are under no compulsion to 
draw conclusions if data are not available.

On the other hand, there are committees 
involved with radiation protection that cannot 
afford to be scholarly because they must make 
recommendations whether or not adequate 
data are available. First, there is the Interna-
tional Commission on Radiological Protection 
(ICRP). This commission was originally set 
up and funded by the fi rst International Con-
gress of Radiology. Over the years, the funding 
base of this commission has broadened, and it 

has assumed the role of an independent, self- 
propagating committee. At a national level in 
the United States, there is the National Council 
on Radiological Protection and Measurements 
(NCRP). This is an independent body chartered 
by Congress and is funded from industry, gov-
ernment grants, and professional societies. The 
NCRP formulates policies for radiation protec-
tion in the United States often, but not always, 
following the lead of the ICRP. The recommen-
dations of the NCRP carry no weight in law but 
are usually adopted eventually and enforced by 
the regulatory agencies in the United States, al-
though there can often be a long lag period. (See 
Chapter 17 on radiation protection for more re-
garding these committees.)

■  RADIATION-INDUCED CANCER IN 
HUMAN POPULATIONS

Under appropriate conditions, a malignancy can 
be induced in essentially all tissues of the body. 
Some of the most common are discussed below.

Leukemia
The incidence of chronic lymphocytic leuke-
mia does not appear to be affected by radiation. 
Acute and chronic myeloid leukemia are the 
types chiefl y responsible for the excess incidence 
observed in irradiated adults. Susceptibility to 
acute lymphatic or stem cell leukemia seems to 
be highest in childhood and to decrease sharply 
during maturation.

Two principal population groups provide data 
to determine risk estimates:

 1. Survivors of the atomic bomb attacks on Hi-
roshima and Nagasaki

 2. Patients treated for ankylosing spondylitis

Leukemia was the fi rst malignancy to be 
linked with radiation exposure in the A-bomb 
survivors and has the highest relative risk of 
any malignancy. Leukemia risks increased with 
dose up to about 3 Sv, with evidence of upward 
curvature; that is, a linear-quadratic function of 
dose fi ts the data signifi cantly better than a linear 
function. Because of this curvature, the risk per 
unit of dose at 1 Sv is about three times greater 
than at 0.1 Sv.

For those exposed younger than age about 
30, nearly all of the excess deaths occurred be-
fore 1975, but for those exposed at older ages, 
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There are three principal exposed popula-
tions from which the risk of breast cancer inci-
dence may be derived:

 1. Japanese female survivors of the atomic 
bomb attacks on Hiroshima and Nagasaki.

 2. Female patients in a Nova Scotia sanato-
rium subjected to multiple fl uoroscopies 
during artifi cial pneumothorax for pulmo-
nary tuberculosis. There is doubt about 
the dosimetry, but the dose to breast tis-
sue per fl uoroscopy is estimated to have 
been 0.04 to 0.2 Gy. The number of ex-
aminations commonly exceeded 100, and in 
some instances, women received more than 
500 fl uoroscopies; three patients, in fact, 
developed radiation dermatitis. This group 
of exposed women probably constitutes the 
most convincing evidence of the produc-
tion of cancer by fractionated x-rays used 
for diagnosis. This Canadian study also 
showed the importance of age at the time of 
exposure. The study was later confi rmed by 
the follow-up of patients discharged from 
two tuberculosis sanatoria in Massachu-
setts. These patients were examined fl uo-
roscopically at an average of 102 times over 
a period of years and, subsequently, were 

the excess risk appeared to persist throughout 
the follow-up period. Because of these complica-
tions, simple models cannot adequately summa-
rize leukemia risks.

Thyroid Cancer
The thyroid gland is an organ of high sensitiv-
ity for radiation carcinogenesis, at least in chil-
dren; in adults, radiation is much less effi cient in 
inducing thyroid cancer. The malignant tumors 
that have been produced, however, consistently 
have been of a histologically well-differentiated 
type, which develops slowly and often can be 
removed completely by surgery or treated suc-
cessfully with radioactive iodine if metastasized; 
consequently, these tumors show a low mortality 
rate. It is estimated that about 5% of those with 
radiation-induced thyroid cancer die as a result.

The following are the principal population 
groups available for deriving risk estimates for 
thyroid cancer:

 1. Survivors of the atomic bomb attacks on Hi-
roshima and Nagasaki.

 2. Residents of the Marshall Islands exposed to 
external radiation and ingested iodine-131 
from fallout after the 1954 testing of a thermo-
nuclear device, in whom there was a high inci-
dence of nodule formation and some thyroid 
cancer (benign as well as malignant tumors).

 3. Individuals who ingested radioactive iodine 
as a result of the Chernobyl accident (this 
experience shows how very sensitive children 
are and that adults are relatively resistant).

 4. Children treated with x-rays for an enlarged 
thymus.

 5. Children treated for diseases of the tonsils 
and nasopharynx.

 6. Children epilated with x-rays for the treat-
ment of tinea capitis.

 7. Children treated for cancer.

Figure 10.3 shows the relative risk for thy-
roid cancer after exposure to external radiation, 
taken from a pooled analysis of seven different 
studies, which dramatically illustrates the impor-
tance of age at exposure.

Breast Cancer
Breast cancer may be induced with relatively 
high frequency by radiation. The cancer is of the 
type arising initially from duct cells but is com-
monly found to infi ltrate breast tissue.
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FIGURE 10.3  Relative risk of thyroid cancer after 
exposure to external radiation, taken from a pooled 
analysis of seven studies. The data clearly show the 
importance of age at exposure. (Figure prepared by 
Dr. Elaine Ron, based on the data from Ron E, Lubin JH, 
Shore RE, et al. Thyroid cancer after exposure to exter-
nal radiation: a pooled analysis of seven studies. Radiat 
Res. 1995;141:259–277.)
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found to be 80% more likely to develop 
breast cancer than a comparable unexposed 
population.

 3. Females treated for postpartum mastitis and 
other benign conditions. Patients typically 
received 1 to 6 Gy and showed an excess 
incidence of breast cancer compared with 
the general female population of New York 
State. A legitimate objection to the use of 
these data for risk estimates is the uncertainty 
of whether postpartum mastitis predisposes 
to breast cancer.

 4. The data for excess incidence of breast 
 cancer in these populations are shown 
in Figure 10.4. Several interesting points 
are immediately apparent. First, the data 
from the New York series of postpartum 

 mastitis patients are so poor that they do 
not give any clue about the shape of the 
dose– response relationship. Second, there 
is a marked difference in the natural inci-
dence of breast cancer in Japanese women 
in whom it is low, compared with American 
and Canadian women in whom it is high; 
nevertheless, in all cases, incidence rises 
with radiation dose. Third, the data for 
breast cancer are reasonably well fi tted by a 
straight line.

Lung Cancer
Radiation is but one of a long list of carcino-
gens for lung cancer: Cigarette smoking, asbes-
tos, chromium salts, mustard gas, hematite, and 
asphalt derivatives have also been implicated. 
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FIGURE 10.4  Incidence of breast cancer as a function of dose for four human populations that allow 
risk estimates to be made. The data are expressed in terms of the number of cases per 100,000 women-years 
(WY). Note that the natural incidence of breast cancer is low in Japanese women and high in American and 
Canadian women. (Adapted from Boice JD Jr, Land CE, Shore RE, et al. Risk of breast cancer following low-dose 
exposure. Radiology. 1979;131:589–597, with permission.)

25858_Hall_CH10.indd   14125858_Hall_CH10.indd   141 3/11/11   4:03 AM3/11/11   4:03 AM



142 | Section I • For Students of Diagnostic Radiology, Nuclear Medicine, and Radiation Oncology |

in patients treated for ankylosing spondylitis. 
The numbers are small and the risk estimates 
poor. The largest body of data comes from two 
populations, each of which ingested isotopes 
of radium that emit high linear energy transfer 
(LET) �-particles and that follow the meta-
bolic pathways of calcium in the body to be-
come deposited in the bone. The populations 
include the following:

 1. Young persons, mostly women, employed as 
dial painters, who ingested radium as a result 
of licking their brushes into a sharp point 
for application of luminous paint to watches 
and clocks. In this group, there have been 
bone sarcomas and carcinomas of epithelial 
cells lining the paranasal sinuses and naso-
pharynx. None of these tumors occurred at 
doses below 5 Gy; above this level, the inci-
dence rose sharply, particularly the sarcomas. 
The radium in these paints consisted of the 
isotopes radium-226 and radium-228, with 
half-lives of about 1,600 years and 6 years, 
respectively.

 2. Patients given injections of radium-224 for 
the treatment of tuberculosis or ankylosing 
spondylitis.

There are three points that need to be 
emphasized. First, the dose is made up of �-
particles, which have a short range and deposit 
their energy close to the site at which the isotope 
is deposited; �-particles are also more effective 
than x-rays by a factor of about 20. Second, os-
teosarcomas arise predominantly from endos-
teal cells, and the relevant dose for estimating 
the risk of sarcoma is the dose to these cells, 
which lie at a distance of up to 10 �m from 
the bone surface, rather than the mean dose 
throughout the bone. Radium-224 has a short 
half-life (3.6 days), and its radiation therefore 
is largely delivered while it is still present on 
the bone surface. This contrasts sharply with 
radium-226 and radium-228, which have long 
half-lives and, consequently, become distrib-
uted throughout the bone during their periods 
of radioactive decay. The dose to endosteal cells 
from radium-224 is about nine times larger than 
the dose averaged throughout bone, whereas 
it is about two-thirds of the mean bone value 
from radium-226. Consequently, it is  diffi cult 
to compare data from the two groups of peo-
ple who were exposed to these very  different 

Radiation risk estimates come from two princi-
pal sources:

 1. Individuals exposed to external sources of ra-
diation, including the Japanese survivors and 
those with ankylosing spondylitis. An excess 
was found even when smoking was taken into 
account.

 2. Underground miners exposed to radon in 
the mine atmosphere. The naturally oc-
curring deposits of radioactive materials in 
the rocks of the earth decay through a long 
series of steps until they reach a stable iso-
tope of lead. One of these steps involves 
radon, which, unlike the other elements in 
the decay series, is a gas. In the closed en-
vironment of a mine, workers inhale radon 
gas and some radon atoms decay to the 
next solid member of the radioactive se-
ries, which consequently is deposited on the 
bronchial epithelium. Subsequent steps in 
the radioactive decay series take place in the 
lungs, causing intense �-irradiation of local-
ized surrounding tissue.

There is a clear excess of lung cancer among 
workers in the uranium mines of the  Colorado 
plateau in the United States, the uranium mines 
in Czechoslovakia, the nonuranium mines in 
Sweden, and the fl uorspar mines in Newfound-
land. It remains diffi cult to separate adequately 
the contributory effects of radon and cigarette 
smoking in causing the cancers, because there 
are too few nonsmoking miners to form an 
 adequate control group. In addition, the aver-
age duration of exposure usually spans from 
15 to 20 years, during which standards of safety 
and ventilation have changed substantially. In 
any case, it is no easy matter to estimate the 
dose to the critical cells in the basal layer of 
the epithelium of the lung from knowledge 
of the radon concentration in the air that is 
breathed. There is also some evidence, sum-
marized in the BEIR VI report, of an excess 
of lung cancer from domestic radon exposure. 
It is estimated that 10% of the 150,000 lung 
cancer deaths annually in the United States are 
caused by radon.

Bone Cancer
There is some evidence of bone cancer in-
duced by external x-irradiation in children 
epilated for the treatment of tinea capitis and 
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x-ray technicians, in an era in which safety stan-
dards were virtually nonexistent. In most cases, 
the onset of neoplasms followed chronic radio-
dermatitis and a long latent period. Squamous 
cell and basal cell carcinomas have been most 
frequently observed, and occasionally, a sarcoma 
of the subcutaneous tissues has been seen. Since 
the evolution of modern safety standards, epi-
dermoid carcinoma has ceased to be an occupa-
tional disease of radiation workers.

Radiation-induced skin cancers are diag-
nosed readily and treated at an early stage of 
development, and there is a large difference be-
tween rates of incidence and mortality. There 
is a small excess incidence of skin cancer in the 
children epilated with x-rays for the treatment of 
tinea capitis.

■  QUANTITATIVE RISK ESTIMATES FOR 
RADIATION-INDUCED CANCER

Despite a diverse collection of data for cancer in 
humans from medical sources, both the BEIR and 
UNSCEAR reports elect to base their risk esti-
mates almost entirely on the data from the sur-
vivors of the atomic bomb attacks on Hiroshima 

 isotopes of radium. Third, age at the time of 
exposure is an important factor in the develop-
ment of bone cancer. For young persons, and 
possibly for those exposed in utero, the rapid 
deposition of bone-seeking radioisotopes dur-
ing active bone growth might confer a higher 
risk of cancer than in adults. There is, in gen-
eral, poor agreement among the risk estimates 
derived from the various groups of persons 
showing an excess of bone cancer, so that risk 
estimates must be very crude.  Figure 10.5 
shows the incidence of bone sarcoma in female 
dial painters as a function of activity of radium 
ingested. These data imply that a linear extrap-
olation from high to low doses would overesti-
mate risks at low doses. It appears that sarcomas 
are induced only after large doses that are suf-
fi cient to cause tissue damage and, therefore, to 
stimulate cell proliferation.

Skin Cancer
The fi rst neoplasm attributed to x-rays was an 
epidermoid carcinoma on the hand of a radiolo-
gist, which was reported in 1902. In the years 
that followed, several hundred of such cases 
arose among physicians, dentists, physicists, and 
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FIGURE 10.5  A semilogarithmic plot of bone sarcoma incidence rate as a 
function of systemic intake for female dial painters employed before 1950, show-
ing a dose-squared exponential fi t. The shaded band indicates the range covered 
by the fi tted function if the coeffi cients are allowed to vary by �1 standard devia-
tion. (Adapted from Rowland R, Stehner AF, Lucas HF. Dose–response relationships 
for radium-induced bone sarcomas. Health Phys. 1983;44:15–31, with permission.)
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and has the highest relative risk of any malignancy. 
Leukemia deaths reached a peak of 5 to 7 years 
after irradiation, subsequently falling rapidly. 
For those exposed younger than the age of about 
30 years, nearly all of the excess deaths occurred 
within 30 years, but for those exposed at older 
ages, the excess risk appears to persist throughout 
the follow-up period. An excess of solid tumors did 
not appear at fi rst, but once they did, excess deaths 
have continued up to the present time. There are 
about six solid cancers for each leukemia. Since 
about 1990, there is evidence for the induction 
of noncancer effects, particularly heart disease, 
stroke, digestive disorders, and respiratory disease, 
particularly at higher doses of around 1 Sv. For 
these noncancer end points, it is not possible to 
say with any certainty whether there is a threshold, 
nor is it clear what cellular or tissue mechanisms 
might underlie such a diverse set of disorders.

Table 10.1 shows a summary of the data for 
cancer incidence in the atomic bomb survivors 

and Nagasaki. Figure 10.6 summarizes the study 
groups available from the Radiation Effects Re-
search Foundation (RERF).

 1. The Life Span Study (LSS), comprising about 
120,000 people, allows estimates to be made 
of the radiation-induced cancer incidence and 
cancer mortality.

 2. The in utero cohort, comprising about 3,300 
people who were exposed to radiation from 
the bombs while in utero, allows estimates to 
be made of the incidence of malformations, 
growth retardation, microcephaly, and men-
tal retardation.

 3. The children of the exposed persons, the so-
called F1 generation, allows estimates to be 
made of heritable effects.

Figure 10.7 charts the incidence of radiation 
associated deaths following the A-bomb attacks 
in 1945. Leukemia was the fi rst malignancy to be 
linked with radiation exposure in bomb survivors 

FIGURE 10.6  There are three cohorts of A-bomb survivors available at the RERF in Japan. The life span 
cohort includes 120,000 people that allow an estimate to be made of the cancer incidence and mortality that 
resulted from radiation exposure. The in utero cohort, consisting of 3,300 people who were irradiated in utero, 
allows an estimate to be made of mental retardation and microcephaly caused by radiation. The F1 generation 
(i.e., the children of exposed persons) allows a study of the heritable effects of radiation. (Reproduced with 
permission of RERF.)
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3,000 m who, for one reason or another, were not 
exposed (e.g., they might have been out of the city 
at the time). The two groups have slightly differ-
ent cancer rates, which is not surprising, because 
one is a rural and the other, an urban population.

■  DOSE AND DOSE-RATE 
EFFECTIVENESS FACTOR

The Japanese data relate only to high dose rates 
(HDR) because they are based on the atomic 
bomb survivors. Both the UNSCEAR and 
BEIR committees considered that there is a 
dose-rate effect for low LET radiations; that is, 
fewer malignancies are induced if a given dose 
is spread out over a period of time at low dose 
rate (LDR) than if it is delivered in an acute 

up to 1998. The raw data are shown principally 
to emphasize the relative poverty of the data; 
only a few hundred excess cancer cases caused 
by radiation are involved, compared with many 
thousands of naturally occurring malignancies—
and these must be allocated to different dose 
groups and different sites.

Figure 10.8 shows the data for cancer inci-
dence in the A-bomb survivors for the years 1958–
1994. The relative risk is a linear function of dose 
up to about 2 Sv. Over the lower dose range from 
0 to 0.5 Sv, there is a suggestion that the risks 
are slightly higher than the linear extrapolation 
from higher doses. There is some uncertainty in 
the control group (i.e., the zero-dose group) used 
for comparison. There are in fact two zero-dose 
groups; N beyond 3,000 m and survivors within 
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FIGURE 10.7  Illustrating the pattern 
of radiation-associated deaths in the life 
span study in the A-bomb survivors. Leu-
kemia appeared fi rst, reaching a peak by 
5 to 7 years after irradiation, before falling 
off later. Solid cancers did not appear in 
excess for several years, but have contin-
ued to increase ever since. By about 1990, 
it was evident that there is also an excess 
of noncancer deaths, especially stroke and 
heart disease. (Courtesy of Dr. Mabuchi.)

TABLE 10.1 Solid Cancer 1958 through 1998

Dose, Gy Subjects Mean Dist, m Cases Excess

No in city 25,427 — 3,994 0

�0.005 35,545 3,969 5,603 3

0.005– 27,789 2,114 4,406 81

0.1– 5,527 1,608 968 75

0.2– 5,935 1,430 1,144 179

0.5– 3,173 1,260 688 206

1– 1,647 1,118 460 196

2–4 564 934 185 111

Total 105,427 — 17,448 853

Abbreviations: dist, distance; m, meter. 

Source: Preston DL, Ron E, Tokuoka S, et al. Solid cancer incidence in atomic bomb survivors: 1958–1998. Radiat Res. 
2007;168:1–164.
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5.4% per Sv. It is also clear that the female cancer 
risks are signifi cantly higher than the male cancer 
risks, not only because of breast cancer, but also 
because of lung and bladder cancers, which are 
affected by smoking. In Japan in 1945, smoking 
was common in males, but not in females.

These estimates from the BEIR committee 
are for all solid cancers lumped together and for 

exposure. The dose and dose-rate effective-
ness factor (DDREF) is defi ned as the factor by 
which radiation cancer risks observed after large 
acute doses should be reduced when the radia-
tion is delivered at LDR or in a series of small 
dose fractions. Animal data are equivocal on the 
subject with experiments suggesting a DDREF 
in the range of 2 to 10. For purposes of radiation 
protection, the ICRP recommends a DDREF of 
2, which refl ects their policy of being conserva-
tive. BEIR VII came up with an even lower value 
of 1.5 based of the possible slight curvature of 
the dose–response relationship for solid cancers.

■ SUMMARY OF RISK ESTIMATES

The population averaged cancer risk estimates 
from the BEIR VII committee are summarized 
in Table 10.2. As would be expected, the radia-
tion-induced cancer incidence at 10.8% per Sv 
is approximately double the cancer mortality at 

FIGURE 10.8  Estimated relative risks for cancer rates in the A-bomb survivors over 
the 1958–1994 follow-up period relative to unexposed persons. The dashed curve rep-
resents �1 standard error for the smoothed curve. The inset shows data over the whole 
dose range 0 to 2 Sv (0 to 200 rem), to which a straight line is fi tted (i.e., relative risk is pro-
portional to dose) with no threshold. The main fi gure is an expanded version of the low-
dose region up to 0.5 Sv (500 rem). The straight line is taken from the inset data for the 
whole dose range. There is a suggestion that low-dose risks are above the line. (Adapted 
from Pierce DA, Preston DL. Radiation-related cancer risks at low doses among atomic 
bomb survivors. Radiation Research. 2000;154:178–186.)
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TABLE 10.2
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whereas adults are quite resistant. It is also dra-
matic for breast cancer in females; females ex-
posed before 15 years of age are most susceptible; 
women 50 years of age or older show little or no 
excess. Figure 10.10 shows the variation of can-
cer incidence as a function of age for males and 
females as calculated by the BEIR VII commit-
tee from the A-bomb data. There are exceptions 
to this general rule. Susceptibility to radiation-
induced leukemia is relatively constant through-
out life, and susceptibility to respiratory cancers 
increases in middle age. The overall risk, however, 
drops dramatically with age; children and young 
adults are much more susceptible to radiation-
induced cancer than the middle- and old-aged.

An important question is the lowest dose at 
which there is epidemiologic evidence of a radi-
ation-induced excess cancer incidence. There is a 
population of about 30,000 A-bomb  survivors who 

all age groups. The data from the A-bomb sur-
vivors also make it possible to calculate organ-
specifi c risk estimates. These are summarized in 
Figure 10.9. It appears that the bladder, breast, 
lung, thyroid, and colon are more radiosensitive 
than the average, whereas the stomach and liver 
are less sensitive. These data are of enormous 
importance because they can be used, for ex-
ample, to calculate cancer risks from diagnostic 
or therapeutic procedures where only a specifi c 
area of the body is irradiated.

As the data from Japan have matured and 
more detailed information has become available, 
it is evident that the risk of radiation-induced can-
cer also varies considerably with age at the time of 
exposure. In most cases, those exposed at an early 
age are much more susceptible than those exposed 
at later times. The difference is most dramatic for 
thyroid cancer; children are very  radiosensitive, 
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patients, but the risk of a second solid tumor at 
any time postdiagnosis was signifi cantly greater 
after radiotherapy than after surgery. The rela-
tive risk increased with time posttreatment and 
reached 34% after 10 years or more. The most 
dramatic increases in relative risk were for the 
bladder (77%) and the rectum (105%) for 10 years 
or more following diagnosis. The relative risks are 
shown in Figure 10.11, together with the distri-
bution of second cancers; note that even sites re-
mote from the treatment area (e.g., lung) show an 
increased incidence. The absolute risk was about 
1 in 70 by 10 years posttreatment. Figure 10.12 
shows the relative risk of sarcomas in the heavily 
irradiated tissues in or near the treatment fi eld. It 
can be seen that the relative risk increases to more 
than 200% at 10 years or more, compared with 
the surgical patients.

It is interesting to note that the increase in 
relative risk for carcinoma of the lung, which was 
exposed to a relatively low dose (about 0.5 Gy), 
is of the same order as that for carcinomas of the 
bladder, rectum, and colon, all of which were 
subject to much higher doses (typically more 
than 5 Gy). This pattern may refl ect the fact 
that carcinomas, originating in actively divid-
ing cells or cells under hormonal control, can 
be effi ciently induced by relatively low doses of 
radiation as evidenced by the atomic bomb sur-
vivors, but the cancer risk at high doses decreases 
because of the effects of cell killing. In contrast 
to this pattern for radiation-induced carcinomas, 
radiation-induced sarcomas appear only in heav-
ily irradiated sites, close to the treatment vol-
ume, because large radiation doses are needed 
to produce suffi cient tissue damage to stimulate 
cellular renewal in mostly dormant cells. The 
sarcoma data in this study appear to follow this 
pattern, with signifi cant radiation-related risks 
being exhibited for sites in and close to the treat-
ment volume, but no signifi cant increases being 
shown for sites that are more distant.

Radiation Therapy for Carcinoma 
of the Cervix
In the largest study of its kind, Boice and col-
leagues studied the risk of second malignan-
cies in a wide range of organs and tissues as a 
consequence of the treatment by radiation of 
carcinoma of the uterine cervix. This huge inter-
national study was a tour de force. The paper had 
42 authors from 38 institutions representing both 

lived in the outskirts of the two cities and were ex-
posed to doses in the range of 5 to 100 mSv. This 
low-dose sub population has been studied for 
more than 50 years, and shows a small, but statis-
tically signifi cant increased cancer risk.

■  SECOND MALIGNANCIES IN 
 RADIOTHERAPY PATIENTS

The risk of second malignancies after radiother-
apy is a subject not without controversy. One of 
the reasons for the uncertainty is that patients un-
dergoing radiotherapy are often at high risk of a 
second cancer because of their lifestyles, and this 
factor is more dominant than the radiation risk.

There are many single institution studies 
in the literature involving radiotherapy from 
various sites that conclude that there is no in-
crease in second malignancies, although a more 
accurate assessment would have been that the 
studies had limited statistical power to detect a 
relatively small increased incidence of second 
malignancies induced by the treatment.

Whenever large studies have been performed, 
radiotherapy has been shown to be associated with 
a statistically signifi cant, although small, enhance-
ment in the risk of second malignancies, particularly 
in long-term survivors. The three requirements for 
a study to be credible are as follows:

 1. A suffi ciently large number of patients.
 2. A suitable comparison group; that is, patients 

with the same cancer treated by some means 
other than radiation.

 3. A suffi ciently long follow-up for radiation-
induced solid tumors to manifest.

Only a few studies satisfy these criteria; these 
will be further discussed in details.

Second Cancers after Radiotherapy for 
Prostate Cancer
Brenner and colleagues described a study using 
data from the National Cancer Institute’s Surveil-
lance, Epidemiology, and End Results (SEER) 
program. The SEER program is a set of geo-
graphically defi ned, population-based tumor reg-
istries, covering approximately 10% of the US 
population. The database contained information 
on 51,584 men with prostate cancer treated by ra-
diotherapy and 70,539 men who underwent sur-
gery. There was no evidence of a difference in the 
risk of leukemia for radiotherapy versus surgery 
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equally well treated by radiation or surgery. The 
results can be summarized as follows:

 1. Very high doses, on the order of several hun-
dred gray, were found to increase the risk of 

sides of the Atlantic. Such collaboration allowed 
the accumulation of data from 150,000 patients 
to be studied. This study is strengthened enor-
mously by the fact that an ideal control group 
is available for comparison. This malignancy is 

All years
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Percentage increases in relative risk for RT vs. surgery %

Second cancers after prostate RT

50 6040

% contribution to total
number of radiation-induced
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37%

Colon
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34%
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(out of field)
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FIGURE 10.11  Top panel: Percentage increase in relative risk for all solid tumors 
(except prostate cancer) for patients who received radiotherapy for prostate cancer rela-
tive to the risk for patients who underwent surgery for prostate cancer. Bottom panel: 
Distribution of radiation-induced second cancer at 5� years postradiotherapy. (Illustra-
tion prepared by Dr. David Brenner based on the data from Brenner DJ, Curtis RE, Hall EJ, 
et al. Second cancers after radiotherapy for prostate cancer. Cancer. 2000;88:398–406.)
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FIGURE 10.12  Percentage increase in relative risk for sarcomas in 
or near the treatment fi eld for patients who received radiotherapy for 
prostate cancer relative to patients who underwent surgery. Although 
the number of tumors involved is much smaller than for all solid tumors 
(shown in Figure 10.9), the relative risks are extremely high. (Adapted 
from Brenner DJ, Curtis RE, Hall EJ, et al. Second cancers after radio-
therapy for prostate cancer. Cancer. 2000;88:398–406, with permission.)
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creasing age at the time of therapy and was only 
slightly elevated in women who were 30 years 
old or older when treated. In a later study, Travis 
and colleagues followed 3,817 female survivors 
of Hodgkin disease, diagnosed at age 30 years or 
younger, over a long period of time. A radiation 
dose of 4 Gy or more delivered to the breast was 
associated with a 3.2-fold increase in risk. Risk 
increased 8-fold with a dose of more than 40 Gy 
hormonal stimulation appears to be important 
for the development of radiation-induced breast 
cancer, as evidenced by the reduced risk in pa-
tients who received alkylating agents, as well as 
radiation, which caused ovarian damage.

These studies clearly show that if an ad-
equate cohort can be studied, there is a clear ex-
cess of second cancers induced by radiotherapy. 
The data confi rm previous studies that show that 
in the young, the breast is especially sensitive to 
the carcinogenic effects of radiation. In addition, 
excess cancers develop with a latency of 10 years 
or more and persist for decades after exposure.

■  DOSE–RESPONSE RELATIONSHIP 
FOR RADIATION CARCINOGENESIS 
AT HIGH DOSES

In the 1960s, Gray proposed that the dose–
response relationship for radiation-induced ma-
lignancies would be bell-shaped, as illustrated in 
Figure 10.13; that is, the incidence would rise at 
low doses but fall at high doses. He explained this 
shape by the concurrent presence of two phenom-
ena: (1) a “dose-related” increase in the proportion 
of normal cells that are transformed to a malignant 
state and (2) a dose-related decrease in the probabil-
ity that transformed cells may survive the radiation 
exposure. Gray argued that whatever sequence of 
changes has taken place in the course of cell trans-
formation, the changes must have been such as to 
leave the cell capable of indefi nite proliferation; 
that is, with full reproductive integrity. The bal-
ance between transformation and cell killing leads 
to the overall shape, with cell killing becoming 
dominant at increasingly high doses. With Figure 
10.13, Gray was specifi cally attempting to explain 
the shape of the dose–response relationship for the 
induction of leukemia in mice exposed to total body 
irradiation, which is why the dose goes up only to 5 
Gy, but it has been tacitly assumed ever since that 
this bell-shaped curve applies to radiation-induced 
carcinogenesis in general. However, several recent 
studies challenge the validity of this assumption by 

cancer of the bladder, rectum, vagina, and 
possibly bone, uterine corpus, and cecum as 
well as non–Hodgkin lymphoma. The risk ra-
tios vary from a high of 4.0 for the bladder to 
a low of 1.3 for the bone. For all female geni-
tal cancers combined, a steep  dose-response 
curve was observed, with a 5-fold excess at 
doses of more than 150 Gy.

 2. Doses of several grays increased the risk of 
stomach cancer and leukemia.

 3. Perhaps surprisingly, radiation was found not 
to increase the overall risk of cancers of the 
small intestine, colon, ovary, vulva, connective 
tissue, or breast or of Hodgkin disease, multiple 
myeloma, or chronic lymphocytic leukemia.

The overall conclusion of this study was that 
excess cancers certainly were associated with ra-
diotherapy, as opposed to surgery, and that the 
risks were highest among long-term survivors 
and concentrated among women irradiated at 
relatively young ages.

Second Cancers among Long-Term 
 Survivors from Hodgkin Disease
Second cancer represents the leading cause of 
death in long-term survivors of Hodgkin dis-
ease, with exceptionally high risks of breast 
cancer among women treated at a young age. 
Several studies have been reported. Bhatia and 
colleagues reported that 17 out of 483 girls in 
whom Hodgkin disease was diagnosed before the 
age of 16 years subsequently developed breast 
cancer, with radiotherapy implicated in most 
cases. The ratio of observed to expected cases is 
75.3. Another study (by Sankila and colleagues) 
involved 1,641 patients treated for Hodgkin 
disease as children in fi ve Nordic countries and 
reported a relative risk that was 17 times higher 
than the general population based on 16 cases 
of breast cancer. Travis and colleagues evaluated 
3,869 women in population-based registries par-
ticipating in the SEER program. All these women 
received radiotherapy as an initial treatment for 
Hodgkin disease. Breast cancer developed in 
55 patients, who represents a ratio of observed to 
expected cases of 2.24. The risk of breast cancer, 
however, was 60.57% in women treated before 
the age of 16 years, with most tumors appearing 
10 or more years later. This agrees with previ-
ous studies that have shown the female breast to 
be very radiosensitive to carcinogenesis at young 
ages. The risk of breast cancer decreased with in-
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dose, as shown in  Figure 10.15, but there is no 
sign of the cancer incidence falling at high doses. 
There is some indication of a plateau, but no fall 
as would be predicted as cell killing takes over. As a 
consequence of these studies, prophylactic cranial 
radiotherapy (PCR) in children with leukemia has 
been largely replaced by intrathecal methotrexate.

examining whether the linear dose response for 
radiation-induced cancer, evident in the A-bomb 
survivors at doses up to 2 Sv, extends to the higher 
dose ranges used for radiotherapy. Two studies 
involved the incidence of breast cancer in women 
treated for Hodgkin disease with a mantle fi eld, 
which results in a large dose gradient across the 
breast (3 to 42 Gy). There was an increasing risk 
of breast cancer over this entire dose range. Some 
of the data from the Hodgkins patients, together 
with data from the A-bomb survivors, are shown 
in Figure 10.14, taken from a paper by Brenner 
and Sachs. It clearly shows that for the Excess 
Relative Risk (ERR) for high-fractionated doses 
is larger than at the low doses received by the A-
bomb survivors. It certainly does not fall as would 
be predicted by the Gray model in Figure 10.13. 
Brenner and Sachs explained this difference by 
suggesting that cells initiated and transformed by 
radiation proliferate rapidly between daily dose 
fractions commonly used in radiotherapy.

Another study from St. Jude Children’s Re-
search Hospital evaluated 1,612 patients with acute 
lymphoblastic leukemia, whose primary treatment 
was chemotherapy, but who also received prophy-
lactic cranial irradiation because many chemother-
apy agents do not effectively cross the blood–brain 
barrier (BBB). An excess of high-grade gliomas 
and meningiomas were evident during the fi rst 
decade of follow-up, whereas an increased risk 
of low-grade brain tumors was observed at later 
follow-up intervals. The risk of brain tumors in-
creased signifi cantly with increasing radiation 
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FIGURE 10.13  Illustrating the con-
cept, introduced by Gray, that the inci-
dence of radiation-induced leukemia 
in mice follows a “bell” shape because 
of the balance between the induction 
of transformed cells and cell killing. 
(Adapted from Gray LH: Radiation bi-
ology and cancer. In: Cellular Radiation 
Biology: A Symposium Considering Ra-
diation Effects in the Cell and Possible 
Implications for Cancer Therapy; A Col-
lection of Papers. Published for the Uni-
versity of Texas, MD Anderson Hospital 
and Tumor Institute. Baltimore, MD: Lip-
pincott Williams & Wilkins; 1965:8–25.)

FIGURE 10.14  Excess relative risks for radiation-
induced breast cancer. The low-dose data come from 
the A-bomb survivors, whereas the high-dose data are 
taken from patients treated for Hodgkin disease. The ERR 
does not fall at high doses as would be predicted by the 
Gray model, illustrated in Figure 10.11, but of course, the 
high doses were delivered in many small fractions over 
a period of time, not in a single exposure as in the Gray 
model. (Adapted from Sachs RK, Brenner DJ. Solid tumor 
risks after high doses of ionizing radiation. Proc. Natl 
Acad. Sci. USA 2005;102:13040–13045, with permission).
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 received by the Japanese A-bomb survivors. The 
surprising result was a statistically signifi cant 
excess of solid cancers for a mean dose of only 
19.4 mSv. The data are shown in Figure 10.16. 
Furthermore, the excess relative risk per sievert 
(ERR/Sv) was 0.97, more than three times larger 
than the  corresponding quantity for the A-bomb 
survivors (see Table 10.3).

However, these results need to be viewed 
with caution for two reasons.

 1. While data from 15 nations were pooled, 
the overall solid cancer risk is driven by the 
Canadian data, which is evident from Figure 
10.16. Indeed, if the data from Canada are 
excluded, the excess of solid cancer deaths no 
longer has signifi cance.

 2. Lung cancer is prominent in the excess solid 
cancers, suggesting a confounding effect of 
smoking, a possibility recognized by the au-
thors of the study.

These examples are further evidences that 
the incidence of radiation-induced solid cancers 
does not fall at the high-fractionated doses typi-
cally used therapeutically and accords with the 
clinical observation that second cancers often 
occur in or near the treatment fi eld in high-dose 
areas, as well as in more remote locations.

■  CANCER RISKS IN NUCLEAR 
 INDUSTRY WORKERS

The International Agency for Research on Can-
cer (IARC), a branch of the World Health Or-
ganization (WHO), conducted an impressive 
epidemiologic study of cancer mortality among 
400,000 nuclear workers from 15 countries. The 
importance of this study stems from the fact that 
nuclear workers receive protracted exposures 
to multiple low doses of radiation over many 
years, in contrast to the acute instantaneous dose 

FIGURE 10.15  Illustrating the incidence 
of brain tumors, meningiomas, and glioma as 
a function of dose in children receiving total 
brain irradiation during the treatment of 
leukemia with chemotherapy. Note how the 
incidence tends to plateau. (Adapted from 
Neglia JP, et al. New Primary Neoplasms of the 
Central Nervous System in Survivors of Child-
hood Cancer: a Report from the Childhood 
Cancer Survivor Study. JNCI J Natl Cancer Inst 
2006;98[21]:1528-1537, with permission.)

FIGURE 10.16  Excess relative risk 
illustrating the data on cancer mortal-
ity from the 15-country study of nuclear 
workers by the IARC. With all countries 
combined, the ERR is statistically signifi -
cant. However, the result is driven by the 
Canadian data, which makes a dispro-
portionate contribution and casts some 
doubt on the validity of the study. In ad-
dition, there are a disproportionate num-
ber of cancers of the lung, which raise 
the possibility that the confounding ef-
fect of smoking has not been adequately 
accounted for. (Adapted from Cardis E, 
Vrijheid M, Blettner M, et al. Risk of cancer 
after low doses of ionising radiation: ret-
rospective cohort study in 15 countries 
BMJ. 2005;331:77, with permission.)

Excess relative risk/Sv

IARC 15 Country Study

–2

Canada

Sweden

UK – all

USA – Hanford

USA – NPP

USA – ORNL

All combined

Cohorts

0 2

NPP = Nuclear power plants
ORNL = Oak Ridge National Laboratory

4 6 8 10

R
el

at
iv

e 
ri

sk

Radiation dose (Gy)

Brain Tumors Following Cranial Irradiation
of Children with Leukemia

140

120

100

80

60

40

20

0
0 10 20 30 40

Meningioma (N = 66)

Glioma (N = 46)

50 60

25858_Hall_CH10.indd   15225858_Hall_CH10.indd   152 3/11/11   4:03 AM3/11/11   4:03 AM



 | Chapter 10 • Radiation Carcinogenesis | 153

the data from the A-bomb survivors, one involv-
ing a protracted exposure and the other one an 
acute instantaneous exposure, supports the low 
DDREF values suggested by both the ICRP and 
BEIR VII committees (i.e., a given dose appears 
to result in a similar cancer mortality whether 
delivered in an instantaneous acute exposure, or 
spread out over a protracted period of years).

■  MORTALITY PATTERNS IN 
 RADIOLOGISTS

An extensive and interesting report was pub-
lished by Sir Richard Doll and colleagues in 
2003 that assessed 100 years of observations in 
terms of mortality from cancer and other causes 
in British radiologists entering the fi eld from 
1897 to 1997. Table 10.4 shows the trend in the 
Standard Mortality Ratio (SMR) over the years. 
There was a clear excess of cancer in the early ra-
diologists in the years before the introduction of 
radiation safety standards. This is not surprising, 
in that, estimated annual doses to early radiolo-
gists were typically in the range of 1 Gy per year. 
What is surprising is that the SMR for the post-
war period, 1955 to 1979 is much smaller than 
unity, due largely to a statistically signifi cant 
lower rate of noncancer deaths. This attracted 
much interest, leading to speculation by some 
that low doses of radiation may be benefi cial and 
may actually lead to a longer life!

A weakness of the British study is that the 
data for the control group, labeled “all-male 
medical practitioners” were in fact estimated in-
directly from census data, with adjustments made 

The other important epidemiologic study of 
nuclear workers published recently was the third 
analysis of the data from the UK National Reg-
istry of Radiation Workers (NRRW). This study 
involved about 175,000 workers in the UK and 
showed the familiar “healthy worker effect,” in 
that, the rates of mortality from all causes (includ-
ing cancer) was signifi cantly lower than expected 
from national mortality rates, undoubtedly due 
to the higher socioeconomic status, better health 
care, and lower level of background risk factors 
among nuclear workers compared with the gen-
eral population. Of greatest interest is that the 
cancer risk increases with cumulative dose and 
that the slope of this trend with dose (the ERR/
Sv) is very similar to the corresponding fi gure 
for the A-bomb survivors (see Table 10.3). The 
positive trend of cancer mortality with dose is 
statistically signifi cant and, unlike the 15-nation 
study, does not depend materially on lung can-
cer. The study clearly shows that there are harm-
ful effects of low doses accumulated over a long 
period of time at LDR, although the increased 
risk is small. There is no evidence of a threshold, 
or of a hormetic (i.e., benefi cial) effect of low 
doses. Furthermore, the similarity of the ERR/
Sv values between the nuclear worker study and 

Excess Relative Risk Per Sievert 
for Cancer Mortality

 Leukemia 
 Excluding Solid
 CLL Cancers

A-bomb 1.4 0.26
 survivors

15-nation study 1.93* 0.97

UK-NRRW 1.7* 0.275
 analysis

*Not Statistically Signifi cant

Abbreviations: CLL, chronic lymphocytic leukemia; 
NRRW, National Registry of Radiation Workers. 

Source: Cardis E, Vrijheid M, Blettner M, et al. Risk of 
cancer after low doses of ionising radiation: retrospective 
cohort study in 15 countries. BMJ. 2005; doi:10.1136/
bmj.38499.599861.EO. UK-NRRW analysis.  Muirhead 
CR, O’Hagan JA, Haylock RGE, et al. Mortality and 
cancer incidence following occupational radiation 
 exposure: third analysis of the National Registry for 
 Radiation Workers. Br J Cancer. 2009;100:206–212.

TABLE 10.3

Standard Mortality Ratios for 
All Causes of Death in British 
Radiologists, 1897–1997

Years Standard Mortality Ratio

1897–1920 1.75

1921–1935 1.24

1936–1954 1.12

1955–1979 0.71

All post-920 1.04

Source: Doll R, Wakeford R. Risk of childhood cancer 
from fetal irradiation. Br J Radiol. 1997;70:130–139.

TABLE 10.4
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that radiation was the causative agent. They con-
cluded that:

■ Low-dose irradiation of the fetus in utero, 
particularly in the last trimester, causes an in-
creased risk of childhood malignancies.

■ An obstetric x-ray examination, even though 
the dose is only about 10 mGy, increases the 
risk of childhood cancer by 40%.

■ The excess absolute risk is about 6% per gray.

The relative risk of 40% is very high because, 
of course, cancer is relatively rare in children. 
The absolute risk works out to be about 6% per 
gray, which is not very different from the can-
cer risk calculated for the atomic bomb survivors 
following adult exposure.

■  NONNEOPLASTIC DISEASE 
AND RADIATION

A link between exposure to high doses of ioniz-
ing radiation and damage to the heart and coro-
nary arteries has been well established for many 
years, based on the treatment of breast cancer 
during the era of cobalt-60 units, character-
ized by a large penumbra to the treatment fi eld, 
which inevitably resulted in an appreciable dose 
to the heart. An association between lower doses 
of radiation and late occurring cardiovascular 
and other diseases emerged in the 1990s from 
a study of the A-bomb survivors (see Fig. 10.7). 
Statistically, signifi cant associations were seen 
for the categories of heart disease, stroke, and 
diseases of the digestive, respiratory, and he-
matopoietic systems. However, the data are in-
adequate to distinguish between a linear dose 

to  account for socioeconomic status. This weak-
ness was remedied in a later paper by  Carpenter 
et al. in which a subset of British radiologists, 
entering the fi eld in the postwar years were com-
pared directly with other physicians. When this 
was done, the SMR for either cancer mortality or 
overall mortality is indistinguishable from unity 
(see Table 10.5).

In summary, in the early days before the es-
tablishment of radiation safety standards, ra-
diation risks to radiologists were large and easily 
 demonstrable. In more recent years, where annual 
occupational doses are more than a hundredfold 
lower, there is no sign of an excess mortality in 
radiologists, compared with other medical spe-
cialties, although the numbers involved are small. 
At the same time, there is no good evidence that 
low doses of radiation may be benefi cial or can 
prolong life.

■  CHILDHOOD CANCER AFTER 
 RADIATION EXPOSURE IN UTERO

In several widely publicized British studies 
in the 1950s and 1960s, Stewart and her col-
leagues reported an excess of leukemia and 
childhood cancer in children irradiated in 
utero as a consequence of diagnostic x-ray ex-
aminations involving the pelvis of the mother. 
An association between leukemia and x-rays in 
utero was confi rmed in the United States by 
MacMahon.

This has been a highly controversial topic. It 
is discussed in more detail in Chapter 12. In a 
1997 paper, Doll and Wakeford summarized all 
of the available data and came to the conclusion 

TABLE 10.5 Second Analysis of Post-World War II British Radiologists

 Berrington et al. Carpenter et al.

Employment years 1955–1979 1962–1979

Controls Based on census data Other physicians

SMR for cancer mortality 0.71 n.s. 0.99 n.s.

SMR for overall mortality 0.68 s.s. 1.03 n.s.

Abbreviations: SMR, standard mortality ratio; n.s., not statistically signifi cant; s.s., statistically signifi cant.

Source:  Berrington A, Darby SC, Weiss HA, et al. 100 years of observation on British radiologists: mortality from cancer 
and other causes 1897–1997. Br J Radiol. 2001;74:507–519 and Carpenter LM, Swerdlow AJ, Fear NT. Mortality of doctors 
in different specialties: fi ndings from a cohort of 20,000 NHS hospital consultants. Occup Environ Med. 1997;54:388–395.

25858_Hall_CH10.indd   15425858_Hall_CH10.indd   154 3/11/11   4:03 AM3/11/11   4:03 AM



 | Chapter 10 • Radiation Carcinogenesis | 155

■ The shortest latency is for leukemia, with a 
peak of 5 to 7 years. For solid tumors, the 
latency may extend for 60 years or more.

■ Regardless of the age at exposure, radia-
tion-induced malignancies tend to appear 
at the same age as spontaneous malignan-
cies of the same type. Indeed, for solid 
cancers, the excess risk is apparently more 
like a lifelong elevation of the natural age-
specifi c cancer risk.

■ To determine risk estimates for radiation-
induced cancer from observed data (the 
Japanese atomic bomb survivors), a model 
must be assumed because of the following:

 1.  Data must be extrapolated from rela-
tively high doses to the low doses of 
public health concern.

 2.  Data must be projected out to a full 
life span, because large exposed popu-
lations, such as the A-bomb survivors, 
have not yet lived out their life span.

 3.  Risks must be “transferred” from the 
Japanese population to, for example, a 
Western population with different natu-
ral cancer rates.

■ There are two principal risk models: The 
absolute risk model assumes that radia-
tion produces a discrete “crop” of cancers, 
over and above the spontaneous level and 
unrelated to the spontaneous level. The 
relative risk model assumes that radiation 
increases the spontaneous incidence by 
a factor. Because the natural cancer inci-
dence increases with age, this model pre-
dicts excess cancers appearing late in life 
after irradiation.

■ The assessment of radiation-induced can-
cer risks by both the BEIR and UNSCEAR 
committees is based on a time-related rela-
tive risk model. Excess cancer deaths were 
assumed to depend on dose, square of the 
dose, age at exposure, time since exposure, 
and, for some cancers, gender.

■ For solid tumors, the A-bomb data show 
that both the excess cancer incidence and 
mortality are a linear function of dose up 
to about 2 Sv.

■ Leukemia data were best fi tted by a lin-
ear-quadratic function of dose (i.e., an 
upward curvature), so that the risk per 
unit of dose at 1 Sv is about three times 
that at 0.1 Sv.

 response, a quadratic dose response, or, indeed, 
a dose response with a threshold of about 0.5 Sv. 
What is clear is that dose of around 1 Sv or more 
result in an excess of late occurring diseases 
other than cancer. The biologic mechanism 
for these effects is not clear. One possibility is 
the damage to endothelial cells and the subse-
quent induction of an infl ammatory response, 
although it is unlikely that this would extend to 
low doses and LDR.

SUMMARY OF PERTINENT 
CONCLUSIONS

■ A deterministic effect has a threshold in 
dose, and the severity of the effect is dose 
related. A radiation-induced cataract is an 
example of a deterministic effect.

■ Radiation carcinogenesis is a stochastic ef-
fect; that is, the probability of an effect in-
creases with dose, with no dose threshold, 
but the severity of the effect is not dose re-
lated. Heritable effects are also stochastic.

■ The human experience of radiation- induced 
carcinogenesis includes the survivors of the 
atomic bomb attacks on Hiroshima and 
 Nagasaki, patients exposed to medical irradi-
ation, and early workers exposed occupation-
ally. Some examples include the following:

 1.  Leukemia and solid tumors in Japanese 
survivors of the atomic bomb.

 2.  Leukemia in patients irradiated for an-
kylosing spondylitis.

 3.  Thyroid cancer in children irradiated 
for benign conditions of the head and 
neck, such as enlarged thymus or ton-
sils, and children epilated for tinea capi-
tis. Benign and malignant tumors were 
seen in children exposed to radioactive 
iodine at Chernobyl.

 4.  Breast cancer in patients treated with 
x-rays for postpartum mastitis and pa-
tients fl uoroscoped repeatedly during 
the management of tuberculosis.

 5. Lung cancer in uranium miners.
 6.  Bone cancer in dial painters who in-

gested radium and patients who had 
injections of radium for tuberculosis or 
ankylosing spondylitis.

■ Latency refers to the time interval between 
irradiation and the appearance of the 
 malignancy.
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■ The Japanese atomic bomb data refer to 
acute exposure at an HDR. A DDREF 
is needed to convert risk estimates to the 
low dose and LDR encountered in ra-
diation protection. From animal stud-
ies, this is anywhere from 2 to 10. The 
ICRP  conservatively assumes a value of 2, 
whereas the BEIR VII committee assumes 
a value of 1.5.

■ The BEIR VII committee suggests a risk 
estimate of excess cancer incidence of 
10.8% per sievert and excess cancer mor-
tality of 5.4% per sievert, including a 
DDREF of 1.5. These fi gures represent a 
population average, with risks for females 
slightly higher than for males.

■ There is a marked reduction with age of 
the risk of both cancer incidence and can-
cer mortality. Children are so much more 
radiosensitive than adults.

■ The ICRP estimates that, on average, 13 to 
15 years of life are lost for each radiation-
induced cancer and that death occurs at 
age 68 to 70 years.

■ There is a clear excess of second cancers 
induced by radiation therapy, both in heav-
ily irradiated tissue and in more remote 
organs. This is evident if a suffi ciently 
large number of patients and an adequate 
control group are available for study and 
if there is a suffi ciently long follow-up for 
solid tumors to manifest.

■ Large studies show a clear excess of second 
cancers after radiotherapy for prostate can-
cer, carcinoma of the cervix, and Hodgkin 
lymphoma. An excess has also been shown 
following radiation therapy for breast can-
cer, carcinoma of the testes, and various 
childhood malignancies.

■ The IARC studied 400,000 nuclear work-
ers from 15 countries and found a statisti-
cally signifi cant excess of solid cancers at 
a mean dose of 19.4 mSv. However, this 
result must be viewed with caution because 
the result is dominated by the Canadian 
data, and in addition, the large incidence of 
lung cancer suggests that smoking may be a 
confounding factor. The UK NRRW stud-
ied about 175,000 nuclear workers in the 
UK over a very long period of time. The 
study showed the usual “healthy worker 
effect,” in that, rates of mortality from all 

causes were signifi cantly lower than those 
expected from national mortality data, but 
the cancer risk increased with cumulative 
dose and the slope of this trend (ERR/Sv) 
is very similar to the corresponding fi gure 
for the A-bomb survivors.

■ Early radiologists who practiced prior to 
the 1920s showed an excess of malignan-
cies. No excess is evident in radiologists in 
recent years. The report that British ra-
diologists live longer is not confi rmed in 
later studies.

■ Irradiation in utero by diagnostic x-rays 
appears to increase the spontaneous inci-
dence of leukemia and childhood cancers 
by a factor of about 1.4. This is a high rela-
tive risk because malignancies in children 
are rare, but the absolute risk is about 6% 
per gray—not very different from the risk 
estimate calculated for the A-bomb survi-
vors following adult exposure.

■ From a study of both radiotherapy patients 
and the A-bomb survivors, it is evident that 
doses of more than about 0.5 Sv can also 
result in an excess of nonneoplastic dis-
eases, including cardiovascular diseases.
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■  GERM CELL PRODUCTION AND 
 RADIATION EFFECTS ON FERTILITY

In the male mammal, spermatozoa arise from the 
germinal epithelium in the seminiferous tubules 
of the testes, and their production is continu-
ous from puberty to death. The spermatogonial 
(stem) cells consist of several different populations 
that vary in their sensitivity to radiation. The 
postspermatogonial cells pass through several 
stages of development: primary spermatocytes, 
secondary spermatocytes, spermatids, and fi nally 
spermatozoa. The division of a spermatogonium 
to the development of mature sperm involves a 
period of 6 weeks in the mouse and 10 weeks in 
the human. The effect of radiation on fertility is 
not apparent immediately because the postsper-
matogonial cells are relatively resistant compared 
with the sensitive stem cells. After exposure to a 
moderate dose of radiation, the person remains 
fertile as long as mature sperm cells are available, 
but decreased fertility or even temporary sterility 
follows if these are used up. The period of sterility 
lasts until the spermatogonia are able to repopu-
late by division.

Radiation doses as low as 0.15 Gy result in 
oligospermia (diminished sperm count) after a la-
tent period of about 6 weeks. Doses greater than 
0.5 Gy result in azoospermia (absence of living 
spermatozoa) and therefore temporary sterility. 
The duration of azoospermia is dose dependent; 
recovery can begin within 1 year after doses of 
less than 1 Gy but requires 2 to 3.5 years after a 
dose of 2 Gy. The original single-dose data came 

from the irradiation of prisoners, which showed 
that a dose in excess of 6 Gy is needed to result 
in permanent sterility. In contrast to most organ 
systems where fractionation of dose results in 
sparing, fractionated courses cause more gonadal 
damage than a single dose. Studies of patients 
receiving radiation therapy indicate that per-
manent sterility can result from 2.5 to 3 Gy in 
a fractionated regime over 2 to 4 weeks. The in-
duction of sterility by radiation in human males 
does not produce signifi cant changes in hormone 
balance, libido, or physical capability.

Gonadal kinetics in women are opposite to 
those in men, as the germ cells are nonprolifera-
tive. All cells in the oogonial stages progress to 
the oocyte stage in the embryo. By 3 days after 
birth, in the mouse or human, all of the oocytes 
are in a resting phase and there is no cell divi-
sion. Consequently, in the adult, there are no 
stem (oogonial) cells, but there are three types of 
follicles: immature, nearly mature, and mature. 
At birth, a woman has about 1 million oocytes, 
which are reduced to about 300,000 at puberty.

In women, radiation is highly effective at in-
ducing permanent ovarian failure, but there is a 
marked age dependence in sensitivity. The dose 
required to induce permanent sterility varies from 
12 Gy prepubertal to 2 Gy premenopausal. Pro-
nounced hormonal changes, comparable to those 
associated with the natural menopause, accom-
pany radiation-induced sterilization in females.

Overall, radiation sterility is very different 
between men and women, and these differences 
are compared and contrasted in Table 11.1.
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sexes, plus a pair of sex chromosomes—the X 
and Y. Males have 22 pairs of autosomes plus an 
X and a Y. Females have 22 pairs of autosomes 
plus a pair of Xs. One chromosome of each pair 
is derived from each parent.

The human genome is composed of the 
DNA of chromosomes and, to a minute ex-
tent, the DNA of mitochondria. The 46 chro-
mosomes contain about 6 � 109 base pairs of 
DNA, with each chromosomal arm including a 
single supercoiled molecule of DNA associated 
with chromosomal proteins. The total number 
of protein-encoding genes is in the range of 
25,000 to 50,000 per haploid set of chromo-
somes. The study of individual genes hardly 
has begun, but it is apparent that some genes 
are smaller than this and at least one, whose 
mutation can cause Duchenne-type muscular 
dystrophy, has been reported to contain more 
than 103 kb of DNA. Because most protein 
products of genes are less than 300 kDa, the 
translated portions of genes are seldom larger 
than 10 kb, so a major part of the genome ap-
pears to be untranslated. Some of this DNA 
appears to be transcribed but not translated. 
Much of the untranslated DNA  consists of 
 introns that reside between  translated exons. 

■ REVIEW OF BASIC GENETICS

The study of the inheritance of observable charac-
teristics includes molecular as well as  morphologic 
and some behavioral traits. The chromosomes
carry, in code form, all of the information that 
specifi es a particular human, with all of his or her 
individual characteristics. The chromosomes are 
long threadlike structures, the essential ingredient 
of which is DNA, which is itself a long complex 
molecule with a sugar-phosphate backbone. At-
tached to each sugar molecule is an organic base; 
these come in four varieties: thymine, adenine, 
guanine, and cytosine. This whole confi gura-
tion is tightly coiled in a double helix, rather like 
a miniature spiral staircase, with chains of sugar 
molecules linked by phosphates forming the rails 
on  either side, bridged at regular intervals by pairs 
of bases, which form the steps. The order or se-
quence of the bases contains the genetic informa-
tion in code form.

A gene is a fi nite segment of DNA specifi ed 
by an exact sequence of bases. Genes occur along 
chromosomes in linear order like beads on a string, 
and the position of a gene is referred to as its locus.

The human chromosome complement con-
sists of 22 pairs of autosomes present in both 

TABLE 11.1 Radiation Sterility—Comparing Male and Female

Male Female

Self-renewal system: Gonadal kinetics opposite of males:
 Spermatogonia → spermatocytes → spermatids  by 3 days after birth, all cells progressed
  → spermatozoa  to oocyte stage; no further cell division

Latent period between irradiation and sterility Neither latent period nor temporary sterility 
  in females

Oligospermia and reduced fertility: 0.15 Gy —

Azoospermia and temporary sterility: 0.5 Gy —

Recovery is dose dependent (1 yr after 2 Gy) —

Permanent sterility:  Radiation can induce permanent ovarian 
 6 Gy, single dose  failure; marked age dependence
 2.5–3 Gy, fractionated, 2–4 wks Permanent sterility: 12 Gy, prepuberty
  2 Gy, premenopausal

Induction of sterility does not affect hormone  Radiation sterility produces hormonal 
 balance, libido, or physical capability  changes like those seen in natural 
  menopause
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In addition, much of the DNA outside the 
exons is involved in gene regulation and RNA 
polymerase  attachment.

Not only does this genome recombine in each 
generation, but it also may undergo mutation, a 
term used here to denote any change in chro-
mosomes, their genes, and their DNA. Thus, al-
terations in chromosome number and structure 
would be included along with changes not visible 
microscopically. These latter changes include an 
array of changes in DNA, such as deletion, re-
arrangement, breakage in the sugar-phosphate 
backbone, and base alterations. Gene function 
can be disturbed not only by loss or by modi-
fi cation of translated exons, but also through 
 alteration of nonexonic sites that regulate tran-
scription and translation. Mutation occurs in 
both germ cells and somatic cells, although it 
is much less apparent in the latter unless it oc-
curs under conditions of clonal proliferation, as 
happens with cancer. On the other hand, many 
mutations in the germ line are lethal during em-
bryonic development.

In humans, every normal cell has 46 chromo-
somes, 23 derived from the mother and 23 from 
the father. The two members of a pair of chro-
mosomes normally have the same genes for given 
characteristics lined up in the same sequence. In 
this case, the two chromosomes are said to be 
homologous. The pair of chromosomes that 
determine sex are XX in the female and XY in 
the male; in the case of the male, therefore, the 
two chromosomes of this pair are heterologous; 
they do not contain parallel genes. If the two 
members of a pair of genes are alike, the per-
son is said to be homozygous for that pair of 
genes; if they are different, the person is said to 
be  heterozygous.

The fact that pairs of chromosomes contain 
corresponding sets of genes introduces the idea 
of dominant and recessive genes. A dominant 
gene, by defi nition, expresses itself if its corre-
sponding gene is recessive, the recessive gene in 
this case being either ineffective or suppressed. 
A completely recessive gene is expressed only 
if both corresponding genes of a pair of chro-
mosomes are recessive (i.e., the person must be 
homozygous for the recessive gene) or if the re-
cessive gene is on the X chromosome in a male. 
Eye color is the simplest example. The gene 
for blue eyes is recessive; that for brown eyes 
is dominant. A child will have blue eyes only if 

he or she receives the gene for blue eyes from 
both parents. If both or only one of the genes 
that determine eye color is for brown eyes, then 
the child will have brown eyes because this gene 
is dominant. It should be pointed out that not all 
genes are completely dominant; some permit ex-
pression of the recessive counterpart to a varying 
extent, depending on the particular characteris-
tics involved.

The Y sex chromosome in humans has 
genes that determine maleness but appears to 
have few other genes. The X chromosome, on 
the other hand, has many genes. If a mother 
carries a recessive mutant gene on the single X 
chromosome that she donates to her son, there 
is no matching gene from the father, and con-
sequently, the recessive gene is expressed. If 
the offspring is a daughter, there may well be a 
dominant gene on the X chromosome supplied 
by the father, which would suppress the expres-
sion of the recessive mutant. The daughter, 
however, could transmit the mutant gene to her 
son in whom it would be expressed. Character-
istics that result from recessive genes on the X 
chromosome, so that they are expressed almost 
exclusively in male children, are said to be sex-
linked. The most common examples are color 
blindness and hemophilia.

An elementary discussion of genetics, such 
as presented here, may give the impression that 
each characteristic of a person is determined by 
a single pair of genes. On the contrary, this is 
the exception rather than the rule because most 
characteristics are the result of an interplay in 
the expression of many genes.

■ MUTATIONS

Exposure of a population to radiation can cause 
adverse health effects in the descendants as a 
consequence of mutations induced in the germ 
cells. Heritable diseases, also known as genetic 
diseases,* may result when mutations occurring 
in the germ cells of parents are transmitted to 
progeny; in contrast, most cancers result from 
mutations in somatic cells. Because the human 

*Such diseases were formerly called genetic diseases, but the 
term heritable is more descriptive, refl ecting the transfer 
from one generation to the next, to distinguish them from 
cancer, which is also, in essence, genetic.
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genome includes between 25,000 to 50,000 
genes, the potential number of mutations, and 
thus heritable diseases, is  staggering.

It is a commonly held view that radiation 
produces bizarre mutants and monsters, as il-
lustrated in Figure 11.1. This view is absolutely 
false. Radiation does not result in heritable ef-
fects that are new or unique but rather increases 

the frequencies of the same mutations that already 
occur spontaneously or naturally in that species.

Heritable diseases are classifi ed into three prin-
cipal categories: mendelian, chromosomal, and 
multifactorial (Table 11.2). The baseline frequen-
cies of these different classes of heritable diseases 
in the human population have been estimated by 
the United Nations Scientifi c  Committee on the 

FIGURE 11.1  It is a commonly held view that 
radiation produces bizarre mutations or monsters 
that may be recognized readily. This is not true. Radi-
ation increases the incidence of the same mutations 
that occur spontaneously in a given population. The 
study of radiation-induced heritable effects is diffi -
cult because the mutations produced by the radia-
tion must be identifi ed on a statistical basis in the 
presence of a high natural incidence of the same 
mutations.

TABLE 11.2 Heritable Effects of Radiation

Heritable Effect Example

Gene mutations*

 Single dominant 736 (753) Polydactyly, Huntington chorea

 Recessive 521 (596)  Sickle cell anemia, Tay-Sachs disease, cystic fi brosis,
  retinoblastoma

 Sex-linked 80 (60) Color blindness, hemophilia

Chromosomal changes

 Too many or too few  Down syndrome (extra chromosome 21), 
 mostly  embryonic death

  Chromosome aberrations, Embryonic death or mental retardation
 physical abnormalities

 Robertsonian translocation

Multifactorial

  Congenital abnormalities Neural tube defects, cleft lip, cleft palate
 present at birth 

 Chronic diseases of adult onset Diabetes, essential hypertension, coronary heart disease

*The numbers following types of gene mutations refer to several human diseases known to be caused by such a mutation. 
The numbers in parentheses refer to additional possible diseases.
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Effects of Atomic Radiation (UNSCEAR) 2001 
committee and are summarized in Table 11.3.

Mendelian
Mendelian diseases are those caused by muta-
tions in single genes located on either the auto-
somes or the sex chromosomes. The mutation 
may be a change in the structure of DNA, 
which may involve either the base composition, 
the sequence, or both. An alteration so small 
that it involves the substitution, gain, or loss 
of a single base can be the cause of signifi cant 
heritable changes. A striking example is sickle 
cell anemia, which results from the substitution 
of only one base. The important point with re-
spect to mendelian diseases is that the relation-
ship between mutation and disease is simple 
and predictable.

These diseases are subdivided into autosomal 
dominant, autosomal recessive, and X-linked 
conditions, depending on which chromosome 
the mutant genes are located on and the pattern 
of transmission. In the case of dominant diseases, 
one mutant gene received from either one of the 
parents is suffi cient to cause disease, although 
the copy of the gene from the other parent is 
normal.

A dominant gene mutation is expressed in 
the fi rst generation after its occurrence. More 

than 700 such conditions have been identifi ed 
with certainty, and an additional 700 or more are 
less well established. Some examples are polydac-
tyly, achondroplasia, and Huntington chorea. By 
 contrast, recessive mutations, unless sex-linked, 
require that the gene be present in duplicate to 
produce the trait, which means that the mutant 
gene must be inherited from each parent; conse-
quently, many generations may pass before it is ex-
pressed. If one copy of the gene is mutant and the 
other is normal, the person is not affected. More 
than 500 recessive diseases are known and another 
600 are suspected. Some examples are sickle cell 
anemia, cystic fi brosis, and Tay-Sachs disease.

X-linked recessive diseases are caused by 
mutations in genes located on the X chromo-
some. The Y chromosome contains far fewer 
genes than the X. Because males have only one 
X chromosome, all males having a mutation in 
the X chromosome show the effect of mutation; 
like dominant mutations, they are expressed 
soon after the mutation occurs. Because females 
have two X chromosomes, they need two mutant 
genes to show the effect of an X-linked reces-
sive mutation. The best known examples of sex-
linked disorders are hemophilia, color blindness, 
and a severe form of muscular dystrophy, but al-
together, there are more than 80 well-established 
and another 60 probable conditions of this sort.

TABLE 11.3 Baseline Frequencies of Genetic Diseases in Human Populations
(from UNSCEAR 2001)

Disease Class Frequency per Milliona

Mendelian diseases — 24,000

 Autosomal dominant diseases 15,000 —

 X-linked diseases 1,500 —

 Autosomal recessive diseases 7,500 —

Chromosomal diseases — 4,000

Multifactorial diseases — 710,000

 Chronic diseases 650,000 —

 Congenital abnormalities 60,000 —

Total — 738,000
a For mendelian and chromosomal diseases and for congenital abnormalities, the frequencies are per million live births; 
for chronic multifactorial diseases, the frequency is per million of the population.

From United Nations Scientifi c Committee on the Effects of Atomic Radiation: Hereditary Effects of Radiation:
The  UNSCEAR 2001 Report to the General Assembly with Scientifi c Annex. New York, United Nations, 2001.
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chromosome distribution. Chromosomes that are 
broken may rejoin in various ways (Chapter 2). A 
translocation, for example, involves the recipro-
cal exchange of parts between two or more chro-
mosomes and is not necessarily harmful as long 
as both rearranged chromosomes are present and 
contain the full gene complement. Children of a 
person with a translocation often receive only one 
of the rearranged chromosomes, and their cells 
are therefore genetically unbalanced. The nature 
and extent of the abnormality may vary enor-
mously, and the harm to the person ranges from 
rather mild to very severe. Chromosome imbal-
ance, if it does not cause the death of the embryo, 
typically leads to physical abnormalities, usually 
accompanied by mental defi ciency.

Robertsonian translocations are the most 
common type found in normal humans. These 
are fusions of two chromosomes, each having a 
spindle attachment at the end of the chromo-
some, to produce a single chromosome with the 
spindle attachment in the center. The children of 
a person with this type of translocation are usu-
ally normal because they inherit either the trans-
located pair or a pair of normal chromosomes. 
Radiation does not appear to be a major cause 
of robertsonian translocations but rather tends 
to induce those of the reciprocal-exchange type.

Multifactorial
The term multifactorial is a general designation 
assigned to a disease known to have a genetic 
component but whose transmission patterns can-
not be described as simple mendelian. The com-
mon congenital abnormalities that are present at 
birth (e.g., neural tube defects, cleft lip with or 
without cleft palate) and many chronic diseases of 
adult onset, such as diabetes, essential hyperten-
sion, and coronary heart disease, are examples of 
multifactorial diseases. These diseases result from 
several causes, both genetic and environmental, 
the nature of which can vary among persons, fam-
ilies, and populations. For these diseases, there is 
no simple relationship between mutation and dis-
ease, but the fact that genetic factors are involved 
is evident from observations of familial cluster-
ing; that is, these diseases run in families, but the 
recurrence risk to fi rst-degree relatives is in the 
range of 5% to 10%, depending on the multifac-
torial disease, but never close to the 25% to 50% 
characteristic of mendelian diseases. The  potential 
role of some of the environmental factors has 

In the case of mendelian diseases, about 
67% are caused predominantly by point muta-
tions (base pair changes in the DNA), 22% by 
both point mutations and DNA deletions within 
genes (i.e., they are intragenic), and 13% by 
intragenic deletions and large multilocus dele-
tions. In some genes, the mutational sites of 
 mutations are distributed throughout the gene; 
in a large proportion, however, these are nonran-
domly distributed—that is, restricted to specifi c 
sites along the gene (specifi cities). Likewise, the 
break points of deletions are also nonrandomly 
distributed, showing specifi cities.

Some dominant and some recessive mutant 
genes cause traits that are regarded by society as 
normal or acceptable, such as different eye colors 
or blood groups. The majority, however, cause 
diseases ranging from mild to severe in their im-
pact on the person.

The three types of mendelian diseases are 
summarized as follows:

Autosomal dominant: The disease is caused by a 
mutation in a single gene on one chromosome.

Autosomal recessive: The disease is caused by 
a defective copy of the same gene from each 
parent.

Sex-linked: Males have one X chromosome, so 
one mutation can cause the disease; females 
have two Xs, so two mutant genes are needed 
to cause the disease.

Chromosomal Changes
Chromosomal diseases are caused by gross ab-
normalities either in the structure of the chro-
mosomes or in the number of chromosomes (too 
many or too few). With a few important excep-
tions, gross chromosome changes that can be seen 
under the microscope are not compatible with vi-
ability in the fertilized egg. Down syndrome is 
the best known example: It results from an extra 
chromosome 21. It is estimated that at least 40% 
of the spontaneous abortions that occur from 
the 5th through the 28th week of gestation and 
about 6% of stillbirths are associated with chro-
mosomal anomalies. This kind of chromosome 
error is not believed to be infl uenced strongly 
by radiation, particularly at low doses. Chromo-
some breakage is less frequent than aberrations 
among spontaneous instances of severe human 
anomalies, but radiation is much more effective at 
breaking chromosomes than in causing errors in 
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been delineated for only a few of these diseases; 
for example, excess caloric intake rich in saturated 
fat is an environmental risk factor for coronary 
heart disease, as are environmental  allergens for 
asthma. Mendelian and chromosomal diseases are 
rare and account for only a very small proportion 
of heritable diseases in the population; the major 
load is from multifactorial diseases.

Characteristics of multifactorial diseases in-
clude the following:

■ Known to have a genetic component
■ Transmission pattern not simple mendelian
■ Congenital abnormalities: cleft lip with or 

without cleft palate, neural tube defects
■ Adult onset: diabetes, essential hypertension, 

coronary heart disease
■ Interaction with environmental factors

■  RADIATION-INDUCED HERITABLE 
EFFECTS IN FRUIT FLIES

As early as 1927, Müller reported that exposure 
to x-rays could cause readily observable muta-
tions in the fruit fl y, Drosophila melanogaster. 
These included a change of eye color from red 
to white, the ebony mutant with its jet-black 
color, the “vestigial wing” mutant, and the 
 easiest of all to observe, the recessive lethal mu-
tation. The fact that mutants produced by radia-
tion cannot be identifi ed as different compared 
with those that occur spontaneously makes their 
study particularly diffi cult. Sample sizes must 
be suffi ciently large to detect the small excess 
by radiation, which made Drosophila an attrac-
tive and economical biologic test system because 
huge numbers can be accommodated in a small 
space (compared, for example, with mice). In-
deed, it was heritable data from the fruit fl y that 
led to the recommendation of a 5-R maximum 
permissible annual dose for radiation  workers 
in the 1950s. The units have changed from 
roentgen (R) to rem to millisievert (mSv), and 
the justifi cation has also changed, but the quan-
tity remains to this day. In the 1950s, heritable 
changes were considered the principal hazard 
of exposure to ionizing radiation. There were 
three reasons for this:

 1. A low doubling dose (5–150 R) for mutations 
was estimated from fruit fl y experiments. (The 
doubling dose is the dose required to double 
the spontaneous mutation rate.)

 2. Based again in the fruit fl y experiments, it 
was thought that heritable effects were cu-
mulative; that is, a little radiation now, some 
next week, and some next year all added up 
and contributed to the genetic load carried 
by the human race.

 3. In the 1950s, little was known of the carcino-
genic potential of low doses of radiation. An 
excess incidence of leukemia was evident in 
the Japanese survivors of the A-bomb attacks, 
but the much larger number of solid cancers 
did not appear until many years later.

Over the past 50 years, the heritable risks of 
radiation have been progressively reduced, re-
placed by a concern over carcinogenesis as the 
data from the A-bomb survivors have matured.

■  RADIATION-INDUCED HERITABLE 
EFFECTS IN MICE

The most common way to estimate the  heritable 
risks of radiation is to compare radiation- 
induced mutations with those that occur spon-
taneously and to express the results in terms of 
the doubling dose—the amount of radiation re-
quired to produce as many mutations as would 
occur spontaneously in a generation. The idea is 
based on the assumption that “if nature can do 
it, radiation can do it, too.” This is the relative 
mutation risk.

In the years following World War II, the 
husband-and-wife team of Russell and Russell, 
working at Oak Ridge National Laboratory, 
mounted an experiment of heroic proportions 
to determine specifi c locus mutation rates in 
the mouse under various irradiation conditions. 
This experiment often is referred to as the “me-
gamouse project” because of the enormous num-
ber of animals involved. Before the study ended, 
7 million mice had been used.

An inbred mouse strain was chosen in which 
seven specifi c locus mutations occur, six involv-
ing a change of coat color and one expressed 
as a stunted ear. Figure 11.2 shows three coat-
color variations: a piebald, a light honey, and 
a darker brown. These mutations occur spon-
taneously, and their incidence is increased by 
radiation.

These extensive studies included the ir-
radiation of both male and female mice with 
a range of doses, dose rates, and fractionation 
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the mouse was an unfortunate choice as an 
experimental animal.

 4. The heritable consequences of a given dose 
can be reduced greatly if a time interval is al-
lowed between irradiation and conception, 
presumably caused by repair.

This information is already used in ge-
netic counseling given to people who have 
received radiation. In the mouse, an inter-
val between irradiation and insemination of 
2 months in the male and rather longer in the 
female is suffi cient to produce a maximum 
reduction in the effect of radiation. Although 
data are not available for humans, by anal-
ogy, a period of 6 months usually is recom-
mended. Consequently, if people are exposed 
to signifi cant doses of radiation, either acci-
dentally or because of their occupation, it is 
recommended that 6 months be allowed to 
elapse between the exposure to the radiation 
and a planned conception, to minimize the 
genetic consequence. This would be good 

patterns. Five major conclusions are pertinent 
to the  radiologist:

 1. The radiosensitivity of different mutations 
varies by a signifi cant factor of about 35, so 
that it is only possible to speak in terms of 
 average mutation rates. We now know that 
this is caused simply by a size difference 
among the various genes involved.

 2. In the mouse, there is a substantial dose-rate 
effect, so that spreading the radiation dose 
over a period results in fewer mutations for 
a given dose than in an acute exposure. This 
is in complete contrast to the data on Dro-
sophila, where fractionated doses are cumula-
tive. The big dose-rate effect discovered in 
the mouse was attributed to a repair process. 
The data are shown in Figure 11.3.

 3. Essentially, all of the radiation-induced heri-
table data come from experiments with male 
mice. In the mouse, the oocytes are exqui-
sitely radiosensitive and are readily killed by 
even low doses of radiation. For this reason, 

FIGURE 11.2  In the megamouse project, seven specifi c locus mutations were used to study radiation-induced 
hereditary effects. This photo shows three of the mutations, which involve changes of coat color. (Courtesy of 
Dr. William L. Russell, Oak Ridge National Laboratory.)
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advice to a person accidentally exposed to, 
say 0.1 Gy, to young patients with Hodgkin 
disease receiving radiotherapy, or even to 
patients subjected to diagnostic x-ray proce-
dures involving the lumbar spine or the lower 
gastrointestinal tract in which a large expo-
sure is used and the gonads must be included 
within the radiation fi eld.

 5. The estimate of the doubling dose favored 
by the Committee on the Biological Effects 
of Ionizing Radiation (BEIR V) and the 
 UNSCEAR 1988 is 1 Gy, based on low-dose-
rate exposure. This is a calculated rather than 
a measured quantity, based on the measured 
mutation rate per locus in the mouse adjusted 
for the estimated comparable number of loci 
in the human. It also allows for the fact that 
the human is usually exposed at low dose 
rate, whereas the mouse data refl ect acute 
 exposures.

■  RADIATION-INDUCED HERITABLE 
EFFECTS IN HUMANS

To estimate the risk of heritable effects in the 
human population caused by exposure to radia-
tion, two basic pieces of data are needed: fi rst, 
the baseline spontaneous mutation rate, which 

is known for humans, and second, the doubling 
dose, which can only come from mouse experi-
ments (1 Gy). Two correction factors must then 
be applied, which were derived by a task force 
of the International Commission on Radiologi-
cal Protection (ICRP) in 2000. The fi rst must 
allow for the fact that not all mutations lead to 
a disease. This so-called mutation component 
(MC) varies for different classes of heritable 
 diseases; it is simple for autosomal recessive 
 diseases and very complex for multifactorial dis-
eases. For the fi rst generation following radia-
tion exposure, the MC is about 0.3 for autosomal 
dominant and X-linked diseases, close to zero for 
autosomal recessive diseases, and about 0.01 to 
0.02 for chronic multifactorial diseases. The sec-
ond correction factor must allow for the fact that 
the seven specifi c locus mutations used to assess 
the doubling dose in the megamouse project 
are not representative of the spectrum of induc-
ible heritable diseases in humans. The success 
of experimental radiation mutagenesis studies 
in the mouse is mainly caused by the fortunate 
choice of genes that are nonessential for survival 
of the animal or the cell and also happen to be 
located in nonessential regions of the genome. 
Most human disease-causing genes are not of 
this type. Among the human autosomal and X-
linked genes studied, only 15% to 30% may be 
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FIGURE 11.3  Mutations in mice as a function 
of dose, delivered at high and low dose rates. (Cour-
tesy of Dr. William L. Russell, Oak Ridge National 
Laboratory.)
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baseline risk of 738,000 per million live births—
that is, a relatively small proportion.

■  INTERNATIONAL COMMISSION 
ON RADIOLOGICAL PROTECTION 
 ESTIMATES OF HEREDITARY RISKS

The strategy of ICRP to estimate hereditary risks 
is based on the data for the fi rst two generations 
calculated by UNSCEAR 2001, shown in Table 
11.4. These data refer to a “reproductive” popula-
tion and apply when the radiation doses received 
by all people in the population are genetically sig-
nifi cant. However, when the total population of all 
ages is considered, the  genetically signifi cant dose 
will be markedly lower than the total dose  received 
over a lifetime. Genetic damage sustained by germ 
cells of persons who are beyond the reproductive 
period or who are not procreating for any reason 
poses no heritable risks. Assuming an average life 
expectancy of 75 years, with mean  reproductive 
age stopping at 30 years, the risk  coeffi cients for 

responsive to induced mutations that are poten-
tially recoverable in live births. For chronic mul-
tifactorial diseases, which involve several genes, 
the fraction recoverable in live births would be 
even lower.

The UNSCEAR 2001 estimates of hereditary 
risks for the fi rst generation and fi rst two gen-
erations of an irradiated population are listed in 
Table 11.4. The risk of autosomal dominant and 
X-linked diseases for the fi rst generation after ir-
radiation is about 750 to 1,500 cases per million 
progeny per gray of chronic low linear energy 
transfer (LET) radiation (compared with the 
baseline of 16,500 cases per million). The risk 
of autosomal recessive diseases is essentially zero 
(compared with the baseline of 7,500 per million). 
The risk of chronic diseases is about 250 to 1,200 
cases per million (compared with the baseline of 
650,000 per million). The risk of multisystem de-
velopmental or congenital abnormalities may be 
about 2,000 cases per million. Note that the total 
risk per gray is only about 0.41% to 0.64% of the 

TABLE 11.4 Current Estimates of Genetic Risks from Continuing Exposure to 
Low-LET, Low-Dose, or Chronic Irradiation (from UNSCEAR 2001) 
(Assumed Doubling Dose: 1 Gy)

 Risk per Gy per 106 Progeny

 Based Frequency  Up to Second
Disease Class per 106  Live Births First Generation Generation

Mendelian

 Autosomal dominant  16,500 750–1,500 1,300–2,500
  and X-linked

 Autosomal recessive   7,500 0 0

Chromosomal   4,000 a a

Multifactorial

 Chronic 650,000 �250–1,200 �250–1,200

 Congenital  60,000 2,000 2,400–3,000
  abnormalities

Total 738,000 �3,000–4,700 3,950–6,700

Total risk per Gy — �0.41–0.64 �0.53–0.91
 expressed as percent
 of baseline
aAssumed to be subsumed in part under the risk of autosomal dominant and X-linked diseases and in part under congeni-
tal abnormalities.

From United Nations Scientifi c Committee on the Effects of Atomic Radiation: Hereditary Effects of Radiation: The 
UNSCEAR 2001 Report to the General Assembly with Scientifi c Annex. New York, United Nations, 2001.
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a total population of all ages will be 30/75, that is, 
40% of that for a reproductive population. This 
rounds out at 0.2% per sievert. For a working pop-
ulation, the relevant age range is only from 18 to 
30 years because of the fact that no one is allowed 
to be a radiation worker before the age of 18 and 
the reproductive cycle is assumed to end at the age 
of 30; consequently, the risk coeffi cients will be 
12/75, or 16% of that for a reproductive popula-
tion, which rounds out at 0.1% per sievert. These 
fi gures are summarized in Table 11.5.

■  MUTATIONS IN THE CHILDREN OF 
THE A-BOMB SURVIVORS

The survivors of the atomic bomb attacks on Hiro-
shima and Nagasaki constitute the largest irradiated 
human population studied carefully for  heritable
effects. Over the years, a cohort of 31,150 children 
born to parents receiving signifi cant amounts of 
radiation (within 2 km of the bomb’s hypocenter) 
and a somewhat larger control cohort (41,066) have 
been studied with respect to various indicators: fi rst, 
in the early years, for congenital defects, gender of 
child, physical development, and survival; then, in 
the middle years, for cytogenetic abnormality; and, 
more recently, for the occurrence of malignant dis-
ease and for electrophoretic or functional defects 
in a battery of some 30 serum proteins or erythro-
cyte enzymes. None of these indicators was related 
signifi cantly to parental radiation exposure, but the 
net regression was slightly positive.

For these various measures of heritable ef-
fects, the differences between the children of 

proximally and distally exposed survivors is in 
the direction expected if a heritable effect did 
result from the radiation, but in fact, none of 
the fi ndings are statistically signifi cant. Never-
theless, the differences between these groups of 
children were used to calculate doubling doses.

Only three of these indicators lend them-
selves to an estimate of doubling dose, and the 
results are shown in Table 11.6, taken from a 
study in the early 1980s. The simple average of 
the three estimates is 1.56 Sv. In a more recent 
review paper, Neel estimated the doubling dose 
for the human to be about 2 Sv; this is subject 
to considerable uncertainties, with a lower limit 
of 1 Sv and an upper limit that is indeterminate. 
This, of course, refers to an acute radiation dose 
because it is based on the Japanese survivors.

The sparse human data support the current 
impression that the doubling dose derived from 
the mouse specifi c-locus experiments is too low. 
The lack of a statistically signifi cant excess of heri-
table effects in the children of the A-bomb survi-
vors is consistent with the numeric risk estimates 
developed by ICRP. The number of children in-
volved and the range of doses to which their par-
ents were exposed are too small for a statistically 
signifi cant heritable effect to be expected.

■ CHANGING CONCERNS FOR RISKS

In 1956, the ICRP reduced the dose limit for ra-
diation workers to, effectively, what it is today—
a maximum of 50 mSv per year. This was based 

TABLE 11.6 Doubling Dose (Gametic) in 
the Offspring of Survivors of 
the Atomic Bomb  Attacks on 
Hiroshima and Nagasaki

Genetic Indicator Doubling Dose, Sv

Untoward pregnancy 0.69
 outcome

Childhood mortality 1.47

Sex chromosome 2.52
 aneuploidy

Simple average 1.56

Adapted from Schull WJ, Otake M, Neal JV. Genetic 
effects of the atomic bomb: A reappraisal. Science. 
1981;213:1220–1227, with permission.

TABLE 11.5 Heritable Effects—ICRP (2003)

■ Total population 0.2%/Sv
■ Working population 0.1%/Sv
■ Based on:

■ Heritable risks for fi rst two generations.
■ Life expectancy 75 years; reproductive 

age 30 years.
■ Total population   30 _ 

75
   of reproductive 

population.
■ Working population   30 � 18 _ 

75
   of repro-

ductive population.
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genetics; the term is now generally used to refer 
to changes in gene expression that takes place 
without a change in the DNA sequence. Epigen-
etic changes can result from various molecular 
modifi cations, but the most extensively studied 
and best understood are as follows:

 1. DNA methylation, which takes place at the 
carbon-5 position of cytosine in CpG dinu-
cleotides, and,

 2. Changes to chromatin packaging of DNA by 
posttranslational histone modifi cations.

Both of these mechanisms can have a pro-
found effect on gene expression, including the 
silencing of the gene. Other epigenetic mecha-
nisms that are less well understood include regu-
lation of gene expression by noncoding RNAs, 
including micro RNAs, and mechanisms that 
control the higher level organization of chroma-
tin within the nucleus.

There is increasing evidence from ani-
mal studies that prenatal and early postnatal 
 environmental factors can result in altered epi-
genetic programming and subsequent changes in 
the risk of developing disease later in life. Envi-
ronmental factors studied to date include nutri-
tional supplements, xenobiotic chemicals and, 
interestingly enough, exposure to ionizing radia-
tion. The radiation studies showed that exposure 
of adult male or female mice led to transgenera-
tional genome instability in the offspring, result-
ing from a signifi cant loss of DNA methylation in 
somatic tissue. In addition, there is some evidence 
from animal studies that epigenetic alterations 
may be inherited transgenerationally, thereby af-
fecting the health of  future generations.

entirely on heritable effects in the fruit fl y, Dro-
sophila. In the half century or so that has elapsed 
since that time, the level of concern  involving 
 genetic effects, or heritable effects as we call 
them, has declined steadily—fi rst, because of the 
availability of mouse data, and more recently, 
with a reassessment of the importance of multi-
factorial diseases and doubt about the relevance 
of the specifi c locus mutations in mice. As a con-
sequence, the percentage of radiation detriment 
attributed to the genetic component in the view 
of ICRP has declined from 100% in 1955, to 25% 
in 1977, to 18% in 1991, and to only 4% in 2007. 
In the meantime, the level of concern involving 
radiation carcinogenesis has increased as more 
and more solid tumors have appeared in the Japa-
nese A-bomb survivors. This trend is illustrated 
in Figure 11.4. In the 1950s, genetic effects were 
considered to be the most important because solid 
tumors had not then appeared in large numbers 
in the A-bomb survivors. Over the years, concern 
has switched entirely so that at the present time, 
radiation carcinogenesis is considered to be by far 
the most important consequence of low doses of 
radiation. Meanwhile, radiation protection stan-
dards have changed little.

■ EPIGENETICS

In this chapter so far, it has been tacitly assumed 
that a transgenerational heritable effect must, of 
necessity, involve a change in the DNA sequence. 
The emerging study of epigenetics implies that 
this is not necessarily the case.

The Greek prefi x epi- in epigenetics implies 
features that are “on top of” or “in addition to” 
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FIGURE 11.4  Illustrating how, over 
the past half-a-century, the concern re-
garding exposure to ionizing radiation has 
changed from heritable (genetic) effects 
to carcinogenesis. In 1950, based on mu-
tations in the fruit fl y Drosophila, heritable 
effects were considered to be the major 
risk of exposure to radiation. At that time, 
although an excess of leukemia had been 
observed in the A-bomb survivors, solid 
cancers had not shown up. Over the years, 
concern for heritable effects has declined, 
but the maturing of the A-bomb data has 
revealed a signifi cant excess incidence of 
a whole spectrum of solid cancers.

25858_Hall_CH11.indd   17025858_Hall_CH11.indd   170 3/11/11   4:31 AM3/11/11   4:31 AM



 | Chapter 11 • Heritable Effects of Radiation | 171

Imprinted Genes
Most autosomal genes are expressed from the 
alleles of both parents; however, about 1% of 
autosomal genes in humans are “imprinted” 
(i.e., expression is from only one parental al-
lele with the other allele silenced). This leads 
to a nonmendelian germ line inherited form of 
gene regulation that involves heritable DNA 
methylation and histone modifi cation. In addi-
tion, expression of the single functioning allele 
is parent-of-origin-dependent. Consequently, 
expression of an imprinted gene in the present 
generation depends on the environment that it 
experienced in the previous generation. Several 
human syndromes, and even some cancers, re-
sult from genetic and epigenetic modifi cations 
at imprinted loci.

An interesting example in the human in-
volves children exposed prenatally to the Dutch 
famine at the end of World War II that now have 
an increased incidence of metabolic  disorders, 
cardiovascular disease, and mental disorders in 
adulthood. They also show signifi cant altera-
tions in DNA methylation at both  imprinted and 
nonimprinted loci, decades after birth.

The study of radiation on epigenetics is in its 
infancy, but it is a factor that may infl uence the 
perception of radiation-induced heritable effects 
in the future. Mutations in DNA are no longer 
the whole story.

SUMMARY OF 
PERTINENT CONCLUSIONS

■ In the male, doses as low as 0.15 Gy result 
in oligospermia (diminished sperm count) 
after a latent period of about 6 weeks. 
Doses greater than 0.5 Gy result in azo-
ospermia (absence of living spermatozoa) 
and therefore temporary sterility. Recov-
ery time depends on dose.

■ Permanent sterility in the male requires a 
single dose in excess of 6 Gy.

■ In the male, fractionated doses cause more go-
nadal damage than a single dose. Permanent 
sterility can result from a dose of 2.5 to 3 Gy 
in a fractionated regime over 2 to 4 weeks.

■ In the female, radiation is highly effective 
in inducing permanent ovarian failure, 
with a marked age dependence on the dose 
required.

■ The dose required for permanent sterility 
in the female varies from 12 Gy prepuber-
tal to 2 Gy premenopausal.

■ The induction of sterility in males does not 
produce signifi cant changes in hormone 
balance, libido, or physical capability, but in 
the female, it leads to pronounced hormonal 
changes comparable to natural menopause.

■ Exposure of a population can cause adverse 
health effects in the descendants because 
of mutations induced in germ cells. These 
used to be called “genetic” effects but are 
now more often called “heritable” effects.

■ Heritable diseases are classifi ed into three 
principal categories: mendelian, chromo-
somal, and multifactorial.

■ Radiation does not produce new, unique 
mutations but increases the incidence of the 
same mutations that occur spontaneously.

■ Information on the heritable effects of ra-
diation comes almost entirely from animal 
experiments.

■ The earlier mutation experiments were car-
ried out with the fruit fl y, D. melanogaster.

■ Relative mutation rates have been mea-
sured in the megamouse project by observ-
ing seven specifi c locus mutations. This 
leads to an estimate of the “doubling dose.”

■ The doubling dose is the dose required 
to double the spontaneous mutation in-
cidence; put another way, it is the dose 
 required to produce an incidence of muta-
tions equal to the spontaneous rate. Based 
on the mouse data, the doubling dose for 
low dose-rate exposure in the human is 
estimated to be 1 Gy.

■ Not more than 1% to 6% of spontaneous 
mutations in humans may be ascribed to 
background radiation.

■ To estimate the risk of radiation-induced 
heritable diseases in the human, two quan-
tities are required: (1) the baseline muta-
tion rate for humans, which is estimated 
to be 738,000 per million, and (2) the dou-
bling dose from the mouse data, which is 
about 1 Gy.

■ Two correction factors are needed: (1) to
allow that not all mutations lead to a 
 disease—this is MC, which varies for 
 different classes of heritable diseases; and 
(2) to allow for the fact that the seven spe-
cifi c locus mutations used in the mouse 
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experiments are not representative of 
 inducible heritable diseases in the human 
because they are all nonessential for the 
survival of the animal or cell.

■ The ICRP estimates that the heritable risk 
of radiation is about 0.2% per sievert for 
the general population and about 0.1% per 
sievert for a working population.

■ In terms of detriment, expressed in years of 
life lost or impaired, congenital anomalies 
(i.e., resulting from effects on the develop-
ing embryo and fetus) are much more im-
portant than heritable disorders.

■ Children of the atomic bomb survivors 
have been studied for several indicators, 
including congenital defects, gender ratio, 
physical development, survival, cytoge-
netic abnormalities, malignant disease, and 
electrophoretic variants of blood proteins. 
A recent paper estimated the doubling 
dose to be about 2 Sv, with a lower limit 
of 1 Sv and an upper limit that is indeter-
minate because the increase in mutations is 
not statistically signifi cant.

■ Since the 1950s, concern for the heritable 
effects of radiation has declined continu-
ously and has been replaced by carcinogen-
esis as the principal effect of low doses of 
radiation.

■ Epigenetics refers to changes in gene ex-
pression that take place without a change 
in the DNA sequence. The most studied 
mechanisms include DNA methylation 
and changes in chromatin packaging by 
posttranslational histone modifi cation.

■ There is evidence from animal studies that 
prenatal and early postnatal environmen-
tal factors, including exposure to radiation, 
can alter epigenetic programming with 
subsequent changes in the risk of develop-
ing disease in later life.
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■ HISTORICAL PERSPECTIVE

In the early years of the 20th century, case re-
ports began to appear in the medical literature 
that described mental retardation in children 
with small head size, as well as other gross mal-
formations, born to mothers who had received 
pelvic radiotherapy before realizing that they 
were pregnant. As early as 1929, Goldstein and 
Murphy reviewed 38 such cases. Interestingly 
enough, they concluded that large doses were 
needed to produce such effects and did not con-
sider diagnostic pelvic irradiation of the mother 
to be a hazard.

We now have a great deal of information 
concerning the effects of radiation on the devel-
oping embryo and fetus from both animal exper-
iments and the human experience.

■  OVERVIEW OF RADIATION EFFECTS 
ON THE EMBRYO AND FETUS

Among the somatic effects of radiation other 
than cancer, developmental effects on the un-
born child are of greatest concern. The classic 
effects are listed as follows:

 1. Lethal effects are induced by radiation be-
fore or immediately after implantation of 
the embryo into the uterine wall or are in-
duced after increasingly higher doses dur-
ing all stages of intrauterine development, 
to be expressed either before birth  (prenatal 

death) or at about the time of birth (neona-
tal death).

 2. Malformations are characteristic of the period 
of major organogenesis in which the main 
body structures are formed, and especially of 
the most active phase of cell multiplication in 
the relevant structures.

 3. Growth disturbances and growth retardation, 
without malformations are induced at all stages 
of development but particularly in the latter 
part of pregnancy.

The principal factors of importance are the 
dose and the stage of gestation at which it is delivered. 
Dose rate is also of signifi cance because many 
pathologic effects on the embryo are reduced 
signifi cantly by reducing the dose rate.

It should be recognized that congenital 
anomalies arise in all animal species, even 
in the absence of any radiation beyond that 
 received from natural sources. The incidence 
depends largely on the time at which the 
anomalies are scored. In humans, the aver-
age incidence of malformed infants at birth 
is about 6%. Some malformations disappear 
after birth, but more become evident later 
that are not scored at birth. The global inci-
dence roughly doubles to 12% if grown chil-
dren rather than infants are examined. Any 
assessment of the  effectiveness of radiation 
in inducing damage in utero must be viewed 
against this natural level of inborn defects and 
its variable expression.
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■ DATA FROM MICE AND RATS

Most experimental data on the effect of radia-
tion on the developing embryo or fetus have 
been obtained with the mouse or rat, animals 
that reproduce in quantity with relatively short 
gestation periods. Russell and Russell divided 
the total developmental period in utero into 
three stages: (1) preimplantation, which ex-
tends from fertilization to the time at which 
the embryo attaches to the wall of the uterus; 
(2)  organogenesis, the period during which the 
major organs are developed; and (3) the fetal 
period, during which growth of the structures 
already formed takes place. There is a very large 
variability in the relative duration of these peri-
ods among animal species, as well as in the total 
duration of intrauterine life. In addition, at any 
given stage of development, the state of differ-
entiation or maturation of any one structure, 
with respect to all the others, varies consider-
ably in different species.

In the mouse, preimplantation corresponds to 
days 0 through 5; organogenesis, days 5 through 
13; and the fetal period, day 13 through full term, 
which is about 20 days. The effect of about 2 Gy 
of x-rays delivered at various times after concep-
tion is illustrated in Figure 12.1. The lower scale 
contains Rugh’s estimates of the equivalent ages 
for human embryos, based solely on comparable 
stages of organ development. It is a nonlinear 
match because preimplantation, organogenesis, 

and the fetal period in the mouse are about equal 
in length, whereas the fetal period in the human is 
proportionately much longer.

Figure 12.2 is taken from the work of Brent 
and Ghorson, who performed an extensive  series 
of experiments with rats. It shows the various 
periods during gestation in which the princi-
pal effects of radiation are most evident. The 
horizontal scale refers to the times of the major 
events during gestation for the rat and gives an 
estimate of the comparable stages for the human. 
The following discussion of the principal effects 
of radiation delivered during preimplantation, 
organogenesis, and the fetal stages represents 
a consensus view, combining conclusions from 
various experiments with either rats or mice.

Preimplantation
Preimplantation is the most sensitive stage to the 
lethal effects of radiation. The high incidence of 
prenatal death may be expressed in a decrease in 
litter size. Growth retardation is not observed 
after irradiation at this stage; if the embryo sur-
vives, it grows normally in utero and afterward. 
Few, if any, abnormalities are produced by irradi-
ation at this stage. The International  Commission 
on Radiological Protection (ICRP) Publication 103 
 confi rms embryonic susceptibility to the lethal ef-
fects of irradiation in the preimplantation  period 
of embryonic development, but suggests that at 
doses less than 100 milligrays (mGy), such lethal 
effects will be very infrequent in the human.
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FIGURE 12.1  Incidence of abnormali-
ties and of prenatal and neonatal death in 
mice given a dose of about 2 Gy of x-rays 
at various times after fertilization. The lower 
scale consists of Rugh’s estimates of the 
equivalent stages for the human embryo. 
(Data from Russell LB, Russell WL. An analy-
sis of the changing radiation response of 
the developing mouse embryo. J Cell Physiol. 
1954;43[suppl 1]:130–149.)
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in Figure 12.2 for rats exposed to about 1 Gy. 
 During organogenesis, most of the embryonic 
cells are in their blastula or differentiating stage 
and are particularly sensitive. This corresponds to 
the period in the human at which the tranquilizer 
thalidomide produced such disastrous effects (i.e., 
at about 35 days after conception), and it is also 
the time of maximum risk of deleterious effects 
from the rubella virus.

Examples of gross anomalies resulting from 
irradiation during the period of organogenesis are 
shown in Figures 12.4 and 12.5. It is characteristic 
of mice and rats that various structural malforma-
tions are seen. The production of a specifi c de-
fect is associated with a defi nite time during this 
period of organogenesis, usually the time of the 
fi rst morphologic evidence of differentiation in 
the organ or portion of the organ involved. On 
the basis of animal experiments, there appears 
to be a dose threshold of about 100 mGy for the 
induction of malformations during organogen-
esis, so that for practical purposes, the risks of 

Thus, the irradiated preimplanted embryo 
that survives grows normally, that is, there is an 
“all-or-nothing” effect of radiation because if 
the number of cells in the conceptus is small and 
their nature is not yet specialized, the effect of 
damage to these cells is most likely to take the 
form of a failure to implant or an undetected 
death of the conceptus. This is illustrated in the 
remarkable pictures produced by Pedersen and 
reproduced in Figure 12.3. If too many cells are 
killed by irradiation, the embryo dies and is re-
sorbed. If only a few cells are killed, one or two 
cell divisions can make good the damage.

Organogenesis
During organogenesis, the principal effect of ra-
diation in small rodents is the production of vari-
ous congenital anomalies of a structural nature. As 
seen in Figure 12.1, a dose of about 2 Gy of x-rays 
to the mouse embryo during the period of maxi-
mum sensitivity can result in a 100% incidence 
of malformations at birth. A similar result is seen 
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FIGURE 12.2  Relative incidence of congenital malformations in the rat after an x-ray exposure of about 1 Gy 
delivered at various stages during gestation. The control incidence in this species is about 2%, indicated by the 
arrow on the right. The incidence of malformation after irradiation before the 8th day is not detectably different 
from controls. A large incidence, approaching 100%, occurs if the radiation is delivered during early organogenesis, 
corresponding to the 2nd through 4th week of a human pregnancy. The number of malformations produced falls 
off rapidly as organogenesis diminishes, although some organogenesis of the central nervous system continues 
to term. During the fetal stage, a dose of about 1 Gy causes an irreversible loss of cells that is expressed as growth 
retardation persisting to adulthood. The asterisk shows the stage of implantation at which radiation causes growth 
retardation that is expressed as a decrease in weight at term. (From Brent RL, Ghorson RO. Radiation exposure in 
pregnancy. Curr Probl Radiol. 1972;2:1–48, with permission.)
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FIGURE 12.3  During preimplantation, the em-
bryo consists of a limited number of cells. A: Newly 
fertilized mouse egg. B: By the 3rd day, the mouse 
embryo consists of only 16 cells. About 5 days after 
conception in the mouse, which corresponds to 
about 9 or 10 days in the human, the embryo be-
comes embedded in the wall of the uterus, and at 
about this time, cells begin to differentiate to form 
specifi c tissues and organs. (Courtesy of Dr. Peder-
sen, University of California at San Francisco.)

 malformations in the human, for doses well below 
100 mGy, would not be expected (ICRP 103).

Embryos exposed during early organogenesis 
also exhibit the greatest intrauterine growth re-
tardation. This is expressed as a weight reduction 
at term and is a phenomenon resulting from cell 
depletion. Animals show a remarkable ability to 
recover from the growth retardation produced by 
irradiation during organogenesis, and although 
they may be smaller than usual at birth, they 
may achieve a normal weight as adults. There 
is an  association between growth retardation 
and teratogenesis: Irradiated embryos that show 
major congenital anomalies also suffer an overall 

 reduction of growth. In animals, a dose of about 
1 Gy of x-rays produces growth retardation if de-
livered at any stage of gestation (except during 
preimplantation); 0.25 Gy does not produce an 
observable effect, even at the most sensitive stage.

If death occurs because of irradiation in or-
ganogenesis, it is likely to be neonatal death—
occurring at or about the time of birth. The 
transition from prenatal death from irradia-
tion mainly during preimplantation to neonatal 
death resulting from irradiation mainly in or-
ganogenesis is very clear from Figure 12.1. The 
neonatal deaths peak at 70% for mice receiving 
about 2 Gy on about the 10th day.
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The Fetal Period
The remainder of pregnancy, the fetal period, 
extends from about day 13 onward in the mouse; 
this corresponds to about 6 weeks onward in the 
human. Various effects have been documented in 
the experimental animal after irradiation during 
the fetal stages, including effects on the hema-
topoietic system, liver, and kidney, all occurring, 

however, after relatively high radiation doses. 
The effects on the developing gonads have been 
documented particularly well, both morphologi-
cally and functionally. There appears at present 
to be little correspondence between the cellular 
and functional damage as a function of dose, but 
doses of a few tenths of a gray as a  minimum are 
necessary to produce fertility changes in various 

FIGURE 12.4  Litter from a female mouse irradiated with x-rays during organogen-
esis and sacrifi ced at 19 days. Several anomalies are demonstrated in this litter. There 
are four resorbed embryos (bottom) and fi ve fetuses that would have been born alive 
(top). From left to right, the fi rst shows exencephaly; the second, exencephaly and evis-
ceration; the third is apparently normal; and the remaining two are anencephalics with 
stunting. (Photograph by Dr. Roberts Rugh.)

FIGURE 12.5  Two rats from the same litter exposed to a dose of about 1 Gy of 
 x-rays 9.5 days after  conception. The rat on the left has a normal right eye and microph-
thalmus of the left. The rat on the right shows anophthalmia of both eyes. (From Rugh 
R, Caveness WF, Duhamel L, Schwarz GS. Structural and functional [electroencephalo-
graphic] changes in the post-natal mammalian brain resulting from x-irradiation of the 
embryo. Mil Med. 1963;128:392–408, with permission.)
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from the hypocenter and received negligibly 
small doses. It is of interest to note that there 
was no catch-up growth because the smallness 
in head size was maintained into adulthood. 
The principal effects of irradiation in utero of 
the Japanese at Hiroshima and Nagasaki are 
small head size (microcephaly) and mental re-
tardation. Figure 12.6 is one of the few photo-
graphs available of young Japanese adults who 
had been exposed in utero to radiation from the 
atomic bomb and whose head circumference is 
evidently smaller than normal. The prevalence 
of small head diameter and mental retardation 
has been evaluated in persons exposed in utero 
to the A-bombs in Japan. The study involved 
about 1,600 exposed children of whom about 62 
had small heads and 30 showed clinically severe 
mental retardation.

 1. Microcephaly. A signifi cant effect of radiation on 
the frequency of small heads is observed only 
in the periods 0 to 7 and 8 to 15 weeks postovu-
lation. No signifi cant excess was seen among 
persons exposed at 16 weeks or more. The pro-
portion of exposed persons with microcephaly 
increases with dose, and there is little evidence 
for a threshold in dose (Fig. 12.7). As pointed 
out earlier,  radiation-related small head size is 
related to a generalized growth retardation, in-
cluding reduced height and weight.

animal species. The effects of radiation on hu-
mans were discussed in more detail in  Chapter 11.

Much higher doses of radiation are required 
to cause lethality during this period than at 
 earlier stages of development, although the ir-
radiated early fetus exhibits the largest degree of 
permanent growth retardation, in contrast to the 
embryo in early organogenesis, which exhibits 
the most temporary growth retardation, which is 
evident at term but from which the animal is able 
to recover later.

■ EXPERIENCE IN HUMANS

Information on the irradiation of human con-
cepti comes from two major sources: studies of 
atomic bomb survivors in Japan and medical 
 exposures (particularly therapeutic irradiations), 
especially during the early part of the century, 
when hazards were not yet fully appreciated. 
These will be discussed in turn.

Survivors of the A-Bomb Attacks on 
 Hiroshima and Nagasaki Irradiated 
In Utero
The growth to maturity of children exposed in 
utero at Hiroshima and Nagasaki has been studied 
carefully. There are diffi culties associated with the 
dosimetry, but the conclusions have far-reaching 
implications.

Data on the children exposed in utero in 
 Hiroshima and Nagasaki show too few individu-
als who were younger than 4 weeks of gestational 
age at the time the bomb was dropped. This de-
fi ciency presumably results from increased fetal 
loss or infant mortality rate. This stage of devel-
opment is so early that damage to a single cell or 
group of cells is likely to impair the function of 
all the progeny cells and leads to death of the em-
bryo. In accord with this reasoning is the obser-
vation that no birth defects were found  because 
of irradiation before 15 days of gestational age. 
This is in accord with the experimental data for 
rats and mice in which exposure during preim-
plantation had an all-or-nothing effect: death of 
the embryo or normal development.

Exposure to radiation resulted in growth re-
tardation (Table 12.1). Children exposed as em-
bryos closer than 1,500 m to the hypocenter of 
the atomic explosion were shorter, weighed less, 
and had head diameters signifi cantly smaller 
than children who were more than 3,000 m 

TABLE 12.1 Growth Retardation at 
Hiroshima from In Utero 
Irradiation:a  Comparison 
of Those Exposed within 
1,500 mb of the Hypocenter 
with Those More than 3,000 m 
from the Hypocenter

Height 2.25 cm shorter

Weight 3 kg lighter

Head diameter 1.1 cm smaller
a80% of 1,613 children exposed in utero followed to age 
17 years.
bAverage kerma, 0.25 Gy.

Data from Committee on the Biological Effects of 
 Ionizing Radiations. The Effects on Populations of Exposure 
to Low Levels of Ionizing Radiation. Washington, DC: 
 National Academy of Sciences; 1980.
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and absorbed dose for this most sensitive 
 period. The  relationship appears to be linear, 
and the data are consistent with a probability 
of occurrence of mental retardation of 40% at 
a dose of 1 Gy. The data are clearly consistent 
with a threshold in dose because the incidence 
of severe mental retardation at the two lower 
doses in Figure 12.8 is not statistically signifi -
cant. A dose threshold is also  consistent with 
the presumed deterministic nature of mental 
retardation that would require the killing of 
a minimum number of cells to be manifest. 
ICRP Publication 90 (2003) offers the view 
that the induction of severe mental retarda-
tion during this most sensitive period has a 
threshold of at least 0.3 Gy, with the absence 
of risk at lower doses.

Microcephaly and mental retardation differ 
somewhat in the gestational ages at which they 
occur. Both occur in the 8- to15-week period, but 
in the earlier period (0–7 weeks), microcephaly 
appears without mental retardation, whereas in 

 2. Mental retardation. A child was deemed to 
be severely retarded if he or she was “un-
able to perform simple calculations, to make 
simple conversation, to care for himself or 
herself, or if he or she was completely un-
manageable or has been institutionalized.” 
Most of these children were never enrolled 
in public schools, but among the few who 
were, the highest IQ was 68. In all, 30 chil-
dren were judged to be severely mentally 
retarded; in 5 of these children, causes other 
than  radiation were considered likely, includ-
ing Downs syndrome, neonatal jaundice, en-
cephalitis, or birth trauma. Nevertheless, the 
 remaining number represents an  incidence 
far higher than normal. Severe mental re-
tardation was not observed to be induced by 
 radiation before 8 weeks after conception or 
after 25 weeks. The most sensitive period 
is 8 to 15 weeks after conception; for expo-
sure during weeks 16 to 25, the risk is four 
times smaller. Figure 12.8 shows the relation 
between the incidence of mental retardation 

FIGURE 12.6  One of the few photographs avail-
able of Japanese youths with reduced head circum-
ference as a result of radiation exposure in utero from 
the atomic bombs. (From Committee for the Compi-
lation of Materials on Damage Caused by the Atomic 
Bomb in Hiroshima and Nagasaki. Hiroshima and 
 Nagasaki: The Physical, Medical, and Social Effects of 
the Atomic Bombings. New York, NY: Basic Books; 1981, 
with permission.)
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FIGURE 12.7  Proportion of exposed persons with 
small head sizes as a function of dose and gestational 
age. (Redrawn from the data of Otake M, Schull WJ. 
Radiation-related small head size among prenatally 
exposed A-bomb survivors. Int J Radiat Biol. 1993;63:
255–270.)
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the later period (16–25 weeks), mental retarda-
tion is observed in the absence of microcephaly. 
The highest risk of mental retardation occurs 
at a gestational age at which the relevant tissue, 
that is, the brain cortex, is being formed. It is 
thought to be associated with impaired prolif-
eration, differentiation, and, most of all, migra-
tion of cells from their place of birth to their 
site of function. Cells killed before 8 weeks 
of gestation can cause small head size without 
mental retardation because the neurons that 
lead to the formation of the cerebrum are at a 
stage not yet sensitive to impairment by radia-
tion. Glial cells that provide structural support 
for the brain are, however, susceptible to deple-
tion. Magnetic resonance images of persons ir-
radiated in utero at 8 to 15 weeks of gestation 
show evidence of massive impairment of cells 
to migrate from proliferative zones. A typical 
distribution of gray matter is often seen in pa-
tients with spontaneous mental retardation, but 
it is usually unilateral; that caused by radiation 
exposure is bilateral.

Although severe mental retardation requir-
ing the children to be institutionalized has been 
known for many years in those exposed in utero 
at Hiroshima, later studies have shown mental 
impairment of less severity, indicated by IQ 
test scores. For irradiation during the sensitive 
period of 8 to 15 weeks after conception, the 
observed shift in intelligence test scores cor-
responds to about 25 IQ points per Gy. ICRP 
regards these data as more diffi cult to interpret 
than the severe mental retardation data, and the 
possibility of a nonthreshold response cannot 
be ruled out. However, even in the absence of a 
true dose threshold, any effects on IQ  following 

in utero doses less than about 0.1 Gy would be 
of no practical signifi cance (ICRP Publication 
No. 103, 2003).

Exposure to Medical Radiation
A relationship between microcephaly and x- 
irradiation during intrauterine life has been 
recognized since Goldstein and Murphy fi rst 
focused attention on the subject in 1929. The 
numbers are small and the doses are not known 
with any certainty, although most were in the 
therapeutic range. Microcephaly was reported 
as well as mental retardation and various de-
fects, including spina bifi da, bilateral clubfoot, 
ossifi cation defects of the cranial bones, defor-
mities of the upper extremities, hydrocephaly, 
alopecia of the scalp, divergent squint, and 
blindness at birth.

Dekaban surveyed the literature for instances 
of pelvic x-irradiation in pregnant women. Based 
on the available data, the following generaliza-
tions were proposed:

 1. Large doses of radiation (2.5 Gy) delivered 
to the human embryo before 2 to 3 weeks of 
gestation are not likely to produce severe ab-
normalities in most children born, although a 
considerable number of the embryos may be 
resorbed or aborted.

 2. Irradiation between 4 and 11 weeks of ges-
tation would lead to severe abnormalities of 
many organs in most children.

 3. Irradiation between 11 and 16 weeks of ges-
tation may produce a few eye, skeletal, and 
genital organ abnormalities; stunted growth, 
microcephaly, and mental retardation are fre-
quently present.
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FIGURE 12.8  The frequency of mental retarda-
tion as a function of dose among those exposed in 
utero to atomic bomb radiation. The data are pooled 
from  Hiroshima and Nagasaki for those exposed at 8 
to 15 weeks gestational age. The vertical bars represent 
the 90% confi dence intervals. There was no risk at 0 to 
8 weeks after conception, and for exposure at later pe-
riods during gestation (16� weeks), the excess is barely 
signifi cant even at the higher doses. (Adapted from 
Otake M, Schull WJ. In utero exposure to A-bomb radia-
tion and mental retardation: a reassessment. Br J Radiol. 
1984;57:409–414, with permission.)
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the atomic bomb attacks is microcephaly with 
or without mental retardation, and this begins 
in the 8th week, that is, after the period clas-
sically described as organogenesis. The wide 
array of congenital malformations found in 
rats and mice irradiated  during organogenesis 
(and in humans in medical exposures) was not 
reported in the Japanese survivors. Much has 
been made of this difference. On the one hand, 
it has been suggested that the gross structural 
deformities in Japan simply were not recorded 
in the chaos that followed the dropping of the 
atomic bombs. On the other hand, it is argued 
that humans differ from rats and mice in that 
the period of susceptibility to a wide array of 
 congenital malformations (i.e., during organo-
genesis) is short compared with the period dur-
ing which mental retardation can be induced. 
Because the number of children involved is 
quite small, it might be expected that effects 
on the central nervous system, which is devel-
oping over a larger period, would dominate. 
The situation is different in laboratory ani-
mals: Their susceptibility to radiation-induced 
small head size is of similar duration to that for 
the induction of other deformities. The data 
from patients exposed to therapeutic doses of 

 4. Irradiation of the fetus between 16 and 25 weeks 
of gestation may lead to a mild degree of mi-
crocephaly, mental retardation, and stunting of 
growth.

 5. Irradiation after 30 weeks of gestation is not 
likely to produce gross structural abnormali-
ties leading to a serious handicap in early life 
but could cause functional disabilities.

■  COMPARISON OF HUMAN AND 
ANIMAL DATA

Figure 12.9 is an attempt to summarize the data 
for the effects of radiation on the developing em-
bryo and fetus, comparing the information from 
animals and human A-bomb survivors.

Exposure to radiation during preimplan-
tation leads to a high incidence of embryonic 
death, but embryos that survive develop nor-
mally. This has been shown clearly in experi-
ments with both rats and mice and is consistent 
with the data from Japan. In animals, irradiation 
during organogenesis leads to neonatal death, 
temporary growth retardation, and, above all, 
a wide range of malformations affecting many 
different limbs and organs. By contrast, the 
principal effect in the Japanese survivors of 

Gestation (weeks)

3020106210 4 8

Fetal periodOrganogenesis
Preimplan-

tation

Prenatal
death

Permanent growth retardation

Microcephaly and general growth retardation

15 25 Birth

Animal
studies

Japanese
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FIGURE 12.9  Chart illustrating the similarities and differences between data from small 
laboratory animals and data from the Japanese survivors of the atomic bomb attacks. The 
gestation weeks are for the human; the equivalent gestation periods have been matched 
for animal studies. Both sets of data indicate that irradiation early in gestation may result in 
the death of the embryo but that malformations do not occur. The animal data show a high 
incidence of a wide spectrum of malformations during organogenesis. The principal fi nding 
in the Japanese is microcephaly, which occurred up to 15 weeks, and mental retardation, 
which occurred most frequently following irradiation at 8 to 15 weeks of gestation and, to a 
lesser extent, at 16 to 25 weeks.
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Table 12.3. Of 7,649 children who died of leu-
kemia or childhood cancers, 1,141 had been x-
rayed in utero. Of an equal number of controls 
who did not develop childhood cancer, only 774 
had been irradiated prenatally. The irradiated 
children received one to fi ve fi lms, with a fetal 
dose per fi lm of 4.6–2 mGy; however, the esti-
mated doses are uncertain and probably  varied 

medical radiation show a range of congenital 
malformations that more closely mirrors the 
animal results, although the numbers are small 
and the doses are high. To be on the safe side, 
it must be assumed that the entire period of 
gestation from about 10 days to 25 weeks is 
sensitive to the induction of malformations by 
radiation.

Table 12.2 summarizes the lowest doses at 
which effects on the embryo and fetus have 
been observed. This table summarizes the con-
clusions of the third report of the Committee 
on the Biological Effects of Ionizing Radiation 
(BEIR III). Readily measurable damage can be 
observed at doses less than 0.1 Gy delivered at 
sensitive stages of gestation. The principal ab-
normalities produced by radiation are almost 
certainly the consequence of damage to many 
cells (i.e., deterministic effects) and, therefore, 
would be consistent with a threshold in dose. 
There is also some indication of this in the data 
for mental  retardation.

■  CANCER IN CHILDHOOD AFTER 
IRRADIATION IN UTERO

The Oxford Survey of Childhood Cancers, published 
by Stewart and Kneale in the 1950s, suggested an 
association between the risk of cancer, principally 
leukemia, up to 15 years of age and exposure in 
utero to diagnostic x-rays. This was a retrospec-
tive case-controlled study and is  summarized in 

TABLE 12.3 Childhood Cancer and 
 Irradiation In Utero

Number of children with 7,649
 leukemia or cancer before 
 age 10 years

Number x-rayed in utero 1,141

Number of matched controls 7,649

Number of controls irradiated 774
 in utero

Number of fi lms 1–5

Fetal dose per fi lm 4.6–2 mGy

Relative cancer risk estimate 1.52
 assuming radiation to be the
 causative agent

Based on Stewart A, Kneale GW. Radiation dose effects 
in relation to obstetric x-rays and childhood cancer. 
Lancet. 1970;1:1185–1188.

TABLE 12.2 Minimum Doses at Which  Effects on the Embryo and Fetus Have Been Observed

Animal data

Oocyte killing (primates) 50% lethal dose at 0.5 Gy

Central nervous system damage (mouse) Threshold at 0.1 Gy

Brain damage and behavioral damage (rat) Threshold at 60 mGy

Human data

Small head circumference Air kerma, 0.1–0.19 Gy

Summary Fetal dose, 0.06 Gy

Readily measurable damage caused by doses less than 0.1 Gy 
 (acute exposure)  delivered at sensitive stages

Summarized from Committee on the Biological  Effects of lonizing Radiation. The Effects on Populations of  Exposure to 
Low Levels of Ionizing Radiation. BEIR III. Washington, DC: National Academy of Sciences; 1980.
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advisability of changing or curtailing duties to 
limit exposure.

■  THE PREGNANT OR POTENTIALLY 
PREGNANT PATIENT

Most practicing radiologists at some time in 
their careers are faced with a patient who has dis-
covered in retrospect that she was pregnant at a 
time when extensive x-ray procedures were per-
formed involving the pelvis or lower abdomen.

The only completely satisfactory solution to 
this problem is to ensure that the situation never 
occurs in the fi rst place. Patients should always 
be asked if they are, or may be, pregnant, and in 
the case of procedures involving larger doses of 
radiation to the pelvis, a pregnancy test may be 
in order.

Despite the best-laid plans and the most care-
ful precautions, there still are occasional instances 
in which, because of clinical urgency or unusual 
accident, an early developing embryo is exposed 
to a substantial dose of radiation amounting to 
several tens of millisieverts or more. The fi rst 
step in evaluating whether or not damage may 
have been done to the embryo is to estimate the 
dose involved. It is sometimes useful to solicit 
the help of an experienced medical physicist to 
make measurements in a phantom after carefully 
reconstructing the setup that was used. No dose 
level can be regarded as completely safe. Con-
genital abnormalities occur in 5% to 10% of the 
human population anyway, so it is impossible in 
retrospect to attribute a given anomaly to a small 
dose of radiation received by an embryo or fetus. 
All that can be said is that radiation increases the 
probability of an anomaly and that this increase is 
a function of dose.

Doses less than about 100 mSv during pre-
implantation and organogenesis, and perhaps 
200 mSv during the fetal period pose a low 
risk of deleterious effects, except the very small 
possibility of carcinogenesis, which is diffi cult to 
quantify. Much higher doses than this to the de-
veloping embryo or fetus may be justifi cation for 
considering a therapeutic abortion. Not every-
one would agree with this view, but if the dose 
involved is suffi ciently large, it may be prudent 
to consider the relative merits of terminating 
the pregnancy in consultation with the refer-
ring physician as well as with the patient and her 
 family.

over the period of the study. A subsequent study 
in New England by MacMahon also reported an 
association between prenatal x-rays and child-
hood leukemia.

This subject has been the source of great 
controversy for many years. No one seriously 
doubts the association between in utero irradia-
tion and childhood cancer; the debate is whether 
the radiation is causative or whether it involves 
the selection of a particular group of children 
prone to cancer.

In a careful paper in 1997, Doll and Wakeford 
summarized all of the studies of in utero exposure 
and came to the following conclusions:

■ Low-dose irradiation of the fetus in utero 
causes an increased risk of childhood malig-
nancies. Most of the data refer to exposure in 
the third trimester.

■ An obstetric x-ray examination results in a 
40% increase in the risk of childhood cancer 
over the spontaneous level.

■ Radiation doses of around 10 mGy increase 
the risk.

■ The excess absolute risk is about 6% per Gy.
■ These risk estimates are highly uncertain ex-

cept to say that they are not zero.

In a later (2003) paper, Wakeford and  Little 
compared the risk of childhood cancer per 
unit dose of radiation received in utero for the 
 obstetric x-ray examinations and the  Japanese 
 A-bomb survivors. They concluded that once 
all sources of uncertainty are taken into  account, 
the risks are not inconsistent, which supports a 
causal explanation for the cancers seen in the 
Oxford survey.

■  OCCUPATIONAL EXPOSURE OF 
WOMEN

The National Council on Radiological Protection 
and Measurements in its NCRP Report 116 recom-
mends a monthly limit of 0.5 mSv to the embryo 
or fetus once pregnancy is declared. This recom-
mendation is designed to limit the risk of mental 
retardation, congenital malformations, and car-
cinogenesis. NCRP no longer recommends spe-
cifi c controls for occupationally exposed women 
until a pregnancy is declared. Once a pregnancy 
is declared, the radiation worker should be inter-
viewed by the radiation safety offi cer or the chair 
of the radiation safety committee to discuss the 
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■ The effects depend on the stage of gesta-
tion, the dose, and the dose rate.

■ Gestation is divided into preimplantation, 
organogenesis, and the fetal period. In hu-
mans, these periods correspond to about 0 
through 9 days, 10 days through 6 weeks, 
and 6 weeks through term, respectively.

■ The principal effects of radiation on the 
developing embryo and fetus, aside from 
cancer, are embryonic, fetal, or neonatal 
death; congenital malformations; growth 
retardation; and functional impairment, 
such as mental retardation.

■ Irradiation during preimplantation leads to 
potential death of the embryo. At doses less 
than 100 mGy, such lethal effects will be 
infrequent in humans. Growth retardation 
or malformations are not seen in animals 
from irradiation at this time. The human 
data are consistent with this  conclusion.

■ In animals, embryos exposed to radiation 
in early organogenesis exhibit the most se-
vere intrauterine growth retardation, from 
which they can recover later (i.e., tempo-
rary growth retardation). Irradiation in the 
fetal period leads to the greatest degree of 
permanent growth retardation.

■ In animals, lethality from irradiation varies 
with stage of development. The embryonic 

There are several factors to consider in con-
junction with the dose. These include the haz-
ard of the pregnancy to the expectant mother, 
the probability of future pregnancies, the ex-
tent to which the prospective parents want the 
 unborn infant, their mental outlook on the 
possibility of a deformed child, and the  ethnic 
and religious background of the family. The 
exact dose level at which it is justifi able to ter-
minate the pregnancy may be fl exible within 
broad limits around the guideline  fi gure, de-
pending on a combination of these other 
circumstances.

There are special problems involved in the 
use of nuclear medicine procedures in pregnant 
or potentially pregnant females. This is particu-
larly true in the case of radionuclides that are 
able to cross the placenta. This topic is discussed 
in Chapter 16.

Table 12.4 is a historical summary of events 
in our gradual understanding of radiation effects 
on the developing embryo and fetus.

SUMMARY OF 
PERTINENT CONCLUSIONS

■ Doses that have little effect on adults can 
produce catastrophic effects on the devel-
oping embryo and fetus.

TABLE 12.4 Major Events in Understanding Effects of Radiation on the Developing 
Embryo and Fetus

Investigators  Year Observations

Goldstein and Murphy 1929 Various abnormalities, including mental retardation and small
    head diameter in children born to mothers who received 

pelvic radiation therapy during pregnancy

Job et al. 1935 Recognition that different periods of gestation differ in 
   radiosensitivity

Russell 1950 Nature of developmental abnormality determined by 
   gestational age at exposure

Russell and Russell 1952 Clinical implications of irradiation in pregnancy

Plummer 1952 Mental retardation and microcephaly observed in children of
   atomic bomb survivors

Stewart and Kneale 1952 Leukemia and childhood cancer in children irradiated in 
   utero with diagnostic x-rays

Otake and Schull 1984 Mental retardation caused by irradiation at 8–15 weeks of 
   pregnancy in Japanese survivors
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 although there are particular uncertainties 
concerning the risk involved.

■ The original study of diagnostic x-ray ex-
posure in utero and subsequent malignan-
cies, principally leukemia, was done by 
Stewart and Kneale at Oxford University, 
but the same association was observed in 
the United States by MacMahon. If x-
rays are the causative agent, these studies 
imply that radiation at low doses in utero 
increases the spontaneous cancer incidence 
in the fi rst 10 to 15 years of life by 50%—
that is, by a factor of 1.5.

■ It has been argued for years whether radia-
tion is the causative agent or whether there 
are other factors involved, such as the se-
lection of a particular group of children 
prone to cancer.

■ Doll and Wakeford in 1997 summarized 
all of the evidence for and against and 
concluded that an obstetric x-ray exami-
nation, particularly in the third trimester, 
increased the risk of childhood cancer by 
40%. The risk is increased by a dose of 
only 10 mGy. The excess absolute risk is 
about 6% per Gy, which is not very differ-
ent from the risk estimates from the atomic 
bomb survivors for adult exposure.

■ Until a pregnancy is declared, no special 
 limits apply to women other than those ap-
plicable to any radiation worker. Once a 
pregnancy is declared, the maximum permis-
sible dose to the fetus is 0.5 mSv per month.

■ Once a pregnancy is declared, the duties of 
a radiation worker should be reviewed to 
ensure that this limit is not exceeded.

■ A suffi ciently large dose to the embryo or 
fetus during the sensitive period of gesta-
tion (10 days to 25 weeks) may be justifi ca-
tion for considering a therapeutic abortion 
to avoid the possibility of an anomalous 
child. Not everyone would agree with this, 
and the decision to terminate a pregnancy 
should be fl exible and must depend on 
many factors in addition to dose.
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tens of milligray (mGy) of x-rays or a fraction of 
1 mGy of fast neutrons produces readily discern-
ible changes in the lens. As the dose is increased, 
the latent period (i.e., the time that elapses before 
an opacity of given severity is evident) becomes 
shorter. Put another way, radiation advances in 
time, a process that occurs normally late in life.

Neutrons and other densely ionizing radia-
tions are very effective at inducing cataracts, as 
evidenced by several physicists and engineers 
who developed cataracts as a result of working 
around high-energy accelerators in the early 
days before safety procedures were introduced. 
The relative biologic effectiveness (RBE) of fast 
neutrons is a strong function of dose, with a 
value of about 10 pertaining to high-dose levels 
on the order of several grays relative to x-rays, 
but rising to 50 or more for small doses of less 
than 10 mGy. Worgul and his associates have 
reported similar RBEs for lens damage in rat 
eyes exposed to accelerated heavy ions. The in-
crease in RBE at low doses is caused largely by 
the sharply declining effectiveness of x-rays with 
decreasing dose, rather than an increase in effect 
per unit dose of neutrons or charged particles.

■ CATARACTS IN HUMANS

Radiologists have known for many years that 
the lens of the eye may be damaged by radia-
tion. A study of patients treated with x- or  �-rays 
in which a proportion of the dose reached the 
eye has provided some insight into radiation 
 cataractogenesis in humans. Figure 13.2 shows 
a typical cataract in a patient who had under-
gone radiotherapy. An early radiation cataract 
viewed through an ophthalmoscope may appear 

■ CATARACTS OF THE OCULAR LENS

The word cataract is used to describe any de-
tectable change in the normally transparent lens 
of the eye. The effect may vary from tiny fl ecks 
in the lens to complete opacifi cation, resulting 
in total blindness. Cataracts are usually associ-
ated with old age or, less commonly, with some 
abnormal metabolic disorder, chronic ocular 
infection, or trauma. It is also well known that 
suffi cient exposure to ionizing radiations (such as 
x- or �-rays, charged particles, or neutrons) may 
cause a cataract.

The ocular lens is enclosed in a capsule 
(Fig. 13.1); the lens itself consists largely of fi ber 
cells and is covered with an epithelium  anteriorly. 
The lens has no blood supply. Dividing cells are 
limited to the preequatorial region of the epithe-
lium. The progeny of these mitotic cells differ-
entiate into lens fi bers and accrete at the equator.

Cell division in the lens continues through-
out life, but it is a most curious cellular system 
in that there is no mechanism for cell removal. 
If dividing cells are injured by radiation, the re-
sulting abnormal fi bers are not removed from 
the lens but migrate toward the posterior pole; 
because they are not translucent, they constitute 
the beginning of a cataract.

■  LENS OPACIFICATION IN 
 EXPERIMENTAL ANIMALS

Some species of animals, especially the mouse, 
are very sensitive to radiation as far as lens 
opacifi cation is concerned. A large proportion 
of a mouse population naturally develop opaci-
fi cations as they become older. A dose of a few 
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person with a radiation history strongly suggests 
radiation as the causative agent. Similarly, an ab-
sence of this sequence of events would exclude 
radiation as a cause. In other words, although it is 
never possible to state unequivocally that a given 
cataract is radiation induced, it is possible to say 
with some certainty that some cataracts—for ex-
ample, nuclear cataracts—do not have a  radiation 
etiology. Depending on the dose, the cataract fre-
quently remains stationary at this stage, confi ned 
to the posterior subcapsular region. If it continues 
to progress, it becomes nonspecifi c and cannot be 
distinguished from other types of cataracts.

■ THE DEGREE OF OPACITY

Figure 13.3 shows the system of cataract clas-
sifi cation devised in the 1950s by Merriam and 
Focht. The accumulation of some opaque fi bers 
at the posterior pole is labeled a 1� cataract; as 
the severity of this opacity increases and some 
impaired fi bers show up in the anterior part of 
the lens, the score edges up progressively to 4�.

The severity of the cataract can be assessed 
quantitatively and objectively by using the 
Scheimpfl ug imaging system. This device pro-
vides a distortion-free digitized image for den-
sitometric analysis of the cataract. Figure 13.4 
shows a cross section of the lens of one of the 
“liquidators” who worked on the roof of the re-
actor at Chernobyl and accumulated a signifi cant 

as a dot, usually situated at the posterior pole. 
As it enlarges, small granules and vacuoles ap-
pear around it. With further enlargement, to the 
point at which the opacity is several millimeters 
in diameter, it may develop with a relatively clear 
center, so that it is shaped like a doughnut. At the 
same time, granular opacities and vacuoles may 
appear in the anterior subcapsular region, usually 
in the pupillary area. This sequence of events is 
not unique to radiation, but its appearance in a 

FIGURE 13.1  Diagram of a sagittal section of a 
human lens, illustrating the various cellular relation-
ships. Cells are produced by mitosis in the germination 
zone (GZ) of the epithelium. They begin to differentiate 
into lens fi bers at the meridional rows (MR) and accu-
mulate at the equator. Cells in the central zone (CZ) do 
not normally divide. (Adapted from Merriam GR, Worgul 
BV.  Experimental radiation cataract: its clinical relevance. 
Bull NY Acad Med. 1983;59:372–392, with permission.)

FIGURE 13.2  Cataract in the pos-
terior subcapsular region 4 years after 
a dose of 24 Gy of x-rays to a patient 
on radiotherapy. (From Merriam GR, 
Worgul BV. Experimental radiation 
cataract: its clinical relevance. Bull 
NY Acad Med. 1983;59:372–392, with 
 permission.)
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of  between 6.51 to 11.5 Gy, the average latent 
period was reduced to about 4 years. This and 
other evidence indicate that the latent  period be-
comes shorter as dose is increased.

■  DOSE–RESPONSE RELATIONSHIP 
FOR CATARACTS IN HUMANS

Both the National Council on Radiation Pro-
tection and Measurements (NCRP) and the 
International Commission on Radiological Pro-
tection (ICRP) have categorized a radiation- 
induced cataract as a “deterministic effect.” That 
is, a cataract is characterized by the following:

■ A threshold in dose below which the effect 
does not occur.

■ The severity of the effect increases with dose 
above the threshold.

■ The effect is thought to be caused by damage 
to many cells.

The threshold suggested by ICRP is 2 Gy, 
delivered in a single exposure, or a larger dose 
(5–8 Gy) for a prolonged or fractionated expo-
sure. These recommendations were based largely 
on early work by Merriam and Focht and others, 
which involved the study of a limited number of 
people (mostly radiotherapy patients) exposed to 
relatively large radiation doses and followed for 
relatively short periods. For example,  Merriam, 
Szechter, and Focht reviewed the case histo-
ries of 233 patients on radiotherapy who re-
ceived radiation to the lens of the eye and for 
whom dose estimates were available. Of these 
patients, 128 developed cataracts, 105 did not. 
Britten and his colleagues reported 14 cases of 

dose. The degree of opacity, measured with the 
Scheimpfl ug system, is shown in the lower panel.

■ THE LATENT PERIOD

Time to onset of clinically relevant disabling 
opacities ultimately requiring cataract  extraction 
surgery is variable, but in general dose related; 
the latency gets shorter with increasing dose. 
This latency has been reported in the literature 
variously to be from 6 months to more than 
50 years. In radiotherapy patients who had re-
ceived 2.5 to 6.5 Gy to the eye, the average la-
tent period was about 8 years. At higher doses 
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Cataract Classifications

FIGURE 13.3  The system of cataract classifi cation 
devised by Merriam and Focht, illustrating the arbitrary 
numeric scores assigned to progressive severities of 
cataracts. (Courtesy of Dr. Basil Worgul.)
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FIGURE 13.4  Top: Photograph of the 
lens of a “liquidator” who worked on top of 
the reactor at Chernobyl and accumulated a 
substantial radiation dose. Bottom: Degree of 
opacity through the lens measured with the 
Scheimpfl ug imaging system. This equipment 
gives a quantitative and objective assessment 
of the severity of the cataract. The area under 
the curve represents a densitometric reading 
of the lens. The region of greatest opacifi cation 
is under the posterior capsule. (Courtesy of Dr. 
Basil Worgul.)
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These and other recent data call into ques-
tion the classifi cation of an ocular cataract as a 
“deterministic effect,” because  vision-impairing 
cataracts appear following quite low doses of 
 radiation in persons who are exposed at younger 
ages and followed for a suffi ciently long period. 
This view is supported by the unexpected ap-
pearance of cataracts in astronauts, clean-up 
workers from Chernobyl, and radiation tech-
nologists, all of whom received doses well below 
the purported threshold of 2 Gy. Historically, 
radiation-induced cataracts appeared to be de-
terministic if the persons exposed were mature 
adults who survived for a relatively short pe-
riod (e.g., radiotherapy patients in the 1950s). 
In this scenario, it required a dose of several 
grays to produce a vision-impairing cataract 
quickly. It is likely that the standard-setting 
bodies, such as ICRP and NCRP, will revise 
their  recommendations regarding cataracts in 
the near future.

SUMMARY OF 
PERTINENT CONCLUSIONS

■ A cataract is an opacifi cation of the nor-
mally transparent lens of the eye.

■ Dividing cells are limited to the preequa-
torial region of the epithelium. The prog-
eny of these mitotic cells differentiate into 
lens fi bers and accrete at the equator. It is 
the failure of these cells to differentiate 
correctly that leads to a cataract, whether 
spontaneous or radiation induced.

■ A unique feature of the lens is that there is 
no mechanism for the removal of dead or 
damaged cells.

radiation- induced cataracts in 38 patients treated 
with radon gold seed implants for tumors of the 
 eyelid; in 6 of these patients, visual acuity was 
seriously  affected. These cataracts were thought 
to be progressive between 6 and 11 years after 
treatment. Doses were calculated to the center 
of the lens, and it  appeared that 40 Gy produced 
a cataract in all cases, whereas 20 Gy resulted in 
no cataracts at all. In a  parallel series treated by 
superfi cial x-rays, only 1 case of radiation cata-
ract was observed in 57 patients treated; this was 
in the contralateral eye that has received a dose 
of 9.5 Gy in a single exposure, which presumably 
was transmitted through the nose to the opposite 
eye. The lens dose on the treated side that was 
shielded with lead was only 0.16 Gy.

Otake and Schull (1990) analyzed the cataract 
data from the A-bomb survivors and concluded 
that the data were consistent with a threshold of 
about 1.5 Gy; however, their analysis was based 
on data collected in the 1960s (i.e., with a  20-year 
follow-up after the bombings), and principally 
involved persons irradiated as adults.

More recent studies of the A-bomb survi-
vors, involving persons exposed at earlier ages 
and followed for much longer periods until they 
reached the age at which cataracts occur anyway, 
showed that the prevalence of cataracts requiring 
surgery (i.e., vision-impairing cataracts) increase 
signifi cantly with radiation dose, with little sign 
of a threshold in dose, certainly not as large as 
2 Gy (Neriishi et al., 2007).  Figure 13.5 shows 
the relationship between the odds ratio and ra-
diation dose for visually disabling cataracts that 
needed to be removed surgically in the Japanese 
A-bomb survivors. The odds ratio at 1 Gy is 
1.39, which is statistically signifi cant.
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FIGURE 13.5  Odds ratio as a function of 
dose for the induction of a cataract requiring 
surgical lens removal in Japanese A-bomb sur-
vivors. (Adapted from Neriishi K, Nakashima 
E, Minamoto A, et al. Postoperative cataract 
cases among atomic bomb survivors: radia-
tion dose response and threshold. Radiat Res. 
2007;168:404–408, with permission.)
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■ The latent period between irradiation and 
the appearance of a lens opacity is dose 
related. The latency is about 8 years after 
exposure to a dose in the range of 2.5 to 
6.5 Gy.

■ It is never possible to state unequivocally 
that a given cataract is radiation induced; 
however, the appearance of a cataract at the 
posterior pole of the lens in a person with 
a radiation history strongly suggests radia-
tion as the causative agent. On the other 
hand, it is possible to say with some cer-
tainty that some cataracts—for example, 
nuclear cataracts—do not have a radiation 
etiology.

■ Neutrons or heavy ions are very effective 
at producing cataracts. The RBE may be as 
high as 50 or more for small doses.

■ There is evidence of early cataracts in 
 astronauts, particularly those exposed to 
heavy ions.

■ Both ICRP and NCRP classify a radiation-
induced cataract as a deterministic effect, 
with a threshold of 2 Gy for a single acute 
exposure and a larger dose (5–8 Gy) for a 
protracted exposure. This is based on data 
from adults exposed late in life and fol-
lowed for a relatively short period.

■ There is evidence from the A-bomb survi-
vors that much smaller doses of radiation 
increase the incidence of cataracts that need 
to be removed surgically if younger persons 
are exposed and followed until they reach 
the age at which some cataracts appear any-
way in unirradiated persons.
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In the years following the 2001 attack on the 
World Trade Center in New York City, and the 
resulting tension between the Western world 
and militant elements of Islam, there has been 
much talk of the possibility of an attack involving 
radiation and/or radioactive materials.

Several different scenarios are possible, vary-
ing widely in the probability that they will occur 
and will result in very different consequences. 
The various possibilities and the consequences 
are discussed in more detail in the subsequent 
paragraphs.

■  POSSIBLE SCENARIOS FOR 
 RADIOLOGIC TERRORISM

 1. The detonation of a nuclear weapon, in 
or close to a major city. This is considered 
“highly unlikely,” but not impossible because 
several portable “suitcase bombs” are said 
to be missing, following the breakup of the 
former Soviet Union. These weapons might 
perhaps be comparable to the bombs used on 
Hiroshima and Nagasaki that ended World 
War II. If such an event were to take place, 
the consequences would be catastrophic.

 ■  Thousands of people would be killed by 
blast and heat.

 ■  Hundreds to thousands would be killed 
or made ill by the acute radiation syn-
drome (ARS) because of exposure to 
�-rays and neutrons.

 ■  A long-term risk of leukemia and solid 
cancers in those who survive the acute 
effects would result principally because 

of exposure to �-rays and neutrons and 
also to fallout.

 2. An attack on a nuclear power station. It 
is claimed (although, of course, never tested) 
that the nuclear reactor itself is so massively 
built that it would not be destroyed if a jet-
liner, full of fuel, were deliberately fl own into 
it. What may be more vulnerable are the used 
fuel elements, often stored in “swimming 
pool” facilities close to the reactor because, 
to date, no long-term storage facilities are 
in widespread use. An attack of this nature 
is usually considered unlikely, but if it oc-
curred, the huge amount of radioactive mate-
rial in the used fuel elements (with both long 
and short half-lives) would spread over the 
surrounding countryside. The consequences 
might be the following:

 ■  Individual doses are unlikely to be high 
enough to cause the ARS.

 ■  There would be a long-term risk of leu-
kemia and solid cancers in those exposed 
to external radiation or in those ingest-
ing and/or inhaling radioactive material.

 ■  There would certainly be chaos and 
enormous economic loss because cleanup 
would be a long and slow process.

 3. The detonation of a “dirty bomb,” or to 
give its offi cial description, a radiologic 
dispersal device (RDD). This consists of a 
relatively small amount of radioactive ma-
terial attached to a conventional explosive 
material, such as a plastic explosive or even a 
quantity of fertilizer (Fig. 14.1). The  principle 
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example, in the year 2003, British intelligence 
found a diagram illustrating the principle of an 
RDD in Herat, Afghanistan, and concluded 
that Al Qaeda had succeeded in constructing 
a small dirty bomb, although the device was 
never found (Fig. 14.2). The consequences of 
a “dirty bomb” might be as follows:

 ■  It is unlikely that any person will receive 
a dose of radiation suffi cient to cause 
the ARS.

 ■  The most likely scenarios would be a small 
number of persons contaminated with ra-
dioactive materials, either on their clothes 
and skin, or inhaled or ingested. The possi-
bility of a minimal long-term risk of leuke-
mia or solid cancers could not be ruled out.

 ■  The certain consequence would be chaos, 
psychological terror, and widespread fear.

 4. Hidden radiation exposure device (RED). 
An alternative to the “dirty bomb” would be to 
place a �-emitting source, such as  cesium-137, 
in a locker or garbage can in a busy public 
place, such as Grand Central Station, and 
then make a public disclosure of its presence 
some days or weeks later. In the intervening 
period, thousands of people passing close by 
may have been exposed to a dose of radiation. 
Like the “dirty bomb,” the probability of an 
RED is considered to be “highly likely.” The 
consequences of an RED are as follows:

 ■  Fear and psychological chaos
 ■  Unlikely that any person would receive 

suffi cient radiation to result in the ARS
 ■  Very small long-term possibility of  radiation-

induced malignancies

is that the conventional explosive material 
scatters the radioactive material over a wide 
area. Ideally, the radioactive material should 
be vaporized, but in practice, this is diffi cult 
to achieve except perhaps for cesium-137.

   The probability of a “dirty bomb” is consid-
ered to be “highly likely”; indeed, some wonder 
why such an event has not yet occurred. For 

Time fuse

Detonator

Radioactive
material

Conventional
explosive

(e.g., fertilizer,
semtex)

FIGURE 14.1  A radioactive dispersal device (RDD), 
commonly known as a “dirty bomb,” consists simply of a 
small amount of radioactive material attached to a con-
ventional explosive material, such as Semtex or even 
fertilizer. When the explosive material is detonated, the 
radioactive material is scattered over a wide area.

FIGURE 14.2  Diagram of a “dirty bomb” 
discovered in 2003 by British intelligence in 
Afghanistan. It was assumed that Al Qaeda 
had succeeded in constructing a small “dirty 
bomb,” but the device was never found.
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thousand  becquerels) of americium-241, which 
is an �-emitter, only dangerous if inhaled or in-
gested. Imagine the chaos if these were dispersed 
in a crowded public place.

Second, moisture density gauges, used in 
the laying of tarmacadam on road surfaces, con-
tain small amounts of americium-241 and ce-
sium-137 (Fig. 14.4). More than 23,000 are in 
regular use in the United States and about 50 per 
year are lost or reported missing.

Third, cesium-137 sources are widely used in 
hospitals and medical centers (Fig. 14.5). Cesium 
is a very suitable material for a “dirty bomb” be-
cause it has a relatively long half-life of about 
30 years and, more importantly, it vaporizes 
readily and can be widely spread by an explosive 
device. Large cesium sources such as blood or 
total body animal irradiators are now the sub-
ject of intense security and would be diffi cult to 
acquire illegally. On the other hand, the smaller 
sources used for the brachytherapy of cancer do 
get lost occasionally. In 1998, 19 small tubes of 
cesium-137, with total activity of about 22 GBq, 
were reported missing from a medical center in 
Greensboro, North Carolina.

■  AVAILABILITY OF RADIOACTIVE 
MATERIAL

As was previously discussed in scenario 1, the 
detonation of a nuclear weapon would involve 
a leftover “suitcase bomb” from the former So-
viet Union, or the production or theft of fi ssile 
material. All possible, but very unlikely. The at-
tack on a nuclear power station, as discussed in 
scenario 2, would necessitate the hijacking of a 
commercial airliner. This is again possible, but 
unlikely because of improved security. Scenarios 
3 and 4 require the availability of only relatively 
small quantities of radioactive material. In both 
cases, the fear and psychological chaos are not 
directly related to the quantity of radioactivity or 
the magnitude of the radiation dose involved. If a 
Geiger counter ticks, that would be suffi cient to 
cause chaos. Small amounts of radioactive mate-
rial are readily available.

There are several examples. First, in 2004 
in London, an Islamic terrorist cell had col-
lected  several thousand household smoke de-
tectors, readily available from hardware stores 
(Fig. 14.3). Each contains a tiny amount (few 

FIGURE 14.3  An Islamic ter-
rorist cell in London in 2004 had 
collected several thousand house-
hold smoke detectors, which can 
be readily purchased from hard-
ware stores. Each contains a tiny 
amount of americium-241, which 
is an �-emitter. This could be com-
bined with a conventional explo-
sive to produce a “dirty bomb.” 
Imagine the chaos that would 
result if this radioactive material 
were dispersed in a busy public 
place.
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FIGURE 14.5  Cesium-137 would be a very suitable 
material for a “dirty bomb” because it has a relatively long 
half-life (about 30 years) and can be widely disseminated 
because it vaporizes readily. For this reason, security of 
large cesium-137 irradiators in medical centers has been 
greatly improved in recent years. Nevertheless, small 
sources used in the brachytherapy of cancer do get lost 
from time to time. For example, 19 small cesium-137 
sources with a total activity of about 22 GBq were reported 
missing from a medical center in North Carolina in 1998.

FIGURE 14.4  Moisture density gauges, used in the laying of tarmacadam road surfaces, 
contain small quantities of both americium-241 and cesium-137. About 22,000 are in use in 
the United States, and 50 or more are reported lost or missing each year. This material would 
be suitable to construct a “dirty bomb.”

■ HEALTH EFFECTS OF RADIATION

The health effects of radiation can be divided 
into two types: deterministic and stochastic, 
which have quite different characteristics.

Deterministic effects only occur at relatively 
high doses and result from the killing of many 
cells in a tissue or organ. Above a tissue-specifi c 
dose threshold, the severity of the damage in-
creases with increasing dose as more and more 
cells are killed. As long as the dose threshold is 
not exceeded, the effect will not be seen.

Some deterministic effects do not manifest 
until years later (e.g., cataract, fi brosis) and are 
therefore known as late effects. By contrast, those 
that manifest in days to weeks are called early ef-
fects, or acute effects. A suffi ciently large radiation 
dose over a short time can result in the ARS, which 
may result in death. This results from the killing 
of many cells in the bone marrow or lining of the 
intestines. Examples of this occurred at Hiroshima 
and Nagasaki, and also following the reactor ac-
cident at Chernobyl. A dose of several grays is 
needed to result in these effects, which is possible 
following the detonation of a nuclear weapon or 
the meltdown of a nuclear reactor, but would be 
unlikely to occur following a dirty bomb. Because 
a whole chapter is devoted to the ARS (Chapter 
8), no more will be said about it here.

Stochastic effects, of which carcinogenesis 
is the most important, are all-or-nothing effects 
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■ EXTERNAL CONTAMINATION

External contamination refers to radioactive ma-
terial on the surface of the body. Most external 
contamination (up to 90%), following an event 
like a dirty bomb, can be disposed of by removing 
the clothing, which should be placed in a plastic 
bag and labeled. A Geiger counter can then be 
used to survey the patient. The top priority to de-
contaminate is open wounds because they offer a 
fast direct route for internalizing radioactive ma-
terials and transportation to critical organs.

Next is the nose and mouth, followed by in-
tact skin. Contaminated areas should be carefully 
washed with soap and water. The survey–scrub–
rinse sequence of a wound or intact skin should be 
repeated until the readings on the survey meter 
drop to twice background or until further efforts 
do not result in a decrease in radiation levels. 
Too vigorous an effort should be avoided because 
damaging the skin could create a pathway for in-
ternal contamination.

■ INTERNAL CONTAMINATION

The possibility of signifi cant internal contamina-
tion is a much more diffi cult problem. Contami-
nants gain entry into the body by several routes, 
such as through inhalation into the lungs, ingestion 
into the gastrointestinal (GI) tract, or percutane-
ous or transdermal absorption through intact skin 
and particularly through open wounds. Some ra-
dionuclides tend to remain in the body, often con-
centrating in a particular tissue or organ. Iodine in 
the thyroid or transuranics such as plutonium or 
americium in the bone are some examples. Others 
may be eliminated in urine, feces, or perspiration. 
Radionuclides within the body that are �-emitters 
can be detected and measured with a whole body 
counter. Quantities of �-emitters can only be esti-
mated by measuring amounts in excreted materi-
als. Not much can be done to counter the effects 
of internal contamination, except in a few specifi c 
cases. One such case is radioactive iodine. If taken 
within 4 to 6 hours of  contamination, stable iodine 
in the form of potassium iodine saturates binding 
sites in the thyroid and inhibits the incorporation 
of radioactive iodine. The Chernobyl experience 
has shown clearly that radioactive iodine can cause 
hypothyroidism and can also result in cancer. This 
is particularly important for children as well as 
for the developing embryo or fetus. Radioactive 

(i.e., the severity of the effect does not alter the 
magnitude of the dose, although the probabil-
ity of the event occurring does increase with 
dose). For example, if one person is exposed 
to 0.1 Gy and another is exposed to 1 Gy, the 
person exposed to the higher dose would have a 
greater probability of having cancer; but if both 
contracted the same malignancy, it would not 
be more severe in the person who received the 
higher dose. Cancer is an all-or-nothing event. 
The other important characteristic of a stochas-
tic effect is that there is believed to be no thresh-
old in dose (i.e., even the smallest dose carries 
some level of risk, which however becomes van-
ishingly small at very low doses).

■  EXTERNAL EXPOSURE TO 
 RADIATION AND CONTAMINATION 
WITH RADIOACTIVE MATERIALS

External exposure describes irradiation of a 
person by �-rays or �-rays from a radioactive 
source, which never comes in contact with the 
body. This would be the type of exposure from a 
hidden RED, and could also result from a dirty 
bomb (RDD) if a fragment of the exploded ra-
dioactive material came close to a person, but did 
not actually touch his or her body.

By contrast, a dirty bomb, which scatters 
radioactive materials over a wide area, could 
result in people nearby becoming contaminated. 
Radioactive contamination may consist of ra-
dionuclides that emit �-, �-, or �-radiation, 
or any combination of all three. The most im-
portant distinction between the three is their 
ability to penetrate tissues. �-particles have a 
very short range and cannot even penetrate the 
outer layer of skin. Consequently, they cause 
harm only if they are internalized by inhalation, 
ingestion, or absorption through intact skin or 
through a wound. Examples of �-emitters in-
clude polonium-210 that was used to “poison” 
the Russian defector, Alexander Litvinenko. It 
was presumably added to his food, and it is esti-
mated that a huge activity must have been used 
because he died a classic bone marrow death 3 
to 4 weeks later, which would have required a 
total body dose of external radiation of at least 
4 Gy. �-particles, in contrast, can penetrate sev-
eral centimeters into tissue, whereas �-rays are 
so penetrating that they can pass right through 
the body.
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considerations. Once life-threatening injuries are 
taken care of, the next step is to use a sensitive 
Geiger counter to identify those persons who are 
contaminated with radioactive materials, which in 
most cases, will be in the form of dust particles on 
the body and/or clothing. Contaminated clothing 
should be removed and sealed in plastic bags; this 
is likely to account for 80% to 90% of the con-
tamination. The next priority is to decontaminate 
any open wounds because this can be a conduit for 
radioactive material to be internalized. This can 
be achieved by gentle irrigation. Lastly comes the 
decontamination of intact skin. Overly aggressive 
methods should be avoided and decontamination 
efforts should be stopped when radiation levels are 
less than about twice background. Urine samples 
should be collected to identify persons who have 
internalized radioactive material by inhalation or 
ingestion, but there are very limited treatments 
available as discussed previously.

■ FURTHER INFORMATION

More detailed information on this topic is avail-
able from several sources, such as the following:

The Department of Health and Human Services 
(DHHS) established the Radiation Emergency
Medical Management website (http://www
.remm.nlm.gov) in 2007 to give guidance to 
healthcare workers on radiation health effects.

The Radiation Studies Branch of the Center for 
Disease Control has a website (http://www
.bt.cdc.gov/radiation/clinicians.asp) suitable 
for both professionals and the public, giving 
information on protective measures during a 
nuclear attack or a radiologic event. They also 
offer a handbook, which is available at http://
www.bt.cdc.gov/radiation/pocket.asp.

The Department of Energy’s Radiation Emer-
gency Assistance Center Training Site 
(REAC/TS) in Oak Ridge, Tennessee pro-
vides online guidance for medical manage-
ment of radiation events.

The American College of Radiology (ACR) and 
the American Society of Therapeutic Radiol-
ogy and Oncology (ASTRO) have prepared 
a primer entitled “Disaster Preparedness of 
Radiology Professional: Response to Ra-
diological Terrorism,” which is available at 
http://www.astro.org/GovernmentRelations/
RadiationDisasterManagement.

 iodine is unlikely to be released from an RDD, but 
certain to be present with a nuclear weapon or a 
serious accident at a nuclear reactor because it is a 
fi ssion product.

The only other countermeasure approved by 
the U.S. Food and Drug Administration (FDA) is 
the use of Prussian blue (ferric III hexacyanofer-
rate II) to block the uptake of cesium-137 from 
the intestine. This could be important because, 
as previously mentioned, cesium-137 would be 
well suited for an RDD.

■  MEDICAL MANAGEMENT ISSUES 
IN THE EVENT OF RADIOLOGIC 
TERRORISM

Many major medical centers have put together 
a “radiation casualty team” consisting of health 
providers, physicists, social workers, and adminis-
trators to cope with the possibility of a radiation 
accident or an act of radiologic terrorism. In most 
circumstances that can be imagined, there is likely 
to be a large number of people who are frightened 
and worried, a much smaller number that may ac-
tually be contaminated with radioactive material, 
and an even smaller number who need treatment 
for a signifi cant radiation exposure.

The highest priority is to give critical care to 
those who have suffered life-threatening injuries 
(Table 14.1). This should not be delayed because 
of the possibility of radioactive contamination. Ra-
diation exposure and contamination are secondary 

TABLE 14.1 Patient Management 
Priorities

■ Standard medical triage
■ Attend fi rst to critical injuries
■ Decontaminate
■ Remove clothing
■ Survey with Geiger counter
■ Open wounds
■ Mouth and nose
■ Intact skin
■ Cease decontamination when further ef-

forts do not reduce count and when count 
is less than twice background
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 Outcome
  Unlikely to result in acute deaths
  Small risk of long-term carcinogenesis
 Likelihood
  Likely
 Availability of radioactive material
   Small amounts readily available from 

  smoke detectors, humidity gauges, 
and lost or stolen medical sources

 Health effects of radiation
   Deterministic effects occur at high doses, 

  such as cataract, fi brosis, or the ARS. 
Stochastic effects, including carcino-
genesis and heritable effects, are im-
portant even at lower doses and occur 
much later.

   External exposure to radiation refers to 
  irradiation from an outside source that 

never comes in contact with the body. 
External contamination refers to ra-
dioactive material on the skin or cloth-
ing. Internal contamination refers to 
radioactive materials that are inhaled, 
ingested, or internalized through open 
wounds.

 Medical management issues in the event of 
 radiologic terrorism

   Standard medical triage; attend fi rst to 
 critical injuries

  Decontaminate
   Remove clothing, survey with Geiger 

 counter
  Decontaminate
  Open wounds
  Mouth and nose
  Intact skin
  Cease decontamination efforts when:
  Further efforts do not reduce count
  Count less than twice background
   Collect urine sample to detect internal 

  contamination
   Potassium iodide (KI) tablets to stop 

 uptake of radioactive iodine
   Prussian blue to prevent absorption of 

 cesium-137
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SUMMARY OF 
PERTINENT CONCLUSIONS

The following are several possible scenarios for 
radiologic terrorism:

■ Detonation of a nuclear weapon
 Risk
  Exposure to �-rays and neutrons
  Fallout of fi ssion products
 Outcome
  Large number of acute deaths
  Long-term carcinogenesis
 Likelihood
  Remote
■ Attack on a nuclear power plant
 Risk
 Attack on reactor itself
  Attack on stored used fuel elements
  Release of fi ssion products
 Outcome
  Unlikely to involve acute deaths
  Long-term carcinogenesis
 Likelihood
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■ Dirty bomb (RDD)
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   Psychological chaos, many frightened 
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■ RADIOLOGIC IMAGING

The challenge of noninvasively mapping biologic 
tissue has occupied radiologists and engineers for 
over a century. Shortly after Roentgen’s discovery 
of the x-ray in 1895, it was applied toward medi-
cal imaging by directing x-rays through his wife’s 
hand and onto a piece of fi lm, which revealed 
the bony structure of her hand. In the time since 
that landmark discovery, medical imaging has 
evolved to encompass multiple modalities and 
mechanisms of signal generation and reconstruc-
tion. X-ray radiography matured over the fi rst 
half of the 20th century, while the fi rst medical 
ultrasonic measurement was made in 1954, fol-
lowed by the invention of the Anger camera in 
1964 and the advancement of nuclear medicine, 
the introduction of the clinical x-ray computed 
tomography (CT) scanner in 1972, the acquisi-
tion of the fi rst magnetic resonance image (MRI) 
in 1973, and the introduction of the fi rst clini-
cal positron emission tomography (PET) device 
in 1975. These methods have developed to offer 
high imaging performance in terms of scanning 
time, spatial resolution, and image quality, and 
now are commonplace in medical settings.

Imaging techniques were fi rst exploited by 
the radiation oncologist for the identifi cation 
and targeting of tumors to be irradiated. With 
the use of radiographic imaging to localize a neo-
plastic mass within a patient, radiotherapy can be 
more accurately delivered to the intended target 
while sparing surrounding tissues. Furthermore, 

as radiation therapy physics progressed toward 
the calculation of delivered doses using patient-
specifi c information, three-dimensional x-ray CT 
was used as a model of patient structure. This 
modality is especially well suited to radiotherapy 
planning as the image intensities refl ect x-ray ab-
sorption and can therefore be used to accurately 
predict dose deposition. For these reasons, x-ray 
radiography and CT are now essential tools in the 
radiation oncology clinic. As MRI methods have 
advanced, this imaging modality and its superior 
soft tissue contrast relative to x-ray CT have also 
become incorporated into many radiation oncol-
ogy departments. However, a shortcoming of 
these modalities is that their source of contrast is 
gross tissue anatomy or structure. X-ray CT dif-
ferentiates tissues based on their density and x-ray 
absorption, whereas MRI detects differences in 
proton density and magnetic relaxation. These 
properties are not directly related to the physi-
ologic or functional aspects of the tissue being 
imaged. This limitation of conventional imaging 
prompted the development of molecular imag-
ing, generally defi ned as the noninvasive detec-
tion, localization, and quantifi cation of specifi c 
molecular entities or physiologic processes in a 
living organism.

Over the last 20 years, the fi eld of molecular 
imaging has undergone tremendous growth, with 
signifi cant advances in the interrelated areas of 
imaging technology, imaging target identifi cation, 
molecular probe development, and image a nalysis. 
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Ignoring scatter in this treatment, one can con-
sider the x-ray beam to be made up of several 
smaller, parallel beams, each passing through 
specifi c tissue volumes on their way to the fi lm. 
Because each tissue volume has its own x-ray 
absorption properties depending on the atomic 
composition of the tissue, the image formed on 
the fi lm will vary in brightness depending on how 
the patient attenuated the x-ray beam at different 
spatial locations. This concept of measuring dif-
ferential x-ray absorption is the basis of all x-ray 
imaging methods. If the measurement geometry 
and the intensity of the source are known, the 
average mass attenuation coeffi cient (�/�) along 
the path traversed by each x-ray path may be 
calculated. In biologic subjects, bony tissues are 
typically strongly absorbing and have high �/� 
for x-rays at the energy of typical imaging sys-
tems, whereas low-density tissues, such as lungs, 
are poorly absorbing and have low �/�.

Two-dimensional x-ray radiography is com-
monly used for various medical applications, 
including the diagnosis of bone fractures, pneu-
monia and lung diseases, and congestive heart 
failure. This technique has been extended using 
fast digital detectors to allow dynamic imag-
ing of a subject, known as x-ray fl uoroscopy. 
This method facilitates image-based monitor-
ing of dynamic physiologic processes such as in 
angiography, the assessment of interventional 
 procedures such as device implantation, and pre-
cise patient positioning such as that needed for 
radiotherapy setup. However, two-dimensional 
x-ray imaging collapses all information along 
the third dimensions, providing a projection 
through a subject instead of resolving objects in 
three dimensions. Several situations may not be 
amenable to this technique, for example, in the 
detection of a lung lesion that is masked by highly 
absorbing ribs in the same x-ray projection. To 
overcome this limitation, three-dimensional x-ray 
imaging methods employing tomography have 
been developed. The mathematics of x-ray to-
mography were elucidated as early as the 1930s. 
Tomography involves the acquisition of multiple 
two-dimensional projection views of a subject, 
with each view acquired through a different pro-
jection angle as demonstrated in Figure 15.1A. 
These views are then combined using a tomo-
graphic reconstruction algorithm to mathemati-
cally resolve the three-dimensional structure 
of the subject. X-ray CT has matured through 

As such, these imaging methods are now being 
adopted into the practice of radiation oncology 
to better stage and plan tumors for treatment and 
to monitor their response to therapy. Despite en-
couraging preliminary results of studies employing 
molecular imaging in the diagnosis, staging, and 
treatment of cancer, many challenges remain to be 
overcome to fully exploit the potential of this tech-
nology in this setting. The imaging methods with 
the most utility for oncology must be identifi ed, 
and quantitative and/or volumetric metrics that can 
be extracted from these images must be established 
and incorporated into the staging, treatment plan-
ning, and posttreatment monitoring of radiation 
oncology patients. Many molecular imaging mo-
dalities have been engineered, including nuclear 
medicine techniques, optical imaging, and func-
tional MRI methods including fMRI and magnetic 
resonance spectroscopy; however, this chapter will 
focus on two imaging techniques with widespread 
utility in radiology and radiation oncology: x-ray 
CT and PET. A lthough CT is commonly used as 
an anatomic imaging modality, developments with 
x-ray contrast agents and dynamic acquisition pro-
tocols have allowed the collection of functional in-
formation with this imaging method. Alternately, 
PET imaging of radioactive imaging agents has 
reached a point where this technique is now rou-
tinely being used to complement conventional 
imaging. The physical aspects of each of these 
modalities will be summarized, after which their 
role in clinical imaging will be described, includ-
ing discussion of their use in clinical tumor staging, 
treatment planning, and follow-up.

■ X-RAY COMPUTED TOMOGRAPHY

Imaging of biologic tissues with electromagnetic 
radiation is among the oldest medical imaging 
methods and has a long history in its application 
to oncology. Although two-dimensional x-ray ra-
diographs were fi rst applied to the visualization 
of tissues of interest, the continued advancement 
of x-ray imaging technology has resulted in the 
widespread adoption of both two-dimensional 
x-ray fl uoroscopy as well as three-dimensional 
x-ray CT in the modern oncology clinic.

Basic Physics
X-ray Radiography and Computed Tomography

Consider a beam of x-rays passing through the 
chest of a patient, striking a fi lm on the far side. 
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FIGURE 15.1  X-ray computed tomography image 
 acquisition and reconstruction. A: A CT imaging system 
consists of an x-ray source (top) and detector (bottom) that 
can rotate around a subject to collect multiple x-ray projec-
tion views. B: Backprojection reconstruction of CT data in-
volves the smearing of a measured one-dimensional x-ray 
projection along the line of projection, shown here for two 
projection views. When expanded to many views, the back-
projected data approximates the structure of the object for 
which data were collected. (Courtesy of Dr. E.E. Graves.)

203

Measured x-ray projection
A

B
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metal such as copper or aluminum in the beam 
path. This has the effect of preferentially remov-
ing low-energy photons from the beam and in-
creasing the average energy of the beam. Beam 
profi les for CT scanning are generally either 
fans (wide angular dispersion, narrow profi le) 
designed to function with a correspondingly 
narrow one-dimensional detector array, or cones 
(rectangular profi le) for irradiation of a rectan-
gular planar two-dimensional detector array.

The simplest x-ray detector is radiographic 
fi lm, which darkens upon absorption of x-rays. 
However, the need for a reusable, digital detec-
tor capable of rapid and repeat imaging has en-
couraged the development of electronic x-ray 
detectors. Although detectors such as scintil-
lators that convert x-rays into visible photons 
and subsequently to electrical signals are com-
mon, many modern x-ray imaging systems now 
employ solid-state semiconductor detectors be-
cause they are capable of direct digital detection 
of x-rays without the need for conversion of the 
incoming photons into an intermediate form, 
such as visible photons. Research is ongoing to 
engineer new detector materials capable of mea-
suring very small numbers of photons to reduce 
the dose required for x-ray imaging. In modern 
CT scanners, multiple detector rows are now 
commonly used to collect multiple CT slices in 
a single acquisition, resulting in scanners gener-
ally referred to as multidetector CT (MDCT). 
These advances have resulted in scan times for 
x-ray CT as short as 0.5 seconds per frame. He-
lical scanning protocols, in which the subject is 
translated longitudinally through the CT ring 
as the gantry rotates and projection data are re-
corded, has further accelerated the acquisition of 
volumetric CT data. In addition to advances in 
fan beam architectures for CT, cone beam scan-
ners have emerged following the development of 
high-performance fl at panel imaging arrays and 
effective cone beam volumetric reconstruction 
methods, and are now being integrated in many 
linear accelerator designs to facilitate the collec-
tion of CT data during radiotherapy.

Image Reconstruction and Analysis

The most common reconstruction algorithm 
 applied to x-ray CT data is the fi ltered backpro-
jection technique, a form of the inverse radon 
transform. This method uniformally distributes 
each measured projection back along the line 

several data collection geometries and recon-
struction methods since its introduction in 1972; 
however, the fundamental tomographic concept 
remains the same, as does the source of contrast 
(x-ray attenuation) in the images.

Imaging Hardware

X-ray imaging and CT employ an x-ray source 
that produces a beam that is directed through 
a subject, and an x-ray detector that measures 
several x-rays that traverse the subject. The ge-
ometry of the CT scanner has evolved through 
several forms as this imaging modality has been 
developed. Hounsfi eld’s original scanner, known 
as “fi rst generation” CT, included only one or 
two spatial detector channels, which therefore 
measured x-ray penetration through the sub-
ject at only a few discrete locations. This detec-
tor setup, paired with a tightly collimated x-ray 
beam that only irradiated these detectors, was 
translated across the patient to measure x-ray fl u-
ence along a single projection angle at multiple 
locations. After recording this projection, this 
apparatus was rotated and the process repeated 
to  record a new projection. CT scanners have 
evolved greatly since this original instrument, 
with wide-angle x-ray sources and detectors 
minimizing the time required to collect a full set 
of tomographic projections. In most modern CT 
scanners, the source and detector are mounted 
on a rotating gantry as depicted in Figure 15.1A.

The most common x-ray source used in im-
aging systems is the x-ray tube. This device is 
a type of vacuum tube, consisting of a cathode 
that generates electrons and an anode toward 
which the electrons are accelerated through a 
voltage applied across the cathode/anode pair. 
The anode absorbs the energy of the acceler-
ated electrons and emits a portion of it in the 
form of x-rays. The x-rays produced are known 
as Bremsstrahlung or braking radiation, because 
the incident electrons are slowed and the energy 
lost is emitted in the form of an x-ray. The emit-
ted x-rays range in energy from near zero to a 
maximum corresponding to the voltage applied 
to the tube. Generally, the mean photon energy 
produced by an x-ray tube is approximately one-
third of the voltage applied to the tube. X-rays 
produced by the anode are then emitted through 
a window in the vacuum tube and collimated to 
a desired beam profi le. The beam is commonly 
also “fi ltered” by the insertion of thin sheets of 
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as x-ray imaging itself to improve on the mini-
mal x-ray contrast between soft tissues. Because 
of the linear relationship between concentration 
and x-ray attenuation, and between x-ray attenu-
ation and HU, the effectiveness of an x-ray con-
trast  material is dictated by the x-ray absorption 
of its constituent materials and the concentration 
at which it can be delivered. Strongly absorb-
ing elements including barium (Z � 56), gado-
linium (Z � 64), gold (Z � 79), bismuth (Z � 
83), and tungsten (Z � 74) have been studied as 
 potential x-ray contrast materials; however, iodine 
(Z � 53) has emerged as the predominant com-
ponent of clinical x-ray contrast agents because 
of its biocompatibility and its ease of incorpo-
ration into labeling chemistries. Sodium iodide 
was administered as an oral contrast agent for 
x-ray imaging in 1918, and subsequently vari-
ous iodine-containing compounds were engi-
neered to include more  iodine per mole, improve 
pharmacokinetics, and reduce toxicity. Although 
ionic compounds  prevailed through the fi rst half 
of the 20th  century, the synthesis of nonionic 
multi-iodinated agents such as iopamidol and io-
hexol in the 1970s greatly reduced the toxicity of 
 iodinated contrast agents, and these have become 
clinical standard. Gases including krypton (Z � 
36) and xenon (Z � 54) have also been used as 
inhaled x-ray  contrast agents. However, the limit-
ing factor with all x-ray contrast agents is the large 
concentrations  required to produce a measurable 
change in  imaging signal. For iodine, the concen-
tration required to produce a CT change of 100 
HU is approximately 10 mM.

Nanomaterials

The development of nanotechnology over the 
last 10 years has encouraged engineering of new 
x-ray contrast materials by overcoming the limi-
tations of previous contrast agents. Nanopar-
ticles facilitate the use of otherwise toxic or 
 biologically incompatible materials in contrast 
agent formulations, while also permitting the 
packing of a large number of contrast-producing 
atoms in a single composite structure. In addi-
tion, the large surface area and functionalized 
status of many nanoparticle constructs allows 
the conjugation of other components to the 
nanoparticle to alter molecular targeting, biodis-
tribution, and/or pharmacokinetics.

Iodine-based or iodine-containing nanopar-
ticles have been a topic of intense interest, with 

from which it was acquired, as demonstrated in 
Figure 15.1B. This results in an image of the 
original object when suffi cient projections are 
used. Because this technique introduces a blur-
ring into the reconstructed image, the projec-
tions are sharpened through application of a 
ramp fi lter in the frequency domain prior to 
backprojection. Because of the fi lter that is used, 
fi ltered backprojection is sensitive to high- fre-
quency noise, which commonly necessitates the 
use of smoothing to reduce noise at the cost of 
spatial resolution. To overcome the shortcomings 
of this method, several iterative techniques have 
been proposed that improve reconstruction per-
formance at the cost of increased computational 
complexity. Iterative routines function by mod-
eling the data acquisition process and applying 
this model to an initial guess at the reconstructed 
image distribution, producing a set of simulated 
measurements. These simulations are then com-
pared to the actual measurements and the recon-
structed image is correspondingly adjusted. This 
process is then repeated until there is acceptable 
agreement between the measured and simulated 
data. Although computationally expensive, these 
methods allow sophisticated modeling of the data 
acquisition process, permitting consideration of 
scatter, noise, and other factors.

Pixel intensities in reconstructed CT images 
are typically converted into the Hounsfi eld unit 
(HU) scale, a standardized intensity range con-
structed to permit comparison of x-ray opacity 
between images and scanners. In this scale, all 
measured x-ray absorption values � are related 
to that of water �water by the relation

HU � 1,000 � (� ��water)/�water

This is a linear function; therefore, HUs are 
proportional to the measured x-ray absorption 
�. Examining the given expression, it can be 
seen that the HU of water is 0, whereas the HU 
of air, with � � 0, is �1,000. Water and water-
based soft tissues demonstrate HU of 0 to 100, 
whereas fatty tissues occupy the HU range �100 
to 0. Strongly absorbing bones exhibit HU of 
500 or greater. Modern CT scanners are capable 
of detecting differences in HU on the order of 5 
to 10 HU.

X-ray Contrast Agents
Agents that alter x-ray absorption after delivery 
to a subject have been developed nearly as long 
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exogenous contrast agents. Although pair pro-
duction for megavoltage photons commonly 
used in radiotherapy may also enhance radiation 
dose effect, even at this energy range, photoelec-
trons are the primary cause of this enhancement. 
This enhancement has been studied by several 
groups through simulations and animal experi-
ments; however, it has a limited history of clini-
cal application with only preliminary studies of 
kilovoltage radiotherapy of human brain tumors 
after intravenous injection of an iodinated con-
trast agent having been conducted. Recent de-
velopments with nanoparticle technology may 
yet exploit this phenomenon, however.

Clinical Applications of X-ray 
Computed Tomography
Radiotherapy Planning

One of the principle tasks of radiotherapy plan-
ning is the delineation of patient anatomy, includ-
ing the desired radiation target as well as organs 
at risk that should be spared from radiation dose. 
These identifi ed volumes are then used to com-
pute an optimal radiation treatment strategy, em-
ploying the degrees of freedom available to the 
specifi c radiotherapy treatment device. X-ray CT 
has become the primary imaging modality used 
for this process, both because of its high spatial 
and temporal resolution and lack of image distor-
tion artifacts, as well as the fact that CT image in-
tensities denote x-ray absorption and can be used 
to predict dose deposition by a treatment beam 
within the patient. However, the low CT con-
trast between soft tissues complicates the task of 
the radiation oncologist and has raised interest in 
use of other imaging modalities such as PET to 
improve radiotherapy planning. This is discussed 
further in the subsequent paragraphs.

Vascular and Perfusion Imaging

Because of the physiologic and clinical signifi -
cance of the vasculature within tumors, efforts 
to image this aspect of the cancer microenvi-
ronment have been widespread. With CT, one 
mechanism to achieve this goal is the intrave-
nous delivery of a contrast agent followed by 
repeat imaging as the agent passes through the 
vasculature. Through analysis of the collected 
images, various parameters including blood fl ow, 
blood volume, and vascular permeability may 
be derived. This method is generally called dy-
namic contrast-enhanced (DCE) imaging. In its 

multiple synthetic strategies having emerged in-
cluding highly iodinated fullerenes, polymeric 
macromolecules containing trioiodinated moi-
eties, crystalline iodinated nanoparticles dis-
persed with surfactant, and polyethylene glycol 
(PEG)-based shells enclosing iodinated materi-
als at high concentrations.

More recently, signifi cant work has been 
performed to evaluate the use of gold nanopar-
ticles for CT contrast. Hainfi eld and colleagues 
showed that small (�100 �m) blood vessels can 
be visualized within minutes of intravenous 
delivery of gold nanoparticles. As with iodine 
nanoparticles, PEG has also been incorporated 
into gold nanoparticles to alter their pharma-
cokinetics. Although concentration limits have 
hampered the use of contrast CT for molecu-
lar imaging, the use of gold nanoparticles in 
this context has been examined in vitro through 
the coupling of UM-A9 antibodies specifi c to 
head and neck squamous cell carcinoma to gold 
nanorods. Although measurements of cells with 
and without the target antigen demonstrated 
a fi vefold difference in HU, it remains unclear 
whether this level of contrast will be suffi cient in 
vivo. Targeting of gold nanoparticles to folic acid 
receptor has also been investigated as a second 
molecular-specifi c CT imaging agent.

Nanoparticles synthesized from bismuth sul-
phide have also recently been evaluated for in 
vivo CT vascular imaging. This agent has been 
seen to be tolerable to mice and rabbits at a dose 
containing 0.2 M bismuth, giving CT numbers 
in excess of 500 HU in vivo. Toxicity for bismuth 
nanoparticles was seen to be signifi cantly less 
than equivalent concentrations of bismuth salts. 
Other heavy metals including gadolinium, dys-
prosium, erbium, europium, and lutetium have 
been incorporated into fullerene structures to 
produce water-soluble x-ray contrast materials. 
These molecules represent additional pathways 
toward novel x-ray contrast materials that may 
yet evolve into valuable tools for CT imaging.

Radiotherapy Dose Enhancement

A potentially useful secondary property of x-ray 
contrast materials is their ability to enhance the 
cell kill produced by high-energy radiation. This 
effect is mediated by the electrons produced on 
photoelectric absorption of high-energy pho-
tons by high-Z materials and is produced both 
by endogenous materials such as bone as well as 
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the time to reach maximum uptake, or the maxi-
mum slope of the initial signal rise, and many of 
which have been used to identify and character-
ize malignant lesions. Alternately, several quanti-
tative models that describe the pharmacokinetics 
of contrast agents have been developed. These 
models can be fi t to experimentally measured 
signal curves to estimate the parameters of the 
model, which may include vascular volume, per-
fusion, vascular permeability, and vascular sur-
face area depending on the specifi c model and 
acquisition sequence. This imaging protocol and 
analysis is demonstrated in Figure 15.3.

Tumor Diagnosis, Staging, and 
Response Assessment

X-ray CT has become a routine clinical proce-
dure in the management of oncology patients. 
Lung tumors are particularly suited toward di-
agnosis with x-ray imaging methods because of 
the large contrast between low-density, air-fi lled 

 simplest form, this method can be applied fol-
lowing an intravenous bolus contrast injection 
to acquire images timed to when the contrast 
material is passing through a specifi c portion of 
the vasculature. For example, commonly con-
trast-enhanced CT includes the acquisition of 
an “arterial phase” image as the agent is passing 
through the arterial system, followed by a later 
“venous phase” image. These images may then 
be considered either independently or together 
to assess vascular structure and function, as 
shown in Figure 15.2. More sophisticated DCE-
CT approaches however involve the acquisition 
of images with greater temporal resolution over 
a longer period before and after contrast injec-
tion. The signal curve obtained for a given pixel 
over time may be analyzed in several ways to 
estimate specifi c vascular parameters. Empirical 
assessment of the CT signal versus time curve 
has been evaluated, examining measurements 
such as the maximum uptake of contrast agent, 

FIGURE 15.2  Contrast-enhanced x-ray computed tomography. Arterial (top row) and venous (bottom row) 
phase images were acquired from a patient with pancreatic cancer at set delays after intravenous delivery of an 
iodinated x-ray contrast agent. Axial (left), coronal (middle), and sagittal (right) views are shown for each dataset. 
Increases in CT signal are apparent in the aorta in the arterial phase axial view (solid arrows), whereas the vascular-
ized portion of the pancreatic lesion can be differentiated between the arterial and venous phases (dashed arrows). 
A pancreatic stent is prominent in the coronal images, as is the delivery and clearance of the contrast material in 
the blood pool of the heart (solid arrows). (Courtesy of Dr. A.C. Koong.)
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types, including lesions of the liver, pancreas, 
and kidney. Commonly, two or more images are 
acquired at standardized delays after contrast de-
livery, focusing on times at which the contrast 
agent highlights specifi c components of the vas-
cular, including the arterial system, the portove-
nous system, the pancreatic vasculature, and the 
corticomedullary vasculature, depending on the 
site being studied. For example, contrast agent 
washout in the venous phase has been reported 
to be a specifi c hallmark of malignant lesions 
within the liver. Reports of the accuracy of this 
staging method have commonly noted an im-
provement in performance when imaging lesions 
greater than 1 to 2 cm in diameter.

lung tissue and solid lung tumor masses. Fast CT 
scanning technology as well as methods for man-
aging breathing motion, including breath-hold 
CT and four-dimensional (time-resolved) CT, 
have further improved the utility of this imaging 
modality for interrogating thoracic lesions and 
especially for delineating spatial targets for radio-
therapy. The high spatial resolution of x-ray CT 
has encouraged the use of CT-based measures 
of tumor volume as a prognostic marker. How-
ever, the usefulness of this measure is limited for 
small nodules, which has encouraged the use of 
contrast-enhanced CT to evaluate malignancy.

Multiphase contrast CT is commonly used 
to diagnose and characterize various tumor 

FIGURE 15.3  Dynamic contrast-enhanced x-ray computed tomography. A: A series of CT images collected 
before and after intravenous delivery of an iodinated x-ray contrast agent. B: The signal versus time curve extracted 
from a region of interest, showing an increase in signal as the contrast agent passes through the region and begins 
to accumulate. C–E: Cerebral blood volume (CBV), cerebral blood fl ow (CBF), and permeability-surface area product 
(PS) images calculated by fi tting the measured time series data to a compartmental model describing contrast 
agent pharmacokinetics. (From Roberts HC, Roberts TPL, Lee T, et al. Dynamic, contrast-enhanced CT of human 
brain tumors: quantitative assessment of blood volume, blood fl ow, and microvascular permeability: report of two 
cases. Am J Neuroradiol. 2002;23:828–832, with permission.)
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tive isotopes including carbon-11, nitrogen-13, 
fl uorine-18, copper-64, and iodine-124. In this 
process, a proton in the nucleus of the isotope is 
converted into a positron that is ejected from the 
atom, as well as a neutron and a neutrino. The 
ejected positron then travels some distance, gener-
ally in the range of 1 to 10 mm depending on its 
energy, before annihilating with its opposite par-
ticle—the electron. In this annihilation, the posi-
tron and electron energy are converted into a pair 
of 511 keV photons, emitted in opposite directions.

Tomography and Imaging Hardware

The tomographic principle applied to imaging 
positron emission events involves detection of 
the annihilation events produced, summarized in 
Figure 15.4A. PET scanners rely on the concept 
of coincidence detection to localize the source of 
positron emission. Because each positron emis-
sion event results in two photons traveling at 180 
degrees to each other, the PET detector is de-
signed to report on instances where two photons 
are recorded at separate locations on the detec-
tor within a narrow space of time. These pairs 
of events are termed “coincidence events” and 
are assumed to represent two photons that were 
generated through a single positron emission 
event and subsequent annihilation. By measur-
ing several recorded coincidence events for each 
pair of detectors, this data may then be back-
projected in a manner similar to that described 
previously for CT to reconstruct the distribution 
of positron-emitting radioisotopes. This tomo-
graphic concept was fi rst proposed in the late 
1950s and early 1960s, but it was not until the 
mid-1970s before a working prototype scanner 
was built and validated. Modern clinical PET 
scanners demonstrate spatial resolutions of 4 to 
6 mm and can record 200 to 2,000 counts per 
second for a 1 �Ci point source. This is caused 
by advances in scanner geometry, electronics, 
and detector materials.

The performance of a PET scanner is dic-
tated by several factors. In reality, the angle 
between the emitted annihilation photons is 
slightly noncollinear, with a divergence of 0.5 
to 1 degree. This deviation from linearity causes 
a reduction in PET spatial resolution, with the 
problem worsening with increasing scanner bore 
size. In addition, uncertainty as to where a given 
photon was absorbed in a thick detector also de-
creases the spatial resolution of PET scanning. 

X-ray mammography is the dominant screening 
method in use for early breast cancer detection. Al-
though this method is inherently  two-dimensional, 
volumetric x-ray imaging method for breast is cur-
rently in development, with the goal of improving 
lesion detection while not signifi cantly increas-
ing the radiation dose of the procedure relative 
to mammography. Devices for multiple view ste-
reoscopic digital mammography and digital breast 
tomosynthesis as well as dedicated breast CT de-
vices have been reported but are yet to enter into 
widespread clinical use. Contrast agents have been 
used in conjunction with breast x-ray imaging to 
improve diagnostic ability. In addition, dynamic 
x-ray imaging has been applied to the characteriza-
tion of breast lesions to identify axillary metastasis 
based on vascular properties.

■ POSITRON EMISSION TOMOGRAPHY

Although x-ray imaging has evolved to facili-
tate high spatial and temporal resolution imag-
ing of biologic subjects in three dimensions, it is 
fundamentally limited by the minimal contrast 
in terms of x-ray attenuation between tissues. 
 Although the development of x-ray contrast ma-
terials has alleviated this limitation for certain 
applications, the low contrast of x-ray CT con-
tinues to impose limitations on the use of this 
imaging modality for various tasks, including 
tumor diagnosis and target defi nition for radio-
therapy planning. Emerging molecular imaging 
modalities have the potential to overcome this 
obstacle by generating image contrast through 
other functional and molecular mechanisms. 
PET is such a molecular imaging technique 
that matured from its roots in nuclear medicine 
through the development of a dedicated clinical 
scanning device in the 1970s. PET scanners are 
now common components of radiology and nu-
clear medicine departments and are beginning 
to be deployed in other medical settings as well. 
The fi eld of radiation oncology has begun to em-
brace PET as a means of staging tumors, plan-
ning treatments, and assessing response using 
functional and metabolic information in addition 
to the anatomic information provided by CT.

Basic Physics
Positron Decay

PET is based on the decay process of positron 
emission undergone by several unstable radioac-
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FIGURE 15.4  Positron emission tomog-
raphy image acquisition and examination pro-
tocol. A: A probe containing a radioactive iso-
tope that decays by positron emission, in this 
case, 2-deoxyglucose labeled with fl uorine-18 
(18F), emits a positron. The positron annihilates 
locally with an electron, producing two anti-
parallel 511 keV photons. These photons are 
measured as near-simultaneous events on a 
detector ring. B: A PET examination involves 
the injection of a probe to a subject that then 
distributes according to its  biologic activity, ac-
cumulating in sites of interest as well as back-
ground organs. For [18F]fl uoro-2-deoxyglucose 
(FDG), intense uptake caused by high glucose 
utilization is seen in tumors and the brain, 
whereas strong PET signals are seen in the 
kidneys and bladder due to excretion of the 
probe. (Courtesy of Dr. E.E. Graves.)
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 respective imaging components, mounted co-
axially with a patient bed sliding through both 
scanners. With this hybrid system, a whole body 
x-ray CT scan may be acquired and used to select 
a region for subsequent PET scanning, which 
can then be conducted by moving the patient bed 
such that the appropriate anatomic site now lies 
within the PET subsystem.

As described earlier, a key motivation for 
PET/CT is the acquisition of intrinsically 
aligned PET and CT images in a single exami-
nation. The merits of this practice have been 
reported for various oncologic imaging applica-
tions, demonstrating the improved diagnostic 
ability for multimodal PET/CT image datasets 
beyond PET or CT alone. However, a second 
advantage of PET/CT is the ability to use the 
high-resolution CT dataset to correct the PET 
image for attenuation of the annihilation pho-
tons as they travel out from the subject. This is 
accomplished by estimating x-ray attenuation 
along the line connecting each detector pair and 
correcting the measured coincidence count rate 
for that pair by the expected attenuation factor. 
This was previously done in stand-alone PET 
scanners using low-resolution transmission scans 
acquired using a radioactive source; however, the 
improved accuracy of CT has greatly enhanced 
this procedure in PET/CT systems. In radiation 
oncology settings, the emergence of PET/CT 
has facilitated the use of PET/CT in treatment 
planning as the functional PET data may be con-
sidered alongside the CT data that is used for 
treatment planning as described earlier.

Image Reconstruction and Analysis

A PET acquisition results in a dataset consist-
ing of several coincidence events recorded for 
each pair of detectors. For 4D PET, individual 
coincidence events are associated with their time 
of measurement so that they can be retrospec-
tively associated with an external measurement 
of breathing motion so as to reconstruct PET 
images associated with each breathing phase, just 
as is done with x-ray data in 4D CT (Fig. 15.6). 
A “delayed window” method is commonly used 
to reduce the infl uence of random coincidences 
by estimating the frequency of random coinci-
dences for each detector pair and by subtract-
ing this rate from the measured count rate. The 
infl uence of scattered photons on the measured 
count rate for each detector pair is more diffi cult 

Currently, several groups are pursuing “depth 
of interaction” detector technology to estimate 
where within a crystal an event occurred to miti-
gate this effect. Scattering of annihilation pho-
tons between their generation and detection by 
a scanner also limits PET performance, as does 
the occurrence of random coincidences when 
two photons from two separate annihilation 
events strike the detector array simultaneously. 
Strategies for correcting for these phenomena 
are discussed in the subsequent paragraphs.

Although conceived of during the initial de-
velopment of PET, recent advances in detector 
technology has facilitated the implementation 
of “time of fl ight” (TOF) PET. In this strategy, 
the difference in arrival time of two annihilation 
photons is recorded in addition to their spa-
tial orientation. If the time difference is known 
with high precision, it is possible to explicitly 
 calculate where along the line connecting the 
detectors the annihilation photon pair were gen-
erated. Current detector technology can localize 
the positron event down to a 10-cm range, which 
does not allow complete image reconstruction 
from TOF data alone but does signifi cantly en-
hance the quality of images when incorporated 
into conventional reconstruction schemes. Fur-
thermore, incorporation of respiratory monitor-
ing equipment with PET scanners has facilitated 
the acquisition of motion-resolved, 4D PET da-
tasets using methods analogous to 4D CT.

Integration with Computed Tomography

Although PET offers a radically different con-
trast mechanism than conventional anatomic im-
aging modalities such as CT and MRI, this can 
hinder image interpretation because of the lack of 
anatomic information. PET data can be aligned 
with such anatomic images using various image 
registration techniques; however, this procedure 
is dependent on the accuracy of the registration 
algorithms and can be computationally expen-
sive. A more attractive solution is the acquisition 
of both anatomic and functional imaging data in 
a single examination without moving the patient 
between imaging systems, allowing direct overlay 
of the two datasets. This strategy has been real-
ized through the combination of CT and PET 
imaging hardware in a single system known as 
PET/CT (Fig. 15.5). This engineering challenge 
is solved by creating a scanner encompassing a 
CT gantry and a PET gantry, each with their 
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FIGURE 15.5  Combined PET/CT. A: A clinical PET/CT scanner. The individual gantry rings for the PET and CT 
subsystems can be seen within the bore as the thick and thin rings, respectively. B: Sagittal slices from CT, PET, and 
fused PET/CT images collected with a combined PET/CT system. The acquisition of CT and PET data during the 
same examination allows direct overlay of the two images, typically shown with the CT in grayscale and the PET in 
pseudocolor as seen at right. (Courtesy of Dr. E.E. Graves.)
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PET systems, including maximum-likelihood 
expectation maximization (MLEM), ordered 
subset expectation maximization (OSEM), and 
row-action maximization-likelihood (RAMLA). 
After reconstruction, the pixel intensities of the 
images are calibrated to a meaningful physical 
scale, similar to the calibration of CT images 
to the HU scale. For PET, the physical prop-
erty of interest is the amount of radiotracer in 
each pixel, which is calculated by multiplying 
the reconstructed image in units of counts by 
an  experimentally measured calibration factor 
to produce pixel intensities in units of activity 
per unit volume (mCi/mL). After representation 
of the image in physically meaningful units, the 
image intensities are commonly further manipu-
lated into the standardized uptake value (SUV) 
scale. This is typically done by dividing the 

to remove; however, attempts to do this by re-
jecting low energy, potentially scattered photons 
as well as by building models of scatter into the 
image reconstruction process have proven mod-
erately effective. Removal of the effects of pho-
ton attenuation within the subject on PET data 
collection is typically accomplished as described 
earlier using the CT images acquired on a com-
bined PET/CT scanner.

The fi ltered backprojection technique de-
scribed earlier for x-ray CT scan has commonly 
been applied to reconstructing images from 
PET data as well. Just as in CT, the search for 
reconstruction methods with improved spatial 
resolution and noise rejection has led to the 
development and application of iterative meth-
ods to PET reconstruction. Several of these 
methods are now used clinically in commercial 

FIGURE 15.6  Four-dimensional PET and CT imaging. The top row shows three slices from a 4D CT dataset 
acquired at expiration (left), mid-inspiration (middle), and full inspiration (right). The tumor volume delineated on 
the expiration scan is shown in red. In the bottom row, the corresponding 4D PET scan is shown at the same phases 
of the breathing cycle. (Courtesy of Dr. L. Xing.)
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in the 2 position of the six-member ring has been 
replaced with fl uorine-18. The nonfl uorinated 
version of this molecule, 2-deoxyglucose (2DG), 
was originally intended for use as an anticancer 
agent, designed to take advantage of the well-
known Warburg effect that postulates that cancer 
cells are critically dependent on glycolysis for en-
ergy production. Both 2DG and FDG are taken 
into cells via glucose transporters and undergo 
the initial step of glycolysis, phosphorylation of 
the CH2OH group at the 6 position of the ring by 
the enzyme hexokinase. However, because of the 
missing hydroxy group, the molecule cannot un-
dergo isomerization in the next step of glycolysis, 
and is therefore trapped in the phosphorylated 
form, unable to exit the cell membrane because 
of the charge of the phosphate group. Both 2DG 
and FDG therefore accumulate within glycolyti-
cally active cells. 2DG failed as a cancer thera-
peutic because of the large doses required for ef-
fi cacy and their associated toxicity; however, use 
of tracer doses of FDG as a PET-imaging agent 
has been enormously successful. A clinical dose 
of FDG for PET imaging is typically 15 mCi of 
radioactivity, with a mass dose of approximately 
75 nmol. FDG has established uses in various on-
cologic imaging applications as discussed later in 
this chapter and shown in Figure 15.7. However, 
this imaging agent has several notable drawbacks, 
including accumulation in nonmalignant infl am-
matory processes as well as limited sensitivity for 
certain cancers such as prostate.

The search for improved PET radiotracers 
beyond FDG has taken several forms. In general, 
next generation PET radiotracers aim for im-
proved physiologic specifi city and/or improved 
clinical sensitivity. For example, there has been 
great effort to produce the so-called super FDG, 
that is, a radiotracer that has the broad spectrum 
of application of FDG but with improved sen-
sitivity and specifi city. Alternately, many groups 
have produced PET radiotracers that report spe-
cifi cally on a particular physiologic or molecular 
parameter, for example, PET probes that specifi -
cally bind to epidermal growth factor receptor 
(EGFR). These two goals are not necessarily 
mutually exclusive, but have been diffi cult to 
realize simultaneously with a single agent. One 
agent that has generated signifi cant interest in 
the PET community is [18F]fl uorothymidine 
(FLT), a thymidine analog that is phosphory-
lated by thymidine kinases that are upregulated 

measured image intensities by the injected dose 
divided by the patient weight. Although the ac-
curacy of this value has been called into question 
because of its sensitivity to various factors, the 
SUV remains a standard method of quantitating 
the degree of radiotracer uptake observed in a 
PET scan.

Positron Emission Tomography Radiotracers
The PET acquisition and image reconstruction 
process is not specifi c to any radionuclide or ra-
diopharmaceutical, it can be applied to any sub-
ject containing a positron-emitting compound. 
Therefore, in conjunction with PET system 
design, there has been an equal effort to design 
compounds labeled with positron-emitting radio-
isotopes that can be administered to a  subject and 
that will distribute according to a specifi c physi-
ologic or molecular process, so that the PET 
image can be used to quantitate said process. As 
picomolar concentrations of positron-emitting 
radioisotopes can be detected with PET, PET 
imaging probes are called “radiotracers” because 
they are given in trace doses in order to sample 
rather than perturb the physiology of the sub-
ject. A typical in vivo PET examination involves 
the systemic injection of a radiotracer at a dose 
of �7.4 MBq for mice and 200 to 600 MBq for 
humans, and imaging at one or more time points 
after injection to measure the distribution of the 
probe, as shown in Figure 15.4B. Dynamic im-
aging may be performed as described for CT to 
map the pharmacokinetics of the probe and the 
estimated specifi c physiologic parameters, or al-
ternately imaging may be done at a single time 
point when the probe has distributed according 
to its biologic activity and PET signal intensities 
are well associated with the biologic parameter of 
interest. In general, this association improves with 
increasing circulation time as the probe associates 
with its target while nonspecifi c probe accumula-
tion is cleared; however, because of the fi nite half-
life of PET radiotracers, a tradeoff must be made 
between imaging at early times when background 
signals are high versus at late times when more 
signal is lost because of radioactive decay of the 
probe. Various currently developed PET radio-
tracers are summarized in Table 15.1.

A fl uorinated analog of glucose, 2-[18F]fl uoro-
2-deoxyglucose (FDG), is the predominant 
PET radiotracer in use today. FDG differs from 
 glucose in that the hydroxy group typically found 
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hypoxic cells. Molecules of this type include the 
2-nitroimidazole derivatives pimonidazole and 
2-(2-nitro-1H-imidazol-1-yl)-N-(2,2,3,3,3-[18F]
pentafl uoropropyl)-acetamide ([18F]EF5), both of 
which have been used as immunohistochemical 
probes for hypoxia. Labeling of these molecules 
with positron-emitting radioisotopes has allowed 
their use as PET hypoxia probes. Hypoxia radio-
tracers of this type that have been studied clinically 
include [18F]fl uoromisonidazole (FMISO), [18F]
fl uoroazomycin arabinoside (Fig. 15.7), and [18F]
EF5. Diacetyl-bis(N4- methylthiosemicarbazone) 
(ATSM) labeled with radioactive copper has 
also been studied as a hypoxia PET radiotracer, 
based on similar oxygen- regulated bioreductive 
pathways that reduce the Cu label under hy-
poxic conditions causing it to acquire a charge 
and become trapped intracellularly. PET images 

during DNA synthesis, causing trapping and 
 accumulation of the probe in proliferating cells. 
This form of PET imaging has been correlated 
with cellular proliferation measured using Ki-67 
immunohistochemistry in lung tumors. How-
ever, it remains unclear how much independent 
information FLT provides beyond FDG, espe-
cially because the signal-to-noise ratio of FLT is 
signifi cantly lower than FDG.

The development of PET radiotracers that 
specifi cally accumulate in hypoxic cells has been 
of great interest in radiation oncology, where the 
radiation resistance of hypoxic tumor cells has 
long been acknowledged as a key factor in can-
cer radiotherapy. Several molecules have been 
identifi ed that are enzymatically reduced and 
trapped in cells in a process that is reversed by 
oxygen, causing retention of these compounds in 

TABLE 15.1 Positron Emission Tomography Radiotracers Used to Image Cancer  

Radiotracer Label Half-life (hours) Application

Choline 11C 0.34 Choline metabolism

Acetate 11C 0.34 Fatty acid/sterol metabolism

Tyrosine 11C 0.34 Amino acid metabolism

Methionine 11C 0.34 Amino acid metabolism

Ammonia 13N 0.17 Vascular perfusion

Water 15O 0.03 Vascular perfusion

FDG 18F 1.83 Glucose metabolism

FLT 18F 1.83 Cellular proliferation

FHBG 18F 1.83 Gene expression

FIAU 18F 1.83 Gene expression

Galacto-RGD 18F 1.83 Angiogenesis

Dimeric-RGD 18F 1.83 Angiogenesis

FMISO 18F 1.83 Hypoxia

FAZA 18F 1.83 Hypoxia

EF5 18F 1.83 Hypoxia

Cu-ATSM 64Cu 12.70 Hypoxia

Cu-PTSM 64Cu 12.70 Vascular perfusion

FDG, [18F]fl uoro-2-deoxyglucose; FLT, [18F]fl uorothymidine; FHBG, 18F-9-[4-fl uoro-3-(hydroxymethyl)butyl]guanine; 
FIAU, 131I-2�-fl uoro-2�-deoxy-1-ß-D-arabinofuranosyl-5-iodouracil ; RGD, arginine-glycine-aspartic acid; FMISO, 
[18F]fl uoromisonidazole; FAZA, [18F]fl uoroazomycin-arabinoside; EF5, 2-(2-nitro-1H-imidazol-1-yl)-N-(2,2,3,3,3-[18F]
pentafl uoropropyl)-acetamide; Cu-ATSM: Cu(II)-diacetyl-bis(N(4)-methylthiosemicarbazone); Cu-PTSM: Cu(II)-
pyruvaldehyde-bis(N(4)-methylthiosemicarbazone).
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FIGURE 15.7  Metabolic and hypoxic PET imaging. The columns show PET scans acquired using [18F]
fl uoro-2-deoxyglucose (FDG) (left) and [18F]fl uoroazomycin-arabinoside (FAZA) (right) from a patient 
with a primary head and neck cancer and locally involved lymph nodes. The increased signal-to-noise 
ratio and reduced background of FDG PET relative to FAZA PET are apparent. (Courtesy of Dr. R. Hicks.)
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cancer, melanoma, breast cancer, esophageal and 
colorectal cancers, head and neck cancer, thyroid 
cancer, and lymphoma. Additionally, PET is well 
suited for detecting distant metastases because 
it is routinely performed as a whole body exam 
(from the base of the skull to the mid-thighs).

FDG PET has a sensitivity of greater than 
96% for detecting and characterizing malignant 
lung nodules greater than 1 cm, with an overall 
specifi city of 77%. In addition to this setting, 
FDG PET has been incorporated into the stan-
dard staging workup for cancers of the esopha-
gus and head and neck, as well as for lymphoma. 
However, this modality has limited use for brain 
tumors because of the high uptake of FDG in 
normal brain, and for prostate cancer because of 
the low uptake of FDG by these tumors. FDG 
PET has little role for the initial screening and 
detection of melanoma because of limits of detec-
tion, but it is commonly used to stage metastasis.

Radiotherapy Planning

Although x-ray CT remains a crucial element 
of patient simulation for the planning of radia-
tion therapies, the improved contrast between 
tumors and normal tissues offered by PET has 
encouraged its incorporation into radiotherapy 
planning. PET may improve radiation treatment 
outcomes both by allowing more sensitive detec-
tion of small tumor deposits in the volume re-
ceiving the highest radiation dose, or the gross 
tumor volume (GTV) in International Com-
mission on Radiation Units and Measurements 
(ICRU) terminology, as well as by identifying 
occult or microscopic tumor spread, allowing 
inclusion of these regions in the GTV or the 
clinical target volume (CTV) where appropriate. 
The combination of PET and CT imaging tech-
nology in hybrid PET/CT scanners has further 
accelerated the consideration of this molecu-
lar imaging method in radiotherapy planning. 
Although the concept of defi ning biologically 
conformal radiation therapy (BCRT) using mul-
tiple molecular imaging measurements to map 
various tumor-associated functional and physi-
ologic parameters has been forwarded, at pres-
ent, researchers are addressing more immediate 
challenges such as how to best defi ne a radiation 
target based on a single FDG PET image.

Defi nition of targets for radiation therapy in-
volves clinical judgment and is prone to subjec-
tivity. Despite tremendous efforts to standardize 

acquired using this agent have shown an associa-
tion with patient outcome in initial clinical cancer 
imaging studies; however, the specifi city of this 
agent for hypoxia has been called into question.

Although many PET radiotracers have been 
developed that employ some form of intracel-
lular trapping to generate imaging signal, there 
are equally many PET agents that bind to spe-
cifi c molecules, commonly cell surface proteins. 
This approach has been used to produce PET 
agents for imaging angiogenesis by radiolabeling 
arginine-glycine-aspartic acid (RGD) peptides. 
This peptide sequence has been shown to bind 
to �V�3 integrins expressed on endothelial cells 
of angiogenic vessels. Furthermore, various an-
tibodies specifi c to oncologic targets have been 
radiolabeled and used as PET radiotracers, al-
lowing the development of imaging approaches 
to function in conjunction with antibody-based 
therapies. The long circulation half-lives of anti-
bodies generally necessitate that they be labeled 
with a long-lived positron-emitting isotope such 
as copper-64 or iodine-124, although antibody 
fragments have been engineered to tailor the 
pharmacokinetics of these agents toward those 
more suitable for imaging probes.

Finally, several PET agents have been devel-
oped for use as perfusion probes, including [13N]
NH3 and [15O]H2O. Although the radiotracers 
discussed earlier are usually imaged at late time 
points after injection so as to minimize detection 
of nonspecifi c probe accumulation, perfusion 
PET probes are generally imaged at one or more 
time points immediately after injection, when 
the probe is still confi ned to the vasculature. 
This imaging strategy therefore suits the short 
half-lives of radioisotopes such as nitrogen-13 
(9.96 minutes) and oxygen-15 (2.03 minutes). 
As in dynamic CT, dynamic PET images may be 
acquired and fi t to compartmental models to ex-
tract estimates of vascular volume and/or perfu-
sion from the measured time-activity data.

Clinical Applications of Positron 
Emission Tomography
Tumor Staging

The value of 18F FDG PET and PET/CT has 
been studied extensively for various cancers in 
several clinical scenarios. Currently, 18F FDG 
PET and PET/CT scanning is used routinely 
for the evaluation of several tumors that are typi-
cally avid for FDG. These malignancies are lung 
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FIGURE 15.8  Use of FDG PET/CT to assess treatment response. Fused PET/CT scans (CT: grayscale, PET: black-
red-white pseudocolor) acquired from a patient with pancreatic cancer before (top) and 4 months after (bottom) 
treatment with a single radiation dose of 25 Gy and gemcitabine chemotherapy. The maximum standardized up-
take value (SUV) within the primary lesion measured by FDG PET decreased from 16.4 prior to treatment to �2 
at the follow-up time point. (From Koong AC, Christofferson E, Le Q-T, et al. Phase II study to assess the effi cacy of 
conventionally fractionated radiotherapy followed by a stereotactic radiosurgery boost in patients with locally 
advanced pancreatic cancer. Int J Radiat Oncol Biol Phys. 2005;63:320–323, with permission.)
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■ CONCLUSIONS

Imaging is now a required component of any on-
cology clinic. Although anatomic x-ray imaging 
is the dominant method in use in diagnosing and 
staging cancer, the emergence of molecular imag-
ing as a clinically feasible means of mapping tissue 
function and physiology has clear potential to im-
prove the clinical management of cancer patients. 
Molecular imaging, in its loosest defi nition, in-
cludes both functional imaging methods such as 
perfusion CT as well as truly molecular techniques 
such as PET. At present, the incorporation of mo-
lecular imaging into clinical practice is very much 
a work in progress. Many of the possible roles for 
molecular imaging in radiation therapy have been 
evaluated only in pilot studies, and larger clinical 
trials using standardized image acquisition and 
analysis methods as well as prospective treatment 
strategies are still forthcoming. Several studies ex-
amining how radiation treatment plans could be 
constructed incorporating functional imaging data 
have been performed but have yet to be delivered 
to actual patients. The term biologically conformal 
radiation therapy was coined by Ling et al. in 2000 
as they developed a formalism for using imaging 
data to construct radiation treatments that are op-
timally tailored to a specifi c patient’s disease. Cur-
rently, though, we are caught between a “bottom-
up” approach to this problem, in which imaging 
methods are developed to provide estimates of 
specifi c molecular and cellular parameters to apply 
a BCRT treatment model, and a “top-down” ap-
proach, in which existing imaging methods such 
as FDG PET are used to develop treatment strat-
egies in the absence of a rigorous radiobiologic 
model at the molecular level. As is commonly the 
case, the most effi cient path forward appears to be 
is to combine these two paths for development. 
In the next 10 years, we can expect modest im-
provements in the performance of imaging meth-
ods such as CT and PET, in terms of quantitative 
accuracy, sensitivity, and spatial resolution. Many 
PET radiotracers are currently in evaluation in 
preclinical settings that may allow quantitation of 
specifi c parameters of radiobiologic interest, mov-
ing us closer to the bottom-up BCRT model as 
described earlier. However, several clinical trials 
evaluating molecular imaging-based diagnostic, 
staging, and treatment strategies are also in prog-
ress, ensuring we are most fully exploiting the 
clinical power of existing imaging modalities.

contouring methods for clinical radiation oncolo-
gists, there remain important sources of variability 
based on image interpretation, for example, when 
criteria other than size are used to determine 
tumor involvement, when contrast between tumor 
and normal tissues is minimal, and when trans-
lating physical exam fi ndings such as the degree 
of mucosal extension into contours on the scan. 
PET provides an additional contrast mechanism 
for distinguishing tumor from normal anatomy 
compared to CT alone, and as such can reduce the 
variability in image interpretation. Several studies 
have compared tumor volumes contoured by mul-
tiple observers based on CT alone to PET/CT. 
Studies of lung cancer, head and neck cancer, and 
rectal cancer have shown signifi cant improvement 
in defi nition of target volumes for radiotherapy 
when using PET/CT data. In addition, various 
methods for automatically and reproducibly de-
fi ning target volumes based on PET data have 
been reported, although there is a lack of agree-
ment on which of these methods is the most ac-
curate and suitable for clinical adoption.

Monitoring Treatment Response
FDG PET has provided a means of observ-
ing the metabolic response of tumors to treat-
ments including radiotherapy and chemotherapy, 
as demonstrated in Figure 15.8. This allows the 
measurement of tumor treatment response using 
functional information that may be more directly 
tied to the physiologic response of tumors to ther-
apy than changes in size or volume, which are used 
in the standard Response Evaluation Criteria in 
Solid Tumors (RECIST) strategy. In lung cancer, 
reduction of FDG activity measured at the end 
of treatment has been associated with response 
to chemotherapy, whereas decreased FDG PET 
signals measured mid-treatment has been corre-
lated with response to fractionated radiotherapy. 
Brucher et al. demonstrated that using a greater 
than 50% decrease in FDG uptake before and 
after neoadjuvant chemotherapy of esophageal 
cancer exhibited a positive predictive value of 72% 
for residual disease and a negative predictive value 
of 100% for good response. Similar results have 
been observed using FDG PET to monitor the 
therapeutic response of head and neck cancers and 
lymphomas. For colorectal cancer, several studies 
indicate that FDG PET has signifi cant prognostic 
value for identifying patients that will have a posi-
tive response to treatment.
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■ PET has been integrated with x-ray CT to 
produce hybrid PET/CT scanners, allowing 
the acquisition of functional PET informa-
tion in the same examination as radiation 
treatment planning CT images.

■ PET may be used to image any positron-
emitting radiopharmaceutical delivered to 
a patient.

■ PET radiotracers specifi c to glucose metab-
olism, cellular proliferation, hypoxia, angio-
genesis, and various cellular proteins have 
been developed and used for imaging cancer.

■ PET using the standard radiotracer FDG 
has been shown to enhance tumor staging 
and treatment response assessment for vari-
ous tumor types.

■ Methods for defi ning radiation target vol-
umes based on PET images are currently 
in development.
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The purpose of this chapter is to review the doses 
involved and to estimate the associated risks in 
radiology, cardiology, and nuclear medicine. The 
bulk of radiation exposure is received by patients 
as part of their diagnosis or treatment, so there 
is a tangible medical benefi t to balance against 
the risk; but medical radiation exposure is also 
conducted for medicolegal reasons and on vol-
unteers (patients or healthy persons) for research 
purposes, and here, the risk–benefi t equation is 
quite different. However, to put things in per-
spective, we fi rst summarize the radiation doses 
from background sources that everyone receives 
naturally. This is usually regarded as an impor-
tant benchmark, because life on earth has evolved 
with this continuous background radiation.

■  DOSES FROM NATURAL 
 BACKGROUND RADIATION

Natural sources of radiation include cosmic 
rays from outer space and from the sun, terres-
trial radiation from natural radioactive materials 
in the ground, and radiation from radionuclides 
naturally present in the body, ingested from 

food, or inhaled. The sources of natural back-
ground radiation are illustrated in Figure 16.1.

Enhanced natural sources are sources that are 
natural in origin but to which exposure is increased 
because of human activity (inadvertent or other-
wise). Examples include air travel at high altitude, 
which increases cosmic ray levels, and movement of 
radionuclides on the ground in phosphate mining, 
which can increase the terrestrial component to 
persons living in houses built on waste landfi lls. In-
door radon exposure might be considered in some 
instances an enhanced natural source, inasmuch 
as it is not natural to live in an insulated house. 
In a sense, also, all operations associated with the 
nuclear fuel cycle, starting with mining, involve 
natural radionuclides, but these are more generally 
 classifi ed as a consequence of human activity.

Cosmic Radiation
Cosmic rays are made up of radiations origi-
nating from outside the solar system and from 
charged particles (largely protons) emanating 
from the surface of the sun. The intensity of 
cosmic rays arriving at the earth’s surface varies 
with both latitude and altitude above sea level. 
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States is illustrated in Figure 16.3 As would be 
expected, the highest doses are in the Rocky 
Mountains at high elevations.

Long fl ights at high altitudes involve some 
increased dose, too. For example, the extra dose 
from cosmic rays received by a passenger on a 
commercial fl ight fl ying from the United States to 
Europe is about 0.05 mSv. Flight crews on north-
erly routes accumulate larger doses than most ra-
diology staff in hospitals; in fact, airline crews are 
already classifi ed as radiation workers in Europe, 
but that is not yet the case in the United States.

Natural Radioactivity in the Earth’s Crust
Naturally occurring radioactive materials are 
widely distributed throughout the earth’s crust, 
and humans are exposed to the �-rays from them. 
In the United States, there is a big  variation 
 between the Colorado plateau area, where the 
rocks and soil contain relatively more radioactive 

The variation with latitude is a consequence 
of the magnetic properties of the earth: Cos-
mic rays are charged particles that tend to be 
defl ected away from the equator and funneled 
into the poles. This is illustrated in Figure 16.2. 
The aurora borealis, or northern lights, results 
from charged particles spiraling down the lines 
of magnetic fi eld in the polar regions. Conse-
quently, cosmic ray intensity is least in equatorial 
regions and rises toward the poles. There is an 
even larger variation in cosmic ray intensity with 
altitude, because at high elevations above sea 
level, there is less atmosphere to absorb the cos-
mic rays, so their intensity is greater. For exam-
ple, the cosmic ray annual equivalent dose in the 
United States is about 0.26 mSv at sea level. This 
essentially doubles for each 2,000-m increase in 
altitude in the lower atmosphere, so that in Den-
ver,  Colorado, the annual effective dose* from 
cosmic radiation is about 0.5 mSv. The variation 
in dose from cosmic radiation across the United 

Inhaled (radon)

Ingested

Cosmic rays

Building
materials

Earth’s
crust

FIGURE 16.1  Three principal components of natu-
ral background radiation: (1) cosmic rays from solar 
fl ares in the sun or from outer space; (2) ingested radio-
activity, principally potassium-40 in food, and inhaled 
radioactivity, principally radon; and (3) radiation from 
the earth’s crust, which in practice means radiation em-
anating from building materials, because most people 
spend much of their lives indoors.

B

A

FIGURE 16.2  A: The earth behaves like a giant 
magnet. Showers of charged particles from solar events 
on the surface of the sun are defl ected away from the 
equator by the earth’s magnetic fi eld; most miss the 
earth altogether; others are funneled into the polar re-
gions. This explains why cosmic ray dose is low near the 
equator and high in the polar regions. It is also the basis 
of the aurora borealis, or northern lights, caused by in-
tense showers of cosmic ray particles that spiral down 
the lines of magnetic fi eld into the poles. B: Viewed 
from above the poles, the earth is ringed with lines of 
magnetic fi eld that form regions of high radiation dose 
known as the Van Allen belts. Humans could not live for 
long in the dose rates characteristic of these belts. On 
lunar missions, spaceships pass quickly through the Van 
Allen belts; the space shuttle orbits well below them.

*Readers unfamiliar with terms such as effective dose or any 
other quantities or units of dose should read the defi nitions 
in Chapter 17.
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that does little harm itself, because it is breathed in 
and breathed out again. However, in the confi ned 
space of an underground mine or the basement 
of a house, it decays with a 3-day half-life to form 
solid progeny that stick to dust or moisture par-
ticles and, if inhaled, become lodged on the surface 
of the bronchus or lung. Radon progeny emit �-
particles that, it is believed, are responsible for lung 
cancer. Radon levels in houses vary enormously, 
but the average concentration in the United States 
is about 37 Bq per cubic meter in aboveground liv-
ing areas and much more in basements. It is a so-
bering thought that in an average home, in every 
cubic meter of air, 37 atoms of radon decay each 
second, producing radioactive progeny. Only the 
bronchi and lungs are irradiated by this source, but 
�-particles are highly effective and have a radiation 
weighting factor of 20 (radiation weighting factor 
is explained in Chapters 7 and 17). This translates 
into an annual average effective dose of about 2 
mSv. There is no question that radon is by far the 
largest component of natural background radia-

thorium and uranium (0.75–1.40 mGy per year), 
and the Atlantic seaboard, where radioactivity is 
low (0.15–0.35 mGy per year). This variation is 
illustrated in Figure 16.4.

Internal Exposure
Small traces of radioactive materials are normally 
present in the human body, ingested from the tiny 
quantities present in food or inhaled as airborne 
particles. Radioactive thorium, radium, and lead 
can be detected in most persons, but the amounts 
are small and variable, and the fi gure usually quoted 
for the average dose rate resulting from these de-
posits is less than 10 �Sv per year. Only radioactive 
potassium-40 makes an appreciable contribution to 
human exposure from ingestion. The dose rate is 
about 0.2 mSv per year, which cannot be ignored 
as a source of mutations in humans.

The biggest source of natural background 
radiation is radon gas, which seeps into the base-
ments of houses from rocks underground. Radon, 
a decay product in the uranium series, is a noble gas 

FIGURE 16.3  Color plot of the annual cosmic radiation doses (in microsievert) in 
North America. The variation with altitude is very clear, with the highest doses in the Rocky 
Mountains. (From Grasty RL, Lamarre JR. The annual effective dose from natural sources 
of ionizing radiation in Canada. Radia Prot Dosim. 2004;108:215–226, with permission.)
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from background radiation. Undoubtedly, the 
highest natural background radiation is in Kerala, 
India, where more than 100,000 people receive an 
average annual dose of about 13 mSv, reaching a 
high in certain locations on the coast of 70 mSv.

Many studies have been made of these human 
populations who have lived for many generations 
in areas of high natural background radiation. So 
far, no excess incidence of cancer or heritable 
anomalies has been observed that can reasonably 
be attributed to the radiation. Such studies, of 
course, are beset with diffi culties.

■  COMPARISON OF RADIATION DOSES 
FROM NATURAL SOURCES AND 
HUMAN ACTIVITIES

In addition to natural background radiation, the 
human population is exposed to various sources 
of radiation resulting from human activities, as 
illustrated in Figure 16.5. Figure 16.6 shows 
the contribution of various sources of exposure 
to the total collective effective dose (1,870,000 

tion. The Environmental Protection Agency action 
level for radon is 148 Bq per cubic meter; remedial 
action is suggested for houses above this level. The 
Committee on the Biological Effects of Ionizing 
Radiation (BEIR) of the National Academy of Sci-
ences (BEIR IV report, 1998) estimates that radon 
may be responsible for between 15,400 and 21,800 
lung cancer deaths per year in the United States 
(i.e., about 10% of the total lung cancer deaths).

Areas of High Natural Background
There are several inhabited areas of the world 
where background radiation is considerably higher 
than average because of radioactivity in rocks, soil, 
or in building materials from which houses are 
made. These areas are in Brazil, France, India, 
Niue Island (in the South Pacifi c), and Egypt.

In Brazil, some 30,000 people who live in 
coastal areas are exposed to dose rates of 5 mSv 
per year. About one-sixth of the population of 
France live in areas, largely in the Burgundy wine-
growing district, in which the rocks are principally 
granite, and they receive 1.8 to 3.5 mSv per year 

FIGURE 16.4  Terrestrial �-ray exposure at 1 m aboveground for the United States, taken from the 
U.S. Geological Survey Digital Data Series for 1993. The units of exposure in the fi gure are in micro-
roentgen per hour. Over the Colorado plateau, the equivalent dose would be about 0.75 mSv per year, 
compared with about 0.22 mSv per year over the Atlantic seaboard.
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person-Sv) and the average effective dose per 
person in the US population (6.2 mSv) for the 
year 2006. This represents a doubling in the past 
25 years, caused largely by a huge increase in the 
contribution from medical radiation.

There are several obvious conclusions to 
be drawn from this summary of doses from all 
sources. First, the annual effective dose result-
ing from human activities is now almost exactly 
equal to the total of all natural sources. Second, 
radon represents the largest source of natural 
background radiation, whereas medical radiation 
dominates the contribution from human  activities.

It is important to realize that the populations 
exposed to these two major sources are not the 
same. The entire US population in age, gender, 
and health status is exposed to background ra-
diation. By contrast, persons exposed to medical 
radiation are “patients,” and, as such, are skewed 
to older ages and to those with health problems. 
The principal exceptions are x-rays used for 
screening problems (e.g., mammography) and 
for trauma in children.

Fallout from
weapon testing

Television and
computer
monitors (CRTs)

Medical
x-rays

Buried
radioactive
waste

Luminous
wristwatch

Nuclear
power 
plants

Dental
x-rays

Extra cosmic rays
from air travel

FIGURE 16.5  The various sources of radiation 
 resulting from human activity to which the human 
population is exposed. In developed countries, the 
 effective dose is dominated by medical radiation.

FIGURE 16.6  Percentage contribution of the various sources of exposure to the collective effective dose 
(1,870,000 person-Sv) and the average total effective dose per person in the US population (6.2 mSv) for 2006. 
Medical radiation and natural background radiation make almost equal contributions. (Data from National 
Council on Radiation Protection and Measurements. Ionizing Radiation Exposure of the Population of the United 
States. Report 160. Bethesda, MD: NCRP; 2009.)
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[ICRP], 2006), so few procedures are likely to 
cause this effect.

Apart from this important exception, the po-
tential deleterious consequences of diagnostic 
radiology involve stochastic effects, that is, carcino-
genesis and heritable effects. The characteristic 
of stochastic effects is that there is no threshold 
in dose; that is, there is no dose below which the 
effect does not occur, and the probability of carci-
nogenesis or heritable effects increases with dose. 
A stochastic effect may result from irradiation of 
one or a few cells, and the severity of the response 
is not dose related. As a consequence, absorbed dose
to a limited portion of a person’s body does not 
provide by itself the overall perspective on risk 
 associated with a given procedure.

Effective dose is a more relevant quantity; it takes 
into account the tissues and organs irradiated, as 
well as the dose involved. This is important because 
some tissues and organs are more susceptible than 
others to radiation.  (Effective dose is discussed in 
detail in Chapter 17.) The technical defi nition of 
effective dose is the sum of the equivalent doses 
to each tissue and organ exposed multiplied by the 
appropriate tissue weighting factors (WT). What 

■ DIAGNOSTIC RADIOLOGY

The use of x-rays for diagnosis in medicine var-
ies signifi cantly between countries, depending on 
the standard of health care. Table 16.1, based on 
the United Nations Scientifi c Committee on the 
Effects of Atomic Radiation (UNSCEAR) 2000, 
summarizes the availability of radiologists and the 
number of specialized units, such as computed 
tomography (CT) scanners and mammography 
units in the United States, the United Kingdom, 
and several other  industrialized  countries.

The radiation doses involved in radiology 
other than interventional procedures are sel-
dom suffi ciently large to result in deterministic 
effects. By defi nition, a deterministic effect has 
a practical threshold in dose, the severity of the 
effect increases with dose, and it results from 
damage to many cells. One exception is inad-
vertent  exposure of the developing embryo or 
fetus, with a possible consequence of reduced 
head diameter (microcephaly) and mental re-
tardation. The threshold for radiation-induced 
mental retardation is about 0.3 Gy (Interna-
tional Commission on Radiological Protection 

TABLE 16.1 Overview of the Practice of Radiology

    Medical
    X-rays—
    Number of
    Annual
    Radiation Physicians
   CT Exams and Conducting
  Mammography Scanners— Treatments Radiology 
 Population Units (per 106  Total (per 106 � 106 (per 106 (per 106

� 106 Population) Population) Population) Population)

Canada 27.9 20.2  223 (8.0) 24.9 (0.89) 74

France 57.7 42.2  561 (9.7) 92.0 (1.59) 119

Germany 81.5 43.6 1,400 (17.2) 102.2 (1.25) 405

Japan 125.0 11.7 7,959 (63.7) 184.7 (1.48) 94

Sweden 8.8 19.3  115 (13.1) 5.0 (0.57) 125

United 58.2 4.4 350 (6.0) 28.9 (0.50) 41
 Kingdom

United
 States 260.0 38.6 6,800 (26.2) 250.0 (0.96) 92

Based on UNSCEAR 2000, which in turn is based on UNSCEAR surveys 1991–1996.
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TABLE 16.2 Entrance Skin Exposure and Absorbed Doses to Various Organs from 
 Radiographic Studies in Adultsa

Dose, mGy (mrad)

 Free-
 in-Air 
 Exposure  
 at Skin Active
Examination Entrance,  Bone
and View mR Marrow Thyroid Breast Lungs Ovaries Testes

Chest

 Posteroanterior    20 0.02 (2) 0.01 (1) 0.01 (1) 0.07 (7) N N

 Lateral    65 0.02 (2) 0.07 (7) 0.15 (15) 0.12 (12) N N

 Series — 0.04 (4) 0.07 (7) 0.16 (16) 0.19 (19) N N

Skull

 Anteroposterior   330 0.08 (8) 0.06 (6) — N N N

 Lateral   190 0.05 (5) 0.21 (21) — N N N

 Series — 0.24 (24) 0.34 (34) — 0.01 (1) N N

Cervical spine

 Anteroposterior   150 0.02 (2) 1.00 (100) — 0.02 (2) N N

 Lateral   100 0.02 (2) 0.06 (6) — 0.02 (2) N N

 Series — 0.09 (9) 2.60 (260) — 0.11 (11) N N

Thoracic spine

 Anteroposterior   280 0.05 (5) 0.25 (25) 0.95 (95) 0.35 (35) N N

 Lateral   630 0.12 (12) 0.05 (5) 0.05 (5) 0.75 (75) N N

 Series — 0.17 (17) 0.30 (30) 1.00 (100) 1.10 (110) N N

Lumbar spine

 Anteroposterior   640 0.18 (18) N — 0.40 (40) 1.10 (110) 0.02 (2)

 Lateral 2,300 0.44 (44) N — 0.30 (30) 0.90 (90) 0.02 (2)

 Series — 1.10 (110) N — 1.70 (170) 3.70 (370) 0.06 (6)

Urography

 KUB   600 0.20 (20) N — 0.07 (7) 1.30 (130) 0.10 (10)
  (anteroposterior)

 Series — 0.90 (90) N — 0.27 (27) 5.50 (550) 0.40 (40)

 Series � 4 — 1.70 (170) N — 0.54 (54) 6.50 (650) 0.50 (50)
  tomograms

Mammography b —       — — 2.40 (240) — — —

Upper — 3.00 (300) 0.03 (3) 0.50 (50) 1.00 (100) 12.00 (1,200) 0.80 (80)
 gastrointestinal
 series

Barium enemia — 5.20 (520) N — — — —
 series
a Values given are exposures and doses received by some patients at some facilities. Values can be much higher or lower 
depending on patient size, the technology employed, and the examination protocols established by the radiologist. 
Key: —, no estimate is made; N, negligible dose (�0.01 mGy).
b Two-view screening with fi lm-screen grid.

Adapted from Wagner LK: Radiation Bioeffects and Management Test and Syllabus. Reston, VA, American College of 
 Radiology, 1991, with permission.
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this amounts to in simpler terms is that effective 
dose is the whole body dose of x-rays that would 
have to be delivered to produce the same stochastic 
risk as the partial body dose that actually was de-
livered. This quantity provides an easy assessment 
of overall risk and makes comparison of risks much 
simpler; for example, risk from a diagnostic exami-
nation is more readily compared with that from 
background radiation if effective dose is quoted. 
The unit of absorbed dose is the gray, whereas the 
unit of effective dose is the sievert. Most current 
reports in the literature use effective dose in dis-
cussing the potential health consequences of diag-
nostic radiology.

Last but not the least, the overall population 
impact of diagnostic radiology can be assessed in 
terms of the collective effective dose, the product 
of effective dose and the number of persons ex-
posed. In this case, the unit is the person-sievert. 
This quantity is a surrogate for “harm” resulting 
from a given event involving radiation exposure. 
For example, the collective effective dose from 
the Chernobyl accident multiplied by the risk co-
effi cient (5% per sievert for fatal cancer) gives an 
estimate of the number of cancer cases resulting 
from the accident, and is therefore a measure of 
the harm done. Later in this chapter, the conse-
quences of the collective effective dose from diag-
nostic radiology will be discussed.

These three quantities—dose, effective dose, 
and collective effective dose—are discussed in 
turn. (In general, whenever the term dose is used 
alone, it refers to the absorbed dose.)

Dose
Table 16.2 is a summary of entrance skin ex-
posures, as well as absorbed doses to various 

 organs, characteristic of a representative sam-
ple of standard diagnostic procedures. The 
data do not contain any big surprises. As would 
be expected, radiographs of the lumbar spine, 
barium enema series, and upper gastrointesti-
nal (GI) series involve substantial doses of ra-
diation because of the need to penetrate these 
thick and dense regions of the body. These 
are the procedures, too, that inevitably lead to 
large gonadal doses.

The Nationwide Evaluation of X-ray Trends 
(NEXT) is a series of reports that give doses for 
several common examinations:

■ The 1992 report summarized mammography 
x-ray data. It was shown that over the years, 
the mean glandular dose per examination 
has fallen and is now about 2 mGy while the 
image quality has improved. This is illustrated 
in Figure 16.7.

■ The 1994 report summarized data for adult 
chest x-rays. The average entrance air kerma 
was 0.14 mGy at an average clinical kVp (ki-
lovolt peak) of 101, with an average exposure 
time of 31 ms.

■ The 1995 report referred to abdomen and 
lumbosacral spine x-ray data, which are shown 
in Table 16.3.

■ The 1998 report focused on pediatric chest 
x-ray data. In contrast to the adult chest x-ray 
data of 1994, the average entrance air kerma 
was 0.05 mGy at an average kVp of 71, with 
an average exposure time of 12 ms.

■ Dental x-ray data were the subject of the 
1999 survey. The average entrance air kerma 
was 1.6 mGy with an average clinical kVp 
of 71.
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FIGURE 16.7  Graph showing how 
the mean glandular dose for mammog-
raphy fell dramatically between 1970 
and 1990 and is now about 1.4 mGy. 
Meanwhile, the image quality improved. 
Image quality is measured in terms of 
phantom score; a phantom contains fi ber 
specks and spheres of different sizes, 
and the score indicates how many can 
be seen. (Adapted with permission from 
Nationwide Evaluation of X-ray Trends. 
Twenty-fi ve years of NEXT. February 2003. 
 Available at: http://www.crcpd.org/pubs/
nexttrifolds/25yrsofnext%20trifold-
rev2-4-03.pdf.)
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TABLE 16.3 Abdomen and Lumbosacral Spine

 1995 Abdomen 1995 Lumbosacral Spine

Entrance air kerma (mGy)   2.8   3.2

Clinical kVp  76  78

Exposure time (ms) 145 247

Percent using grids  97  96

Phantom fi lm optical density   1.74   1.32

From the NEXT 1995 Abdomen and LS Spine X-ray Data Survey.

Some of the largest doses in diagnostic ra-
diology are associated with fl uoroscopy. In this 
case, the dose rate is greatest at the skin, where 
the x-ray beam fi rst enters the patient. Dose 
rates from fl uoroscopy from the NEXT 1996 
upper GI fl uoroscopy survey is shown in Table 
16.4. Although dose rates in the literature are 
now reported in the new Système International 
d’Unités (SI) unit of milligray per minute, ex-
isting regulations still specify limits in terms of 
an exposure rate (roentgen per minute). The 
entrance exposure limit for standard operation 
of a fl uoroscope is 10 R per minute. Some fl u-
oroscopes are equipped with a high output or 
“boost” mode, and the limit for operation in this 
mode on state-of-the-art equipment is 20 R per 
minute. There is no limit on entrance exposure 

rate during any type of recorded fl uoroscopy, 
such as cinefl uorography or digital acquisitions.

A typical fl uoroscopic entrance exposure rate 
for a medium-built person is approximately 3 R 
per minute (corresponding to an absorbed dose 
rate of about 30 mGy per minute). Much higher 
dose rates may be encountered during recorded 
interventional and cardiac  catheterization  studies, 
such as those that involve a series of multiple still-
frame image acquisitions.

The number of CT scanners in clinical 
use has risen steadily over the years, and varies 
 enormously between various countries with very 
different health care systems. This is evident from 
Table 16.5 taken from the UNSCEAR review in 
2000, which is already way out of date.  Figure 16.8 
shows the dramatic increase in the number of 

TABLE 16.4 Dose Rates from Fluoroscopy

 1996 Upper 1996 Cardiac 1996 C-Arm
 Gastrointestinal Cath Labs Units

Entrance air kerma 45 38 22
 (mGy/min)a

Clinical kVp 99 82 78

Fluoroscope tube current (mA)  2.3  5.1  3.0

Air kerma rate with contrast b 67 71 41
 (mGy/min)a

Maximum air kerma ratea 70 74 44
aDetermined at 1 cm of the table top and does not include contributions from over-table units.
bCopper is used to simulate the presence of barium contrast medium.

From the NEXT 1996 Upper GI Fluoroscopy Survey.
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TABLE 16.5 Global Activity in Computed Tomography for 1995

 Scanners per Million Annual Procedures per
Region Population Thousand Population

World  3.5 11

United States 26.4 91

European Union 10.1 33

 France  7.7 33

 Germany 16.6 53

 Italy  9.6 30

 Spain  5.7 15

 United Kingdom  6.2 21

Adapted from Bahador B. Trends in Diagnostic Imaging to 2000. London: FT Pharmaceutical and Health Care Publishing; 
1996, with permission.

CT scans performed in the United States and 
in the United Kingdom in the past 25 years. By 
2006, the number of CT scans performed in the 
United States reached 67 million, with about 10% 
of them in children. The rate of increase in the 
United  Kingdom is just as rapid, but, taking into 
account the relative population sizes of the two 
countries, the frequency of use of CT (in terms 
of the  number of scans/person/year) is about fi ve 
times lower in the United Kingdom than in the 
United States. For CT scanning, organs in the 
beam can receive doses in the range of 10 to 100 
mGy, but are usually in the range of 15 to 30 mGy 
for each single CT sequence. However, surveys 

emphasize the fact that doses can vary by a fac-
tor of 6 between different manufacturers, and by 
a factor of 5 for the same make scanner between 
different departments.

Effective Dose
Most recent surveys of diagnostic radiology 
quote effective dose, because this is related to the 
risk of stochastic effects, such as the induction 
of cancer or heritable effects. Table 16.6 shows 
 representative values (together with range of 
 values) of effective doses from representative ra-
diologic procedures reported in the literature and 
summarized by Mettler and colleagues in 2008.
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FIGURE 16.8  Estimated number of CT scans performed annually in the United States and in the United King-
dom from 1980 until 2006. Note that although the rate of increase is similar in the United Kingdom to the United 
States, the number of scans per person is fi ve times lower in the United Kingdom.
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TABLE 16.6 Adult Effective Doses for Various Diagnostic Radiology Procedures

 Average Effective  Values Reported in
Examination Dose (mSv) Literature (mSv)

Skull 0.1 0.03–0.22

Cervical spine 0.2 0.07–0.3

Thoracic spine 1.0 0.6–1.4

Lumbar spine 1.5 0.5–1.8

Posteroanterior and lateral study of chest 0.1 0.05–0.24

Posteroanterior study of chest 0.02 0.007–0.050

Mammography 0.4 0.10–0.60

Abdomen 0.7 0.04–1.1

Pelvis 0.6 0.2–1.2

Hip 0.7 0.18–2.71

Shoulder 0.01 —

Knee 0.005 —

Other extremities 0.001 0.0002–0.1

Dual x-ray absorptiometry (without CT) 0.001 0.001–0.035

Dual x-ray absorptiometry (with CT) 0.04 0.003–0.06

Intravenous urography 3 0.7–3.7

Upper gastrointestinal series 6a 1.5–12

Small-bowel series 5 3.0–7.8

Barium enema 8a 2.0–18.0

Endoscopic retrograde 4.0 —
 cholangiopancreatography
aIncludes fl uoroscopy.

From Mettler FA Jr, Huda W, Yoshizumi TT, et al. Effective doses in radiology and diagnostic nuclear medicine: a 
catalog. Radiology. 2008;248:254–263, with permission.

It is not diffi cult to understand why CT scans 
involve relatively larger effective doses, because 
larger volumes of tissue are exposed to higher 
doses than with plain x-rays. Table 16.7 shows 
representative values and ranges of values for ef-
fective doses from various CT procedures, again 
taken from the literature and summarized by 
Mettler and colleagues in 2008.

Pediatric CT scans are a special case. If the 
same parameters (kV and mA) are used for ba-
bies and small children as for adults, much larger 
doses and effective doses are received by the 
 pediatric cases. This was common practice until 
2001, when it was pointed out that children are 

at least 10 times as sensitive as adults to radiation-
induced cancer. As a consequence, a major effort 
has been made by pediatric radiologists to tailor 
the appropriate parameters to the size of the per-
son being scanned. This has led to a substantial 
dose  reduction in children receiving CT scans. 
All major radiologic societies now support the 
“Image Gently” campaign to reduce doses in di-
agnostic radiology and to eliminate unnecessary 
procedures.

Collective Effective Dose
Next to be considered is the effect of diagnostic ra-
diology on the population as a whole, rather than 
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and used to quantify the harmful effects of radia-
tion exposure to different parts of the body, taking 
into account the severity of the disease in terms of 
lethality, loss of quality of life, and years of life lost. 
Detriment includes a small component for herita-
ble effects, a large component for fatal cancers, and 
an allowance for nonfatal cancers that, although 
they do not cause death, nevertheless affect quality 
of life. ICRP has suggested the detriment-adjusted 
risk coeffi cients for stochastic effects after exposure 
of the whole population to radiation at low dose rate 
to be 5.5% per sievert for cancer (fatal and nonle-
thal combined), and 0.2% per sievert for heritable 
effects, making a total of 5.7% per sievert. A collec-
tive effective dose of 899,000 person-Sv translates 
into 49,445 cases of cancer (fatal plus nonlethal), 
together with 1,798 cases of severe heritable effects 
resulting from 1 year’s practice of radiology. This is 
almost certainly a gross overestimate because most 
radiologic  procedures are performed late in life or 
during a terminal illness.

Second, occupational exposure. The total 
collective effective dose in the United States in 
2006 from occupational exposure to radiation 
was estimated to be 1,399 person-Sv. The two 
largest (and almost equal) contributors were 
medical and aviation workers, amounting to 
77% of the total. However, the number of work-
ers occupationally exposed in a medical setting 

on the individual. The relevant quantity here is the 
collective effective dose, which is the product of the 
effective dose and the number of persons exposed. 
It can give a very rough indication of the harm or 
detriment to an exposed population in terms of the 
number of radiation-induced cancers or heritable 
effects that may be expected to be produced.

There are two values of the collective effective 
dose that are of particular interest in diagnostic 
radiology, that to patients and that to health care 
workers. First, to patients; in 2006, the collec-
tive effective dose to the population of the United 
States from medical radiation was 899,000 person-
Sv (National Council on Radiation Protection 
and Measurements [NCRP] report 160), which 
is a 700% increase from the corresponding fi gure 
from the 1980s (NCRP report 100). Some of this 
increase is caused by the 30% rise in the popula-
tion over about 25 years, but mostly, it is a result of 
the burgeoning application of CT, nuclear medi-
cine, and interventional radiology and cardiology. 
Half of this total is caused by CT. Figure 16.9 
shows the percentage contribution of the various 
CT categories to the total collective effective dose 
from all CT procedures; it is no surprise that ab-
dominal scans are the biggest contributor (58%).

It is interesting to calculate the detriment from 
this enormously large collective effective dose. Ra-
diation detriment is a concept introduced by ICRP 

TABLE 16.7 Adult Effective Doses for Various CT Procedures

 Average Effective Values Reported in 
Examination Dose (mSv) Literature (mSv)

Head 2 0.9–4.0

Neck 3 —

Chest 7 4.0–18.0

Chest for pulmonary embolism 15 13–40

Abdomen 8 3.5–25

Pelvis 6 3.3–10

Three-phase liver study 15 —

Spine 6 1.5–10

Coronary angiography 16 5.0–32

Calcium scoring 3 1.0–12

Virtual colonoscopy 10 4.0–13.2

From Mettler FA Jr, Huda W, Yoshizumi TT, et al. Effective doses in radiology and diagnostic nuclear medicine: a 
catalog. Radiology. 2008;248:254–263, with permission.
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sociated with higher radiation exposures to both 
patients and health care workers. Angiography 
consists of inserting a catheter into a patient, 
guiding it along with the aid of fl uoroscopy, and 
injecting contrast material into the vascular sys-
tem. Stenosis, or blockage of one or more of these 
vessels, can lead to a myocardial infarction, but 
it can be visualized and treated with surgery or 
coronary angioplasty. Coronary angiography is a 
procedure that uses cineangiography in  angulated 
projections, which can expose the operator to 
higher doses than when the x-ray equipment is 
used in the standard posteroanterior position.

Percutaneous transluminal coronary angio-
plasty is a therapeutic procedure to open blocked 
arteries by infl ating a small balloon inside the ar-
tery, compressing and fracturing the obstruction, 
or using rotating blades to cut and remove the 
obstruction. It often requires the deployment of 
stents as well to maintain vessel patency. During 
conventional coronary angioplasty, prolonged fl u-
oroscopy in severely angulated positions increases 
the dose to the operator and the patient. For cor-
onary angioplasty, the overall potential radiation 
exposure to the operators is medium to high. The 
usual arterial accesses are the femoral artery in 
the groin and the brachial artery in the shoulder. 
Large doses are also involved in the placement of 

is much greater than in the aviation industry, so 
that the average effective dose to the person in 
aviation is four times larger than in medical.

■  INTERVENTIONAL RADIOLOGY 
AND CARDIOLOGY

Interventional fl uoroscopy refers to any procedure 
in which the use or application of a medical device is 
fl uoroscopally guided in the body and includes pro-
cedures that may be for diagnostic or  therapeutic 
purposes. The past two decades have witnessed a 
major increase in such procedures in the United 
States. The collective effective dose has more than 
doubled in the past 10 years, making interventional 
radiology one of the fastest growing areas of medi-
cal radiation. These  procedures include cardiac ra-
diofrequency ablation, coronary artery angioplasty 
and stent placement, neuroembolization, and tran-
sjugular intrahepatic portosystemic shunt (TIPS) 
placement. Such procedures tend to be lengthy and 
involve fl uoroscopy of a single area of the anatomy 
for a prolonged period—frequently for longer than 
30 minutes and occasionally for over an hour. In 
addition, the need for multiple sequential treat-
ment sessions can occur.

Procedures have evolved to include increas-
ingly complex curative interventions that are as-

FIGURE 16.9  Percentage contribution of the various CT categories to the total collective ef-
fective dose from CT. Note that abdominal and pelvic scans account for the largest contribution. 
(Data from National Council on Radiation Protection and Measurements. Ionizing Radiation Expo-
sure of the Population of the United States. Report 160. Bethesda, MD: NCRP; 2009.)
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In addition, a large number of nonvascular 
interventional procedures using radiation are 
performed, such as the drainage of a blocked 
kidney or ablation of liver cancer.

Patient Doses and Effective Doses
Radiation doses received by patients from in-
terventional radiology and cardiology are much 
higher than from general diagnostic radiology; 
so much so that there is a risk of deterministic 
effects, such as early or late skin damage. During 
these procedures, typical fl uoroscopic absorbed 
dose rates to the skin can range from 20 to more 
than 50 mGy per minute. There are reports in the 
literature of several dozen cases of skin damage 
following fl uoroscopically guided interventional 
procedures. Also frequently reported are cases 
showing an acute phase involving erythema and 
deep ulceration, followed by a late phase involv-
ing telangiectasia, and/or  hyperpigmentation. 
Less frequent and following more than 2 hours 
of fl uoroscopy, erythema, desquamation, and 
later a moist ulcer with tissue necrosis have been 
reported, requiring a skin graft. Table 16.8 is a 

TIPS. The clinical application of electrophysiol-
ogy in cardiology is to study the electrical conduc-
tion pathways of the heart. In the cardiac catheter-
ization laboratory, fl uoroscopic control is used to 
position catheters in the heart to measure electri-
cal activity and to map electrical conduction path-
ways. This technique is being used increasingly 
because abnormal conduction pathways, which 
may lead to life- threatening cardiac arrhythmias, 
can be controlled by ablation, now being per-
formed using catheter-directed methods. Either 
a direct current or radiofrequency generator is 
used to produce a voltage of 20 or 30 V, which 
heats tissue to approximately 60° C for about 1 
minute, destroying the abnormal electrical con-
duction pathways. These procedures usually re-
quire only posteroanterior fl uoroscopy, although 
oblique or angulated views are also used. The suc-
cessful treatment of some cardiac arrhythmias by 
radiofrequency ablation probably will increase the 
use of fl uoroscopy for this type of therapy. Long 
fl uoroscopic times and the occasional use of an-
gulated views result in high radiation exposures to 
workers during these procedures.

TABLE 16.8 Potential Effects of Fluoroscopic Exposures on the Reaction of the Skin

 Approximate Threshold
Effect Dose, Gy Time of Onset

Early transient erythema  2 2–24 h

Main erythema reaction  6 �1.5 wk

Temporary epilation  3 �3 wk

Permanent epilation  7 �3 wk

Dry desquamation 14 �4 wk

Moist desquamation 18 �4 wk

Secondary ulceration 24 �6 wk

Late erythema 15 8–10 wk

Ischemic dermal necrosis 18 �10 wk

Dermal atrophy (fi rst phase) 10 �12 wk

Dermal atrophy (second phase) 10 �52 wk

Telangiectasis 10 �52 wk

Delayed necrosis 12? �52 wk (related to trauma)

Skin cancer Not known �15 y

Adapted from Wagner LK, Archer BR. Minimizing Risks from Fluoroscopic X-rays. 2nd ed. Houston, TX: Partners in 
 Radiation Management; 1998, with permission, and modifi ed by Hopewell (personal communication).
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responding collective effective dose of 128,394 
person-Sv, slightly more than half of this com-
ing from cardiac procedures. Table 16.10 shows 
typical effective doses from various interven-
tional radiology procedures, collected by Met-
tler and colleagues in 2008. Long interventional 
procedures can result in effective doses of 5 to 
70 mSv, with TIPS being perhaps the highest. 
Because the patients are, in general, older and 
suffering from life-threatening medical condi-
tions, the possibility of radiation-induced can-
cer 10, 20, or 30 years down the road is largely 
academic. The immediate threat of determinis-
tic effects, however, is very real and can affect 
quality of life in a serious way.

Dose to Personnel
Physicians involved in cardiology, angiography, 
and fl uoroscopically guided interventional work 
routinely receive radiation doses higher than any 
other staff in a medical facility and comparable to 
doses received in the nuclear industry (Fig. 16.10 
and Table 16.11). Frequently, doses received by 
interventional radiologists are close to the an-
nual dose limits, and there is also evidence that 
ocular cataracts are not uncommon. This is prin-
cipally because of prolonged fl uoroscopy.

TABLE 16.9 Risks from  Fluoroscopically 
Guided Interventional 
 Procedures

Benefi t/risk ratio is high . . . . . . . . . BUT . . .
■ 1.5% of patients develop an erythema.
■ 0.25% of patients develop some late skin 

damage.
■ 1 in 10,000 to 1 in 50,000 show severe

late damage.

Courtesy of Dr. Lou Wagner.

compilation of the dose levels and relative times 
at which effects in the skin are  observed follow-
ing a single acute radiation exposure.

Table 16.9 shows the very small percent-
age of patients in whom deterministic effects 
are evident. They are relatively few in number, 
but they represent a very serious complication. 
 Although early effects are of immediate con-
cern, that is not to say that stochastic risks are 
absent. In 2006, the number of such procedures 
was estimated to be 16.7 million, with a cor-

TABLE 16.10 Adult Effective Doses for Various Interventional Radiology Procedures

 Average Effective Values Reported in
Examination Dose (mSv)a Literature (mSv)

Head and/or neck angiography  5 0.8–19.6

Coronary angiography (diagnostic)  7 2.0–15.8

Coronary percutaneous 15 6.9–57
 transluminal angioplasty, stent 
 placement, or radiofrequency ablation

Thoracic angiography of pulmonary  5 4.1–9.0
 artery or aorta

Abdominal angiography or aortography 12 4.0–48.0

Transjugular intrahepatic portosystemic 70 20–180
 shunt placement

Pelvic vein embolization 60 44–78
aValues can vary markedly on the basis of the skill of the operator and the diffi culty of the procedure.

From Mettler FA Jr, Huda W, Yoshizumi TT, et al. Effective doses in radiology and diagnostic nuclear medicine: a 
catalog. Radiology. 2008;248:254–263, with permission.
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FIGURE 16.10  Graphic representa-
tion of the mean values of doses per pro-
cedure for a radiologist (A) and a cardi-
ologist (B) engaged in an interventional 
procedure. The fi gures are the mean of 
measurements taken during more than 
80 procedures. (Adapted from Vano E, 
Gonzalez L, Guibelalde E, et al. Radiation 
exposure to medical staff in interven-
tional and cardiac radiology. Br J Radiol. 
1998;71:954–960, with  permission.)

■ NUCLEAR MEDICINE

Nuclear medicine is the medical specialty in 
which unsealed radionuclides, chemically manip-
ulated to form radiopharmaceuticals, are used for 
diagnosis and therapy. Radiopharmaceuticals lo-
calize in various target tissues and organs, and al-
though nuclear medicine images have less spatial 
and anatomic resolution than do radiographic or 
magnetic resonance images, they are better able 
to display physiology and metabolism.

Historical Perspective
The fi rst person to suggest using radioactive 
isotopes to label compounds in biology and 
medicine was the Hungarian chemist Georg 
von Hevesy, whose work, beginning before 
World War II, earned him a Nobel Prize in 1943 
(Fig. 16.11). The concept of using radioactive 
tracers in medicine could not be exploited until 
the means to produce artifi cial isotopes were 
readily available. The cyclotron was invented 
and developed by Ernest Lawrence in the 1930s, 
also leading to a Nobel Prize, and devices of this 
type have been used to produce short-lived iso-
topes and positron emitters (Fig. 16.12). Nuclear 

reactors were developed during World War II 
and are used to produce most medically used ra-
dioactive isotopes, all of which are electron or 
�-ray emitters.

For the reasons mentioned earlier, nuclear 
medicine was a late starter compared with  radiation 
therapy and x-ray diagnosis. Radiopharmaceuticals 
of adequate quality and consistency were not avail-
able until 1946, but since then, nuclear medicine 
has grown into a specialty in its own right and is 
now one of the most rapidly growing areas of ra-
diation medicine largely because of nuclear cardi-
ology. A broad array of pharmaceuticals, coupled 
with the development of sophisticated hardware, 
has made possible a widening diversity of appli-
cations. Positron emission tomography (PET) 
scanning has opened up a whole new area of rapid 
growth that is discussed later in this chapter.

Most nuclear medicine procedures are diag-
nostic examinations. Therapeutic nuclear medi-
cine procedures represent only 1% to 2% of all 
radionuclide use, involving principally the treat-
ment of hyperthyroidism, thyroid cancer, and 
bone metastases. Because of the high doses in-
volved in therapy, the quantity “effective dose” 
is not appropriate to use for these procedures, 
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FIGURE 16.11  The great Hungarian chemist Georg 
von Hevesy (1885–1966), whose work, beginning before 
World War II, earned him a Nobel Prize in 1943. He was 
the fi rst to conceive of using radioactive isotopes to label 
compounds for biology and medicine. (Courtesy of the 
University of California Lawrence Berkeley Laboratory.)

FIGURE 16.12  The concept of using radioactive isotopes as tracers in medi-
cine was not fully explored until the invention of the cyclotron in 1931. Its inventor, 
Ernest O. Lawrence, is seen here (right) with his second cyclotron in 1934. Many 
short-lived isotopes that are positron emitters are made with a device of this sort. 
(Courtesy of the University of California Lawrence Berkeley Laboratory.)

and the therapeutic use of radionuclides will be 
discussed separately later in this chapter.

Effective Dose and Collective 
 Effective Dose
The NCRP estimated that, in 2006, there were 
19.7 million nuclear medicine procedures per-
formed in the United States, with more than 
three-quarters of these procedures being per-
formed in patients older than 45 years. The 
resulting collective effective dose was 22,000 
 person-Sv, up about 600% from the 1980s. 
 Figure 16.13 shows the distribution of collective 
effective dose from nuclear medicine procedures, 
with nuclear cardiology accounting for 85% of 
the total. According to the 2008 UNSCEAR re-
port, although the United States represents 5% 
of the world population, it receives 50% of the 
world’s nuclear medicine procedures—a stagger-
ing fi gure. These estimates from NCRP involve 
patients, but do not include the many thousands 
of research procedures that use radionuclides be-
cause such data is hard to come by.

Table 16.12 shows representative effective 
doses from nuclear medicine procedures, col-
lected from the literature by Mettler and col-
leagues in 2008. Some fi gures are as high as 40 
mSv for a single procedure.
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vide  secondary decay products from longer lived 
parent radionuclides. The most common example 
of the latter is the column generator incorporat-
ing molybdenum-99 for the provision of techne-
tium-99m, which, because of its highly suitable 
physical characteristics for a wide range of appli-
cations, forms the basis for more than 80% of the 
 radiopharmaceuticals used in nuclear medicine. 
Most technetium-99m generators use fi ssion-pro-
duced molybdenum-99, although techniques of 
neutron irradiation could provide a viable alterna-
tive source of this important parent radionuclide. 
Other generators include those incorporating 
tin-113 (for the provision of indium-113m), ru-
bidium-81 (for krypton-81m), and germanium-68 
(for gallium-68).

The use of radiopharmaceuticals for diagnosis 
or therapy is based on the accumulation or con-
centration of the isotope in the organ of interest, 
referred to as the target organ. A radiopharmaceu-
tical may have an affi nity for a certain organ that 
is not necessarily the organ of interest, in which 
case this organ is termed a critical organ. Often 
the dose to a critical organ limits the amount 
of radioisotope that may be administered. The 
risk to which the patient is subjected is clearly a 
function of the doses received in all organs and is 
expressed in terms of the effective dose. The risk 
must be balanced against the expected advantages 
and benefi ts rendered by the procedure.

The dramatic increase in the use of nuclear 
medicine (and the concomitant rise in the collec-
tive effective dose) is driven largely by  cardiology. 
Numerous reviews have appeared in recent years 
attempting to document this trend. One such re-
view (Bedetti et al., 2008) drew attention to the fact 
that many cardiac patients undergo as many as 36 
or more examinations, with a median effective dose 
of more than 60 mSv. Of course, most of these pa-
tients are elderly and have a life-threatening illness, 
so that the risk of  radiation-induced cancer 20 years 
down the road is largely academic. Fazel et al. (2009) 
performed a huge study of “nonelderly adults” and 
concluded that approximately 4 million Americans 
every year are subject to procedures that result in 
cumulative effective doses that exceed 20 mSv.

Principles in Nuclear Medicine
A wide range of radionuclides are used in diag-
nostic nuclear medicine that meet the necessary 
requirements for effective and effi cient imaging. 
All are produced artifi cially, using four principal 
routes of manufacture: (1) cyclotron bombardment 
(producing, for example, gallium-67, indium-111, 
thalium-201, cobalt-57, iodine-123, carbon-11, 
oxygen-15, nitrogen-13, and fl uorine-18), (2) reac-
tor irradiation (e.g., chromium-51, selenium-75, 
iron-59, cobalt-58, iodine-125, and iodine-131), 
(3) fi ssion products (e.g., iodine-131, xenon-133, 
and strontium-90), and (4) generators that pro-

FIGURE 16.13  Percentage contributions of the various subcategories of nuclear medicine proce-
dures to the total collective effective dose (220,500 person-Sv) from nuclear medicine. Cardiac procedures 
dominate the picture. (Data from National Council on Radiation Protection and Measurements. Ionizing 
Radiation Exposure of the Population of the United States. Report 160. Bethesda, MD: NCRP; 2009.)
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TABLE 16.12 Effective Doses for Adults from Various Nuclear Medicine Examinations

 Effective  Administered Effective
Examinationa Dose (mSv) Activity (MBq)b Dose (mSv/MBq)c

Brain (99mTc-HMPAO-exametazime)  6.9  740 0.0093

Brain (99mTc-ECD-Neurolite)  5.7  740 0.0077

Brain (18F-FDG) 14.1  740 0.019

Thyroid scan (sodium iodine-123)  1.9   25 0.075 (15% uptake)

Thyroid scan (99mTc-pertechnetate)  4.8  370 0.013

Parathyroid scan (99mTc-sestamibi)  6.7  740 0.009

Cardiac stress-rest test 40.7  185 0.22
 (thallium-201 chloride)

Cardiac rest-stress test  9.4 1100 0.0085 (0.0079 
 (99mTc-sestamibi 1-day protocol)    stress, 0.0090 rest)

Cardiac rest-stress test 12.8 1500 0.0085 (0.0079 
 (99mTc-sestamibi 2-day protocol)    stress, 0.0090 rest)

Cardiac rest-stress test 11.4 1500 0.0076
 (Tc-tetrofosmin)

Cardiac ventriculography  7.8 1110 0.007
 (99mTc-labeled red blood cells)

Cardiac (18F-FDG) 14.1  740 0.019

Lung perfusion (99mTc-MAA)  2.0  185 0.011

Lung ventilation (xenon-133)  0.5  740 0.00074

Lung ventilation (99mTc-DTPA)  0.2 1300 0.0049

   (40 actually 
   inhaled)

Liver-spleen (99mTc-sulfur colloid)  2.1  222 0.0094

Biliary tract (99mTc-disofenin)  3.1  185 0.017

Gastrointestinal bleeding  7.8 1110 0.007
 (99mTc-labeled red blood cells)

Gastrointestinal emptying  0.4  14.8 0.024
 (99mTc-labeled solids)

Renal (99mTc-DTPA)  1.8  370 0.0049

Renal (99mTc-MAG3)  2.6  370 0.007

Renal (99mTc-DMSA)  3.3  370 0.0088

Renal (99mTc-glucoheptonate)  2.0  370 0.0054

Bone (99mTc-MDP)  6.3 1110 0.0057

Gallium-67 citrate 15  150 0.100

Pentreotide (111In) 12  222 0.054

White blood cells (99mTc)  8.1  740 0.011

(Continued)
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ticularly susceptible to radiation-induced 
cancer.

Positron Emission Tomography
The important and unique feature of PET stud-
ies is that they document physiologic abnormali-
ties, or changes in metabolism, rather than  simply 
alterations in anatomy.

The principle of PET imaging is that the 
scanner locates the tracer by detecting the col-
linear pairs of 0.511-MeV photons emitted if a 
positron annihilates after uniting with an elec-
tron. A positron is a particle with the same mass 
and magnitude of charge as an electron, except 
that the charge is positive. A positron cannot 
exist at rest if it has lost all its kinetic energy; it 
is electrostatically attracted to an electron with 
which it annihilates to produce two antiparallel 
0.511-MeV photons. Radionuclides that emit 
positrons have excesses of protons in their nu-
clei and are produced by bombarding stable ele-
ments in a cyclotron. Positron emitters do not 
occur in nature.

Examples of radionuclides used for PET im-
aging include oxygen-15, carbon-11, and fl uo-
rine-18; these radionuclides have short half-lives 
of 2, 20, and 110 minutes, respectively, so that 
the PET facility is frequently close to the cyclo-
tron that produces the  radionuclides.

The most commonly administered positron-
emitting radionuclide is fl uorine-18, which is 
used for the production of [18F]-2-deoxy-2- 
fl uoro-D-glucose, usually referred to as FDG. 
This material, used routinely in clinical care, 
highlights areas of metabolism and therefore 

In addition to conventional planar imaging, 
techniques have also been developed to allow 
emission tomography that, like x-ray CT, can 
demonstrate internal structures or functional in-
formation from cross-sectional slices of the pa-
tient. Two basic modalities have evolved. First, 
there is single  photon emission computed 
 tomography (SPECT). This uses conventional 
�-emitting radiopharmaceuticals and is often 
performed in combination with planar imaging. 
SPECT imaging requires a scanning system in-
corporating a circular array of detectors or, more 
often, a rotating �-camera system with up to four 
detector heads. The second modality is the more 
specialized technique of PET. This is based on 
the simultaneous detection of the pairs of pho-
tons (511 keV) arising from positron annihila-
tion and mostly uses the short-lived biologically 
active radionuclides oxygen-15, carbon-11, fl uo-
rine-18, and nitrogen-13. Dedicated PET scan-
ners use a circular array of detectors, and PET 
scanning is now usually performed in conjunc-
tion with a CT scan, so that the PET images, 
displaying information about metabolic and 
physiologic function, can be fused with the CT 
images that depict anatomy.

In general, there are three doses of interest 
after the administration of a given amount of a 
radiopharmaceutical:

 1. Effective dose, because this determines the risk of 
stochastic effects (cancer and heritable  effects).

 2. Dose to the target organ.
 3. Dose to the critical organ, because this may be 

many times larger than the total body dose, 
and it is known that certain tissues are par-

TABLE 16.12 Effective Doses for Adults from Various Nuclear Medicine Examinations 
(Continued)

 Effective  Administered Effective
Examinationa Dose (mSv) Activity (MBq)b Dose (mSv/MBq)

White blood cells (111In)  6.7  18.5 0.360

Tumor (11F-FDG) 14.1 740 0.019
aDMSA, dimercaptosuccinic acid; DTPA, diethylenetriaminepentaacetic acid; ECD, ethyl cysteinate dimer; 18F,  fl uorine-18; 
FDG, fl uorodeoxyglucose; HMPAO, hexamethylpropyleneamine oxime; 111In, indium-111; MAA, macroaggregated 
 albumin; MAG3, mercaptoacetyltriglycine; MDP, methylene diphosphonate; 99mTc, technetium-99m.
bRecommended ranges vary, although most laboratories tend to use the upper end of suggested ranges.

From Mettler FA Jr, Huda W, Yoshizumi TT, et al. Effective doses in radiology and diagnostic nuclear medicine: a 
catalog. Radiology. 2008;248:254–263, with permission.
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Table 16.13 shows organ doses, as well as effec-
tive doses for studies with [18F]-FDG and for 
[15O]-H2O. For procedures using [18 F]-FDG, the 
agent most commonly used in routine clinical 
care, the bladder wall receives the highest dose; 
the heart, brain, and kidney also receive relatively 
high absorbed doses. A typical  administered ac-
tivity may be 370 MBq, which results in an effec-
tive dose of about 11 mSv. This is equal to about 
4 months of natural background radiation in the 
United States, and an associated risk of fatal radi-
ation-induced cancer might be about 4 cases per 
10,000. Of course, the PET procedure is  usually 
nowadays accompanied by a CT scan, which fur-
ther increases the effective dose.

PET technologists often have higher ra-
diation exposures than other workers in nuclear 
medicine, and pharmacists at cyclotron facilities 
have even higher exposures, especially to their 
hands. This is a function of two factors: (1) the 
relatively high energy, and therefore penetrating 
nature, of the photons emitted by the radionu-
clides used (0.511 MeV); and (2) because of the 
short half-lives of the commonly used positron-
emitting radionuclides, the large initial activities 
must be prepared so that a suffi cient amount is 
left by the time the patient is imaged (this is es-
pecially true for oxygen-15, which has a half-life 
of only 2 minutes).

can be used to detect the metastatic spread of 
cancer. [18F]-FDG has also found a use in the 
early diagnosis of Alzheimer disease through 
the direct visualization of amyloid plaques in 
the brain. Better imaging agents are available 
for this purpose, but they are based on car-
bon-11 which, because of its 20-minute half-
life, cannot be used as widely as [18F]-FDG 
with its longer (2 hour) half-life. Other meta-
bolic radiopharmaceuticals are rapidly fi nding 
a place in clinical practice—for example, [18F]-
fl uorothymidine (FLT) to map areas of rapid 
cell proliferation within tumors, or compounds 
such as [18F]-fl uoromisonidazole(FMISO), [18F]-
fl uoroazomycin-arabinoside (FAZA), or 64-Cu-
diacetyl-bis(N4-methylthiosemicarbazone) 
(64- Cu-ATSM) to highlight areas in tumors that 
are hypoxic. Many of the other positron-emitting 
radionuclides are used for the production of ex-
perimental compounds used in research studies. 
For example, oxygen-15 is used to label water for 
blood fl ow studies. In addition, there are more 
than a dozen radiopharmaceuticals labeled with 
carbon-11 that are used in brain research.

The doses delivered to patients or research 
subjects in PET studies are relatively low because 
of the short half-lives of the radionuclides, even 
though the administered amounts of radioactiv-
ity are high to allow rapid and  detailed  imaging. 

TABLE 16.13 Organ Doses and Effective Doses for Positron Emission Tomography  Compounds

  [18F]-FDG [15O]-H2O

 mGy/MBq � 10�2 rad/mCi � 10�2 mGy/MBq � 10�3 rad/mCi � 10�3

Brain  1.9   7.0 1.3 4.9

Heart wall  6.0  22.0 2.2 8.2

Kidneys  2.0   7.4 1.9 7.2

Ovaries  1.7   6.3  0.36 1.3

Red marrow  1.3   4.8  0.90 3.3

Spleen  3.7  14.0 1.6 5.8

Testes  1.3   4.8  0.67 2.5

Thyroid  1.0   3.9 1.7 6.3

Bladder wall 19.0 70  0.22  0.81

 mSv/MBq � 10�2 rem/mCi � 10�2 mSv/MBq � 10�3 rem/mCi � 10�3

Effective dose 3.0  11.0 1.1 4.2

Data from the Oak Ridge Institute for Science and Education (ORISE).
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antibodies are most commonly labeled with 
iodine-131 or yttrium-90 and injected intra-
venously in relatively large activities.

■  MEDICAL IRRADIATION OF 
 CHILDREN AND PREGNANT WOMEN

Irradiation of Children
The hazards associated with medical radiation 
in children are basically the same as in adults—
namely, cancer and heritable effects—except that 
the risks associated with a given absorbed dose 
of radiation are higher because of an increased 
sensitivity in younger persons. There is good 
evidence for this. The Japanese survivors of the 
atomic bomb attacks represent the most care-
fully studied human population exposed to radia-
tion. There is a marked change in sensitivity to 
radiation-induced malignancies with increasing 
age, with young children being more radiosen-
sitive than older adults by a factor of 10 to 15 
(Chapter 10). Concern for possible heritable ef-
fects induced by radiation is likewise greater in 
children, because they have their entire repro-
ductive lives ahead of them.

In pediatric nuclear medicine, as in pediatric 
radiology, the general principle is that radiation 
exposures should be kept at the lowest practical 
level. In each case, the expected benefi t should 
exceed the risk clearly. Physicians and patients 
alike are much more cautious about nuclear 
medicine procedures in children than about di-
agnostic x-rays, even if the dose levels are similar.

Table 16.14 compares the effective dose in 
children of various ages with adults for  various 
diagnostic nuclear medicine procedures. In 
 general, effective doses are larger in young chil-
dren for the same procedure, even if the admin-
istered activity is adjusted for body weight.

The implication of the review of carcinogen-
esis and heritable effects on humans (Chapters 
10 and 11) is that any amount of radiation, no 
matter how small, has a deleterious effect. This 
conclusion is based on the assumption of a linear, 
nonthreshold, dose-effect model that has been 
adopted by most standard-setting bodies as the 
most conservative basis for risk estimates. This 
philosophy requires that the physicians have 
some reasonable indications that the potential 
gain for the patient from the use of a procedure 
in nuclear medicine exceeds the risks.

The Therapeutic Use of Radionuclides
The most common form of nuclear medicine 
therapy is the use of radioactive iodine-131 for 
the treatment of hyperthyroidism. A therapeutic 
treatment with iodine-131 involves an absorbed 
dose to the thyroid gland that varies with the 
person and is very nonuniform within the tissue 
itself but is on the order of many tens of grays. 
In addition, there is a total body dose of typically 
70 to 150 mGy, which results from the isotope 
circulating in the blood. Because radiation is 
known to be a potent carcinogen, the risk of leu-
kemia or of thyroid cancer following iodine-131 
therapy has been appreciated from the outset, but 
quite large studies have failed to show an excess. 
Pregnancy is, of course, a contraindication to the 
treatment of hyperthyroidism with iodine-131. 
Treatment of fertile women should be preceded 
by the taking of a careful history and a pregnancy 
test. Treatment should be delayed, if possible, to 
eliminate the potential effects  during pregnancy.

The second most common form of therapy 
with unsealed radionuclides is the treatment of 
thyroid cancer. Following complete surgical re-
moval of the cancer and the thyroid gland, ra-
dioiodine may be given to destroy any residual 
iodine-accumulating cancer cells that had spread 
to lymph nodes, lungs, or bone. Such treatments 
involve large doses of iodine-131 that may result 
in a total body dose of 0.5 to 1.0 Gy, which is 
suffi cient to cause severe depression of the bone 
marrow.

The therapy of bone metastases. Several can-
cers, including prostate and breast, have a 
predilection for diffuse spread throughout the 
skeleton. There are several radiopharmaceu-
ticals (such as strontium-89 chloride) that will 
localize in the metastatic lesions to provide 
palliation (but not cure).

Polycythemia vera is a relatively rare disease 
that is characterized by overproduction of red 
and white blood cells by the bone marrow. 
Phosphate-32 is given intravenously, which 
localizes in the bone so that the �-rays emit-
ted result in a mild bone marrow suppres-
sion and reduction in the production of many 
blood elements.

Radioimmunotherapy uses radiolabeled an-
tibodies directed against specifi c antigens. 
These agents can be used for the treatment 
of chemotherapy-resistant lymphomas. The 
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advisable to the medical well-being of the patient, 
it should be carried out without delay, with spe-
cial efforts being made, however, to minimize the 
dose received by the lower abdomen (uterus).

In the case of nonemergency examinations, it 
sometimes may be prudent to consider delaying the 
proposed procedure. The physician contemplating 
the delay of a study on a woman early in pregnancy 
should consider the consequences in view of the 
possibility that the diagnostic examination might 
become necessary later in the pregnancy, when 
the risks are much greater. For example, during 
the fi rst 10 days postconception, the risks are pos-
sible carcinogenesis and resorption of the embryo. 
If the study is delayed, however, but becomes es-
sential during the 8th through the 15th week, the 
risks include small head size and carcinogenesis; in 
addition, this is the peak of sensitivity to mental 
retardation. Delay compounds the problem. Con-
versely, if the patient is already in this peak period 
of radiosensitivity when a procedure is contem-
plated, then a delay until after the 25th week would 
be an advantage, because radiation risks during this 
period may be at their smallest.

The effects of radionuclides on the developing 
embryo or fetus have not been studied as exten-
sively as the consequences of externally admin-
istered x-rays. The biologic effects may depend 
on many factors, including the chemical form of 
the isotope, the type and energy of the radiation 
emitted, whether the compounds containing the 
radioactivity cross the placenta, and whether they 
tend to be concentrated in specifi c target organs.

The metabolism of the radiopharmaceutical 
may cause high concentrations of the radionuclide 
in organs of a conceptus if the material crosses the 
placenta. This may result in dysfunctioning fetal 
organs. The classic example of this effect involves 
the uptake of iodine-131 in the thyroid of the de-
veloping embryo and fetus. Up to about 12 weeks, 
the fetal thyroid does not take up iodine. After 
this time, iodine concentrates in the fetal thyroid 
in amounts considerably greater than those in the 
maternal thyroid (Table 16.15). Several cases from 
the 1950s through the 1980s have documented 
the induction of hypothyroidism and cretinism 
from doses of iodine-131 to the fetal thyroid.

Although pregnant women receive diagnos-
tic x-rays occasionally, it is rare for them to be 
given radioactive isotopes. In general, physicians 
and patients alike are much more wary about nu-
clear medicine procedures than about diagnostic 
x-rays, even if dose levels may be similar. Never 

Irradiation of Pregnant Women
The risks involved in exposure to radiation of the 
embryo or fetus are discussed in detail in Chap-
ter 12. They may be summarized as follows:

 1. For the fi rst 10 days following conception 
(i.e., during preimplantation), the most sig-
nifi cant effect of radiation may be to kill the 
embryo, leading to resorption.

 2. Between 10 days and 8 weeks postconception 
(i.e., during organogenesis), the risks include 
congenital malformations and small head 
size, as well as carcinogenesis.

 3. Between 8 and 15 weeks, and to a lesser ex-
tent 15 to 25 weeks, the risks include men-
tal retardation, as well as small head size and 
carcinogenesis.

 4. Beyond 25 weeks, the only risk of externally 
delivered diagnostic radiation is carcinogen-
esis, which is much reduced, compared with 
the risk during the fi rst trimester.

Radiation-induced carcinogenesis is con-
sidered a stochastic effect; that is, there is no 
threshold and the risk increases with dose. One 
obstetric examination involving a few fi lms may 
increase the relative risk of leukemia and child-
hood cancer by about 40%; however, because 
malignancies are relatively rare in children, the 
absolute risk is small. The other serious effects, 
such as mental retardation and congenital mal-
formations, are considered deterministic; that is, 
there is a dose threshold of about 0.3 Gy. It is 
against the background of these possible risks 
that the irradiation of the pregnant or potentially 
pregnant woman must be considered.

Some radiologists instruct their technologists 
to ask all female patients about possible pregnancy 
before these women have abdominal or pelvic ra-
diographic examinations. This would appear to be 
prudent and expedient. Indeed, if time permits, a 
pregnancy test might be desirable. If a woman re-
quires an emergency radiologic examination, how-
ever, there should be no hesitation to do the study. 
The health of the woman is of primary importance, 
and if serious injury or illness is suspected, this 
takes priority in determining the need for a study. 
The risk to a possible conceptus must be weighed 
against the risks of not performing the examination.

The NCRP in 1977 recommended for preg-
nant women that if, in the best judgment of the 
attending physician, a diagnostic examination or 
nuclear medicine procedure at that time is deemed 
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scans, (2) nuclear medicine (including nuclear 
cardiology), and (3) interventional  radiology and 
cardiology. This is illustrated in Figure 16.14. 
The countless millions of  conventional radio-
graphs, including chest x-rays and mammogra-
phy, account for no more than 10% of the total 
collective effective dose.

is this truer than in the case of pregnant or po-
tentially pregnant women.

■ SUMMARY

The three principal contributors to the collective 
effective dose from medical radiation are (1) CT 

TABLE 16.15 Thyroidal Radioiodine Dose to the Fetus

 Fetal/Maternal Ratio Dose to Fetal Thyroid, 
Gestation Period (Thyroid Gland) rad/�Cia

10–12 weeks — 0.001

  (precursors)

12–13 weeks 1.2 0.7

Second trimester 1.8 6

Third trimester 7.5 —

Birth imminent — 8
aRad/�Ci of iodine-131 ingested by mother.

Courtesy of Dr. J. Keriakes, unpublished data.

FIGURE 16.14  Contributions to the total collective effective dose from the medical uses 
of radiation (899,000 person-Sv). The biggest contributions come from CT, nuclear medicine, 
and interventional procedures, in that order. The millions of conventional procedures (mam-
mograms, chest x-rays, etc.) account for only 10% of the total. (Data from National Council on 
Radiation Protection and Measurements. Ionizing Radiation Exposure of the Population of the 
United States. Report 160. Bethesda, MD: NCRP; 2009).
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Effective Dose and Cancer
■ The cancer risk to a person is expressed in 

terms of the effective dose, the equivalent 
dose to the various organs and tissues ex-
posed, multiplied by the appropriate tissue 
weighting factors (WT).

■ The collective effective dose is the prod-
uct of the effective dose and the number 
of persons exposed. It gives an indication 
of the harm or “detriment” to an exposed 
population.

■ The collective effective dose to the US pop-
ulation in 2006 from medical radiation was 
estimated by NCRP to be 899,000 person-
Sv, a 700% increase from the previous com-
prehensive survey conducted in the 1980s.

■ The “detriment” from medical radiation 
may be calculated from the collective effec-
tive dose and the risk estimate of 5.5% per 
sievert for cancer (fatal and nonfatal) and 
0.2% per sievert for serious heritable effects.

■ Detriment includes an allowance for loss of 
quality of life as well as for death.

■ The use of medical radiation for 1 year in 
the United States may benefi t more than 
half of the population, but may result in 
about 50,000 cases of cancer (fatal plus 
nonfatal) and about 1,798 cases of serious 
heritable effects.

Interventional Procedures
■ The past two decades have witnessed a 

major increase in high-dose fl uoroscopi-
cally guided interventional procedures in 
medicine. Interventional radiology and 
cardiology now represent one of the three 
fastest growing areas of radiation medicine 
(together with CT and nuclear medicine).

■ Radiation doses to patients from inter-
ventional radiology and cardiology are, in 
general, much higher than from general 
diagnostic radiology.

■ NCRP estimated that, in 2006, there were 
16.7 million interventional procedures 
performed in the United States, with a 
corresponding collective effective dose of 
128,394 person-Sv.

■ Long interventional procedures can result 
in effective doses to the individual of 5 to 70 
mSv, with TIPS being one of the  largest.

■ Because patients undergoing interventional 
procedures are, in general, older and/or 

SUMMARY OF 
PERTINENT CONCLUSIONS

■ Everyone is exposed to radiation from 
unperturbed natural sources, enhanced 
natural sources, and sources resulting from 
human activity, including medical x-rays.

■ Natural background radiation comes from 
cosmic rays, terrestrial radiation from the 
earth’s crust, and inhaled or ingested radio-
activity.

■ Cosmic ray levels vary with altitude and 
latitude.

■ Terrestrial radiation levels vary widely with 
locality.

■ Radon and its progeny result in irradiation 
of lung tissue with �-particles; this is the 
largest source of natural radiation.

■ Medical radiation is by far the largest 
source of radiation resulting from human 
activities.

■ By the year 2006, the collective effective 
dose to the US population from medical ra-
diation had increased by about 700% from 
the 1980s, and now approximately equals 
that from natural background  radiation.

■ The radiation doses involved in diagnostic 
radiology, except for interventional pro-
cedures, do not result in deterministic ef-
fects; the risks are stochastic effects (i.e., 
carcinogenesis and heritable effects).

Computed Tomography
■ The use of computed tomography has in-

creased dramatically in the past 25 years.
■ By 2006, the number of CT scans in the 

United States reached 67 million, with 
about 10% of these in children. The num-
ber of scanners per million population is 
much greater in the United States than 
elsewhere, except in Japan.

■ CT scans involve relatively large effective 
doses because larger volumes of tissue are 
exposed to higher doses than with common 
x-rays. The effective dose varies from about 
2 mSv for a head scan to about 15 mSv for 
chest or abdomen. Values vary signifi cantly 
for different scanners and for the same make 
scanner in different  departments.

■ Effective doses from CT scans are larger 
in small children than in adults, unless care 
is taken to adjust for kV and mAs.
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■ In general, there are three doses of interest 
following a nuclear medicine procedure.

 1. Dose to the target organ
 2.  Dose to the critical organ, which may be 

much higher
 3.  Effective dose, which determines the 

risk of stochastic effects (cancer and 
heritable effects)

■ PET displays physiologic and metabolic 
data that can be fused with the anatomic 
data from a CT scan.

■ The most commonly administered PET 
agent is [18F]-FDG that highlights areas of 
metabolism and can detect cancer  metastases.

■ A PET image with [18F]-FDG results in 
an effective dose of about 11 mSv. How-
ever, this is usually accompanied by a CT 
scan, which increases the effective dose by 
an amount that depends on the site being 
 imaged.

■ Other PET agents used in oncology can 
detect areas of rapid cellular proliferation 
in a tumor, or areas of hypoxia. Still other 
agents can be used to measure blood fl ow 
in cardiology.

■ The most common form of nuclear medi-
cine therapy is the use of iodine-131 for the 
treatment of hyperthyroidism. The dose to 
the thyroid may be many tens of grays. In 
addition, there is a total body dose of 70 to 
150 mGy, which is caused by the circula-
tion of the radioactive iodine in the blood-
stream. The second most common nuclear 
medicine therapy procedure is the treat-
ment of thyroid cancer. Following surgi-
cal removal of the cancer and the thyroid 
gland, radioiodine may be used to destroy 
any residual iodine-accumulating cancer 
cells that had spread to lymph nodes, lung, 
or bone. The third most common therapy 
with radionuclides is the treatment of bony 
metastases. Radioimmunotherapy uses 
antibodies labeled with iodine-131 or yt-
trium-90, and injected against specifi c an-
tigens to treat various malignancies.

Medical Radiation of Children and 
Pregnant Women

■ Children are more sensitive than adults to 
radiation-induced malignancies by a factor 
of 10 to 15. Physicians and patients alike 
are more cautious about nuclear medicine 

with life-threatening illnesses, the possi-
bility of radiation-induced malignancy 20 
years down the road is largely academic. By 
contrast, doses are occasionally so high that 
deterministic effects can be an immediate 
problem.

■ There are reports in the literature of 
serious skin damage resulting from 
fl uoroscopically guided interventional 
procedures, including erythema, deep ul-
ceration, and occasionally necrosis requir-
ing a skin graft. It is estimated that 1.5% 
of patients develop an erythema, 0.25% 
develop late skin damage, and between 1 
in 10,000 and 1 in 50,000 develop severe 
late effects.

■ Doses to personnel involved in interven-
tional procedures are among the highest 
recorded routinely in medical centers, and 
there is evidence that radiation-induced 
cataracts are not uncommon.

Nuclear Medicine
■ Nuclear medicine is the medical specialty 

in which unsealed radionuclides, chemi-
cally manipulated to form radiophar-
maceuticals, are used for diagnosis and 
 therapy.

■ Most nuclear medicine procedures are di-
agnostic examinations. Therapeutic proce-
dures account for only about 1% to 2%.

■ NCRP estimated that, in 2006, there 
were 19.7 million nuclear medicine pro-
cedures performed in the United States, 
three-quarters of them in persons older 
than 45 years. This resulted in a col-
lective effective dose of 22,000 person-
Sv, an increase of about 600% from the 
1980s, with cardiology accounting for 
much of this trend.

■ UNSCEAR estimated that, with 5% of the 
world population, the United States was 
responsible for 50% of the nuclear medi-
cine procedures performed in the world.

■ Cardiac patients frequently undergo as 
many as 36 examinations, with a median 
effective dose of greater than 60 mSv.

■ In a 2009 survey, Fazel et al. concluded that 
every year, about 4 million “nonelderly” 
adults are subject to nuclear cardiology 
procedures resulting in an effective dose in 
excess of 20 mSv.
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 procedures in children than about diagnos-
tic x-rays, even when the radiation is com-
parable.

■ It is rare for radionuclides to be admin-
istered to a pregnant woman; great care 
should be exercised if in an emergency 
situation, this is deemed to be essential. 
Particular care is needed if the radionu-
clide involved is iodine, because after the 
12th week of gestation, the fetal thyroid 
avidly takes up iodine and can be seriously 
 damaged.

Summary
■ The three principal contributors to the 

collective effective dose from medical ra-
diation are (1) CT scans, (2) nuclear medi-
cine (including nuclear cardiology), and (3) 
interventional radiology and cardiology. 
The millions of conventional radiographs, 
including chest x-rays and mammography, 
account for no more than 10% of the total 
collective effective dose.
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■  THE ORIGINS OF RADIATION 
 PROTECTION

At the Second International Congress of Ra-
diology (ICR) in Stockholm in 1928, member 
countries were invited to send representatives to 
prepare x-ray protection recommendations. The 
British recommendations were adopted because 
they were most complete; guidelines on radia-
tion protection had been set up in that country 
as early as 1915.

The 1928 Congress set up the International 
X-Ray and Radium Protection Committee, 
which, after World War II, was remodeled into 
two commissions that survive to this day:

The International Commission on Radiological 
Protection (ICRP)

The International Commission on Radiation 
Units and Measurements (ICRU)

The US representative to the 1928 Congress 
was Dr. Lauristor Taylor who brought back to 
the United States the agreed radiation protec-
tion criteria and set up a national committee, 
the Advisory Committee on X-Ray and Radium 
Protection, under the auspices of the Bureau of 

Standards, which was perceived to be a “neutral 
territory” by the various radiologic societies of 
the day; this committee operated until World 
War II. In 1946, it was renamed the National 
Council on Radiation Protection and Measure-
ments (NCRP), eventually receiving a charter 
from Congress as an independent body to pro-
vide advice and recommendations on matters 
pertaining to radiation protection in the United 
States. NCRP reports still form the basis of ra-
diation protection policy in the United States 
today, although legal responsibility for the im-
plementation of radiation safety is variously in 
the hands of the Nuclear Regulatory Commis-
sion (NRC), the Department of Energy (DOE), 
and state or city bureaus of radiation control.

■ ORGANIZATIONS

The organization of radiation protection and the 
interrelation of the various committees, whose 
reports are quoted, deserve a brief explanation.

First, there are the committees that summa-
rize and analyze data and suggest risk estimates 
for radiation-induced cancer and heritable effects. 
At the international level, there is the United 
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and recommend maximum permissible levels. 
These committees serve more pragmatic aims 
and, therefore, must make best estimates even if 
good data are unavailable. At the international 
level, there is the ICRP, which, together with 
ICRU, was established in 1928 after a decision 
by the Second ICR, as mentioned earlier. In 
1950, the ICRP was restructured and given its 
present name. The ICRP often takes the lead 
in formulating concepts in radiation protec-
tion and in recommending dose limits. As an 
international body, it has no jurisdiction over 
anyone and can do no more than recommend; 
it has established considerable credibility, how-
ever, and its views carry great weight. Its most 
recent comprehensive report is ICRP Publica-
tion No. 103, published in 2007. The United 
Kingdom, most of Europe, and Canada follow 
ICRP recommendations. In the United States, 
there is the NCRP (also mentioned earlier) char-
tered by Congress to be an “impartial” watchdog 
and consisting of 100 experts from the radiation 
 sciences—who are, therefore, not impartial at 
all. The NCRP often, but not always, follows the 
lead of ICRP. Their most recent comprehensive 
report on dose limits (NCRP Report No. 116, 

Nations Scientifi c Committee on the  Effects of 
Atomic Radiation, usually known as UNSCEAR. 
This committee has wide international repre-
sentation, being composed of scientists from 
21 member states. Comprehensive reports ap-
peared at intervals over the years since 1958, 
with the latest report in 2000. The United States 
committee is appointed by the National Academy 
of Sciences and is now known as the Biological 
 Effects of Ionizing Radiations (BEIR) Commit-
tee. The fi rst report appeared in 1956, when it 
was known as the Biological Effects of Atomic 
Radiations (BEAR) Committee. Subsequent 
comprehensive reports appeared in 1972 (BEIR 
II), 1980 (BEIR III), 1990 (BEIR V), and 2006 
(BEIR VII). BEIR VI, entitled The Health Effects 
of Exposure to Indoor Radon, appeared in 1999.

These committees are “scholarly” committees 
in the sense that if information is not available on 
a particular topic, they do not feel compelled to 
make a recommendation. Because they do not 
serve an immediate pragmatic aim, they are not 
obliged to make a “best guess” estimate if data are 
uncertain.

Second, there are the committees that formu-
late the concepts for use in radiation  protection 

FIGURE 17.1  The NRC formulates rules for radioactive by-product material from reac-
tors in “agreement states.” The fi gure shows agreement states as of 2009.
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 different types of radiation on a common scale. 
The WRs are chosen by the ICRP as representa-
tive of relative biologic effectiveness (RBE) ap-
plicable to low doses and low dose rates (LDR), 
and for biologic end points relevant to stochastic 
late effects. They can be traced ultimately to ex-
perimentally determined RBE values, but a large 
judgmental factor is involved in their choice. The 
weighting factors recommended by the ICRP for 
photons, electrons, protons and �- particles, and 
heavy ions are shown in Table 17.1. For neu-
trons, a continuous curve as a function of neutron 
energy is recommended (Fig. 17.2) with the most 
biologically effective neutrons having a WR of 20.

Equivalent Dose
In radiologic protection, the equivalent dose is 
the product of the absorbed dose averaged over 
the tissue or organ and the WR selected for the 
type and energy of radiation involved. Thus:

Equivalent dose � absorbed dose � WR

If absorbed dose is measured in Gy, the equiv-
alent dose is measured in sievert (Sv), named 
after the Swedish physicist who designed early 
ionization chambers. Although 1 Gy of neutrons 
does not produce the same biologic effect as 
1 Gy of x-rays, 1 Sv of either neutrons or x-rays 

published in 1992) differs from ICRP in several 
important respects. The ICRP and NCRP sug-
gest dose limits and safe practices but, in fact, 
neither body has any jurisdiction to enforce their 
recommendations.

In the United States, the Environmental 
Protection Agency (EPA) has the responsibil-
ity for providing guidance to federal agencies; 
it is the EPA that sets, for example, the action 
level for radon. Each state can formulate its own 
regulations for x-rays and radiations produced 
by sources other than reactors. In agreement 
states, the NRC formulates rules for by-product 
materials from reactors. Figure 17.1 shows the 
agreement status as of 2009. In other states, this 
responsibility falls on the U.S. Department of 
Labor Occupational Safety and Health Admin-
istration (OSHA). The DOE is responsible for 
radiation safety regulations at all of its facilities 
operated by contractors. Up to the present, the 
various regulating bodies in the United States 
have accepted, endorsed, and used the reports 
issued by the NCRP, but they are not obliged 
to do so, and they are often slow to adopt the 
latest reports.

■ QUANTITIES AND UNITS

Dose
The quantity used to measure the “amount” of 
ionizing radiation is the absorbed dose, usually 
termed simply as dose. This is defi ned as the en-
ergy absorbed per unit mass, and its unit is joules 
per kilogram, which is given a special name, the 
gray (Gy), named after the British physicist who 
contributed to the development of ionization 
chamber theory. The unit used in the past was 
the radiation absorbed dose (rad), defi ned as an 
energy absorption of 100 erg/g. Consequently, 
1 Gy equals 100 rad.

Radiation Weighting Factor
The probability of a stochastic effect, such as the 
induction of cancer or of heritable events, de-
pends not only on the dose, but also on the type 
and energy of the radiation; that is, some radia-
tions are biologically more effective for a given 
dose than others. This is taken into  account by 
weighting the absorbed dose by a factor related to 
the quality of the radiation. A radiation weight-
ing factor (WR) is a dimensionless multiplier used 
to place biologic effects (risks) from exposure to 

 Radiation Weighting 
Radiation Type Factors

Photons  1

Electrons and   1
 muons

Protons and   2
 charged pions

�-particles, fi ssion  20
  fragments, heavy

ions

Neutrons  A continuous curve 
  as a function of 

neutron energy
aAll values relate to the radiation incident on the body 
or, for internal sources, emitted from the source.

From ICRP 2007.

TABLE 17.1 Radiation Weighting 
Factorsa
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tissue  weighting factor (WT), which represents 
the relative  contribution of each tissue or organ 
to the total detriment resulting from uniform 
 irradiation of the whole body. Table 17.2 lists the 
WT values recommended by the ICRP in 2007.

The sum of all of the weighted equivalent 
doses in all the tissues or organs irradiated is 
called the effective dose, which is expressed by 
the formula

Effective dose � � absorbed dose � WR � WT

for all tissues or organs exposed. Effective dose is 
in principle, as well as in practice, a nonmeasur-
able quantity.

Committed Equivalent Dose
In the case of external irradiation, the absorbed 
dose is delivered at the time of exposure; but for 
irradiation from internally deposited radionu-
clides, the total absorbed dose is distributed over 
time as well as to different tissues in the body. 
The dose rate falls off depending on the physical 
and biologic half-lives of the radionuclide.

To take into account the varying time distri-
butions of dose delivery, the ICRP defi ned the 
committed equivalent dose as the integral over 
50 years of the equivalent dose in a given tissue 
after intake of a radionuclide. This time was cho-
sen to correspond to the working life of a person. 
For radionuclides with effective half-lives of up to 
about 3 months, the committed equivalent dose 
is essentially equal to the annual equivalent dose 
in the year of intake; but for radionuclides with 
longer effective half-lives, it is greater because it 
refl ects the dose that will accrue over future years.

does result in equal biologic effects. The ICRP 
has recommended a new name for this quantity: 
radiation weighted dose. The commission is 
also considering a new (special) name for the 
unit of radiation weighted dose so as to avoid the 
use of “sievert” for both radiation weighted dose 
and effective dose.

If a radiation fi eld is made up of a mixture of 
radiations, the equivalent dose is the sum of the 
individual doses of the various types of radiations, 
each multiplied by the appropriate WR. Thus, 
if a tissue or organ were exposed to 0.15 Gy of 
 cobalt-60 �-rays plus 0.02 Gy of 1-MeV neu-
trons, the equivalent dose would be:

(0.15 � 1) � (0.02 � 20) � 0.55 Sv

Effective Dose
If the body is uniformly irradiated, the prob-
ability of the occurrence of stochastic effects 
(cancer and hereditary effects) is assumed to be 
proportional to the equivalent dose, and the risk 
can be represented by a single value. In fact, truly 
uniform total body exposures are rare, particu-
larly if irradiation is from radionuclides depos-
ited in tissues and organs. Sometimes, equivalent 
doses to various tissues differ substantially and 
it is well established that different tissues vary 
in their sensitivities to radiation-induced sto-
chastic effects. For example, it is diffi cult to pro-
duce heritable effects by irradiation of the head 
or hands. On the other hand, the thyroid and 
breast appear to be particularly susceptible to 
radiation-induced cancer. To deal with this situ-
ation, the ICRP introduced the concept of the 

FIGURE 17.2  WR for neutrons as a function 
of neutron energy. (From the ICRP 2007 recom-
mendations.)
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dose over the entire population out to a period 
of 50 years is called the collective committed 
effective dose.

These collective quantities can be thought 
of as representing the total consequences of 
exposure of a population or group and they 
can be thought of as surrogates for “harm.” 
For example, the annual collective  effective 
dose to the US population from medical ra-
diation is about 899,000 person-Sv. Such col-
lective quantities are much beloved by the 
 bureaucrats because they make it possible to 
compare different activities or accidents, in-
asmuch as each can be described by a single 
number. The danger is that the next step is to 
convert the collective dose into the number of 
cancers or heritable effects produced, which, 
of course, assumes proportionality between 
dose and biologic effect, which is seldom true. 
The quantities certainly are used widely to 
give a rough guide to the probability of can-
cer and heritable effects in a population ex-
posed to radiation, and in particular, they can 
be used to compare the approximate impact of 
different types of radiation accidents in terms 
of several health effects that might arise in that 
population.

Summary of Quantities and Units
Table 17.3 is a summary of the quantities and 
units that have been described here, showing 
how they build logically on one another. If on 
reading this section the reader gains the im-
pression that the bureaucrats have taken over, 
it is because they have—at least in the fi eld of 

Committed Effective Dose
If the committed equivalent doses to individual 
organs or tissues resulting from the intake of a ra-
dionuclide are multiplied by the appropriate WT

and then summed, the result is the  committed 
effective dose.

Collective Equivalent Dose
The quantities referred to previously all relate 
to the exposure of an individual. They become 
appropriate for application to the exposure of a 
group or population by the addition of the term 
collective. Thus, the collective equivalent dose
is the product of the average equivalent dose to a 
population and the number of persons exposed. 
There appears to be some confusion about the 
accepted name of the unit for collective equiva-
lent dose in the new SI system of units. Some 
use man-sievert, presumably agreeing with the 
judgment of Sir Winston Churchill that “man 
embraces woman.” The more liberated prefer 
the term person-sievert, which is used here.

Collective Effective Dose
The collective effective dose is likewise the prod-
uct of the average effective dose to a population and 
the number of persons exposed. The unit is again 
the person-sievert. An example is in order here. If 
100 persons receive an average effective dose of 
0.3 Sv, the collective effective dose is 30 person-Sv.

Collective Committed Effective Dose
In the case of a population ingesting or inhal-
ing radionuclides that deposit their dose over a 
prolonged period, the integral of the effective 

TABLE 17.2 Tissue Weighting Factors

Organ/Tissue Number of tissues wT Total contribution

Lung, stomach, colon, bone marrow, 6 0.12 0.72
 breast, and remainder

Gonads 1 0.08 0.08

Thyroid, esophagus, bladder, and liver 4 0.04 0.16

Bone surface, skin, brain, and  4 0.01 0.04
 salivary glands

The specifi ed remainder tissues (14 in total, 13 in each sex) are adrenals, extrathoracic tissue (ET), gall bladder, heart, kid-
neys, lymphatic nodes, muscle, oral mucosa, pancreas, prostate (m), small intestine (SI), spleen, thymus, uterus/cervix (f ). 

From ICRP 2007.
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■  AIMS AND OBJECTIVES OF 
 RADIATION PROTECTION

The fundamental aim of radiation protection has 
been summed up by the ICRP as follows:

The primary aim of radiologic protection is to 
provide an appropriate standard of protection 
for man without unduly limiting the benefi -
cial actions giving rise to radiation exposure. 
This aim cannot be achieved based on sci-
entifi c concepts alone. All those concerned 
with radiologic protection have to make value 
judgments about the relative importance of 
different kinds of risk and about the balanc-
ing of risks and benefi ts. In this, they are no 
different from those working in other fi elds 
concerned with the control of hazards.

As stated by the NCRP, the objectives of ra-
diation protection are the following:

 1. To prevent clinically signifi cant radiation-
induced deterministic effects by adhering to 
dose limits that are below the apparent or 
practical threshold, and

 2. To limit the risk of stochastic effects (cancer 
and heritable effects) to a reasonable level 

 radiation protection. An elaborate set of defi ni-
tions has been produced based on the assump-
tion of  linearity between dose and risk. The 
whole business needs to be taken with a generous 
grain of salt because it is like a house of cards, 
based on somewhat shaky premises.

The concept of collective effective dose 
does allow a rough and quick estimate to be 
made of the potential health hazards to a popu-
lation from, for example, an accidental release 
of radioactivity from a nuclear reactor. It must 
be emphasized again that these concepts can be 
used only under conditions in which it is rea-
sonable to assume linearity between risk and dose—
that is, that risks are directly proportional to 
the summation of doses from different sources. 
Exposures that are within the administratively 
allowed dose limits may cause an increased 
incidence of stochastic effects, such as cancer 
and heritable effects, but are much below the 
thresholds for early deterministic effects. In the 
case of larger accidental releases in which doses 
to some people might be high enough to exceed 
these thresholds to the point of causing early 
death, collective effective dose is an inappropri-
ate quantity.

TABLE 17.3 Quantities and Units Used in Radiation Protection

Quantity Defi nition Unit

 Absorbed dose Energy per unit mass Gray

For individuals

 Equivalent dose  Average dose � radiation weighting factor Sievert
  (radiation weighted dose)

 Effective dose Sum of equivalent doses to organs and Sievert
  tissues exposed, each multiplied by the
  appropriate tissue weighting factor

 Committed equivalent dose Equivalent dose integrated over 50 years  Sievert
  (relevant to incorporated radionuclides)

 Committed effective dose Effective dose integrated over 50 years Sievert
  (relevant to incorporated radionuclides)

For populations

 Collective effective dose Product of the average effective dose and  Person-sievert
  the number of individuals exposed

 Collective committed  Integration of the collective dose over 50 years Person-sievert
  effective dose  (relevant to incorporated radionuclides)
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involving exposure to radiation should produce 
suffi cient benefi t to the exposed individual or to 
society to offset the radiation detriment it causes. 
This concept is sometimes diffi cult to put into 
practice in various situations in which individuals 
are exposed as follows:

 1. In the case of patients, the diagnostic or ther-
apeutic benefi t should outweigh the risk of 
detriment.

 2. In the case of occupational exposure, the ra-
diation risk must be added to and compared 
with other risks in the workplace.

 3. The most diffi cult situation is exposure for 
the sake of research, where volunteer subjects 
may fall into one of three categories: Patients 
who may benefi t, patients who may receive 
no benefi t, and healthy volunteers. In cases in 
which the individual receives no benefi t, the 
benefi t to society must outweigh the risks.

■ BASIS FOR EXPOSURE LIMITS

Exposure limits have changed over the years in 
step with evolving information about the bio-
logic effects of radiation and with changes in the 

in relation to societal needs, values, and 
benefi ts gained.

The difference in shape of the dose–response 
relationships for deterministic and stochastic ef-
fects is illustrated in Figure 17.3. The objectives 
of radiation protection can be achieved by reduc-
ing all exposure to as low as reasonably achievable 
(ALARA) and by applying dose limits for control-
ling occupational and general public exposures. 
For radiation protection purposes, it is assumed 
that the risk of stochastic effects is strictly proportional 
to dose without threshold throughout the range of dose 
and dose rates of importance in radiation protection. 
Furthermore, the probability of response (risk) is 
assumed to accumulate linearly with dose. This 
is not true at higher doses characteristic of radia-
tion accidents in which more complex (nonlin-
ear) dose–risk relationships may apply.

Given these assumptions, any selected dose 
limit has an associated level of risk. Conse-
quently, it is necessary to justify any use of radia-
tion in terms of a benefi t to a person or to society.

Justifi cation of exposure is one of the basic 
principles of radiation protection. The concept 
was described in 1977 by the ICRP: A practice 
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FIGURE 17.3  The basic differences in the shape of the dose–
response relationship for stochastic as opposed to deterministic 
effects. Deterministic effects (e.g., cataracts or mental retardation) 
show a threshold in dose; the severity of the effect increases with 
dose above this threshold, and the proportion of individuals rises 
rapidly with dose to 100%. The dose–response relationship is, 
therefore, sigmoid after a threshold. Stochastic effects are all-or-
nothing effects (e.g., cancer and heritable effects). The severity of 
the effect is not dose related, although the probability of it occur-
ring is. The increase with dose may be linear or linear-quadratic. 
There is no threshold, that is, no dose below which the probability 
of an effect is zero. The dose–response relationship is, therefore, 
linear or linear-quadratic, with no threshold.
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estimate is 40% per Sv for severe mental retar-
dation for the most sensitive period of gestation 
and above a threshold of at least 0.3 Gy. Next 
comes carcinogenesis as 5% per Sv, correspond-
ing to exposure of the general population to low 
doses and dose rates. Last are heritable effects, 
lowered in 2004 by the ICRP to 0.2% per Sv for 
the general population.

■  LIMITS FOR OCCUPATIONAL 
 EXPOSURE

The NCRP recommends the limits described 
in the following sections (and summarized in 
Table 17.5). These limits do not include natural 
background radiation or radiation for medical 
purposes.

Stochastic Effects
 1. No occupational exposure should be permit-

ted until the age of 18 years.
 2. The effective dose in any year should not ex-

ceed 50 mSv (5 rem).
 3. The individual worker’s lifetime effective dose 

should not exceed age in years � 10 mSv.

These limits apply to the sum of the effective 
dose from external radiation and the committed 
effective dose from internal exposures.

Deterministic Effects
 1. 150 mSv per year for the lens of the eye.
 2. 500 mSv per year for localized areas of the 

skin and the hands and feet.

These additional limits for deterministic ef-
fects are required because the weighting factors 
for, for example, the hands and the feet, are so 
small that huge doses could be given before can-
cer induction became a problem. Other deter-
ministic effects are limiting at lower doses.

■  AS LOW AS REASONABLY 
 ACHIEVABLE

The dose limits referred to previously are all upper 
limits and subject to the concept of ALARA. The 
recommendation that standard setting commit-
tees would like to make for personnel protection 
is zero exposure. This is not feasible, however, 
if society is to realize the enormous benefi ts de-
rived from the uses of radiations and radioactive 
materials.

social philosophy within which recommended 
exposure limits are developed.

In the 1930s, the concept of a tolerance 
dose was used, a dose to which workers could be 
exposed continuously without any evident dele-
terious acute effects such as erythema of the skin.

By the early 1950s, the emphasis had shifted 
to late effects. The maximum permissible dose
(MPD) was designed to ensure that the prob-
ability of the occurrence of injuries was so low 
that the risk would be readily acceptable to the 
average person. At about that time, based on the 
results of genetic studies in Drosophila and mice, 
the occupational limit was reduced substantially 
and a limit for exposure of the public introduced. 
Subsequently, the heritable effects were found 
to be smaller, and cancer risks larger than were 
thought at the time.

By the 1980s, the NCRP was comparing the 
probability of radiation-induced cancer death in 
radiation workers with annual accidental mortal-
ity rates in “safe” industries. Exposure standards, 
therefore, are necessarily based partly on observed 
effects, but with a great deal of judgment involved.

Earlier chapters described the deleterious 
effects of radiation in terms of heritable effects, 
carcinogenesis, and effects on the developing 
embryo and fetus. The risk estimates derived are 
summarized in Table 17.4. By far, the largest risk 

TABLE 17.4 Deleterious Effects of 
 Radiation that Highlight 
the Need for Protection

 Risk 
End Point Estimate

Severe mental retardation:

 Exposure of embryo/fetus 40%/Sv
  (8–15 weeks)

Carcinogenesis:

 General population 5%/Sv
  (low dose, low dose rate)

Heritable effects:

 General population 0.2%/Sv

Based on International Commission on Radiological 
Protection (ICRP), Biologic Effects of Ionizing Radia-
tion (BEIR), and United Nations Scientifi c Committee 
on the Effects of Atomic Radiation (UNSCEAR).
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exposure of personnel by a given amount? As a 
rule of thumb in the nuclear power industry in the 
United States, ALARA has a cash value of about 
$1,000 per 10 mSv. If the exposure of one person 
to 10 mSv can be avoided by the expenditure of 
this amount of money, it is considered reasonable. 
If the cost is more, it is considered unreasonable, 
and the exposure is allowed. However, the $1,000 
per 10 mSv fi gure applies specifi cally to low-dose 
levels. At higher dose levels at which the accumu-
lation of an additional exposure may threaten a 
worker’s job by exceeding the lifetime dose limit, 
then the cash value of avoiding a 10 mSv exposure 

Radiation is potentially harmful, and expo-
sure to it should be monitored continually and 
controlled. No unnecessary exposure should 
be allowed. Equipment and facilities should be 
designed so that exposure of the personnel and 
the public is kept to a minimum and not up to a 
standard. No exposure at all should be permit-
ted without considering the benefi ts that may be 
derived from that exposure and the relative risks 
of alternative approaches.

Of course, the ultimate problem is determin-
ing what is “reasonable.” There is also the ques-
tion: How much expense is justifi ed to reduce the 

TABLE 17.5 Summary of Recommended Dose Limits

 NCRP ICRP (If Different)

Occupational Exposure:

 Stochastic effects: effective dose limits

  Cumulative 10 mSv � age 20 mSv/y averaged 
   over 5 years

  Annual 50 mSv/y 50 mSv/y

 Deterministic effects: dose equivalent 
  limits for tissues and organs (annual):

  Lens of eye 150 mSv/y 150 mSv/y

  Skin, hands, and feet 500 mSv/y 500 mSv/y

Embryo/Fetus Exposure:

 Effective dose limit after 0.5 mSv/month Total of 1 mSv to abdomen  
  pregnancy declared   surface

Public Exposure (annual):

 Effective dose limit, continuous or 1 mSv/y No distinction between
  frequent exposure   frequent and infrequent—
 Effective dose limit, infrequent exposure 5 mSv/y  1 mSv/y

 Dose equivalent limits; lens of the eye 15 mSv/y 15 mSv/y

 Skin and extremities 50 mSv/y 50 mSv/y

Education and Training Exposure (annual):

 Effective dose limit 1 mSv/y No statement

 Dose equivalent limit for lens of eye 15 mSv/y No statement

 Skin and extremities 50 mSv/y No statement

Negligible Individual Dose (annual): 0.01 mSv/y No statement

Based on National Council on Radiation Protection and Measurements: Recommendations on Limits for Exposure to Ionizing 
Radiation. NCRP Report No. 116. Bethesda, MD; 1993; and International Commission on Radiation Protection: Recom-
mendations of the ICRP. ICRP Publication 103. New York, NY: Pergamon Press; 2007.
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also exists, this should also certainly be taken 
into account.

■  EXPOSURE OF PERSONS YOUNGER 
THAN 18 YEARS OF AGE

For educational and training purposes, it may 
be necessary and desirable to accept occasional 
exposure of persons younger than the age of 
18 years, in which case an annual effective dose 
limit of 1 mSv should be maintained (NCRP).

■  EXPOSURE OF MEMBERS OF THE 
PUBLIC (NONOCCUPATIONAL LIMITS)

The limitation of radiation exposure for mem-
bers of the public from human-made sources is 
inevitably arbitrary because it cannot be based on 
direct experience. Various risks of accident and 
death regularly faced by members of the public 
vary greatly; the numbers range from 10�4 to 
10�6 per year. Depending on their nature, these 
risks seem to be accepted without much thought. 
At the same time, everyone is exposed to natural 
background radiation of about 1 mSv annually, 
excluding radon, which may result in a mortality 
risk of 10�4 to 10�5 annually.

Based on these considerations, the NCRP 
recommended limits for human-made sources 
other than medical are as follows: For continuous 
or frequent exposure, the annual effective dose 
should not exceed 1 mSv. It is clear, however, that 
larger exposures to more limited groups of peo-
ple are not especially hazardous, provided they 
do not occur often to the same groups. Conse-
quently, a maximum permissible annual effective 
dose equivalent of 5 mSv is recommended as a 
limit for infrequent exposure. Medical exposures 
are excluded from these limitations because it is 
assumed that they confer personal benefi t to the 
exposed person.

Because some organs and tissues are not nec-
essarily protected against deterministic effects in 
the calculation of effective dose, the hands and 
feet, localized areas of the skin, and the lens of 
the eye are also subject to an annual dose limit 
of 50 mSv.

The fact that the terms frequent and 
 infrequent in the public dose limits are not de-
fi ned has caused some confusion. Nevertheless, 
the  intention of the NCRP is laudable, namely, 
that exceptions to the 1 mSv per year for mem-
bers of the public may be justifi ed on the basis of 

may be closer to $10,000. This sort of choice sel-
dom has to be made in a hospital setting except, 
for example, in the purchase of remote afterload-
ing equipment for brachytherapy.

■ PROTECTION OF THE EMBRYO/FETUS

The NCRP recommends a monthly limit of 
0.5 mSv to the embryo or fetus once a woman 
declares her pregnancy. In contrast to this, the 
ICRP recommends a limit of 2 mSv to the surface 
of the woman’s abdomen (lower trunk) for the 
remainder of her pregnancy. These recommen-
dations are essentially similar and are designed 
to limit the risk of mental retardation, other con-
genital malformations, and carcinogenesis. The 
NCRP and ICRP no longer recommend specifi c 
controls for occupationally exposed women until 
the pregnancy is declared. There is a provision 
that a declared pregnancy can later be “unde-
clared” if the female worker so desires.

Internally deposited radionuclides pose spe-
cial problems for protection of the embryo or 
fetus. Some remain in the body for long periods, 
and the doses delivered to fetal organs are not 
well known for all radionuclides. Consequently, 
particular care should be taken to limit the intake 
of radionuclides by pregnant women so that the 
equivalent dose to the embryo or fetus would not 
exceed the recommended limit.

■  EMERGENCY OCCUPATIONAL 
 EXPOSURE

Under normal conditions, only actions involving 
the saving of life justify acute exposures in excess 
of the annual effective dose limit. The use of vol-
unteers for exposures during emergency actions is 
desirable. If possible, older workers with low life-
time accumulated effective doses should be cho-
sen from among the volunteers. Exposure during 
emergency actions that do not involve the saving 
of life should be controlled, to the extent possible, 
at the occupational exposure limits. If this cannot 
be accomplished, the NCRP and ICRP recom-
mendation of 0.5 Sv should be applied.

If, for lifesaving or equivalent purposes, the 
exposure may approach or exceed 0.5 Sv to a 
large portion of the body, the worker not only 
needs to understand the potential for acute ef-
fects, but also should have an appreciation of the 
substantial increase in his or her lifetime risk of 
cancer. If the possibility of internal exposures 
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oil in the 1970s, and this has exacerbated the 
radon problem because a well-sealed house al-
lows fewer exchanges of air with the outside and 
consequently results in a greater concentration 
of radon. Radon is a noble gas and is itself rela-
tively nonhazardous because if breathed in, it is 
breathed out again without being absorbed. In a 
confi ned space such as a basement, however, the 
decay of radon leads to the accumulation of prog-
eny that are solids, which stick to particles of dust 
or moisture and tend to be deposited on the bron-
chial epithelium. These progeny emit �-particles 
and cause intense local irradiation.

An extreme example is the famous case of 
Stanley Watras who wanted to work in a nuclear 
power station but was turned away because the 
radiation monitors were set off as he entered 
the plant by the accumulation of radon progeny 
products deposited in his body and on his clothes 
that came from his home.

Indoor radon currently is perceived to be an 
important problem involving radiation exposure of 
the public. In the United States and most  European 
countries, the mean radon concentration in homes 
is in the range of 20 to 60 Bq/m3, with higher mean 
values of about 100 Bq/m3 in  Finland, Norway, and 
Sweden. Converting radon concentrations into 
dose to the bronchial epithelium involves many 
uncertainties, because such conversion depends on 
the model used and the assumptions made. One 
widely used conversion factor equates an air con-
centration of 20 Bq/m3 with an effective dose to 
the bronchial epithelium of 1 mSv per year.

The EPA has set the “action level” at about 
148 Bq/m3, suggesting that remedial action 
should be taken to reduce radon levels if they are 
higher than this. The action level is about four 
times the average radon concentration in homes, 
but it is estimated that about 1 in 12 homes in 
the United States—about 6 million in all—have 
radon concentrations above this action level. In 
the past, other countries, including Germany, 
Great Britain, and Canada had much higher ac-
tion levels, but these are all now under review.

The BEIR VI Committee of the National 
Academy of Sciences published a report on the 
health effects of radon in 1999. The committee’s 
preferred central estimates, depending on which 
of two models is used, are that about 1 in 10 or 1 in 
7 of all lung cancer deaths— amounting to 15,400 
or 21,800 per year in the United States—can be 
attributed to radon. There are considerable uncer-
tainties involved, and the number could be as low 

signifi cant benefi t either to those exposed or to 
society as a whole. Here are three examples:

 1. For workers who come into contact with a co-
worker who is a radionuclide therapy patient, 
the annual effective dose limit of 1 mSv may 
be exceeded under carefully controlled condi-
tions for a small number of such workers who 
may receive up to 5 mSv annually.

 2. For adult family members exposed to a patient 
who has received radionuclide therapy, the 
annual effective dose limit is 50 mSv. Thus, 
adult family members under this circumstance 
are considered separate from other members 
of the public and should receive appropriate 
training and individual monitoring.

 3. Another example is the inadvertent irradia-
tion of a stowaway in a cargo container ir-
radiated with a pulsed fast neutron analysis 
system to assess the contents of the con-
tainer. The NCRP has recommended that 
such systems be designed and operated in a 
manner such that the exposure of a stowaway 
would result in an effective dose of less than 
1 mSv for that occurrence. However, an ef-
fective dose of up to 5 mSv would be permis-
sible for such an occurrence if necessary to 
achieve national security objectives.

A more contentious issue is the exposure of 
members of the public to scattered radiation in 
a radiology department. For example, exposure 
of an individual member of the public to scat-
tered radiation in the waiting room of a radiol-
ogy facility is infrequent for a given individual. 
On the other hand, a secretary or receptionist 
may be exposed frequently or continuously, so 
the desk area must be protected to a lower level, 
which can be an expensive proposition. It might 
be tempting to reclassify the offi ce personnel as 
“radiation workers,” but to do so would offend 
all the basic principles of radiation protection.

■ EXPOSURE TO INDOOR RADON

Radon levels vary enormously with different local-
ities, depending on the composition of the soil and 
the presence of cracks or fi ssures in the ground, 
which allow radon to escape to the surface. Many 
homes in the United States and  Europe conse-
quently contain an appreciable quantity of radon 
gas, which enters the living quarters through the 
basement. Insulating and sealing houses increased 
greatly because of the escalating cost of heating 
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■ RADIATION DETRIMENT

Radiation detriment is a concept used to quantify 
the harmful effects of radiation exposure to different 
parts of the body, taking into account the severity 
of the disease in terms of lethality, loss of quality of 
life, and years of life lost. Detriment includes a small 
component for heritable effects, a large component 
for lethal cancers, and an allowance for nonlethal 
cancers, which, although they do not cause death, 
nevertheless affect quality of life. ICRP has sug-
gested the detriment- adjusted risk coeffi cients for 
stochastic effects after ex posure of the whole popula-
tion to radiation at LDR to be 5.5% per Sv for can-
cer (lethal and nonlethal combined) and 0.2% per Sv 
for heritable effects, making a total of 5.7% per Sv.

Recent surveys indicate that the average annual 
dose to monitored radiation workers with measur-
able exposures is about 2 mSv. This results in a det-
riment of about 1 in 10,000, which is comparable 
to the death rate in what are considered to be “safe” 
industries such as trade and government service.

■  NATIONAL COUNCIL ON  RADIATION 
PROTECTION AND  MEASUREMENTS 
AND THE INTERNATIONAL 
 COMMISSION ON RADIOLOGICAL 
PROTECTION COMPARED

At present, there is a difference in the recommen-
dations of the national and international bodies 
regarding the maximum permissible effective dose 
for occupational exposure (stochastic effects). 
The differences are highlighted in Table 17.5. 
Both bodies recommend a maximum of 50 mSv in 
any 1 year, but the NCRP adds a lifetime cumula-
tive limit of the person’s age � 10 mSv, and the 
ICRP adds a limit of 20 mSv per year averaged 
over defi ned periods of 5 years.

The practical consequence of this  difference 
is that a radiation worker starting at, for  example, 
age 18 years can accumulate a larger dose under 
the NCRP recommendations in the early years 
up to an age in the mid-30s, but later in life could 
accumulate a larger dose under the ICRP recom-
mendations. Under NCRP recommendations, 
a new radiation worker could receive 50 mSv in 
each of several consecutive years until the limit 
of age � 10 mSv kicks in. Under ICRP rules, 
the average cannot exceed 20 mSv per year over 
a 5-year period, so one or two 50-mSv years 
would have to be followed by several years at very 
low exposure levels. If individuals  were exposed 

as 3,000 or as high as 32,000 each year. Most of the 
radon-related lung cancers occur among smokers 
because of the synergism between smoking and 
radon. Among those who have never smoked, the 
committee’s best estimate is that of the 11,000 lung 
cancer deaths each year, 1,200 or 2,900, depending 
on the model used are radon related. Of the deaths 
that can be attributed to radon, perhaps one-third 
could be avoided by reducing radon in homes in 
which it is above the “action level” of 148 Bq/m3 
recommended by the EPA.

■  DE MINIMIS DOSE AND NEGLIGIBLE 
INDIVIDUAL DOSE

Collective dose to a population has little mean-
ing without the concept of de minimis dose. 
The idea is to defi ne some very low threshold 
below which it would make no sense to make any 
additional effort to reduce exposure levels fur-
ther. For example, suppose there is a release of 
radioactivity from a reactor that dissipates into 
the  atmosphere, blows around the world, and 
eventually exposes many hundreds of millions of 
people to very low doses. The doses may be so 
low that the biologic effects are negligible, but 
because the number of persons involved is so 
large, the product of the dose and the number of 
persons would dominate the collective dose. The 
term de  minimis comes from the legal saying De 
minimis non curat lex, which roughly translates to 
“The law does not concern itself with trifl es.”

Dr. Merril Eisenbud in an NCRP publica-
tion quotes this limerick of dubious origin.

There was a young lawyer named Rex, who was 
very defi cient in sex
When charged with exposure
He said with composure
De minimis non curat lex

The concept of de minimis dose has been es-
poused by the NCRP in the form of  negligible 
individual dose, defi ned here to be the dose 
below which further efforts to reduce radiation 
exposure to the person are unwarranted. The 
NCRP considers an annual effective dose of 
0.01 mSv to be a negligible individual dose. This 
dose is associated with a risk of death  between 
10�6 and 10�7, which is considered trivial com-
pared with the risk of fatality associated with 
 ordinary and normal societal  activities and, 
therefore, can be dismissed from consideration 
of additional radioprotective measures.
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as we now call them, has declined steadily; fi rst be-
cause of the availability of mouse data and more 
recently, because of doubts about the relevance of 
specifi c locus mutations in mice. In the meantime, 
concern for radiation-induced carcinogenesis has 
increased as more and more solid cancers appeared 
in the A-bomb survivors. In the 1950s, genetic ef-
fects were considered to be the most important 
consequence of low doses of ionizing radiation.

To cope with these changing perceptions, and 
what was considered to be an alarming increase in 
cancer among the A-bomb survivors, ICRP in 1991 
introduced a second limit. As well as the 50 mSv 
limit in any 1 year, they required that the average 
over 5 years should not exceed 20 mSv per year. 
NCRP in 1993 coped with the  perceived increase 
in cancer risk by adding a cumulative limit of age 
� 10 mSv to the existing annual limit of 50 mSv. 
Although these differ in detail, with NCRP al-
lowing workers more doses in earlier years and 
less later on, the respective limits recommended 
by the two organizations are quite similar, the 
NCRP being a little more restrictive with respect 
to overall lifetime risks. Both organizations aimed 
to make the risks to radiation workers comparable 
to other “safe” industries, and both sets of recom-
mendations would result in a radiation-induced 
cancer  mortality risk of about 3%.

However, although the NCRP Report No. 
116 was published in 1993 and included the cu-
mulative limit of age � 10 mSv, the Council only 
makes “recommendations” because the legal re-
sponsibility for the implementation of radiation 
safety is in the hands of the NRC, the DOE, and 
state or city bureaus of radiation control. In fact, 
the United States NRC has never adopted the 
cumulative limit and to this day, the annual limit 
is a total effective dose equivalent of 50 mSv. 
Consequently, if a radiation worker starts at age 
18 years and works at the dose limit until retiring 
at age 65 years, he or she would face a radiation-
induced cancer incidence of 19% and a cancer 
mortality of 10.8% (Table 17.6). This is in marked 

throughout their  working lives to the maximum 
permissible dose, the excess risk of  stochastic ef-
fects  (cancer and heritable effects) would be about 
the same under NCRP or ICRP recommenda-
tions. Under the NCRP, a person occupationally 
exposed from 18 to 65 years of age could receive a 
total dose of 650 mSv. Under the ICRP, the same 
person could receive 940 mSv, but less would be 
received in the early years and more at later ages.

The NCRP scheme is less restrictive for a 
few workers in the nuclear power industry who 
tend to receive large effective doses in their early 
years working on nuclear reactors. Later in life, 
these individuals tend to occupy supervisory or 
administrative positions and receive little, if any 
dose. To cope with those who do not, the NCRP 
has added the extra recommendation that this 
limit, age � 10 mSv, can be relaxed in individual 
cases after counseling, if implementation of the 
recommendation would mean loss of a job.

It should be emphasized that few persons ex-
posed occupationally in a medical setting receive 
doses anywhere near the recommended limits. Some 
interventional radiologists may well receive more 
than 50 mSv per year to a monitor worn outside the 
lead rubber apron or to a monitor worn at neck level 
or on the forearm. But the recommended maximum 
permissible levels refer to effective dose, which takes 
into account the parts of the body exposed.

■  THE HISTORY OF THE CURRENT 
DOSE LIMITS

In 1956, the ICRP reduced the dose limit for ra-
diation workers from 0.3 R per week to 0.1 R per 
week. This corresponds to 5 R per year, which 
is still the maximum permissible dose allowed in 
1 year to radiation workers today, except that the 
unit has changed and it is now called 50 mSv. This 
dose limit suggested by ICRP was based entirely 
on genetic effects in the fruit fl y, Drosophila.

In the half century or so that has elapsed since 
then, concern for genetic effects, or heritable  effects 

TABLE 17.6 Cancer Risks for a Radiation Worker Receiving the Maximum Permissible Dose 
from Age 18 to 65 years

  Cancer Cancer
Rule Total Dose Incidence Mortality

NRC 50 mSv/y 2.35 Sv 19.0 10.8

NCRP 10 mSv � age 0.65 Sv 6.1 3.3

25858_Hall_CH17.indd   26525858_Hall_CH17.indd   265 3/11/11   4:32 AM3/11/11   4:32 AM



266 | Section I • For Students of Diagnostic Radiology, Nuclear Medicine, and Radiation Oncology |

F
IG

U
R

E
 1

7
.4

 
Th

is
 c

h
ar

t c
om

p
ile

d
 b

y 
D

r. 
N

oe
lle

 M
et

ti
n

g,
 O

ffi 
ce

 o
f S

ci
en

ce
 o

f t
h

e 
U

.S
. D

ep
ar

tm
en

t o
f E

n
er

g
y, 

p
u

ts
 in

to
 p

er
sp

ec
ti

ve
 th

e 
d

iff
er

en
t d

os
e 

ra
n

g
es

 re
le

va
n

t t
o 

ra
d

ia
ti

on
 th

er
ap

y, 
d

ia
g

n
os

ti
c 

ra
d

io
lo

g
y, 

an
d

 b
ac

kg
ro

u
n

d
 ra

d
ia

ti
on

.

25858_Hall_CH17.indd   26625858_Hall_CH17.indd   266 3/11/11   4:32 AM3/11/11   4:32 AM



 | Chapter 17 • Radiation Protection | 267

■ Effective dose is the sum of the weighted 
equivalent doses for all irradiated tissues and 
organs multiplied by the appropriate WT.

■ Committed equivalent dose is the integral 
over 50 years of the equivalent dose after 
the intake of a radionuclide.

■ Committed effective dose is the integral 
over 50 years of the effective dose in the 
case of an incorporated radionuclide.

■ Collective effective dose is a quantity for 
a population and is the sum of effective 
doses to all members of that population. 
The unit is person-sievert.

■ Collective committed effective doses applies 
to a population ingesting or inhaling radio-
nuclides and is the integral over 50 years of 
the effective dose over the entire population.

■ All radiation exposures are governed by the 
ALARA principle.

■ No occupational exposure should be per-
mitted before 18 years of age.

■ The effective dose in any 1 year should not 
exceed 50 mSv (NCRP).

■ The individual worker’s cumulative life-
time effective dose should not exceed age 
in years � 10 mSv (NCRP). However, to 
date, the NRC has not adopted this cumu-
lative limit.

■ To limit deterministic effects, the dose limit 
to the lens of the eye is 150 mSv per year, 
and the dose limit to localized areas of the 
skin, hands, and feet is 500 mSv per year.

■ Once a pregnancy is declared, the NCRP 
recommends a monthly limit of 0.5 mSv to 
the embryo or fetus.

■ Specifi c controls for occupationally ex-
posed women are no longer recommended 
until a pregnancy is declared.

■ Internally deposited radionuclides pose a 
special problem for protection of the em-
bryo or fetus; particular care should be 
taken to limit intake.

■ Emergency occupational exposures nor-
mally justify doses in excess of the recom-
mended limits only if life-saving actions 
are involved. Volunteers from among older 
workers with low lifetime accumulated ef-
fective doses should be chosen in emergen-
cies in which the exposure may be up to 
0.5 Sv. If the exposure may exceed 0.5 Sv, the 
worker should be counseled about the short-
term and long-term possible consequences.

contrast to the corresponding fi gures that would 
be applicable if the ICRP or NCRP limitations 
were followed, when the radiation-induced can-
cer incidence would be 6%, and mortality would 
be 3%. These estimates are based on data pub-
lished in the BEIR VII report. It is not widely 
appreciated that radiation workers in the United 
States are  allowed such signifi cantly higher can-
cer risks than other industrialized countries that, 
by and large, adopt and enforce the recommen-
dations of ICRP.

■ DOSE RANGES

Doses to which individuals are exposed vary 
enormously by several orders of magnitude. 
Figure 17.4 attempts to put this into perspec-
tive by comparing the ranges of doses used in 
medicine with doses received occupationally 
and from natural sources.

SUMMARY OF 
PERTINENT CONCLUSIONS

■ The objectives of radiation protection are 
to prevent clinically signifi cant determin-
istic effects by keeping doses below the 
practical threshold and to limit the risk 
of  stochastic effects (cancer and herita-
ble effects) to a reasonable level in rela-
tion to societal needs, values, and benefi ts 
gained.

■ Justifi cation is one of the basic principles 
of radiation protection; a practice involv-
ing exposure to radiation should produce 
suffi cient benefi t to the exposed individual 
or to society to offset the radiation detri-
ment it causes.

■ WR are approximate values of the RBE, 
 applicable to low doses and relevant to car-
cinogenesis and heritable effects. WR is cho-
sen by the ICRP based on experimental RBE 
values with a large judgmental factor.

■ Equivalent dose is the product of absorbed 
dose and WR. The unit is sievert for an ab-
sorbed dose in Gy. ICRP has  recommended 
a new name for this quantity—radiation 
weighted dose—and is considering a new 
name for the unit.

■ WT refl ects the susceptibility of different 
organs or tissues to carcinogenesis or heri-
table effects.
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of age � 10 mSv, with a limit in any year 
of 50 mSv. The ICRP recommends a 
limit of 20 mSv per year averaged over 
defi ned periods of 5 years, with a limit in 
any year of 50 mSv.

 2.  The dose limit to the developing embryo 
or fetus once a pregnancy is declared. 
The NCRP recommends a monthly 
limit of 0.5 mSv to the embryo or fetus. 
The ICRP recommends a limit of 2 mSv 
to the surface of the woman’s abdomen 
for the remainder of pregnancy.

■ GLOSSARY OF TERMS

absorbed dose: The energy imparted to matter 
by ionizing radiation per unit mass of irradi-
ated material at the place of interest. The unit 
is gray (Gy), defi ned as an energy absorption 
of 1 J/kg.

ALARA (as low as reasonably achievable): Eco-
nomic and social factors being taken into 
account. This is identical to the principle of 
optimization of protection used by the ICRP.

annual limit on intake: The activity of a radio-
nuclide taken into the body during a year that 
would provide a committed equivalent dose to 
a person, represented by a reference “man,” 
equal to the occupational dose limit set by rec-
ommending and regulating bodies. The annual 
limit normally is expressed in becquerel (Bq).

becquerel (Bq): The special name for the unit 
of activity. 3.7 � 10�10 Bq � 1 Ci.

collective committed effective dose: Applies 
to a population ingesting or inhaling radionu-
clides that deposit their dose over a prolonged 
period of time and is the integral of the effec-
tive dose over the entire population out to a 
period of 50 years.

collective effective dose: Applies to a group of 
persons and is the sum of the products of the 
effective dose and the number of persons re-
ceiving that effective dose.

collective equivalent dose: Applies to a group 
of persons and is the sum of the products of 
the equivalent dose and the number of per-
sons receiving that equivalent dose.

committed effective dose: The sum of the 
committed organ or tissue equivalent doses 
resulting from an intake multiplied by the ap-
propriate tissue weighting factors.

■ For educational or training purposes, it 
may sometimes be desirable to accept ra-
diation exposures of persons younger than 
18 years of age, in which case the annual 
effective dose limit of 1 mSv should be 
maintained.

■ The annual effective dose limit for mem-
bers of the public is 1 mSv, except for in-
frequent exposures in which the limit may 
be 5 mSv. Medical x-rays are excluded from 
these limitations because they are assumed 
to confer personal benefi t.

■ For deterministic effects, the dose limit for 
members of the general public is 50 mSv to 
the hands and feet, to localized areas of the 
skin, or to the lens of the eye.

■ Indoor radon is perceived to be the most im-
portant problem involving radiation expo-
sure of the general public. Remedial action 
in homes is recommended by the EPA if the 
radon concentration exceeds 148 Bq/m3.

■ Negligible individual dose is the dose 
below which further expenditure to im-
prove radiation protection is unwarranted. 
The negligible individual dose is an annual 
effective dose of 0.01 mSv, which carries a 
risk of between 10�6 and 10�7 of carcino-
genesis or heritable effects.

■ ICRP introduced the concept of “detri-
ment” to quantify the harmful effects of 
radiation exposure in different parts of the 
body, taking account of the severity of the 
disease in terms of lethality, loss of quality 
of life, and years of life lost.

■  A uniform whole body equivalent dose of 
1 Sv to an adult radiation worker is assumed 
to result in a total detriment of about 5.7% 
per Sv. This is made up of a risk of fatal 
and nonfatal cancer together with a small 
contribution from severe heritable effects.

■ The average annual equivalent dose to 
monitored radiation workers is about 
2 mSv. This involves a total detriment of 
about one in 10,000, which is comparable 
to the annual risk of a fatal accident in a 
“safe” industry such as trade or govern-
ment service.

■ The NCRP and ICRP differ in two impor-
tant recommendations:

 1.  The effective dose limit for occupational 
exposure (stochastic effects). The NCRP 
recommends a lifetime cumulative limit 
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relative biologic effectiveness (RBE): A ratio 
of the absorbed dose of a reference radiation 
to the absorbed dose of a test radiation to pro-
duce the same level of biologic effect, other 
conditions being equal. It is the quantity that 
is measured experimentally.

rem: The old unit of equivalent dose or effective 
dose. It is the product of the absorbed dose 
in rad and modifying factors and is being re-
placed by the sievert.

sievert (Sv): The unit of equivalent dose or ef-
fective dose in the SI system. It is the product 
of absorbed dose in gray and modifying fac-
tors. 1 Sv � 100 rem.

stochastic effects: Effects for which the prob-
ability of their occurring, rather than their se-
verity, is a function of radiation dose without 
threshold. More generally, stochastic means 
random in nature.

tissue weighting factor (WT): A factor that in-
dicates the ratio of the risk of stochastic effects 
attributable to irradiation of a given organ 
or tissue to the total risk if the whole body is 
uniformly irradiated. Organs that have a large 
WT are those that are susceptible to radiation-
induced carcinogenesis (such as the breast or 
thyroid) or to hereditary effects (the gonads).

working level: The amount of potential �- 
particle energy in a cubic meter of air that re-
sults in the emission of 2.08 � 10�5 J of energy.

working level month: A cumulative exposure, 
equivalent to exposure to one working level 
for a working month (170 hours), that is, 
2 � 10�5 J·m�3 � 170 � 3.5 � 10�3 J·h·m�3.

■ BIBLIOGRAPHY

Burkhart RL, Gross RE, Jans RG, et al. (eds). Recommendations 
for Evaluation of Radiation Exposure from Diagnostic Radiol-
ogy Examinations. Health and Human Services Publication 
No. 85-8247. Springfi eld, VA: Food and Drug Adminis-
tration, National Technical Information Service; 1985.

Committee on the Biological Effects of Ionizing Radiations. 
The Effects on Populations of Exposure to Low Levels of Ionizing 
Radiation. Washington, DC: National Academy Press; 1980.

Committee on the Biological Effects of Ionizing Radiations. 
Health Effects of Exposure to Low Levels of Ionizing Radia-
tion. Washington, DC: National Academy Press; 1990.

International Commission on Radiation Units and Measure-
ments. Determination of Dose Equivalent Resulting from 
External Radiation Sources. Report 39. Bethesda, MD: 
ICRU; 1985.

International Commission on Radiation Units and Measure-
ments. The Quality Factor of Radiation Protection: Report of 
a Joint Task Group of the ICRP and ICRU to the ICRP and 
ICRU. Report 40. Bethesda, MD: ICRU; 1986.

committed equivalent dose: The equivalent 
dose averaged throughout a specifi ed tissue in 
the 50 years after intake of a radionuclide into 
the body.
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called the radiation weighted dose.
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Tissue homeostasis depends on the regulated 
cell division and self-elimination (programmed 
cell death) of each of its constituent members 
except its stem cells. In fact, a tumor arises be-
cause of uncontrolled cell division and failure 
for self-elimination. One can consider cancer 
as a Darwinian-like process whereby the fi ttest 
cells reproduce to become the dominant popu-
lation of a tumor. Alterations in three groups 
of genes are responsible for the deregulated 
control mechanisms that are the hallmarks of 
cancer cells:

■ Proto-oncogenes are components of signal-
ing networks that act as positive growth regu-
lators in response to mitogens, cytokines, and 
cell-to-cell contact. A gain-of-function mu-
tation in only one copy of a proto-oncogene 
results in a dominantly acting oncogene that 
often fails to respond to extracellular signals.

■ Tumor suppressor genes are also compo-
nents of the same signaling networks as proto-
oncogenes, except that they act as negative 
growth regulators. They modulate prolifera-
tion and survival by antagonizing the biochemi-
cal functions of proto-oncogenes or responding 
to unchecked growth signals. In contrast to on-
cogenes, inactivation of both copies of tumor 
suppressor genes is required for loss of function 
in most cases.

■ DNA stability genes form a class of genes in-
volved in both monitoring and maintaining the 
integrity of DNA. Loss of these genes results 
in defective sensing of DNA lesions as well as 
improper repair of the damaged  template.

The malignant progression from normal 
tissue to tumor to metastasis occurs in vari-
ous “steps” over a period of time. These steps, 
which are the result of mutations, deletions, 
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Initially, it was thought that cancer was the re-
sult of deregulated growth signals by  oncogenes, 
a concept supported by increased proliferation 
in many types of cancer. In the last decade, the 
fi nding that many cancers possess diminished 
apoptotic (programmed cell death) programs or 
loss of cell cycle control has led to the concept 
that mutations in proto-oncogenes and tumor 
suppressor genes that inhibit apoptosis provide 
a selective growth advantage to a premalignant 
cell that allows it to clonally expand. Mutations 
in DNA stability genes increase the rate of ac-
quiring genetic mutations that will result in a 
malignant tumor. Thus, although tumor cells are 
considered clonal in origin, most tumors contain 
heterogeneous populations of cells that differ in 
their ability to repopulate the tumor or form me-
tastases. In fact, only a small percentage of tumor 
cells possess the ability to form a tumor, leading 
to the concept that tumors possess “stem cells” 
and that elimination of these stem cells is essen-
tial for controlling tumor growth.

■ ONCOGENES

The fi rst demonstration that a tumor was ini-
tiated by a cellular component found in tumor 
cells but not in normal cells was shown by Rous 
in the early 1900s. His landmark studies dem-
onstrated that cell-free extracts derived from 
chicken sarcomas could cause a new sarcoma, 
if injected into healthy chickens. In the 1970s, 

or gene changes in the three groups of genes 
described previously, may occur spontaneously 
because of random errors or result from expo-
sure to agents as diverse as chemical mutagens, 
ionizing radiations, ultraviolet light, and vi-
ruses; and provide a growth or survival advan-
tage that allows the cells to become the clonal 
origin of the tumor. To summarize, tumor evo-
lution results from the accumulation of gene 
mutations that arise in a single cell that has suf-
fered a disruption in its regulatory mechanisms 
for proliferation, self-elimination, immortal-
ization, and genetic stability. This is illustrated 
in Figure 18.1.

■ MECHANISMS OF CARCINOGENESIS

A single genetic alteration that leads to the acti-
vation of an oncogene or loss of a tumor suppres-
sor gene does not, by itself, lead to the  formation 
of a solid tumor. Instead, carcinogenesis appears 
to be a multistep process with multiple genetic 
alterations occurring over an extended period of 
time; at least, that is how it appears. Sometimes, 
these genetic alterations are carried in the germ 
line, like, for example, in the cancer- predisposing 
syndrome retinoblastoma; however, heritable 
mutations are rare. Most alterations that lead 
to cancer are acquired in the form of somatic 
mutations: chromosomal translocations, dele-
tions, inversions, amplifi cations, or simple point 
 mutations.

Metastasis

Transformation

Immortalization

Normal

Oncogenes
(proliferation signal)

Tumor suppressors
(growth inhibitory signal)

Genomic stability
(DNA integrity)

Apoptosis

M

G2

S

R

G1

FIGURE 18.1  The process of ma-
lignant transformation results from 
mutations in three groups of genes: 
gain-of-function mutations that activate 
oncogenes, loss-of-function mutations 
that inactivate tumor suppressor genes, 
and loss of activity of DNA stability (e.g., 
repair) genes that increases the prob-
ability for genomic instability. This fi gure 
depicts how the stimulatory effects of 
oncogenes on the cell cycle are opposed 
by the inhibitory effects of tumor sup-
pressor genes on the cell cycle that can 
lead to apoptosis. R indicates the restric-
tion point that is regulated by the p53 
and pRb tumor suppressor genes. The 
consequences of oncogene activation 
and tumor suppressor gene and DNA 
integrity gene inactivation are immortal-
ization, transformation, and metastasis.

25858_Hall_CH18.indd   27425858_Hall_CH18.indd   274 3/11/11   4:32 AM3/11/11   4:32 AM



 | Chapter 18 • Cancer Biology | 275

From these early studies, several important con-
clusions could be derived. These are the  following:

 1. Cancer can be caused by a genetically trans-
missible agent—in the case of chicken sar-
coma, by a retrovirus containing a unique 
piece of genetic information that was later 
designated as the src gene;

 2. Only a certain region of a retrovirus is needed 
for transformation; and

 3. The region of the viral genome necessary for 
transformation is not involved in the normal 
replicative life cycle.

Huebner and Todaro later proposed that cancer-
causing viral genes such as src are normally inactive 
but can be activated when they recombine with a 
retroviral genome. Once they do so, they pass from 
being a benign proto-oncogene (i.e., c-src) to a ma-
lignant form (v-src) capable of causing cancer when 
introduced into the appropriate host cell. Although 
we now know that viruses represent only one of 
several mechanisms that cause the deregulated ex-
pression of a proto-oncogene, these studies helped 
to defi ne oncogenes as mutant forms of normal 
cellular genes that are altered in expression and/
or function by various agents, including radiation, 
chemicals, and viruses. Consequently, very different 
agents produce tumors that are indistinguishable 
from one another. This is illustrated in Figure 18.2.

with the advent of molecular biology, several 
groups identifi ed the etiological agent for sar-
coma  formation in chickens as an RNA virus, 
designated as the Rous sarcoma virus (RSV), 
which belongs to a group of viruses designated 
as retroviruses—viruses whose genomes are 
composed of RNA. Thus, oncogenes were fi rst 
discovered from a study of retroviruses that 
cause cancers in animals. Although the virus had 
been identifi ed, it still remained to be elucidated 
how this retrovirus causes a sarcoma because 
another virus belonging to this same group of 
RNA viruses, avian leukosis virus (ALV), does 
not transform cells in culture or induce sarco-
mas. Analysis of the genomes of ALV and RSV 
revealed that RSV contains approximately 1,500 
more base pairs (bp) of DNA than ALV. It was 
hypothesized, therefore, that these extra base 
pairs of DNA in the RSV genome are respon-
sible for the tumorigenic activity. This was sup-
ported by an observation that deletion mutants 
of RSV that are missing this 1,500-bp region 
lose their transformation potential, but can still 
replicate and produce viral progeny normally. 
This led to the conclusion that the transform-
ing activity and replicative activity of RSV are 
encoded by genetically distinct regions of the 
virus and that only a small portion of the RSV 
genome is needed for transformation.

Normal
expression

Retrovirus
inserts
gene

Neoplastic growth

Normal growth
and development

Activated
oncogene

Augmented
expression

Inappropriate
expression

Radiation
(translocation)

Chemicals
(point mutation)

FIGURE 18.2  How the concept of oncogenes provides a ready answer for how 
agents as diverse as viruses, radiations, and chemicals all can induce tumors that 
are essentially indistinguishable one from another. The retrovirus inserts a gene; a 
chemical may activate an endogenous oncogene by a point mutation; radiation 
may do the same by causing, for example, a translocation. (Adapted from Bishop JM. 
 Cellular oncogene retroviruses. Ann Rev Biochem. 1983;52:301–354, with permission.)
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termed long terminal  repeat (LTR). However, the 
probability of RNA recombination events between 
proto-oncogene mRNA and viral mRNA generat-
ing an oncogenic retrovirus is quite low and under-
mines the importance of this mechanism.

A second more probable mechanism is as 
follows: First, a retroviral genome integrates in 
proximity to a proto-oncogene, where the proto-
oncogene is under the transcriptional control of 
the retrovirus LTR promoter. Then the viral and 
proto-oncogene sequences become closely asso-
ciated through a DNA recombination event that 
permits the production of mRNAs that contain 
both viral and proto-oncogene sequences. In this 
scenario, the proto-oncogene becomes transcrip-
tionally deregulated because it is under the control 
of the viral promoter LTR. In addition, it can ac-
quire mutations in its coding sequence. Although 
the proto-oncogene can become mutated during 
the recombination process, the key point is that its 

■  MECHANISMS OF ONCOGENE 
 ACTIVATION

Although many mechanisms are involved in on-
cogene activation, transcriptional deregulation 
by overexpression or abnormal expression of the 
messenger RNA(mRNA) of a proto-oncogene is 
a common theme. At least four mechanisms exist 
for oncogene activation in human neoplasms 
(Fig. 18.3).

Retroviral Integration through 
 Recombination
Retroviral integration of proto-oncogene se-
quences in retroviral genomes occurs through two 
possible recombination mechanisms. First, mRNAs 
from a proto-oncogene recombine with viral ge-
nomic RNAs. During the recombination process, 
the proto-oncogene mRNA becomes deregulated 
as it comes under the control of the viral promoter, 

Retroviral
integration

Deletion/
point mutation

Gly

DNA DNA DNA DNA

DNA

RNA RNA RNA

• Protein activity

• Protein levels

• Protein activity

• Protein levels =

• Protein activity

• Protein levels

• Protein activity

• Protein levels

RNA
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Gene
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Chromosome
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FIGURE 18.3  Four basic mechanisms of how a proto-oncogene can become an activated 
 oncogene. Retroviral integration in proximity to a proto-oncogene results in transcriptional control 
of the proto-oncogene by the viral promoter, resulting in increased proto-oncogene protein and 
activity. Deletion or point mutations in the proto-oncogene result in increased activity of the proto- 
oncogene without necessarily changing transcription or protein levels of the proto-oncogene. 
 Increased copy number of a proto-oncogene by gene amplifi cation results in increased transcrip-
tion, protein levels, and activity of the proto-oncogene. Chromosome translocation results in an 
 altered proto-oncogene product that can have increased transcription, protein levels, and activity. 
All of these alterations in a proto-oncogene that occur at the DNA level manifest themselves at the 
protein level as increased activity and, in some cases, increased protein levels.
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Several steps are needed for the molecular 
cloning of an oncogene from transformed rodent 
cells using the rodent fi broblast transformation 
assay. These are the following:

 1. The human DNA containing the transform-
ing oncogene is transfected into mouse cells.

 2. The DNA from the transformed mouse cells 
is serially transfected to reduce the amount of 
human DNA that is not associated with the 
transforming oncogene.

 3. After several rounds of transfection, the DNA 
is isolated from a soft agar colony and digested 
with restriction enzymes to make a genomic 
DNA library.

 4. The library is then screened with a human-
specifi c repetitive probe that does not cross-
react with the mouse’s DNA, thereby identify-
ing human sequences in a mouse background.

deregulated expression by the viral LTR increases 
its expression and promotes cell growth.

DNA Mutation of Regulatory Sites
The union of the technique for gene transfer with 
mouse transformation assays facilitated the isola-
tion of human oncogenes that were activated by 
DNA mutation. Transfection of human DNA 
into immortalized but untransformed mouse cells 
was fi rst used to isolate the H-ras oncogene from 
bladder carcinoma cells. The key to this approach 
is that only transformed cells possess the ability 
to grow in soft agar (Fig. 18.4). The implicit as-
sumption is that a specifi c gene (or more) is re-
sponsible for causing the bladder carcinoma, and 
that it will act in a dominant  fashion to  induce a 
tumor. Indeed, multiple groups were successful in 
isolating the H-ras oncogene by this approach.

FIGURE 18.4  Schematic diagram of 
a typical DNA transfection protocol in 
which oncogenes can be isolated from 
cells transformed in vitro by either ra-
diation or chemical carcinogens. DNA 
sequences are then characterized using 
Southern blot hybridization.
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Chromosome Translocation
It had long been known that tumors possessed 
abnormal karyotypes. However, the chromosome 
content of many solid tumors is unstable, mak-
ing it diffi cult to determine which cytogenetic 
alterations are causative for tumorigenesis and 
which are the consequence of the neoplastic pro-
cess. The fi rst real breakthrough in identifying 
tumor- specifi c chromosome alterations occurred 
in the late 1950s when Dr. Peter Nowell found 
a consistent shortened version of chromosome 
22 in individuals affl icted with chronic myelog-
enous  leukemia (CML). Because many patients 
with CML possess an abnormal chromosome 22 
in their leukemic cells, this was a strong indication 
that a specifi c chromosome alteration is involved 
in the pathogenesis of this malignancy. With the 
advent of more sophisticated cytogenetic and 
molecular techniques, it was discovered that this 
shortened version of chromosome 22 is caused by 
a symmetric translocation with chromosome 9. It 
was hypothesized, therefore, that the translocation 
between chromosomes 9 and 22 gives rise to CML. 
Further molecular analysis revealed that the bcr 
gene on chromosome 9 translocates in front of the 
abl gene on chromosome 22, producing a fusion 
transcript with abnormal expression (Fig. 18.5).

With the recent advent of molecular cytoge-
netics—that is, fl uorescent in situ hybridization 
(FISH)—many translocation partners have been 
identifi ed. In fact, a common strategy has been 
to use proto-oncogenes, which chromosomally 

 5. Clones that possess human repetitive sequences 
are then isolated and digested with restriction 
enzymes to identify a similar-length fragment 
that is common to all transformants.

 6. Finally, the DNA from the clones is trans-
fected into mouse cells to confi rm its onco-
genic potential. If the oncogene is present in 
this genomic clone, then a signifi cant percent-
age of the transfected mouse cells should be 
transformed when compared with transfect-
ing genomic DNA from untransformed cells.

Perhaps the prototypical example of onco-
gene activation by DNA mutation is the H-ras 
oncogene. The H-ras oncogene was isolated by 
the approach recently described, and its DNA 
sequence was compared with its normal cellular 
counterpart. At fi rst comparison, there did not 
seem to be any difference between oncogenic 
and proto-oncogenic forms. However, because 
H-ras is a relatively small oncogene, it was pos-
sible to sequence the entire gene to rigorously 
search for small mutations. It did not take long 
to fi nd the difference between the two forms of 
the gene. The transforming oncogenic H-ras 
gene possesses a single bp mutation that changes 
the 12th amino acid from glycine to valine. This 
single DNA mutation is responsible for changing 
H-ras from a benign proto-oncogene into a ma-
lignant oncogene. We now know that mutations 
in codons 13 and 61 will also produce oncogenic 
H-ras genes that are constitutively locked in an 
active state.

Gene Amplifi cation
Oncogene amplifi cation occurs through break-
age-fusion-bridge cycles in anaphase during mito-
sis. In contrast to the other mechanisms  discussed 
that involve transcriptional deregulation as a key 
mechanism of oncogene activation, gene amplifi -
cation represents an alternative means of increas-
ing proto-oncogene expression by increasing the 
number of DNA copies of the proto-oncogene. 
Gene amplifi cation can result in an increased 
number of copies of  extrachromosomal mol-
ecules called double minutes or can result in 
intrachromosomal amplifi ed regions called ho-
mogeneously staining regions (HSR), both of 
which are detectable by fl uorescence in situ hy-
bridization or Giemsa banding of chromosomes. 
The N-myc oncogene is a classic example of an 
oncogene amplifi ed in leukemia, neuroblastoma, 
and breast cancer.

Chromosome 9 Chromosome 22

FIGURE 18.5  A symmetric translocation between 
chromosomes 9 and 22 brings together the bcl and abl 
genes to form a fusion gene associated with over 90% 
of cases of chronic myelogenous leukemia (CML).
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their activation even though the other copy 
of the gene is unchanged. This concept led to 
speculation that another class of genes, termed 
“antioncogenes,” suppresses the effect of on-
cogenes on transformation and tumor forma-
tion. The existence of tumor suppressor genes 
was supported by cell fusion studies between 
tumor cells and normal cells and by the  family 
history studies of people affl icted with inherited 
cancer-prone disorders such as retinoblastoma 
or Li– Fraumeni syndrome. Although one mu-
tated version of an  oncogene is suffi cient to drive 
malignant progression, one functional copy of a 
tumor  suppressor gene is suffi cient to suppress 
transformation, suggesting that both copies of 
a tumor suppressor gene must be inactivated to 
inhibit tumor growth (Fig. 18.6). Insight into the 
mechanism of tumor suppressor gene inactiva-
tion came from Knudson’s epidemiologic studies 
of families in which retinoblastoma appeared to 
be inherited in an autosomal dominant manner. 
Patients with familial retinoblastoma develop bi-
lateral or  multifocal disease at an earlier age than 

map near translocation breakpoints, as mark-
ers to identify potential translocation partners. 
Although numerous translocation breakpoints 
have been identifi ed in hematopoietic neoplasms, 
few consistent translocations have been found 
in solid tissue tumors. The reason for this is still 
unclear, but may be attributed to the fact that he-
matopoietic cancers require fewer alterations for 
neoplasia than solid tumors. Table 18.1 provides 
examples of the chromosomal changes that result 
in oncogene activation and the associated human 
malignancies. Interestingly, there are no known 
examples of oncogenes activated by retroviruses 
in human malignancies.

■  MUTATION AND INACTIVATION OF 
TUMOR SUPPRESSOR GENES

The Retinoblastoma Paradigm
Oncogenes result from a mutation, deletion, 
or alteration in the expression of one copy of 
a gene. Thus, oncogenes are dominant genes 
because a mutation in only one copy will cause 

TABLE 18.1 Examples of Chromosomal Changes Leading to Oncogene Activation and Their 
Associated Murine or Human Malignanciesa

Oncogene Chromosomal Change Cancer

int-1 Proviral insertion Murine breast carcinoma

int-2 Proviral insertion Murine breast carcinoma

pim-1 Proviral insertion Murine T-cell lymphoma

N-ras Point mutation (1) Melanoma

K-ras Point mutation (12) Pancreas carcinoma

H-ras Point mutation (11) Colon carcinoma

neu Point mutation (17) Neuroblastoma

N-myc Gene amplifi cation (8) Neuroblastoma

L-myc Gene amplifi cation (8) Lung carcinoma

neu Gene amplifi cation (17) Breast carcinoma

EGFR Gene amplifi cation (7) Squamous cell carcinoma

bcr-abl Translocation (9–22) Chronic myelogenous leukemia

c-myc Translocation (8–14) Burkitt lymphoma

c-myc Translocation (2–8) Burkitt lymphoma

c-myc Translocation (8–22) Burkitt lymphoma

bcl-2 Translocation (14–18) Diffuse large B-cell lymphoma
aHuman oncogenes activated by retroviruses have not yet been found in human malignancies, only murine cancers.
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development. Thus, tumor suppressor genes are 
recessive genes that require the inactivation of 
both functional gene copies before malignancies 
develop, whereas loss of one functional copy re-
sults only in increased cancer susceptibility. In 
addition, it is often the case that the same tumor 
suppressor gene involved in hereditary cancer 
syndromes, such as retinoblastoma, is also inacti-
vated in other forms of cancer. The Rb gene itself 
has now been implicated in several other human 
cancers, which indicates that it may play a gener-
alized role in tumor growth suppression in vari-
ous tissues. For example, patients who are cured 
of familial retinoblastoma are at increased risk of 
osteosarcoma, small cell lung cancer, and breast 
cancer; although the loss of the Rb gene alone 
is suffi cient for retinoblastoma, further changes 
are required for the development of these other 
tumors.

patients with sporadic retinoblastoma. Based on 
these observations, Knudson proposed that in 
the inherited form of retinoblastoma, patients 
possess a germ line mutation of the retinoblas-
toma (Rb) gene in all the cells of their body, but 
inactivation of one Rb allele does not give rise 
to retinoblastoma. Thus, the disease appeared 
to be autosomal dominant because individuals 
are born with one mutated allele. However, a 
second mutation in a retinal cell is required to 
develop retinoblastoma. In the sporadic form 
of the disease, an individual has to acquire two 
Rb mutations in the same retinal cell to develop 
retinoblastoma. The “two-hit hypothesis” by 
Knudson provided a genetic basis to understand 
the differences in inherited and sporadic muta-
tions in the onset of tumors and to advance the 
concept that both alleles of a tumor suppressor 
gene need to be inactivated to promote tumor 

FIGURE 18.6  Rb mutations in familial and sporadic retinoblas-
toma. In familial retinoblastoma, one normal allele (Rb) and one 
mutated allele (Rb*) are inherited from either parent, resulting in a 
heterozygous individual containing Rb/Rb* retinal cells. Subsequent 
mutation in any retinal cell inactivates the remaining normal Rb allele, 
leading to loss of growth control and expansion of the homozygous 
mutant Rb*/Rb* retinal cells that leads to retinoblastoma. In sporadic 
retinoblastoma, two normal Rb alleles are inherited from each parent. 
First, a mutation inactivates one copy, resulting in heterozygous Rb/
Rb* retinal cells. A subsequent mutation within the same retinal cell 
inactivates the remaining copy of normal Rb, leading to loss of growth 
control and expansion of homozygous Rb*/Rb* retinal cells that leads 
to retinoblastoma. (Illustrating the concepts proposed by Knudson 
AG. Mutation and cancer: statistical study of retinoblastoma. Proc Natl 
Acad Sci USA. 1971;68:820–823.)
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tions mainly give rise to retinal tumors, loss of 
p53 results in a wide spectrum of tumors. Table 
18.2 provides examples of other cancer predis-
position genes and their associated syndromes.

Familial Breast Cancer, BRCA1 and BRCA2
The breast cancer susceptibility genes (BRCA1 
and BRCA2) are found mutated in 5% and 10% 
of all breast cancer cases and are also associated 
with familial ovarian and prostate cancers. Fa-
milial breast cancer can be distinguished from 
sporadic breast cancer by its earlier age of onset, 
an increased frequency of bilateral tumors, and 
a higher incidence of cancer, in general, within 
an affected family. Histopathologically and ana-
tomically, familial and sporadic cases of breast 
cancer are indistinguishable. Although BRCA1 
and BRCA2 mutations account for the most in-
herited forms of breast cancer, they are rarely 
found in sporadic cases of breast cancer. BRCA1 
and BRCA2 have been implicated in DNA dam-
age, repair, cell cycle progression, transcription, 
ubiquitination, apoptosis, and in the determi-
nation of stem-cell fate. The most well-studied 
roles of BRCA1 and BRCA2 are in homologous 
recombination (see Chapter 2). Phenotypically, 
cells defi cient in BRCA1 or BRCA2 exhibit el-
evated levels of genomic instability, which is 
consistent with their roles in homologous re-
combination. This conclusion is also supported 

The Li–Fraumeni Paradigm
The Li–Fraumeni syndrome (LFS) is a rare 
autosomal, dominantly inherited disease that 
predisposes individuals to develop osteosarco-
mas, soft-tissue sarcomas, rhabdomyosarcomas, 
leukemias, brain tumors, and carcinomas of the 
lung and breast (Fig. 18.7). Initial attempts to 
identify the genetic mutations that underlie LFS 
were unsuccessful because of the rarity of the 
syndrome and the high mortality of the patients. 
The major insight into the underlying cause 
of LFS came when it was found that mice that 
overexpress a mutant version of the p53 tumor 
suppressor gene in the presence of the wild-type 
p53 gene develop a spectrum of tumors similar 
to that seen in patients with LFS. Sequencing of 
p53 in affected family members revealed germ 
line missense mutations in the p53 tumor sup-
pressor gene located on chromosome 17p13 that 
resulted in its inactivation, and tumors derived 
from affected individuals had lost the remaining 
wild-type allele of p53. Similar to retinoblastoma, 
loss or inactivation of both wild-type copies of 
p53 is needed for tumor formation. However, 
functional loss of one germ line inherited copy of 
mutant p53 accelerates the onset of spontaneous 
tumor formation. Therefore, patients with LFS 
follow a similar paradigm as patients with retino-
blastoma in developing spontaneous tumors, but 
unlike retinoblastoma in which germ line muta-
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FIGURE 18.7  Pedigree analysis of familial cancer history of LFS. Symbols: B, breast cancer; G, glio-
blastoma; L, leukemia; Lu, lung cancer; P, pancreatic cancer; S, sarcoma; W, Wilms tumor. (Adapted from 
Li FP, Fraumeni JF. Prospective study of a family cancer syndrome. J Amer Med Assoc. 1982;247:2692–
2694, with permission.)
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■ SOMATIC HOMOZYGOSITY

How are recessive tumor suppressor genes lost? 
Cytogenetic studies are used to identify chromo-
somal changes in peripheral blood lymphocytes 
or fi broblasts from patients with cancer, especially 
those with a family history of cancer, to identify 
chromosomal rearrangements or deletions. At 
the subchromosomal level, a genomewide link-
age analysis is used to determine that a certain 
chromosome region is tightly linked with cancer 
predisposition. Both copies of a suppressor gene 
in the sporadic form of retinoblastoma and other 
solid tumors may result from two independent 
allelic mutations, but in practice, it occurs more 
often by the process of somatic homozygosity. 
The steps appear to be as follows: One chromo-
some of a pair is lost, a deletion occurs in the 
remaining chromosome, and the chromosome 
with the deletion replicates. Instead of having 
each of the two alleles contributed by different 
parents, the cell has both alleles from the same 
parent, with loss of a vital piece containing the 
tumor suppressor gene (Fig. 18.8). This process 
has been documented for chromosome 13 in 
the case of retinoblastoma, chromosome 11 in 
Wilms tumor, chromosome 3 for small cell lung 
cancer, and chromosome 5 for colon  cancer. 
Most interesting of all, perhaps, is the case of 

by the fi nding that mice lacking BRCA1 have 
the same phenotype as those null for the essen-
tial homologous recombination protein RAD51. 
Functionally, BRCA1 acts as a sensor of DNA 
damage and replication stress and mediates ho-
mologous recombination through BRCA2. In 
response to DNA damage-induced ionizing ra-
diation, BRCA1 is phosphorylated at numerous 
sites by ataxia telangiectasia mutated (ATM), 
ataxia telangiectasia and Rad3-related (ATR), 
and checkpoint kinase 2 (Chk2) that direct it to 
associate with other repair proteins in nucleo-
tide excision repair (NER), including xeroderma 
pigmentosum, complementation group C (XPC) 
and DNA damage-binding protein 2 (DDB2), 
in mismatch repair (MMR) MSH2, MSH6, and 
in DNA damage signalling ATM and the MRN 
complex (MRE11, Rad50, and NBS1). In con-
trast to BRCA1, BRCA2 appears to play a more 
direct role in homologous recombination by 
binding to RAD51 and aiding in the formation 
of RAD51 foci at the sites of DNA breaks. Cells 
from patients defi cient in BRCA1 or BRCA2 
are defective in homologous recombination and 
rely on error prone nonhomologous end- joining 
(NHEJ) to repair their DNA double strand 
breaks (DSBs). The resulting accumulation of 
mutations in BRCA1 and BRCA2 defi cient cells 
promotes tumor formation.

TABLE 18.2 Examples of Cancer Predisposition Genes and Their Associated Syndromes

Tumor  
Suppressor Gene Syndrome Tumor

Rb Retinoblastoma Retinoblastoma

WT1 Familial Wilms tumor Wilms tumor

NFI Neurofi bromatosis type 1 Neurofi broma, sarcoma

NF2 Neurofi bromatosis type 2 Schwannoma, meningioma

APC Familial adenomatosis polyposis Tumor of colon, stomach, and intestine

p53 Li–Fraumeni syndrome Breast, lung, brain tumors, sarcoma

VHL von Hippel-Lindau disease Tumor of kidney, adrenal

E-CAD Familial gastric cancer Tumor of stomach, breast

PTCH Gorlin syndrome Basal cell carcinoma

PTEN Cowden syndrome Hamartoma

MEN1 Multiple endocrine neoplasia Tumor of pituitary, pancreas, and 
    parathyroid
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histopathology of normal epithelium during the 
multistage formation of colorectal cancer and 
metastatic carcinoma. This concept is illustrated 
in Figure 18.9.

A more general model of the series of events 
in carcinogenesis is shown in Figure 18.10. The 
fi rst event, from whatever cause (including ioniz-
ing radiation), causes a mutation in a gene in one 
of the families responsible for the stability of the 
genome. This leads to a mutator phenotype, so 
that with many cells dividing, multiple mutations 
are likely in cancer-associated genes, both onco-
genes and tumor suppressor genes. This in turn 
leads to progression of the cancer and ultimately 
its invasive and metastatic properties.

Therefore, it is not surprising that restora-
tion of one copy of a tumor suppressor gene is 
sometimes not suffi cient to restore tumor sup-
pressor activity because solid tumors accumulate 
mutations that can make them refractory to the 
restoration of a single tumor suppressor gene. 
Although tumor suppressor genes are function-
ally quite different from oncogenes, they modu-
late similar cellular targets as oncogenes.

astrocytomas in which somatic homozygosity is 
observed for chromosome 10 in grade II and III 
astrocytoma and for both chromosomes 10 and 
17 for grade IV glioblastoma.

■ THE MULTISTEP NATURE OF CANCER

Perhaps the most pervasive dogma in cancer 
research is that carcinogenesis is a multistage 
process. The implication is that there are sev-
eral distinct events that may be separated in 
time. This idea is almost 70 years old and is 
exemplifi ed by the skin cancer experiments in 
mice that introduced the concepts of initiation, 
promotion, and progression as stages in tumor 
development.

Genetic analysis of cells from solid tumors 
also suggests alterations, mutations, or deletions 
in multiple signaling genes, either oncogenes or 
suppressor genes; 6 to 12 mutations have been 
suggested for the formation of a carcinoma. In 
the case of colorectal cancer, a model has been 
proposed that correlates a series of chromosomal 
and molecular events with the changes in the 
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One chromosome
of normal pair lost

Chromosome with
deletion replicates

FIGURE 18.8  The process of somatic homozygos-
ity. In a normal cell, there are two copies of each chro-
mosome, one inherited from each parent. For a given 
suppressor gene to be inactivated, the copy must be lost 
from both chromosomes. This could, of course, occur 
by independent deletions from the two chromosomes; 
but in practice, it is more common for a single deletion 
to occur in one chromosome while the second chromo-
some is lost completely. The remaining chromosome, 
with the deletion, then replicates. The cell is thus homo-
zygous, rather than heterozygous, for that chromosome.
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FIGURE 18.9  Cancer has long been 
thought to be a multistep process and 
has been described with operational 
terms such as initiation, promotion, 
and progression. In at least one human 
 malignancy, namely, colon cancer, the 
molecular events during the progress 
of the disease have been identifi ed. 
(Based on the work of Vogelstein and 
Kinzler.)
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proliferation. Untransformed cells respond to 
extracellular growth signals known as mitogens 
through a transmembrane receptor that signals 
to intracellular circuits that increase growth. 
Thus, the growth factor, the receptor, and the in-
tracellular circuits can all lead to self-suffi ciency 
when deregulated. Typically, one cell secretes a 
mitogenic signal to stimulate the proliferation of 
another cell type. For example, an epithelial cell 
can secrete a signal to stimulate fi broblasts to 
proliferate. In contrast to untransformed cells, 
transformed cells have become autonomous in 
regulating their growth by responding to the 
mitogenic signals they themselves produce. In 
this manner, they use an autocrine circuit to es-
cape the need for other cell types. For example, 
mesenchymal cells are responsive to transfor-
mation by v-sis, because they possess receptors 
for platelet derived growth factor (PDGF), and 
breast epithelial cells are responsive to int-2, 
because they possess receptors for fi broblast 
growth factor (FGF).

If overexpression of growth factors can lead 
to uncontrolled proliferation, then continuous 
activation or overexpression of growth factor 
receptors will do the same. Several well-known 
oncogenes, such as v-erb-2 (HER-2/neu) and 
v-fms, encode growth factor receptors. These 
receptors are mutated at their amino terminal 

■  FUNCTION OF ONCOGENES AND 
TUMOR SUPPRESSOR GENES

The myriad of genetic and epigenetic changes 
that drive tumor evolution is a systems biology 
problem in which cells can be thought of as cir-
cuits, where an alteration of the circuit can lead 
to increased output, decreased output, complete 
loss of output, or no change. Therefore, cancer 
biologists attempt to determine how a specifi c 
gene, when mutated, alters normal tissue func-
tion. To understand how oncogenes and tumor 
suppressor genes lead to neoplasia, we need to 
understand how each of these circuits impacts 
normal cellular physiology. What cellular func-
tions are disrupted by oncogene activation and 
tumor suppressor gene inactivation, and how do 
these disrupted functions affect the differentia-
tion, growth, and death of cells? What follows 
is a description of the general categories of cell 
functions that are perturbed by deregulation 
of these two classes of genes during malignant 
 progression.

Deregulated Proliferation
The loss of proliferative control of cancer cells 
is evident to all who study cancer. In fact, the 
earliest concept suggested by tumor biologists 
was that cancer was a disease of uncontrolled 
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FIGURE 18.10  Illustrating the multistep nature of carcinogenesis and the concept of the mutator phe-
notype. The fi rst step in carcinogenesis by radiation or any other agent may be a mutation in one of the 
gene families responsible for the stability of the genome. This may be a DNA repair gene, an MMR gene, or a 
gene in a family as yet unidentifi ed. This leads to the mutator phenotype, with multiple mutations possible 
in both oncogenes and tumor suppressor genes. This then leads to a series of steps that result in an invasive 
metastatic cancer. Not all the same mutations need to be present in every case.

25858_Hall_CH18.indd   28425858_Hall_CH18.indd   284 3/11/11   4:32 AM3/11/11   4:32 AM



 | Chapter 18 • Cancer Biology | 285

it duplicates its genetic material before cell di-
vision. Nuclear control proteins that regulate 
entry into S phase include transcription factors 
such as c-myc, c-rel, c-jun, and c-fos, and cell 
cycle regulatory proteins such as E2F and cyclin 
D1 (PRAD1). These nuclear proto-oncogenes 
can work as transcription factors by binding to 
DNA in a sequence-specifi c manner and form-
ing complexes with themselves or other proteins 
that will increase mRNA transcription of genes 
such as cyclin D that promotes cell division.

To understand how tumor cells evade anti-
proliferative signals, one must appreciate how 
the cell cycle is regulated—in particular, the G1 
phase. It is during a cell’s transit through the G1 
phase that it makes the decision to continue to 
the S phase and duplicate its genetic material 
or enter into a reversible state of quiescence 
(reversible growth arrest) or enter a permanent 
state of senescence (irreversible growth arrest). 
The Rb family of proteins is the most critical de-
terminants of the fate of a G1 phase cell. When 
Rb protein is in a hypophosphorylated state, Rb 
protein blocks progression into S phase by se-
questering E2F transcription factors that regu-
late the expression of genes that are essential for 
the transition from G1 to S phase. As previously 
discussed, the ECM can signal cell proliferation 
through integrin receptors. In addition, it can 
also produce antiproliferative signals through 
the secreted protein TGF-�. At the molecular 
level, TGF-� inhibits Rb protein phosphoryla-
tion and prevents the release and activation of 
the E2F family of transcription factors. It does 
this through the induction of inhibitors such as 
p21 and p15INK4B that inhibit the activity of the 
kinases that are essential to phosphorylate Rb 
protein. Thus, loss of Rb or failure to induce p21 
and p15INK4B will aid cells in escaping antiprolif-
erative signals.

In addition to extracellular antiproliferation 
signals, endogenous proteins that down-regulate 
signal-amplifying kinases are also important in 
keeping signal transduction cascades in check. 
For example, the NF1 protein is a GTPase- 
activating protein that facilitates the hydrolysis of 
guanosine triphosphate (GTP) by ras. When ras 
protein is complexed with guanosine diphosphate 
(GDP), it is inactive; when it is bound to GTP, it 
is active. Individuals affl icted with neurofi broma-
tosis lack NF1 protein and have lower levels of 
GTPase activity and more ras protein complexed 

residues so that they no longer require their 
respective growth factor (ligand) to signal in-
duction of their kinase activity. Growth fac-
tor receptors can structurally be divided into 
extracellular  ligand-binding domains (LBDs), 
transmembrane- spanning domains (TMS), and 
intracellular kinase domains. Although mutations 
have been found in all three domains, mutations 
in the ligand-binding domains are a common al-
teration that results in constitutive kinase activity 
that transduces the signal for the cell to prolif-
erate. In addition to structural alterations in the 
receptor, some tumors overexpress growth fac-
tor receptors that make them hyperresponsive to 
physiologic levels of growth factor stimulation. 
In contrast to mitogenic-responsive growth fac-
tor receptors, a second class of receptors that 
transmit signals from the extracellular matrix can 
also regulate proliferation. Integrin receptors are 
the prototypical example of this class of regula-
tors that transmit signals from different compo-
nents of the extracellular matrix (ECM) to signal 
proliferation or quiescence.

There are numerous intracellular circuits 
that transduce the signal from the cell surface to 
the nucleus of the cell. The src, ras, and abl pro-
teins are all members of this group. Most mem-
bers of this group are tyrosine kinases or serine/
threonine kinases. Src and abl are tyrosine ki-
nases located on the cytoplasmic side of the cell 
membrane. H-ras, K-ras, and N-ras are a fam-
ily of GTP-binding proteins also located on the 
cytoplasmic side of the cell membrane and are 
the most frequently mutated oncogene family 
in human cancers. The Ras/Raf/ERK, Ras/Ral-
GDS/Ral, and Ras/PI(3)K/Akt/TOR pathways 
play critical roles in transducing signals from 
growth factor receptors at the cell surface to the 
nucleus in untransformed cells. Oncogenic forms 
of ras bypass the normal growth regulatory sig-
nals of a cell by being locked in an “on” state, ob-
viating the need for external signals from growth 
factors to activate them (Fig. 18.11).

Failure to Respond to Growth-Restrictive 
Signals
If signal transduction cascades initiate at the cell 
membrane, then they end in the nucleus. Nor-
mally, various cells in the body are at rest in a 
nonproliferative state (G0). The oncogenic ac-
tivation of these nuclear oncogenes stimulates 
the cell into the synthetic phase (S phase), where 
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activation of intracellular cysteine proteases, 
termed  caspases, that cleave a diverse and 
ever- increasing number of substrates, including 
themselves, at aspartic acid residues. Caspases 
can broadly be divided into initiator caspases and 
effector caspases. The binding of ligands such as 
Fas to specifi c death receptors on the cell surface 
induces receptor activity and the recruitment of 
the initiator  procaspase 8. The recruitment of 
procaspase 8 proteins near to each other results 
in active caspase 8 and effector caspases, such as 
caspases 3, 6, and 7, which are responsible for 
the ultrastructural changes in the cell. In re-
sponse to mitochondrial-dependent cell death, 

with GTP, resulting in a more active ras protein. 
Therefore, lack of NF1 protein activity will re-
sult in enhanced activity of ras protein similar to 
what is found in ras-transformed cells as already 
described. The NF1 protein and the ras protein 
are excellent examples of how a tumor suppressor 
gene and an oncogene work in unison to control 
a signal transduction pathway.

Failure to Commit Suicide (Apoptosis)
Two major pathways that mediate cell death 
emanate either from the cell membrane or 
from the mitochondrion (Fig. 18.12). The sig-
nals transmitted by each pathway results in the 
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FIGURE 18.11  The Ras family (H-Ras, K-Ras, and N-Ras) are proteins that act as GDP/GTP-regulated binary 
switches that reside at the inner surface of the plasma membrane and act to relay extracellular ligand-stimulated 
signals to cytoplasmic signaling cascades. However, oncogenic forms of Ras lose their responsiveness to growth 
receptor tyrosine kinases and constitutively activate cascades of serine threonine kinases that control cell prolif-
eration, inhibit apoptosis, and increase protein translation. These pathways are depicted in a linear fashion, but 
are more complex and are regulated by positive and negative feedback loops. This illustration depicts three direct 
effectors of Ras that have been shown to mediate these events. Ras stimulates proliferation by activating the Raf/
MEK/Erk pathway that phosphorylates and activates the Ets transcription factor that leads to increased levels of 
cyclin D1, mRNA, and protein. Increased levels of cyclin D1 result in increased Rb phosphorylation and transition of 
cells from G1 to S phase of the cell cycle. A second direct effector of Ras, RalGDS, is a guanine nucleotide exchange 
factor that activates Ral A and B GTPases and promotes tumor cell survival through the JNK/SEK (Jun kinase/stress 
kinase) pathway. The third major pathway that Ras directly regulates is the PI(3)K pathway. This pathway has long 
been known to be important in regulating cell growth through insulin signaling. Like Raf and RalGDS, oncogenic 
forms of Ras increase PI(3)K activity that leads to increased phosphorylation of the lipid kinase PIP3, which in turn 
inhibits the negative regulation of TOR by TSC1/2 and RheB. Increased TOR leads to increased translational initia-
tion of mRNAs that possess a structured 5� region known as a “cap.” This is an oversimplifi ed illustration because 
there are at least three other signaling pathways that lie downstream of Ras. The Ras pathway can be disrupted 
using pharmacologic inhibitors of farnesyltransferases (FT), PI(3)K (Ly-294002), or MEK (U-0126). (Adapted from Dr. 
Marianne Powell, with permission.)
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mitochondria. In the cytoplasm, cytochrome c 
forms a complex with the adapter protein  Apaf-1, 
and together they recruit the inactive form of the 
initiator caspase, procaspase 9. In this complex, 
caspase 9 becomes activated and in turn activates 
effector caspases such as caspases 3, 6, and 7 
through proteolytic cleavage. Cell lines defi cient 
in caspases 3 and 9 exhibit substantially reduced 
levels of apoptosis during development and in 
response to exogenous stress-inducing stimuli 
(Fig. 18.13).

The p53 tumor suppressor gene is an impor-
tant modulator of oncogene-induced apoptosis. 
Levels of p53 are kept low in unstressed cells 
through the binding of a specifi c E3-like ubiq-
uitin ligase, murine double minute 2 (Mdm2). 
Binding of Mdm2 to the N-terminus of p53 
 results in the complex being shuttled to the cyto-
plasm, where it is quickly degraded by the proteo-
some. However, in response to various stresses, 
including ionizing radiation, serum starvation, 
and hypoxia, p53 protein levels increase both 
through protein stabilization and increased pro-
tein synthesis. Stabilization of p53 in response to 

activation of initiator caspases (e.g., caspase 9) 
is achieved by proteolytic cleavage of their in-
active pro-forms through their recruitment and 
interaction with specifi c adapter proteins. The 
adapter proteins are in turn regulated by the mi-
tochondria through the release of cytochrome c. 
The release of cytochrome c from the mitochon-
dria is controlled by the Bcl-2 protein family, 
which is composed of proapoptotic regulators 
such as Bax, Bak, Bid, and Bim and antiapoptotic 
family members Bcl-2, Bcl-xl, and Mcl-1. The 
Bcl-2 oncogene is the prototypical example of a 
membrane-associated oncogene whose overex-
pression protects the cell from death-inducing 
stimuli by various agents.

How does Bcl-2 protect cells from undergo-
ing apoptosis? Both proapoptotic and antiapop-
totic Bcl-2 family members can form dimers 
with themselves (homodimers) or with other 
family members (heterodimers). This ability to 
form dimers with a pro-death-promoting family 
member has been proposed as one mechanism of 
how Bcl-2 prevents apoptotic cell death that is 
signaled by the release of cytochrome c from the 

DNA damage

ATM

Caspase 8

Caspase 9
Caspase 

3, 6, 7

Procaspase 8

Procaspase 9

Apoptosome complex

EFFECTORS

INITIATORS

SENSORS

Apoptosis

Death
domain

FADD

FasL/Fas

p53 puma

pum
a

Mitochondria

bcl-2

Cytochrome c

Apaf-1

bid

bid

Nucleus

Cell membrane

FIGURE 18.12  Two major pathways that mediate cell death. Pathways initiate at either the cell membrane 
with a death receptor or in the nucleus with the detection of DNA-damaging stresses. Each pathway can be di-
vided into sensors (e.g., Fas ligand-binding to Fas receptor), initiators (e.g., caspases 8 and 9), and effectors (e.g., 
caspases 3, 6, and 7). See text for further details.
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conditions generated by nutrient deprivation 
or low oxygen conditions (Fig. 18.14). It is this 
paradox that has set forth the hypothesis that myc 
deregulation results in a cellular state where in-
creased proliferation or apoptotic death are both 
equally possible, depending on the cellular mi-
croenvironment and the activity of certain crucial 
genetic determinants such as the p53 tumor sup-
pressor gene. Evidence has accumulated that on-
cogenes such as myc and the adenovirus E1A gene 
increase p53 protein stabilization and sensitize 
cells to killing by growth-restrictive conditions. 
Loss of p53 through mutation or functional inac-
tivation severely attenuates the sensitivity of these 
same oncogene-expressing cells to stress-induced 
apoptosis. Analysis of cells defi cient in p19ARF (a 
cell cycle inhibitor protein) indicates that myc 
signals to p53 through p19ARF. Loss of p19ARF at-
tenuates the sensitivity of myc-expressing cells to 
apoptosis even in the presence of wild-type p53, 
suggesting that myc needs to signal p19ARF to ac-
tivate p53-dependent apoptosis. Furthermore, 
genetic analysis of tumor cells indicates that they 
possess either p53 mutations or p19ARF muta-
tions, but rarely both. Implicit in this observation 
is that myc deregulation favors proliferation and 
that a growth-restrictive state induced by DNA 

stress is thought to occur through several mech-
anisms, including prevention of Mdm2 binding 
and phosphorylation of p53. Once stabilized, p53 
is a powerful proapoptotic molecule capable of 
transcriptionally activating gene expression by 
sequence-specifi c DNA binding to regulatory 
sequences. Transcriptional targets of p53 that in-
duce apoptosis include bax, puma, noxa, and perp 
and provide a link between the tumor suppressor 
activity of p53 and apoptosis. This list of p53-
regulated apoptotic genes is always growing and 
very dependent on the cell type and stress. Many 
of the mutations in the p53 gene found in human 
tumors are found within the DNA-binding do-
main (DBD), highlighting the importance of this 
region to the role of p53 as a tumor suppressor 
and its ability to induce apoptosis. However, re-
cent reports in the literature indicate a new role 
for p53 in the cytoplasm and specifi cally at the 
mitochondria, where it may function directly to 
release cytochrome c to initiate the caspase cas-
cade and apoptosis, bypassing the need for its 
transcriptional activity.

Seemingly paradoxical to its role in prolifera-
tion and oncogenic transformation is the fact that 
overexpression of the myc oncogene primes cells 
for apoptotic cell death under growth-restrictive 

FIGURE 18.13  Examples of caspase substrates that are responsible for the cellular 
ultrastructural changes that result in classic apoptotic morphology. Caspases degrade 
Lamin and structural components of the cytoskeleton, fragment DNA, and inhibit DNA 
repair processes by degrading DNA repair proteins. Abbreviations: ICAD, inhibitor of 
caspase-activated DNase; DNA-PK, DNA-directed protein kinase; PARP, poly-ADP ribose 
polymerase.
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into senescence. The observations that led to 
this discovery were based on the ability of the 
ras oncogene alone to transform and immor-
talize primary rodent fi broblasts only if they 
lacked the p53 tumor suppressor gene or the 
cell cycle inhibitor p16 that regulates the Rb 
pathway. The loss of p53 and p16 is also impor-
tant for human cell immortalization. In addi-
tion, senescent cells have elevated levels of p53 
or p16, suggesting that senescence is ultimately 
an irreversible cell cycle arrest. In primary 
cells, such as fi broblasts, the activation of the 
constitutive growth signal by the ras oncogene 
will induce the activity of p16 and p53 that will 
counter this signal and result in the induction 
of cellular senescence. Therefore, for a cell to 
develop independence of extracellular mito-
genic growth signals, it must develop mutations 
in pathways that send a continuous prolifera-
tion signal as well as in pathways that attempt 
to restrict this signal. Cell immortalization can 
be viewed as a competing process that requires 
both the activation of dominant activating on-
cogenes to induce proliferation and the loss of 
recessive tumor suppressor genes that induce a 
cell cycle arrest in response to this constitutive 
activating signal.

Although cellular senescence can be de-
layed by mutations in the p53 and Rb path-
ways, cells will ultimately encounter another 
junction in their road to transformation, 
namely, crisis (Fig. 18.15). This term crisis 
is highly appropriate, as this roadblock to cell 
immortalization results in chromosomal re-
arrangements and cell death. Less than 1 in 
10 million cells that enter crisis survives and 
gains the ability to replicate indefinitely. One 
clue to what drives cells to the crisis stage 
comes from the end-to-end fusions of chro-
mosomes. From this, it is apparent that cri-
sis results from the progressive shortening of 
the protective caps (telomeres) on the ends of 
chromosomes.

Mammalian telomeres consist of long ar-
rays of the repeat sequence TTAGGG that 
range in length anywhere from 1.5 to 150 kb. 
Each time a normal somatic cell divides, the 
terminal end of the telomere is lost; succes-
sive divisions lead to progressive shortening, 
and after 40 to 60 divisions, vital DNA se-
quences are lost. At this point, the cell can-
not divide further and undergoes senescence. 

damage, lack of nutrients, or oxygen starvation is 
needed to substantially tip the cellular balance to 
favor apoptotic cell death. Therefore, increased 
sensitivity to growth-restrictive conditions that 
induce apoptotic cell death will result in a selec-
tive pressure for the loss or inactivation of p19ARF, 
p53, or other components of this stress-induced 
pathway. In addition to inactivating p53, overex-
pression of antiapoptotic proteins such as Bcl-2 
can accelerate tumor expansion. Myc and Bcl-2 
cooperate in lymphomagenesis in vivo, suggest-
ing that overcoming apoptosis is an important 
step in stimulating tumor growth by the myc 
 oncogene.

Escaping Senescence
Just like Janus, the mythological Roman god 
who had two faces, oncogenes that stimulate 
transformation, such as ras, can also drive cells 

FIGURE 18.14  The myc oncogene can stimulate 
cell proliferation and primes the cell for apoptotic cell 
death. Depending on the cellular context, myc can 
stimulate proliferation through the activation of  cyclin 
E–cdk2, which phosphorylates pRb and drives cells 
into S phase in response to mitogenic signals, and myc 
can prime cells for apoptosis by increasing the levels 
of p53 through ARF (p19). Also, myc can promote the 
inactivation of the cyclin–cdk inhibitor p27 as well as 
increase Cdc25A phosphastase activity. Also, myc can 
induce immortalization through regulating telomer-
ase activity. Therefore, myc is the prototypical example 
of how one oncogene can affect cell proliferation, cell 
death, and immortalization.
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tumors to malignancy. Increasing evidence sup-
ports the hypothesis that tumor angiogenesis is 
controlled by an “angiogenic switch,” a physi-
ologic mechanism involving a dynamic balance 
of angiogenic factors that include both inhibi-
tors and inducers. Numerous angiogenic factors 
have been identifi ed, including specifi c endo-
thelial cell growth factors (e.g., vascular endo-
thelial growth factor, or VEGF), cytokines and 
infl ammatory agents (e.g., tumor necrosis factor 
�, or TNF-�, and interleukin-8, or IL-8), frag-
ments of circulatory system proteins (e.g., angio-
statin and endostatin), and extracellular matrix 
components (e.g., thrombospondins, or TSPs). 
Presumably, this diversity of angiogenic factors 
refl ects a strict requirement for controlling an-
giogenesis under normal physiologic conditions 
and in response to oncogenic events by modulat-
ing the expression of both angiogenic inducers 
and inhibitors.

Although the list of proangiogenic growth 
factors is expanding, VEGF was the fi rst growth 
factor isolated that could stimulate endothelial 
proliferation and migration. In tumors, VEGF 
can be regulated by oncogenic stimuli such as 
ras and raf, hypoxia, and deregulated growth 
factor receptor signaling. Both tumor cells and 
host stromal cells produce VEGF. However, the 
target for VEGF lies on the cell surface of en-
dothelial cells. These cells possess several spe-
cifi c transmembrane receptor tyrosine kinases 

Telomere length has been described as the 
“molecular clock,” because it shortens with 
age in somatic tissue cells during adult life. 
Stem cells in self-renewing tissues, and can-
cer cells in particular, avoid this process of 
aging by activating the enzyme telomerase. 
Telomerase is a reverse transcriptase that 
polymerizes TTAGGG repeats to offset the 
degradation of chromosome ends that occurs 
with successive cell divisions; in this way, the 
cell becomes immortal. Telomere shorten-
ing inhibits tumor expansion when the p53 
tumor suppressor gene is intact. Although it 
has not been proven, telomeres seem to en-
gage the p53 pathway by inducing a damage 
response signaled through the ATM path-
way (Chapter 2). Studies have shown that 
telomere shortening leads to senescence and 
tumor suppression in cells with an intact p53 
pathway. Surprisingly, telomere shortening 
accelerates tumorigenesis in cells that were 
deficient in p53 activity. The ability of short-
ened telomeres to accelerate tumorigenesis 
in p53-deficient cells results from increased 
chromosomal instability and rearrangements 
and gene amplification.

Angiogenesis
Angiogenesis—the recruitment of new blood 
vessels to regions of chronically low blood 
 supply—is essential for the progression of solid 
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FIGURE 18.15  In vitro senes-
cence has been classically defi ned in 
fi broblasts that go through a defi ned 
number of generations before they 
stop proliferating. This permanent 
arrest has been termed senescence. 
It is characterized biochemically by 
increased SA-�-galactosidase activ-
ity in the lysosomes and shortened 
telomeres (telomere restriction frag-
ments). Primary cells on the way to 
immortalization must overcome the 
crisis of shortened telomeres by reac-
tivating telomerase and losing the p53 
and pRb ( p16 loss) control over the cell 
cycle and apoptosis to survive.
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to the switch to the angiogenic phenotype 
when these controls are deregulated during 
oncogenesis.

Invasion and Metastasis
Many years ago, Paget realized that cancer 
spreads in defi ned patterns and is infl uenced 
by both lymph and blood fl ow patterns as well 
as the tissue being invaded. He proposed that a 
metastatic cell is analogous to a vegetable seed, 
in that, without the right soil conditions, it would 
never grow. Malignant tumor cells become lo-
cally invasive and escape their tissue confi nes by 
invading the substratum beneath them, before 
they can colonize to distant tissues (Fig. 18.16). 
Local invasion necessitates the breakdown of 
epithelial integrity that is infl uenced by cell–cell 
and cell–matrix interactions through the loss of 
adhesion molecules such as E-cadherin (E-CAD). 
Decreased expression or impaired function of 
E-CAD leads to deregulated intercellular adhe-
sion and increases the invasive growth and spread 
of the primary tumor, whereas overexpression 
reduces the invasive and metastatic growth of 
transformed cells. In gastric carcinomas and lob-
ular breast carcinomas, E-CAD has been found 
to be mutated and functionally inactivated. Thus, 
loss of E-CAD can permit local invasion of tumor 
cells and may be a common step in invasion. In 
addition to E-CAD, cell adhesion molecules 
such as neural cell adhesion molecule (NCAM) 
also appear to play an important role in invasion. 
Their expression is decreased in invasive cells and 
when overexpressed can decrease invasion and 
metastasis. One fi nal group of proteins that con-
tribute to the invasive capability of tumor cells 
are integrins, which relay signals from the ECM 
to epithelial cells. In this case, the cell surface 
repertoire of integrins changes when tumor cells 
become invasive.

The genetic circuits that regulate metas-
tasis remain mainly undiscovered and elusive. 
Some broad concepts about metastasis have 
been proposed, such as the need for proteases 
to degrade the ECM. However, which proteases 
and how they are regulated differently in tumor 
cells compared with untransformed cells are un-
known. An important question is whether or not 
tumor cells must acquire additional mutations to 
invade and metastasize. In returning to Paget’s 
concept of the seed and the soil, only a small 
percentage of tumor cells are able to metastasize. 

that bind VEGF, which in turn initiate endo-
thelial migration and proliferation. Regarding 
neoangiogenesis, VEGF receptor II is the most 
important for stimulating new blood vessel for-
mation. Studies have shown that blocking the 
binding of VEGF to its receptor inhibits tumor 
angiogenesis and tumor growth. These fi ndings 
have led to the development of new antibody 
approaches for antiangiogenesis therapy for 
clinical use.

Tumors such as renal cell carcinomas that 
possess mutations in the von Hippel-Lindau 
gene (VHL) exhibit high aerobic expression of 
proangiogenic genes such as VEGF, whereas 
reintroduction of wild-type VHL substantially 
reduces VEGF levels to those found in un-
transformed cells. The mechanism underlying 
this observation is that VHL inhibits hypoxia- 
inducible factor (HIF) levels under aerobic 
conditions by targeting HIF for ubiquitin- 
mediated degradation. Cells that have lost 
VHL are impaired in their ability to degrade 
HIF and have constitutive elevated levels of 
HIF and HIF target genes, of which VEGF is 
one under aerobic conditions (see Chapter 26 
for further explanation).

Thrombospondin 1 (TSP-1) is a secreted 
adhesive glycoprotein that has been shown to 
have antiangiogenic activity by preventing an-
giogenic factors such as VEGF from binding to 
their target receptors. Compelling evidence of 
an antiangiogenic function for TSP-1 is pro-
vided by studies showing that activation of the 
angiogenic switch in Li–Fraumeni fi broblasts 
lacking functional p53 is associated with dimin-
ished TSP-1 expression. Furthermore, intro-
duction of functional p53 into carcinoma cells 
generates an antiangiogenic activity involving 
induction of TSP-1 expression. Reports that 
endogenous TSP-1 expression can be induced 
by p53, repressed by oncogenic signals such 
as c-jun overexpression, and silenced by DNA 
methylation, indicate that down-regulation of 
TSP-1 contributes to oncogenesis. As both p53 
and c-jun are inducible by hypoxia, the regu-
lation of TSP-1 expression by these proteins 
 suggests that it is also a hypoxia-responsive an-
giogenic inhibitor.

In summary, TSP-1 and VEGF are ge-
netically controlled by both tumor suppressor 
gene and proto-oncogene activity, providing 
molecular mechanisms that could contribute 
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aged copy of such a gene and so require only 
one additional mutation for tumor initiation. 
The identity of gatekeepers varies with each tis-
sue, such that inactivation of a given gene pre-
disposes to specifi c forms of cancer; inherited 
mutations in adenomatous polyposis coli (APC) 
predispose to colon cancer, for example; muta-
tions in VHL predispose to kidney cancers; and 
so on. Because these gatekeeper genes are rate 
limiting for tumor initiation, they tend to be 
mutated in many cancers. They can arise both 
through somatic or germ line mutations.

By contrast, inactivation of caretaker genes 
does not directly promote the growth of tu-
mors, but leads, instead, to genomic instability 
that only indirectly promotes growth by caus-
ing an increase in mutation rate. This increase 
in genetic instability can greatly accelerate the 
development of cancers, especially those that 
require numerous mutations for their full devel-
opment. Colon cancer is a good example. The 
targets of the accelerated mutation rate that 
occurs in cells with defective caretakers are the 
gatekeeper tumor suppressor genes, oncogenes, 
or both. Table 18.3 provides examples of cancer 
predisposition syndromes caused by mutations 

Some die rapidly by apoptosis, some remain in 
the circulation, and a small number invade and 
colonize other tissues. One noteworthy point is 
that loss of apoptosis in response to detachment 
from neighboring cells and the ECM (anoikis) 
is essential for metastatic spread. Metastasis rep-
resents a major challenge in the treatment of 
cancer, especially as the ability to control local 
tumor growth is increasing through the combi-
nation of surgery and radiotherapy. Metastasis 
research represents the most critical frontier in 
cancer research.

■  THE CONCEPT OF GATEKEEPERS 
AND CARETAKERS

It appears that most tumor suppressor genes can 
be broadly divided into two classes that have 
been called “gatekeepers” and “caretakers.” 
Gatekeepers are genes that directly regulate 
the growth of tumors by inhibiting cell divi-
sion or promoting cell death. The function of 
these genes, therefore, is rate limiting for tumor 
growth; both alleles (maternal and paternal) 
must be lost or inactivated for a tumor to de-
velop. Predisposed individuals inherit one dam-

FIGURE 18.16  Critical steps in the metastatic process. Tumor cells acquire 
the ability to disrupt the extracellular matrix of the basement membrane, al-
lowing them to intravasate into local blood or lymph vessels. To form metas-
tases at remote locations, they must migrate and extravasate through the host 
tissue, blood, or lymph supply and survive and proliferate in the new soil. All 
of these processes are depicted in this fi gure. (Adapted from Le Q, Denko NC, 
Giaccia AJ. Hypoxic gene expression and metastasis. Cancer and Metastasis Rev. 
2004;23:293–310, with permission.)
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homozygotes into those with and those without 
a “radiation history.” A radiation history was 
interpreted loosely as fl uoroscopy of the chest, 
back, or abdomen, therapeutic irradiation, or oc-
cupational exposure. Table 18.4 shows the results 
of the survey: 53% of blood relatives with cancer 
had a radiation history, compared with 19% of 
those without cancer.

From these data, the study purported to show 
that AT heterozygotes are very sensitive to radiation-
induced cancer; a control study of this kind does not 
provide proof of this, but the possibility certainly ex-
ists. It is a challenging and sobering thought to diag-
nostic radiologists that a proportion of the women 

in DNA repair and stability genes. The evidence 
is highly suggestive that mutations in these pre-
disposition genes increase the rate of acquiring 
cancer after exposure to DNA-damaging agents 
such as ionizing radiation.

Evidence for this comes from a review by 
Swift of 161 families affected by AT. In this 
prospective study, new cases of cancers were 
observed in blood relatives of persons with AT 
(of whom about half may be heterozygotic), in 
those who are defi nite heterozygotes (obligates), 
and in spouses who were assumed to be normal 
but who lived in the same environment. This ex-
tensive study also divided blood relatives of AT 

TABLE 18.3 DNA Repair and Stability Genes and Their Associated Syndromes

Suppressor Syndrome Tumor

ATM Ataxia-telangiectasia Leukemia, lymphoma

XP Xeroderma pigmentosum Skin

BRCA1 Hereditary breast cancer 1 Breast

BRCA2 Hereditary breast cancer 2 Breast, ovary

FANC Fanconi anemia Leukemia

NBS Nijmegen breakage syndrome Lymphoma

hMSH2 Hereditary nonpolyposis Colon
  colorectal cancer 

hMLH1 Hereditary nonpolyposis Colon
  colorectal cancer 

hMSH6 Hereditary nonpolyposis Colon
  colorectal cancer 

hPMS1 Hereditary nonpolyposis Colon
colorectal cancer 

hPMS2 Hereditary nonpolyposis Colon
  colorectal cancer 

TABLE 18.4 Breast Cancer and Radiation in 161 Families with Ataxia-Telangiectasia

 Blood Relatives with Cancer Blood Relatives without Cancer

Number 19 57

With Radiation Historya 10/19 � 53% 11/57 � 19%
aRadiation history includes fl uoroscopy of chest, back, or abdomen; therapeutic radiation; and occupational exposure.

From Swift M, Morrell D, Massey RB, Chase CL. N Engl J Med. 1991;325:1831–1836, with permission.
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and bacteria involves a large number of pro-
teins, and so it is likely that additional causes of 
HNPCC remain to be uncovered.

Cells with defective or nonfunctioning MMR 
genes can be identifi ed by two quite different 
techniques:

 1. By using a selectable reporter system that in-
serts an exogenous long repeat sequence into 
the cells in question and measures the muta-
tion rate in it.

 2. By measuring the mutation rate in one or more 
of the many endogenous repeat sequences that 
already exist in every human cell—the so-
called microsatellite instability assay. Micro-
satellite instability appears to be a factor of 
some importance in various human tumors.

Both techniques have strengths and weaknesses 
and are far from perfect.

■  HERITABLE SYNDROMES THAT 
AFFECT RADIOSENSITIVITY, 
GENOMIC INSTABILITY, AND CANCER

The DNA damage response in mammalian cells 
is comprised of multiprotein complexes that 
sense, signal, and respond to DNA strand breaks. 
Disruption of the function of these multiprotein 
complexes by mutation of a single gene leads to 
cancer-prone syndromes that are characterized 
by hypersensitivity to DNA damage and genomic 
instability. Syndromes that exhibit hypersensitiv-
ity to ionizing radiation are discussed here.

Ataxia Telangiectasia
AT is a rare autosomal recessive disease in which 
affl icted individuals present with progressive 
cerebellar ataxia caused by increased loss of 

routinely screened by mammography may be exqui-
sitely sensitive to radiation- induced carcinogenesis 
because of repair defi ciencies associated with being 
heterozygotic for AT.

■ MISMATCH REPAIR

Interest in MMR genes heightened with the dis-
covery that they were responsible for the mutator 
phenotype associated with a predisposition for he-
reditary nonpolyposis colon cancer (HNPCC) and 
possibly other familial cancers. The initial clue to 
this novel molecular mechanism was the discovery 
of deletions of long monotonic (dA-dT) runs in a 
subset of human colon cancers. Soon after, inser-
tions or deletions at mononucleotide, dinucleotide, 
and trinucleotide repeat sequences were discov-
ered in subsets of colon tumors as well as in vari-
ous colon cancers from individuals with HNPCC. 
This phenotype also has been detected in several 
other types of human malignancies, especially 
those associated with type 2 Lynch syndrome. 
These various investigations culminated in the 
identifi cation and cloning of the human hMSH2
gene, which maps to a locus linked to HNPCC on 
chromosome 2p21–22 and whose homologues in 
Saccharomyces cerevisiae and Escherichia coli are in-
volved in the process of DNA MMR.

The primary function of MMR genes in 
E. coli appears to be to scan the genome as it 
replicates and to spot errors of mismatch as the 
DNA is replicated, that is, as the new strand is 
laid down using the stable methylated strand as 
a template. A growing number of human genes 
have been associated with HNPCC by means of 
linkage analysis and studies of mutational map-
ping. Table 18.5 lists human MMR genes associ-
ated with HNPCC. The MMR process in yeast 

TABLE 18.5 Human Mismatch Repair Genes

  Germ Line Mutations in HNPCC Cases
Gene Chromosomal Location (Reported Family Studies), %

hMSH2 2p21–22 (2p16?) 60

hMLH1 3p21 30

hPMS1 2q31–33 4

hPMS2 7p21 4

GTBP 2p16 (2p21–22?) 0
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the ATM kinase is activated by DNA damage 
and chromatin alterations throughout the cell 
cycle, it uses different downstream effectors to 
mediate a checkpoint response in each of the 
different phases of the cell cycle. For example, 
the activation of a G1 checkpoint is in large part 
mediated by ATM signaling to p53, which re-
sults in the transcriptional induction of the p21 
cell cycle inhibitor. Perhaps the most distinc-
tive hallmark of AT cells is their failure to arrest 
in S phase in response to DNA damage. This 
phenomenon has been termed radioresistant 
DNA  synthesis, and at least two pathways 
regulated by ATM control the passage of cells 
through S phase.

Much is known about the way in which 
ATM and its family members control cell cycle 
checkpoints, but the mechanism by which loss 
of ATM leads to increased radiosensitivity is 
still under investigation. It may involve both 

Purkinje cells in the cerebellum as well as ocu-
locutaneous telangiectasia. Patients with AT are 
immune defi cient and have a high incidence of 
cancer, especially of the reticular endothelial 
system. Patients with AT exhibit a hypersensi-
tive skin reaction to ionizing radiation and DNA 
breaking agents but not to ultraviolet light. Both 
lymphocytes and fi broblasts derived from these 
individuals are also hypersensitive to killing by 
ionizing radiation.

The genetic defect responsible for the AT 
phenotype is the result of mutations in the 
ATM gene. The ATM gene encodes for a ki-
nase that phosphorylates a serine or threonine 
that is followed by a glutamine motif (S/T-Q) 
in target proteins (Fig. 18.17). ATM is involved 
in the rapid response of cells to DNA DSBs (it 
signals to the DNA repair machinery) as well as 
the activation of cell cycle checkpoints. How-
ever, it is important to recognize that although 

G2

G1

Rb

S

MRE11
MRN complex

MRN 
complex

Rad50 Nbs1

MRE11

Rad50 Nbs1

ATMSMC1H2AX BRCA1 P53BP1
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FIGURE 18.17  Activation of the ATM pathway by an ionizing radiation-
induced DNA DSB. The model proposed by Kastan and Bakkenist indicates that 
ATM exists as a dimer and undergoes rapid autophosphorylation in response 
to DNA strand breaks and chromatin conformation changes. This results in dis-
sociation of the dimer into a monomer and the phosphorylation of numerous 
substrates involved in DNA repair (H2AX, SMC1, BRCA1, and p53BP1) and cell 
cycle control ( p53 and Chk2). Recent studies have shown that the MRN complex 
can function upstream of ATM by sensing and localizing to DNA breaks and can 
also be a target of ATM.
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Nijmegen Breakage Syndrome
NBS is a direct phosphorylation target of ATM 
and forms a complex with Rad50 and MRE11. 
This complex possesses nuclease activity that is 
necessary for DNA DSB repair. The relationship 
between NBS and ATM is complex, as ATM 
phosphorylates NBS in response to DNA dam-
age, but NBS may also be required for activation 
of some ATM checkpoint responses. Thus, the 
mechanism of AT, ATLD1, and NBS sensitivity 
to ionizing radiation is probably the same.

Fanconi Anemia
Eight different proteins give rise to the auto-
somal recessive disorder Fanconi anemia (FA), 
which is characterized by spontaneous chromo-
somal instability, sensitivity to interstrand DNA 
crosslinks and, in some cases, sensitivity to ioniz-
ing radiation. The Fanconi anemia, complemen-
tation group D2 (FANCD2) gene is thought to 
be a key player in the FA pathway because it is 
the only FANC gene conserved through evolu-
tion, and most of the other FANC proteins form 
a complex that results in the monoubiquitina-
tion of FANCD2 that results in its localization 
to foci that contain the breast cancer tumor sup-
pressor genes BRCA and BRCA2 (also known as 
FANCD1). The identifi cation of BRCA2 as an 
FA gene, together with its localization in foci 
with FANCD2, suggests an important role for 
FANC genes in homologous recombination. In 
addition, FANCD2 has been implicated in the 
DNA damage checkpoint response and is phos-
phorylated by the ATM kinase on serine 222. 
The roles of FANCD2 in the radiation response 
and crosslinks response are separable because 
 inhibition of phosphorylation on serine 222 in-
hibits the FA-mediated radiation response, and 
inhibition of ubiquitination of lysine 561 results 
in hypersensitivity to crosslinking agents.

Clinical reports have suggested that tumors 
derived from patients with FA are hypersensitive 
to radiotherapy. However, fi broblasts derived 
from individuals that possess mutated forms 
of each of the eight different FA proteins were 
not always found to exhibit radiosensitivity and 
never to the same level as AT cells. Therefore, 
the clinical response of patients with FA to radio-
therapy does not always correlate with intrinsic 
radiosensitivity of fi broblasts derived from the 
same patients, suggesting that additional genetic 
alterations in tumor cells from patients with FA 

direct mechanisms, such as direct phosphory-
lation of the cohesin family member struc-
tural maintenance of chromosomes (SMC) or 
Nijmegen breakage syndrome (NBS) protein, 
and indirect mechanisms, such as dysregulated 
homologous recombination. Lymphoid cells 
in ATM homozygotes often exhibit increased 
chromosomal instability, and the lymphomas 
that develop demonstrate the importance of 
DNA repair and chromosome maintenance in 
tumor suppression.

Seckel Syndrome
In mammalian cells, ATM belongs to the phos-
phatidylinositol 3-kinase-related kinase (PIKK) 
family and shares homology with two other fam-
ily members—ATR and DNA-dependent pro-
tein kinase catalytic subunit (DNA-PKcs)—that 
are also activated by DNA strand breaks. At the 
molecular level, ATR and DNA-PKcs like ATM 
regulate DNA repair and cell cycle regulatory 
proteins. Interestingly, although ATM is not 
an essential gene, ATR is essential. Some indi-
viduals affl icted with Seckel syndrome—a rare 
autosomal recessive disorder characterized by 
microcephaly and abnormal development—can 
possess an alteration in the ATR gene that re-
duces its absolute quantity, but does not elimi-
nate its activity. Patients with Seckel syndrome 
do not appear to be radiosensitive, because they 
possess some ATR activity. The third member 
of this family, DNA-PKcs, is an essential com-
ponent of nonhomologous recombination and is 
the defect in murine severe combined immuno-
defi ciency (SCID) syndrome. However, human 
patients with SCID do not possess DNA-PKcs 
mutations, but instead possess mutations in Ar-
temis, a target of DNA-PKcs. Artemis-defi cient 
human SCID cells are radiosensitive, and fi bro-
blasts from affl icted individuals exhibit increased 
chromosomal instability.

Ataxia-Telangiectasia-Like Disorder
ATLD is an autosomal recessive disease caused 
by mutations in the gene MRE11 that forms a 
complex with Rad50 and NBS in irradiated cells. 
Cells derived from patients with ATLD are ra-
diosensitive but repair their DNA DSBs similar 
to wild-type levels, leaving the mechanism for 
their radiosensitivity in question. ATLD1 cells 
are also defective in their checkpoint response 
following DNA damage.
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■  RADIATION-INDUCED SIGNAL 
TRANSDUCTION

Ionizing radiation can regulate the expression 
of early response genes such as c-fos, c-jun, and 
c-myc, genes that control lipid signaling such 
as acid sphingomyelinase, and the PIKK family 
that includes ATM and DNA-PK.

Early Response Genes
The activation of early response genes by ioniz-
ing radiation suggests that radiation in some way 
mimics the mitogenic activation of quiescent 
cells. Evidence for the importance of such effects 
is that the overexpression of proto-oncogenes 
such as c-ras and c-raf, whose products are in-
termediates in the pathways of mitogenic signal 
transduction, is associated with radiation resis-
tance. The induction of these pathways results in 
gene activation through elements such as AP-1, 
serum response element, and cAMP response 
element-binding protein (CREB).

The role of these early response genes is not 
clear at the present time, but the stimulation of 
signal transduction pathways and activation of 
transcription factors may enhance secondarily 
the response of the cell to radiation in terms of 
repair and cell cycle arrest. In addition, the activa-
tion of these early response genes, in turn, could 
provide a mechanism for secondary stimulation 
of various late response genes such as TNF-�, 
PDGF, FGF, and IL-1. Activation of these genes 
may allow the cell to adapt to acute changes in 
the microenvironment and may be responsible 
for some of the chronic responses of the cell to 
ionizing radiation, including apoptosis.

The Ceramide Pathway
Exposure of cells to DNA damage induces the 
production of ceramide through two major 
pathways. In one pathway that is activated by 
ionizing radiation and DNA-damaging agents, 
ceramide is generated from sphingomyelin hy-
drolysis by the enzyme acid  sphingomyelinase 
(Fig. 18.18). This results in the catalysis of up 
to one-half of total cellular sphingomyelin, most 
of which would be presumably  associated with 
the plasma membrane. Ceramide can also be 
generated by ceramide synthase, which is in-
hibited by the ATM kinase. Therefore, in re-
sponse to ionizing radiation, individuals who 
have lost ATM have elevated levels of ceramide 

may be responsible for the enhanced radiosensi-
tivity that has been observed.

Homologues of RecQ—Bloom Syndrome, 
Werner Syndrome, and Rothmund-
Thompson Syndrome
RecQ was fi rst identifi ed in E. coli and fi ve human 
homologues of RecQ have been described, three 
of which are found mutated in cancer-prone syn-
dromes. RecQ genes encode for DNA helicases 
that unwind DNA 3� to 5� in an ATP-dependent 
manner and also have 3� to 5� exonuclease activ-
ity. The main function of RecQ helicases is to 
monitor the DNA replication fork for damage, 
acting as intermediaries between replication 
and recombination. RecQ helicases are found at 
DNA replication forks and protect them from 
stalling. In fact, RecQ expression is the highest 
in S phase of the cell cycle. Cells with reduced 
RecQ activity are hypersensitive to agents that 
inhibit DNA synthesis such as hydroxyurea 
and aphidicolin. Even in the absence of DNS 
synthesis inhibitors, cells with reduced RecQ 
activity accumulate abnormal DNA structures 
as they traverse through S phase. The most 
well-studied human RecQ helicases are Bloom 
Syndrome (BLM), Werner Syndrome (WS) and 
Rothmund–Thompson Syndrome (RTS). Loss 
of the BLM helicase results in BLM, which is 
associated with a high incidence of lymphomas, 
leukemias, gastrointestinal (GI) tract tumors, 
and breast tumors. Individuals with BLM ex-
hibit sensitivity to sunlight, dwarfi sm, immu-
nodefi ciency, male sterility, and elevated levels 
of sister chromatid exchange (SCE). Similar to 
patients with BLM, individuals with WS also 
show an increased risk of cancers, and age at an 
accelerated rate (premature aging). This puts 
patients with WS at risk for age-related diseases 
such as cancer, diabetes, osteoporosis, and ath-
erosclerotic cardiovascular disease. Mechanisti-
cally, the increase in cancer and potentially their 
premature aging are linked to their high levels 
of genomic instability; in particular, the cells 
of these patients have high levels of chromo-
somal deletions and translocations. RTS results 
from a loss of RecQ4 helicase. These affl icted 
individuals display growth defi ciency, photo-
sensitivity, early greying and hair loss, juvenile 
cataracts, skeletal dysplasias, a predisposition to 
malignancy, especially osteogenic sarcomas, and 
chromosomal instability.
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synthase and  increased apoptosis of certain cell 
types (e.g., crypt cells). It is important to note 
that ionizing radiation can activate both nuclear 
and  membrane–cytoplasmic signal transduction 
pathways that can lead to either cell cycle arrest 
or, alternatively, apoptosis.

In summary, although there is little doubt 
that the lethal effects of ionizing radiation result 
from extensive DNA damage leading to chromo-
somal aberrations, radiation can also stimulate 
signal transduction pathways that can lead to cell 
cycle arrest or cell death by apoptosis, depending 
on the dose of radiation and genetic background 
of the cell.

■  THERAPEUTIC EXPLOITATION OF 
RADIATION-ACTIVATED SIGNAL 
TRANSDUCTION PATHWAYS

The molecular exploitation of oncogenic protein 
products should soon be possible. For example, 
it is still controversial whether the Erb-2 recep-
tor is predictive of a poor prognosis for breast 
cancer. However, as already stated, many growth 
factor receptors possess truncated extracellular 
ligand-binding domains. Therefore, it is pos-
sible to specifi cally target monoclonal antibodies 
coupled to radionuclides or chemotherapeutic 
agents to these truncated receptors. It also seems 
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FIGURE 18.19  Mechanisms and con-
sequences of NF-�B activation in tumor 
cells. All three pathways converge on the 
important role of I�B in maintaining NF-�B 
in the cytoplasm and not in the nucleus. 
Loss of I�B results in the NF-�B dimer 
translocating into the nucleus and activat-
ing target genes involved in proliferation, 
antiapoptosis, angiogenesis, and migra-
tion. I�K, I�B kinase; I�B, inhibitor of �B; 
NF-�B, nuclear factor �B. (Based on work 
of Nakanishi C, Toi M. Nuclear factor-kappa 
B inhibitors as sensitizers to anticancer 
drugs. Nat Rev Cancer. 2005;5:297–309.)

FIGURE 18.18  The acid sphingomyelinase (AS-
Mase) pathway for the generation of ceramide. When 
cells are irradiated, ASMase activity increases and 
converts sphingomyelin to ceramide. The intracellu-
lar production of ceramide acts as a potent activator 
of the caspase cascade to induce apoptosis in endo-
thelial cells as well as tumor cells. Cells deficient in 
acid sphingomyelinase (asmase�/�) can only gener-
ate ceramide from ceramide synthase, which is nega-
tively regulated by ATM. (Figure provided courtesy 
of Dr. Richard  Kolesnick, Memorial Sloan Kettering 
Cancer Center.)
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■ Oncogenes can be activated by retroviral 
integration, point mutation, a chromo-
somal rearrangement such as a transloca-
tion, or gene amplifi cation.

■ Some human leukemias and lymphomas 
appear to be caused by specifi c chromo-
somal translocations that lead to oncogene 
activation in several different ways.

■ Knudson postulated that all types of retino-
blastoma involve two separate mutations. 
In sporadic retinoblastoma, both muta-
tions occur somatically in the same retinal 
cell; therefore, this condition is rare. In the 
heritable form, one of the two mutations 
is inherited from a parent and is present in 
all retinal cells, so that the second muta-
tion would occur somatically in any of these 
cells; hence, the incidence is close to 100%.

■ There are many tumor suppressor genes 
whose location and function are known; the 
two most intensively studied are p53 and Rb.

■ Because oncogenes are gain-of-function 
mutations, only one copy needs to be acti-
vated; that is, they act in a dominant fashion. 
Tumor suppressor genes involve loss-of-
function mutations, so that both copies must 
be lost; that is, they act in a recessive fashion.

■ Somatic homozygosity is the process by which 
one chromosome of a pair is lost, a deletion 
occurs in the remaining chromosome, and the 
chromosome with the deletion replicates.

■ Carcinogenesis appears to be a multistep 
process with multiple genetic alterations 
occurring. An attractive model of carcino-
genesis includes the idea that an early step 
causes a mutation in a gene in one of the 
families responsible for the stability of the 
genome. This leads to a mutator pheno-
type, so that multiple further changes are 
likely in the progression of the cancer.

■ Telomeres cap the ends of chromosomes; 
they are long arrays of TTAGGG repeats. 
Each time a normal somatic cell divides, 
the terminal end of the telomere is lost; 
after 40 to 60 divisions, the cell undergoes 
senescence. Stem cells and cancer cells 
activate telomerase, which maintains telo-
mere length, so the cell becomes immortal.

■ AT is an autosomal recessive disorder that 
is caused by a defect in the ATM kinase. 
AT cells fail to activate checkpoints in re-

possible to reverse or decrease the oncogenic ef-
fects of certain oncogenes by altering essential 
interactions with subcellular compartments. For 
example, the ras oncogene protein product re-
quires the addition of an isoprenoid lipid (a pro-
cess termed prenylation) so that it can attach to 
the cell membrane where it is active. Prenylation 
of ras is performed by farnesyltransferase or ge-
ranylgeranyltransferase. Past studies have shown 
that the fi rst generation of farnesyltransferase 
inhibitors was able to alter oncogenic ras activ-
ity and decrease growth of transformed cells. 
Because ras is found to be mutated in various 
human tumors, and ras requires this modifi cation 
for activity, the farensyltransferase would there-
fore be an excellent candidate enzyme to inhibit.

A second example of an oncogenic target is the 
NF-�B transcription factor (a member of the c-rel 
family of proto-oncogenes), which is found to be 
constitutively active in various tumor cells by mul-
tiple mechanisms (Fig. 18.19). If NF- �B activity is 
inhibited in these tumor cells, they fail to prolifer-
ate in soft agar, become more sensitive to apoptotic 
cell death induced by ionizing radiation or che-
motherapy, and exhibit decreased migration and 
apoptosis. What makes this transcription  factor a 
good target for therapy is that it is normally held 
in the cytoplasm by an inhibitory molecule called 
I�B (inhibitor of �B). If I�B is overexpressed or 
prevented from degradation, then NF- �B will be 
held in check in the cytoplasm, where it is inac-
tive and kept out of the nucleus. At present, several 
drugs exist that could therapeutically inhibit I�B 
degradation. These are but several examples of 
molecular strategies that target key components of 
oncogene regulation for the treatment of cancer.

SUMMARY OF 
PERTINENT CONCLUSIONS

■ Cancer is thought to be a clonal disorder.
■ The control of cell proliferation is the con-

sequence of signals that may be positive or 
negative.

■ Gain-of-function mutations can activate 
oncogenes, which are positive growth reg-
ulators; tumor suppressor genes are a nega-
tive growth regulator.

■ Oncogenes are genes found in either a mu-
tant or an abnormally expressed form in 
many human cancers.

25858_Hall_CH18.indd   29925858_Hall_CH18.indd   299 3/11/11   4:32 AM3/11/11   4:32 AM



300 | Section II • For Students of Radiation Oncology

Hunter T. Signaling-2000 and beyond. Cell. 2000;100:113–127.
Jones HA, Hahn SM, Bernhard E, et al. Ras inhibitors and 

radiation therapy. Semin Radiat Oncol. 2001;11:328–337.
Malumbres M, Pellicer A. Ras pathways to cell cycle control 

and cell transformation. Front Biosci. 1998;3:887–912.
McCormick F. Signaling networks that cause cancer. Trends 

Cell Biol. 1999;9:53–56.
Reynolds CP, Maurer BJ, Kolesnick RN. Ceramide synthesis 

and metabolism as a target for cancer therapy. Can Let. 
2004;206:169–180.

Sebolt-Leopold JS, Herrera R. Targeting the mitogen- 
activated protein kinase cascade to treat cancer. Nat Rev 
Cancer. 2004;4:937–947.

Stevenson MA, Pollock SS, Coleman CN, et al. X-irradiation 
phorbol esters and H2O2 stimulate mitogen-activated pro-
tein kinase activity in NIH-3T3 cells through the formation 
of reactive oxygen intermediates. Cancer Res. 1991;54:12–15.

Vogelstein B, Lane D, Levine AJ. Surfi ng the p53 network. 
Nature. 2000;408:307–310.

Vojtek AB, Der CJ. Increasing complexity of the ras signaling 
pathway. J Biol Chem. 1998;273:19925–19928.

Xia Z, Dickens M, Raingeaud J, et al. Opposing effects of 
ERK and JNK-p38 map kinase on apoptosis. Science. 
1995;270:1326–1331.

Heritable Syndromes that Affect 
 Radiosensitivity, Genomic Instability, 
and Cancer
Bachrati CZ, Hickson ID. RecQ helicases: guardian angels of 

the DNA replication fork. Chromosoma. 2008;117:219–233.
Carney JP, Maser RS, Olivares H, et al. The hM11/hRad50 

protein complex and Nijmegen breakage syndrome: link-
age of double-strand break repair to the cellular DNA 
damage response. Cell. 1998;93:477–486.

D’Andrea AD, Grompe M. The Fanconi anaemia/BRCA 
pathway. Nat Rev Cancer. 2003;3:23–34.

Ellis NA, German J. Molecular genetics of Bloom’s syn-
drome. Hum Mol Genet. 1996;5:1457–1463.

Gray MD, Shen JC, Kamath-Loeb AS, et al. The Wer-
ner syndrome protein is a DNA helicase. Nat Genet. 
1997;17:100–103.

Gurtan AM, D’Andrea AD. Dedicated to the core: under-
standing the Fanconi anemia complex. DNA Repair 
(Amst). 2006;5:1119–1125.

Hartman AR, Ford JM. BRCA1 and p53: compensatory roles 
in DNA repair. J Mol Med. 2003;81:700–707.

Huang S, Li B, Gray MD, et al. The premature ageing syn-
drome protein, WRN, is a 3�—�5� exonuclease. Nat 
Genet. 1998;20:114–116.

Kitao S, Shimamoto A, Goto M, et al. Mutations in 
RECQL4 cause a subset of cases of Rothmund-Thomson 
syndrome. Nat Genet. 1999;22:82–84.

Li GM. Mechanisms and functions of DNA mismatch repair. 
Cell Res. 2008;18:85–98.

Malkin D, Li FP, Strong LC, et al. Germ line p53 mutations 
in a familial syndrome of breast cancer, sarcomas, and 
other neoplasms. Science. 1990;250:1233–1238.

Moynahan ME, Chiu JW, Koller BH, et al. Brca1 controls 
homology-directed DNA repair. Mol Cell. 1999;4:511–518.

Savitsky K, Bar-Shira A, Gilad S, et al. A single ataxia tel-
angiectasia gene with a product similar to PI-3 Kinase. 
Science. 1995;268:1749–1753.

Srivastava S, Zou ZQ, Pirollo K, et al. Germ-line transmis-
sion of a mutated p53 gene in a cancer-prone family with 
Li–Fraumeni syndrome. Nature. 1990;348:747–749.

Stewart GS, Maser RS, Stankovic T, et al. The DNA 
 double-strand break repair gene hMRE11 is mutated in 
individuals with an ataxia-telangiectasia-like disorder. 
Cell. 1999;99:577–587.

sponse to DNA damage, exhibit increased 
genomic instability at the chromosome 
level, and have an increased risk of lym-
phomas. AT cells and individuals are hy-
persensitive to ionizing radiation.

■ The ATR gene expression (AT and Rad3 
related) is decreased in patients with Seckel 
syndrome. Although it belongs to the same 
PIKK family as ATM, it is an essential gene 
at the cellular level. It has an important role 
in responding to DNA breaks in S phase.

■ RecQ genes encode helicases that play a 
critical role in protecting replication forks. 
Decreased expression of RecQ genes re-
sults in aberrant DNA replication and ge-
nomic instability.

■ There are at least three human syndromes 
involved in RecQ defi ciency: BLM, WS, 
and RTS. A common feature of all these 
syndromes is increased chromosomal in-
stability. These disorders do not result 
in hypersensitivity to ionizing radiation. 
However, BLM cells are sensitive to alkyl-
ating agents and mitomycin C.

■ NBS is a rare disorder that results in increased 
cancer incidence. Cells defective in NBS lack 
an S phase checkpoint and are radiosensitive.

■ Patients with ATLD are clinically similar to 
patients with AT except that their defect lies 
in the MRE11 gene. Cells from these pa-
tients are also sensitive to ionizing radiation.

■ Patients with FA are characterized by their 
hypersensitivity to crosslinking agents. Al-
though fi broblasts derived from these patients 
are not sensitive to ionizing radiation, tumors 
arising in these patients are hypersensitive. 
The reasons for this are currently unknown.

■ BIBLIOGRAPHY

Signal Transduction
Amundsen SA, Myers TG, Fornace AJ. Roles of p53 in 

growth arrest and apoptosis: putting on the brakes after 
genotoxic stress. Oncogene. 1998;17:3287–3299.

Datta R, Rubin E, Sukhatme V, et al. Ionizing radiation acti-
vates transcription of the EGR1 gene via CArG elements. 
Proc Natl Acad Sci USA. 1992;89:10149–10153.

Dent P, Yacoub A, Contessa J, et al. Stress and radiation- 
induced activation of multiple intracellular signaling 
pathways. Radiat Res. 2003;159:283–300.

Folkman J. Role of angiogenesis in tumor growth and metas-
tases. Semin Oncol. 2002;29:15–18.

Fornace AJ, Fuks Z, Weichselbaum RR, et al. Radiation ther-
apy. In: Mendelsohn J, Howley PM, Israel MA, Liotta LA, 
eds. The Molecular Basis of Cancer. Philadelphia, PA: WB 
Saunders; 1998.

25858_Hall_CH18.indd   30025858_Hall_CH18.indd   300 3/11/11   4:32 AM3/11/11   4:32 AM



 | Chapter 18 • Cancer Biology | 301

Lengauer C, Kinzler KW, Vogelstein B. Genetic instabilities 
in human cancers. Nature. 1998;396:643–649.

Lynch D, Watson M, Alderson M, et al. The mouse Fas-
ligand gene is mutated in gld mice and is part of a TNF 
family gene cluster. Immunity. 1995;1:131–136.

Nagata S, Golstein P. The Fas death factor. Science. 
1995;267:1449–1456.

Nowell PC. Tumor progression: a brief historical perspec-
tive. Sem Cancer Biol. 2002;12:261–266.

Prives C, Hall PA. The p53 pathway. J of Path. 1999;187:
112–126.

Rous P. A sarcoma of fowl transmissible by an agent sepa-
rable from the tumor cells. J Exp Med. 1911;13:397.

Rowley J. Molecular cytogenetics: Rosetta stone for under-
standing cancer—twenty-ninth G.H.A. Clowes memo-
rial award lecture. Cancer Res. 1990;50:3816–3825.

Sabbatini P, Lin J, Levine A, et al. Essential role for p53-
mediated transcription in E1A-induced apoptosis. Genet 
Dev. 1995;9:2184–2192.

Schwab M, Varmus H, Bishop J, et al. Chromosome localiza-
tion in normal cells and neuroblastomas of a gene related 
to c-myc. Nature. 1984;308:288–291.

Shay JW, Roninson IB. Hallmarks of senescence in carcino-
genesis and cancer therapy. Oncogene. 2004;23:2919–2933.

Sherr CJ, McCormick F. The RB and p53 pathways in can-
cer. Cancer Cell. 2002;2:103–112.

Sklar M, Thompson E, Welsh M, et al. Depletion of c-myc 
with specifi c antisense sequences reverses the trans-
formed phenotype in ras oncogene-transformed NIH 
3T3 cells. Mol Cell Biol. 1991;11:3699–3710.

Spector D, Varmus H, Bishop J. Nucleotide sequences re-
lated to the transforming gene of avian sarcoma virus are 
present in the DNA of uninfected vertebrates. Proc Natl 
Acad Sci USA. 1978;75:4102–4106.

Stanbridge EJ. Suppression of malignancy in human cells. 
Nature. 1976;260:17–20.

Stewart T, Pattingale P, Leder P. Spontaneous mammary ad-
enocarcinomas in transgenic mice that carry and express 
MTV/myc fusion genes. Cell. 1984;38:627–637.

Tabin CJ, Bradley SM, Bargmann CI, et al. Mecha-
nism of activation of a human oncogene. Nature. 
1982;300:143–159.

Temin HM, Rubin H. Characteristics of an assay for Rous 
sarcoma virus and Rous sarcoma cells in tissue culture. 
Virology.1958;6:669–688.

Vogelstein B, Kinzler KW. Cancer genes and the pathways 
they control. Nat Med. 2004;10:789–799.

Weiss R, Teich N, Varmus H, et al. RNA Tumor Viruses. 
Cold Spring Harbor, NY: Cold Spring Harbor Labo-
ratories; 1982.

Cancer Genetics
Donis-Keller H, Dou S, Chi D, et al. Mutations in the 

RET proto-oncogene are associated with MEN 2A and 
FMTC. Hum Mol Genet. 1993;2:851–856.

Evans DGR, Farndon PA, Burnell LD, et al. The incidence 
of Gorlin syndrome in 173 consecutive cases of medul-
loblastoma. Br J Cancer. 1991;64:959–961.

Garber JE, Goldstein AM, Kantor AF. Follow-up study of 
twenty-four families with Li–Fraumeni syndrome. Cancer 
Res. 1991;51:6094–6097.

Gorlin RJ, Goltz RW. Nevoid basal cell carcinoma syn-
drome. Medicine. 1987;66:98–113.

Gruis NA, van der Velden PA, Sandkuijl LA, et al. Homozy-
gotes for CDKN2 (p16) germline mutation in Dutch fa-
milial melanoma kindreds. Nat Genet. 1995;10:351–353.

Kim WY, Kaelin WG. Role of VHL gene mutation in human 
cancer. J Clin Oncol. 2004;22:4991–5004.

Knudson AG. Mutation and cancer: statistical study of reti-
noblastoma. Proc Natl Acad Sci USA. 1971;68:820–823.

Taniguchi T, Garcia-Higuera I, Andreassen PR, et al. S-phase-
specifi c interaction of the Fanconi anemia protein, FANCD2, 
with BRCA1 and RAD51. Blood. 2002;100:2414–2420.

Zhang J, Powell SN. The role of the BRCA1 tumor suppres-
sor in DNA double-strand break repair. Mol Cancer Res. 
2005;3:531–539.

Oncogenes and Tumor Suppressor Genes
Adams JM, Harris AW, Pinktert CA, et al. The c-myc onco-

gene driven by immunoglobulin enhancers induces lym-
phoid malignancy in transgenic mice. Nature. 1985;318:
533–538.

Barbacid M. RAS genes. Ann Rev Biochem. 1987;56:779–827.
Bishop JM. Cellular oncogene retroviruses. Ann Rev Biochem. 

1983;52:301–354.
Bishop JM, Varmus HE. Functions and origins of retroviral 

transforming genes. In: Weiss R, Teich N, Varmus H, 
Coffi nm J, eds. RNA Tumor Viruses: Molecular Biology of 
Tumor Viruses. 2nd ed. Cold Spring Harbor, NY: Cold 
Spring Harbor Laboratory; 1984;990–1108.

Bos J, Fearon E, Hamilton S, et al. Prevalence of RAS 
gene mutations in human colorectal cancers. Nature. 
1987;327:293–297.

Cavenee WK, Hansen MF, Nordenskjold M, et al. Genetic 
origin of mutations predisposing to retinoblastoma. Science. 
1985;228:501–503.

Cavenee WK, Dryja T, Phillips R, et al. Expression of reces-
sive alleles by chromosomal mechanisms in retinoblas-
toma. Nature. 1983;305:779–784.

Cole M. The myc oncogene: its role in transformation and 
differentiation. Annu Rev Genet. 1986;20:361–384.

Der C, Krontiris T, Cooper G. Transforming genes of human 
bladder and lung carcinoma cell lines are homologous to 
the ras gene of Harvey and Kirsten sarcoma viruses. Proc 
Natl Acad Sci USA. 1982;79:3637–3640.

El-Deiry W, Tokino T, Velculescu V, et al. WAFI, a potential 
mediator of p53 tumor expression. Cell. 1993;75:817–825.

Fernandez-Sarabia M, Bischoff J. Bcl-2 associates with the 
ras-related protein R-ras p23. Nature. 1993;366:274–275.

Fidler IJ. Critical determinants of metastases. Semin Cancer 
Biol. 2002;12:89–96.

Grignani F, Ferrucci P, Testa U, et al. The acute promyelo-
cytic leukemia-specifi c PML-RAR alpha fusion protein 
inhibits differentiation and promotes survival of myeloid 
precursors. Cell. 1993;74:423–431.

Harley C, Futcher A, Greider C. Telomeres shorten during 
aging of human fi broblasts. Nature. 1990;345:458–460.

Harris C, Hollstein M. Clinical implications of the p53 tumor 
suppressor gene. N Engl J Med. 1993;329:1318–1327.

Hartwell LH, Kastan MB. Cell cycle control and cancer. 
 Science. 1994;266:1821–1828.

Huebner RJ, Todaro GJ. Oncogenes of RNA tumor  viruses 
as determinants of cancer. Proc Natl Acad Sci USA, 1969;
64:1087–1094.

Jiang W, Kahn S, Guillem J, et al. Rapid detection of ras on-
cogenes in human tumors: applications to colon, esopha-
geal, and gastric cancer. Oncogene. 1989;4:923–928.

Kastan M, Zhan Q, El-Deiry W, et al. A mammalian cell 
cycle checkpoint pathway utilizing p53 and GADD45 is 
defective in ataxia telangiectasia. Cell. 1992;71:587–597.

Kelly K, Cochran B, Stiles C, et al. Cell-specifi c regulation 
of the c-myc gene by lymphocyte mitogens and platelet-
derived growth factor. Cell. 1983;35:603–610.

Knudson AG. Antioncogenes and human cancer. Proc Natl 
Acad Sci USA. 1993;90:10914–10921.

Knudson AG. Mutation and cancer: statistical study of reti-
noblastoma. Proc Natl Acad Sci USA. 1971;68:820–823.

Land H, Parada L, Weinberg R. Tumorigenic conversion of 
primary embryo fi broblasts requires at least two cooper-
ating oncogenes. Nature. 1983;304:596–602.

25858_Hall_CH18.indd   30125858_Hall_CH18.indd   301 3/11/11   4:32 AM3/11/11   4:32 AM



302 | Section II • For Students of Radiation Oncology

Le Q, Denko NC, Giaccia AJ. Hypoxic gene expression and 
metastasis. Cancer Metastasis Rev. 2004;23:293–310.

Leach F, Nicolaides N, Papadopoulos N, et al. Mutations of 
a mutS homologue in hereditary nonpolyposis colorectal 
cancer. Cell. 1993;75:1215–1225.

Lindblom A, Tannergard P, Werclius B, et al. Genetic map-
ping of a second locus predisposing to hereditary nonpol-
yposis colon cancer. Nat Genet. 1993;5:279–282.

Luo J, Kahn S, O’Driscoll K, Weinstein IB. The regulatory 
domain of protein kinase beta 1 contains phosphatidyl-
serine- and phorbol ester-dependent calcium binding ac-
tivity. J Biol Chem 1993;268:3715–3719.

Lynch H, Smyrk T, Watson P, et al. Genetics, natural history, 
tumor spectrum, and pathology of hereditary nonpolypo-
sis colorectal cancer: an updated review. Gastroenterology. 
1993;104:1535–1549.

Maity A, McKenna W, Muschel R. The molecular basis for 
cell cycle delays following ionizing radiation: a review. 
Radiother Oncol. 1994;31:1–13.

Marx J. New link found between p53 and DNA repair. Sci-
ence. 1994;266:1321–1322.

McCann J, Dietrich F, Rafferty C, Martin A. A critical review 
of the genotoxic potential of electric and magnetic fi elds. 
Mutat Res. 1993;297:61–95.

Nicolaides N, Papadopoulos N, Liu B, et al. Mutations of 
two PMS homologues in hereditary nonpolyposis colon 
cancer. Nature. 1994;371:75–80.

Paget S. The distribution of secondary growths in cancer of 
the breast. Lancet 1989;1:571–573.

Papadopoulos N, Nicolaides NC, Wei Y-F, et al. Mutation 
of a mutL homologue in hereditary colon cancer. Science. 
1994;263:1625–1629.

Peltomaki P, Aaltonen L, Sistonen P, et al. Genetic mapping 
of a locus predisposing to human colorectal cancer. Sci-
ence. 1993;260:810–812.

Ridley AJ, Schwartz MA, Burridge K, et al. Cell migra-
tion: integrating signals from front to back. Science. 
2003;302:1704–1709.

Genes and Ionizing Radiation
Amundson SA, Bittner M, Fornace AJ Jr. Functional genom-

ics as a window on radiation stress signaling. Oncogene. 
2003;22:5828–5833.

Burns TF, El-Deiry WS. Microarray analysis of p53 target gene 
expression patterns in the spleen and thymus in response 
to ionizing radiation. Cancer Biol Ther. 2003;2:431–443.

Chaudhry MA, Chodosh LA, McKenna WG, et al. Gene ex-
pression profi le of human cells irradiated in G1 and G2 
phases of cell cycle. Cancer Lett. 2003;195:221–233.

Datta R, Hass R, Gunji J, et al. Down regulation of cell cycle 
control genes by ionizing radiation. Cell Growth Differ. 
1992;3:637–644.

Nakanishi C, Toi M. Nuclear factor-kappaB inhibitors as sensi-
tizers to anticancer drugs. Nat Rev Cancer. 2005;5:297-309.

Swift M, Morrell D, Massey RB, et al. Incidence of cancer 
in 161 families affected by ataxia-telangiectasia. N Engl J 
Med 1991;325:1831-1836.

Woloschak G, Chang C. Differential modulation of specifi c 
gene expression following high-low-LET radiations. Ra-
diat Res. 1990;124:183–187.

Woloschak G, Chang C. Effects of low-dose radiation on 
gene expression in Syrian hamster embryo cells: compari-
son of JANUS neutrons and gamma rays. In: Sugahara T, 
Sagan L, Aoyama T, eds. Low Dose Irradiation and Biological 
Defense Mechanisms. Amsterdam, Netherlands: Excerpta 
Medica, Elsevier Science Publishers; 1992;239–242.

Woloschak G, Chang C, Jones P, et al. Modulation of gene 
expression in Syrian hamster embryo cells following ion-
izing radiation. Cancer Res. 1990;50:339–344.

Knudson AG, Strong LC. Mutation and cancer: a model 
for Wilms’ tumor of the kidney. J Natl Cancer Inst. 
1972;48:313–324.

Li FP. Familial cancer syndromes and clusters. Curr Probl 
Cancer. 1990;14:77–113.

Li FP, Fraumeni JF Jr. Familial breast cancer, soft-tis-
sue sarcomas, and other neoplasms. Ann Intern Med. 
1975;83:833–834.

Li FP, Fraumeni JF Jr. Prospective study of a family cancer 
syndrome. JAMA 1982;247:2692-2694.

Li FP, Garber JG, Friend SH, et al. Recommendations 
on predictive testing for germ line p53 mutations 
among cancer-prone individuals. J Natl Cancer Inst. 
1992;84:1156–1160.

Malkin D, Jolly KW, Barbier N, et al. Germline mutations 
of the p53 tumor suppressor gene in children and young 
adults with second malignant neoplasms. N Engl J Med. 
1992;326:1309–1315.

McGlynn KA, Rosvold EA, Lustbader ED, et al. Susceptibil-
ity to hepatocellular carcinoma is associated with genetic 
variation in the enzymatic detoxifi cation of afl atoxin B1. 
Proc Natl Acad Sci USA. 1995;92:2384–2387.

Miller RW, Fraumeni JF, Manning MD. Association of 
Wilms’ tumor with aniridia, hemihypertrophy, and other 
congenital malformations. N Engl J Med. 1964;270:
922–927.

Parry DM, Eldridge R, Kaiser-Kupfer MI, et al. Neurofi -
bromatosis 2 (NF2): clinical characteristics of 63 affected 
individuals and clinical evidence for heterogeneity. Am J 
Med Genet. 1994;52:450–461.

Pelletier J, Bruening W, Li FP, et al. WTI mutations contrib-
ute to abnormal genital system development and heredi-
tary Wilms’ tumor. Nature. 1991;353:431–434.

Seizinger BR, Rouleau GA, Ozelius LJ, et al. Genetic linkage 
of von Recklinghausen neurofi bromatosis to the nerve 
growth factor receptor gene. Cell. 1987;49:589–594.

Sparkes RS, Murphree AL, Lingua RW, et al. Gene for he-
reditary retinoblastoma assigned to human chromosome 
13 by linkage to esterase D. Science. 1983;219:971–973.

Strong LC, Williams WR, Trainsky MA. The Li Fraumeni 
syndrome: from clinical epidemiology to molecular ge-
netics. Am J Epidemiol. 1992;135:190–199.

van Heyningen V, Hastie ND. Wilms’ tumor: reconciling 
genetics and biology. Trends Genet. 1992;8:16–21.

Multistep Nature of Cancer and Mismatch 
Repair
Aaltonen L, Peltomaki P, Leach F, et al. Clues to the 

pathogenesis of familial colorectal cancer. Science. 
1993;260:812–816.

Armitage P, Doll R. The age distribution of cancer and a mul-
tistage theory of carcinogenesis. Br J Cancer. 1954;8:1–12.

Bronner C, Baker S, Morrison P, et al. Mutation in the DNA 
mismatch repair gene homologue hMLH1 is associ-
ated with hereditary nonpolyposis colon cancer. Nature. 
1994;368:258–261.

Eshleman JR, Lang EZ, Bowerfi nd GK, et al. Increased mu-
tation rate at the hprt locus accompanies microsatellite 
instability in colon cancer. Oncogene. 1995;10:33–37.

Fearon ER, Vogelstein B. A genetic model for colorectal tu-
morigenesis. Cell. 1990;61:759–767.

Fishel R, Lescoe MK, Rao M, et al. The human mutator 
gene homologue MSH2 and its association with heredi-
tary nonpolyposis colon cancer. Cell. 1993;75:1027–1038.

Hanahan D, Weinberg RA. The hallmarks of cancer. Cell. 
2000;100:57–70.

Ionov Y, Peinado M, Malkhosyan S, et al. Ubiquitous somatic 
mutations in simple repeated sequences reveal a new mecha-
nism for colonic carcinogenesis. Nature. 1993;263:558–561.

25858_Hall_CH18.indd   30225858_Hall_CH18.indd   302 3/11/11   4:32 AM3/11/11   4:32 AM



303

■ DOSE–RESPONSE RELATIONSHIPS

Radiation biology applied to clinical radiotherapy 
is concerned with the relationship between a given 
absorbed dose of radiation and the consequent bi-
ologic response; of particular interest are factors 
that modify this relationship. With increasing 
radiation dose, radiation effects may increase in 
severity (i.e., grade), in frequency (i.e., incidence), 
or both. In most cases, it is the relationship be-
tween dose and incidence that is important. Such 
dose–response curves have a sigmoid (S) shape, 
with the incidence tending to zero as dose tends 
to zero and the incidence tending to 100% at very 
large doses. This applies to both tumor control 
and normal tissue complications.

A simple example is shown in Figure 19.1. 
Tumor control probability (TCP) is plotted as a 
function of total dose, and the incidence of nor-
mal tissue complications is also plotted as a func-
tion of dose. What is illustrated is a favorable 
situation where the tumor is more radiosensitive 
than the normal tissue. In the case of tumor con-
trol, the shape can be explained solely from the 
random nature of cell killing (or clonogen sur-
vival) after irradiation and the need to kill every 
single cell to achieve a cure.

For most normal tissue end points, the bio-
logic interpretation of the S shape of the rela-
tionship is not obvious. Some researchers have 
evoked a hypothetical tissue rescue unit (TRU), 
arguing that tissue breakdown occurs when the 

number of TRUs falls below a critical level; 
however, this explanation is questionable.

Therapeutic Ratio (Therapeutic Index)
The ratio of the tumor response for a fi xed level 
of normal tissue damage has been called either 
the therapeutic ratio or the therapeutic index. In 
the hypothetical example in Figure 19.1, there 
is a favorable therapeutic ratio, because a 30% 
probability of tumor control is possible for a 5% 
incidence of complications.

The time factor is the one parameter that 
has been most often manipulated to increase this 
ratio; hyperfractionation, for example, produces 
a greater sparing of late-responding normal tis-
sue than tumor control. Another strategy often 
quoted, although seldom achieved in practice, is 
to add a drug or radiosensitizer that potentiates 
the tumor control without potentiating the ra-
diation damage to normal tissue. In practice, it 
does not need to be as clear-cut as this; it would 
suffi ce for the drug to increase tumor control to 
a greater extent than it increases normal  tissue 
damage. This would result in a therapeutic gain. 
This is illustrated in Figure 19.2. The addition 
of the drug moves the tumor control curve to 
the left farther than the normal tissue damage 
curve; that is, the drug has greater cytotoxic 
effect on the tumor than on the normal tissue. 
Consequently, with the combined modalities, an 
improved tumor control probability is possible 
for the same probability of normal tissue injury.
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mechanism and importance are still under inves-
tigation. One additional point to consider is that 
ionizing radiation also induces a form of senes-
cence or permanent growth arrest in which cells 
are still metabolically active, but reproductively 
inhibited. This is best exemplifi ed by fi broblasts 
that when irradiated in cell culture, stay attached 
to plates for weeks but never divide. However, 
they are able to secrete growth factors and mi-
togens that promote the growth of tumor cells. 
Senescence has been largely studied in cell cul-
ture in the laboratory, and only recently has evi-
dence been accumulating that it occurs in tissues. 
Senescence is also discussed in more detail in 
Chapter 18.

Most cell lines cultured in vitro die a mitotic 
death after irradiation; that is, they die attempt-
ing to divide. This does not necessarily occur 
at the fi rst postirradiation mitosis; the cell may 
struggle through one, two, or more mitoses be-
fore the damaged chromosomes cause it to die, 
attempting the complex task of cell division. 
Time-lapse fi lms of irradiated cells cultured in 
vitro clearly show this process of mitotic death, 
which is the dominant cause of death if repro-
ductive integrity is assessed in vitro as described 
in Chapter 3.

It is not, however, the only form of cell death. 
Programmed cell death, or apoptosis, occurs in 
normal tissues and neoplasms, in mammals and 
amphibians, in the embryo, and the adult. It is 
implicated, for example, in tissue involution such 
as the regression of the tadpole tail during meta-
morphosis. It is the programmed cell death that is 
common during embryonic development. It also 
can occur after irradiation. Apoptosis, like mitosis, 
comes from the Greek word meaning “falling 
off,” as of petals from fl owers or leaves from trees.

■  TYPES OF CELL DEATH: HOW AND 
WHY CELLS DIE

Mammalian cells exposed to ionizing radiation 
can die through various mechanisms: mitotic-
linked cell death, necrotic cell death, apoptotic 
cell death, autophagic cell death, and bystander 
induced cell death. The underlying mechanisms 
and importance of each of these forms of cell 
death have been described in Chapters 3, 4, and 
18 in detail and will only be briefl y reviewed 
here. Regarding normal tissues that are exposed 
to ionizing radiation, mitotic-linked cell death 
and apoptotic cell death have been studied the 
most and are responsible for most cell killing by 
ionizing radiation. The other forms of cell death 
may also contribute to cell killing, but their 
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sigmoid in shape for both tumor control and normal 
tissue damage. That for normal tissue damage may be 
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a drug, a chemotherapy agent, or a radiosensitizer 
may improve the therapeutic ratio (therapeutic 
index). With radiation alone, a given level (A) of 
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level of normal tissue damage (C). The addition of 
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infl uence cell killing outside the fi eld of radia-
tion. This has been experimentally shown for 
tumors and is known as the abscopal effect. Such 
effects for normal tissues probably also exist in 
lymphopenia found after radiotherapy to non-
lymphoid organs, and most probably represent 
an immune response.

■  ASSAYS FOR DOSE–RESPONSE 
 RELATIONSHIPS

Most experimental techniques are available to 
obtain dose–response relationships for the cells 
of normal tissues. First, there are a limited num-
ber of clonogenic assays—techniques in which 
the end point observed depends directly on the 
reproductive integrity of individual cells. These 
systems are directly analogous to cell survival in 
vitro. The techniques developed by Withers and 
his colleagues are based on their observation of 
a clone of cells regenerating in situ in irradiated 
tissue. Skin colonies, regenerating crypts in the 
jejunum, testes stem cells, and kidney tubules are 
described briefl y later in this chapter. It is also 
possible to obtain dose–response curves for the 
cells of the epithelial lining of the colon or stom-
ach, but the method used is essentially the same 
as for the jejunum. Kember described a system 
for scoring regenerating clones in cartilage at 
about the same time as Withers’ skin colony sys-
tem, but it has not been used widely and is not 
discussed here.

The assay system for the stem cells in the 
bone marrow or cells of the thyroid and mam-
mary gland depends on the observation of the 
growth of clones of cells taken from a donor ani-
mal and transplanted into a different tissue in a 
recipient animal. In Till and McCulloch’s bone 
marrow assay, colonies of bone marrow cells 
are counted in the spleens of recipient animals. 
Dose–response curves for mammary and thyroid 
cells have been obtained by Gould and Clifton 
by observing colonies growing from cells trans-
planted into the fat pads of recipient animals.

Second, dose–response relationships that are 
repeatable and quantitative, but that depend on 
functional end points, can be obtained. These 
include skin reactions in rodents or pigs (e.g., 
erythema and desquamation), pneumonitis or 
fi brosis in mouse lungs refl ected in an increased 
breathing rate, myelopathy of the hind limbs 
from damage to the spinal cord, and  deformities 

Apoptosis is characterized by a stereotyped 
sequence of morphologic events, which take 
place in two discrete phases. In the fi rst phase, 
cells condense and bud to produce many mem-
brane-enclosed bodies. In the second phase, these 
bodies are phagocytized and digested by nearby 
tissue cells. The characteristic  “laddering” of 
DNA that occurs during apoptotic death is illus-
trated in Chapter 3. Apoptosis characteristically 
affects scattered individual cells. If apoptosis af-
fects cells in tissues, the resulting apoptotic bod-
ies are squeezed along the intercellular spaces 
and are either shed from the epithelial surface or 
rapidly phagocytized by nearby cells. The cells 
surrounding those being deleted merely close 
ranks, and there is no tissue disorganization that 
occurs after necrosis.

Autophagic cell death has been classifi ed 
with apoptotic cell death but, in fact, is distinct 
and is controlled by a unique set of genes. Apop-
tosis and autophagy may be linked because cells 
defective in some forms of apoptosis exhibit in-
creased levels of autophagy. The term implies 
that cells cannibalize themselves in the hope of 
generating adenosine triphosphate (ATP) and 
macromolecule precursors to survive. Growth 
factor withdrawal, inhibition of protein synthe-
sis, hypoxia, and ionizing radiation are all potent 
inducers of autophagy. Although autophagy can 
be found in cells dying by stress, it is unclear 
whether it represents a drastic means for the cell 
to survive by digesting part of itself, or whether 
it actually promotes cell death. Evidences for 
both possibilities exist in different cell types and 
will require further studies to clarify its role in 
irradiated cells.

Necrotic cell death occurs when cells are de-
void of precursors to generate energy, such as 
glucose, are exposed to decreased pH, or exhibit 
changes in osmolarity. Ionizing radiation is also 
able to induce necrotic cell death. It differs from 
other forms of cell death because it does  appear 
to have a defi nitive genetic program that  controls 
it, although there have been reports that prove 
otherwise.

The long-standing concept that ionizing 
radiation kills cells through direct exposure re-
quires amendment. The demonstration that cells 
not exposed to ionizing radiation can be killed 
by being close to irradiated cells has coined the 
term “bystander induced cell death.” Therefore, 
the possibility exists that ionizing radiation can 
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is content with the summary already given may 
wish to skip the remainder of this chapter.

■ CLONOGENIC END POINTS

Clones Regrowing In Situ
Skin Colonies

Withers developed an ingenious technique, 
shown in Figure 19.3, to determine the survival 
curve for mouse skin cells. The hair was plucked 
from an area on the back of the mouse, and a 
superfi cial x-ray machine was used to irradiate 
an annulus of skin to a massive dose of 30 Gy. 
This produced a “moat” of dead cells, in the 
center of which was an isolated island of intact 
skin that had been protected during the fi rst 
exposure to low voltage x-rays by a small metal 
sphere. This small area of intact skin was then 
given a test dose (D) and subsequently observed 
for regrowth of skin. If one or more stem cells 
survived in this small area, nodules of regrowing 
skin could be seen some days later. If no cells sur-
vived in this small area, the skin would heal much 
later by infi ltration of cells crossing the moat. 
Figure 19.4 shows nodules regrowing in mouse 
skin. To obtain a survival curve, it was necessary 
to repeat this operation with several different 
areas of skin. A range of ball bearings was used 
to shield a small area of skin in the middle of the 
“moat.” The  resulting survival data are shown in 
Figure 19.5 in which the dose (D) to the control 
area is plotted against the number of surviving 
cells per square  centimeter of skin.

to the feet of mice. The end points observed tend 
to refl ect the minimum number of functional 
cells remaining in a tissue or organ, rather than 
the fraction of cells retaining their reproductive 
integrity.

Finally, one can infer a dose-response curve, 
for a tissue, which cannot be observed directly 
by assuming the form of the dose-response curve 
(linear quadratic) and performing a series of 
multifraction experiments. This procedure, fi rst 
suggested by Douglas and Fowler, has been used 
widely to infer values for � and � in the dose– 
response relationships for normal tissues in which 
the parameters cannot be measured directly.

This chapter includes assays for both early- and 
late-responding tissues. The skin, intestinal epi-
thelium, and bone marrow cells, for  example, are 
rapidly dividing self-renewal tissues and respond 
early to the effects of radiation. The spinal cord, 
lung, and kidney, by contrast, are late-responding 
tissues. This refl ects the current philosophy that 
the radiation response of all tissues results from 
the depletion of the critical parenchymal cells and 
that the difference in time at which early- and 
late-responding tissues express radiation dam-
age is a function simply of different cell turnover 
rates. Many older papers in the literature ascribe 
the response of late- responding tissues to vascular 
damage rather than to depletion of parenchymal 
cells, but this thesis is becoming increasingly dif-
fi cult to accept.

The various types of normal tissue assay 
systems are described briefl y. The reader who 

30 Gy to moat

Test dose D to
central area Observed regrowth

of skin nodule in
central area

FIGURE 19.3  Technique used to isolate an area of skin for experi-
mental irradiation. A superfi cial (30 kV) x-ray machine is used to irradi-
ate an annulus of skin to a massive dose of about 30 Gy. An isolated 
island of intact skin in the center of this “moat” is protected from the 
radiation by a metal sphere. The intact skin is then given a test dose (D) 
and observed for nodules of regrowing skin. (Adapted from Withers 
HR. The dose–survival relationship for irradiation of epithelial cells of 
mouse skin. Br J Radiol. 1967;40:187–194, with permission.)
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FIGURE 19.4  Photograph of nodules 
of mouse skin regrowing from a single sur-
viving cell in the treated area. (Courtesy of 
Dr. H.R. Withers.)

FIGURE 19.5  Single-dose and two-dose survival curves for epithelial 
cells of mouse skin exposed to 29 kVp x-rays. The 37% dose slope (D0) is 
1.35 Gy. The ordinate is not the surviving fraction, as in the survival curves 
for cells cultured in vitro, but is the number of surviving cells per square 
centimeter of skin. In the two-dose survival curve, the interval between 
dose fractions was always 24 hours. The curves are parallel, their horizontal 
separation being equal to about 3.5 Gy; this corresponds to Dq. From a 
knowledge of Dq and the slope of the survival curve, D0 , the extrapola-
tion number, n, may be calculated. (Adapted from Withers HR. Recovery and 
repopulation in vivo by mouse skin epithelial cells during fractionated ir-
radiation. Radiat Res. 1967;32:227–239; and Withers HR. The dose–survival 
relationship for irradiation of epithelial cells of mouse skin. Br J Radiol. 
1967;40:187–194, with permission.)
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which sterilizes a signifi cant proportion of the 
dividing cells in the crypts, but has essentially 
no effect on the differentiated cells in the villi. 
Consequently, crypt degeneration appears early 
after irradiation, and the villi remain long and 
their epithelial covering of differentiated cells 
shows little change. With the further passage of 
time, the tips of the villi continue to be sloughed 
away by normal use, but no replacement cells are 
available from the depopulated crypts, and so the 
villi begin to shorten and shrink. At suffi ciently 
high doses, the surface lining of the jejunum is 
completely denuded of villi.

To obtain a survival curve for the jejunal 
crypt cells, groups of animals are exposed to 
graded total body doses of radiation. After 3.5 
days, each animal is sacrifi ced and sections are 
made of the jejunum (Fig. 19.7A). At this time, 

There are practical limits to the range in 
which the dose–response relationship can be 
determined. At one extreme, it is not possible 
to irradiate too large an area on the back of the 
mouse to produce the moat of sterilized skin. At 
the other extreme, the smallest area that can be 
used is determined by the fact that even 30 kV 
radiation scatters laterally to some extent. As can 
be seen in Figure 19.5, the technique results in 
a single-dose survival curve that extends from 
about 8 to 25 Gy. Over this range, with dose plot-
ted on a linear scale and number of surviving cells 
per square centimeter plotted on a logarithmic 
scale, the survival curve is straight and has a D0 
of 1.35 Gy. This D0 value is very similar to that 
obtained with mammalian cells cultured in vitro.

The extrapolation number cannot be obtained 
directly with this technique; the ordinate is the 
number of surviving cells per square centimeter of 
skin, and this cannot be converted to the surviving 
fraction because it is not known with any accuracy 
how many skin stem cells there are per unit area. It 
is, however, possible to make an indirect estimate of 
the extrapolation number by obtaining the survival 
curve for doses given in two fractions separated by 
24 hours. The survival curve obtained in this way is 
also shown in Figure 19.5. It is parallel to that ob-
tained for single doses, but is displaced from it to-
ward higher doses. As explained in Chapter 3, this 
lateral displacement in a direction parallel to the 
dose axis is a measure of Dq, the quasithreshold dose. 
The Dq for mouse skin is about 3.5 Gy, which is 
very similar to the value for human skin estimated 
from split-dose experiments.

Crypt Cells of the Mouse Jejunum

A technique perfected by Withers and Elkind 
makes it possible to obtain the survival charac-
teristics of the crypt cells of the mouse jejunum. 
The lining of the jejunum is a classic example of 
a self-renewal system. The cells in the crypts di-
vide rapidly and provide a continuous supply of 
cells that move up the villi, differentiate, and be-
come the functioning cells. The cells at the top 
of the folds of the villi are slowly but continu-
ously sloughed off in the normal course of events 
and are replaced continuously by cells that origi-
nate from mitoses in the crypts.

Figure 19.6, an electron micrograph, dra-
matically shows the three-dimensional struc-
ture of the lining of the intestinal epithelium. 
Mice are given a total body dose of 11 to 16 Gy, 

FIGURE 19.6  Scanning electron micrograph that 
allows three-dimensional visualization of the jejunal villi 
from the hamster. (Magnifi cation � 175.) (From Taylor AB, 
Anderson JH. Scanning electron microscope observations 
of mammalian intestinal villi, intervillus fl oor and crypt 
 tubules. Micron. 1972;3:430–453, with permission.)
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FIGURE 19.7  A: Section of mouse jejunum taken 3.5 days after a total body dose 
in excess of 10 Gy. Note the shortened villi and the regenerating crypts. B: Regenerating 
crypts shown at a higher magnifi cation. (From Withers HR. Regeneration of intestinal 
mucosa after irradiation. Cancer. 1971;28:78–81, with permission.)
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FIGURE 19.8  Survival curves for crypt cells in the mouse jejunum 
exposed to single or multiple doses of �-rays (1–20 fractions). The 
score of radiation damage is the number of surviving cells per circum-
ference (i.e., the number of regenerating crypts per circumference of 
the sectioned jejunum) counted from sections such as those shown in 
 Figure 19.7. This quantity is plotted on a logarithmic scale against ra-
diation dose on a linear scale. The D0 for the single-dose survival curve 
is about 1.3 Gy. The shoulder of the survival curve is very large. The 
separation between the single-dose survival and two-dose survival 
curves indicates that the Dq is 4 to 4.5 Gy. (Adapted from Withers HR, 
Mason K, Reid BO, et al. Response of mouse intestine to neutrons and 
gamma rays in relation to dose fractionation and division cycle. Cancer. 
1974;34:39–47, with permission.)

crypts are just beginning to regenerate and it 
is relatively simple to identify them. Figure 
19.7B shows several regenerating crypts at 
a higher magnifi cation. These pictures also 
show the shortened villi and the greatly re-
duced density of cells lining the surface. The 
score of radiation damage is the number of re-
generating crypts per circumference of the sec-
tioned jejunum. This quantity is plotted as a 
function of dose and yields a survival curve as 
shown in Figure 19.8. The single-dose survival 
curve has a D0 (for �-rays) of about 1.3 Gy. 
Also shown in Figure 19.8 are survival curves 
for radiation delivered in multiple fractions, 
from 2 to 20. The separation between the sin-
gle- and two-dose survival curves gives a mea-
sure of Dq, which has the very large value of 
between 4 and 4.5 Gy.

This technique has two limitations. First, 
the quantity plotted on the ordinate is the 
number of surviving crypts per circumference, 
not the surviving fraction. Second, experiments 
can be done only at doses of about 10 Gy or 
more, at which there is a suffi cient level of bio-
logic damage for individual  regenerating crypts 

to be identifi ed. The doses can be  delivered, 
 however, in several smaller fractions, as long as 
the total results in suffi cient biologic damage 
to be scored. The shape of the entire survival 
curve, then, can be reconstructed from the 
multifraction data if it is assumed that in a frac-
tionated regimen each dose produces the same 
amount of cell killing and if an estimate is made 
of the number of clonogens at risk per crypt. 
This has been done by Withers and his col-
leagues; the resultant survival curve is shown 
in Figure 19.9.

Testes Stem Cells

A technique to measure the radiation response 
of testicular cells capable of sustaining sper-
matogenesis (i.e., the stem cells) was devised 
by Withers and his colleagues. About 6 weeks 
after irradiation, mouse testes are sectioned 
and examined histologically. Sections of nor-
mal and irradiated testes are shown in Figure 
19.10. The proportion of tubules containing 
spermatogenic epithelium is counted and plot-
ted as a function of dose in Figure 19.11. As in 
many in vivo assays, relatively high single doses 
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FIGURE 19.9  Effective single-dose 
survival curve reconstructed from multi-
fraction experiments for clonogenic cells 
of the jejunal crypts of mice. The num-
bers on the curve refer to the number of 
fractions used to reconstruct that part of 
the curve. The initial and fi nal slopes are 
about 3.57 and 1.43 Gy, respectively. The 
quasi-threshold dose is 4.3 Gy. The data are 
equally well fi tted by the linear-quadratic 
formulation. (Adapted from Thames HD, 
Withers HR, Mason K, et al. Dose survival 
characteristics of mouse jejunal crypt cells. 
Int J Radiat Oncol Biol Phys. 1981;7:1591–
1597, with permission.)

FIGURE 19.10  A: Histology of normal testis. B: Histology of testis 35 days after 
a dose of 9 Gy of �-radiation. Some tubules are completely devoid of spermatogenic 
 epithelium and some are not. (Sertoli’s cells persist in the tubules sterilized of sper-
matogenic cells.) Foci of spermatogenesis can be derived from single surviving stem 
cells. (Magnifi cation � 200.) (From Withers HR, Hunter N, Barkley HT Jr, et al. Radiation 
survival and regeneration characteristics of spermatogenic stem cells of mouse testis. 
Radiat Res. 1974;57:88–103, with permission.)
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of 8 to 16 Gy are  necessary so that the level of 
 damage is  suffi cient to be scored. In this dose 
range, D0 is about 1.68 Gy. If the split-dose 
technique is used, the Dq is about 2.7 Gy. It is 
possible to estimate the effect of small doses 

and  reconstruct a complete survival curve by 
giving large doses in multiple small fractions 
and assuming that the response to each fraction 
is the same. The result of this reconstruction is 
shown in Figure 19.12.
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FIGURE 19.12  Survival curve for 
testis stem cells reconstructed from 
multifraction experiments, assuming 
that each fraction produces the same 
biologic effect. The numbers on the 
curve refer to the number of fractions 
used to reconstruct that portion of the 
curve. The D0 is about 1.6 Gy, and the Dq 
is about 3.92 Gy. (Adapted from Thames 
HD, Withers HR. Test of equal effect per 
fraction and estimation of initial clono-
gen number in microcolony assays of 
survival after fractionated irradiation. Br 
J Radiol. 1980;53:1071–1077, with per-
mission.)
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FIGURE 19.11  Single- and split-
dose survival curves for spermatogenic 
stem cells of the mouse testis. The D0 
is about 1.68 Gy. The Dq, assessed from 
the horizontal separation of the single- 
and split-dose curves, is about 2.7 Gy. 
(Adapted from Withers HR, Hunter N, 
Barkley HT Jr, et al. Radiation survival 
and regeneration characteristics of 
spermatogenic stem cells of mouse 
testis. Radiat Res. 1974;57:88–103, with 
permission.)
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Kidney Tubules

A technique using kidney tubules, again devel-
oped by Withers and his colleagues, is the fi rst 
clonal assay for a late-responding tissue. One kid-
ney per mouse is irradiated with a small fi eld and 

removed for histologic examination, 60 weeks 
later. Figure 19.13 shows sections of normal and 
irradiated kidneys. For ease of scoring, only those 
tubules touching the renal capsule are scored, and 
a tubule is considered fully regenerated only if it 

A

B

FIGURE 19.13  Photomicrographs of mouse kidney. A: Normal, showing 
proximal tubules in contact with the capsule. (Hematoxylin–eosin stain, magnifi ca-
tion � 400.) B: Sixty weeks after irradiation with 13 Gy. Note normal proximal tubules 
and glomeruli amid ghosts of de-epithelialized tubules. One  epithelialized  tubule 
is in contact with the capsule. (Hematoxylin–eosin stain, magnifi cation � 200.) 
(From Withers HR, Mason K, Thames HD. Late radiation response of kidney assayed by 
 tubule cell survival. Br J Radiol. 1986;59:587–595, with permission.)
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FIGURE 19.14  Dose-survival curve for 
tubule-regenerating cells. The D0 is 1.53 Gy. 
(Adapted from Withers HR, Mason K, Thames HD 
Jr. Late radiation response of kidney assayed by 
 tubule cell survival. Br J Radiol. 1986;59:587–595.)

Donor mouse
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bone-marrow cells

9 or 10 days

Splenic colonies

Recipient mouse
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FIGURE 19.15  Till and McCulloch’s tech-
nique. From the donor mouse, a cell suspen-
sion is made of nucleated isologous bone 
marrow. A known number of cells are injected 
into recipient mice previously irradiated with 
a 9-Gy total body dose. The spleen is removed 
from each recipient mouse 9 or 10 days later, 
and the number of nodules are counted. 
(Adapted from Till JE, McCulloch EA. In: Cam-
eron IL, Padilla GM, Zimmerman AM, eds. De-
velopmental Aspects of the Cell Cycle. New York, 
NY: Academic Press; 1971:297–313, with per-
mission.)

is lined with well-differentiated cuboidal or co-
lumnar cells with a large amount of eosinophilic 
cytoplasm. By 60 weeks, tubules either have no 
surviving epithelial cells or are lined completely 
with epithelium that has regenerated from a small 
number of surviving cells, usually one. The num-
ber of tubules regenerating in several arbitrary 
sections counted is plotted as a function of radia-
tion dose. The result is shown in Figure 19.14; D0 
is about 1.53 Gy.

The radiosensitivity of the cells of this late-
responding tissue is not very different from that 
of early-responding tissues such as the skin or 

intestinal epithelium. The rate of response, how-
ever, is quite different. The time required for 
depletion of the epithelium after a single dose 
of 14 Gy is about 3 days in the jejunum, 12 to 
24 days in the skin, and 30 days in the seminif-
erous tubules of the testes, but 300 days in the 
kidney tubules. These results argue strongly 
that radiation injury in the kidney results from 
depletion of parenchymal cells and that the slow 
expression of injury merely refl ects the slow 
turnover of this cell population. Vascular injury 
is unlikely to be the mechanism underlying the 
destruction of renal tubules.
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FIGURE 19.16  Photograph of a mouse’s spleen. The mouse was irradiated supralethally to steril-
ize all the cells of the spleen. The nodules of regrowth originate from intravenously injected bone 
marrow cells from another animal. (Courtesy of Dr. A. Carsten, Brookhaven National Laboratory.)

FIGURE 19.17  �-ray survival curve for the colony-
forming ability of mouse bone marrow cells. The cells 
are irradiated in vivo in the donor animal and grow 
into colonies in the spleens of supralethally irradiated 
recipient animals. (Adapted from McCulloch EA, Till JE. 
The sensitivity of cells from normal mouse bone mar-
row to gamma radiation in vitro and in vivo. Radiat Res. 
1962;16:822–832, with permission.)

Cells Transplanted to Another Site
Bone Marrow Stem Cells

Till and McCulloch developed a system to deter-
mine a survival curve for colony-forming bone 
marrow cells (Fig. 19.15). Recipient animals fi rst 
are irradiated supralethally with a dose of 9 to 
10 Gy, which sterilizes their spleens. Nucleated 
isologous bone marrow cells taken from another 
animal are then injected intravenously into the 
recipient animals. Some of these cells lodge in 
the spleen, where they form nodules or colonies 
10 to 11 days later, because the spleen cells of the 
recipient animals have been sterilized previously 
by the large dose of radiation. At this time, the 
spleens are removed and the colonies counted. 
Figure 19.16 is a photograph of a spleen showing 
the colonies to be counted.

About 104 cells must be injected into a recipi-
ent animal to produce one spleen colony because 
most of the cells in the nucleated isologous bone 
marrow are fully differentiated cells and would 
never be capable of forming a colony. To obtain 
a surviving fraction   bone marrow cells, a donor 
animal is irradiated to some test dose, and the 
suspension of cells from the bone marrow is in-
oculated into groups of recipient animals that 
previously had been irradiated supralethally. 
By counting the colonies in the spleens of the 
recipient animals, and with a knowledge of the 
number of cells required to produce a colony in 
an unirradiated animal (plating effi ciency), the 
surviving fraction may be calculated as follows:

Surviving fraction for a dose D �

  colonies counted   ____   
cells inoculated � plating effi ciency

  

This procedure is repeated for a range of 
doses, and a survival curve is obtained (Fig. 19.17). 
These bone marrow stem cells are very sensitive 
with a D0 of about 0.95 Gy and little or no shoul-
der to the survival curve.
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Mammary and Thyroid Cells

Clifton and Gould and their colleagues devel-
oped very useful clonogen transplant assays for 
epithelial cells of the mammary and thyroid 
glands. They have been used largely for cell sur-
vival studies, which are described later, but the 
initial motivation for their development was to 
study carcinogenesis in a quantitative system. 
Most in vitro transformation assays involve fi -
broblasts, and the bulk of human cancers arise 
in epithelial cells—hence, the importance and 
interest in these two systems.

The techniques for these two systems are much 
the same. To generate a survival curve for mam-
mary or thyroid gland cells in the rat, cells may 
be irradiated in vivo before the gland is removed 
from donor animals and treated with enzymes to 
obtain a monodispersed cell suspension. Known 
numbers of cells are injected into the inguinal or 
interscapular white fat pads of recipient animals.

Under appropriate host conditions and 
grafted cell numbers, the injection of mammary 
cells gives rise to mammary structures that are 
morphologically and functionally normal. One 
such mammary structure may develop from a 
single cell. By 3.5 weeks after the injection of 
mammary cells, positive growth is indicated by 
alveolar units. An example of a milk-fi lled alveo-
lar unit is shown as an inset in Figure 19.18. If 
thyroid cells are injected, thyroid follicular units 
develop (Fig. 19.19).

With either type of cell, a larger number must 
be injected to produce a growing unit, if the cells 

FIGURE 19.18  Dose–response rela-
tionship for rat mammary cells assayed by 
transplantation into the fat pads of recipient 
animals. (Adapted from Gould MN, Clifton KH. 
Evidence for a unique in situ component of 
the repair of radiation damage. Radiat Res. 
1979;77:149–155, with permission.) Inset: A 
milk-fi lled spherical alveolar unit developed 
from a transplanted cell. (From Gould MN, 
Biel WF, Clifton KH. Morphological and quan-
titative studies of gland formation from inoc-
ula of monodispersed rat mammary cells. Exp 
Cell Res. 1977;107:405–416, with permission.)
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eds. Cell Clones. New York, NY: Churchill Livingstone; 
1985:128–138, with permission.)
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An interesting use of these clonogen trans-
plant assays is that the physiologic states of ei-
ther donor or recipient animals can be manipu-
lated hormonally. For the mammary cell assay, 
cells may be taken from inactive, slowly dividing 
glands of virgin rats, from rapidly dividing glands 
of rats in midpregnancy, or from milk-producing 
glands of lactating rats. For the thyroid cell assay, 
the physiologic states of both donor and recipi-
ent can be manipulated by control of the diet or 
by partial  thyroidectomy.

■  SUMMARY OF DOSE–RESPONSE 
CURVES FOR CLONOGENIC ASSAYS 
IN NORMAL TISSUES

The survival curves for all of the clonogenic as-
says in normal tissues are plotted together in 
Figure 19.20. There is a substantial range of ra-
diosensitivities, with shoulder width being the 
principal variable. In vitro curves for cells from 
patients with ataxia telangiectasia (AT) also are 
shown because these are probably the most ra-
diosensitive mammalian cells.

are irradiated fi rst to a given dose. In practice, 
some fancy statistics are involved, a discussion of 
which is beyond the scope of this chapter; in es-
sence, the ratio of the number of irradiated to un-
irradiated cells required to produce one  growing 
unit (thyroid follicular unit or alveolar unit) is a 
measure of the cell-surviving fraction correspond-
ing to the dose. This procedure must be repeated 
for a range of graded doses to generate a survival 
curve. The resultant survival curve for mammary 
cells is shown in Figure 19.18. The characteris-
tics of the curve are unremarkable: D0 is about 
1.27 Gy, and the extrapolation number is about 5, 
quite typical of rodent cells cultured in vitro. The 
corresponding survival curve for thyroid cells is 
shown in Figure 19.19. D0 is a little larger than 
for mammary glands assayed in a similar way, 
implying that the cells are a little more resistant. 
F igures 19.18 and 19.19 also show data for cells 
left in situ for 24 hours after irradiation, before 
being removed and assayed. If this is done, the 
shoulder of the survival curve is larger because 
of the repair of potentially lethal damage. This is 
discussed in more detail in Chapter 5.
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FIGURE 19.20  Summary of sur-
vival curves for clonogenic assays of 
cells from normal tissues. The human 
AT cells are included because they are 
the most sensitive mammalian cells. 
The bone marrow colony- forming 
units, together with the mammary 
and thyroid cells, represent systems 
in which cells are irradiated and as-
sayed by transplantation into a dif-
ferent tissue in recipient animals. The 
jejunal crypt and testis stem cells are 
examples of systems in which cells 
are assayed for regrowth in situ after 
irradiation.
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TABLE 19.1 Radiation Reactions in 
Pig Skin

Arbitrary
Score Reaction

 0 No visible reaction

 1 Faint erythema

 2 Erythema

 3 Marked erythema

 4 Moist desquamation of less
   than half the irradiated area

 5 Moist desquamation of more
   than half the irradiated area

From Fowler JR, Morgan RL, Silvester JA,  Bewley 
DK, Turner BA. Experiments with fractionated 
x-ray treatment of the skin of pigs: 1. Fractionation 
up to 28 days. Br J Radiol. 1963;36:188–196, with 
 permission.

■  DOSE–RESPONSE RELATIONSHIPS 
FOR FUNCTIONAL END POINTS

Pig Skin
Pig skin has been used widely in radiobiologic 
studies because it has many features in common 
with human skin such as color, hair follicles, 
sweat glands, and a layer of subcutaneous fat. In 
view of these structural similarities, it is not sur-
prising that the response of pig skin to radiation 
closely resembles that of human skin, both quali-
tatively and quantitatively.

Fowler and his colleagues pioneered the use 
of pig skin as a radiobiologic test system. Sev-
eral small rectangular fi elds on the pig’s fl ank 
were irradiated with graded doses of x-rays, and 
the reactions were scored daily using the arbi-
trary scale shown in Table 19.1. After a single 
dose of radiation, the reaction becomes appar-
ent after about 15 days and develops as shown 
in Figure 19.21.

FIGURE 19.21  Development of skin reac-
tions in the pig after graded doses of x-rays, de-
livered as a single exposure (A) or as multiple 
fractions spaced over time (B). (Adapted from 
Fowler JF, Morgan RL, Silvester JA, et al. Experi-
ments with fractionated x-ray treatment of the 
skin of pigs: 1. Fractionation up to 28 days. Br J 
Radiol. 1963;36:188–196, with permission.)
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Two phases of the reaction can be distin-
guished. First, an early wave of erythema oc-
curred (at 10–40 days), which was variable from 
one animal to another. This represents the un-
comfortable “acute” reaction sometimes seen 
in patients on radiotherapy at about the end of 
a course of treatment. Second, a more gradual 
increase to a second broad wave of moderately 
severe reactions took place (at 50–100 days), 
representing a more permanent kind of damage. 
This second wave shows the tolerance of skin to 
a more serious type of long-term damage and is 
a more repeatable and consistent index of radia-
tion damage. It was subsequently found to corre-
late well with longer term damage (up to 2 years) 
and with subcutaneous damage.

The “score” of radiation damage is taken to 
be the average skin reaction occurring between 
certain time limits that encompass the medium-
term reactions. After a single dose, this might be 
a 35-day period between 50 and 85 days after ir-
radiation. For a protracted fractionated regimen, 
this period of reaction may come later, between 
days 65 and 100. The average skin reaction in 
the chosen time period then is plotted as a func-
tion of dose; examples of dose–response curves 
obtained this way are shown in Figure 19.22 for 
single and fractionated doses.

Late effects also have been studied in pig skin 
by measuring the contraction that results from fi -
brosis a year or more after irradiation. A square is 
tattooed on the skin of the animal in the irradiated 
fi eld, and the dimensions of this square are recorded 
as a function of dose as the contraction occurs. This 
is a primitive but effective measure of late effects.
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FIGURE 19.22  Average skin reaction 
as a function of total dose for medium-
term skin reactions in pigs exposed to a 
single dose of x-rays or to fractionated 
doses given over 28 days. (Adapted from 
Fowler JF, Morgan RL, Silvester JA, et al. Ex-
periments with fractionated x-ray treat-
ment of the skin of pigs: 1. Fractionation 
up to 28 days. Br J Radiol. 1963;36:188–
196, with permission.)

Many of the important early studies on the 
fractionation effects of x-rays and the compari-
son of x-rays with fast neutrons were performed 
with this biologic system. One overwhelming 
advantage is that data obtained this way can be 
extrapolated to the human with a high degree of 
confi dence. The disadvantage is that the animals 
are large and awkward to work with, and their 
maintenance involves a considerable expense.

Rodent Skin
Because of the inconvenience and expense of 
using pigs, the skin of the mouse leg and foot is 
commonly used instead. One hind leg of each 
animal is irradiated; the other serves as a control. 
The skin response is observed each day after ir-
radiation and is scored according to the arbitrary 
scale shown in Table 19.2. Various doses are 
used. The progressive development of the reac-
tion after ten doses of 6 Gy each is illustrated in 
Figure 19.23; each point represents the mean of 
several animals. Reactions appear by about the 
10th day, peak by 20 to 25 days, and then subside. 
The second wave of the reaction, noted for pig 
skin, is not seen in mice but is observed in rats. A 
dose-response curve is obtained by averaging the 
skin reaction over a period of time and plotting 
this average as a function of dose.

Early and Late Response of the Lung 
Based on Breathing Rate
Travis and her colleagues developed a noninva-
sive assay of breathing frequency to assess both 
early and late damage in mouse lungs. Breathing 
frequency increases progressively with dose after 
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These data also show the dramatic sparing that 
results from fractionation; this is discussed fur-
ther in another section of this chapter.

The various syndromes of radiation- induced 
injury in rodent brain and spinal cord are very 
similar to those described in humans.  Lesions 
observed within approximately the fi rst 6 
months after irradiation are limited primarily to 
the white matter and range between early dif-
fuse or focal demyelination and extensive ne-
crosis. Different pathogenic pathways toward 
the development of white matter necrosis have 
been proposed, with the glial and vascular tis-
sue components as the major targets. The most 
common type of late delayed injury peaks at 1 
to 2 years postirradiation and almost certainly 
has a vascular basis. Another type of late injury 
that has been described more recently in various 
species, including humans, is slowly progressive 
glial  atrophy. This lesion is not associated with 

a threshold of about 11 Gy (Fig. 19.24). The in-
creased breathing frequency in rodent lungs at 16 
and 36 weeks is associated with the early response 
(i.e., pneumonitis); by 52 weeks, the elevated 
breathing frequency is associated with the late re-
sponse (i.e., fi brosis). This is a simple but highly 
quantitative and reproducible system.

Spinal Cord Myelopathy
A dose–response relationship can be determined 
for late damage caused by local irradiation of 
the spinal cords of rats. Several investigators 
have worked with this system, notably van der 
Kogel. After latent periods of 4 to 12 months, 
symptoms of myelopathy develop, the fi rst signs 
of which are palpable muscle atrophy, followed 
some time later by impaired use of the hind legs. 
Figure 19.25 shows the steep dose–response re-
lationship for hind limb paralysis following the 
irradiation of a section of the spinal cord in rats. 

TABLE 19.2 Radiation Reactions in Mouse Leg Skin

Arbitrary 
Scorea Observations

 0.5 50/50; doubtful if any difference from normal or not

 1� Because 1 covers a wide range of reddening, even before reaching the severity or
    additional factors requiring 1�, it is necessary to have 1– for “defi nite reddening 

(i.e., defi nitely not normal), but only a very slight degree”

 1 Defi nite abnormality; defi nite reddening, top or bottom of leg; “clean” 
   appearance means not greater than 1

 1� Severe reddening or reddening with defi nite white marks in creases under foot; 
   query breakdown; query puffi ness

 1.5 Some breakdown of skin (usually seen on bottom of foot fi rst); scaly or crusty 
    appearance; defi nite puffi ness, plus (query) breakdown; very marked white 

marks in creases plus puffi ness or severe redness

 1.5� Query possibly moist desquamation in small areas

 2 Breakdown of large areas of skin or toes stuck together; possibly moist in places
   but not all moist

 2.5 Breakdown of large areas of skin with defi nite moist exudates

 3 Breakdown of most of the skin with moist exudates

 3.5 Complete necrosis of limb (rarely seen so far)
a and � are equivalent to 0.25.

From Fowler JF, Kragt K, Ellis RE, et al. The effect of divided doses of 15 MeV electrons on the skin response of mice. 
Int J Radiat Biol. 1965;9:241–252, with permission.
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FIGURE 19.23  Daily skin reaction scores for mice receiving 60 Gy in 10 equal fractions 
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represent the standard errors of the mean. (Adapted from Brown JM, Goffi net DR, Cleaver JE, 
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number of fractions. The effect of a large num-
ber of very small fractions has also been investi-
gated. Figure 19.26 shows the relation between 
total dose and dose per fraction to produce pa-
ralysis in 50% of rats from irradiation of a short 
length of cervical spine. The smooth curve is 

necrosis but occurs diffusely and at lower doses. 
With improvements in diagnostic procedures 
such as magnetic resonance imaging, glial atro-
phy may become a more frequently recognized 
adverse effect of brain tumor therapy.

Latency

Over a dose range of about 25 to 60 Gy, de-
livered in single doses, the general tendency is 
a decreasing latency with increases in dose of 
approximately 2 days per Gy. There is a con-
siderable variation with animal strain, as well 
as with the region of the cord irradiated. In 
terms of mechanisms, demyelination or slowly 
progressive atrophy is probably a consequence 
of interference with the slow continuous turn-
over of oligodendrocytes by killing of glial pro-
genitor cells. Vascular injury may accelerate, 
precipitate, or even initiate the white matter 
changes leading to necrosis. This is an area of 
some controversy.

Fractionation and Protraction

The effect of dose fractionation and protraction 
on tolerance to radiation has been investigated 
extensively in the rat spinal cord and to a lesser 
extent in the mouse, monkey, and guinea pig. 
Because these systems turn over slowly, there 
is little infl uence of overall treatment time up 
to any conventional clinical regimen of 6 to 
8 weeks. On the other hand, dose per fraction 
is very important (Fig. 19.25), with the dose to 
 produce paralysis increasing dramatically with 
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FIGURE 19.25  Dose-response curves 
for the induction of hind leg paralysis in rats 
following irradiation of a section of the spinal 
cord (L2–L5). Note how the dose necessary to 
produce paralysis increases rapidly with in-
creasing numbers of fractions. (Adapted from 
van der Kogel AJ. Late Effects of Radiation on 
the Spinal Cord. Rijswik, the Netherlands, the 
Radiobiological Institute of the Organization 
for Health Research TNO; 1979:1–160, with 
permission.)
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vous  system radiation injury in small animal  models. 
In: Gutin PH, Leibel SA, Sheline GE, eds. Radiation  Injury 
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matter necrosis shows a marked dependence 
on the length of cord irradiated. Late vascular 
injury shows less dependence on cord length. 
Beyond a few centimeters, the tolerance is vir-
tually independent of the length of cord irradi-
ated. This would be predicted from the linear 
arrangement of the functional subunits. A chain 
is broken whether one, two, three, or more links 
are removed.

Retreatment after Long Time Intervals

The spinal cord does recover to some extent 
after long time periods following irradiation. 
The extent of the recovery depends, of course, 
on the fi rst treatment—that is, what fraction of 
tolerance was involved. Experiments with rats 
indicate that after an initial treatment to 50% 
tolerance, the retreatment tolerance approaches 
90% of the tolerance of the untreated control 
group by about a year after the initial irradia-
tion. If the initial treatment represented a larger 
fraction of tolerance, the retreatment that can be 
tolerated is reduced.

■  INFERRING THE RATIO �/� FROM 
MULTIFRACTION EXPERIMENTS IN 
NONCLONOGENIC SYSTEMS

The parameters of the dose-response curve for 
any normal tissue system for which a functional 
end point can be observed may be inferred by 
performing a multifraction experiment. Take, for 
example, an experiment in which mouse foot skin 
reaction is scored. Doses that result in the same 
skin reaction (e.g., moist desquamation of more 
than 50% of the area irradiated) if delivered as a 
single exposure in a multifraction regimen (e.g., 
5, 10, or 20 fractions) must be determined ex-
perimentally. Several assumptions must be made 
as follows:

 1. The dose–response relationship is repre-
sented adequately by the LQ formulation:

S � e��D��D2

  in which S is the fraction of cells surviving a 
dose, D, and � and � are constants.

 2. Each dose in a fractionated regimen pro-
duces the same biologic effect.

 3. Full repair of sublethal damage takes place 
between dose fractions, but no cell prolifera-
tion occurs.

an isoeffect curve calculated for the very low 
�/� value of 1.5 Gy. The experimental data 
suggest that the linear quadratic (LQ) model 
o verestimates the tolerance for small doses per 
fraction of less than 2 Gy. However, this may be 
a result of incomplete repair, because in these 
experiments, the interfraction interval was only 
4 hours. There is good reason to believe that 
repair of sublethal damage takes place slowly in 
this normal tissue, and indeed, repair may be 
 biphasic, with “fast” and “slow” components. 
For this reason, if multiple doses per day are 
used to the spinal cord, the interfraction inter-
val should be at least 6 to 8 hours.

Volume Effects

The total volume of irradiated tissue usually is 
assumed to have an infl uence on the develop-
ment of tissue injury. The spinal cord is perhaps 
the clearest case in which the functional sub-
units (FSUs) are arranged in linear fashion, like 
links in a chain. Figure 19.27 shows the relation-
ship between tolerance dose and the length of 
cord irradiated in the rat. For short lengths of 
cord, below 1 cm, tolerance in terms of white 
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FIGURE 19.27  The dependence of spinal cord tol-
erance on the length of cord irradiated in the rat. For 
short lengths of cord, shorter than about 1 cm, tolerance 
for white matter necrosis shows a marked dependence 
on the length of cord irradiated. Late vascular injury 
shows less dependence on cord length. Beyond a few 
centimeters, the tolerance dose is virtually independent 
of the length of cord irradiated. (Adapted from van der 
Kogel AJ. Central nervous system radiation injury in 
small animal models. In: Gutin PH, Leibel SA, Sheline GE, 
eds.  Radiation Injury to the Nervous System. New York, NY: 
Raven Press; 1991;91–112, with permission.)
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SUMMARY OF 
PERTINENT CONCLUSIONS

■ The relationship between dose and inci-
dence is sigmoid for both tumor control 
and normal tissue damage.

■ The ratio of tumor response to normal tis-
sue damage is called the therapeutic ratio 
or therapeutic index.

■ The therapeutic index can be manipulated 
by dose fractionation or by the use of drugs 
that preferentially increase tumor response.

■ After irradiation, most cells die a mitotic 
death; that is, they die in attempting the next 
or a later mitosis. In some tissues, cells die by 
apoptosis, which is a programmed cell death.

■ Systems involving clonogenic end points (i.e., 
cell survival) for cells of normal tissues include 
some in which cells regrow in situ and some 
in which cells are transplanted to another site.

■ In situ regrowth techniques include skin 
colonies, crypts in the jejunum, testes stem 
cells, and kidney tubules. Single dose exper-
iments can yield the slope (D0) of the dose-
response curve over a range of high doses. 
Multifraction experiments allow the whole 
dose-response curve to be reconstructed.

■ Systems in which cell survival is assessed 
by transplantation into another site include 
bone marrow stem cells, thyroid cells, and 
mammary cells.

■ A dose-response curve for bone marrow 
stem cells can be obtained by allowing cells 

Suppose the total dose, D, is divided into 
n equal fractions of D. The previous equation, 
then, can be rewritten as:

S � (e��d��d 2)n

or

�logeS/nd � � � �d

If the reciprocal of the total dose (1/nd) 
is plotted against the dose per fraction (d), a 
straight line results, as shown in Figure 19.28. 
The intercept on the ordinate gives �/logeS; the 
slope gives �/logeS. In general, the value of logeS 
is not known unless other cell survival studies 
are available, but the ratio of the intercept to the 
slope provides an estimate of �/�.

Multifraction experiments have been per-
formed and estimates of �/� made for essen-
tially all of the normal tissue end points de-
scribed in this chapter. One of the important 
conclusions arrived at is that the value of �/� 
tends to be larger for early-responding tissues, 
about 10 Gy, than for late-responding tissues, 
about 2 Gy. Because �/� is the dose at which 
cell killing by linear and by quadratic compo-
nents of radiation damage are equal (Chapter 3), 
the implication is that dose-response relation-
ships for late-responding tissues are “curvier” 
than for early-responding tissues. The impor-
tance of this conclusion becomes evident in the 
discussion of fractionation in radiotherapy in 
Chapter 23.
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FIGURE 19.28  Reciprocal of the total 
dose required to produce a given level of in-
jury (acute skin reaction in mice) as a function 
of dose per fraction in multiple equal doses. 
The overall time of these experiments was suf-
fi ciently short so that proliferation could be 
neglected. Numbers of fractions are shown by 
each point. From the values of the “intercept” 
and “slope” of the best-fi t line, the values of � 
and � and the ratio �/� for the dose-response 
curve for organ function can be determined. 
(Adapted from Douglas BG, Fowler JR. The ef-
fect of multiple small doses of x-rays on skin re-
actions in the mouse and a basic interpretation. 
Radiat Res. 1976;66:401–426, with permission.)

25858_Hall_CH19.indd   32425858_Hall_CH19.indd   324 3/11/11   4:32 AM3/11/11   4:32 AM



 | Chapter 19 • Dose–Response Relationships for Model Normal Tissues | 325

■ BIBLIOGRAPHY

Andrews JR. The Radiobiology of Human Cancer Radiotherapy. 
Philadelphia, PA: WB Saunders; 1968.

Ang KK, Thames HD Jr, van der Kogel AJ, et al. Is the rate of 
repair of radiation-induced sublethal damage in rat spinal 
cord dependent on the size of the dose per fraction? Int J 
Radiat Oncol Biol Phys. 1987;13:552–562.

Ang KK, van der Kogel AJ, van der Schueren E. The ef-
fect of small radiation doses on the rat spinal cord: 
the concept of partial tolerance. Int J Radiat Oncol Biol 
Phys.1983;9:1487–1491.

Ang KK, van der Kogel AJ, van der Schueren E. Lack of 
evidence for increased tolerance of rat spinal cord with 
decreasing fraction doses below 2 Gy. Int J Radiat Oncol 
Biol Phys. 1985;11:105–110.

Barendsen GW, Broerse JJ. Experimental radiotherapy of a 
rat rhabdomyosarcoma with 15 MeV neutrons and 300 
kV x-rays: 1. Effects of single exposures. Eur J Cancer. 
1969;5:373–391.

Bradley WG, Fewings JD, Cumming WJK, et al. Delayed 
myeloradiculopathy produced by spinal X-irradiation in 
the rat. J Neurol Sci. 1977;31:63–82.

Brown JM, Goffi net DR, Cleaver JE, et al. Preferential ra-
diosensitization of mouse sarcoma relative to normal skin 
by chronic intra-arterial infusion of halogenated pyrimi-
dine analogs. JNCI. 1971;47:75–89.

Clifton KH, Briggs RC, Stone HB. Quantitative radiosen-
sitivity studies of solid carcinomas in vivo: methodology 
and effect of anoxia. JNCI. 1966;36:965–974.

Clifton KH, Gould MN, Potten CS, et al., eds. Cell Clones. 
New York, NY: Churchill Livingstone; 1985:128–138.

DeMott RK, Mulcahy RT, Clifton KH. The survival of 
thyroid cells following irradiation: a directly generated 
single-dose survival curve. Radiat Res. 1979;77:395–403.

Douglas BG, Fowler JR. The effect of multiple small doses 
of x-rays on skin reactions in the mouse and a basic inter-
pretation. Radiat Res. 1976;66:401–426.

Field SB, Jones T, Thomlinson RH. The relative effects of 
fast neutrons and x-rays on tumor and normal tissue in 
the rat. Br J Radiol. 1967;40:834–842.

Fowler JF, Denekamp J, Page AL, et al. Fractionation with 
x-rays and neutrons in mice: response of skin and C3H 
mammary tumors. Br J Radiol. 1972;45:237–249.

Fowler JF, Kragt K, Ellis RE, et al. The effect of divided 
doses of 15 MeV electrons on the skin response of mice. 
Int J Radiat Biol. 1965;9:241–252.

Fowler JF, Morgan RL, Silvester JA, et al. Experiments with 
fractionated x-ray treatment of the skin of pigs: 1. Frac-
tionation up to 28 days. Br J Radiol. 1963;36:188–196.

Goffi net DR, Marsa GW, Brown JM. The effects of single 
and multifraction radiation courses on the mouse spinal 
cord. Radiology. 1976;119:709–713.

Gould MN, Biel WF, Clifton KH. Morphological and 
quantitative studies of gland formation from inocula 
of monodispersed rat mammary cells. Exp Cell Res. 
1977;107:405–416.

Gould MN, Clifton KH. Evidence for a unique in situ com-
ponent of the repair of radiation damage. Radiat Res. 
1979;77:149–155.

Gould MN, Clifton KH. The survival of mammary cells 
following irradiation in vivo: a directly generated single-
dose survival curve. Radiat Res. 1977;72:343–352.

Hermens AF, Barendsen GW. Cellular proliferation patterns 
in an experimental rhabdomyosarcoma in the rat. Eur J 
Cancer. 1967;3:361–369.

Hermens AF, Barendsen GW. Changes of cell proliferation 
characteristics in a rat rhabdomyosarcoma before and 
after irradiation. Eur J Cancer. 1969;5:173–189.

from the donor animal to lodge and grow 
in the spleens of recipient animals. These 
are very sensitive cells with a D0 close to 
1 Gy, with little or no shoulder.

■ Dose–response curves for mammary and 
thyroid cells can be obtained by transplant-
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a vascular basis.
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  d.  Sublethal damage repair probably 
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the interfraction interval should be at 
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■ The ratio �/� (the dose at which the lin-
ear and quadratic components of radiation 
damage are equal) may be inferred from 
multifraction experiments in systems scor-
ing nonclonogenic end points.
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■ CELLS AND TISSUES

Most of the effects of radiation therapy on nor-
mal tissues can be attributed to cell killing, but 
there are some that cannot. Examples include the 
following:

■ Nausea or vomiting that may occur a few hours 
after irradiation of the abdomen.

■ Fatigue felt by patients receiving irradiation to 
a large volume, especially within the abdomen.

■ Somnolence that may develop several hours 
after cranial irradiation.

■ Acute edema or erythema that results from 
radiation-induced acute infl ammation and as-
sociated vascular leakage.

It is thought that these effects are mediated by 
radiation-induced infl ammatory cytokines. These 
effects aside, most effects of radiation on normal 
tissues result from the depletion of a cell popula-
tion by cell killing.

The cells of normal tissues are not indepen-
dent but form a complete integrated structure. 
There is a delicate balance between cell birth and 
cell death to maintain tissue organization and the 
number of cells. The response to damage is gov-
erned by (1) the inherent cellular r adiosensitivity, 

(2) the kinetics of the tissue, and (3) the way cells 
are organized in that tissue. If the fate of individual 
cells is studied, as described in C hapter 3, there 
is a continuous monotonic relationship between 
the magnitude of the dose and the fraction of cells 
that are “killed” in the sense that they lose their 
reproductive integrity—the ability to divide indef-
initely. By contrast, no effects are seen in tissues 
after small doses, although effects of increasing 
severity become apparent if the dose rises above 
a threshold level. The reason is, of course, that 
killing a small number of cells in a tissue m atters 
very little; visible damage is evident only if a large 
enough proportion of the cells are killed and re-
moved from the tissue. The threshold dose below 
which no effect is seen and the delay between irra-
diation and the time at which the damage b ecomes 
observable vary greatly among different tissues.

Cell death after irradiation occurs mostly as 
cells attempt to divide. In tissues with a rapid turn-
over rate, damage becomes evident quickly—in a 
matter of hours in the intestinal epithelium and 
bone marrow, and in a matter of days in the skin 
and mucosa. In tissues in which cells divide rarely, 
radiation damage to cells may remain latent for a 
long period and be expressed very slowly. Radia-
tion damage to cells that are already on the path to 
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e ffect relationship would be the same for all tis-
sues, and that is not the case. It may be true for 
some tissues, however, including the spinal cord. 
If intensive fractionation protocols deplete the 
stem cell population below levels needed for tissue 
restoration, an early reaction in a rapidly prolifer-
ating tissue may persist as a chronic injury. This 
has been termed a c onsequential late effect, that 
is, a late effect consequent to, or evolving out of, a 
persistent s evere early effect. The earlier damage 
is most often attributable to an overlying acutely 
responding epithelial surface—for example, fi bro-
sis or necrosis of skin consequent to desquama-
tion and acute ulceration.

■  FUNCTIONAL SUBUNITS IN 
NORMAL TISSUES

The fraction of cells surviving determines the suc-
cess or failure of a treatment regimen as far as the 
tumor is concerned, because a single surviving cell 
may be the focus for the regrowth of the tumor. 
For normal tissues, however, this is not the whole 
story. The tolerance of normal tissues for radiation 
depends on the ability of the clonogenic cells to 
maintain a suffi cient number of mature cells suit-
ably structured to maintain organ function. The 
relationship between the survival of clonogenic 
cells and organ function or failure depends also on 
the structural organization of the tissue. Many tis-
sues may be thought of as consisting of functional 
subunits (FSUs).

In some tissues, the FSUs are discrete, anatom-
ically delineated structures whose relationship to 
tissue function is clear. Obvious examples are the 
nephron in the kidney, the lobule in the liver, and 
perhaps the acinus in the lung. In other tissues, the 
FSUs have no clear anatomic demarcation. Exam-
ples include the skin, the mucosa, and the spinal 
cord. The response to radiation of these two types 
of tissue—with structurally defi ned or structurally 
undefi ned FSUs—is quite different.

The survival of structurally defi ned FSUs 
depends on the survival of one or more clono-
genic cells within them, and tissue survival in turn 
depends on the number and radiosensitivity of 
these clonogens. Although such tissues are com-
posed of a large number of FSUs, each is a small 
self-contained entity independent of its neigh-
bors. Surviving clonogens cannot migrate from 
one to the other. Because each FSU is both small 
and autonomous, low doses deplete the clonogens 

d ifferentiation (and would not have divided many 
times anyway) is of little consequence. By contrast, 
radiation damage to stem cells has serious reper-
cussions because they were programmed to divide 
many times to maintain a large population, and if 
they lose their reproductive integrity, both they and 
their potential descendants are lost from the popu-
lation. Thus, cells on the road to differentiation ap-
pear to be more radioresistant than stem cells. In 
fact, the fraction of cells surviving a given dose may 
be identical at the single-cell level, so strictly speak-
ing, it is their radioresponse that is different, not 
their radiosensitivity. This explains the so-called 
law of Bergonié and T ribondeau (1906), who noted 
that tissues appear to be more “radiosensitive” 
if their cells are less differentiated, have a greater 
proliferative capacity, and divide more rapidly.

■ EARLY (ACUTE) AND LATE EFFECTS

Radiation effects are commonly divided into two 
categories, early and late, which show quite dif-
ferent patterns of response to fractionation; their 
dose-response relations are characterized by dif-
ferent �/� ratios, as described in more detail in 
Chapter 23. Late effects are much more sensi-
tive to changes in fractionation than early ef-
fects. Early, or acute, effects result from the 
death of a large number of cells and occur within 
a few days or weeks of irradiation in tissues with 
a rapid rate of turnover. Examples include effects 
in the epidermal layer of the skin, gastrointes-
tinal epithelium, and hematopoietic system, in 
which the r esponse is determined by a hierarchi-
cal cell lineage composed of stem cells and their 
 differentiating offspring. The time of onset of 
early r eactions correlates with the relatively short 
life span of the mature functional cells; the iden-
tity of the target cells is usually obvious.

Late effects appear after a delay of months or 
years and occur predominantly in slowly prolifer-
ating tissues, such as tissues of the lung, kidney, 
heart, liver, and central nervous system. The dif-
ference between the two types of lesions lies in 
their progression: Acute damage is repaired rap-
idly because of the rapid proliferation of stem cells 
and may be completely reversible. By contrast, 
late damage may improve but is never completely 
repaired. A late effect may result from a combina-
tion of vascular damage and loss of parenchymal 
cells. Clearly, vascular damage is not the d ominant 
factor in every case, because if it were, the dose–
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dose has been defi ned as the dose that produces 
an acceptable probability of a treatment compli-
cation. This defi nition includes objective criteria, 
such as the radiobiology involved, and subjective 
factors that may be socioeconomic, medicolegal, 
or psychological.

The spatial arrangement of the FSUs in the 
tissue is critical. In the case of tissues in which 
the FSUs are arranged in a series, like the links 
of a chain, the integrity of each is critical to organ 
function, and elimination of any one FSU results 
in a measurable probability of a complication. 
The spinal cord is the clearest example in which 
specifi c functions are controlled by specifi c seg-
ments arranged linearly, or serially. B ecause im-
pulses must pass along the cord, death of critical 
cells in any one segment results in complete fail-
ure of the organ. Radiation damage to such tis-
sues is expected to show a binary response, with 
a threshold dose below which there is normal 
function and above which there is loss of func-
tion (e.g., radiation-induced myelopathy). This 
is illustrated in Figure 20.1. As the fi eld size in-
creases to include a greater number of FSUs—1, 
4, or 16 in this example—the curve relating prob-
ability of a complication to dose rises much more 
steeply with dose and moves to lower doses. This 
explains the important volume effect found in, for 
example, the spinal cord in which FSUs are ar-
ranged in series and loss of any one may result in 
myelopathy.

Clinical tolerance also depends strongly on 
the volume irradiated in the kidney and lung; 
both of these organs are very sensitive to irradia-
tion of their entire volume, but small volumes can 
be treated to much higher doses. This is because 
there is considerable functional reserve capacity, 
with only about 30% of the organ required to 
maintain adequate function under normal physi-
ologic conditions. The large reserve capacity 
and increased tolerance to partial-volume irra-
diation are caused by the parallel organization 
of functional nephrons and alveolar subunits. 
Inactivation of a small number of FSUs does 
not lead to loss of organ function. Functional 
damage will not occur until a critical number of 
FSUs are inactivated by irradiation. This implies 
that there should also be a threshold volume of 
 irradiation below which no functional damage 
will develop, even after high-dose irradiation. 
Above this threshold, damage is usually exhib-
ited as a graded response—increasing severity 

in it. Each kidney, for example, is composed of 
a large number of relatively small FSUs, each of 
which is a self-contained structural entity inde-
pendent of its neighbors. Consequently, survival 
of a nephron after irradiation depends on the sur-
vival of at least one clonogen within it and there-
fore on the initial number of renal tubule cells 
per nephron and their radiosensitivity. Because 
this FSU is relatively small, it is completely de-
pleted of clonogens by low doses, which accounts 
for the low tolerance to radiation of the kidney. 
Other organs that resemble the kidney in having 
structurally defi ned FSUs not repopulated from 
adjacent FSUs may be those with a branching 
treelike system of ducts and vasculature that ul-
timately terminate in “end structures” or lobules 
of parenchymal cells. These can be visualized as 
independent structurally defi ned FSUs. Examples 
of organs with this tissue architecture include the 
lung, liver, and exocrine organs. At least some of 
these also have low tolerance to radiation.

By contrast, the clonogenic cells that can re-
populate the structurally undefi ned FSUs after 
depletion by radiation are not confi ned to one par-
ticular FSU. Rather, clonogenic cells can migrate 
from one FSU to another and allow repopulation 
of a depleted FSU. For example, reepithelializa-
tion of a denuded area of skin can occur either 
from surviving clonogens within the denuded area 
or by migration from adjacent areas.

A concept proposed to link the survival of clo-
nogenic cells and functional survival is the tissue 
rescue unit, defi ned as the minimum number of 
FSUs required to maintain tissue function. This 
model assumes that the number of tissue rescue 
units in a tissue is proportional to the number 
of clonogenic cells, that FSUs contain a constant 
number of clonogens, and that FSUs can be re-
populated from a single surviving clonogen.

Some tissues defy classifi cation by this sys-
tem. The crypts of the jejunum, for example, are 
structurally well-defi ned subunits, but surviving 
crypt cells can and do migrate from one crypt to 
another to repopulate depleted neighbors.

■  THE VOLUME EFFECT IN 
RADIOTHERAPY: TISSUE 
A RCHITECTURE

It is generally observed in clinical radiotherapy 
that the total dose that can be tolerated depends 
on the volume of tissue irradiated. Tolerance 
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ulceration in a smaller area. In other words, al-
though the severity of a skin reaction is relatively 
independent of the area irradiated because heal-
ing occurs by regeneration of surviving clono-
gens scattered throughout the treated area, the 
tolerability is not. Therefore, there is a volume 
effect in clinical practice, but it is not based on an 
increased probability of injury as it is in tissues in 
which FSUs are arranged serially.

■ RADIATION PATHOLOGY OF TISSUES

As previously stated, the response of a tissue or 
organ to radiation depends primarily on three fac-
tors: (1) the inherent sensitivity of the individual 
cells, (2) the kinetics of the tissue as a whole of 
which the cells are a part, and (3) the way the cells 
are organized in that tissue. These factors combine 
to account for the substantial variation in response 
to radiation characteristic of different tissues.

In the case of tissues composed of highly 
differentiated cells performing specialized func-
tions, cell survival curves (Chapter 3) are largely 
irrelevant, because these cells have no mitotic 
future. Little information is available at the cel-
lular level concerning the effects of radiation on 
differentiated cells. All that can be said is that, in 
general, the amount of radiation needed to de-
stroy the functioning ability of a differentiated 
cell is far greater than that necessary to stop the 
mitotic activity of a dividing cell.

A closed static population, composed entirely 
of mature differentiated cells, is therefore very re-
sistant to radiation. In the case of self-renewing 
tissues, the Achilles heel is the dividing cell: Loss 
of reproductive ability in an appreciable fraction 
of these cells occurs after a moderate dose of a 
few grays. Whether the tissue or organ as a whole 
 appears to be affected to a small or large extent—
and is consequently labeled as sensitive or resis-
tant—depends on the extent to which the tissue 
involved can continue to function adequately with 
a reduced number of cells.

Another factor that is evident from even this 
most elementary consideration of population ki-
netics is that the time interval between the de-
livery of the radiation insult and its expression in 
tissue damage is very variable for different popu-
lations. This time interval is determined by the 
normal life span of the mature functional cells and 
the time it takes for a cell “born” in the stem cell 
compartment to mature to a functional state. For 

of f unctional i mpairment with increasing dose—
rather than a binary, all-or-nothing response.

Skin and mucosa have no well-defi ned FSUs, 
but respond in a way similar to tissues where the 
FSUs are in parallel. They do not show a volume 
effect at lower levels of injury at which healing 
can occur from surviving clonogens scattered 
throughout the treatment volume. This seem-
ingly should be true for the skin or mucosa in 
which a volume effect would not be expected 
on radiobiologic grounds; however, this is never 
quite true in practice, because if a larger area of 
skin or mucosa is ulcerated, the prolonged heal-
ing time plus the increased potential for infec-
tion are more debilitating than similarly severe 
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FIGURE 20.1  Relationship between dose and 
probability of complications for different types of nor-
mal tissues. Curve A relates to a normal tissue in which 
the functional subunits are not arranged serially regard-
less of whether one or all subunits are exposed (i.e., re-
gardless of fi eld size). It also applies to a  normal tissue in 
which functional subunits are arranged  serially if only 
one subunit is exposed (i.e., if the fi eld is small). Note 
that the curve is relatively shallow (i.e., the probabil-
ity of a complication rises relatively slowly with dose). 
Curves B and C refer to a tissue with serially a rranged 
functional subunits; the complication curve gets 
steeper and moves to lower doses as the treatment fi eld 
size increases. For example, curves B and C, respectively, 
relate to 4 or 16 functional subunits exposed. (Note that 
the position of the curves in relation to the abscissae 
is arbitrary, resulting from two assumptions: that there 
is an e ffective D0 of 4 Gy for a survival curve for cells 
exposed to multiple doses of 2 Gy, and that 58 Gy in 
2-Gy fractions sterilizes 10% of the functional subunits.) 
(Adapted from Withers HR, Taylor JMG,  Maciejewski 
B. Treatment volume and tissue tolerance. Int J Radiat 
Oncol Biol Phys. 1988;14:751–759, with permission.)
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example, mature erythrocytes in circulating blood 
have a relatively long life span and are separated 
from the primitive stem cell compartment by 
several transit compartments, so that time is re-
quired for a cell to pass through the various stages 
of differentiation and maturation. Consequently, 
a considerable time interval elapses between the 
depopulation of the stem cell compartment and 
the fi nal expression of this injury in terms of a re-
duced peripheral blood cell count. By contrast, in 
the case of the intestinal epithelium, the mature 
functional cells on the surface of the villi have a 
short life span, and the time interval between the 
“birth” of a new cell in the stem compartment of 
the crypt and its appearance as a mature func-
tional cell is very short, on the order of a few days. 
As would be expected, therefore, radiation dam-
age is expressed correspondingly quickly in this 
tissue. Two systems are typically used to classify 
tissue radiosensitivity in terms of population ki-
netics and tissue architecture: Casarett’s classifi ca-
tion and Michalowski’s classifi cation.

■  CASARETT’S CLASSIFICATION 
OF TISSUE RADIOSENSITIVITY

The limitation of our knowledge of cellular pop-
ulation kinetics is remedied to some extent by a 
wealth of information on the relative sensitivities 

of various tissues based on histopathologic ob-
servations. It must be emphasized that these data 
are based on entirely different end points than 
those with which previous chapters have been 
concerned. To score a cell as “dead” by observ-
ing a fi xed and stained section of tissue through 
a microscope is quite different from the experi-
mental test of cell death in terms of loss of repro-
ductive capacity, which has been used previously. 
Nevertheless, the study of radiation pathology 
provides data that are highly relevant to clinical 
radiotherapy.

Casarett has suggested a classifi cation of mam-
malian cell radiosensitivity based on histologic 
observation of early cell death. He divided paren-
chymal cells into four major categories, numbered 
I through IV (Table 20.1). The supporting struc-
tures, such as the connective tissue and the endo-
thelial cells of small blood vessels, are regarded as 
intermediate in sensitivity between groups II and 
III of the parenchymal cells.

One of the most sensitive cells to radiation, in 
fact, defi es all the “laws” and systems of classifi -
cation; it is the small lymphocyte. This cell, it is 
b elieved, never divides at all, or at least only in ex-
ceptional circumstances. Small lymphocytes disap-
pear from circulating blood after very small doses 
of radiation, and it is believed that they suffer an in-
terphase death (by the process of a poptosis). Most 

TABLE 20.1 Categories of Mammalian Cell Sensitivity

Cell Type Properties Examples Sensitivitya

I. Vegetative  Divide regularly; Erythroblasts High
 intermitotic cells  no differentiation Intestinal crypt cells
   Germinal cells of epidermis

II. Differentiating  Divide regularly;  Myelocytes
 intermitotic cells  some differentiation 
   between divisions

Connective tissue cellsb

III. Reverting  Do not divide regularly; Liver
 postmitotic cells  variably differentiated

IV. Fixed postmitotic  Do not divide; highly Nerve cells Low
 cells  differentiated Muscle cells
aSensitivity decreases for each successive group.
bIntermediate in sensitivity between groups II and III. 

Based on Rubin P, Casarett GW. Clinical Radiation Pathology. Vol 1. Philadelphia, PA: WB Saunders; 1968, with permission.
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of dividing with the appropriate stimulus, which 
is usually damage or loss of many of their own 
kind. The liver cells are a good example of this 
category. In the adult, there is normally little or 
no cell division, but if a large part of the liver is 
removed by surgery, the remaining cells are trig-
gered to divide and make good the loss. Other 
examples in this category include the cells of the 
kidney and pancreas and of various glands, such 
as the adrenal, thyroid, and pituitary.

Group IV consists of the fi xed postmitotic 
cells. The cells in this group are generally con-
sidered the most resistant to radiation. They are 
highly differentiated and appear to have lost the 
ability to divide. Some have a long life span, such 
as the neurons. Others have a short life span, such 
as the granulocytes, which have to be continually 
replaced by the division of more primitive cells. 
The superfi cial epithelial cells of the gut also 
fall into this category. In the normal course of 
events, they are sloughed off the tops of the villi 
and replaced by cells dividing in the crypts.

■  MICHALOWSKI’S H- AND F-TYPE 
POPULATIONS

Michalowski classifi ed tissues as following ei-
ther a “hierarchical” model or a “fl exible” model. 
Within tissues, three distinct categories of cells 
can be identifi ed. First are the stem cells, which 
are capable of unlimited proliferation and escape 
senescence because of telomere shortening by the 
enzyme telomerase. Examples include the crypt 
cells in the intestinal mucosa. The cells produced 
by stem cell proliferation both maintain the stem 
cell pool and provide candidates for differentia-
tion. Second, at the other extreme, are fu nctional 
cells, which are fully differentiated; they are usu-
ally incapable of further division and die after a 
fi nite life span, though the life span varies enor-
mously among different cell types. E xamples 
i nclude circulatory granulocytes and the cells that 
make up the villi of the intestinal mucosa. B etween 
these two extremes are m aturing partially dif-
ferentiated cells; these are descendants of the 
stem cells, still multiplying as they complete the 
process of differentiation. In the bone marrow, 
for example, the erythroblasts and granuloblasts 
represent intermediate compartments. Many tis-
sues represent this h ierarchical model (H-type 
populations), including the hematopoietic bone 
marrow, i ntestinal epithelium, and epidermis.

sensitive cells die a mitotic death after i rradiation; 
most cells that never divide require very large 
doses to kill them. The small lymphocyte breaks 
both of these rules, i nasmuch as it does not usually 
divide, dies of interphase death, and yet is one of 
the most sensitive mammalian cells.

Group I of Casarett’s classifi cation, the most 
sensitive group, consists of vegetative intermi-
totic cells and includes the stem cells of the classic 
self-renewing systems, such as the basal layers of 
the epidermis and the intestine, the erythroblasts 
(precursors of red blood cells), intestinal crypt 
cells, and the primitive cells of the spermatogenic 
series. The stem cells divide regularly and provide 
a steady and abundant supply of progeny, some of 
which differentiate and mature into functioning 
cells. A reservoir of primitive dividing stem cells 
is maintained and, in some cases, can be triggered 
to divide more rapidly in response to a need. The 
primitive dividing stem cells are vulnerable to ra-
diation; a moderate dose causes a proportion of 
them to “die” in attempting the next or a subse-
quent mitosis. The time of crisis for the organ-
ism as a whole occurs if the supply of functioning 
cells is inadequate: a shortage of circulating red 
and white blood cells in the case of the blood, 
and a shortage of mature covering dermal cells 
in the case of the skin. The time interval between 
irradiation and the crisis is about equal to the 
life span of the mature functioning cells. As the 
functioning cells die off at the end of their natural 
life span, there are none to take their place if a 
dose of radiation previously has depopulated the 
stem cell compartment. Depending on the size of 
the dose, the organ or tissue may not survive the 
critical time at which the number of functioning 
cells reaches a minimum value.

Group II consists of cells that divide regularly 
but that also mature and differentiate between di-
visions. Cells in this category are relatively short-
lived as individuals and are produced by division 
of vegetative intermitotic cells. These cells usu-
ally complete a limited number of divisions and 
differentiate to some extent between successive 
mitoses. This group includes cells of the hema-
topoietic series in the intermediate stages of dif-
ferentiation and likewise the more differentiated 
spermatogonia and spermatocytes.

Group III, the reverting postmitotic cells, is 
relatively resistant and as individuals have rela-
tively long lives. Ordinarily, the cells in this cate-
gory do not undergo mitosis, but they are c apable 
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that initiate signal transduction pathways. TNF 
induces proliferation of fi broblasts, infl amma-
tory cells, and endothelial cells and so is associ-
ated with complications. In clinical trials, the 
administration of TNF causes fatigue, anorexia, 
weight loss, and transient leukopenia. TNF pro-
tects h ematopoietic cells and sensitizes tumor 
cells to radiation. Serum concentrations of TNF 
correlate with severity of pneumonitis, hepatic 
dysfunction, renal insuffi ciency, and demyelin-
ation. TNF may contribute to the pathophysiol-
ogy of radiation-induced central nervous system 
symptoms. The expression of TNF following 
radiation is believed to be regulated at the tran-
scriptional level and involves the protein kinase 
C– dependent pathway.

■ SPECIFIC TISSUES AND ORGANS

Table 20.2 is a compilation of tissue and organ 
sensitivities. Important examples will be discussed 
in turn.

Skin
The skin is composed of the outer layer, the epi-
dermis, which is the site of early radiation reac-
tions, and the deeper layer, the dermis, which is 
the site of late radiation reactions (Fig. 20.2).

The epidermis (30–300 �m thick) is derived 
from a basal layer of actively proliferating cells, 
which is covered by several layers of nondivid-
ing differentiating cells to the surface, at which 
the most superfi cial keratinized cells are desqua-
mated. It takes about 14 days from the time a 
newly formed cell leaves the basal layer to the 
time it is desquamated from the surface. The tar-
get cells for radiation damage are the dividing 
stem cells in the basal layer.

The dermis is a dense connective tissue 
(1–3 mm thick) within which scattered fi bro-
blasts produce most of the dermal proteins. The 
vasculature of the dermis plays a major role in 
the radiation response. The target cells are thus 
the fi broblasts and the vascular endothelial cells.

A few hours after doses greater than 5 Gy, 
there is an early erythema similar to sunburn, 
which is caused by vasodilation, edema, and loss 
of plasma constituents from capillaries. Reactions 
resulting from stem cell death take longer to de-
velop. When orthovoltage (250-kV) x-rays were 
the modality commonly used, skin was frequently 
dose limiting, because the full dose is deposited 

Other tissues, such as liver, thyroid, and der-
mis, are composed of cells that rarely divide under 
normal conditions but can be triggered to divide 
by damage to the tissue or organ. These fl exible 
tissues (F-type populations) have no compart-
ments and no strict hierarchy. After damage to the 
tissue, all cells, including those that are functional, 
enter the cell cycle. The time interval before dam-
age becomes evident is a function of dose. If the 
dose is small, the expression of damage is delayed 
because cells divide infrequently. Consequently, 
the damage may be hidden for a long time.

Many tissues are hybrids of these two e xtreme 
models, with most cells able to make a few divi-
sions and a minority of the population behaving 
as stem cells.

■ GROWTH FACTORS

Radiation induces interleukin-1 as well as in-
terleukin-6. Interleukin-1 acts as a radioprotec-
tant of hematopoietic cells by increasing both 
the shoulder and the D0 of the survival curve. 
Basic fi broblast growth factor induces endo-
thelial cell growth, inhibits radiation-induced 
a poptosis, and therefore protects against micro-
vascular damage. This growth factor is produced 
in r esponse to stress (heat, hypoxia, chemi-
cals, radiation) and tends to reduce late effects. 
M icrovascular protection is more effective in 
branching midsize capillaries (in which higher 
concentrations of basic fi broblast growth fac-
tor are seen) than in nonbranching capillaries. 
To the extent that radiation-induced late effects 
are mediated by damage to blood vessels, radia-
tion tolerance is high in organs with large blood 
vessels (c orresponding to high levels of growth 
factors) and lower near nonbranching capillaries.

Platelet-derived growth factor � i ncreases 
damage to vascular tissue. Transforming growth 
factor � (TGF-�) induces a strong infl ammatory 
response—for example, in pneumonitis. It stimu-
lates the growth of connective tissue and tends to 
inhibit epithelial cell growth. Consequently, fi bro-
sis and vascular changes associated with late radia-
tion effects are linked with this factor. TGF-� may 
down-regulate interleukin-1 and tumor necrosis 
factor (TNF) and increase damage to hematopoi-
etic tissue.

TNF is a cytotoxic agent that mediates the in-
fl ammatory response produced by monocytes and 
tumor cells by binding to cell-surface r eceptors 
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TABLE 20.2 A Compilation of Tissue and Organ Sensitivities

 Injury TD5/5, Gy TD50/5, Gy Field Size

Class I organs

 Bone marrow Aplasia, pancytopenia 2.5  4.5 Whole 
     segment

 Liver Acute and chronic hepatitis 30 40 Whole
  50 55 1/3

 Intestine Obstruction, perforation, fi stula 40 55 Whole
  50 65 1/3 or 1/2

 Stomach Perforation, ulcer, hemorrhage 50 65 Whole
  60 70 1/3

 Brain Infarction, necrosis 45 60 Whole
  60 75 1/3

 Spinal cord Infarction, necrosis 47 — 20 cm
  50 70 5 or 10 cm

 Heart Pericarditis and pancarditis 40 50 Whole
  60 70 1/3

 Lung Acute and chronic 17.5 24.5 Whole
  pneumonitis 45 65 1/3

 Kidney Acute and chronic  23 28 Whole
  nephrosclerosis 50 45 1/3 or 1/2

Class II organs

 Oral cavity Ulceration, mucositis 60 75 50 cm2

  and pharynx

 Skin Acute and chronic dermatitis,  55 65 100 cm2

  telangiectasia

 Esophagus Esophagitis, ulceration 55 50 Whole
  60 70 1/3

 Rectum Ulcer, stenosis, fi stula 60 80 No volume 
     effect

 Salivary glands Xerostomia 32 46 1/3 or 1/2

 Bladder Contracture 65 80 2/3
  80 85 1/3

 Ureters Stricture 70 100 5–10 cm 
     length

 Testes Sterilization 1 2 Whole

 Ovaries Sterilization 2–3 6–12 Whole (age
     dependent)

(Continued)
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 Injury TD5/5, Gy TD50/5, Gy Field Size

 Growing cartilage,  Growth arrest, dwarfi ng 10 30 Whole
  child bone

 Mature cartilage, Necrosis, fracture, sclerosis 60 100 Whole
  adult bone  60 100 10 cm2

 Eye

  Retina Blindness 45 65 Whole

  Cornea  50 6 Whole

  Lens Cataract 10 18 Whole

 Endocrine

  Thyroid Hypothyroidism 45 150 Whole

  Adrenal Hypoadrenalism 60 — Whole

  Pituitary Hypopituitarism 45 200 Whole

 Peripheral nerves Neuritis 60 100  —

 Ear

  Middle Serous otitis 30 40 No volume 
     effect

  Vestibular Meniere syndrome 60 70  —

Class III organs

 Muscle

  Child Atrophy 20 40 Whole

  Adult Fibrosis 60 80 Whole

 Lymph nodes Atrophy, sclerosis 50 70 Whole node
  and lymphatics

 Large arteries Sclerosis 80 100 10 cm2

  and veins

 Uterus Necrosis, perforation 100 200 Whole

 Vagina Ulcer, fi stula 90 100 Whole

 Breast

  Child No development 10 15 Whole

  Adult Atrophy, necrosis 50 100 Whole

Based on a combination of Rubin P, Casarett GW. Clinical Radiation Pathology. Vol 1. Philadelphia, PA: WB Saunders; 
1968; and Emami B, Lyman J, Broun A, et al. Tolerance of normal tissue to therapeutic irradiation. Int J Radiat Oncol Biol 
Phys. 1991;21:109–122, with permission. Table compiled by Dr. Richard Miller. The fi gures in this table are a guide only.  

TABLE 20.2 A Compilation of Tissue and Organ Sensitivities (Continued)

25858_Hall_CH20.indd   33525858_Hall_CH20.indd   335 3/11/11   4:32 AM3/11/11   4:32 AM



336 | Section II • For Students of Radiation Oncology |

if they are spread out over 6 to 8 weeks, because 
a substantial amount of stem cell proliferation 
can occur during this time. For skin, as for oral 
mucosa, the total dose tolerated depends more 
on overall time than on fraction size. Because for 
high-energy x-rays Dmax occurs at a depth below 
the surface, late damage may occur in the dermis 
in the absence of early reactions in the epider-
mis. The clinical appearance of radiation fi bro-
sis results from atrophy, leading to contraction 
of the irradiated area. Telangiectasia developing 
more than a year after irradiation refl ects late-
developing vascular injury.

Skin Appendages: A Special Case

Within a few days after irradiation, the death of 
germinal cells results in hair dysplasia (i.e., short, 
thin hair). The proportion of dysplastic hair is 
dose dependent. Epilation occurs during the 3rd 
week, and regrowth may occur after 1 to 3 months. 

in the superfi cial layers. In this case, an erythema 
develops in the 2nd to 3rd week of a fractionated 
regimen, followed by dry or moist desquamation 
resulting from depletion of the basal cell popu-
lation. At lower doses, islets of skin may regrow 
from surviving stem cells (see the model scoring 
system in mouse skin developed and described by 
Withers, described in Chapter 19); at higher doses, 
at which there are no surviving stem cells within 
the area treated, moist desquamation is complete, 
and healing must occur by migration of cells from 
outside the treated area.

With megavoltage x-ray equipment presently 
being used, the maximum dose (Dmax) occurs at 
a depth from several millimeters to several cen-
timeters below the skin surface, depending on 
the energy. Consequently, epidermal reactions 
usually are limited to dry desquamation and in-
creased pigmentation. Conventional doses of 
60 Gy or more are tolerated by the skin readily 

20 �m

1,200 �m
Late response

Stratum
corneum

Epidermis:
10 to 20 layers
of keratinizing
epithelial cells,
langerhans, and
merkel cells

100 �m
Early response

Dermis:
network of fibrous filaments,
amorphous connective tissue
gives strength and elasticity

Vascular network
and lymph system

Vascular network
does not reach
in epidermis

FIGURE 20.2  The skin from the perspective of a radiation biologist. The epidermis has a thickness of about 100 
�m, although it varies with body site (30–300 �m). It consists of 10 to 20 layers of keratinizing epithelial cells. This 
is a self-renewing tissue. The stem cell compartment forms part of the basal layer and has an unlimited c apacity 
for proliferation. Cells produced in the basal layer migrate to the surface, differentiating as they do so, but r etaining 
some proliferative potential. Cells in the surface layer are fully differentiated and keratinized and gradually are 
sloughed off and lost. The transit time for an epidermal cell to pass from the basal layer to the surface is 12 to 
48 days, depending on skin thickness. The dermis is about 1,200 �m thick (1,000–3,000 �m) and consists of a dense 
network of fi brous fi laments and connective tissue. The vascular network, capillaries, and lymph system are in the 
dermis. The vascular network does not extend into the epidermis. Two distinct waves of reactions are observed in 
the skin following irradiation. An early, or acute, reaction is observed about 10 days after a single dose and results 
from damage to the epidermis. Late reactions occur months later, mediated through damage to the dermis, prin-
cipally to the vasculature. In clinical radiation therapy, late damage is now the dose-limiting reaction, because the 
buildup associated with megavoltage beams spares the epidermis.
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among the most sensitive cells in the body. After 
larger doses, the number of all blood cells is al-
tered; lymphopenia is followed by granulopenia, 
then thrombopenia, and fi nally anemia.

Following a total body dose of 4 to 6 Gy, 
there is a temporary increase in the number 
of granulocytes because of the mobilization of 
the reserve pool, followed by a rapid fall by the 
end of the 1st week. The number then remains 
almost constant before falling again to a mini-
mum value at 18 to 20 days after irradiation. 
After 1 week of aplasia, regeneration is rapid 
and takes place more or less simultaneously in 
platelets, reticulocytes, and granulocytes. After 
higher doses, the cell minimum is reached ear-
lier and the period of aplasia lasts longer, in-
creasing the possibility of hemorrhage and/or 
infection, which could prove fatal. At lower 
doses, around 1 Gy, the depression in granulo-
cyte count is less marked and regeneration less 
rapid. The general pattern of the blood counts 
after a modest dose of radiation is illustrated in 
Figure 20.3.

The survival of stem cells determines the 
subsequent performance of the bone marrow 
after total body irradiation, because in the fi rst 
few hours there is a sudden decrease in the num-
ber of pluripotent stem cells and progenitor cells. 
If the number of stem cells falls below a critical 
level, production of functional cells essentially 
stops until partial regeneration of the stem cell 
compartment occurs and differentiation is al-
lowed to resume. Administration of hemato-
poietic growth factors can shorten the period of 
aplasia markedly and accelerate regeneration of 
all blood cells.

S ebaceous glands are as sensitive as hair, but sweat 
glands are less radiosensitive. Regenerated skin 
may be dry and hairless. An objective measure of 
skin damage may be obtained by a determination 
of electrical conductivity, which is infl uenced by 
sweat production.

Hematopoietic System
Hematopoietic tissues are located primarily in 
the bone marrow, with 60% located in the p elvis 
and vertebrae and the remainder in the ribs, 
skull, sternum, scapula, and proximal sections of 
the femur and humerus. A tiny fraction of stem 
cells are found in the circulation. In the normal 
healthy adult, the liver and spleen have no he-
matopoietic activity, but they can become active 
in some circumstances—for example, after partial 
body irradiation. The pluripotent stem cells go 
through a period of multiplication and matura-
tion, followed by differentiation without division, 
before they become mature circulating blood ele-
ments of the various types.

The stem cells are particularly radiosensitive. 
The survival curve has little or no shoulder and a 
D0 of slightly less than 1 Gy (Chapter 19). There 
is little sparing from either fractionating the dose 
or lowering the dose rate. The transit time from 
stem cell to fully functioning cell, however, dif-
fers for the various circulatory blood elements, 
and these differences account for the complex 
changes in blood count seen after irradiation.

Blood Cell Counts after Total Body Irradiation

A dose as low as 0.3 Gy leads to a reduction in 
the number of lymphocytes, because they are 
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FIGURE 20.3  The pattern of depletion and re-
covery of the principal circulating elements of the 
blood following an intermediate dose of total body 
radiation. The curves are purely illustrative: The time 
at which the nadir occurs is a combination of the 
radiosensitivity of the stem cells and the lifetime of 
the mature functional cells.
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rise to monocytes, which are transformed into 
macrophages. This cell line is less radiosensitive 
than lymphocytes, which are derived, however, 
from the same pluripotent stem cells.

The B line gives rise to B lymphocytes and 
plasmocytes, which are responsible for humeral 
immunologic responses and have life spans of 
7 weeks and 2 to 3 days, respectively. Cells of 
the T line pass through the thymus, where they 
mature to become T lymphocytes. These cells 
have a life span of about 5 months and are re-
sponsible for cellular immunity and for secret-
ing lymphokines. There are also other types of 
lymphocytes, including killer cells, responsible 
for antibody-dependent cytotoxic reactions, and 
natural killer cells, the function of which is not 
fully understood.

Total body irradiation leads to a rapid fall in 
the number of circulating B and T lymphocytes, 
with the number returning to normal in a few 
weeks, depending on the dose. The lymphoid 
tissues (e.g., nodes, spleen) are very radiosen-
sitive and are depleted of cells by quite small 
 radiation doses. Lymphocytes are very radiosen-
sitive, largely because of apoptosis. B cells are 
more radiosensitive than T cells, and overall, 
their radiosensitivity, as measured by a clono-
genic assay, is similar to that of hematopoietic 
stem cells.

The effect of irradiation on immune func-
tion is complex, depending on the volume irradi-
ated and the number of surviving cells, as well as 
their capacity to migrate and become lodged in 
the microenvironment. Total body irradiation is 
used to inhibit the immune system in preparing 
patients for an organ transplant, such as a kidney 
or bone marrow transplant. A total body dose 
of 3.5 to 4.5 Gy inhibits the immune response 
against a new antigen, although it is much less 
effective against an antigen to which the individ-
ual is already sensitized. The graft-versus-host 
reaction after bone marrow transplantation is 
relatively radioresistant. Partial body irradiation, 
characteristic of ordinary radiation therapy, has 
only a limited effect on the immune response, 
and whether it infl uences metastatic dissemina-
tion is controversial. Total lymphoid irradiation 
to a dose of 30 to 40 Gy is used for the treat-
ment of lymphomas and leads to a long-lasting 
T-cell lymphopenia. It can be used to treat auto-
immune diseases and also to prepare patients for 
organ transplants.

Partial Body Irradiation

In the irradiated volume, the effects of partial body 
irradiation are analogous to those following total 
body irradiation. In the unirradiated marrow, the 
stem cells start dividing within a few hours, and 
a compensatory hyperplasia attempts to maintain 
the total production of blood elements. There 
may also be an extension of hemopoiesis into the 
long bones, spleen, and liver, which are not nor-
mally hemopoietic in the adult human.

With fractionated radiation therapy, the pool 
of stem cells in the unirradiated volume falls pro-
gressively as differentiation is accelerated in an 
attempt to maintain the circulating blood count. 
Doses greater than about 30 Gy may cause perma-
nent aplasia in the irradiated volume; hyperplasia 
and extension of the active bone marrow in the 
 unirradiated volume may persist indefi nitely.

Irradiation always reduces the number of stem 
cells in the bone marrow, and the return to normal 
may take a long time. This explains why p atients 
remain sensitive to a new insult for months or 
even years following irradiation.

Radiation and Chemotherapy Agents

Some cytotoxic drugs act essentially on only those 
cells in cycle, and they have little effect on hema-
topoietic stem cells, because 90% of them are out 
of cycle unless the marrow is regenerating fol-
lowing a previous insult. This explains why these 
drugs show extra toxicity if administered shortly 
after radiotherapy. The marrow of patients ir-
radiated to a large volume is always more sensi-
tive to cytotoxic drugs, partly because the pool of 
stem cells is reduced and partly because a greater 
proportion of stem cells are dividing actively.

The addition of chemotherapy may also have 
different effects on acute and late reactions. Al-
though many chemotherapeutic agents are dose 
limited by their toxicity to rapidly proliferating tis-
sues, such as gut mucosa and bone marrow, others 
(bleomycin, doxorubicin, and cis-platinum) have 
specifi c toxicities to slow turnover tissues, such as 
lung, heart, or kidney. The additive toxicities may 
therefore also differ for acute and late reactions 
of tissues included in the irradiated volume. (For 
more on chemotherapy, see Chapter 27.)

Lymphoid Tissue and the Immune System
The immune system is composed of macrophages 
and lymphocytes. Macrophages are derived from 
the same progenitors as granulocytes. These give 
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3rd week: Mucositis and swelling with depletion of 
gland secretions leading to diffi culty in swal-
lowing. Mucositis plaques are confl uent.

4th week: Progression of signs. Confl uent muco-
sitis sloughs, resulting in denuded lamina pro-
pria. Mucosa becomes covered by fi brin and 
polymorphonuclear leukocytes.

5th week: Maximum radiation damage appar-
ent by this time. Extreme sensitivity to touch, 
temperature, and grainy food. Recovery of epi-
thelial layer may begin during therapy. Post-
therapy, the basal cells migrate into the area 
and proliferate. In 2 to 4 weeks, complete 
r esolution is observed. The serous acinar cells 
of the parotid and submaxillary salivary glands 
undergo interphase death, and hence salivary 
dysfunction appears after irradiation, with no 
threshold dose and little sparing by fraction-
ation. Xerostomia is the main clinical effect 
that can interfere with n utrition, deteriorate 
oral hygiene, and predispose a patient to den-
tal problems. TD5/5 (the tolerance dose for 5% 
complication in 5 years) is 32 Gy, and TD50/5 
(the tolerance dose for 50% complication in 
5 years) is 46 Gy. Impairment of taste acuity 
occurs during the 3rd week of a multifraction 
radiotherapy regime.

Esophagus

The mucosa consists of rapidly dividing cells. After 
radiation, the esophagus displays an acute mucosal 
response of esophagitis and increased thickness 
of the squamous layer. Symptoms  appear that in-
clude substernal burning with pain on swallowing 
at about 10 to 12 days after the start of therapy, 
with a return to normal within a week of the end 
of therapy. Late effects are related to the muscle 
layer; they include necrosis and a thickening of the 
epithelium. This leads to symptoms of  diffi culty 
on swallowing and possibly ulcerations after high 
doses. The tolerance dose is 57.5 Gy in 10  fractions 
(acute effects limit).

Stomach

Irradiation of the stomach often causes nau-
sea and vomiting immediately afterward. The 
precursor cells of the gastric glands give rise 
to mucin- secreting surface columnar cells with 
short life spans (about 3 or 4 days) and to acid-
secreting parietal and pepsinogen-secreting 
chief cells that have long life spans (hundreds 
of days). The precursor cells are radiosensitive, 

Digestive Tract
Oral Mucosa

The cellular organization of the mucosa is similar 
to that of the skin in that cells multiply in the basal 
layer and then migrate toward the surface as they 
differentiate. The life span of the differentiated 
cells, however, is much shorter than in the epider-
mis, so there is a more rapid reaction to radiation. 
The intensity of early mucous membrane reactions 
is a major factor limiting daily and weekly dose ac-
cumulation in the t reatment of cancer of the head 
and neck (Table 20.2). For example, a schedule of 
70 Gy delivered in 2-Gy fractions over 7 weeks 
leads to spotted-confl uent mucositis in most pa-
tients, which approaches maximum tolerance if 
the schedule is accelerated to 5.5 weeks by, for ex-
ample, the use of a concomitant boost technique.

The oral cavity contains various tissue types 
as well as the mucous membrane. The tongue 
consists of muscle bundles as well as mucosa with 
taste buds. The muscles undergo mild progres-
sive fi brosis and fi ber atrophy after irradiation. 
The tonsils are lymphatic tissues and function as 
sites of antigen process and recognition. Follow-
ing radiation exposure to a maximum tolerance 
dose, desquamation of the oral cavity occurs 
by about day 12, with recovery in 2 to 3 weeks. 
Desquamation occurs fi rst in the soft palate, fol-
lowed by the hypopharynx, vallecula, fl oor of the 
mouth, cheeks, epiglottis, base of tongue, vocal 
chords, and dorsum of tongue.

The sequence of events that occurs during 
radiation therapy for head and neck cancer is so 
important for the comfort and welfare of the pa-
tient that it is worth spelling out in detail. The 
order of events refl ects the different kinetics of 
the cell populations involved:

1st week: Asymptomatic to slight focal hyperemia 
and edema caused by dilatation of capillaries in 
sensitive patients. Sensitivity may be associated 
with alcohol or tobacco use, chemotherapy, in-
fection (oral candidiasis, herpes simplex virus), 
or immunosuppression (HIV).

2nd week: Increasing pain and loss of desire to eat. 
Sense of taste is altered; bitter and acid fl avors 
are most changed, with less change with salty 
and sweet tastes. Erythema and edema increase, 
and early desquamative mucositis occurs. Basal 
cell division has been affected; this layer is being 
denuded, and vasculoconnective tissue damage 
becomes apparent. Mucositis is patchy.
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Lungs
The lung is an intermediate- to late-responding 
tissue. Two waves of damage can be identifi ed: 
acute pneumonitis at 2 to 6 months after treat-
ment, and fi brosis, which may develop slowly 
over a period of several months to years. The only 
symptom of early acute pneumonopathy may be 
an opacity on a chest x-ray, though it may be ac-
companied by functional signs, including cough, 
dyspnea, and respiratory diffi culties. Progressive 
pulmonary fi brosis develops in most patients, 
including those who previously were asymptom-
atic, beginning about a year after i rradiation.

Diffi culties in respiratory function increase in 
severity with time and are generally irreversible. 
Their severity depends on three factors: volume 
irradiated, dose, and fraction size. The lung is par-
ticularly sensitive to fractionation, with an �/� es-
timated to be about 3 Gy. The most likely target 
cells are the pulmonary endothelial cells and the 
type II pneumocytes (cells of the alveolar wall). 
Type II cells are associated with the production of 
surfactant during the fi rst few days after irradiation.

The lung is among the most sensitive of late-
responding organs. The FSU in the lung is the 
pulmonary lobule, consisting of the terminal bron-
chioli and respiratory parenchyma that it serves. 
The FSUs are arranged in parallel, with a large 
number of bronchi and alveoli working together; 
consequently, volume as well as dose are impor-
tant. Because of this organization of the FSUs, the 
lung is only dose limiting if large volumes are ir-
radiated and if the remaining lung is not capable 
of providing adequate function.

Pulmonary damage also may occur following 
the use of chemotherapy agents, notably bleomy-
cin, cyclophosphamide, and mustine. Combining 
radiation with these drugs reduces lung tolerance.

Kidneys
Together with the lung, the kidney is among the 
more radiosensitive late-responding critical or-
gans (Table 20.2). Irradiation of both kidneys to 
a modest dose of about 30 Gy in 2-Gy fractions 
results in nephropathy with arterial hypertension 
and anemia. Radiation damage develops slowly 
and may not become evident for years. Parts of 
one or even both kidneys can receive much higher 
doses. In contrast to most organs or tissues, in-
creasing treatment time does not allow higher 
doses to be tolerated. FSUs are arranged in paral-
lel, with each containing only about 1,000 stem 

and their death leads to early depletion of the 
surface columnar cell epithelium. Delayed gas-
tric emptying and epithelial denudement are 
the two main early radiation effects. Peptic ul-
ceration is seen in patients receiving more than 
40 Gy to the upper abdomen.

Dyspepsia may be evident in 6 months to 
4 years and gastritis in 1 to 12 months. Acute 
u lceration may occur shortly after the comple-
tion of treatment but rarely leads to perforation. 
At about 5 months, late ulceration and submuco-
sal fi brosis leading to antral fi brosis may occur. 
Tolerance doses range from 40 to 50 Gy.

Small and Large Intestines

As with the skin and oral mucosa, both early and 
late complications are observed in the gastroin-
testinal tract. Acute mucositis frequently occurs, 
with symptoms such as diarrhea or gastritis, de-
pending on the treatment fi eld. If the dose is 
limited to 50 to 54 Gy in 2-Gy fractions, acute 
reactions are seldom dose limiting, and if they 
do occur, interruption of treatment for a few 
days usually alleviates the problem. Much more 
 serious are the long-term late sequelae, which 
may develop either from persistent severe early 
reactions (consequential late effects) or indepen-
dently of acute damage in the submucosal, mus-
cular, or serosal layers.

In the small intestine, stem cells are located 
toward the bottom of the crypts of Lieberkühn. 
Atrophy of the villus occurs about 2 to 4 days 
postirradiation. Epithelial denudation is respon-
sible for the acute gut reactions. A regenerative 
response appears rapidly, and within 2 to 4 days, 
microcolonies and macrocolonies are detectable. 
The surviving crypts have at least the same ra-
diosensitivity to reirradiation as the unirradiated 
crypts, and very little dose is “remembered.”

Late bowel reactions involve all tissue layers 
and are caused by atrophy of the mucosa caused 
by vascular injury, with subsequent breakdown 
resulting from mechanical irritation and bacterial 
infection, which leads to an acute infl ammatory re-
sponse. In addition, overgrowth of the fi bromus-
cular tissue with stenosis and serosal breakdown 
and adhesion formation may occur, which may be 
predisposed to by previous surgery and is related to 
infl ammatory mediators. Fibrosis and ischemia are 
typical late effects. Tolerance dose is about 50 Gy 
for the small intestine and slightly higher for the 
large intestine. Rectal tolerance is about 70 Gy.
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Neurons are nonproliferating end cells in adults; 
glial cells have a slow rate of turnover, with a small 
precursor (stem cell) compartment of only about 
1%. Endothelial cells also have a slow turnover 
but can proliferate rapidly after injury. The most 
important injuries to the brain by radiation are 
all late syndromes, developing months to years 
after exposure. Some reactions occur within the 
fi rst 6 months, including transient demyelination 
(somnolence syndrome) or the much more serious 
leukoencephalopathy. Typical r adiation necrosis 
may become e vident as early as 6 months, but may 
be delayed as long as 2 to 3 years. H istopathologic 
changes that occur within the fi rst year are most 
likely to involve white matter, whereas for times 
beyond 6 to 12 months, the gray matter usually 
shows changes accompanied by vascular lesions 
such as telangiectasia and focal hemorrhages. A 
mixture of histologic characteristics is likely to 
be associated with radionecrosis, which manifests 
from 1 to 2 years postirradiation, accompanied by 
cognitive defects.

Spinal Cord

Radiation-induced changes in the spinal cord are 
similar to those seen in the brain as far as latency, 
tolerance dose, and histology are concerned. 
Lhermitte’s sign is a demyelinating injury that 
develops early, by several months after treat-
ment, persists for a few months to a year, but is 
usually reversible. It may occur at doses as low 
as 35 Gy, well below the tolerance dose for per-
manent radiation myelopathy, and its appearance 
does not predict later more serious problems.

Late damage includes two principal syndromes. 
The fi rst, occurring from about 6 to 18 months, 
involves demyelination and necrosis of the white 
matter; the second is mostly a vasculopathy and has 
a latency of 1 to 4 years.

For the spinal cord, the TD5/5 is about 50 Gy 
for a 10-cm length irradiated and 55 Gy for a 
5-cm length. By 70 Gy, the incidence of myelop-
athy would be about 50%.

The tolerance dose to the spine shows little 
dependence on overall treatment time, at least for 
protocols of conventional length up to 10 weeks. 
By contrast, tolerance depends critically on dose 
per fraction. Lower doses per fraction reduce 
the risk of late effects, but if two doses per day 
are used, the time between fractions must be at 
least 6 hours (and preferably more), because the 
repair of sublethal damage is slow in this tissue. 

cells. Damage to tubules, therefore, may result 
from sterilization of all the cells in a tubule.

Liver
In terms of radiosensitivity, the liver ranks im-
mediately below the kidney and lung. It shares 
with these organs the fact that its FSUs are ar-
ranged in parallel, so that much larger doses are 
tolerated if only part of the organ is exposed.

Liver tolerance is dose limiting only if the 
whole organ is irradiated, as in, for example, total 
body irradiation prior to bone marrow transplan-
tation. The life span of a hepatocyte is about 1 year, 
so that, under normal conditions, the cell renewal 
rate in the liver is very slow. Even large doses ap-
parently are tolerated for a few months, but then 
hepatic function deteriorates progressively. Fatal 
hepatitis may result from a fractionated protocol 
of only 35 Gy if the whole organ is irradiated.

Bladder Epithelium
The bladder epithelium consists of a basal layer 
formed of small diploid cells, covered by several 
layers of larger transitional cells and at the sur-
face by a layer of very large polyploid cells with 
a thick membrane designed to resist the irrita-
tion caused by urine. Cell renewal rate is low, 
the superfi cial cells having a life span of several 
months. Because of this long life span, acceler-
ated proliferation following irradiation does not 
begin for months. Senescence of the differenti-
ated functional cells then reveals latent damage 
in the basal layer. Frequency of urination in-
creases in parallel with bladder damage and loss 
of surface cells. The absence of these surface 
cells explains the irritation by urine of the deeper 
cellular layers, leading to stimulation of cellular 
proliferation. Subsequent late effects are related 
to fi brosis and reduction in bladder capacity.

Central and Peripheral Nervous Systems
The nervous system is less sensitive to radiation 
than other late-responding organs and tissues such 
as the kidney or lung. Although tolerance doses 
are frequently quoted at the 5% complication level 
(i.e., TD5), wide margins of safety in dose usu-
ally are included, because damage to these tissues 
r esults in severe consequences, including paralysis.

Brain

Three main categories of cells are involved: neu-
rons, vascular endothelial cells, and glial cells. 
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of neoadjuvant hormone therapy during the treat-
ment of prostatic cancer.

In humans, a dose as low as 0.1 Gy leads to a 
temporary reduction in the number of sperma-
tozoa, and 0.15 Gy leads to temporary sterility. 
Azoospermia lasting for several years occurs after 
2 Gy, and permanent azoospermia occurs after 
about 6 to 8 Gy in 2-Gy fractions. On the other 
hand, even much larger doses have little effect 
on the Leydig cells in the adult, so that although 
i rradiation of the testes may lead to sterility, it 
has little or no effect on the libido.

The stem cells appear to be more radiosen-
sitive than the differentiating spermatogonia, 
which explains why the duration of azoospermia 
increases as the dose is increased. Fractionated 
or continuous low-dose-rate irradiation is more 
effective than a single acute exposure, because 
a large proportion of the stem cells are in a ra-
dioresistant phase of the cell cycle. If irradiation 
is protracted, it affects stem cells as they move 
through the cell cycle into more radiosensitive 
phases. This accounts for the long-lasting azo-
ospermia seen after relatively low daily doses of 
scattered radiation reaching the testes during ir-
radiation of the pelvis and also the occurrence of 
testicular dysfunction seen after years of occupa-
tional exposure to ionizing radiation.

Several cytotoxic drugs have substantial effects 
on spermatogenesis. For example, the alkylat-
ing agents included in MOPP (mechlorethamine 
[Mustargen], vincristine [Oncovin], procarbazine, 
and prednisone), the combination of chemother-
apy agents used at one time for the treatment of 
Hodgkin lymphoma, led to sterility in almost all 
patients. Of course, the drug treatment was pro-
longed and simulated low-dose-rate irradiation, 
killing stem cells as they came into cycle.

Ovaries
The effects of radiation on the ovaries are quite 
different from those on the testes, because after 
the fetal stage, the oocytes no longer divide. 
They are all present at birth, and their number 
diminishes steadily with age, reaching zero by 
the time of menopause. Oocytes are extremely 
radiosensitive to cell killing; like lymphocytes, 
they die an interphase death, with a D0 of only 
0.12 Gy. There is little effect of fractionation. 
Mature follicles and those in the process of mat-
uration are damaged equally by radiation, so that 
sterilization is immediate (i.e., there is no latent 

There is evidence of two components of repair, 
one with a halftime less than 1 hour and one with 
a halftime close to 4 hours. The spinal cord is the 
clearest example of a tissue in which FSUs are 
arranged in series. The probability of a myelopa-
thy depends critically on the length irradiated 
for very small lengths, but once the length of the 
fi eld exceeds a few centimeters, the treatment 
volume has little effect.

Caution must be exercised in combining radi-
ation with chemotherapy agents, because neuro-
toxic agents such as methotrexate, cis-platinum, 
vinblastine, and AraC reduce the tolerance to ra-
diation delivered simultaneously or sequentially.

As far as retreatment is concerned, animal data 
suggest that by about 2 years, most of the damage 
from a prior exposure has been repaired; the ex-
tent of the repair depends very much on the level 
of the initial injury.

Peripheral Nerves

Radiation injury of peripheral nerves is probably 
more common than effects on the spinal cord. It 
is often said that peripheral nerves are more radio-
resistant than the cord or brain, but there are few 
quantitative data to support this. A dose of 60 Gy 
in a conventional regimen of 2-Gy fractions may 
lead to a 5% probability of injury, with the proba-
bility rising steeply thereafter with increasing dose.

Testes
The seminiferous tubules are composed of two 
types of cells: sertoli cells, which secrete a hor-
mone that controls the secretion of follicle-
stimulating hormone by the hypophysis; and the 
germinal cells, the hierarchy of which is strictly 
defi ned. The stem cells, the type A spermatogo-
nia, have a long cell cycle and divide infrequently. 
The process of differentiation proceeds through 
several types of spermatogonia to the spermato-
cytes, which are the cells in which meiosis occurs. 
Each spermatocyte gives rise to four spermatids, 
which fi nally result in spermatozoa. In humans, 
the transit time from stem cell to spermatozoa 
is about 74 days. There is considerable cell loss 
along the way, so that the amplifi cation factor 
is much less than might be calculated from the 
number of divisions that occur.

Leydig cells, which secrete testosterone, also 
are found in the testis, and their function is regu-
lated by pituitary gonadotropins, prolactin, and 
luteinizing hormone. This is important in the use 
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above about 40 Gy. In general, veins are less sen-
sitive to radiation than arteries.

Heart
In its tolerance to radiation, the heart is interme-
diate between the kidney or lung and the central 
nervous system. The most common radiation-
induced heart injury is acute pericarditis, which 
seldom occurs during the fi rst year posttherapy. It 
varies in severity from transient pericarditis, which 
runs a benign course, to dense sclerosis with c ardiac 
constriction. Anterior chest pain with shortness of 
breath and low-grade fever may be observed. The 
threshold dose may be as low as 20 Gy if more 
than 50% of the heart is irradiated, but higher for 
partial exposure. A dose of 45 to 50 Gy in conven-
tional fractions produces an 11% incidence. The 
�/� ratio for the heart is low (about 1 Gy), so that 
fractionation results in a substantial sparing effect.

Radiation-induced cardiomyopathy results 
from dense and diffuse fi brosis; it is a slowly evolv-
ing lesion that develops over a period of many 
years and leads to impaired f unction. R educed car-
diac function is seen in some p atients with Hodg-
kin disease who receive a dose of about 30 Gy to 
most of the heart. P rotection of part of the heart 
greatly reduces the incidence of symptoms.

The chemotherapy agent Adriamycin (doxo-
rubicin) increases the severity of radiation-induced 
complications. In addition, Adriamycin may reveal 
latent radiation damage many years after radiation 
therapy.

Bone and Cartilage
In children, growing cartilage is particularly radio-
sensitive. Doses as low as 10 Gy can slow growth 
because of the death of chondroblasts. Above 
about 20 Gy, the defi cit in growth is irreversible. 
The effects of radiation on bone growth are more 
serious for higher doses and for younger ages. Se-
quelae are particularly serious in children younger 
than 2 years of age, and radiation can affect stature 
adversely up to the time of puberty.

In the adult, osteonecrosis of the lower max-
illa may be a serious complication following radi-
ation therapy for cancer of the buccal cavity. The 
TD5/5 is 50 to 60 Gy; the TD50/5 is about 70 Gy 
for large irradiated volumes. Fractures of the hu-
meral and femoral head are observed if the dose, 
in conventional fractions, is high. The TD5/5 is 
52 Gy and the TD50/5 is 65 Gy.  Fractures of the 
ribs and clavicle are sometimes seen in patients 

period, as in the male). Because hormonal secre-
tion is associated with follicular maturation, ster-
ilization by radiation leads to a loss of libido and 
all of the changes associated with menopause.

Female Genitalia
The skin of the vulva reacts like skin elsewhere, 
but because of moisture and friction, a tolerance 
dose of 50 to 70 Gy in conventional fractions is 
considered on the high side.

Acute effects of irradiation of the vagina in-
clude erythema, moist desquamation, and c onfl uent 
m ucositis, leading to the loss of vaginal epithelium 
that may persist for 3 to 6 months. Gross abnor-
malities in the vagina may include pale color, a thin 
atrophic mucosa, infl ammation, and tissue necro-
sis with ulceration leading to a fi stula. Tolerance 
doses, however, are high: 90 Gy before ulceration 
and 100 Gy for the development of a fi stula. From 
intracavitary treatments, doses to the cervix and 
uterus may reach as high as 200 Gy. Effects seen 
include atrophy of the endometrial glands and 
stroma as well as ulceration.

Blood Vessels and the Vascular System
The effects of radiation on blood vessels is par-
ticularly important, because late damage to many 
different tissues and organs is mediated to some 
extent by effects on the vasculature. Blood vessels 
have a complex structure. A monolayer of endo-
thelial cells lines the interior surface, resting on 
connective tissue, the thickness of which depends 
on the type of vessel. Under normal circumstances, 
the rate or proliferation of endothelial cells is low, 
so that following exposure to radiation, cell loss 
occurs over a period as cells enter mitosis. Regions 
of constriction appear because of the abnormal 
proliferation of surviving cells. Denudation of the 
surface of blood vessels leads to the formation of 
thromboses and capillary necroses. In the smooth 
muscle cells that make up the wall of blood vessels, 
the proportion of cells cycling is very low, so that 
it takes several years for the number of cells to di-
minish signifi cantly following irradiation. The loss 
of muscular fi bers plays an important role in the 
development of late damage that may become evi-
dent several years later. Muscle cells are replaced 
by collagen fi bers, vessel walls lose their elasticity, 
and blood fl ow is diminished.

Arterial damage may occur after doses of 50 
to 70 Gy delivered in conventional fractionation 
patterns, but capillaries are damaged by doses 
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The SOMA Scoring System
The SOMA scales have been designed to allow 
the acquisition of data by several different meth-
ods, which it is hoped are not inevitably depen-
dent one upon the other:

■ Subjective—in which the injury, if any, will 
be recorded from the subject’s point of view, 
that is, as perceived by the patient. This in-
formation can be elicited during interviews or 
derived by asking the patient to complete a 
carefully designed questionnaire or diary.

■ Objective—in which the morbidity is assessed 
as objectively as possible by the clinician dur-
ing a clinical examination. In this case, the 
clinician may be able to detect signs of tissue 
dysfunction that are still below the threshold 
that will give the patient symptoms but are an 
indication of how close to tissue tolerance the 
treatment is or that may be early indicators 
of more serious problems that are developing 
and will be expressed later.

■ Management—which indicates the active steps 
that may be taken in an attempt to ameliorate 
the symptoms.

■ Analytic—involving tools by which tissue func-
tion can be assessed even more objectively or 
with more biologic insight than by simple clin-
ical examination. It is recognized that the tools 
available for such analysis may differ widely 
from one center to another and may evolve as 
the clinical trials progress. The invasiveness 
and cost of any tool used to quantify the late 
effects must be reasonable and proportional to 
the severity of the symptoms and the possible 
therapeutic consequences. The scales list the 
techniques that could yield valuable data, but 
it is not envisaged that all such tests would be 
feasible or even desirable in all studies.

The grading categories in the LENT and 
SOMA scoring system are shown in Table 20.6. 
There is no grade 0, because that would indicate 
no effect, and no grade 5, because that would in-
dicate totality, or loss of an organ or function.

■  APPLICATION OF STEM CELLS TO 
REGENERATE RADIATION-S ENSITIVE 
ORGANS—SALIVARY GLAND 
 REGENERATION

No matter how much effort is put into sparing 
normal tissue toxicity, invariably certain tissues 

receiving radiotherapy for breast cancer but are 
generally not serious complications.

■  QUANTITATIVE ANALYSIS 
OF NORMAL TISSUE EFFECTS 
IN THE CLINIC

Over the past several decades, with the d evelopment 
of more sophisticated three-dimensional treatment 
planning systems, numerous s tudies in the litera-
ture have reported associations b etween d osimetric 
parameters and normal tissue o utcomes. The 
Quantitative Analysis of Normal Tissue Effects in 
the Clinic (QUANTEC) article, which appeared 
in the International Journal of Radiation Oncology, 
Biology, and Physics in 2010 summarized the avail-
able data in a clinically useful format. Table 20.3 is 
the summary table from that publication. The au-
thors concede that the data are far from ideal and 
that there are many limitations. First and foremost 
is the fact that the information is extracted largely 
from publications. Beyond that, there is the prob-
lem of evolving fractionation schemes, combined 
modality therapy, host factors, and so on. For all of 
these reasons, care must be taken when applying 
the QUANTEC data in the clinic. It is intended to 
be an update of the data published by Emami and 
colleagues in 1991, which is widely used despite 
the fact that it has often been criticized.

■ LENT AND SOMA

The two large organizations that initiate and 
coordinate multicenter clinical trials in Europe 
and North America, namely, the European Or-
ganization for Research and Treatment of Cancer 
(EORTC) and the Radiation Therapy  Oncology 
Group (RTOG), formed working groups to 
update their system for assessing late injury to 
 normal tissues. This led to the Late  Effects of 
Normal Tissue (LENT) conference in 1992. 
This conference led to the introduction of the 
SOMA classifi cation for late toxicity. SOMA is 
an acronym for subjective, objective, m anagement 
criteria with analytic laboratory and imaging pro-
cedures. These scales, specifi c for each organ, 
form a scaffold for understanding the expression 
of later injury because they are the substance 
of LENT expression. The SOMA scales have 
been formulated for all anatomic sites listed in 
Table 20.4. An example for the central nervous 
system is given in Table 20.5.

25858_Hall_CH20.indd   34425858_Hall_CH20.indd   344 3/11/11   4:32 AM3/11/11   4:32 AM



 | Chapter 20 • Clinical Response of Normal Tissues | 345

 
 

Ir
ra

di
at

io
n 

T
yp

e
 

V
ol

um
e 

(P
ar

tia
l O

rg
an

 U
nl

es
s 

 
D

os
e 

(G
y)

, o
r 

D
os

e/
 

R
at

e 
 

N
ot

es
 o

n 
D

os
e/

O
rg

an
 

Se
gm

en
te

d 
O

th
er

w
is

e 
St

at
ed

)b 
E

nd
 P

oi
nt

 
V

ol
um

e 
P

ar
am

et
er

sb 
(%

) 
V

ol
um

e 
P

ar
am

et
er

s

B
ra

in
 

W
ho

le
 o

rg
an

 
3D

-C
R

T
 

Sy
m

pt
om

at
ic

 n
ec

ro
si

s 
D

m
ax

 
�

60
 

�
3 

D
at

a 
at

 7
2 

an
d 

90
 G

y
 

W
ho

le
 o

rg
an

 
3D

-C
R

T
 

Sy
m

pt
om

at
ic

 n
ec

ro
si

s 
D

m
ax

 
72

 
 5

 
 

ex
tr

ap
ol

at
ed

 fr
om

 
W

ho
le

 o
rg

an
 

3D
-C

R
T

 
Sy

m
pt

om
at

ic
 n

ec
ro

si
s 

D
m

ax
 

90
 

10
 

 
B

E
D

 m
od

el
s

 
W

ho
le

 o
rg

an
 

SR
S 

(s
in

gl
e 

fr
ac

tio
n)

 
Sy

m
pt

om
at

ic
 n

ec
ro

si
s 

V
12

 
�

5–
10

 c
c 

�
20

 
R

ap
id

 r
is

e 
w

he
n 

V
12

 �
 

 
 

 
 

 
 

 
5–

10
 c

c

B
ra

in
 

W
ho

le
 o

rg
an

 
W

ho
le

 o
rg

an
 

P
er

m
an

en
t c

ra
ni

al
  

D
m

ax
 

�
54

 
�

5
 

st
em

 
 

 
 

ne
ur

op
at

hy
 o

r 
ne

cr
os

is
 

W
ho

le
 o

rg
an

 
3D

-C
R

T
 

P
er

m
an

en
t c

ra
ni

al
  

D
1-

10
cc

e  
�

59
 

�
5

 
 

 
 

ne
ur

op
at

hy
 o

r 
ne

cr
os

is

 
W

ho
le

 o
rg

an
 

3D
-C

R
T

 
P

er
m

an
en

t c
ra

ni
al

  
D

m
ax

 
�

64
 

�
5 

P
oi

nt
 d

os
e 

�
�

1 
cc

 
 

 
 

ne
ur

op
at

hy
 o

r 
ne

cr
os

is

 
W

ho
le

 o
rg

an
 

SR
S 

(s
in

gl
e 

fr
ac

tio
n)

 
P

er
m

an
en

t c
ra

ni
al

  
D

m
ax

 
�

12
.5

 
�

5 
Fo

r 
pa

tie
nt

s 
w

ith
 a

co
us

tic
 

 
 

 
ne

ur
op

at
hy

 o
r 

ne
cr

os
is

 
 

 
 

 
tu

m
or

s

O
pt

ic
  

W
ho

le
 o

rg
an

 
3D

-C
R

T
 

O
pt

ic
 n

eu
ro

pa
th

y 
D

m
ax

 
�

55
 

�
3 

G
iv

en
 th

e 
sm

al
l s

iz
e,

 
ne

rv
e/

 
W

ho
le

 o
rg

an
 

3D
-C

R
T

 
O

pt
ic

 n
eu

ro
pa

th
y 

D
m

ax
 

�
 5

5–
60

 
3–

7 
 

3D
-C

R
T

 is
 o

ft
en

 w
ho

le
 

ch
ia

sm
 

W
ho

le
 o

rg
an

 
3D

-C
R

T
 

O
pt

ic
 n

eu
ro

pa
th

y 
D

m
ax

 
�

60
 

�
7–

20
 

 
or

ga
ni

 
W

ho
le

 o
rg

an
 

SR
S 

(s
in

gl
e 

fr
ac

tio
n)

 
O

pt
ic

 n
eu

ro
pa

th
y 

D
m

ax
 

�
12

 
�

10

Sp
in

al
 

P
ar

tia
l o

rg
an

 
3D

-C
R

T
 

M
ye

lo
pa

th
y 

D
m

ax
 

50
 

 0
.2

 
In

cl
ud

in
g 

fu
ll 

co
rd

 c
ro

ss
 

 
co

rd
 

P
ar

tia
l o

rg
an

 
3D

-C
R

T
 

M
ye

lo
pa

th
y 

D
m

ax
 

60
 

 6
 

 
se

ct
io

n
 

P
ar

tia
l o

rg
an

 
3D

-C
R

T
 

M
ye

lo
pa

th
y 

D
m

ax
 

69
 

50
 

 
P

ar
tia

l o
rg

an
 

SR
S 

(s
in

gl
e 

fr
ac

tio
n)

 
M

ye
lo

pa
th

y 
D

m
ax

 
13

 
 1

 
P

ar
tia

l c
or

d 
cr

os
s 

se
ct

io
n

 
 

 
 

 
 

 
 

ir
ra

di
at

ed

 
Pa

rt
ia

l o
rg

an
 

SR
S 

(h
yp

of
ra

ct
io

n)
 

M
ye

lo
pa

th
y 

D
m

ax
 

20
 

1 
3 

fr
ac

tio
ns

, p
ar

tia
l c

or
d 

 
 

 
 

 
 

 
 

cr
os

s s
ec

tio
n 

ir
ra

di
at

ed

TA
B

L
E

 2
0.

3
Q

U
A

N
TE

C
 S

u
m

m
ar

y 
Ta

b
le

: A
p

p
ro

xi
m

at
e 

D
o

se
/V

o
lu

m
e/

O
u

tc
o

m
e 

D
at

a 
fo

r 
Se

ve
ra

l O
rg

an
s 

Fo
llo

w
in

g
 C

o
n

ve
n

ti
o

n
al

 
F r

ac
ti

o
n

at
io

n
 (U

n
le

ss
 O

th
er

w
is

e 
N

o
te

d
)a

(C
on

tin
ue

d)

25858_Hall_CH20.indd   34525858_Hall_CH20.indd   345 3/11/11   4:32 AM3/11/11   4:32 AM



346 | Section II • For Students of Radiation Oncology |

TA
B

L
E

 2
0.

3
Q

U
A

N
TE

C
 S

u
m

m
ar

y 
Ta

b
le

: A
p

p
ro

xi
m

at
e 

D
o

se
/V

o
lu

m
e/

O
u

tc
o

m
e 

D
at

a 
fo

r 
Se

ve
ra

l O
rg

an
s 

Fo
llo

w
in

g
 C

o
n

ve
n

ti
o

n
al

 
F r

ac
ti

o
n

at
io

n
 (U

n
le

ss
 O

th
er

w
is

e 
N

o
te

d
)a

 (C
o

n
ti

n
u

ed
)

 
 

Ir
ra

di
at

io
n 

T
yp

e
 

V
ol

um
e 

(P
ar

tia
l O

rg
an

 U
nl

es
s 

 
D

os
e 

(G
y)

, o
r 

D
os

e/
 

R
at

e 
 

N
ot

es
 o

n 
D

os
e/

O
rg

an
 

Se
gm

en
te

d 
O

th
er

w
is

e 
St

at
ed

)b 
E

nd
 P

oi
nt

 
V

ol
um

e 
P

ar
am

et
er

sb 
(%

) 
V

ol
um

e 
P

ar
am

et
er

s

C
oc

hl
ea

 
W

ho
le

 o
rg

an
 

3D
-C

R
T

 
Se

ns
or

y 
ne

ur
al

 
M

ea
n 

do
se

 
�

45
 

�
30

%
 

M
ea

n 
do

se
 to

 c
oc

hl
ea

r, 
 

 
 

 
he

ar
in

g 
lo

ss
 

 
 

 
 

he
ar

in
g 

at
 4

 k
H

z

 
W

ho
le

 o
rg

an
 

SR
S 

(s
in

gl
e 

fr
ac

tio
n)

 
Se

ns
or

y 
ne

ur
al

 
P

re
sc

ri
pt

io
n 

�
14

 
�

25
%

 
Se

rv
ic

ea
bl

e 
he

ar
in

g
 

 
 

 
he

ar
in

g 
lo

ss
 

 
do

se

Pa
ro

tid
 

B
ila

te
ra

l w
ho

le
 

3D
-C

R
T

 
L

on
g-

te
rm

 p
ar

ot
id

 sa
liv

ar
y 

M
ea

n 
do

se
 

�
25

 
�

20
%

 
Fo

r c
om

bi
ne

d 
pa

ro
tid

 g
la

nd
sf

 
 

pa
ro

tid
 

 
 

fu
nc

tio
n 

re
du

ce
d 

to
 

 
 

gl
an

ds
 

 
 

�
25

%
 o

f p
re

-R
T

 le
ve

l

 
U

ni
la

te
ra

l 
3D

-C
R

T
 

L
on

g-
te

rm
 p

ar
ot

id
 sa

liv
ar

y 
M

ea
n 

do
se

 
�

20
 

�
20

%
 

Fo
r 

si
ng

le
 p

ar
ot

id
 g

la
nd

 
 

w
ho

le
 

 
 

fu
nc

tio
n 

re
du

ce
d 

to
 

 
 

 
A

t l
ea

st
 o

ne
 p

ar
ot

id
 g

la
nd

 
 

pa
ro

tid
 

 
 

�
25

%
 o

f p
re

-R
T

 le
ve

l 
 

 
 

 
sp

ar
ed

 to
 le

ss
 th

an
 2

0 
G

yf

 
 

gl
an

d

 
B

ila
te

ra
l w

ho
le

  
3D

-C
R

T
 

L
on

g-
te

rm
 p

ar
ot

id
 sa

liv
ar

y 
M

ea
n 

do
se

 
�

39
 

�
50

%
 

Fo
r c

om
bi

ne
d 

pa
ro

tid
 g

la
nd

s
 

 
pa

ro
tid

 
 

 
fu

nc
tio

n 
re

du
ce

d 
to

  
 

 
 

 
(p

er
 fi 

gu
re

 3
 in

 p
ap

er
)f

 
 

gl
an

ds
 

 
 

�
25

%
 o

f p
re

-R
T

 le
ve

l

P
ha

ry
nx

 
P

ha
ry

ng
ea

l  
W

ho
le

 o
rg

an
 

Sy
m

pt
om

at
ic

 d
ys

ph
ag

ia
 

M
ea

n 
do

se
 

�
50

 
�

20
 

B
as

ed
 o

n 
Se

ct
io

n 
B

4 
of

 p
ap

er
 

 
co

ns
tr

ic
to

rs
 

 
 

an
d 

as
pi

ra
tio

n

L
ar

yn
x 

W
ho

le
 o

rg
an

 
3D

-C
R

T
 

Vo
ca

l d
ys

fu
nc

tio
n 

D
m

ax
 

�
66

 
�

20
 

W
ith

 c
he

m
ot

he
ra

py
, b

as
ed

 
 

 
 

 
 

 
 

on
 si

ng
le

 st
ud

y 
(s

ee
 

 
 

 
 

 
 

 
Se

ct
io

n 
A

4.
2 

in
 p

ap
er

)

 
W

ho
le

 o
rg

an
 

3D
-C

R
T

 
A

sp
ir

at
io

n 
M

ea
n 

do
se

 
�

50
 

�
30

 
W

ith
 c

he
m

ot
he

ra
py

, 
 

 
 

 
 

 
 

 
ba

se
d 

on
 s

in
gl

e 
st

ud
y 

 
 

 
 

 
 

 
 

(s
ee

 F
ig

. 1
 o

f p
ap

er
)

 
W

ho
le

 o
rg

an
 

3D
-C

R
T

 
E

de
m

a 
M

ea
n 

do
se

 
�

44
 

�
20

 
W

ith
ou

t c
he

m
ot

he
ra

py
,

 
W

ho
le

 o
rg

an
 

3D
-C

R
T

 
E

de
m

a 
V

50
 

�
27

%
 

�
20

 
 

ba
se

d 
on

 s
in

gl
e 

st
ud

y 
 

 
 

 
 

 
 

 
 in

 p
at

ie
nt

s 
w

ith
ou

t l
ar

yn
x 

ca
nc

er
g

25858_Hall_CH20.indd   34625858_Hall_CH20.indd   346 3/11/11   4:32 AM3/11/11   4:32 AM



 | Chapter 20 • Clinical Response of Normal Tissues | 347

L
un

g 
W

ho
le

 o
rg

an
 

3D
-C

R
T

 
Sy

m
pt

om
at

ic
 p

ne
um

on
iti

s 
V

20
 

�
30

%
 

�
20

 
 Fo

r 
co

m
bi

ne
d 

lu
ng

. G
ra

du
al

 
do

se
 r

es
po

ns
e

 
W

ho
le

 o
rg

an
 

3D
-C

R
T

 
Sy

m
pt

om
at

ic
 p

ne
um

on
iti

s 
M

ea
n 

do
se

 
 7

 
 5

 
E

xc
lu

de
s 

pu
rp

os
ef

ul
 w

ho
le

 
W

ho
le

 o
rg

an
 

3D
-C

R
T

 
Sy

m
pt

om
at

ic
 p

ne
um

on
iti

s 
M

ea
n 

do
se

 
13

 
10

 
 

lu
ng

 ir
ra

di
at

io
n

 
W

ho
le

 o
rg

an
 

3D
-C

R
T

 
Sy

m
pt

om
at

ic
 p

ne
um

on
iti

s 
M

ea
n 

do
se

 
20

 
20

 
W

ho
le

 o
rg

an
 

3D
-C

R
T

 
Sy

m
pt

om
at

ic
 p

ne
um

on
iti

s 
M

ea
n 

do
se

 
24

 
30

 
W

ho
le

 o
rg

an
 

3D
-C

R
T

 
Sy

m
pt

om
at

ic
 p

ne
um

on
iti

s 
M

ea
n 

do
se

 
27

 
40

E
so

ph
ag

us
 W

ho
le

 o
rg

an
 

3D
-C

R
T

 
G

ra
de

 �
3 

ac
ut

e 
M

ea
n 

do
se

 
�

34
 

5–
20

 
B

as
ed

 o
n 

R
T

O
G

 a
nd

 se
ve

ra
l 

 
 

 
 

es
op

ha
gi

tis
 

 
 

 
 

st
ud

ie
s

 
W

ho
le

 o
rg

an
 

3D
-C

R
T

 
G

ra
de

 �
2 

ac
ut

e 
es

op
ha

gi
tis

 
V

35
 

�
50

%
 

�
30

 
Va

ri
ou

s a
lte

rn
at

e 
th

re
sh

ol
d

 
W

ho
le

 o
rg

an
 

3D
-C

R
T

 
G

ra
de

 �
2 

ac
ut

e 
es

op
ha

gi
tis

 
V

50
 

�
40

%
 

�
30

 
 

do
se

s h
av

e 
be

en
 im

pl
ic

at
ed

.
 

W
ho

le
 o

rg
an

 
3D

-C
R

T
 

G
ra

de
 �

2 
ac

ut
e 

es
op

ha
gi

tis
 

V
70

 
�

20
%

 
�

30
 

A
pp

ea
rs

 to
 b

e 
a 

do
se

/
 

 
 

 
 

 
 

 
vo

lu
m

e 
re

sp
on

se

H
ea

rt
 

P
er

ic
ar

di
um

 
3D

-C
R

T
 

P
er

ic
ar

di
tis

 
M

ea
n 

do
se

 
�

26
 

�
15

 
B

as
ed

 o
n 

si
ng

le
 s

tu
dy

 
P

er
ic

ar
di

um
 

3D
-C

R
T

 
P

er
ic

ar
di

tis
 

V
30

 
�

46
%

 
�

15
 

 
W

ho
le

 o
rg

an
 

3D
-C

R
T

 
L

on
g-

te
rm

 c
ar

di
ac

 
V

25
 

�
10

%
 

�
1 

O
ve

rl
y 

sa
fe

 r
is

k 
es

tim
at

es
 

 
 

 
m

or
ta

lit
y 

 
 

 
 

ba
se

d 
on

 m
od

el
 

 
 

 
 

 
 

 
 

p r
ed

ic
tio

ns

L
iv

er
 

W
ho

le
 li

ve
r–

 
3D

-C
R

T
 o

r 
C

la
ss

ic
al

 R
IL

D
h 

M
ea

n 
do

se
 

�
30

–3
2 

�
5 

E
xc

lu
di

ng
 p

at
ie

nt
s w

ith
 

 
G

T
V

 
 

w
ho

le
 o

rg
an

 
 

 
 

 
 

pr
ee

xi
st

in
g 

liv
er

 d
 ise

as
e 

or
 

W
ho

le
 li

ve
r–

 
3D

-C
R

T
 

C
la

ss
ic

al
 R

IL
D

 
M

ea
n 

do
se

 
�

42
 

�
50

 
 

he
pa

to
ce

llu
la

r c
 ar

ci
no

m
a

 
 

G
T

V
 

 
 

 
 

 
 

be
ca

us
e 

t o
le

ra
nc

e 
do

se
s

 
 

 
 

 
 

 
 

ar
e 

lo
w

er
 in

 th
es

e 
pa

tie
nt

s

 
W

ho
le

 li
ve

r–
 

3D
-C

R
T

 o
r w

ho
le

 
C

la
ss

ic
al

 R
IL

D
 

M
ea

n 
do

se
 

�
28

 
�

5 
In

 p
at

ie
nt

s w
ith

 C
hi

ld
-P

ug
h 

A
 

 
G

T
V

 
 

or
ga

n 
 

 
 

 
 

pr
ee

xi
st

in
g 

liv
er

 d
ise

as
e 

or
 

W
ho

le
 li

ve
r–

 
3D

-C
R

T
 

C
la

ss
ic

al
 R

IL
D

 
M

ea
n 

do
se

 
�

36
 

�
50

 
 

he
pa

to
ce

llu
la

r c
ar

ci
no

m
a,

 
 

G
T

V
 

 
 

 
 

 
 

ex
cl

ud
in

g 
he

pa
tit

is 
B

 
 

 
 

 
 

 
 

re
ac

tiv
at

io
n 

as
 a

n 
en

d 
po

in
t

 
W

ho
le

 li
ve

r–
 

SB
R

T
 (h

yp
of

ra
ct

io
n)

 
C

la
ss

ic
al

 R
IL

D
 

M
ea

n 
do

se
 

�
13

 
�

5 
3 

fr
ac

tio
ns

, f
or

 p
ri

m
ar

y 
liv

er
 

 
G

T
V

 
 

 
 

 
 

 
ca

nc
er

 
 

 
 

 
�

18
 

�
5 

6 
fr

ac
tio

ns
, f

or
 p

ri
m

ar
y 

liv
er

 
 

 
 

 
 

 
 

ca
nc

er

(C
on

tin
ue

d)

25858_Hall_CH20.indd   34725858_Hall_CH20.indd   347 3/11/11   4:32 AM3/11/11   4:32 AM



348 | Section II • For Students of Radiation Oncology |

TA
B

L
E

 2
0.

3
Q

U
A

N
TE

C
 S

u
m

m
ar

y 
Ta

b
le

: A
p

p
ro

xi
m

at
e 

D
o

se
/V

o
lu

m
e/

O
u

tc
o

m
e 

D
at

a 
fo

r 
Se

ve
ra

l O
rg

an
s 

Fo
llo

w
in

g
 C

o
n

ve
n

ti
o

n
al

 
F r

ac
ti

o
n

at
io

n
 (U

n
le

ss
 O

th
er

w
is

e 
N

o
te

d
)a

 (C
o

n
ti

n
u

ed
)

 
 

Ir
ra

di
at

io
n 

T
yp

e
 

V
ol

um
e 

(P
ar

tia
l O

rg
an

 U
nl

es
s 

 
D

os
e 

(G
y)

, o
r 

D
os

e/
 

R
at

e 
 

N
ot

es
 o

n 
D

os
e/

O
rg

an
 

Se
gm

en
te

d 
O

th
er

w
is

e 
St

at
ed

)b 
E

nd
 P

oi
nt

 
V

ol
um

e 
P

ar
am

et
er

sb 
(%

) 
V

ol
um

e 
P

ar
am

et
er

s

 
W

ho
le

 li
ve

r–
  

SB
R

T
 (h

yp
of

ra
ct

io
n)

 
C

la
ss

ic
al

 R
IL

D
 

M
ea

n 
do

se
 

�
15

 
�

5 
3 

fr
ac

tio
ns

, f
or

 li
ve

r 
 

 
G

T
V

 
 

 
 

 
 

 
m

et
as

ta
se

s
 

 
 

 
 

�
20

 
�

5 
6 

fr
ac

tio
ns

, f
or

 li
ve

r 
 

 
 

 
 

 
 

 
 

m
et

as
ta

se
s

 
�

70
0 

cc
 o

f  
SB

R
T

 (h
yp

of
ra

ct
io

n)
 

C
la

ss
ic

al
 R

IL
D

 
 

�
15

 
�

5 
C

ri
tic

al
 v

ol
um

e 
ba

se
d

 
 

no
rm

al
 li

ve
r 

 
 

 
 

 
 

in
 3

–5
 fr

ac
tio

ns

K
id

ne
y 

B
ila

te
ra

l  
B

ila
te

ra
l w

ho
le

 o
rg

an
 

C
lin

ic
al

ly
 r

el
ev

an
t r

en
al

 
M

ea
n 

do
se

 
�

15
–1

8 
�

5
 

 
w

ho
le

  
 

or
 3

D
-C

R
T

 
 

dy
sf

un
ct

io
n

 
 

ki
dn

ey
 c

 
B

ila
te

ra
l  

B
ila

te
ra

l w
ho

le
 o

rg
an

 
C

lin
ic

al
ly

 r
el

ev
an

t r
en

al
 

M
ea

n 
do

se
 

�
28

 
�

50
 

 
w

ho
le

  
 

 
dy

sf
un

ct
io

n
 

 
ki

dn
ey

 c

 
B

ila
te

ra
l  

3D
-C

R
T

 
C

lin
ic

al
ly

 r
el

ev
an

t r
en

al
 

V
12

 
�

55
%

 
�

5 
Fo

r 
co

m
bi

ne
d 

ki
dn

ey
 

 
w

ho
le

 k
id

ne
y 

 
 

dy
sf

un
ct

io
n 

V
20

 
�

32
%

 
 

 
 

V
23

 
�

30
%

 
 

 
 

V
28

 
�

20
%

St
om

ac
h 

W
ho

le
  

W
ho

le
 o

rg
an

 
U

lc
er

at
io

n 
D

10
0e  

�
45

 
�

7
 

 
or

ga
n

Sm
al

l  
In

di
vi

du
al

 
3D

-C
R

T
 

G
ra

de
 �

3 
ac

ut
e 

to
xi

ci
ty

d  
V

15
 

�
12

0 
cc

 
�

10
 

Vo
lu

m
e 

ba
se

d 
on

 se
gm

en
ta

-
 

bo
w

el
 

 
sm

al
l b

ow
el

 
 

 
 

 
 

 
tio

n 
of

 th
e 

in
di

vi
du

al
 lo

op
s

 
 

lo
op

s 
 

 
 

 
 

 
of

 b
ow

el
, n

ot
 th

e 
en

tir
e

 
 

 
 

 
 

 
 

po
te

nt
ia

l s
pa

ce
 w

ith
in

 
 

 
 

 
 

 
 

th
e 

pe
ri

to
ne

al
 c

av
ity

 
E

nt
ire

 p
ot

en
tia

l 
3D

-C
R

T
 

G
ra

de
 �

3 
ac

ut
e 

to
xi

ci
ty

d  
V

45
 

�
19

5 
cc

 
�

10
 

Vo
lu

m
e 

ba
se

d 
on

 th
e 

en
tir

e
 

 
sp

ac
e 

w
ith

in
  

 
 

 
 

 
 

po
te

nt
ia

l s
pa

ce
 w

ith
in

 
 

pe
rit

on
ea

l c
av

ity
  

 
 

 
 

 
th

e 
pe

rit
on

ea
l c

av
ity

25858_Hall_CH20.indd   34825858_Hall_CH20.indd   348 3/11/11   4:32 AM3/11/11   4:32 AM



 | Chapter 20 • Clinical Response of Normal Tissues | 349
R

ec
tu

m
 

W
ho

le
 o

rg
an

 
3D

-C
R

T
 

G
ra

de
 �

2 
la

te
 r

ec
ta

l t
ox

ic
ity

 
V

50
 

�
50

%
 

�
15

 
 

 
G

ra
de

 �
3 

la
te

 r
ec

ta
l t

ox
ic

ity
 

 
 

�
10

 
W

ho
le

 o
rg

an
 

3D
-C

R
T

 
G

ra
de

 �
2 

la
te

 r
ec

ta
l t

ox
ic

ity
 

V
60

 
�

35
%

 
�

15
 

 
 

G
ra

de
 �

3 
la

te
 r

ec
ta

l t
ox

ic
ity

 
 

 
�

10
 

W
ho

le
 o

rg
an

 
3D

-C
R

T
 

G
ra

de
 �

2 
la

te
 r

ec
ta

l t
ox

ic
ity

 
V

65
 

�
25

%
 

�
15

 
 

 
G

ra
de

 �
3 

la
te

 r
ec

ta
l t

ox
ic

ity
 

 
 

�
10

 
P

ro
st

at
e 

ca
nc

er
 tr

ea
tm

en
t

 
W

ho
le

 o
rg

an
 

3D
-C

R
T

 
G

ra
de

 �
2 

la
te

 r
ec

ta
l t

ox
ic

ity
 

V
70

 
�

20
%

 
�

15
 

 
 

G
ra

de
 �

3 
la

te
 r

ec
ta

l t
ox

ic
ity

 
 

 
�

10
 

W
ho

le
 o

rg
an

 
3D

-C
R

T
 

G
ra

de
 �

2 
la

te
 r

ec
ta

l t
ox

ic
ity

 
V

75
 

�
15

%
 

�
15

 
 

 
G

ra
de

 �
3 

la
te

 r
ec

ta
l t

ox
ic

ity
 

 
 

�
10

B
la

dd
er

 
W

ho
le

 o
rg

an
 

3D
-C

R
T

 
G

ra
de

 �
3 

la
te

 R
T

O
G

 
D

m
ax

 
�

65
 

�
6 

 B
la

dd
er

 c
an

ce
r t

re
at

m
en

t 
 Va

ri
at

io
ns

 in
 b

la
dd

er
 si

ze
/

 
sh

ap
e/

lo
ca

tio
n 

du
ri

ng
 R

T
 

ha
m

pe
r a

bi
lit

y 
to

 g
en

er
at

e
 

ac
cu

ra
te

 d
at

a

 
W

ho
le

 o
rg

an
 

3D
-C

R
T

 
G

ra
de

 �
3 

la
te

 R
T

O
G

 
V

65
 

�
50

%
 

 
P

ro
st

at
e 

ca
nc

er
 tr

ea
tm

en
t

 
 

 
 

V
70

 
�

35
%

 
 

B
as

ed
 o

n 
cu

rr
en

t R
T

O
G

 
 

 
 

 
V

75
 

�
25

%
 

 
 

04
15

 r
ec

om
m

en
da

tio
n

 
 

 
 

V
80

 
�

15
%

P
en

ile
 

W
ho

le
 o

rg
an

 
3D

-C
R

T
 

Se
ve

re
 e

re
ct

ile
 d

ys
fu

nc
tio

n 
M

ea
n 

�
50

 
�

35
 

bu
lb

 
 

 
 

 
do

se
 to

 
 

 
 

 
 

95
%

 o
f 

 
 

 
 

 
gl

an
d

 
W

ho
le

 o
rg

an
 

3D
-C

R
T

 
Se

ve
re

 e
re

ct
ile

 d
ys

fu
nc

tio
n 

D
90

e  
�

50
 

�
35

 
W

ho
le

 o
rg

an
 

3D
-C

R
T

 
Se

ve
re

 e
re

ct
ile

 d
ys

fu
nc

tio
n 

D
60

–7
0 

�
70

 
�

55
a A

ll 
da

ta
 a

re
 e

st
im

at
ed

 fr
om

 th
e 

lit
er

at
ur

e 
su

m
m

ar
iz

ed
 in

 th
e 

Q
U

A
N

T
E

C
 r

ev
ie

w
s 

(u
nl

es
s 

ot
he

rw
is

e 
no

te
d)

. C
lin

ic
al

ly
, t

he
se

 d
at

a 
sh

ou
ld

 b
e 

ap
pl

ie
d 

w
ith

 c
au

tio
n.

 C
lin

ic
ia

ns
 a

re
 

st
ro

ng
ly

 a
dv

is
ed

 to
 u

se
 th

e 
in

di
vi

du
al

 Q
U

A
N

T
E

C
 a

rt
ic

le
s 

to
 c

he
ck

 th
e 

ap
pl

ic
ab

ili
ty

 o
f t

he
se

 li
m

its
 to

 th
e 

cl
in

ic
al

 s
itu

at
io

n 
at

 h
an

d.
 T

he
y 

la
rg

el
y 

do
 n

ot
 r

efl
 e

ct
 m

od
er

n 
IM

R
T

.
b A

ll 
at

 s
ta

nd
ar

d 
fr

ac
tio

na
tio

n 
(i.

e.
, 1

.8
–2

.0
 G

y 
pe

r 
da

ily
 fr

ac
tio

n)
 u

nl
es

s 
ot

he
rw

is
e 

no
te

d.
c N

on
-T

B
I

d W
ith

 c
om

bi
ne

d 
ch

em
ot

he
ra

py
e D

x,
 m

in
im

um
 d

os
e 

re
ce

iv
ed

 b
y 

th
e 

“h
ot

te
st

” 
�

 %
 (o

r 
�

 c
c’s

) o
f t

he
 o

rg
an

f Se
ve

re
 x

er
os

to
m

ia
 is

 r
el

at
ed

 to
 a

dd
iti

on
al

 fa
ct

or
s 

in
cl

ud
in

g 
th

e 
do

se
s 

to
 th

e 
su

bm
an

di
bu

la
r 

gl
an

ds
.

g E
st

im
at

ed
 b

y 
D

r. 
E

is
br

uc
h

h C
la

ss
ic

 R
T

-i
nd

uc
ed

 li
ve

r 
di

se
as

e 
(R

IL
D

) i
nv

ol
ve

s 
an

ic
te

ri
c 

he
pa

to
m

eg
al

y 
an

d 
as

ci
te

s,
 ty

pi
ca

lly
 o

cc
ur

ri
ng

 b
et

w
ee

n 
2 

w
ee

ks
 to

 3
 m

on
th

s 
af

te
r 

th
er

ap
y.

 C
la

ss
ic

 R
IL

D
 a

ls
o 

in
vo

lv
es

 
el

ev
at

ed
 a

lk
al

in
e 

ph
os

ph
at

as
e 

(m
or

e 
th

an
 tw

ic
e 

th
e 

up
pe

r 
lim

it 
of

 n
or

m
al

 o
r 

ba
se

lin
e 

va
lu

e)
.

i Fo
r 

op
tic

 n
er

ve
, t

he
 c

as
es

 o
f n

eu
ro

pa
th

y 
in

 th
e 

55
–6

0 
G

y 
ra

ng
e 

re
ce

iv
ed

 �
59

 G
y 

(s
ee

 o
pt

ic
 n

er
ve

 p
ap

er
 fo

r 
de

ta
ils

). 
E

xc
lu

de
s 

pa
tie

nt
s 

w
ith

 p
itu

ita
ry

 tu
m

or
s 

w
he

re
 th

e 
to

le
ra

nc
e 

m
ay

 b
e 

re
du

ce
d.

  

25858_Hall_CH20.indd   34925858_Hall_CH20.indd   349 3/11/11   4:32 AM3/11/11   4:32 AM



350 | Section II • For Students of Radiation Oncology |

10 Gy, leading to a marked  reduction in salivary 
excretion. The variation in radiosensitivity of 
salivary glands is not well understood, but seems 
to involve apoptotic cell death.

Over the years, different approaches have 
been used to prevent or restore salivary gland 
function, including radioprotectors, in situ ma-
nipulation of ductal cells, and implantation of 
an artifi cial salivary gland. All of these past ap-
proaches have met with failure or have failed to 
be clinically adopted. These past failures and the 
advent of stem cell  biology has brought forth the 

cannot be spared and are subject to radiation-
induced damages. In the treatment of head and 
neck  cancer, a major complication of normal tis-
sues is loss of salivary gland function, resulting in 
 xerostomia. Salivary glands can be considered a 
radiation- sensitive tissue that differs from other 
radiation-sensitive tissues in not being rapidly 
proliferating and is well differentiated. Further-
more, the contralateral gland does not compen-
sate for loss of function of the irradiated gland. 
The clinical response of the salivary gland dif-
fers in different individuals with doses as low as 

TABLE 20.4 Anatomic Sites for Which There Are LENT and SOMA Scales

Central nervous system Major digestive glands

 Brain  Liver

 Spinal cord Genitourinary system

 Male hypothalamic/pituitary/gonadal axis  Kidney

 Female hypothalamic/pituitary/gonadal axis  Ureter

Head and neck  Bladder/urethra

 Eye  Testes

 Ear  Male sexual dysfunction

 Mucosa Gynecologic system

 Mandible  Vulva

 Teeth  Vagina

 Larynx  Uterus/reproductive organs

 Thyroid and hypothalamic/pituitary/thyroid axis  Female sexual dysfunction

Breast Bone, muscle, and skin

Heart  Muscle/soft tissue

 Blood vessels  Peripheral nerves

Lung  Growing bone

Gastrointestinal system  Mature bone (excluding mandible)

 Esophagus  Bone marrow

 Stomach  Skin/subcutaneous tissue

 Small intestine and colon

 Rectum

Based on Late Effects of Normal Tissues Consensus Conference, San Francisco, CA, August 26–28, 1992. Rubin P, 
Constine LS, Fajardo LF, Phillips TL, Wasserman TH, eds. Published as a special issue of Int J Radiat Oncol Biol Phys. 
1995;31:1049–1081.
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TABLE 20.5 Central Nervous System SOMA

Subjective Objective Management Analytic

Headache Neurologic defi cit Anticonvulsives MRI

Somnolence Cognitive function Steroids CT

Intellectual defi cit Mood and personality changes Sedation MRS

   PET

Functional competence Seizures  Magnetic mapping

Memory   Serum

   Cerebrospinal fl uid

Based on Late Effects of Normal Tissues Consensus Conference, San Francisco, CA, August 26–28, 1992. Rubin P, 
Constine LS, Fajardo LF, Phillips TL, Wasserman TH, eds. Published as a special issue of Int J Radiat Oncol Biol Phys. 
1995;31:1049–1081.

TABLE 20.6 LENT and SOMA Scoring System and Grading Categories

Grade 1 Grade 2 Grade 3 Grade 4

Subjective: Ascending 
 order of severity of 
 symptoms perceived 
 by patient (e.g., pain)

Occasional and Intermittent  Persistent Refractory and
 minimal  and tolerable  and intense  excruciating

Objective: Signs that 
 can be assessed by 
 clinician (e.g., 
 neurologic defi cit)

Barely detectable Easily detectable Focal motor Hemiplegia, 
   signs, vision  hemisensory
   disturbances, etc.  defi cit, etc.

Management: Active 
 steps taken to ameliorate
 symptoms (e.g., pain)

Occasional Regular nonnarcotic Regular narcotic Surgical 
 nonnarcotic    intervention

Analytic: Findings 
 that are quantifi able 
 (e.g., CT and MRI, 
 special laboratory tests)

Based on Late Effects of Normal Tissues Consensus Conference, San Francisco, CA, August 26–28, 1992. Rubin P, C onstine 
LS, Fajardo LF, Phillips TL, Wasserman TH, eds. Published as a special issue of Int J Radiat Oncol Biol Phys. 1995;31:
1049–1081.
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pertinent to radiotherapy than clonogenic 
assays.

■ The time interval between irradiation and 
its expression in tissue damage depends on 
the life span of mature functional cells and 
the time it takes for a cell born in the stem 
compartment to mature.

■ Hyperthermia damage is expressed early com-
pared with radiation damage (Chapter 28).

■ Both early and late effects may develop 
in one organ system because of injury to 
d ifferent target cell populations or tissue 
elements.

■ The ratio �/� (the dose at which the lin-
ear and quadratic components of radiation 
damage are equal) may be inferred from 
multifraction experiments in systems scor-
ing nonclonogenic end points.

■ Tolerance doses for late effects are more 
sensitive to changes in dose per fraction 
(low �/� value) compared with tolerance 
doses for early effects.

■ Spatial arrangement of FSUs is critical to 
the tolerance of some normal tissues.

■ In some tissues (e.g., spinal cord), the FSUs 
are arranged serially (like links in a chain), 
and the integrity of each is critical to organ 
function.

■ Tissues with a serial organization (e.g., spi-
nal cord) have little or no functional reserve, 
and the risk of developing a complication is 
less dependent on volume irradiated than 
for tissues with a parallel organization. The 
risk of complication is strongly infl uenced 
by high-dose regions and hot spots.

■ A tissue with intrinsically high tolerance may 
fail as a result of the inactivation of a small 
segment (as in the spinal cord); a tissue with 
an intrinsically low tolerance (kidney and 
lung) may lose a substantial number of its 
functional units without impact on clinical 
tolerance.

■ Casarett’s classifi cation of tissue radiosensitiv-
ity is based on histopathologic o bservations.

■ In terms of radiosensitivity based on histo-
logic observation of cell death, parenchymal 
cells fall into four categories, from most 
sensitive to most resistant:

 1.  Stem cells of classic self-renewal tissues, 
which divide regularly

 2.  Differentiating intermitotic cells, which 
divide regularly but in which there is 

possibility of using autologous stem cell transfer 
as a means of regenerating salivary glands after 
the completion of  radiotherapy. Experimentally, 
salivary stem cells have been isolated, cultured 
in vitro, and reinjected into mice after irradia-
tion. These  reinjected stem cells were shown to 
repopulate the salivary glands and increased the 
salivary  production of these mice. Therefore, 
the proof of concept experiment in rodents has 
demonstrated the feasibility of such an approach. 
Although this is an exciting result, there is still 
work that needs to be addressed to apply this to 
head and neck cancer patients. First, the in vitro 
culture of salivary stem cells needs to take place 
at least for several months, and the s pontaneous 
differentiation of these cells in cell culture must 
be prevented. Second and probably more prob-
lematic is overcoming radiation-induced fi brosis 
in the area of the exposed gland. Both of these 
problems are not insurmountable as better cul-
ture methods are being developed to prevent 
stem cell differentiation in vitro, and small mol-
ecule inhibitors of fi brosis are making their way 
into clinical trials. Thus, the fi rst application of 
stem cell biology to regenerate irradiated sali-
vary glands and restore their function will most 
likely occur within the next decade.

SUMMARY OF 
PERTINENT CONCLUSIONS

■ Most effects of radiation on normal tissues 
are caused by cell killing, but some, such 
as nausea, vomiting, or fatigue experienced 
by patients following irradiation of large 
volumes including the abdomen, may be 
mediated by radiation-induced infl amma-
tory cytokines.

■ Apparent radioresponsiveness of a tissue 
depends on inherent sensitivity of cells, ki-
netics of the tissue or cell population, and 
the way cells are organized in that tissue.

■ Sensitivity of actively dividing cells is ex-
pressed by their survival curve for repro-
ductive integrity.

■ The radiation dose needed to destroy the 
functioning ability of a differentiated cell is 
far greater than that necessary to stop the 
mitotic activity of a dividing cell.

■ The shape of the dose–response relation-
ship for functional end points, obtained 
from multifraction experiments, is more 
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Stomach: Irradiation of the stomach often 
leads to nausea and vomiting. Tolerance 
doses range from 40 to 50 Gy.

Small and large intestines: Both early and late 
complications can occur. Tolerance dose 
is about 50 Gy for the small intestine, 
slightly higher for the large intestine, and 
70 Gy for the rectum.

■ The lung is an intermediate- to late- 
responding tissue. Two waves of damage can 
be identifi ed: an acute pneumonitis and a later 
fi  brosis. The lung is among the most sensitive 
late-responding organs. Pulmonary damage 
also may occur following chemotherapy.

■ Together with the lung, the kidney is among 
the more radiosensitive late-responding 
critical organs. FSUs are in parallel, with 
only about 1,000 stem cells in each. A dose 
of about 30 Gy in 2-Gy fractions to both 
kidneys results in nephropathy.

■ In terms of radiosensitivity, the liver ranks 
immediately below the kidney and lung. 
FSUs are in parallel, so that much larger 
doses are tolerated if only part of the organ 
is exposed. Fatal hepatitis may result from 
35 Gy (conventional fractionation) to the 
whole organ.

■ Cell renewal is low in the bladder epithe-
lium, so proliferation following irradiation 
is delayed. Frequency of urination increases 
in parallel with loss of surface cells. Absence 
of surface cells explains irritation by urine.

■ The nervous system is less sensitive to ra-
diation than other late-responding organs, 
such as the kidney or lung.

Brain: Histopathologic changes that occur 
in the fi rst year are most likely to involve 
white matter; at later times, gray matter 
usually shows changes accompanied by 
vascular lesions. Radionecrosis may occur 
accompanied by cognitive defects.

Spinal cord: Early demyelinating injuries may 
develop after doses as low as 35 Gy but are 
usually reversible. For late damage, the 
TD5/5 is about 50 Gy for a 10-cm length 
of cord. By 70 Gy in conventional frac-
tions, the incidence of myelopathy would 
be 50%. FSUs are in series, but once the 
fi eld e xceeds a few centimeters, the treat-
ment volume has little effect. Tolerance 
dose shows little dependence on overall 

some differentiation between divisions 
and which are variably differentiated

 3.  Reverting postmitotic cells, which do not 
divide regularly but can divide under the 
appropriate stimulus

 4.  Fixed postmitotic cells, which are highly 
differentiated and appear to have lost 
the ability to divide

■ Connective tissue and blood vessels are inter-
mediate in radiosensitivity between groups 2 
and 3.

■ Michalowski’s classifi cation divides tissues 
into H- and F-type populations, which re-
spond differently to radiation.

■ Many tissues are a hybrid of H-type and 
F-type.

■ The response of a tissue is infl uenced 
greatly by a host of growth factors, includ-
ing interleukin-1 and 6, basic fi broblast 
growth factor, platelet-derived growth fac-
tor �, TGF-�, and TNF.

■ Early radiation response in the skin is 
caused by damage to the epidermis; the late 
response refl ects damage to the dermis.

■ The hematopoietic system is very sensitive 
to radiation, especially the stem cells. The 
complex changes seen in peripheral blood 
count after irradiation refl ect differences 
in transit time from stem cell to function-
ing cell for the various circulatory blood 
elements.

■ The effect of irradiation on the immune 
function is complex, depending on the vol-
ume irradiated and the number of surviv-
ing cells. A total body dose of 3.5 to 4.5 Gy 
inhibits the immune response against a 
new antigen.

■ The cellular organization of the lining of 
the gastrointestinal tract is similar to that 
of the skin, but the life span of the differ-
entiated cells is shorter. Both early and late 
sequelae can occur.

Oral mucosa: Damage to the oral mucosa dur-
ing radiotherapy for head and neck cancer 
is very important for both the comfort 
and welfare of the patient. Xerostomia can 
 interfere with nutrition and dental health.

Esophagus: Early and late effects can occur 
and lead to diffi culty in swallowing. Tol-
erance is 57.5 Gy in 10 fractions (acute 
effects limit).
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 numerous studies in the literature have 
reported associations between dosimetric 
parameters and normal tissue outcomes. 
QUANTEC summarized the available 
data in a clinically useful format. It is 
 intended to be an update of the data pub-
lished by Emami and colleagues in 1991, 
which is widely used despite the fact that it 
has often been criticized.

■ The RTOG and EORTC introduced the 
SOMA classifi cation for LENT: SOMA 
is an acronym for subjective, objective, 
m anagement criteria with analytic labora-
tory and imaging procedures.

■ BIBLIOGRAPHY

Al-Barwari SE, Potten CS. A cell kinetic model to explain the 
time of appearance of skin reaction after x-rays or ultravi-
olet light irradiation. Cell Tissue Kinet. 1979;12:281–289.

Blackett N, Aguado M. The enhancement of haemopoi-
etic stem cell recovery in irradiated mice by prior treat-
ment with cyclophosphamide. Cell Tissue Kinet. 1979;12:
291–298.

Botnik LE, Hannon ECM, Hellman S. Late effects of cyto-
toxic agents on the normal tissue of mice. Front Radiat 
Ther Oncol. 1979;13:36–47.

Clifton KF. Thyroid and mammary radiobiology: radiogenic 
damage to glandular tissues. Br J Cancer. 1986;53(suppl 7):
237–250.

Coppes RP, van der Goot A, Lombaert IM. Stem cell therapy 
to reduce radiation-induced normal tissue damage. Semin 
Radiat Oncol. 2009;19:112–121.

Croizat H, Frindel E, Tubiana M. The effect of partial body 
irradiation on haemopoietic stem cell migration. Cell 
T issue Kinet. 1980;13:319–325.

Croizat H, Frindel E, Tubiana M. Long term radiation ef-
fects on the bone marrow stem cells of C3H mice. Int J 
Radiat Biol. 1979;36:91–99.

Denekamp J. Cell kinetics and radiation biology. Int J Radiat 
Biol. 1986;49:357–380.

Emami B, Lyman J, Brown A, et al. Tolerance of normal tis-
sue to therapeutic irradiation. Int J Radiat Oncol Biol Phys. 
1991;21:109–122.

Fajardo LF. Pathology of Radiation Injury. New York, NY: 
Masson; 1982.

Frindel E, Croizat H, Vassort F. Stimulating factors liberated 
by treated bone marrow: in vitro effect on CFU kinetics. 
Exp Hematol. 1976;4:56–61.

Frindel E, Hahn C, Robaglia D, et al. Responses of bone 
marrow and tumor cells to acute and protracted irradia-
tion. Cancer Res. 1972;32:2096–2103.

Hegazy MAH, Fowler JF. Cell population kinetics and 
desquamation: skin reactions in plucked and un-
plucked mouse skin: II. Irradiated skin. Cell Tissue Kinet. 
1973;6:587–602.

Hendry JH, Thames HD. The tissue-rescuing unit. Br J Radiol. 
1986;59:628–630.

Hopewell JW. Mechanisms of the action of radiation on skin 
and underlying tissues. Br J Radiol. 1986(suppl 19):39–51.

Hopewell JW, Campling D, Calvo W, et al. Vascular irradia-
tion damage: its cellular basis and likely consequences. Br 
J Cancer. 1986;53(suppl 7):181–191.

time but depends critically on dose per 
fraction (�/� is low). If two doses per day 
are used, the interfractionation interval 
must be more than 6 hours, because there 
is a slow component of repair.

■ In the testes, a dose of 0.1 to 0.15 Gy leads 
to temporary sterility. A dose of 6 to 8 Gy in 
2-Gy fractions leads to permanent sterility. 
Such doses have little effect on libido. The 
stem cells are more radiosensitive than the 
differentiated cells, so continuous or frac-
tionated radiation is more effective than a 
single acute dose.

■ Sterilization by radiation to the ovaries is 
immediate (no latent period, as in the male) 
and leads to all the changes associated with 
menopause.

■ Among the female genitalia, tolerance doses 
for the vagina are high: 90 Gy before ulcer-
ation and 100 Gy for the development of a 
fi stula. For intracavitary treatment, doses to 
the cervix and uterus may reach 200 Gy.

■ Late damage to many different tissues and 
organs is mediated to some extent by effects 
on the vasculature. Arterial damage may 
occur after fractionated doses of 50 to 70 Gy, 
but capillaries are damaged by doses above 
about 40 Gy.

■ In its tolerance to radiation, the heart is 
intermediate between the kidney or lung 
and the central nervous system. The most 
common radiation-induced heart injury 
is acute pericarditis, which seldom occurs 
in the fi rst year posttherapy. A dose of 40 
to 50 Gy in conventional fractions induces 
about an 11% incidence. The �/� ratio is 
low (1 Gy), so that fractionation results in 
a substantial sparing. Protection of part of 
the heart reduces symptoms.

■ Growing cartilage is particularly radiosen-
sitive in children: 10 Gy can slow growth, 
and defi cits in growth are irreversible 
above about 20 Gy. In the adult, osteopo-
rosis of the lower mandible may be a seri-
ous complication following radiotherapy 
for cancer of the buccal cavity. Fractures 
of the humeral or femoral head may occur; 
the TD50/5 is about 65 Gy.

■ Over the past several decades, with the 
development of more sophisticated three-
dimensional treatment planning systems, 

25858_Hall_CH20.indd   35425858_Hall_CH20.indd   354 3/11/11   4:32 AM3/11/11   4:32 AM



 | Chapter 20 • Clinical Response of Normal Tissues | 355

Travis EL. The tissue rescuing unit. In: Fielden EM, Fowler 
JF, Hendry JH, Scott D, eds. Proceedings of the 8th Interna-
tional Congress of Radiation Research. Edinburgh, July 1987. 
Radiat Res. 1987;2:795–800.

Travis EL, Down JD. Repair in mouse lung after split doses 
of X rays. Radiat Res. 1981;87:166–174.

Travis EL, Liao Z-X, Tucker SL. Spatial heterogeneity of the 
volume effect for radiation pneumonitis in mouse lung. 
Int J Radiat Oncol Biol Phys. 1997;38:1045–1054.

Travis EL, Tucker SL. The relationship between functional 
assays of radiation response in the lung and target cell 
depletion. Br J Cancer Suppl. 1986;7:304–319.

Trott KR. Chronic damage after radiation therapy: chal-
lenge to radiation biology. Int J Radiat Oncol Biol Phys. 
1984;10:907–913.

Tubiana M. Cell kinetics and radiation oncology. Int J Radiat 
Oncol Biol Phys. 1982;8:1471–1489.

Turesson I, Notter G. Dose-response and dose-latency re-
lationships for human skin after various fractionation 
schedules. Br J Cancer Suppl. 1986;7:67–72.

Turesson I, Thames HD. Repair capacity and kinetics of 
human skin during fractionated radiotherapy: erythema, 
desquamation, and telangiectasia after 3 and 5 years’ fol-
low-up. Radiother Oncol. 1989;15:169–188.

van der Kogel AJ. Central nervous system radiation injury in 
small animal models. In: Gutin PH, Leibel SA, Sheline 
GE, eds. Radiation Injury to the Nervous System. New York, 
NY: Raven Press; 1991:91–112.

van der Kogel AJ. Mechanisms of late radiation injury in the 
spinal cord. In: Meyn RE, Withers HR, eds. Radiation 
Biology in Cancer Research. New York, NY: Raven Press; 
1980:461–470.

van der Kogel AJ. Radiation-induced damage in the central 
nervous system: an interpretation of target cell responses. 
Br J Cancer Suppl. 1986;7:207–217.

van der Kogel AJ, Ang KK. Complications related to radio-
therapy. In: Peckham M, Pinedo H, Veronesi U, eds. 
Oxford Textbook of Oncology. Vol 2. Oxford, UK: Oxford 
University Press; 1995:2295–2306.

van der Kogel AJ, Sissingh HA, Zoetelief J. Effect of x-rays 
and neutrons on repair and regeneration in the rat spinal 
cord. Int J Radiat Oncol Biol Phys. 1982;8:2095–2097.

Vassort F, Wintherholer M, Frindel E, et al. Kinetic param-
eters of bone marrow stem cells using in vivo suicide. 
Blood. 1973;41:789–796.

Wheldon TE, Michalowski AS. Alternative models for the 
proliferative structure of normal tissues and their re-
sponse to irradiation. Br J Cancer. 1986;7:382–385.

Withers HR, Taylor JMG, Maciejewski B. Treatment vol-
ume and tissue tolerance. Int J Radiat Oncol Biol Phys. 
1988;14:751–759.

Withers HR, Thames HD, Peters LJ, et al. Keynote address: 
normal tissue radioresistance in clinical radiotherapy. In: 
Fletcher GH, Nervi C, Withers HR, eds. Biological Bases 
and Clinical Implications of Tumor Radioresistance. New 
York, NY: Masson; 1983:139–152.

Hopewell JW, Morris AD, Dixon-Brown A. The infl uence 
of fi eld size on the late tolerance of the rat spinal cord to 
single doses of X rays. Br J Radiol. 1987;60:1099–1108.

Job G, Preundschuh M, Bauer M, et al. The infl uence of ra-
diation therapy on T-lymphocyte subpopulations defi ned 
by monoclonal antibodies. Int J Radiat Oncol Biol Phys. 
1984;10:2077–2081.

Joiner MC, Denekamp J. The effect of small radiation 
doses on mouse skin. Br J Cancer. 1986;53(suppl 7):
63–66.

Kaanders JHAM, van Daal WAAJ, Hoogenraad WJ, et al. 
Accelerated fractionation radiotherapy for laryngeal can-
cer, acute, and late toxicity. Int J Radiat Oncol Biol Phys. 
1992;24:497–503.

Kotzin BL, Kansas GS, Engleman EG, et al. Changes in T-cell 
subsets in patients with rheumatoid arthritis treated with 
total lymphoid irradiation. Clin Immunol Immunopathol. 
1983;27:250–260.

LeBourgeois JP, Meignan M, Parmentier C, et al. Renal 
consequences of irradiation of the spleen in lymphoma 
patients. Br J Radiol. 1979;52:56–60.

Marks LB, Yorke ED, Jackson A, et al. Use of normal tissue 
complication probability models in the clinic. Int J Radiat 
Oncol Biol Phys. 2010;76(suppl 3):S10–S19.

Meistrich MD. Relationship between spermatogonial stem 
cell survival and testis function after cytotoxic therapy. Br J 
Cancer. 1986;53(suppl 7):89–101.

Michalowski A. A critical appraisal of clonogenic survival 
 assays in the evaluation of radiation damage to normal 
tissues. Radiother Oncol. 1984;1:241–246.

Michalowski A. Effects of radiation on normal tissues: 
hypothetical mechanisms and limitations of in situ as-
says of clonogenicity. Radiat Environ Biophys. 1981;19:
157–172.

Parmentier C, Morardet N, Tubiana M. Late effects on 
human bone marrow after extended fi eld radiotherapy. 
Int J Radiat Oncol Biol Phys. 1983;9:1303–1311.

Potten CS, Hendry JH, eds. Cytotoxic Insult to Tissue: Effects on 
Cell Lineages. Edinburgh, UK: Churchill Livingstone; 1983.

Rubin P. Late effects of chemotherapy and radiation 
therapy: a new hypothesis. Int J Radiat Oncol Biol Phys. 
1984;10:5–34.

Rubin P, Casarett GW. Clinical Radiation Pathology. Vol 1. 
Philadelphia, PA: WB Saunders; 1968.

Rubin P, Constine LS, Fajardo LF, et al. eds. Late Effects of 
Normal Tissues Consensus Conference. San Francisco, CA, 
August 26–28, 1992. Int J Radiat Oncol Biol Phys. 1995;31:
1049–1081.

Schofi eld R. Assessment of cytotoxic injury to bone marrow. 
Br J Cancer Suppl. 1986;7:115–125.

Schultz-Hector S. Heart. In: Scheerer E, Streffer C, Trott 
KR, eds. Radiopathology of Organs and Tissues. Berlin, Ger-
many: Springer-Verlag; 1981:347–368.

Stewart FA. Mechanism of bladder damage and repair after 
treatment with radiation and cytostatic drugs. Br J Cancer 
Suppl. 1986;7:280–291.

25858_Hall_CH20.indd   35525858_Hall_CH20.indd   355 3/11/11   4:32 AM3/11/11   4:32 AM



COUT1
COUT2

Chapter Title1
C H A P T E R

356

■  TRANSPLANTABLE SOLID 
TUMOR SYSTEMS IN 
EXPERIMENTAL A NIMALS

A wide range of experimental tumors of various 
histologic types have been developed for radio-
biologic studies. To produce a large number of 
virtually identical tumors, propagation by trans-
plantation from one generation of animals to the 
next is used, which makes it mandatory that the 
animals be isologous. In practice, pure inbred 
strains of rats or mice are used and are maintained 
by brother–sister mating, which also serves the 
function of reducing the variability among ani-
mals to a minimum.

The tumor from a donor animal is removed 
aseptically and, if possible, prepared into a single-
cell suspension; this is accomplished by separat-
ing the cells with an enzyme such as trypsin and 
then forcing them through a fi ne wire mesh. To 
effect a transplant, 104 to 106 cells are inoculated 
subcutaneously into each of a large group of re-
cipient animals of the same strain. The site of 
transplantation varies widely; the fl ank or back is 
commonly used, but sometimes a special tumor 
requires a particular site, such as the brain. Some 
tumors cannot be handled in this way and must 
be propagated by transplanting a small piece of 
tumor rather than a known number of single 
cells; this is obviously less quantitative. Within 
days or weeks, depending on the type of tumor 
and the strain of animals, palpable tumors ap-
pear in the recipient animals that are uniform 
in size, histologic type, and so on. Hundreds to 

thousands of animals can be used, which makes 
it possible to design highly quantitative studies of 
tumor response to different radiations, fraction-
ation regimens, sensitizers, and combinations of 
radiation and chemotherapeutic agents.

There are fi ve commonly used techniques to 
assay the response of solid tumors to a treatment 
regimen:

 1. Tumor growth measurements
 2. Tumor cure (TCD50) assay
 3. Tumor cell survival determined in vivo by the 

dilution assay technique
 4. Tumor cell survival assayed by the lung colony 

assays
 5. Tumor cell survival using in vivo treatment 

followed by in vitro assay

Each of these methods is discussed briefl y in this 
chapter. These assays take into account both in-
trinsic cell sensitivity to ionizing radiation as well 
as the infl uence of the microenvironment. Before 
we discuss the techniques used to assess tumor re-
sponse to radiation, we should briefl y revisit how 
the type of cell death and the tumor microenvi-
ronment can affect tumor response to therapy, in 
particular the role of apoptotic cell death.

■ APOPTOSIS IN TUMORS

It is generally thought that irradiated cells die 
in attempting the next or a subsequent mitosis. 
However, this is not the only form of cell death. 
Programmed cell death, or apoptosis, also occurs 
in both normal tissues and tumors, spontaneously, 
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Susceptibility to the induction of apoptosis 
also may be an important factor determining 
radiosensitivity, because programmed cell death 
appears to be a prominent early effect in radio-
sensitive mouse tumors and essentially absent in 
radioresistant tumors. In particular, the transfor-
mation of mouse cells of different histologic ori-
gins with oncogenes in cell culture makes them 
particularly sensitive to DNA damage-induced 
apoptosis. The concern with using cell lines that 
are highly susceptible to apoptosis is that cell 
culture will act as a selective pressure over time 
to select for variants of these cells that have lost 
their apoptotic sensitivity, thus changing their in 
vivo sensitivity to radiation and cytotoxic drugs 
used in cancer therapy.

Changes in the microenvironment can also 
infl uence the sensitivity of tumor cells to therapy 
(Fig. 21.1). Studies have shown that changes in 
tumor oxygenation, pH, and growth factors can 
induce apoptotic cell death in a subset of tumor 
cells that represent a therapeutically resistant 
population. Therefore, cells that are sensitive to 
apoptosis will be more susceptible to killing by 

because of irradiation, and can be triggered by 
changes in the tumor microenvironment.

In Chapter 22, it is pointed out that tumors 
grow much more slowly than would be predicted 
from the cell cycle time of the individual cells 
and the fraction of cells actively dividing. One 
of the reasons for this “cell loss,” as it is called, is 
random cell death resulting from apoptosis.

Studies with transplanted mouse tumors, as 
well as human tumors growing as xenografts in 
nude mice, have shown that the importance of 
apoptosis as a mechanism of cell death after x-
irradiation varies substantially. Apoptosis was 
most important in lymphomas, essentially absent 
in sarcomas, and intermediate and very variable 
in carcinomas. In a mouse lymphoma, for exam-
ple, 50% to 60% of the cells may show signs of 
dying an apoptotic death by 3 hours after irradia-
tion, whereas in a sarcoma, there may be so few 
apoptotic cells that the process is of little signifi -
cance. If a tumor responds rapidly to a relatively 
low dose of radiation, it generally means that 
apoptosis is involved, because the process peaks 
at 3 to 5 hours after irradiation.

Break in
blood vessel

Clonal expansion of
cells with mutant p53

p53-dependent
apoptosis

Blind end

AV
shunt

Red flux
instability

Decreasing O2 conc

FIGURE 21.1  Regions of hypoxia form within solid tumors as a result of the ineffi cient and disorganized 
vasculature. Hypoxic regions represent a gradient of oxygen concentrations, the highest being nearest the 
vessels and the lowest being the farthest away. In the most hypoxic regions, p53 is stabilized and induces 
apoptosis. A selection pressure therefore exists to loose p53 and allows the clonal expansion of cells. These 
cells are also resistant to chemotherapy and radiotherapy, both of which require an effi cient blood supply. 
(From Hammond EM, Giaccia AJ. Hypoxia-inducible factor-1 and p53: friends, acquaintances, or strangers? 
Clin Cancer Res. 2006;12:5007–5009, with permission.)
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Two different methods have been used to 
score the tumor response. Barendsen and his 
colleagues have used growth delay, illustrated 
in Figure 21.2, as the time taken after irradia-
tion for the tumor to regrow to the size it was 
at the time of irradiation. Clearly, this index of 
response is only suitable for tumors that shrink 
signifi cantly after irradiation. For tumors that do 
not shrink so obviously, a more convenient index 
of growth delay is the time taken for the irradi-
ated tumor to grow to some specifi ed size after 
exposure, compared with controls. Either index 
of growth delay increases as a function of radia-
tion dose. Figure 21.3A shows growth curves for 
a rat rhabdomyosarcoma irradiated with various 
doses of x-rays or fast neutrons. In F igure 21.3B, 
growth delay is expressed as a function of radia-
tion dose.

■ TUMOR CURE (TCD50) ASSAY

Tumor control provides data of most obvious 
relevance to radiotherapy. In experiments of 
this kind, a large number of animals with tu-
mors of uniform size are divided into separate 
groups, and the tumors are irradiated locally 
with graded doses. The tumors subsequently are 
observed regularly for recurrence or local con-
trol. The proportion of tumors that are locally 
controlled can be plotted as a function of dose, 
and data of this kind are amenable to a sophis-
ticated statistical analysis to determine TCD50, 

the environmentally restrictive conditions in ex-
perimental tumors and will be better able to be 
controlled by radiotherapy and chemotherapy. 
Cells with diminished apoptotic potential, which 
represent most tumor cell lines maintained in 
culture, will have lost this rapid response to 
radiotherapy but can still die by a mitotic cell 
death. Cells with diminished apoptotic sensitiv-
ity caused by genetic mutations in critical apop-
totic pathways, such as the p53 tumor suppressor 
gene or the Bcl-2 oncogene (see Chapter 18), are 
probably more refl ective of human solid tumors 
that are treated clinically.

■ TUMOR GROWTH MEASUREMENTS

Tumor growth measurement is possibly the 
simplest end point to use and involves the daily 
measurement of each tumor to arrive at a mean 
diameter. For tumor growth experiments, a 
large number of transplanted tumors are pre-
pared as previously described. When they have 
grown to a specifi ed size (e.g., a diameter of 8 to 
10 mm in rats or 2 to 4 mm in mice), they are 
treated according to the plan of the particular 
experiment. Figure 21.2 illustrates the variation 
of tumor size with time for unirradiated controls 
and tumors given a single dose of x-rays. The 
untreated tumors grow rapidly at a relatively 
uniform rate; the radiation treatment causes a 
temporary shrinkage of the tumor, followed by 
regrowth.

Tu
m

o
r 

si
ze

Time

B

A

0

X-rays

TCON

Tx-ray

Growth delay

Tumors
irradiated
with dose D

Unirradiated
control tumors

FIGURE 21.2  The pattern of response 
of a tumor to a dose of x-rays. The size of 
the tumor, either the mean diameter or the 
volume, is plotted as a function of time after 
irradiation. Two different indices of tumor re-
sponses have been used by different inves-
tigators. Growth delay represents the time 
after irradiation that it takes for the tumor to 
regrow to the size at the time of irradiation. 
Alternatively, the index of radiation damage 
may be the time taken for the tumor to grow 
from a specifi ed size A at the time of irradia-
tion to some specifi ed larger size B. Typically, 
this may be from 9 to 25 mm in diameter for 
rat tumors. This quantity is shown as TCON for 
unirradiated control animals and Tx-ray for 
t umors irradiated with a dose (D) of x-rays. 
E ither index of tumor response may be plot-
ted as a function of radiation dose.  
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FIGURE 21.3  A: Volume changes of rhabdomyosarcomas in rats after irradiation. Curve 
1 represents the growth of the unirradiated control tumors. Curves 2, 4, 6, and 7 refer to tu-
mors irradiated with 10 to 40 Gy of 300-kV x-rays. Curves 3 and 5 refer to tumors irradiated 
with 4 and 8 Gy of 15-MeV d� → T fast neutrons. B: Growth delay of rhabdomyosarcomas in 
rats as a function of dose of x-rays (curve 2) or fast neutrons (curve 1). A and C indicate the 
doses of neutrons and x-rays, respectively, r equired to “cure” 90% of the tumors, calculated 
based on the cell survival curves. B indicates the observed TCD90 for x-rays. Note the good 
agreement between calculated and observed values of the TCD90 for x-rays. (Adapted from 
Barendsen GW, Broerse JJ. Experimental radiotherapy of a rat rhabdomyosarcoma with 15 
MeV neutrons and 300 kV x-rays. I. Effects of single exposures. Eur J Cancer. 1969;5:373–391, 
with permission.)  
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rising to 51.1 Gy for 2 fractions and to 84 Gy if 
the radiation is delivered in 10 equal fractions. 
This indicates that a marked and extensive re-
pair of sublethal damage has taken place during a 
multifraction regimen.

■ DILUTION ASSAY TECHNIQUE

The dilution assay technique was devised by 
Hewitt and Wilson, who used it to produce the 
fi rst in vivo survival curve in 1959. They used a 
lymphocytic leukemia of spontaneous origin in 
mice. A single-cell suspension can be prepared 
from the infi ltrated liver of an animal with ad-
vanced disease and the tumor transplanted by in-
jecting known numbers of cells into the peritoneal 
cavities of recipient mice, which subsequently de-
velop leukemias. The leukemia can be transmitted, 
on average, by the injection of only two cells; this 
quantity—the number of cells required to trans-
mit the tumor to 50% of the animals—is known 

the dose at which 50% of the tumors are locally 
controlled. This quantity is highly repeatable 
from one experiment to another in an inbred 
strain of animals.

Suit and his colleagues, over a period of more 
than 30 years, have made an extensive study of 
the response to radiation of a mammary carci-
noma in C3H mice. Data from a typical experi-
ment are presented in Figure 21.4. Tumors were 
propagated by transplanting 4 � 104 cells into 
the outer portion of the mouse ear, and irra-
diations were performed when the tumors had 
grown to a volume of about 4 mm3. A brass cir-
cular clamp was fi tted across the base of the ear 
and maintained for at least a minute before the 
initiation of the irradiation, so that the tumors 
were uniformly hypoxic. Single-dose, two-dose, 
and ten-dose experiments were performed, 
with a 24-hour interval between dose fractions. 
Tumor control results are shown in Figure 21.4. 
The TCD50 for a single treatment is 45.75 Gy, 
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FIGURE 21.4  Percentage of mouse 
mammary tumors locally controlled as 
a function of x-ray dose for single expo-
sures and for two different fractionation 
patterns. The tumors were isotransplants 
derived from a spontaneous mammary 
carcinoma in a C3H mouse. The trans-
plantation was made into the outer por-
tion of the ear with 4 � 104 viable cells. 
The t umors were treated when they 
reached a diameter of 2 mm (i.e., a vol-
ume of about 4 mm3). (Adapted from Suit 
HD, Wette R. Radiation dose fractionation 
and tumor control probability. Radiat Res. 
1966;29:267–281, with permission.)
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recipient animals. It is then a matter of observa-
tion and calculation to determine how many irra-
diated cells are required to produce a tumor in half 
of the animals inoculated with that given number 
of cells. Suppose, for instance, that it takes 20 ir-
radiated cells, on average, to transmit the tumor; 
because it is known that only 2 clonogenic cells are 
needed to transmit the tumor, it is a simple matter 
to decide that in the irradiated population of cells, 

as TD50. The  dilution assay technique became the 
basis for obtaining an in vivo cell survival curve.

The procedure used, illustrated in Figure 21.5, 
is as follows. An animal containing the tumor 
may be irradiated to a given dose of radiation, for 
example, 10 Gy. A single-cell suspension is then 
prepared from the infi ltrated liver, the cells are 
counted and diluted, and various numbers of these 
cells are injected intraperitoneally into groups of 

0

Mouse bearing
P-388 ascites tumor

Serial
dilutions

(Tyrode’s)

Dilute with
ice-cold
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FIGURE 21.5  Schematic representation to show the general features of the dilution assay technique. Various 
numbers of tumor cells from the donor animal are injected into groups of recipients, and a determination is made 
of the number of cells required for a tumor to take in half of the animals of the group (TD50). The ratio of this quan-
tity for control and irradiated donors is the surviving fraction. (Adapted from Andrews JR, Berry RJ. Fast neutron 
irradiation and the relationship of radiation dose and mammalian tumor cell reproductive capacity. Radiat Res. 
1962;16:76–81, with permission.)   
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survival curve. To obtain a survival curve charac-
teristic of aerated conditions, it is necessary either 
to remove the cells from the donor animal and 
irradiate them in a petri dish in which they are 
in contact with air or to inject hydrogen peroxide 
into the peritoneal cavity of the mouse before ir-
radiation so that oxygen is available to the tumor 
cells during the irradiation. If this is done, D0 is 
about 1.3 to 1.6 Gy.

■ LUNG COLONY ASSAY

Hill and Bush have devised a technique to assay 
the clonogenicity of the cells of a solid tumor 
irradiated in situ by injecting them into the re-
cipient animals and counting the number of 
lung colonies produced. The general principles 
of the method are illustrated in Figure 21.7. 
The tumor used in these studies was the KHT 
sarcoma, which is a transplantable tumor that 
arose originally in a C3H mouse and which has 
been propagated serially through many genera-
tions. Tumors are irradiated in situ, after which 
they are removed and made into a preparation 
of single cells by a combined trypsinization and 
mechanical procedure. A known number of cells 
then are mixed with a large number of heavily 
irradiated tumor cells and injected intravenously 

2 of 20, or 10%, were clonogenic and survived the 
dose of 10 Gy. That is,

Surviving fraction 
� TD50 controls/TD50 irradiated

If this process is repeated for several doses of 
radiation and the corresponding surviving frac-
tions are determined by this assay technique, a 
survival curve for cells irradiated and assayed in 
vivo can be constructed.

This technique is a true in vivo system, but it 
involves a leukemia as opposed to a solid tumor. 
The cells, after reinoculation into the mouse, 
grow in the peritoneal cavity in much the same 
way that the cells grow in a petri dish in the in 
vitro technique; the mice are in fact being used as 
small portable incubators.

Since these pioneering efforts, the dilution 
assay technique has been applied by many differ-
ent workers to measure survival curves for several 
leukemias and solid tumors if the tumors can be 
removed and prepared into a single-cell suspen-
sion; some collected results are shown in Figure 
21.6. The survival curves obtained have a D0 of 
about 4 Gy, because the cells in the peritoneal 
cavity of the mouse are so numerous and so 
closely packed that they are defi cient in oxygen. 
This technique, therefore, produces a “hypoxic” 
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FIGURE 21.6  Dose-response curves 
in vivo, using the dilution assay tech-
nique, for various murine tumors under 
oxygenated and hypoxic conditions. 
(Adapted from Berry RJ. On the shape 
of x-ray dose-response curves for the re-
productive survival of mammalian cells. 
Br J Radiol. 1964;37:948–951, with per-
mission.)    
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cells can be readily transferred from in vivo to 
in vitro and back. In one generation, they may 
grow as a solid tumor in an animal, and in the 
next, as a monolayer in a petri dish. The three 
most commonly used systems are a rhabdomyo-
sarcoma in the rat (Hermens and Barendsen), a 
fi brosarcoma in the mouse (McNally), and the 
EMT6 mammary tumor in the mouse (Rockwell 
and Kallman).

The steps involved in this method are illus-
trated in Figure 21.8. This method combines 
many of the advantages of the in vitro and in 
vivo techniques. The tumors are treated in vivo 
in a natural environment, so that the cellular re-
sponse is modifi ed by the various factors that are 
important in determining gross tumor response. 
After treatment, each tumor is removed and pre-
pared into a single-cell suspension, and the cell 

into recipient mice. About 3 weeks later, these 
mice are sacrifi ced, and the colonies formed in 
the lungs are readily countable. The number of 
lung colonies is a measure of the number of sur-
viving c lonogenic cells in the injected suspension.

The lung colony technique is not confi ned to 
the KHT sarcoma but has been used with other 
tumor cells. For example, the demonstration of 
the absence of repair of potentially lethal damage 
after neutron irradiation involved the use of the 
Lewis lung carcinoma, and the fraction of surviv-
ing cells was assayed by counting lung colonies.

■ IN VIVO/IN VITRO ASSAY

A limited number of cell lines have been adapted 
so that they grow either as a transplantable tumor 
in an animal or as clones in a petri dish. These 

Treatment
in situRx

Tumor excised
and cell suspension

prepared

18 – 21
days Lung

colonies

FIGURE 21.7  The lung colony assay system. 
The tumor is irradiated in situ, after which it is 
excised and made into a single-cell suspension. 
A known number of cells are then injected in-
travenously into the recipient animals. About 
3 weeks later, the recipient animals are sacri-
fi ced and the colonies that have formed in the 
lungs are counted. The number of lung colonies 
is a measure of the number of surviving clono-
genic cells in the injected suspension. (Adapted 
from Hill RP, Bush RS. The effect of continuous 
or fractionated irradiation on a murine sarcoma. 
Br J Radiol. 1973;46:167–174, with permission.)
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FIGURE 21.8  The principle of the in vivo/in vitro assay system using the rhabdomyosarcoma in the rat. The 
solid tumor in the animal can be removed and the tumor cells assayed for colony formation in petri dishes. This 
cell line can be transferred back and forth between the animal and the petri dish. (Adapted from a drawing 
courtesy of Drs. G.W. Barendsen and J.J. Broerse.)   
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Growth delay and cell survival studies, on the 
other hand, are probably less affected. Second, 
human tumor cells do undergo kinetic changes 
and cell selection if transplanted into mice. For 
example, xenografts commonly have doubling 
times about one-fi fth of the values observed in 
humans, so that increased responsiveness should 
be expected to proliferation-dependent chemo-
therapeutic agents. Third, although the histo-
logic characteristics of the human source tumors 
are usually well maintained by xenografts, the 
stromal tissue is of mouse origin. Consequently, 
xenografts of human tumor cells are not much 
more valid than murine tumors for any studies 
in which the vascular supply plays an important 
role. For example, the fraction of hypoxic cells in 
xenografts is much the same as in mouse tumors.

Steel and colleagues reviewed the fi eld in 
1983 and concluded that xenografts generally 
maintain the chemotherapeutic response charac-
teristics of the class of tumors from which they 
are derived. There is good evidence, too, for in-
dividuality of response among xenografts. For 
example, in studying melanomas, one was re-
sponsive clinically, but another was not, and the 
cell survival curve after therapy with melphalan 
was twice as steep in the xenograft of the cells 
from the responsive tumor.

Figure 21.9 summarizes the correlation be-
tween growth delay in the xenograft and clini-
cal remission of the donor patient. In the fi gure, 
the growth delay in xenografts for maximum- 
tolerated treatment with the single chemothera-
peutic agents that are in common clinical use 
against the disease is plotted against the clini-
cal complete response rate for that category of 
tumor. The correlation between these param-
eters is good. Testicular tumors are the most 
responsive in xenografts or in the clinic; small-
cell lung cancer and breast tumors occupy an in-
termediate position; and the other three tumor 
types are unresponsive, either clinically or experi-
mentally. This consistency of agreement between 
patient and xenograft responses to chemothera-
peutic agents is encouraging for various human 
tumor types tested. Similarly, studies of radiation 
response indicate that measurements of growth 
delay in xenografts rank tumors in the same order 
as clinical responsiveness: R esponse is greater in 
testicular teratoma than in p ancreatic carcinoma, 
which is greater than in bladder carcinoma, for 
example.

concentration is counted in a hemocytometer or 
electronic cell counter. Known numbers of cells 
can then be transferred to petri dishes contain-
ing fresh growth medium, and the proportion of 
clonogenic cells can be determined by counting 
colonies 10 days later. The speed, accuracy, and 
relative economy of the in vitro system replace 
the expense and inconvenience of the recipient 
animals in the dilution assay technique.

■ XENOGRAFTS OF HUMAN TUMORS

A xenograft is a transplant from one species to 
another. In the cancer fi eld, this usually refers to 
a human tumor transplanted into a laboratory 
animal. If the recipient animal has a normal im-
mune system, a xenograft should not grow, but 
there are two main ways in which growth has 
been achieved. First, animal strains have been 
developed that are congenitally immune defi -
cient. Best known are nude mice, which, in addi-
tion to being hairless, also lack a thymus. Many 
human tumors grow under the skin of nude mice. 
More recently, there have been nude rats and se-
vere combined immune-defi cient (SCID) mice, 
which suffer from the severe combined immu-
nodefi ciency syndrome and are defi cient in both 
B cell and T cell immunity. Second, it is possible 
to severely immunosuppressed mice by the use 
of radiation or drugs or a combination of both, 
to the point at which they accept human tumor 
grafts. It is important to recognize that neither 
type of host completely fails to reject the human 
tumor cells: Rejection processes are still present, 
and these complicate the interpretation of in situ 
tumor therapeutic studies.

Despite the limitations, various human tumor 
cells have been grown as xenografts in immune-
defi cient animals. Steel has estimated that more 
than 300 individual human tumors have been in-
vestigated in this way. Breast and ovarian tumors 
generally have been diffi cult to graft, with graft-
ing of melanomas and tumors of the colon and 
bronchus being relatively successful.

Xenografts retain human karyotypes through 
serial passages and maintain some of the re-
sponse characteristics of the individual source 
human tumors; to this extent, they have great 
advantages over mouse tumors. There are, how-
ever, certain drawbacks. First, there is a tendency 
for the tumor to be rejected, so that observing 
tumor control as an end point can be misleading. 
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However, autochthonous mice also suffer similar 
limitations regarding the timing of tumor devel-
opment and variation in the number of p rimary 
tumors. An additional limitation of using trans-
genic mice is that no one transgenic mouse is 
a good model for human cancer. Even those 
mouse models that relate well to their human 
tumor counterparts fail to fully recapitulate the 
systemic spread in the mouse that is found in 
humans, a fi nding that is less of concern in ex-
periments examining the effect of dose on tumor 
control. A more signifi cant problem for radia-
tion experiments lies in targeting the dose to 
spare normal tissue effects. This is not so in-
consequential a problem and requires more so-
phisticated technology than the current animal 
i rradiators that are used.

■  SPHEROIDS: AN IN VITRO MODEL 
TUMOR SYSTEM

Mammalian cells in culture may be grown  either 
as a monolayer attached to a glass or plastic sur-
face or in suspension, in which case they are 
prevented from settling out and attaching to the 
surface of the culture vessel by continual gentle 
stirring. Most cells in suspension, or in “spinner 
culture,” as it is often called, remain as single 
cells; at each mitosis, the progeny cells separate, 
and although the cell concentration increases 
with time, it continues to consist of individual 
separate cells.

Some cells, however, notably several rodent 
tumor cell lines such as Chinese hamster V79 
lung cells, mouse EMT6 mammary cells, radi-
ation-induced fi brosarcoma (RIF) cells, and rat 
9L brain tumor cells, do not behave in this way 

■  AUTOCHTHONOUS AND 
T RANSGENIC TUMOR MODELS

Various inbred strains of mice have high inci-
dences of spontaneous tumors that are the result 
of viral exposure or carcinogen treatment. For 
example, C3H mice develop spontaneous mam-
mary tumors as they can transmit the mouse 
mammary tumor virus (MMTV) in their milk 
and C57BL6 mice are highly susceptible to de-
veloping lymphomas when exposed to ionizing 
radiation. The advantages of using these au-
tochthonous tumors in mice are that they are 
primary tumors that develop reproducibility in a 
certain organ, are infl uenced by the host stroma 
and immune systems, and are able to metasta-
size through the hosts’ vasculature or lymphatic 
systems. Although these autochthonous tumors 
have these advantages, they have signifi cant dis-
advantages that include variation in the number 
of primary tumors and the time for tumor devel-
opment. The disadvantages far outweigh the ad-
vantages of using these tumors to study radiation 
response because a single experiment could take 
over a year to perform. To date, few studies using 
these types of animal models have been experi-
mentally performed to study the effects of ion-
izing radiation on tumor growth and expansion.

Transgenic animals that possess specifi c mu-
tations in a given oncogene or tumor suppres-
sor gene have been proposed as better models 
to study the effects of ionizing radiation than 
autochthonous mice. Transgenic animal models 
have the advantage that the effect of a single or 
few genetic alterations on the response of tumors 
to radiation could be examined in an immune-
competent mouse in a reproducible manner. 
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FIGURE 21.9  Correlation between re-
sponse of human tumor xenografts and 
clinical complete remission rates to chemo-
therapy. The ordinate is the growth delay 
observed in 3 to 10 xenograft lines treated 
with the clinically used drugs that proved 
most effective in the xenografts. (Adapted 
from Steel GG. How well do x enografts main-
tain the therapeutic r esponse characteristics 
of the source tumor in the donor patient? In: 
Kallman RF, ed. Rodent Tumors in Experimen-
tal Cancer Therapy. New York, NY: Pergamon; 
1987, with permission.)   
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characteristic of a growing tumor. Spheroids are 
irradiated intact and then separated into single 
cells by the use of trypsin and gentle agitation 
before being plated out into petri dishes to be 
a ssayed for the reproductive integrity of indi-
vidual cells.

Mature spheroids consist of three populations 
of cells with varying radiosensitivity. Starting from 
the outside and working toward the center, they 
are asynchronous, aerobic cycling cells, aerated 
noncycling G1-like cells, and n oncycling G1-like 
hypoxic cells. Very large spheroids may contain 
about 20% hypoxic cells, similar to many animal 
tumors. By gently trypsinizing the spheroids for 
varying periods, the spheroid can be peeled like 
an onion and these three cell populations are 
separated out. Using more sophisticated meth-
ods, such as centrifugal elutriation and fl ow cy-
tometry, it is possible to separate many more cell 
subpopulations based on location in the spheroid, 
cell cycle, or other parameters. Figure 21.11 is 
a cross section through a large spheroid, showing 
clearly the development of a central necrotic area, 
which occurs when the spheroid’s size is such that 

but instead grow as spheroids. At each successive 
division, the progeny cells stick together, and the 
result is a large spheric clump of cells that grows 
bigger with time. A photograph of a large spher-
oid consisting of about 8 � 104 cells is shown in 
Figure 21.10. Five days after the seeding of sin-
gle cells into suspension culture, the spheroids 
have a diameter of about 200 �m; by 15 days, 
the diameter may exceed 800 �m. Oxygen and 
nutrients must diffuse into the spheroids from 
the surrounding tissue culture medium. In the 
center of a spheroid, there is a defi ciency of oxy-
gen and nutrients and a buildup of waste prod-
ucts because of diffusion limitations. Eventually, 
central necrosis appears and the mean cell cycle 
lengthens. Mature spheroids contain a heteroge-
neous population of cells resulting from many of 
the same factors, as in a tumor in vivo.

The spheroid system is simpler, more repro-
ducible, less expensive, and easier to manipu-
late than animal tumors, and yet the cells can 
be studied in an environment that includes the 
complexities of cell-to-cell contact and nutri-
tional stress from diffusion limitations that are 

FIGURE 21.10  Photograph of an 800-�m spheroid containing about 8 � 104 cells. 
( Courtesy of Dr. R.M. Sutherland.)
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single-cell in vitro culture and tumors in experi-
mental animals.

■  SPHEROIDS OF HUMAN TUMOR 
CELLS

Many types of human tumor cells can be cultured 
as spheroids, with a wide spectrum of morpho-
logic appearances and growth rates. In general, 
cells from disaggregated surgical specimens form 
spheroids if cultured in liquid suspension above a 
nonadhesive surface, which can be a thin layer of 
agar or agarose gel or the bottom of a culture dish 
not prepared for cell culture.

Only if the spheroid is formed and grown to a 
certain size can it be transferred to a spinner cul-
ture vessel and grown in the same way as spheroids 

oxygen and other nutrients cannot diffuse into 
the center.

The spheroid system has been applied to sev-
eral problems in radiobiology and in the study of 
pharmacologic agents, such as radiosensitizers or 
chemotherapeutic agents. A major problem in the 
application of these drugs to human tumors is the 
presence of resistant cells that are resting or non-
cycling, often located away from blood vessels. 
Drugs are required to diffuse in effective concen-
tration to these cells through layers of growing, ac-
tively dividing cells, which may inactivate the drug 
through their metabolism. The spheroid system 
mimics many of these tumor characteristics and 
provides a rapid, useful, and economic method for 
screening sensitizers and chemotherapeutic agents 
because it is i ntermediate in complexity between 

FIGURE 21.11  Photomicrograph of a spheroid cross section. Note the area of 
central necrosis. The spheroid was grown for 15 days and was 520 �m in diameter; the 
v iable rim had an average thickness of about 200 �m. (Courtesy of Dr. R.M. Sutherland.)
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large number of animals for the amount of infor-
mation produced. The determination of TCD50 
is perhaps ideal for producing data relevant to 
clinical radiotherapy. It is certainly the most ex-
pensive; to produce a single TCD50 value for one 
of the lines in Figure 21.4, six to eight groups of 
up to 10 animals must be kept and observed for 
weeks. The same information can be obtained in 
10 days with one or two mice and six petri dishes 
using the in vivo/in vitro technique.

The dilution assay technique allows clono-
genic cell survival to be assessed over a large 
range of doses and for tumors that cannot be 
grown in culture. It, too, is relatively expensive, 
because a whole group of recipient animals must 
be used and kept for weeks to obtain the same in-
formation obtained from one petri dish. Unques-
tionably, the most rapid and effi cient technique is 
the in vivo/in vitro technique, which combines the 
realism of irradiation in vivo with the speed and 
effi ciency of in vitro plating to assess clonogenic 
survival. The concomitant disadvantage is that 
any tumor that can be switched from petri dish to 
animal in alternate passages is so undifferentiated 
and anaplastic that it bears little resemblance to a 
spontaneous tumor in the human.

To some extent, the same criticism can be lev-
ied at all transplantable tumor systems. They are 
not only highly quantitative, but they are also very 
artifi cial. Having been cultured in vitro for many 
generations, they tend to be highly undifferen-
tiated, and they grow as encapsulated tumors in 
a muscle or beneath the skin rather than in the 
tissue of origin. In addition, some have produced 
misleading results because they are highly anti-
genic, which, in general, human tumors are not.

In short, transplantable tumors in laboratory 
animals are model systems; they must be used with 
care, and the results must not be overinterpreted. 
Used with caution, these systems have provided 
invaluable quantitative data and helped to estab-
lish important radiobiologic principles. They also, 
however, have “led us up the garden path” on sev-
eral occasions in the past (Fig. 21.12). For all of 
the reasons listed previously, they differ in impor-
tant ways from spontaneous human tumors, and 
for the testing of drugs at the National C ancer 
I nstitute, they have been largely replaced by a bat-
tery of cells of human origin cultured in vitro.

Xenografts of human tumors so far have been 
used on a much more limited scale. Because they 
are grown in the absence of an immune response, 

of established rodent cell lines. Human tumors 
successfully grown as spheroids include thyroid 
cancer, renal cancer, squamous carcinoma, colon 
carcinoma, neuroblastoma, human lung cancer, 
glioma, lymphoid tumors, melanoma, and osteo-
sarcoma. There appears to be no general pattern. 
One glioma line might form and grow as spher-
oids; another might not. The same applies to 
other tumor types. Thus, it seems that the capac-
ity to form and grow as spheroids is not a general 
property of tumor cells. Many nontumor cells also 
form spheroids, but only the spheroids of lym-
phoid origin continue to grow to any size.

Morphologic studies of spheroids of human 
tumor cells show that they maintain many char-
acteristics of the original tumor specimens taken 
from the patient and of the cells if grown as a 
xenograft in nude mice. Radiobiologic studies 
show that in addition to maintaining histologic 
characteristics of individual tumors, spheroids of 
human cells preserve characteristic radiosensi-
tivity because dose-response curves for spheroids 
are virtually identical to those for cells growing 
as xenografts in nude mice.

■  COMPARISON OF THE VARIOUS 
MODEL TUMOR SYSTEMS

In all transplantable systems described, the tumor 
is treated in situ, with all of the realism and com-
plexities of the in vivo milieu, such as cell-to-cell 
contact and the presence of hypoxic cells, factors 
that cannot be fully simulated in a petri dish. The 
tumor cure (TCD50) and growth delay systems 
share the additional advantage that they are left 
in situ undisturbed after treatment. In the other 
techniques, the tumor must be removed, minced, 
and prepared into a single-cell suspension by the 
use of an enzyme, such as trypsin, before survival 
is assessed. Although this step does not appear to 
affect the assessment of the effects of radiation, it 
can result in artifacts in the case of other agents, 
such as chemotherapeutic drugs or hyperther-
mia, in which the cell membrane may be involved 
in the cellular response. The procedure of break-
ing up the tumor and partially dissolving the cell 
membrane with a digestive enzyme may infl uence 
results. For this reason, in the testing and evalu-
ation of a new drug, one tumor system involving 
the determination of growth delay or TCD50 is 
always included. For the same reason, these same 
systems are very expensive because they require a 
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or cycling versus noncycling, can be separated 
out. Human cell spheroids have only been used 
on a limited scale, but it is clear that the cells 
retain many of the characteristics of the tumor 
from which they were taken. Spheroids are much 
less expensive than xenografts in immunosup-
pressed animals and perform much the same 
function.

SUMMARY OF 
PERTINENT CONCLUSIONS

■ A wide range of tumors of different his-
tologic types can be grown in laboratory 
a nimals and propagated by transplantation.

■ Transplanted tumor systems can be highly 
quantitative, but, in general, the more quan-
titative the system, the more artifi cial it is, 
because the tumors are highly undifferenti-
ated and encapsulated.

■ The fi ve assays in common use are tumor 
growth delay measurements, tumor cure 
(TCD50) assay, tumor cell survival deter-
mined by the dilution assay technique, the 
production of lung colonies, and in vivo 
treatment followed by in vitro assay.

■ In all fi ve assays, the cells can be irradiated 
in situ with all the realism and complexity 
of in vivo conditions.

■ If tumor cure (TCD50) or growth delay is 
scored, the tumor is left undisturbed after 

it could be argued that they are the epitome of ar-
tifi ciality. They do, however, allow a comparison 
to be made of the intrinsic sensitivity to radiation 
or chemotherapeutic agents of fresh explants of 
human tumors. As in vitro culture techniques 
improve and better growth media are developed, 
xenografts may be less necessary.

A fi nal point of consideration should be on 
the technical delivery of ionizing radiation to 
autochthonous or transgenic tumors. Compared 
to subcutaneously transplanted tumors in the 
fl ank of the animal that can be easily irradiated to 
spare normal tissue toxicity, spontaneous tumors 
are not superfi cial and a more complex radiation 
protocol would have to be used to target the ra-
diation to the organ of interest and spare normal 
 tissue toxicity. Such devices have started to be-
come commercially available, and in some cases, 
include imaging capability as well. Thus, a new 
era in the postgenome era could emerge with the 
advent of transgenic mouse models, sophisticated 
technology to target radiotherapy to the tumor, 
and state-of-the-art imaging to quantify changes 
in tumor volume. The limitation to these studies 
will stem from cost.

Spheroids represent a most important inter-
mediate model between monolayers of cells in 
culture and tumors in vivo. Several important 
radiobiologic principles have been established 
using spheroids of rodent cells, in which the vari-
ous p opulations of cells, aerated versus hypoxic 

FIGURE 21.12  Transplantable tumors in 
small laboratory animals not only have pro-
vided invaluable quantitative data, but they 
have also “led us up the garden path” on sev-
eral occasions. Transplantable tumors tend to 
be fast growing, undifferentiated, and highly 
antigenic and are grown as encapsulated 
tumors in muscle or beneath the skin, not in 
their sites of origin. For all of these reasons, 
they are highly artifi cial, and care must be 
used in interpreting results.   
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■ Spheroids are intermediate in complexity 
between monolayer cell cultures in vitro 
and transplantable tumors in experimental 
 animals.

■ Many types of human tumor cells grow as 
spheroids and maintain many characteris-
tics of the original tumor from the patient 
or of the same cells grown as xenografts.

■ Programmed cell death, or apoptosis, occurs 
after irradiation in many animal tumors, 
as well as in human xenografts in nude mice.

■ Apoptosis is most important in lymphomas, 
essentially absent in sarcomas, and interme-
diate and variable in carcinomas.

■ Cells may show signs of dying an apoptotic 
death by 3 hours after irradiation.
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treatment. This avoids artifacts involved 
in disaggregating the tumor, especially in 
the study of some chemicals or hyperther-
mia, in which cell membrane effects are 
important.

■ The dilution assay technique, the lung 
colony assay, and the in vivo/in vitro assay 
all measure the cell-surviving fraction; that 
is, they are clonogenic assays. They require 
fewer animals and are therefore more ef-
fi cient than the scoring of tumor cure or 
growth delay. All three assays require, 
however, that a single-cell suspension be 
prepared from the tumor, and this may re-
sult in artifacts.

■ Transplantable tumors in small laboratory 
animals have been used to establish many 
radiobiologic principles, but they are highly 
artifi cial and must be used with care. They 
have “led us up the garden path” on several 
occasions.

■ Many human tumor cells can be grown as 
xenografts in immune-defi cient animals.

■ Although the histologic characteristics of 
the human source tumor are maintained, 
the stroma is of mouse origin.

■ Xenografts of human tumor cells are not 
much better than mouse tumors for studies 
in which the vascular supply is important.

■ Human tumor cells undergo kinetic changes 
and selection if transplanted into immune-
defi cient mice.

■ Xenografts generally maintain the chemo-
therapeutic response characteristics of the 
class of tumors from which they are de-
rived. There is evidence, too, of individu-
ality of response.

■ Spheroids of established rodent cells can be 
grown in suspension culture (i.e., “spinner 
culture”). Oxygen and nutrients must dif-
fuse into the spheroid from the surround-
ing culture medium. Oxygen defi ciency and 
a buildup of waste products result, just as in 
a tumor.

■ Mature spheroids contain a heterogeneous 
population of cells, much like a tumor, but 
are more quantitative and more economical 
to work with.

■ Starting from the outside and working to-
ward the center, spheroids consist of asyn-
chronous aerated cells, noncycling G1-like 
aerated cells, noncycling G1-like hypoxic 
cells, and necrotic cells.
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■ THE CELL CYCLE

The ability of cells to produce exact, accurate 
copies of themselves is essential to the continu-
ance of life; it is accomplished through highly 
organized processes, well conserved through 
evolution. Lack of fi delity in cellular reproduc-
tion as manifested by DNA and chromosome 
alterations is a hallmark of cancer.

The only event in the cell cycle that can 
be identifi ed with a simple light microscope is 
the condensation of the chromosomes during 
mitosis (M); this was observed in the late 19th 
century. Using autoradiography, Howard and 
Pelc in the early 1950s divided the cell cycle by 
showing that DNA was synthesized only during 
a discrete time interval, which they called the S 
phase. Between mitosis and the S phase was the 
“fi rst gap in activity” (G1), and between S phase 
and the next mitosis was the “second gap in ac-
tivity” (G2). If the cells stop progressing through 
the cycle—that is, if they are arrested—they are 
said to be in G0. The cell cycle was discussed in 
detail in Chapter 4.

Howard and Pelc also showed that it was in 
these gaps that radiation affects cell cycle pro-
gression, because in their early studies, it was ob-
vious that cells arrest cell cycle progression after 
low-dose radiation damage not in S or M but in 
either G1 or G2. It was subsequently recognized 
that these arrests also were related to the process 
of malignancy, because primary cells would arrest 
in both G1 and G2, but tumor cells often would 
show only the G2 arrest point. Breakthroughs in 
understanding these events and the nature of the 

cell cycle itself came with the discovery of the 
cyclins, the cyclin-dependent kinases, and the 
cyclin–kinase inhibitors and with the elabora-
tion by Weinert and Hartwell of the concept of 
cell cycle checkpoints. The current concept of 
the cell cycle and its regulation is illustrated in 
Figure 22.1.

■ CYCLINS AND KINASES

Regulation of the complex processes that occur 
as a cell passes through the cycle is a result of a 
series of changes in the activity of intracellular 
enzymes known as cyclin-dependent kinases 
(Cdks). The active forms of these enzymes exist 
in protein complexes with a cell cycle phase– 
specifi c protein known as a cyclin. Transitions 
from one phase to the next in the cycle occur 
only if the enzymatic activity of a given kinase 
activates the proteins required for progression.

In mammals, cyclins A through H have been 
described. Each cyclin protein is synthesized at 
a discrete phase of the cycle: cyclin D and E in 
G1, cyclin A in S and G2, and cyclin B in G2 and 
M. Cyclin levels oscillate with phase of the cycle.

Seven Cdks have been described. Cdk levels 
are constant throughout the cell cycle, but their 
activity is regulated by cyclin-dependent activat-
ing kinases, the protein level of cyclin regulatory 
subunits, and association with Cdk inhibitors.

Molecular events in G1 prepare the cell for 
DNA synthesis. There is a stage in G1, known 
as the G1 restriction point, after which cells are 
committed to enter the S phase and no longer re-
spond to growth conditions. Prior to this point, 
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to proliferate and differentiate, whereas transfor-
mation requires a quantitatively different level of 
G1 cyclins. Thus, if increased G1 cyclin activity 
is needed for transformation, then loss or di-
minished G1 cyclin activity could act to suppress 
tumor formation.

Once a cell has committed to entering S, it 
must begin the incredibly diffi cult task of accu-
rately copying more than three billion bases of 
the genome; this feat is completed in a matter of 
a few hours. DNA polymerases are the enzymes 
involved in this copying process, which must be 
completed with high fi delity, aided by repair and 
misrepair genes that remove and replace mis-
matched DNA bases. Cyclin A is maximally ex-
pressed in S phase and enhances transition of the 
cell through this phase of the cycle.

After the cell has copied its entire genome, 
the next important task is to segregate the two 
copies of the DNA equally into the progeny 
cells. There is a gap (G2), however, between the 
end of all detectable DNA synthesis and the be-
ginning of cell division at which the process of 
condensing and segregating the chromosomes 
begins. Events during this period are controlled 
by Cdk activity analogous to that occurring at 
the G1/S transition, but this time it is a complex 
of cyclins B and A with Cdk1.

Although the cell is progressing through 
this complicated process of DNA replication 

cells may take several routes: They may  progress, 
differentiate, senesce, or die, depending on exter-
nal signals. Key players in the G1 restriction point 
include the protein of the retinoblastoma (Rb) 
gene, D-type cyclins, and Cdk4 and Cdk6, as well 
as Cdk inhibitors (Fig. 22.1).

If extracellular signals stimulate a cell to 
enter the cycle from quiescence, D-type cyclins 
are stimulated and continue through G1 and 
form a complex with Cdk4 or Cdk6. The acti-
vated cyclin–Cdk4 or cyclin–Cdk6 complex then 
phosphorylates the Rb protein, which releases it 
from E2F and its growth-suppressive function. 
E2F that is released from the Rb protein binds 
to the promoter of the cyclin E gene, resulting 
in increased cyclin E messenger ribonucleic acid 
(mRNA) and protein. There is more cyclin E 
available to bind Cdk2 and phosphorylate Rb, 
resulting in a positive feedback loop that is now 
refractory to mitogenic signals. Although nu-
merous studies have documented the  importance 
of all three D-type cyclins, two E-type cyclins, 
and Cdk2, Cdk4, and Cdk6, gene knockout stud-
ies in mice have indicated that all of these cyclins 
and their dependent kinases are not essential 
for normal cell cycle progression.  However, the 
ability of cells to be transformed by oncogenes 
is dependent on G1 cyclins and their dependent 
kinases. The current thinking is that untrans-
formed cells require a lower level of G1 cyclins 

FIGURE 22.1  The current concept 
of the cell cycle and its regulation by 
protein kinases, activated by cyclins.
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damage through Chk1 phosphorylation of the 
Cdc25A phosphatase and the inhibition of cy-
clin E–Cdk2 and cyclin A–Cdk2 complexes. 
This later checkpoint works independently of 
p53 (Fig. 22.2).

Control of the S phase checkpoint is in part 
mediated by the Cdc25A phosphatase inhib-
iting Cdk2 activity and the loading of Cdc45 
onto chromatin. Failure to load Cdc45 onto 
 chromatin prevents the recruitment of DNA 
polymerase � and replicon initiation (Fig. 22.2). 
A second mechanism for S phase arrest is sig-
naled by phosphorylation of Nijmegen breakage 
syndrome (NBS) by ATM. The importance of 
the S phase checkpoint is in protecting replica-
tion forks from trying to replicate through DNA 
strand breaks.

The arrest of cells in G2 following DNA 
damage is observed readily in mammalian cells 
and was studied by radiation biologists for de-
cades before checkpoints were understood at the 
molecular level. The arrest occurs after the levels 
of cyclin A increase in quantity but before cy-
clin B increases. The function of this checkpoint 
in normal cells is to prevent cells with damaged 
chromosomes from attempting the complex 
process of mitosis; they are arrested in G2 to 
allow DNA repair to be completed. It follows, 
therefore, that cells lacking the G2 checkpoint 
are radiosensitive, because they cannot repair all 
of their damaged chromosomes before entering 
mitosis. At the molecular level, multiple kinase 
signaling pathways have been implicated in reg-
ulating this checkpoint (Fig. 22.2). For example, 
ATM and Chk target the Cdc25C phosphatase 
and prevent cyclin B/A–Cdk1 activation. In ad-
dition, other regulatory proteins have been im-
plicated in G2 arrest, such as polo-like kinases, 
Brca1, and p53bp1. It appears that the G2 check-
point is the most regulated of all checkpoints and 
probably the most important in preventing the 
inappropriate entry of damaged cells into mito-
sis. Consequently, targeting the inhibition of key 
components of the G2 checkpoint could increase 
radiosensitization.

The hallmark of cancer is a lack of the ability 
to respond to signals that normally would cause 
the cell to stop progressing through the cycle 
and dividing. Checkpoint proteins provide an 
important mechanism by which a cell can tem-
porarily halt its transit through the cell cycle and 
attempt to restore chromosome integrity.

and  division, it must respond constantly to ex-
tracellular signals concerning nutrient status, 
 cell-to-cell contact, and so forth that arrive at the 
nucleus through one or another signal transduc-
tion pathway.

■ CHECKPOINT PATHWAYS

Events in the cell cycle must take place in a 
specifi c order, and it is the function of several 
checkpoint genes to ensure that the initiation 
of late events is delayed until earlier events are 
complete.

There are three principal places in the cell 
cycle at which checkpoints function:

 1. G1/S checkpoint
 2. S phase checkpoint
 3. G2/M checkpoint

If DNA is damaged, normal cells stop progress-
ing through the cycle and are arrested at one of 
these checkpoints, depending on their position 
in the cell cycle at the time at which the damage 
occurs (Fig. 22.2).

Cells with damaged DNA in G1 avoid rep-
licating that damage by arresting at the G1/S 
interface, or if they have already passed the re-
striction point governed by phosphorylation of 
Rb, they will transiently arrest in the S phase. 
Avoiding the replication of damaged DNA 
and allowing time for repair prevent cell death 
and the accumulation of heritable mutations. 
The tumor suppressor gene p53 is critical in 
the pathway that leads to G1 arrest (Fig. 22.2). 
DNA damage initiates a chain of events: First, 
ataxia-telangiectasia mutated (ATM) autophos-
phorylates and releases an active monomer that 
can directly phosphorylate p53 and murine 
double minute 2 (Mdm2), the ubiquitin ligase 
that targets p53 for degradation. In addition, 
the checkpoint kinases (Chk)—also targets of 
ATM—can also phosphorylate p53 and Mdm2. 
Phosphorylation of both p53 and Mdm2 results 
in increased levels of p53 protein. Activated p53 
enhances p21WAF1/CIPI gene expression, which 
results in a sustained inhibition of G1 cyclin/
Cdks. G1 cyclin inhibition prevents phosphory-
lation of Rb and progression from G1 into S. 
Mutations in p53 (which are present in so 
many human tumors) clearly compromise this 
checkpoint function. A second more rapid but 
transient checkpoint is also induced by DNA 
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FIGURE 22.2  Diagram depicting the critical role of ATM and its downstream effectors in reg-
ulating the cell cycle. In response to DNA damage, ATM becomes activated and  phosphorylates 
different key targets that will inhibit cell cycle progression in different phases of the cell cycle. In 
G1 phase, ATM phosphorylates p53 and Mdm2, resulting in increased p53 transcriptional activa-
tion of the inhibitor p21, which inhibits the cyclin D/E-Cdk4/6 complex. In late G1/early S phase, 
ATM phosphorylates Chk2 that in turn phosphorylates Cdc25A, a phosphatase that inhibits cyclin 
E/A-Cdk2 activity. In S phase, ATM phosphorylates NBS and SMC proteins, and transiently inhibits 
DNA synthesis. In G2 phase, ATM phosphorylates Chk1 that in turn phosphorylates Cdc25C, a 
phosphatase that inhibits cyclin B-Cdk1 activity. This diagram is included to reinforce the impor-
tance of ATM in inhibiting cell cycle progression in response to DNA damage. These interactions 
are dynamic and simplifi ed and are, in reality, a great deal more complex with many additional 
accessory proteins. 
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Given the assumption that all the cells are di-
viding with the same cell cycle, then

LI � �TS/TC

where TS is the duration of the DNA synthetic 
period and TC is the total cell cycle time.

In practice, these two quantities—the mitotic 
index and the labeling index—can be determined 
from a single specimen by counting the propor-
tion of cells in mitosis and the proportion of cells 
that are labeled. This is a very important consid-
eration in human studies in which it is usually 
not practical to obtain a large number of serial 
specimens of tumor or normal tissue material. 
Although these measurements yield ratios of the 
duration of mitosis and DNA synthesis as frac-
tions of the total cell cycle, they do not give the 
absolute duration of any part of the cycle.

■  THE PERCENT-LABELED MITOSES 
TECHNIQUE

A complete analysis of the cell cycle to obtain 
the length of each phase is only possible by la-
beling a cohort of cells in one phase of the cycle 
and observing the progress of this labeled cohort 
through a “window” in some other readily ob-
servable phase of the cycle. In practice, the easiest 
phase to label is S and the easiest to observe is M.

As stated previously, the labeling can be 
achieved by using either tritiated thymidine, 
identifi able by autoradiography, or bromodeoxy-
uridine, identifi able by a specifi c stain or anti-
body. The basis of the technique, therefore, is to 
feed the population of cells a label that is taken 
up in S and then to observe the appearance of 
that label in mitotic cells as they move around 
the cycle from S to M. To avoid confusion, the 
technique involving tritiated thymidine is de-
scribed in detail, partly because it is the original 
and classic technique and partly because pictures 
of autoradiographs show up well in black and 
white. The technique works equally well if bro-
modeoxyuridine is used. Bromodeoxyuridine-
containing DNA can be stained and shows up 
well in color under a microscope, but does not 
reproduce well in black and white.

The percent-labeled mitoses technique is 
laborious and time-consuming and requires a large 
number of serial samples. It is readily applicable in 
vitro, for which it is not diffi cult to  obtain a large 

■  QUANTITATIVE ASSESSMENT OF 
THE CONSTITUENT PARTS OF THE 
CELL CYCLE

Two relatively simple measurements can be 
made on a population of cells. First, it is possible 
to count the proportion of cells that are seen to 
be in mitosis; this quantity is called the mitotic 
index (MI). If it is assumed that all of the cells 
in the population are dividing and that all of the 
cells have the same mitotic cycle, then

MI � �TM/TC

where TM is the length of mitosis (i.e., the time 
taken for cells to complete division) and TC is 
the total length of the mitotic cycle, or cell cycle.

The symbol � is a correction factor to allow 
for the fact that cells cannot be distributed uni-
formly in time around the cycle because they 
double during mitosis (Fig. 22.3). The simplest 
assumption is that cells are distributed around 
the cycle exponentially in time, in which case � 
has a value of 0.693. In any event, � is a relatively 
small and unimportant correction factor.

The second relatively simple measurement 
requires that the cell population be fed for a 
brief time with a quantity of tritiated thymidine 
or 5-bromodeoxyuridine. In the jargon of cell 
kinetics, it is said to be fl ash-labeled. The cell 
population, whether on a petri dish or in a thin 
section cut from tissue, is then fi xed, stained, and 
viewed through a microscope. A count is made of 
the proportion of labeled cells. This quantity is 
called the labeling index (LI ).

FIGURE 22.3  Diagram illustrating the fact that 
cells cannot be distributed uniformly in time around 
the cell cycle because they double in number during 
mitosis. The simplest assumption is that they are dis-
tributed as an exponential function of time.
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must be removed, fi xed, and stained and an auto-
radiograph is then prepared. This is continued for 
a total time longer than the cell cycle of the popu-
lation under study. For each sample, the percent-
age of mitotic cells that carry a radioactive label 
must then be counted; this is the  percentage of 
labeled mitoses. A photomicrograph of a cell 
preparation is shown in  Figure 22.4. This is a 
particularly laborious process because only 1% or 
2% of the cells are in mitosis in any case, and only 
a fraction of these will be labeled.

The basis for this type of experiment, if ap-
plied to an idealized population of cells that 
all have identical cell cycles, is illustrated in 
 Figure 22.5, a plot of the percentage of labeled 
mitoses as a function of time. The cells that are 
in S while the radioactive thymidine is available 
take up the label. This labeled cohort of cells 
then moves through the cell cycle (as indicated 
by the circles at the top of Fig. 22.5) after the 
pool of radioactive thymidine has been removed. 
Early samples contain no labeled mitotic fi gures, 
and the fi rst labeled mitotic fi gure appears as 

number of parallel replicate samples. It may also 
be applied in vivo for determining the cell cycle 
parameters of normal tissue or tumors, provided 
a large number of sections from matched animals 
or tumors can be obtained at accurately timed 
intervals. The cell population fi rst must be fl ash-
labeled with tritiated thymidine. Theoretically, 
the labeled DNA precursor should be available to 
the cells for a negligibly short time; in practice, an 
exposure time of about 20 minutes is usually used. 
In in vitro, the thymidine is added to the growth 
medium; at the end of the fl ash-labeling period, it 
is simple to remove the radioactive medium and 
to add fresh medium. In in vivo, the tritiated thy-
midine is injected intraperitoneally; it clearly can-
not be removed after 20 minutes, so the exposure 
time is terminated by the injection of a massive 
dose of “cold” (i.e., nonradioactive) thymidine.

During the period in which tritiated thymidine 
is available, cells in S phase take up the radioactive 
label. After the label is removed, cells progress 
through their cell cycles. At regular intervals, usu-
ally of 1 hour, a specimen of the cell  population 

FIGURE 22.4  Photomicrograph of a preparation of mouse corneal cells. The cell 
preparation was fl ash-labeled some hours before with tritiated thymidine, which was 
taken up by cells in S phase. By the time the autoradiograph was made, the cell marked 
LM had moved around the cycle into mitosis; this is an example of a labeled mitotic 
fi gure. Other cells in mitosis are unlabeled (UM). (Courtesy of Dr. M. Fry.)
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All of the parameters of the cell cycle may be 
calculated from Figure 22.5. The time interval 
before the appearance of the fi rst labeled mitosis, 
the length ab, is in fact the length of G2 or TG2. 
The time it takes for the percent-labeled mitoses 
curve to rise from 0% to 100% (bc) corresponds 
to the time necessary for the leading edge of the 
labeled cohort of cells to proceed through mito-
sis and is therefore equal to the length of mitosis, 
TM. The duration of DNA synthesis (TS) is the 
time taken for the cohort of labeled cells to pass 
the beginning of mitosis (bd ). Likewise, it is the 
time required for the labeled cohort to pass the 
end of mitosis (ce). In practice, TS usually is taken 
to be the width of the curve at the 50% level, as 
marked in Figure 22.5.

The total cycle (TC) is the distance between 
corresponding points on the fi rst and second 
wave (bf, cg, dh, or ej ) or the distance between 
the centers of the two peaks as marked on the 
fi gure. The remaining quantity, TG1, usually is 

the leading edge of the cohort of labeled cells 
reaches M. This point in time is labeled b on 
the time axis of Figure 22.5; the position of the 
labeled cohort is indicated above on the circle, 
which is also marked b.

The percentage of labeled mitotic fi gures 
increases rapidly as the leading edge of the la-
beled cohort of cells passes through the M phase; 
when it reaches the end of the M phase, all mi-
totic fi gures are labeled (position c in Fig. 22.5). 
For the next few hours, all mitotic fi gures con-
tinue to be labeled until the trailing edge of the 
labeled cohort of cells reaches the beginning of 
mitosis (position d ), after which the percentage 
of labeled mitoses rapidly falls and reaches zero 
when the trailing edge reaches the end of mitosis 
(position e). There is then a long interval during 
which no labeled mitotic fi gures are seen until 
the labeled cohort of cells goes around the entire 
cycle and comes up to mitosis again, after which 
the whole pattern of events is repeated.
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FIGURE 22.5  Percent-labeled mitoses curve for an idealized cell population 
in which all of the cells have identical mitotic cycle times. The cell  population is 
fl ash-labeled with tritiated thymidine, which labels all cells in S. The proportion 
of labeled mitotic cells is counted as a function of time after labeling. The circles 
at the top of the fi gure indicate the position of the labeled cohort of cells as it 
progresses through the cycle. The length of the various phases (e.g., TG2

, TM) of 
the cycle (TC) may be determined as indicated.

25858_Hall_CH22.indd   37825858_Hall_CH22.indd   378 3/11/11   12:07 PM3/11/11   12:07 PM



 | Chapter 22 • Cell, Tissue, and Tumor Kinetics | 379

normal tissue, the spread of cell cycle times is 
so great that a second peak is barely discernible.

In practice, therefore, the constituent parts 
of the cycle are not simply read off the percent-
labeled mitoses curve. Instead, a complex com-
puter program is used to try various distributions 
of cell cycle times and to calculate the curve that 
best fi ts the experimental data. In this way, an es-
timate is obtained of the mean cell cycle time and 
of the range of cell cycle times in the population.

■  EXPERIMENTAL MEASUREMENTS 
OF CELL CYCLE TIMES IN VIVO AND 
IN VITRO

A vast number of cell cycle measurements have 
been made. Only a few representative results are 
reviewed here to highlight the most important 
points.

Figure 22.7 shows the percent-labeled mito-
ses data for two transplantable rat tumors with 
very different growth rates. The tumor repre-
sented in the upper panel (Fig. 22.7A) has a gross 
doubling time of about 20 hours, which can be 
judged easily from the separation of the fi rst and 
second waves of labeled mitotic cells.

For the tumor illustrated in the lower panel 
(Fig. 22.7B), there is no discernible second peak 
in the percent-labeled mitoses curve because of 
the large range of cell cycle times among the cells 
of the population. To obtain an estimate of the 
average cell cycle in this case, it is necessary to 
pool information from the percent-labeled mito-
ses curve and from the knowledge of the labeling 
index. The width of the fi rst wave of the percent-
labeled mitoses curve indicates that the length of 
the DNA synthetic phase (TS) is about 10 hours. 

calculated by subtracting the sum of all the other 
phases of the cycle from the total cell cycle, or

TG1 � TC � (TS � TG2 � TM )

Experimental data are never as clear-cut as the 
idealized picture in Figure 22.5. Points such as 
b and e, at which the curve begins to rise and 
reaches zero, are poorly defi ned. A more typical 
experimental result is illustrated in Figure 22.6. 
The only points that can be defi ned with any 
certainty are the peaks of the curves and the 50% 
levels, and these may be used to give a rough es-
timate of the lengths of the various phases of the 
cycle. The S period (TS) is given approximately 
by the width of the fi rst peak, from the 50% level 
on the ascending portion of the wave to the cor-
responding point on the descending curve. The 
total cell cycle, TC, is readily obtained as the time 
between successive peaks. In a separate experi-
ment, the mitotic index may be counted, which 
is equal to �TM/TC; because TC is known, TM 
may be calculated. The time from fl ash labeling 
to the point at which the curve passes the 50% 
level in Figure 22.6 is TG2 � 0.5 TM; because TM 
already is known, TG2 may be calculated. The 
remaining quantity, TG1, is deduced by subtrac-
tion, because the total cycle time and all other 
phases are known.

A careful examination of an actual set of ex-
perimental data makes it plain that the fi rst wave 
in the percent-labeled mitoses curve is not sym-
metric; the downswing is shallower than the up-
swing. This observation, coupled with the fact 
that the second peak is much smaller than the 
fi rst, indicates that the population is made up of 
cells with a wide range of cycle times. In many 
instances, particularly if the population of cells 
involved is an in vivo specimen of a tumor or 

FIGURE 22.6  Typical percent-labeled mi-
toses curve obtained in practice for the cells of 
a tissue or tumor. It differs from the idealized 
curve in Figure 22.5 in that the only points that 
can be identifi ed with precision are the peaks 
of the curve and the 50% levels. The fi rst peak 
is not perfectly symmetric, and the second 
peak is lower than the fi rst because the cells of 
a population have a range of cell cycle times.
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 mathematical model (Fig. 22.8A). There is a wide 
range of cell cycle times, from less than 10 to 
more than 40 hours, with a modal value of about 
19 hours. This range of cycle times explains the 
damped labeled mitoses curve and the fact that 
the fi rst peak is not symmetric.

Table 22.1 is a summary of the cell cycle pa-
rameters for cell lines in culture and some of the 
tissues and tumors for which percent-labeled mi-
toses curves have been shown in this chapter. The 
top row of Table 22.1 shows the data for Chinese 
hamster cells in culture. These cells are character-
ized by a short cell cycle of only 10 hours and a 
minimal G1 period. The second row of the table 
gives the comparable fi gures for HeLa cells. From 
a comparison of these two in vitro cell lines, a very 
important point emerges. The cell cycles of the 
two cell lines differ by a factor of more than 2, 
nearly all of which results from a difference in the 
length of G1. The other phases of the cycle are 
very similar in the two cell lines.

To obtain the average cell cycle time (TC), it is 
essential in this situation to know the labeling 
index. For this tumor, the labeling index is about 
3.6%. The average cell cycle time (TC) can then 
be calculated from the following  equation:

LI � �TS/TC

Therefore,

TC � (0.693 � 10)/(3.6/100) � 192.5 hours

The absence of a second peak is a clue to the fact 
that there is a wide range of cell cycle times for 
the cells of this population, so 192.5 hours is very 
much an average value.

A computer analysis makes it possible to es-
timate the distribution of cell cycle times in a 
 population. For example, Figure 22.8 shows 
the percent-labeled mitoses curve for a trans-
plantable mouse tumor (Fig. 22.7B), together 
with an  analysis of cell cycle times based on a 

FIGURE 22.7  Percent-labeled mi-
toses curve for two transplantable rat 
sarcomas with widely different growth 
rates. The tumor in the upper panel 
(A) has a gross doubling time of 22 
hours, compared with 192.5 hours 
for the tumor in the lower panel (B). 
(Adapted from Steel GG, Adams K, Bar-
rett JC. Analysis of the cell population 
kinetics of transplanted tumours of 
widely- differing growth rate. Br J Can-
cer. 1966;20:784–800, with  permission.)
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TABLE 22.1 The Constituent Parts of the Cell Cycle (in Hours) for Some Cells in Culture 
and Tumors in Experimental Animals

Authors Cell or Tissue TC TS TM TG2 TG1

Bedford Hamster cells in vitro 10 6 1 1 2

 HeLa cells in vitro 23 8 1 3 11

Steel Mammary tumors in the rat

  BICR/M1 19 8 �1 2 8

  BICR/A2 63 10 �1 2 50

Quastler and Mouse intestinal crypt    18.75 7.5   0.5    0.5–1.0 9.5
 Sherman

Brown and Berry Hamster cheek pouch epithelium 120–15 28.6   1.0 1.9 108–140

 Chemically induced carcinoma   10.7 5.9   0.4 1.6 2.8
  in pouch

Also included in Table 22.1 are data for the 
cells of the normal cheek pouch epithelium in 
the hamster and a chemically induced carcinoma 
in the pouch. These are representative of several 
studies in which cells from a solid tumor have been 
compared with their normal tissue counterparts. 

In general, it is usually found that the malignant 
cells have the shorter cycle time.

In reviewing the data summarized in Table 22.1, 
it is at once evident that although the length of the 
cell cycle varies enormously between populations, 
particularly in vivo, the lengths of G2, mitosis, and 

FIGURE 22.8  A: The distribution of cell 
cycle times consistent with the damped la-
beled mitoses curve, obtained by computer 
analysis of the data and a mathematical 
model. (Part A – Adapted from Steel GG. 
The growth kinetics of tumors in relation 
to their therapeutic response. Laryngo-
scope. 1975;85:359–370, with permission.) B:
Percent-labeled mitoses curve for an EMT6 
mouse tumor. (Data from Dr. Sara Rockwell.)
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thymidine into an animal with a tumor, and then 
several cell generations later, preparing an au-
toradiograph from sections of the tumor. The 
growth fraction is given by the expression

GF �   fraction of cells labeled   ___   
fraction of mitoses labeled

  

This method assumes that there are two distinct 
subpopulations, one growing with a uniform cell 
cycle, the other not growing at all.

Continuous labeling is an alternative way to 
provide an approximate measure of the proportion 
of proliferating cells. Tritiated thymidine is infused 
continuously for a time equal to the cell cycle minus 
the length of the S phase. The fraction of labeled 
cells then approximates to the growth fraction.

Table 22.2 is a summary of growth fractions 
measured for various solid tumors in experimen-
tal animals, which frequently fall between 30% 
and 50%, even though the tumors vary widely in 
degree of differentiation, arise in different spe-
cies, and are of varied histologic types. As a tumor 
outgrows its blood supply, areas of necrosis often 
develop that are accompanied by hypoxic cells, 
the proportion of which for many solid tumors is 
about 15%. This accounts for part, but not all, of 
the quiescent cell population.

■ CELL LOSS

The overall growth of a tumor is the result of a 
balance achieved between cell production from 
division and various types of cell loss. In most 

S are remarkably constant. The vast bulk of the cell 
cycle variation is accounted for by differences in 
the length of the G1 phase.

■ PULSED FLOW CYTOMETRY

During the past several decades, classic autoradi-
ography largely has been replaced by pulsed fl ow 
cytometry (Fig. 22.9). The conventional tech-
niques of autoradiography give precise, mean-
ingful answers, but they are laborious and slow. 
Techniques based on fl ow cytometry provide data 
that are available within a few days. Detailed cell 
kinetic data can be obtained by such techniques, 
including an analysis of the distribution of cells in 
the various phases of the cycle (Fig. 22.10).

■ THE GROWTH FRACTION

Central to an appreciation of the pattern of 
growth of solid tumors is the realization that at 
any given moment, not all of the tumor cells that 
are viable and capable of continued growth are 
actually proceeding through the cell cycle. The 
population consists of proliferating (P ) cells and 
quiescent (Q) cells. The growth fraction (GF ), 
a term introduced by Mendelsohn, is defi ned as 
the ratio of the number of proliferating cells to 
the total number of cells (P � Q), or

GF � P/(P � Q)

There are various ways to estimate growth frac-
tion. One method consists of injecting tritiated 
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FIGURE 22.9  The principles of DNA distribu-
tion analysis of fl ow cytometry. Suspensions of 
fl uorescent-stained single cells fl ow one at a time 
through a light beam, with its wavelength ad-
justed to excite the fl uorescent dye. The fl uores-
cence stimulated in each cell is recorded as a mea-
sure of that cell’s DNA content. Thousands of cells 
can be measured each second and the results 
accumulated to form a DNA distribution like that 
shown for asynchronously growing Chinese ham-
ster ovary cells. (Adapted from Gray JW, Dolbeare 
F, Pallavicini MG, et al. Cell cycle analysis using fl ow 
cytometry. Int J Radiat Biol. 1986;49:237–255, with 
permission.)
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FIGURE 22.10  The fl ow cytometric analysis of cellular bromodeoxyuridine (BrdUrd) and DNA content 
for cells stained with fl uorescein (linked to BrdUrd) and propidium iodide (linked to DNA). The cells are 
processed one at a time through a blue (488-nm) laser beam that excites cellular BrdUrd content, and red 
fl uorescence is recorded as a measure of cellular DNA content. The BrdUrd (green fl uorescence) axis in 
the bivariate is logarithmic, with every seven channels representing a doubling of fl uorescence intensity. 
(Adapted from Gray JW, Dolbeare F, Pallavicini MG, et al. Cell cycle analysis using fl ow cytometry. Int J Radiat 
Biol. 1986;49:237–255, with permission.)

TABLE 22.2 Growth Fraction for Some Tumors in Experimental Animals

Tumor Author Growth Fraction, %

Primary mammary carcinoma in the mouse (G3H) Mendelsohn 35–77

Transplantable sarcoma in the rat (RIB5) Denekamp 55

Transplantable sarcoma in the rat (SSO) Denekamp 47

Transplantable sarcoma in the rat (SSB1) Denekamp 39

Mammary carcinoma in the mouse (C3H) Denekamp 30

Chemistry induced carcinoma in the hamster cheek pouch Brown 29

cases, tumors grow much more slowly than 
would be predicted from a knowledge of the 
cycle time of the individual cells and the growth 
fraction. The difference is a result of cell loss. 
The extent of the cell loss from a tumor is 
 estimated by comparing the rate of production 

of new cells with the observed growth rate of 
the tumor. The discrepancy provides a measure 
of the rate of cell loss. If Tpot is the potential 
tumor doubling time (Tpot � �TS/LI; where TS

is the length of the DNA synthetic period, LI is 
the labeling index, and � is a correction factor 
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 between 0.67 and 1), and Td is the actual tumor 
doubling time, obtained from simple direct 
measurements on the diameter of the tumor 
mass, the cell loss factor (�) has been defi ned 
by Steel to be

� � 1�Tpot/Td

The cell loss factor represents the ratio of the 
rate of cell loss to the rate of new cell production. 
It expresses the loss of growth potential by the 
tumor. A cell loss factor of 100%, for instance, 
indicates a steady state of neither growth nor 
regression.

Cells in tumors can be lost in several ways:

 1. Death from inadequate nutrition: As the tu-
mor outgrows its vascular system, rapid cell 
proliferation near capillaries pushes other 
cells into regions remote from blood supply, 
in which there is an inadequate concentra-
tion of oxygen and other nutrients. These 
cells die, giving rise to a progressively enlarg-
ing necrotic zone.

 2. Apoptosis, or programmed cell death: This 
form of cell death is manifested by the occur-
rence of isolated degenerate nuclei remote 
from regions of overt necrosis.

 3. Death from immunologic attack.
 4. Metastasis, including all processes by which 

tumor cells are lost to other parts of the body, 
such as spread through the bloodstream and 
lymphatic system.

 5. Exfoliation, which would not apply to most 
model tumors in experimental animals but 
which could be an important mechanism of 
cell loss from, for example, carcinoma of the 
gastrointestinal tract in which the epithelium 
is renewed at a considerable rate.

There are limited data on the relative importance 
of these different processes in different tumor 
types, but it is clear that death from inadequate 
nutrition—by entry into necrotic areas—is often 
a major factor. It refl ects the latent inability of 
the vascular system to keep up with the rate of 
cell production. There is still a great deal to be 
learned about the occurrence of cell loss from 
tumors, the mechanisms by which it occurs, and 
the factors by which it can be controlled. It is 
clear, however, that any understanding of the 
growth rate of tumors at the cellular level must 
include a consideration of this often dominant 
factor.

■  DETERMINATIONS OF CELL LOSS IN 
EXPERIMENTAL ANIMAL TUMORS

The cell-loss factor has been estimated in a 
considerable number of tumors in experimen-
tal animals. Some of the results are listed in 
Table 22.3. Values for the cell-loss factor vary 
from 0% to more than 90%. In reviewing the 
literature on this subject, Denekamp pointed 
out that sarcomas tended to have low cell-loss 
factors, but carcinomas tended to have high 
cell-loss factors. All the sarcomas investigated 
had cell-loss factors less than 55%; most car-
cinomas had cell-loss factors in excess of 70%. 
Therefore, cell loss appears to be a dominant 
factor in the growth of carcinomas and of con-
siderably less importance for sarcomas. This 
pattern correlates with the importance of apop-
tosis as a mode of cell death. Apoptosis is quite 
common in carcinomas and rare in sarcomas. 
If this is found to be a general phenomenon, it 
might be attributed to the origin of carcinomas 
from continuously renewing epithelial tissues in 
which the cell-loss factor is 100%.

This difference between sarcomas and carci-
nomas may also account for their differing re-
sponses to radiation. In carcinomas in which the 
production of new cells is temporarily stopped or 
reduced by a dose of radiation, cells continue to 
be removed from the tumor because of the high 

TABLE 22.3 Cell-Loss Factor (�) 
for Some Tumors in 
Experimental  Animals 

Tumor Author �, %

Mouse sarcoma Frindel

 3-day-old tumor   0

 7-day-old tumor  10

 20-day-old tumor  55

Rat carcinoma Steel  9

Rat sarcoma Steel  0

Mouse carcinoma Mendelsohn 69

Hamster carcinoma Brown 75

Rat sarcoma Hermens 26

Hamster carcinoma Reiskin 81–93

Mouse carcinoma Tannock 70–92
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degree of differentiation seems to be related to 
the doubling time, with poorly differentiated 
cancers generally progressing more rapidly.

In addition to growth rate measurements, 
studies of cell population kinetics also have 
been performed on a limited number of human 
 tumors. Studies of this kind raise practical and 
ethical problems. The ethical problems stem 
from the fact that in vivo experiments require an 
injection of tritiated thymidine or bromodeoxy-
uridine, which limits such studies to patients who 
have short life expectancies and in whom the in-
jection of the label does not raise any problems 
of possible genetic consequences. The practi-
cal problems arise because the percent- labeled 
mitoses technique, which is the most satisfac-
tory way to obtain the duration of the various 
phases of the cell cycle, requires a large number 
of sequential samples to be taken for several days 
after the injection of the label.

In mice or rats, the multiple samples are 
obtained from a large number of identical ani-
mals bearing transplanted tumors of the same 
size and type by sacrifi cing one or more animals 
each time. In humans, each spontaneous tumor 
is unique, so the multiple samples must be ob-
tained by repeated biopsies at frequent intervals 
from the same tumor. This heroic procedure is 
uncomfortable and inconvenient for the patient 
and is only practical with large superfi cial skin 
tumors, which may not be truly representative 
of human tumors in general. Nevertheless, a sur-
prisingly large number of human tumors have 
been studied in this way. The percent-labeled 
mitoses curves obtained are similar to those for 
laboratory animals, although the second wave of 
labeled mitoses is rarely distinct and is usually 
altogether absent.

Tubiana and Malaise surveyed the fi eld and 
reported 40 cases in which the cell cycle of solid 
tumors in humans had been evaluated with the 
percent-labeled mitoses technique. The cell cy-
cles observed were between 15 and 125 hours in 
90% of the cases, with a modal value of 48 hours 
(Table 22.4). The duration of S (TS) was less 
variable than the total cell cycle, with 90% of 
the values falling between 9.5 and 24 hours 
and a modal value of about 16 hours. As a fi rst 
 approximation, it can be assumed that TS has 
a duration of about 16 hours and that the mean 
duration of the cell cycle is about three times the 
duration of TS.

cell-loss factor, and the tumor shrinks. In sarco-
mas, however, even if a large proportion of the 
cells are sterilized by a dose of radiation, they do 
not disappear from the tumor mass as quickly.

It would be simple, then, to explain why two 
tumors, one a carcinoma and one a sarcoma, con-
taining the same number of cells and exposed to 
the same radiation dose, would appear to behave 
quite differently. The carcinoma might shrink dra-
matically soon after the radiation dose, whereas the 
sarcoma would not appear as affected by the radia-
tion. In the long term, the “cure” rates of both tu-
mors may well be identical, but in the short term, 
the carcinoma would be said to have “responded” 
to the radiation, whereas the sarcoma might be 
said to be unresponsive or resistant to radiation.

■  GROWTH KINETICS OF HUMAN 
 TUMORS

The fi rst quantitative study of the growth rate 
of human tumors was done by Collins and his 
colleagues in 1956. They observed the growth 
of pulmonary metastases from serial chest radio-
graphs. It is now possible to gather information 
from the literature on the doubling time of more 
than 1,000 human tumors. Most of the data were 
obtained either by measurements from radio-
graphs or by direct measurements of skin tumors 
or metastases in soft tissue. The doubling time 
of human tumors varies widely from patient to 
patient and is, on the average, very long; Tubiana 
and Malaise have estimated that the median 
value is about 2 months.

Tumors of the same histologic type arising 
in different patients differ widely in growth rate. 
By contrast, metastases arising in the same pa-
tient tend to have similar rates of growth. The 
latter observation is the basis for using patients 
with multiple skin or pulmonary metastases to 
test and compare new treatment modalities, such 
as high-linear energy transfer radiations or hy-
perthermia. There is certainly a correlation be-
tween histologic type and growth rate. Tubiana 
and Malaise have collected values for the dou-
bling time in 389 patients with pulmonary me-
tastases, classifi ed into fi ve histologic categories. 
They can be arranged in order of doubling time 
as follows: embryonic tumors, 27 days; malig-
nant lymphomas, 29 days; mesenchymal sarco-
mas, 41 days; squamous cell carcinomas, 58 days; 
and  adenocarcinomas, 82 days. In addition, the 
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cells should be labeled. This method of continu-
ous labeling can be performed only with a small 
number of patients who are in no way represen-
tative. An alternative procedure is to estimate the 
growth fraction by assuming that the proportion 
of cells in cycle is about equal to three times the 
labeling index, an assumption based on the no-
tion that the cell cycle is three times the length 
of the S phase. The growth fraction calculated in 
this way correlates well with the tumor doubling 
time: It is 0.9 in malignant lymphomas and em-
bryonic tumors and less than 0.06 in adenocar-
cinomas. The relation between the growth rate 
and growth fraction appears to be much closer in 
human tumors than in animal tumors.

Of the various parameters that characterize 
tumor kinetics, the cell-loss factor is, in gen-
eral, the most diffi cult to evaluate. The cell-loss 
 factor for human tumors generally has been cal-
culated by comparing the observed tumor volume-
doubling time with the potential doubling time, 
which is the time required for the population of 
cells to double, assuming that all the cells pro-
duced are retained in the tumor. Tubiana and 
Malaise calculated a mean value of the cell-loss 
factor for fi ve histologic groups of human tu-
mors, assuming the duration of S to be 16 hours. 
Their results suggest that, in general, the mean 
cell-loss factor exceeds 50%. Furthermore, it 
appeared to be higher if the tumor was grow-
ing quickly and if its growth fraction was high. 
In humans, the smallest cell-loss factors seem to 
be associated with those histologic types of tu-
mors that have the slowest rate of growth. The 
cell-loss factor, therefore, tends to reduce the 
spread of growth rates that results from the dif-
ferences in growth fraction of the various types 
of tumors.

Steel has estimated independently the extent 
of cell loss in human tumors by comparing the 
potential doubling time with observed tumor 
growth rates. The relevant data on the volume 
doubling time for six groups of human tumors 
are given in Table 22.5. They consist mostly of 
measurements of primary and secondary tumors 
of the lung. There are differences between in-
dividual series, which indeed may refl ect sig-
nifi cant differences in the growth rates of the 
various types of tumors, but if the results are 
all pooled, they yield an average median dou-
bling time of 66 days, with 80% of the values 
falling in the range between 18 and 200 days. 

TABLE 22.4 Individual Values for the 
 Duration of the Cell Cycle (TC) 
in Human Solid Tumors of 
Various Histologic Types

Authors TC, h

Frindel et al. (1968)  97, 51.5, 27.5, 
 48, 49.8

Bennington (1969) 15.5, 14.9

Young and de Vita (1970) 42, 82, 74

Shirakawa et al. (1970) 120, 144

Weinstein and Frost (1970) 217

Terz et al. (1971)  44.5, 31, 14, 
 25.5, 26

Peckham and Steel (1973) 59

Estevez et al. (1972)  37, 30, 48, 30, 
 38, 96, 48

Terz and Curutchet (1974)a 18, 19, 19.2, 120

Malaise et al. (unpublished 24, 33, 48, 42
 data)a

Muggia et al. (1972) 64

Bresciani et al. (1974) 82, 50, 67, 53, 58
a Measured by the mean grain count halving time.

From Tubiana M, Malaise EP. Growth rate and cell 
kinetics in human tumors: some prognostic and thera-
peutic implications. In: Symington T, Carter RL, eds. 
Scientifi c Foundations of Oncology. Chicago, IL: Year Book 
Medical Publishers; 1976:126–136, with permission.

Although the percent-labeled mitoses tech-
nique has been used on relatively few human 
tumors, the labeling index has been measured 
in many more after in vitro incubation of a fresh 
piece of excised tumor with tritiated thymidine. 
The rationale underlying this technique is that 
cells already synthesizing DNA in vivo are able 
to continue synthesis of DNA in vitro, but no 
new cells enter synthesis under the incubation 
conditions that normally are used.

The growth fraction, too, has been measured 
in only a limited number of human tumors by 
the method of continuous labeling. If a popu-
lation of cells is labeled continuously during a 
period corresponding to the duration of the cell 
cycle less the duration of the DNA synthetic 
phase (i.e., TC–TS), all the actively proliferating 
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chemotherapy are the histologic types with high 
labeling indexes. Furthermore, a high level of 
cell loss appears to favor the response to chemo-
therapy, and in humans, this occurs especially in 
tumors with high labeling indexes.

SUMMARY OF 
PERTINENT CONCLUSIONS

■ The division of the cell cycle into its con-
stituent phases, M, G1, S, and G2 was ac-
complished in the 1950s.

■ The arrest of cells at various positions 
in the cycle by the action of “checkpoint 
genes” is an important response to DNA 
damage. The two principal checkpoints 
are the G1/S and the G2/M boundary, but 
there is also a checkpoint in S. G2/M is the 
most important checkpoint following radi-
ation damage; cells pause at G2/M to repair 
radiation-induced damage before attempt-
ing the complex process of mitosis.

■ Progression through the cell cycle is gov-
erned by protein kinases, activated by cy-
clins. Each cyclin protein is synthesized at 
a discrete phase of the cycle: cyclin D and 
E in G1, cyclin A in S and G2, and cyclin B 
in G2 and M. Transitions in the cycle occur 
only if a given kinase activates the proteins 
required for progression.

■ Most of the difference in cell cycle between 
fast- and slow-growing cells is a result of 
differences in G1, which varies from less 
than 1 hour to more than a week.

Taking the median values for the  labeling index, 
 doubling time, and S phase as suggested by 
Steel, the median cell-loss factor in all human 
tumors studied is 77%. It thus would appear 
that for human tumors, cell loss is generally the 
most important factor determining the pattern 
of tumor growth.

The high rate of cell loss in human tumors 
largely accounts for the great disparity between 
the cell cycle time of the individual dividing 
cells and the overall doubling time of the tumor. 
Although the tumor doubling time is charac-
teristically 40 to 100 days, the cell cycle time is 
relatively short, 1 to 5 days. This has important 
implications, which often are overlooked, in the 
use of cycle-specifi c chemotherapeutic agents 
or radiosensitizing drugs for which it is the cell 
cycle time that is relevant.

Because Bergonié and Tribondeau estab-
lished a relation between the rate of cell prolif-
eration and the response to irradiation in  normal 
tissues, it might be supposed that this would 
be the same for tumors. It is of interest to note 
that the histologic groups of human tumors that 
have the most rapid mean growth rates and the 
highest growth fractions and cell turnover rates 
are indeed those that are the most radiosensitive. 
There is also a correlation between, on the one 
hand, the growth rate and the labeling index or 
the cell loss and, on the other hand, the reaction 
to chemotherapy. This is not surprising, because 
most drugs act essentially on cells in S phase. It 
is remarkable, however, that the only human tu-
mors in which it is possible to achieve cures by 

TABLE 22.5 Volume Doubling Times of Human Tumors

  Volume Doubling
Authors Site Time, d Range, d

Breuer Lung metastases  40  4–745

Collins et al. Lung metastases  40 11–164

Collins Lung metastases from colon or rectum  96 34–210

Garland Primary bronchial carcinomas 105 27–480

Schwartz Primary bronchial carcinomas  62 17–200

Spratt Primary skeletal sarcomas  75 21–366

Based on the data from Steel GG. Cell loss from experimental tumors. Cell Tissue Kinet. 1968;1:193–207.
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rapidly; most are quiescent. Most new cells 
produced by mitosis are lost from the tumor.

■ In general, the cell cycle time of malignant 
cells is appreciably shorter than that of 
their normal tissue counterparts.

■ In general, irradiation causes an elongation 
of the cell cycle time in tumor cells and a 
shortening of the cell cycle in normal  tissues.

■ In 90% of human tumors, the cell cycle 
time has a modal value of 48 hours (a range 
of 15 to 125 hours).

■ In human tumors, TS has a modal value of 
about 16 hours (a range of 9.5 to 24 hours).

■ As a fi rst approximation, the mean duration 
of the cell cycle in human tumors is about 
three times the duration of the S phase.

■ Growth fraction is more variable in human 
tumors than in rodent tumors and correlates 
better with gross volume doubling time.

■ Cell-loss factor for human tumors has 
been estimated by Tubiana and Malaise 
to have an average value for a range of 
 tumors in excess of 50%. Steel’s estimate 
for a median value for all human tumors 
studied is 77%.

■ BIBLIOGRAPHY

Abraham RT. Cell cycle checkpoint signaling through the 
ATM and ATR kinases. Genes Dev. 2001;15:2177–2196.

Bakkenist CJ, Kastan MB. DNA damage activates ATM 
through intermolecular autophosphorylation and dimer 
dissociation. Nature. 2003;421:499–506.

Bartek J, Lukas J. Chk1 and Chk2 kinases in checkpoint con-
trol and cancer. Cancer Cell. 2003;3:421–429.

Begg AC, Hofl and I, Van Glabekke M, et al. Predictive value 
of potential doubling time for radiotherapy of head and 
neck tumor patients: results from the EORTC Coopera-
tive Trial 22851. Semin Radiat Oncol. 1992;2:22–25.

Begg AC, McNally NJ, Shrieve D, et al. A method to measure 
the duration of DNA synthesis and the potential doubling 
time from a single sample. Cytometry. 1985;6:620–625.

Begg AC, Moonen L, Hofl and I, et al. Human tumour cell 
kinetics using a monoclonal antibody against iododeoxy-
uridine: intratumour sampling variations. Radiother Oncol. 
1988;11:337–347.

Bergonié J, Tribondeau L. Interpretation of some results of 
radiotherapy in an attempt at determining a logical tech-
nique of treatment. Radiat Res. 1959;11:587–588.

Bresciani F. A comparison of the generative cycle in normal 
hyperplastic and neoplastic mammary gland of the C3H 
mouse. In: Cellular Radiation Biology. Baltimore, MD: 
Williams & Wilkins; 1965:547–557.

Breuer K. Growth rate and radiosensitivity of human tu-
mours: 1. Growth rate of human tumours. Eur J Cancer. 
1966;2:157–171.

Brown JM. The effect of acute x-irradiation on the cell 
 proliferation kinetics of induced carcinomas and their 
normal counterpart. Radiat Res. 1970;43:627–653.

■ The mitotic index (MI) is the fraction of 
cells in mitosis

MI � �TM/TC

■ The labeling index (LI ) is the fraction of 
cells that take up tritiated thymidine (i.e., 
the fraction of cells in S)

LI � �TS/TC

■ The percent-labeled mitoses technique al-
lows an estimate to be made of the lengths of 
the constituent phases of the cell cycle. The 
basis of the technique is to label cells with 
tritiated thymidine or bromodeoxyuridine 
in S phase and time their arrival in mitosis.

■ Flow cytometry allows a rapid analysis of 
the distribution of cells in the cycle. Cells 
are stained with a DNA-specifi c dye and 
sorted based on DNA content.

■ The bromodeoxyuridine–DNA assay in 
fl ow cytometry allows cells to be stained si-
multaneously with two dyes that fl uoresce at 
different wavelengths: One binds in propor-
tion to DNA content to indicate the phase 
of the cell cycle, and the other binds in pro-
portion to bromodeoxyuridine incorpora-
tion to show if cells are synthesizing DNA.

■ The growth fraction is the fraction of cells 
in active cell cycle (i.e., the fraction of pro-
liferative cells).

■ In animal tumors, the growth fraction fre-
quently ranges from 30% to 50%.

■ The cell-loss factor (�) is the fraction of 
cells produced by cell division lost from the 
tumor.

■ In animal tumors, � varies from 0% to more 
than 90%, tending to be small in small tu-
mors and to increase with tumor size.

■ The cell-loss factor � tends to be large for 
carcinomas and small for sarcomas.

■ The observed volume doubling time of 
a tumor is the gross time for it to double 
overall in size as measured, for example, in 
serial radiographs.

■ Tumors grow much more slowly than 
would be predicted from the cycle time of 
individual cells. One reason is the growth 
fraction, but the principal reason is the 
cell-loss factor.

■ The overall pattern of tumor growth may 
be summarized as follows. A minority of 
cells (the growth fraction) are proliferating 

25858_Hall_CH22.indd   38825858_Hall_CH22.indd   388 3/11/11   12:07 PM3/11/11   12:07 PM



 | Chapter 22 • Cell, Tissue, and Tumor Kinetics | 389

Kitagawa R, Bakkenist CJ, McKinnon PJ, et al. Phosphoryla-
tion of SMC1 is a critical downstream event in the ATM-
NBS1-BRCA1 pathway. Genes Dev. 2004;18:1423–1438.

Kuerbitz SJ, Plunkett BS, Walsh WV, et al. Wild-type p53 in 
a cell cycle checkpoint determinant following irradiation. 
Proc Natl Acad Sci USA. 1992;89:7491–7495.

Lee JH, Paull TT. ATM activation by DNA double-strand 
breaks through the Mre11-Rad50-Nbs1 complex. Science. 
2005;308:551–554.

Lesher S. Compensatory reactions in intestinal crypt cells 
after 300 roentgens of cobalt-60 gamma irradiation. Ra-
diat Res. 1967;32:510–519.

McKenna WG, Iliakis G, Weiss MC, et al. Increased G2 
delay in radiation-resistant cells obtained by transforma-
tion of primary rat embryo cells with the oncogens H-ras 
and v-myc. Radiat Res. 1991;125:283–287.

Mendelsohn ML. Autoradiographic analysis of cell prolifera-
tion in spontaneous breast cancer of the C3H mouse: III. 
The growth fraction. J Natl Cancer Inst. 1962;28:1015–1029.

Mendelsohn ML. The growth fraction: a new concept ap-
plied to tumors. Science. 1960;132:1496.

Mendelsohn ML. Principles, relative merits, and limitations 
of current cytokinetic methods. In: Drewinko B, Hum-
phrey RM, eds. Growth Kinetics and Biochemical Regulation 
of Normal and Malignant Cells. Baltimore, MD: Williams 
& Wilkins; 1977:101–112.

Morstyn G, Hsu S-M, Kinsella T, et al. Bromodeoxyuridine 
in tumors and chromosomes detected with a monoclonal 
antibody. J Clin Invest. 1983;72:1844–1850.

Muschel RJ, Zhang HB, Iliakis G, et al. Cyclin B expression 
in HeLa cells during the G2 block induced by ionizing 
radiation. Cancer Res. 1991;51:5113–5117.

Muschel RJ, Zhang HB, Iliakis G, et al. Effects of ionizing 
radiation on cyclin expression HeLa cells. Radiat Res. 
1992;132:153–157.

Norbury C, Nurse P. Animal cell cycles and their control. 
Annu Rev Biochem. 1992;61:441–470.

Palekar SK, Sirsat SM. Replication time pattern of trans-
planted fi brosarcoma in the mouse. Indian J Exp Biol. 
1967;5:173–175.

Pines J, Hunter T. Isolation of a human cyclin cDNA: 
evidence for cyclin mRNA and protein regulation in 
the cell cycle and for interaction with p34cdc2. Cell. 
1989;58:833–846.

Post J, Hoffman J. The replication time and pattern of 
carcinogen-induced hepatoma cells. J Cell Biol. 1964;22:
341–350.

Quastler H, Sherman FG. Cell population kinetics in 
the intestinal epithelium of the mouse. Exp Cell Res. 
1959;17:420–438.

Rashad AL, Evans CA. Radioautographic study of epidermal 
cell proliferation and migration in normal and neoplastic 
tissues of rabbits. J Natl Cancer Inst. 1968;41:845–853.

Refsum SB, Berdal P. Cell loss in malignant tumors in man. 
Eur J Cancer. 1967;3:235–236.

Reiskin AB, Berry RJ. Cell proliferation and carcinogenesis 
in the hamster cheek pouch. Cancer Res. 1968;28:898–905.

Reiskin AB, Mendelsohn ML. A comparison of the cell cycle 
in induced carcinomas and their normal counterpart. 
Cancer Res. 1964;24:1131–1136.

Sherr CJ, Roberts JM. Living with or without cyclins and cy-
clin-dependent kinases. Genes Dev. 2004;18:2699–2711.

Shiloh Y. ATM and related protein kinases: safeguarding 
 genome integrity. Nat Rev Cancer. 2003;3:155–168.

Simpson-Herren L, Blow JG, Brown PH. The mitotic cycle 
of sarcoma 180. Cancer Res. 1968;28:724–726.

Steel GG. Autoradiographic analysis of the cell cycle: 
Howard and Pelc to the present day. Int J Radiat Biol. 
1986;49:227–235.

Brown JM, Berry RJ. Effects of x-irradiation on the cell 
population kinetics in a model tumor and normal tissue 
system: implication for the treatment of human malig-
nancies. Br J Radiol. 1969;42:372–377.

Collins VP, Loeffl er K, Tivey J. Observation on growth 
rates of human tumors. AJR Am J Roentgenol. 1956;6:
988–1000.

Denekamp J. The cellular proliferation kinetics of animal 
 tumors. Cancer Res. 1970;30:393–400.

Denekamp J. The relationship between the “cell loss  factor” 
and the immediate response to radiation in animal  tumours. 
Eur J Cancer. 1972;8:335–340.

Dolbeare F, Beisker W, Pallavicini MG, et al. Cytochemistry 
for BrDUrd/DNA analysis: stoichiometry and sensitivity. 
Cytometry. 1985;6:521–530.

Dolbeare F, Gratzner H, Pallavicini MG, et al. Flow cyto-
metric measurement of total DNA content and incorpo-
rated bromodeoxyuridine. Proc Natl Acad Sci USA. 1983;
80:5573–5577.

El-Deiry WS, Kern SE, Pietenpol JA, et al. Defi nition of a 
consensus binding site for p53. Nat Genet. 1992;1:45–49.

Elkind M, Han A, Volz K. Radiation response of mamma-
lian cells grown in culture: IV. Dose dependence of divi-
sion delay and post irradiation growth of surviving and 
non-surviving Chinese hamster cells. J Natl Cancer Inst. 
1964;30:705–711.

Fornace AJ Jr, Nebert DW, Hollander MC, et al. Mammalian 
genes coordinately regulated by growth arrest signals and 
DNA-damaging agents. Mol Cell Biol. 1989;9:4196–4203.

Frankfurt OS. Mitotic cycle and cell differentiation in squa-
mous cell carcinomas. Int J Cancer. 1967;2:304–310.

Frindel E, Malaise EP, Alpen E, et al. Kinetics of cell pro-
liferation of an experimental tumor. Cancer Res. 1967;27: 
1122–1131.

Frindel E, Malaise EP, Tubiana M. Cell proliferation kinet-
ics in fi ve human solid tumors. Cancer. 1968;22:611–620.

Frindel E, Valleron AJ, Vassort F, et al. Proliferation kinetics 
of an experimental ascites tumor of the mouse. Cell Tissue 
Kinet. 1969;2:51–65.

Gray JW. Cell cycle analysis of perturbed cell populations: 
computer simulation of sequential DNA distributions. 
Cell Tissue Kinet. 1976;9:499–516.

Gray JW, Carver JH, George YS, et al. Rapid cell cycle 
analysis by measurement of the radioactivity per cell in 
a narrow window in S phase (RCSi). Cell Tissue Kinet. 
1977;10:97–109.

Gray JW, Dolbeare F, Pallavicini MG, et al. Cell cycle 
analysis using fl ow cytometry. Int J Radiat Biol. 1986;49:
237–255.

Hartwell LH, Weinert TA. Checkpoints: controls that ensure 
the order of cell cycle events. Science. 1989;246:629–634.

Hermens AF, Barendsen CW. Cellular proliferation patterns 
in an experimental rhabdomyosarcoma in the rat. Eur J 
Cancer. 1967;3:361–369.

Hoshima T, Yagashima T, Morovic J, et al. Cell kinetic 
 studies of in situ human brain tumors with bromodeoxy-
uridine. Cytometry. 1985;6:627–632.

Howard A, Pelc SR. Synthesis of deoxyribonucleic acid in 
normal and irradiated cells and its relation to chromo-
some breakage. Heredity. 1952;6(suppl):261.

Kastan MB, Bartek J. Cell cycle checkpoints and cancer. 
 Nature. 2004;432:316–323.

Kastan MB, Onyekwere O, Sidransky D, et al. Participation 
of p53 protein in the cellular response to DNA damage. 
Cancer Res. 1991;511:6304–6311.

Kastan MB, Zhan Q, El-Deiry WS, et al. A mamma-
lian cell cycle checkpoint pathway utilizing p53 and 
GADD45 is defective in ataxia-telangiectasia. Cell. 
1992;71:587–597.

25858_Hall_CH22.indd   38925858_Hall_CH22.indd   389 3/11/11   12:07 PM3/11/11   12:07 PM



390 | Section II • For Students of Radiation Oncology |

Steel GG, Adams K, Barrett JC. Analysis of the cell popula-
tion kinetics of transplanted tumours of widely-differing 
growth rate. Br J Cancer. 1966;20:784–800.

Steel GG, Haynes S. The technique labeled mitoses: analyses 
by automatic curve fi tting. Cell Tissue Kinet. 1971;4:93–105.

Tubiana M, Malaise EP. Growth rate and cell kinetics in 
human tumors: some prognostic and therapeutic im-
plications. In: Symington T, Carter RL, eds. Scientifi c 
Foundations of Oncology. Chicago, IL: Year Book Medical 
Publishers; 1976:126–136.

Steel GG. Cell loss as a factor in the growth rate of human 
tumours. Eur J Cancer. 1967;3:381–387.

Steel GG. Cell loss from experimental tumors. Cell Tissue 
Kinet. 1968;1:193–207.

Steel GG. The growth kinetics of tumors in relation to their 
therapeutic response. Laryngoscope. 1975;85:359–370.

Steel GG. The kinetics of cell proliferation in tumors. In: Bond 
VP, ed. Proceedings of the Carmel Conference on Time and Dose 
Relationships in Radiation Biology as Applied to Radiotherapy. 
BNL Report 50203 (C-57). Upton, NY; 1969:130–149.

25858_Hall_CH22.indd   39025858_Hall_CH22.indd   390 3/11/11   12:07 PM3/11/11   12:07 PM



391

■  THE INTRODUCTION OF 
FRACTIONATION

The multifraction regimens commonly used 
in conventional radiation therapy are a conse-
quence largely of radiobiologic experiments per-
formed in France in the 1920s and in the 1930s. 
It was found that a ram could not be sterilized 
by exposing its testes to a single dose of radia-
tion without extensive skin damage to the scro-
tum, whereas if the radiation was spread out over 
a period of weeks in a series of daily fractions, 
sterilization was possible without producing un-
acceptable skin damage (Fig. 23.1). It was postu-
lated that the testes were a model of a growing 
tumor, whereas the skin of the scrotum repre-
sented a dose-limiting normal tissue. The rea-
soning may be fl awed, but the conclusion proved 
to be valid: Fractionation of the radiation dose 
produces, in most cases, better tumor control 
for a given level of normal tissue toxicity than a 
single large dose.

■ THE FOUR Rs OF RADIOBIOLOGY

Now, more than 80 years later, we can account 
for the effi cacy of fractionation based on more 
relevant radiobiologic experiments. We can ap-
peal to the “four Rs” of radiobiology to be as 
follows:

Repair of sublethal damage
Reassortment of cells within the cell cycle
Repopulation
Reoxygenation

The basis of fractionation in radiotherapy can 
be understood in simple terms. Dividing a dose 
into several fractions spares normal tissues be-
cause of repair of sublethal damage between dose 
fractions and repopulation of cells if the overall 
time is suffi ciently long. At the same time, divid-
ing a dose into several fractions increases dam-
age to the tumor because of reoxygenation and 
reassortment of cells into radiosensitive phases 
of the cycle between dose fractions.
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three or fi ve fractions per week, overall time in 
this plot contains, by implication, the number 
of fractions as well. It commonly was found in 
these plots that the slope of the isoeffect curve 
for skin was about 0.33; that is, the total dose for 
an isoeffect was proportional to T0.33.

The most important contribution in this area, 
made by Ellis and his colleagues with the intro-
duction of the nominal standard dose (NSD) 
system, was the recognition of the importance of 
separating overall time from the number of frac-
tions. According to this hypothesis, total dose 
for the tolerance of connective tissue is related 
to the number of fractions (N) and the overall 
time (T) by the relation

Total dose � (NSD)T0.11N0.24

The NSD system has been discussed exten-
sively. It does enable predictions to be made 
of equivalent dose regimens, provided that the 
range of time and number of fractions are not 
too great and do not exceed the range over 
which the data are available. For example, in 
changing a treatment protocol from fi ve to four 
fractions per week, the formula can be used to 
calculate the size of dose fractions needed to 
result in the same normal tissue tolerance with 
the two different protocols. Of course, because 
the system is based ultimately on skin reaction 
data, it does not, in any way, predict late effects. 
An obvious weakness of the NSD system is that 
time is allowed for in terms of a single power 
function, in which the nominal single dose is 
proportional to T0.11. In fact, biologic experi-
ments with small animals have shown that this 
relationship is far from accurate. Proliferation 
does not affect the total dose required to pro-
duce a given biologic reaction at all until some 
time after the start of irradiation but, then, the 
dependence in time is much greater than al-

The advantages of prolongation of treatment 
are to spare early reactions and to allow adequate 
reoxygenation in tumors. Excessive prolonga-
tion, however, allows surviving tumor cells to 
proliferate during treatment.

■  THE STRANDQUIST PLOT AND 
THE ELLIS NOMINAL STANDARD 
DOSE SYSTEM

Early attempts to understand and account 
for fractionation gave rise to the well-known 
Strandquist plot, in which total dose was plot-
ted as a function of the overall treatment time 
(Fig. 23.2). Because all treatments were given as 

FIGURE 23.1  Conventional multifraction radio-
therapy was based on experiments performed in Paris 
in the 1920s and in the 1930s. Rams could not be ster-
ilized with a single dose of x-rays without extensive 
skin damage, whereas if the radiation were delivered 
in daily fractions over a period of time, sterilization 
was possible without skin damage. The testes were 
regarded as a model of a growing tumor and skin as 
dose-limiting normal tissue.
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FIGURE 23.2  Isoeffect curves relating the 
total dose to the overall treatment time for skin 
necrosis (A), cure of skin carcinoma (B), moist 
desquamation of skin (C  ), dry desquamation of 
skin (D), and skin erythema (E  ). (Adapted from 
Strandquist M. A study of the cumulative effect 
of fractionated x-ray treatment based on the ex-
perience mined at the Radium Hemmant with 
the treatment of 280 cases of carcinoma of the 
skin and lip. Acta Radiol. 1944;55[suppl]:1–300, 
with permission.)
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would not be seen until a longer  period into a frac-
tionation regimen because of the slower response 
of the human skin and the longer cell cycle of the 
individual cells. Figure 23.3 is not meant to be 
quantitative, but to indicate that the shape of the 
curve relating extra dose to proliferation is sigmoi-
dal. This illustrates immediately that the method 
of allowing for overall time in the NSD system is 
incorrect or, at best, is a very crude  approximation.

A further consideration is that all normal 
tissues are not the same. In particular, there is 
a clear distinction between tissues that are early 
responding, such as the skin, mucosa, and intesti-
nal epithelium, and those that are late  responding, 
such as the spinal cord. Figure 23.4 shows the 
extra dose required to produce a given level of 
damage for a fractionated protracted regimen 
in the case of representative tissues from the 

lowed for by the Ellis formula. For these and 
other reasons, the NSD system is seldom used 
nowadays.

■  PROLIFERATION AS A FACTOR IN 
NORMAL TISSUES

Experimental evidence indicates that the total dose 
required to produce a given biologic effect is not a 
power function of time, as postulated by the Ellis 
NSD system, but turns out to be more complex. 
The extra dose required to counter proliferation 
and result in a given level of skin damage in mice 
does not increase at all until about 12 days into a 
fractionated regimen but, then, it increases very 
rapidly as a function of time. The shape of the curve 
is roughly sigmoidal (Fig. 23.3). If similar data were 
available for humans, the effects of proliferation  
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FIGURE 23.3  The extra dose required to 
counteract proliferation in the skin of mice as a 
function of time after starting daily irradiation 
with 3 Gy per fraction. A delay followed by a 
rapid rise is typical of time factors in proliferat-
ing normal tissues. In mouse skin, the delay is 
about 2 weeks; in humans, it is about 4 weeks. 
(Adapted from Fowler JF. Fractionated ra-
diation therapy after Strandquist. Acta Radiol. 
1984;23:209–216, with permission; data from 
Denekamp J. Changes in the rate of repopula-
tion during multifraction irradiation of mouse 
skin. Br J Radiol. 1973;46:381, with permission.)
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FIGURE 23.4  The extra dose re-
quired to counteract proliferation only 
as a function of time after starting daily 
irradiation in rodents. The left curve 
represents a typical early reaction; the 
right curve represents a typical late re-
action. The delays are much longer in 
humans. (Adapted from Fowler JF. The 
second Klaas Breur memorial lecture. La 
Ronde—radiation sciences and medical 
radiology. Radiother Oncol. 1983;1:1–22, 
with permission.)
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of the start of a fractionated regimen so that the 
“extra dose to counter proliferation” increases 
with time, certainly during conventional radio-
therapeutic protocols. By contrast, conventional 
radiotherapy extending to 6 or 8 weeks is never 
long enough to allow the triggering of prolifera-
tion in late-responding tissues. These consider-
ations lead to the following important axiom:

Prolonging overall time within the normal radio-
therapy range has little sparing effect on late reac-
tions, but a large sparing effect on early reactions.

This has far-reaching consequences in radio-
therapy. Early reactions, such as reactions of the 
skin or of the mucosa, can be dealt with easily by 
the simple expedient of prolonging the overall 
time. Although such a strategy overcomes the 
problem of the early reactions, it has no effect 
whatsoever on the late reactions.

■  THE SHAPE OF THE DOSE–RESPONSE 
RELATIONSHIP FOR EARLY- AND 
LATE-RESPONDING TISSUES

Clinical and laboratory data suggest that there 
is a consistent difference between early- and 
late-responding tissues in their responses to 
changing fractionation patterns. If fewer and 
larger dose fractions are given, late reactions 
are more severe, even though early reactions are 
matched by an appropriate adjustment in total 
dose. This dissociation can be interpreted as dif-
ferences in repair capacity or shoulder shape of 
the  underlying dose-response curves. The dose–
response relationship for late-responding tissues 
is more curved than that for early-responding 
tissues. In terms of the linear–quadratic rela-
tionship between effect and dose, this translates 
into a larger �/� ratio for early effects than for 
late effects. The difference in the shapes of the 
dose–response relationships is illustrated in 
 Figure 23.6. The �/� ratio is the dose at which 
cell killing by the linear (�) and the quadratic (�) 
components are equal. (See Fig. 23.12)

For early effects, �/� is large; as a conse-
quence, � dominates at low doses, so that the 
dose-response curve has a marked initial slope 
and does not bend until higher doses. The linear 
and quadratic components of cell killing are not 
equal until about 10 Gy. For late effects, �/� is 
small, so that the � term has an infl uence at low 
doses. The dose-response curve bends at lower 

early- and late-responding groups. This diagram 
compares mouse skin, representative of early-
responding tissues, and rat spinal cord, represen-
tative of late-responding tissues. It is recognized 
that these may not be ideal examples, but suitable 
data for more relevant systems are simply not 
available; comparable quantitative data certainly 
are not available for humans. The point made 
by this fi gure is that the time after the start of a 
fractionated regimen at which extra dose is re-
quired to compensate for cellular proliferation is 
quite different for late- versus early-responding 
tissues. The other point made, of course, is that 
these are data from rodents and that in the case 
of humans, the time scales (although they are not 
known with any precision) are likely to be very 
much longer. In particular, the time at which 
extra dose is required to compensate for prolif-
eration in late-responding tissues in humans is 
far beyond the overall time of any normal radio-
therapy regimen.

Figure 23.5 is an attempt to convert the ex-
perimental laboratory data contained in Figure 
23.4 into a general principle that can be applied 
to clinical practice. Early-responding tissues 
are triggered to proliferate within a few weeks 
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FIGURE 23.5  Highly speculative illustration at-
tempting to extrapolate the experimental data for 
early- and late-responding tissue in rats and mice to 
principles that can be applied in clinical radiotherapy. 
The extra dose required to counter proliferation in 
early-responding tissues begins to increase after a few 
weeks into a fractionated regimen, certainly during 
the time course of conventional therapy. By contrast, 
conventional protocols are never suffi ciently long to 
include the proliferation of late-responding tissues.
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Second, clinical trials of hyperfractionation, 
in which two doses are delivered per day for 6 
or 7 weeks, appear to result in greatly reduced 
late effects if the total dose is titrated to produce 
equal or possibly slightly more severe acute ef-
fects. Tumor control is the same or slightly 
improved. This important clinical observation 
has been made in several centers and, again, is 
compatible with the same difference in shape of 
dose-response curves between early- and late-
responding tissues. Late-responding tissues are 
more sensitive to changes in fractionation pat-
terns than are early-responding tissues.

Third, in experiments with small laboratory 
animals, the isoeffect curves (i.e., dose vs. num-
ber of fractions to produce an equal biologic 
 effect) are steeper for a range of late effects than 
for various acute effects. The data are shown 
in Figure 23.7, in which early effects are rep-
resented by, for example, skin desquamation or 
jejunal crypt colonies, and late effects are rep-
resented by, for example, lung or spinal cord 
injury.

Table 23.1 is a summary of the values of �/� 
for several early- and late-responding tissues. 
The important result is that for early-responding 
tissues, �/� (i.e., the dose at which single- and 
multiple-event cell killing is about equal) occurs 
at the dose of about 10 Gy. By contrast, �/� for 
late-responding tissues is about 2 Gy. The values 
of �/� shown in Table 23.1 come from experi-
ments in which the reciprocal of the total dose 
is plotted against the quadratic relationship in 
biologic systems in which it is possible to ob-
serve equal effects from various fractionation 
regimens, even though single cell dose-survival 
curves cannot be generated. (See Fig. 19.28)

The parameters derived from curves recon-
structed from multifraction experiments are spe-
cifi cally relevant to the end point measured in 
each experiment, whether it is a proportion of 
clonogenic cells or a stated reduction in organ 
function. The dose-response curve constructed 
from multifraction experimental data by making 
simple assumptions is a functional dose-response 
curve, deduced from data in which repair after 
each fractional dose is basically the quantity 
being measured. It is just such functional dose-
response curves that are required to elucidate 
the relationship between tolerance dose in radio-
therapy and size of dose per fraction, with overall 
time considered separately.

doses to appear more curved; the linear and qua-
dratic components of cell killing are equal by 
about 2 Gy.

Dose-response curves for organ function 
must be distinguished clearly from those for clo-
nogenic cell survival. The distinction is not a triv-
ial one. Organ function obviously is related more 
to the proportion of functional cells remaining 
in an irradiated organ at a particular time than 
to the proportion of clonogenic (stem) cells. The 
dose-effect curves for clonogenic cells tend to be 
straight, with relatively small shoulders, whereas 
dose-effect relations for organ function tend to 
be more curved, with larger shoulders. It is, of 
course, the dose-response curves for organ func-
tion that are more relevant to the tolerance of 
normal tissues.

There are three pieces of information from 
clinical experience and animal studies that repre-
sent circumstantial evidence for the conclusion 
that the shape of the dose–response relationship 
differs for early- and late-responding tissues. 
First, if a fractionation scheme is changed in 
clinical practice from many small doses to a few 
large fractions and the total dose is titrated to 
produce equal early effects, the treatment proto-
col involving a few large fractions results in more 
severe late effects. There is an abundance of clini-
cal evidence for the truth of this statement.
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FIGURE 23.6  The dose–response relationship for 
late-responding tissues is more curved than for early-
responding tissues. In the linear-quadratic formulation, 
this translates into a larger �/� ratio for early effects 
than for late effects. The ratio �/� is the dose at which 
the linear (�) and the quadratic (�) components of cell 
killing are equal; that is, �D � �D2 or D � �/�. (Based on 
the concepts of Withers.)
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■  A POSSIBLE EXPLANATION FOR 
THE DIFFERENCE IN SHAPE OF 
DOSE–RESPONSE RELATIONSHIPS 
FOR EARLY- AND LATE-RESPONDING 
TISSUES

The radiosensitivity of a population of cells var-
ies with the distribution of cells through the 
cycle. In general, cells are most resistant in late 
S phase; slowly growing cells with a long cycle, 
however, may have a second resistant phase in 
the early G1 phase, which may be termed G0 if 
the cells are out of cycle. Thus, two quite differ-
ent cell populations may be radioresistant. 

 1. A population proliferating so fast that S phase 
occupies a major portion of the cycle.

 2. A population proliferating so slowly that 
many cells are in early G1 or not prolifer-
ating at all, so that many resting cells are 
in G0.
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The data were selected to exclude an infl uence on the total dose of regenera-
tion during the multifraction experiments. The main point of the data is that the 
isodoses for late effects increase more rapidly with a decrease in dose per frac-
tion than is the case for acute effects. (Adapted from Withers HR. Biologic basis 
for altered fractionation schemes. Cancer. 1985;55:2086–2095, with permission.)

TABLE 23.1 Ratio of Linear to Quadratic 
Terms from Multifraction 
 Experiments

Reactions �/�, Gy

Early

 Skin 9–12

 Jejunum 6–10

 Colon 10–11

 Testis 12–13

 Callus 9–10

Late

 Spinal cord 1.7–4.9

 Kidney 1.0–2.4

 Lung 2.0–6.3

 Bladder 3.1–7
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tumor is overtly shrinking and regressing, the 
surviving clonogens are dividing and increasing in 
number more rapidly than before treatment.

There is evidence for a similar phenomenon 
in human tumors. Withers and his colleagues sur-
veyed the literature on radiotherapy for head and 
neck cancer and estimated the dose to achieve local 
control in 50% of cases as a function of the overall 
duration of fractionated treatment. The results are 
summarized in Figure 23.9. The analysis suggests 
that clonogen repopulation in this rapidly growing 
human cancer accelerates at about 28 days after the 
initiation of radiotherapy in a fractionated regi-
men. A dose increment of about 0.6 Gy per day is 
required to compensate for this repopulation. Such 
a dose increment is consistent with a 4-day clo-
nogen doubling rate, compared with a median of 
about 60 days for unperturbed growth.

The conclusion to be drawn from this is that 
radiotherapy, at least for head and neck cancer and 
probably for other fast growing tumors, should be 
completed as soon after it has begun, as is practi-
cable. It may be better to delay initiation of treat-
ment than to introduce delays during treatment. 
If overall treatment time is too long, the effective-
ness of later dose fractions is compromised be-
cause the surviving clonogens in the tumor have 
been triggered into rapid repopulation.

The experimental data referred to here all re-
late to radiotherapy. It might be anticipated, how-
ever, that similar considerations would apply to 
chemotherapy or to a combination of radiother-
apy and chemotherapy. There is evidence in some 
human malignancies that radiotherapy produces 
poorer results if preceded by a course of chemo-
therapy. It may be that accelerated repopulation, 
triggered by the chemotherapy, is the explanation.

■ MULTIPLE FRACTIONS PER DAY

We are now in a position to sum up the pros and 
cons of fractionation and prolongation of treat-
ment in a much more sophisticated way than would 
have been possible at the beginning of this chapter. 
The advantages of prolongation of treatment are 
to spare early reactions and to allow adequate reox-
ygenation in tumors. Excessive prolongation, how-
ever, has two disadvantages, they are as follows:

 1. It can decrease deceptively the acute reac-
tions without sparing late injury, and

 2. It allows the surviving tumor cells to prolifer-
ate during treatment.

It is thought that many late-responding nor-
mal tissues are resistant, owing to the presence 
of many resting cells. This type of resistance ap-
plies particularly to small doses per fraction and 
disappears at larger doses per fraction.

If resistance results from the presence of 
many cells in S phase in a rapidly proliferating 
population, redistribution occurs through all the 
phases of the cell cycle, which can be considered 
as a “self-sensitizing” activity. The fast prolif-
eration itself is a form of resistance because the 
new cells produced by division offset those killed 
by the dose fractions. This applies to acutely 
 responding tissues and also to tumors. Proliferation 
occurring during a protracted, fractionated regi-
men helps to spare normal tissues but, of course, 
is a potential danger as far as the tumor is con-
cerned. This is discussed later in this chapter.

■  FRACTION SIZE AND OVERALL 
TREATMENT TIME: INFLUENCE ON 
EARLY- AND LATE-RESPONDING 
 TISSUES

The difference in shape of the dose–response re-
lationship for early- and late-responding tissues 
leads to an important axiom:

Fraction size is the dominant factor in determining 
late effects; overall treatment time has little infl u-
ence. By contrast, fraction size and overall treat-
ment time both determine the  response of acutely 
responding tissues.

It is remarkable that neither clinical radiation 
oncologists nor experimental radiobiologists 
came to recognize this simple fact before it was 
described by Withers in the 1980s.

■ ACCELERATED REPOPULATION

Treatment with any cytotoxic agent, including 
radiation, can trigger surviving cells (clonogens) 
in a tumor to divide faster than before. This is 
known as accelerated repopulation.

Figure 23.8 illustrates this phenomenon in a 
transplanted rat tumor. Figure 23.8A shows the 
overall growth curve for this tumor, together with 
the shrinkage and regrowth that occurs after a sin-
gle dose of 20 Gy of x-rays. Figure 23.8B shows 
the proliferation of individual surviving cells (i.e., 
clonogenic cells), which, after treatment, are di-
viding with a cycle time of 12 hours. The impor-
tant point to note is that during the time that the 
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FIGURE 23.8  Accelerated repopulation. Growth curves of a rat rhabdomyosarcoma showing the 
shrinkage, growth delay, and subsequent recurrence following treatment with a single dose of 20 Gy of 
x-rays. A: Curve 1: Growth curve of unirradiated control tumors. Curve 2: Growth curve of tumors irradiated 
at time t � 0, showing tumor shrinkage and recurrence. B: Variation of the fraction of clonogenic cells as a 
function of time after irradiation, obtained by removing cells from the tumor and assaying for colony forma-
tion in vitro. The surviving clonogenic cells are dividing rapidly with a cell cycle of about 12 hours. (Adapted 
from Hermens AF, Barendsen GW. Changes of cell proliferation characteristics in a rat rhabdomyosarcoma 
before and after x-irradiation. Eur J Cancer. 1969;5:173–189, with permission.) 

There are two separate strategies that use 
multiple treatments per day: hyperfractionation 
and accelerated treatment.

The aims and objectives of these strategies 
are quite different.

Hyperfractionation
The basic aim of hyperfractionation is to  further 
separate early and late effects. “Pure” hyper-
fractionation might be defi ned as keeping the 
same total dose as in a conventional regimen in 
the same overall time but delivering it in twice 
as many fractions by the expedient of treating 

twice per day. This would not be satisfactory be-
cause the total dose would need to be increased 
if the dose per fraction is decreased. In practice, 
then, “impure” hyperfractionation involves an 
increase in the total dose and sometimes a lon-
ger overall time as well as many more fractions 
delivered twice per day. The intent is to further 
reduce late effects but achieve the same or better 
tumor control and the same or slightly increased 
early effects.

A large controlled clinical trial of hyperfrac-
tionation was conducted in the 1990s by the 
 European Cooperative Group (EORTC 22791) 
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■ Unequivocal advantage for hyperfractionation 
in oropharyngeal cancer

Two fractions per day may not be the limit of 
hyperfractionation: A further sparing of late ef-
fects by splitting the dose into more and more 
fractions of smaller and smaller size would occur 
as long as the dose fraction is still on the curved 
portion of the dose-response curve. In order not 
to prolong overall treatment time too much, 
these small doses per fraction would necessitate 
three or even four fractions per day.

Accelerated Treatment
The alternative strategy to hyperfractionation 
is accelerated treatment. “Pure” accelerated 
treatment might be defi ned as the same total 
dose delivered in half the overall time by the 
expedient of giving two or more fractions each 
day. In practice, it is never possible to achieve 
this because the acute effects become limiting. 
It is necessary either to interpose a rest period in 

in the treatment of head and neck cancer. A hy-
perfractionated schedule of 80.5 Gy delivered 
in 70 fractions (1.15 Gy twice per day) over a 
period of 7 weeks was compared with a conven-
tional regimen of 70 Gy delivered in 35 fractions 
of 2 Gy over 7 weeks. Local tumor control at 
5 years was increased from 40% with the con-
ventional regimen to 59% with hyperfraction-
ation, and this was refl ected in improved survival. 
There was no increase reported in late effects or 
complications. It was concluded that hyperfrac-
tionation confers an unequivocal advantage in 
the treatment of oropharyngeal cancer.

The hyperfractionation results of the coop-
erative trial are summarized as follows:

■ Comparing 80.5 Gy in 70 fractions (1.15 Gy 
twice per day), 7 weeks, with 70 Gy in 35 frac-
tions, 7 weeks

■ Local tumor control, at 5 years, increased from 
40% to 59%, refl ected also in improved survival

■ No increase in side effects
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FIGURE 23.9  Doses to achieve local control in 50% of cases (TCD50) as a function of 
overall treatment time for squamous cell tumors of the head and neck. The data points 
include many published results from the literature, including hyperbaric oxygen (HBO) 
trials and the trial of misonidazole (Miso). In those cases involving hypofractionation, 
the total dose was corrected to be relevant to a treatment schedule of 2 Gy per day. 
The dashed line shows the rate of increase in TCD50 predicted from a 2-month clonogen 
doubling rate. (Adapted from Withers HR, Taylor JMG, Maciejewski B. The hazard of accel-
erated tumor clonogen repopulation during radiotherapy. Acta Oncol. 1988;27:131–146, 
with permission.)
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■ Unexpected increase in late effects, including 
lethal complications

■ Evidence that pure accelerated treatment must 
be used with extreme caution

Continuous Hyperfractionated 
 Accelerated Radiation Therapy
A unique and most interesting study of acceler-
ated treatment was carried out in the 1990s at 
the Mount Vernon Hospital (United Kingdom), 
in association with the Gray Laboratory. This 
trial is known as continuous hyperfraction-
ated accelerated radiation therapy (CHART). 
The protocol consisted of 36 fractions over 12 
consecutive days, with three fractions delivered 
daily with an interfraction interval of 6 hours. 
The dose per fraction was 1.4 to 1.5 Gy to a total 
dose of 50 to 54 Gy. By conventional standards, 
the total dose was very low, but it was delivered 
in a very short time. The strategy was based on 
a low dose per fraction to minimize late effects 
and a very short overall time to minimize tumor 
proliferation. The results of the CHART proto-
col showed good local tumor control with severe 
acute reactions. It was claimed that patients fa-
vored the protocol because treatment was con-
cluded quickly. The incidence of late effects in 
general did not increase and by some measures 
actually decreased. The notable exception was 
damage to the spinal cord. Several myelopathies 
were recorded at total doses of 50 Gy, the prob-
able cause being that an interfraction interval of 
6 hours is not suffi cient for the full repair of sub-
lethal damage in this tissue.

Characteristics of CHART included the fol-
lowing:

■ Low dose/fractionation: 36 fractions
■ Short overall time: 12 consecutive days
■ No gap in treatment: three fractions per day 

at 6-hour intervals
■ Three fractions per day: 1.4 to 1.5 Gy per 

fraction, 50 to 54 Gy total

CHART is the only one of the “new” fraction-
ation schedules that results in a lower incidence 
of late complications. CHART’s severe but tol-
erable acute reactions did not translate into late 
sequelae, probably because the total dose (50 to 
54 Gy) was so low. Effectiveness in tumor con-
trol was not lost even at this low dose because 
the shortening of overall time was extreme, 

the middle of the treatment or to reduce the dose 
slightly with acute effects as the limiting factor. 
The intent of this accelerated treatment strategy 
is to reduce repopulation in rapidly proliferating 
tumors. There should be little or no change in 
the late effects because the number of fractions 
and the dose per fraction are unaltered.

A large prospective randomized clinical trial 
of accelerated treatment for head and neck can-
cer, except oropharynx, was carried out in the 
1990s by the European Cooperative Group 
(EORTC 22851). The accelerated treatment 
consisted of 72 Gy in 45 fractions (three frac-
tions of 1.6 Gy per day) over a total time of 
5 weeks, with a rest period of 2 weeks in the 
middle. The conventional control arm con-
sisted of 35 fractions of 2 Gy, with a total dose 
of 70 Gy in 7 weeks. The results of this trial 
showed a 15% increase in locoregional control, 
which did not translate, however, into a survival 
advantage. As expected, acute effects were in-
creased signifi cantly, but the observed increase 
in late effects was decidedly not expected; some 
involved complications that proved lethal.

This EORTC trial and several other tri-
als testing accelerated treatment show that at-
tempting to keep the total dose as high as 66 
to 72 Gy, but shortening the overall time by as 
much as 2 to 3 weeks from a conventional time of 
6 or 7 weeks leads to serious late complications. 
There are probably two reasons for this: First, 
the late effects observed are “consequential” late 
damage, that is, late damage developing out of 
the very severe acute effects. Second, there is 
incomplete repair between dose fractions if sev-
eral fractions per day are given. This is especially 
likely for protocols involving three fractions per 
day, in which any unrepaired damage in the fi rst 
interval accumulates in the second interval in 
each day and also because intervals between frac-
tions of only 4 hours were used in the early years 
of the EORTC trial.

This cooperative trial’s results for accelerated 
treatment are summarized as follows:

■ Head and neck cancer, except oropharynx
■ Comparing 72 Gy in 45 fractions (1.6 Gy, 

three fractions per day), 5 weeks, with 70 Gy 
in 35 fractions, 7 weeks

■ 15% increase in locoregional control, no sur-
vival advantage

■ Increased acute effects (expected)
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time interval for the effects of the doses to be 
independent—that is, for the repair of sublethal 
damage from the fi rst dose to be complete before 
the next dose is delivered.

The most pertinent and remarkable evidence 
comes from twice-a-day trials by the Radiation 
Therapy Oncology Group (RTOG) that indicate 
that for a given total dose delivered in a given 
number of fractions, the incidence of late effects is 
worse for interfraction intervals less than 4 hours 
compared with interfraction intervals longer than 
6 hours. These data imply that the repair of sub-
lethal damage in late- responding tissues is slow, 
and so current wisdom dictates an interfraction 
interval of 6 hours or more if multiple fractions 
per day are used. Indeed, the CHART pilot study 
clearly indicated that even 6 hours is not suffi -
cient for the spinal cord, a late-responding tissue 
in which it appears that sublethal damage repair 
has a very slow component. This is radiobiology 
learned from the clinic.

■  LESSONS LEARNED FROM 
 FRACTIONATION STUDIES

Several lessons have been learned from the clini-
cal trials that have been performed to test the 
usefulness of altered fractionation patterns, they 
are the following:

First, hyperfractionation appears to confer an un-
equivocal benefi t in the treatment of head and 
neck cancer, in terms of both local control and 
survival, without a signifi cant increase in late 
sequelae. By contrast, caution is needed in the 
application of accelerated treatment because 
the EORTC trials showed an unexpected in-
crease in serious complications, both early 
and late. Particular caution is necessary if the 
spinal cord is in the treatment fi eld for twice-
a-day treatments because repair of sublethal 
damage has a slow component in this tissue.

Second, late effects depend primarily on total dose 
and dose per fraction; overall time within the 
usual therapeutic range has little infl uence.

Third, overall treatment time affects both acute 
effects and tumor control. Gaps in treatment 
should be avoided because they lead to an in-
crease in overall time with a concomitant de-
crease in tumor control.

The importance of overall treatment time 
is illustrated dramatically by the retrospective 

 minimizing tumor cell proliferation. Compli-
ance was also high with CHART because acute 
reactions did not peak and become uncomfort-
able until after the end of treatment.

The results of CHART can be summarized 
as follows:

■ Good local tumor control owing to short 
overall time

■ Acute reactions that are brisk, but peak after 
treatment is completed

■ Most late effects acceptable because of small 
dose per fraction

■ Exception: spinal cord, with several myelopa-
thies occurring at 50 Gy because the time 
 between fractions (6 hours) was too short

Accelerated Hyperfractionated Radiation 
Therapy while Breathing Carbogen and 
with the Addition of Nicotinamide
The last experimental protocol that deserves men-
tion is accelerated hyperfractionated radiation 
therapy while breathing carbogen and with the 
addition of nicotinamide (ARCON). The strat-
egy was to accelerate treatment to avoid tumor 
proliferation, hyperfractionate (small doses per 
fraction) to minimize late effects, and add carbo-
gen breathing to overcome chronic hypoxia and 
nicotinamide to overcome acute hypoxia. Clini-
cal trials to test this complex but imaginative pro-
tocol are under way in Europe. Early results of 
a trial of ARCON in the Netherlands, involving 
advanced laryngeal cancer, showed spectacular 
results compared with historical controls. Results 
of a prospective randomized trial have yet to be 
published.

Characteristics of ARCON are summarized 
as follows:

■ Accelerated treatment to overcome proliferation
■ Hyperfractionated to spare normal tissues
■ Carbogen breathing to overcome chronic 

hypoxia
■ Nicotinamide to overcome acute hypoxia

The Time Interval between Multiple 
Daily Fractions
One thing the two strategies of hyperfraction-
ation and accelerated treatment have in com-
mon is that both involve multiple fractions per 
day and, in this context, it is important to ensure 
that the fractions are separated by a suffi cient 
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These most interesting data must be viewed with 
some caution because the three treatment arms 
were not in a single randomized study but come 
from different trials over a period of years, the ini-
tial purpose of which was to investigate the useful-
ness of hypoxic cell radiosensitizers. They indicate 
strongly, nevertheless, that in the case of relatively 
rapidly growing tumors, such as head and neck 
cancer, overall treatment time can be a dominant 
factor in determining outcome (Table 23.2).

One of the major lessons to be learned from 
fractionation studies is that local control is lost 
if overall treatment time is prolonged. Since it 
fi rst was proposed independently in the 1980s by 
Withers and by Fowler, it is now well documented 

analysis by Overgaard of three consecutive trials 
of the  Danish cooperative group. All three trials 
involved a total dose of 66 to 68 Gy. The fi rst trial 
was of a split course regimen that extended over 
a total of 9.5 weeks. The 3-year local control was 
32%. The second trial involved fi ve fractions per 
week over a treatment time of 6.5 weeks, with a 
3-year local control of 52%. The third trial in-
cluded six fractions per week, reducing the over-
all treatment time to 5.5 weeks and improving 
the 3-year local control to 62%. There was no 
change in late effects, but as would be expected, 
the acute reactions became brisker as the overall 
time was shortened. The protocols and results of 
these three trials are illustrated in Figure 23.10. 
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Split-course RT 66 Gy/33 fx/9.5 wks (DAHANCA 2, 1979-85)

Conventional RT 66 Gy/33 fx/6.5 wks (DAHANCA 5 & 7, 1986-96)

Accelerated RT 66 Gy/33 fx/5.5 wks (DAHANCA 7, 1992-96)

9.5 weeks
6.5 weeks
5.5 weeks

80

60

40

20

0
Well/moderate diff.

22%

50%

77%
65%

55%
50%

Poorly diff.

FIGURE 23.10  Top: Overview of 
the fractionation schedules used in 
the three Danish head and neck trials. 
Bottom: Relationship among histopath-
ologic grading, overall treatment time, 
and local tumor control from the three 
trials. Only the well-differentiated and 
moderately differentiated tumors were 
signifi cantly infl uenced by overall treat-
ment time. (Adapted from Overgaard J, 
Sand Hansen H, Overgaard M, et al. Im-
portance of overall treatment time for 
the outcome of radiotherapy in head 
and neck carcinoma: experience from 
the Danish Head and Neck Cancer Study. 
In: Proceedings of ICRO/ÖGRO 6, 6th Inter-
national Meeting on “Progress in Radio-
Oncology,” Salzburg, Austria, May 13–17, 
1998, pp. 743–752. Bologna, Monduzzi 
Editore S.p.A., 1998, with  permission.)

TABLE 23.2 Importance of Overall Treatment Time

Total Dose,   Overall Time, 3-Year Local
Gy Dose, Gy Comment Weeks Control

66–68 2 Split course 9.5 32%

66–68 2 5fr/wk 6.5 52%

66–68 2 6fr/wk 5.5 62%

Note: DAHANCA trials show improved locoregional control with shorter overall time—no increase in late effects.
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consisting of a smaller number of larger dose 
fractions, or alternatively high dose rate (HDR) 
brachytherapy delivered in a limited number of 
fractions, should result in good local tumor con-
trol without increased normal tissue damage.

Second, the outcome of several large fraction-
ation trials, mainly involving head and neck tumors, 
and particularly the CHART trial, have clearly 
demonstrated the advantage of “ acceleration,” that 
is, shortening the overall treatment time to im-
prove local control. On the other hand, the dem-
onstration that the half-times of late normal tissue 
repair are long severely limits the strategy of using 
multiple treatments per day to maintain a large 
number of treatments in a short overall time. The 
only alternative is a smaller number of larger dose 
fractions.

Third, the development of Intensity-modu-
lated radiation rherapy (IMRT), tomotherapy, 
and proton beams results in greatly  improved 
dose distributions, with smaller volumes of nor-
mal tissues receiving high doses. This suggests 
the attractive possibility of increasing the dose 
per fraction, where the need to spare late- 
responding normal tissues by fractionation is 
reduced because of the lower dose to these tis-
sues. The danger here, of course, is that reduc-
ing the margin around the tumor may lead to a 
geographical miss.

Fourth, the development of carbon ion 
beams has led to trials involving treatment with 
a small number of large dose fractions, even in 
some cases with a single fraction. It is not clear 
at present whether the apparent success of this 
strategy is caused by the superior dose distribu-
tion or the relatively high linear energy transfer 
(LET) of the radiation.

All of this means that acceleration by 
 hypofractionation—that is, a smaller number of 
larger dose fractions—emerges as an interest-
ing alternative. Disasters from the past involv-
ing unacceptable late normal tissue damage limit 
enthusiasm for this strategy in many quarters. 
All of these ideas outlined earlier, need to be ap-
proached cautiously, and the perceived benefi ts 
proven by careful clinical trials. Treatment regi-
mens involving fewer fractions would clearly be 
more convenient for patients and result in sig-
nifi cant economies in healthcare systems. How-
ever, it would be folly to espouse such strategies 
at the expense of either local tumor control or 
increased toxicity to normal tissues.

for head and neck cancer that local control is re-
duced by about 1.4% (range of 0.4% to 2.5%) for 
each day that the overall treatment time is pro-
longed. This does not differ much from the other 
way of expressing the same problem—namely, 
that (after the fi rst 4 weeks of a fractionated 
schedule) the fi rst 0.61 Gy of each day’s dose frac-
tion is required to overcome proliferation from 
the previous day. An equally solid estimate can 
be made from data for carcinoma of the cervix, 
in which a mean of 0.5% local control (range of 
0.3% to 1.1%) is lost for each day that the overall 
time is prolonged.

Such rapid proliferation does not occur for 
carcinoma of the breast or prostate, so overall 
treatment time is not so critical. Although the 
potential tumor doubling time (Tpot) has not 
proved useful as a predictive assay for individual 
patients, mean Tpot values for groups of patients 
are in accord with the importance, or otherwise, 
of overall treatment time. For example, the Tpot 
for prostate cancer is about 40 days and for non-
infl ammatory breast cancer is about 14 days; in 
both cases, overall treatment time has not been 
found to be critical. This can be contrasted with 
head and neck cancer in which the mean Tpot can 
be as short as 4 days and, as we have seen, overall 
treatment time is an important factor governing 
tumor control.

■  HYPOFRACTIONATION: 
RENEWED INTEREST

During the 1970s and the 1980s, the trend in 
radiotherapy, particularly in the United States, 
has been to increase the number of fractions 
more and more to reduce the severity of late ef-
fects by exploiting the difference in shape of the 
dose–response relationship between early- and 
late-responding tissues, as described in detail 
previously. However, a dramatic recent trend 
in fractionation is the exact opposite, namely, a 
renewed interest in dose fractions much larger 
than 2 Gy for curative radiotherapy. Four lines 
of research all point in this direction.

First, evidence has accumulated to show that 
in the special case of prostate cancer, the �/� ratio 
is low, in the region of 2 is to 3—more similar to 
late-responding normal tissues than to tumors. 
This essentially removes the basic rationale for 
a multifraction regimen of 35 or more fractions. 
The implication is that an external-beam  regimen 
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Figure 23.11 illustrates the familiar way in 
which biologic effect as a function of dose varies 
with the number of fractions in which the radiation 
is delivered—always assuming that the fractions are 
spaced suffi ciently to allow full repair of sublethal 
radiation damage. For a multifraction regimen, the 
shoulder of the curve has to be repeated many times 
and, as a result, the effective dose– response rela-
tionship is a straight line from the origin through 
the point on the single dose-survival curve for that 
dose fraction (typically 2 Gy). This is discussed in 
Chapter 3. For the linear portion of the curve, � 
represents the loge of the cells killed per Gy. As the 
curve bends, the quadratic component of cell kill-
ing is represented by �, which is the loge of the cells 
killed per gray squared. This is illustrated in Figure 
23.12. The ratio �/� has the dimensions of dose 
and is the dose at which the linear and quadratic 
components of cell killing are equal.

For a single acute dose D, the biologic effect 
is given by

 E � �D � �D2 (1)

For n well-separated fractions of dose d, the bio-
logic effect is given by

 E � n(�d  � �d 2) (2)

As suggested by Barendsen, this equation may be 
rewritten as

 E � (nd) (� � �d) 

 � (�)(nd)  ( 1 �   d _ 
�/�

   )  (3)

■   USING THE LINEAR-QUADRATIC 
CONCEPT TO CALCULATE EFFECTIVE 
DOSES IN RADIOTHERAPY

It is often useful in practice to have a simple way 
to compare different fractionation regimens 
and to assign them a numeric score. For many 
years, the NSD and TDF systems developed 
by Ellis and colleagues were used widely. They 
proved useful for assessing modest changes in 
fractionation but fell into dispute when ex-
trapolated beyond the data range on which they 
were based.

The linear-quadratic model is now more 
widely used and has received greater acceptance. 
This section was suggested by Dr. Jack Fowler; 
the format is based on tutorials he has given at 
the American Society of Therapeutic Radiology 
and Oncology (ASTRO) and at the European 
Society of Therapeutic Radiology and Oncology 
(ESTRO) in the 1990s.

Use of the linear-quadratic model, with appro-
priate values for the parameters � and �, emphasizes 
the difference between early- and late-responding 
tissues and the fact that it is never possible to match 
two different fractionation regimens to be equiva-
lent for both. Calculations of this sort, although a 
useful guide for residents in training or for research 
purposes, are not to be considered a substitute for 
clinical judgment and experience. They are pre-
sented only as examples.

Single
dose

The shoulder is repeated, which
means you continue down the line
joining origin to point on survival
curve for that dose/fraction

0 d 2F 8F 20F 30F

(e.g., log
cell kill)

0

E

Effect

Total dose

FIGURE 23.11  Graph illustrating that if the dose– 
response relationship is linear-quadratic in form for 
graded single doses, the effective dose-response curve for 
a multifraction regimen approaches an exponential func-
tion of dose for many doses. The effective dose–response 
relationship is a straight line from the origin through the 
point on the single-dose survival curve corresponding to 
the daily dose fraction (typically 2 Gy). (Based on the con-
cepts of Fowler, 1989 and Barendsen, 1982.)

�/� = dose/fraction at which
�d cell kill = �d2 cell kill

� = loge cells killed/gray
�

� = loge 
cells killed/
gray squared

0

0

E

Effect

Dose

FIGURE 23.12  Graph illustrating the linear- 
quadratic nature of the radiation cell survival curve, 
S � e�� D��D2

, in which S is the fraction of cells surviving 
a dose D, � is the number of logs of cell kill per Gy from 
the linear portion of the curve, and � is the number of 
logs of cell kill per Gy2 from the quadratic component. 
The linear and quadratic components of cell kill are 
equal at a dose D � �/�.
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  Comment: The subscripts to the BED are a 
reminder that this fi gure is not in gray and 
specify the particular values of �/� used in 
the calculation.

 2. Hyperfractionation: 70 fractions of 1.15 Gy 
given twice daily, 6 hours apart, 5 days per 
week, for an overall treatment time of 7 weeks; 
that is, 70F � 1.15 Gy twice daily/7 weeks

 Early effects:   E _ 
�

   � (nd)  ( 1 �   d _ 
�/�

   ) 
   E _ 

�
   � 80.5  ( 1 �   1.15 _ 

10
   ) 

 � 89.8 Gy10

 Late effects:   E _ 
�

   � 80.5  ( 1 �   1.15 _ 
3

   ) 
 � 111.4 Gy3

  Comment: This treatment is much “hotter,” 
that is, more effective than the conventional 
60 Gy for both early and late effects.

 3. A one-fraction-a-day control schedule fre-
quently used to compare with hyperfrac-
tionation: 35 fractions of 2 Gy given once 
a day for 5 days a week, for an overall treat-
ment time of 7 weeks; that is, 35F � 2 Gy/
7 weeks

 Early effects:   E _ 
�

   � (nd)  ( 1 �   d _ 
�/�

   ) 
 � 70  ( 1 �   2 _ 

10
   ) 

 � 84 Gy10

 Late effects:   E _ 
�

   � 70  ( 1 �   2 _ 
3

   ) 
 � 116.7 Gy3

  Comment: This “control” schedule is not 
as effective as the hyperfractionation be-
cause it is less effective by 7% for early ef-
fects, which includes tumor control (84 vs. 
89.8 Gy10), but hotter for late effects by 5% 
(116.7 vs. 111.4 Gy3).

 4. Concomitant boost: 30 fractions of 1.8 Gy 
given once a day, 5 days a week, and at 
the same time (concomitant) a boost to a 
smaller fi eld of 12 fractions of 1.5 Gy once a 
day; overall treatment time 6 weeks; that is, 
[(30F � 1.8 Gy) � (12F � 1.5 Gy)]/6 weeks 
(this protocol is much favored at the Uni-
versity of Texas M.D. Anderson Hospital 
and Tumor Institute; by giving the boost 

but nd equals D, the total dose, so

E � � (total dose) (relative effectiveness)

in which the quantity 1 � [d/(�/�)] is called 
relative effectiveness. If this equation is divided 
through by �, we have:

  E _ �   � (total dose) � (relative effectiveness)

 � (nd) �  ( 1 �   d _ 
�/�

   )  (4)

The quantity E/� is the biologically effective 
dose (BED) and is the quantity by which differ-
ent fractionation regimens are intercompared. In 
words, the fi nal equation is

 BED � (total dose) � (relative effectiveness)

   E _ 
�

   � (nd) �  ( 1 �   d _ 
�/�

   )  (5)

The quantity BED was fi rst suggested by 
Barendsen, but was popularized by Fowler.

Choice of �/�
For calculating the examples that follow, �/� is as-
sumed to be 3 Gy for late-responding tissues and 
10 Gy for early-responding tissues. The reader, 
of course, may substitute other values that seem 
more appropriate. It should be noted that parts of 
schedules can be added—that is, (partial effect)1 
and (partial effect)2—as in the concomitant boost. 
It also should be noted that although it is permis-
sible to compare BEDs for late effects (in Gy3) 
of one schedule with another and permissible to 
compare BEDs for early effects (in Gy10) of one 
schedule with another, it is clearly not permissible 
or meaningful to compare early with late effects.

Model Calculations
 1. Conventional treatment: 30 fractions of 2 Gy 

given one fraction per day, 5 days per week, 
for an overall treatment time of 6 weeks (this 
is written as 30F � 2 Gy/6 weeks)

 Early effects:   E _ 
�

   � (nd)  ( 1 �   d _ 
�/�

   ) 
 � 60  ( 1 �   2 _ 

10
   ) 

 � 72 Gy10

 Late effects:   E _ 
�

   � 60  ( 1 �   2 _ 
3

   ) 
 � 100 Gy3
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in which � is a constant related to the potential 
doubling time of the tumor, Tpot, by the expression

 � �   
log e 2  _ 
Tpot

   �   0.693 _ 
Tpot

   (7)

The decrease in the number of clonogens 
because of cell killing by the fractionated radia-
tion regimen is balanced to some extent by cell 
division of the surviving clonogens. The biologic 
effect in equation 2 now becomes

 E � n(�d � �d2) � 0.693   t _ 
Tpot

   (8)

The BED E/� becomes

   E _ 
�

   � (nd)  ( 1 �   d _ 
�/�

    )  �   0.693 _ 
�

     t _ 
Tpot

   (9)

or, in words,

 BED � (total dose) � (relative effectiveness)

 �   
log e 2  _ 

�
   (no. of cell doublings) (10)

The time t is the time in days available for 
proliferation. Rapid proliferation in tumors ap-
pears not to start up until about 21 to 28 days 
after treatment begins in head and neck tumors. 
Therefore, t � T�21 or t � T�28 is a suitable 
value, where T is overall time. The start-up time 
is called TK for “kick-off” time, and t � T�TK.

It is now necessary to assume a value for �, 
the initial slope of the cell survival curve, as well 
as for Tpot, the potential doubling time of the 
tumor. A reasonable value for � is 0.3 	 0.1/Gy. 
Tpot may have a value of 2 to 25 days, with a me-
dian value of about 5 days.

For typical 6-week (39-day) schedules re-
ferred to earlier, proliferation may reduce the 
BED by

  E _ 
�

   �   0.693 _ 
0.3

   �   (39 � 21) _ 
5

   � 8.3 Gy10

Note that because we are concerned with 
tumor proliferation, the reduction in BED is in 
Gy10; that is, an early-effect �/� value is used. By 
the same token, proliferation during a 7-week pro-
tocol (i.e., 46 days) would decrease the BED by:

  E _ �   �   0.693 _ 
0.3

   �   (46 � 21) _ 
5

   � 11.6 Gy10

CHART calls for three fractions per day over 
12 days and so rapid proliferation has not started 
in head and neck tumors by the time the treat-
ment is completed in this very short schedule; that 
is, TK is greater than T, so t must be set at zero.

concomitantly, a prolongation of overall 
time is avoided)

 Early effects:   E _ 
�

   � (nd)  ( 1 �   d _ 
�/�

   ) 
 � 54  ( 1 �   1.8 _ 

10
   )  � 18  ( 1 �   1.5 _ 

10
   ) 

 � 84.4 Gy10

 Late effects:   E _ 
�

   � 54  ( 1 �   1.8 _ 
3

   )  � 18  ( 1 �   1.5 _ 
3

   ) 
 � 113.4 Gy3

  Comment: The Gy10 and Gy3 values should 
be compared with the comparable fi gures 
for the previous schedules given. The con-
comitant boost is hotter than the conven-
tional schedule for both early and late effects. 
Compared with hyperfractionation, however, 
this concomitant boost is almost the same for 
late effects but less effective for early effects, 
including tumor control.

 5. CHART: 36 fractions of 1.5 Gy given three 
fractions a day, 6 hours apart, for 12 consecu-
tive days, with an overall treatment time of 
12 days; that is, 36F � 1.5 Gy (3F/day)/12 days.

Early effects:   E _ 
�

   � (nd)  ( 1 �   d _ 
�/�

   ) 
 � 54  ( 1 �   1.5 _ 

10
   ) 

 � 62.1 Gy10

 Late effects:   E _ 
�

   � 54  ( 1 �   1.5 _ 
3

   ) 
 � 81.0 Gy3

  Comment: Direct comparison of CHART 
with the previous examples in terms of Gy10 
and Gy3 is meaningless because CHART has 
an overall time of only 12 days compared 
with 6 or 7 weeks for the other schedules.

Allowance for Tumor Proliferation
Calculations Suggested by Fowler

The correction proposed here for tumor prolif-
eration is a crude approximation and should not be 
taken too seriously. It assumes, among other things, 
that the rate of cellular proliferation remains con-
stant throughout the overall treatment time.

The number of clonogens (N) at time t is re-
lated to the initial number of clonogens (N0) by 
the expression

 N � N0e�t (6)
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differential dose per fraction to areas of differ-
ent risk on the same day, in place of the shrink-
ing fi eld technique. This shortens the overall 
treatment time and raises the question, What 
total dose given in 35 fractions over 7 weeks is 
equivalent to 50 Gy in 25 fractions over 5 weeks, 
or 60 Gy in 30 fractions over 6 weeks? Given 
that the �/� ratio for squamous cell carcinoma 
of the head and neck is usually considered high, 
the correction factor for overall treatment time 
becomes more important than the correction 
factor for fraction size. Some groups,  notably 
 Lester  Peters and colleagues at the Peter 
 McCallam Cancer Institute in  Melbourne, 
 Australia, have taken the pragmatic approach 
that between 5 and 7 weeks after the start of 
a fractionated regimen, the dose equivalent of 
regeneration with protraction of treatment is 
about 0.5 Gy per day, rounded down to 3 Gy 
per week. Thus, the equivalent of 50 Gy in 
5 weeks is 56 Gy in 7 weeks at 1.6 Gy per frac-
tion, whereas the equivalent of 60 Gy in 6 weeks 
is 63 Gy in 7 weeks at 1.8 Gy per fraction.

Obviously, there is considerable room for de-
bate concerning the actual numeric values cho-
sen, but in the case of rapidly growing squamous 
cell tumors of the head and neck, it would be 
wrong to simply ignore the time factor because 
it is more important than the correction for frac-
tion size. For other tumor types, the dose equiv-
alent of regeneration is almost certainly different 
and in most cases, less. For some tumors, such 
as low to intermediate prostate cancer, it may be 

Table 23.3 summarizes the effect of tumor 
proliferation on the BEDs characteristic of the 
various treatment regimens discussed earlier.

Based on the assumptions made, hyperfrac-
tionation results in the largest BED and, there-
fore, may be expected to result in the best tumor 
control, followed closely by the concomitant 
boost schedule. CHART is a less effective sched-
ule based on a Tpot of 5 days. It is necessary to 
assume a very fast-growing tumor, with a Tpot of 
3 days or less, for CHART to become the most 
effective schedule.

It must be emphasized again that calculations 
of this sort should be used only as a guide for 
residents in training because they do not, in any 
way, replace clinical judgment. It is useful, how-
ever, to have a yardstick by which new fraction-
ation schemes may be judged.

Pragmatic Approach of Peters and Colleagues

Changing dose per fraction often results in a 
change in overall treatment time. This may be 
an important issue with the advent of IMRT, 
especially in the case of head and neck cancer, 
which may be rapidly growing. For example, 
with conventional treatment planning, a shrink-
ing fi eld technique may be used, with typically 
50 Gy being given to known sites of disease and 
potential routes of regional spread, followed by 
a boost of 10 to 20 Gy using a one- or two-phase 
cone down, with all treatments being given in 
2-Gy fractions. However, owing to the complex-
ity of IMRT, a single plan can be utilized with 

TABLE 23.3 Effect of Tumor Proliferation on Biologically Effective Doses Characteristic 
of Various Treatment Regimens

 E/� Early, i.e.,  Proliferation Corrected for
Protocol Tumor, Gy10 Correction, Gy10 Time, Gy10

Conventional protocol:  72 �8.3 63.7
 30F � 2 Gy/6 wk (39 d)

Hyperfractionation:  89.8 �11.6 78.2
 70F � 1.15 Gy/7 wk (46 d)   

Concomitant boost:  84.4 �8.3 76.1
 (30F � 1.8 Gy) � (12F �
 1.5 Gy)/6 wk (39 d)

Chart: 36F � 1.5 Gy/12 d 62.1 0 62.1

This correction for time assumes Tp � 5 days; TK � 21 days; and � � 0.3 In per Gy.
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tissues. Consequently, late-responding tis-
sues are more sensitive to changes in frac-
tionation pattern.

■ Fraction size is the dominant factor in deter-
mining late effects; overall treatment time 
has little infl uence. By contrast, fraction size 
and overall treatment time both determine 
the response of acutely responding tissues.

■ Accelerated repopulation refers to the trig-
gering of surviving cells (clonogens) to divide 
more rapidly as a tumor shrinks after irradia-
tion or treatment with any cytotoxic agent.

■ Accelerated repopulation starts in head and 
neck cancer in humans about 4 weeks after 
initiation of fractionated radiotherapy. About 
0.6 Gy per day is needed to compensate for 
this repopulation.

■ This phenomenon mandates that treat-
ment be completed as soon as practical 
once it has started; it may be better to delay 
the start than to introduce interruptions 
during treatment.

■ The basic aim of hyperfractionation is to 
further separate early and late effects. The 
overall treatment time remains conven-
tional at 6 to 8 weeks, but because two frac-
tions per day are used, the total number of 
fractions is 60 to 80. The dose must be in-
creased because the dose per fraction is de-
creased. Early reactions may be increased 
slightly, tumor control improved, and late 
effects greatly reduced.

■ In accelerated treatment to reduce repopu-
lation in rapidly proliferating tumors, con-
ventional doses and number of fractions 
are used, but because two doses per day are 
given, the overall treatment time is halved. 
In practice, the dose must be reduced or a 
rest interval allowed because acute effects 
become limiting.

■ Hyperfractionation has been shown in 
randomized clinical trials of head and 
neck cancer to improve local tumor con-
trol and survival with no increase in acute 
or late effects.

■ Accelerated treatment: the EORTC trial 
of 72 Gy in 45 fractions (three fractions per 
day) over 5 weeks, showed an increase in 
local tumor control, but no increase in sur-
vival. There was an unexpected increase in 
late effects, some of which were lethal. The 
late effects were probably “consequential” 

negligible. There is a general lack of data regard-
ing accelerated tumor cell regeneration, regard-
ing both its magnitude and regarding the length 
of the lag time before it sets in.

SUMMARY OF 
PERTINENT CONCLUSIONS:

■ The “four Rs” of Radiobiology are the 
 following:

 Repair of sublethal damage
 Reassortment of cells within the cell cycle
 Repopulation
 Reoxygenation
■ The basis of conventional fractionation 

may be explained as follows: Dividing a 
dose into several fractions spares normal 
tissues because of the repair of sublethal 
damage between dose fractions and cel-
lular repopulation. At the same time, frac-
tionation increases tumor damage because 
of reoxygenation and reassortment.

■ The Strandquist plot is the relation between 
total dose and overall treatment time. In 
this context, “time” includes the number of 
fractions. On a double log plot, the slope of 
the line for skin is often close to 0.33.

■ The Ellis NSD system made the impor-
tant contribution of separating the effects 
of number of fractions and overall time. 
The time correction was a power function 
(T0.11) that is far from accurate. The system 
is seldom used now.

■ The extra dose required to counteract pro-
liferation in a normal tissue irradiated in a 
fractionated regimen is a sigmoidal func-
tion of time. No extra dose is required until 
some weeks into a fractionated schedule.

■ The delay before an extra dose is required 
to counteract the effects of proliferation 
is much longer for late-responding tissues 
and is beyond the overall time for conven-
tional radiotherapy schedules.

■ Prolonging overall time within the normal 
radiotherapy range has little sparing effect 
on late reactions but a large sparing effect 
on early reactions.

■ The dose–response relationship for late ef-
fects is more curved than for early effects. 
The ratio �/� is about 10 Gy for early ef-
fects and about 3 Gy for late-responding 
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late effects, developing out of the severe 
acute effects. Incomplete repair between 
fractions also may have been a problem be-
cause the time interval between fractions 
was too short.

■ CHART stands for continuous hyper-
fractionated accelerated radiation therapy. 
The protocol consists of 36 fractions over 
12 days (three fractions per day) to a total 
dose of 50.4 to 54 Gy. Tumor control was 
maintained because of the extreme accel-
eration of treatment time; late effects were 
not increased and even may have decreased 
because of the low dose and acute effects 
were severe, but their peak occurred after 
completion of treatment, so patient com-
pliance was not prejudiced. The three frac-
tions per day, with a time interval of 6 hours 
between fractions, resulted in problems if 
the spinal cord was in the fi eld because of 
the very slow repair of sub-lethal damage 
in this tissue.

■ ARCON involves accelerated treatment to 
overcome tumor cell proliferation, hyper-
fractionation to spare late-responding nor-
mal tissues, carbogen breathing to overcome 
chronic hypoxia, and nicotinamide to over-
come acute hypoxia.

■ Overall treatment time is a very important 
factor for fast-growing tumors. In head 
and neck cancer, local tumor control is de-
creased by about 1.4% (range of 0.4% to 
2.5%) for each day that the overall treat-
ment time is prolonged. The correspond-
ing fi gure for carcinoma of the cervix is 
about 0.5% (range of 0.3% to 1.1%) per 
day. Such rapid proliferation is not seen in 
breast or prostate cancer.

■ There is renewed interest in hypofraction-
ation—that is, a smaller number of high 
dose fractions. There are several circum-
stances where this may be exploited: (a) for 
prostate cancer for which the �/� ratio is 
closer to that for late-responding tissues, 
which removes the benefi t of fractionation; 
(b) for IMRT and proton beams, where the 
dose distribution is so improved that the 
volume of normal tissue exposed to high 
doses is much reduced; and (c) for carbon 
ion beams, where the dose distribution is 
improved and, in addition, the radiation 
has a relatively high LET.

■ The linear-quadratic concept may be used 
to calculate the biologic effectiveness of 
various radiotherapy protocols involving 
different numbers of dose fractions. The 
useful formula is

 (BED) � (total dose) � (relative effectiveness)

   E _ 
�

   � (nd) �  ( 1 �   d _ 
�/�

   )  
■ An approximate allowance can be made for 

tumor cell proliferation when comparing 
protocols involving different overall treat-
ment times. There are two approaches 
considered:

 1.  Fowler has suggested corrections based 
on the Tpot value for different tumors.

 2.  Peters and colleagues have suggested a 
pragmatic approach in the case of fast-
growing squamous cell carcinomas of 
the head and neck, where corrections for 
overall time may be more important than 
number of fractions. They assume that 
between 5 and 7 weeks after the start of a 
fractionated regimen, the dose equivalent 
of regeneration with protraction of treat-
ment is about 0.5 Gy per day, rounded 
down to 3 Gy per week. The correction 
will be different for other tumors and 
probably negligible for prostate cancer.
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Of patients presenting at major cancer centers 
in the Western world, about 1 in 10 present with 
a second cancer. The following are the three 
major reasons for this:

 1. Continued lifestyle—For example, factors 
associated with the fi rst malignancy may con-
tinue to have an effect; smoking that caused a 
lung cancer may result later in a head and neck 
cancer, or alcohol that caused esophageal can-
cer may also result in a cancer of the tongue.

 2. Genetic predisposition—Some syndromes, 
such as Li–Fraumeni syndrome, predispose to 
multiple primary tumors. This involves a very 
small proportion of the population, but it is 
incredibly important to the persons affected.

 3. Treatment-related—Radiotherapy and/or 
chemotherapy can induce second malignan-
cies. In the case of radiotherapy, most second 
cancers not only occur within or close to the 
treatment fi eld, but also occur in remote loca-
tions, especially in radiogenic organs such as 
the lung. This is of particular importance in 
young children because they are 10 to 15 times 
as sensitive to radiation-induced malignancies 
as middle-aged adults are. For a second can-
cer to be considered as treatment-related, the 
latency must be appropriate, namely, short for 
a leukemia and long for a solid tumor.

For any of the previously mentioned reasons, 
it may be necessary to consider treatment to a 
tumor located in any area of the body that had 
previously been irradiated. Decisions regarding 
the safety of such retreatment are complex. For 
example, surgery may be compromised if the 

 tissues involved had been previously irradiated 
to a high dose. The discussion here, however, 
focuses principally on the safety of reirradiation 
of an area of normal tissue previously exposed to 
radiation. Information on this subject is far from 
complete, but certain general principles emerge 
from experimental and clinical experience. One 
thing is clear, namely, that if the radiation toler-
ance of a given organ or tissue has been exceeded 
by the initial treatment, to the extent that func-
tion is lost or is in the process of being lost, then 
subsequent retreatment cannot be contemplated 
with safety. By contrast, if the initial treatment 
is below the tolerance of the organ or tissue ex-
posed, then some retreatment at a later date is 
safe, varying very much with the organ or tissue 
involved and depending on several other factors.

When considering retreatment with radiation, 
whether it is intended to be either curative or pal-
liative, several factors must be taken into account:

 1. The dose and volume treated during the initial 
radiotherapy and the extent to which the re-
treatment fi elds overlap with the initial fi elds

 2. Whether chemotherapy was added to the ini-
tial radiotherapy

 3. The time interval that has elapsed since the 
initial radiotherapy

 4. The tissues and organs involved because they 
differ markedly in their ability to recover

 5. Highly conformal techniques, such as stereo-
tactic radiosurgery, stereotactic body radio-
therapy (SBRT), or brachytherapy, are most 
appropriate.

 6. Whether there are alternative options to ra-
diation that could be considered
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■ CLINICAL STUDIES

Clinical radiation oncologists are, quite rightly, 
reluctant to transfer quantitative reirradiation 
data from animals (especially rodents) to humans, 
although the general principles and lessons, par-
ticularly the big difference between different or-
gans and tissues, are probably applicable.

Unfortunately, the clinical data available 
are sketchy to say the least. In most cases, the 
number of patients is small, collected over a long 
period, with changing radiotherapy techniques 
(dose, fractionation pattern, etc.), and with no 
detailed outcome of a matched control group of 
patients who had received the same initial ther-
apy, but not the retreatment.

Clinical review papers are beginning to ex-
press data in terms of the biologically effective 
dose (BED), calculated on the basis of the linear-
quadratic model, using an �/� of 10 for early-
responding tissues and 3 for late-responding 
 tissues. This is a good fi rst step, but unconven-
tional fractionation patterns are often used for 
retreatment schedules, particularly in a palliative 
setting, it would be necessary to convert the BED 
values obtained to an equivalent BED calculated 
for a 2 Gy per fraction schedule if different expe-
riences are to be compared. Unfortunately, such 
complete data are seldom available.

Spinal Cord
The spinal cord is a major dose-limiting organ 
in the treatment of primary tumors of the spinal 
cord or of neoplastic disease in the direct vicin-
ity of the cord. When initial radiation therapy is 
delivered in conventional 2 Gy per day fractions, 
the consensus is that the incidence of myelopa-
thy is less than 1% for total doses of 50 to 55 Gy, 
and up to 5% for total doses of 55 to 60 Gy. The 
published clinical data on reirradiation suggest 
that there is a substantial recovery, provided the 
initial treatment did not exceed about 90% of 
the acceptable BED and that there was a time 
interval of a year or more between the initial 
and subsequent treatments. The data suggest 
an important threshold of a cumulative BED of 
130% to 135% of the acceptable BED in a single 
course of therapy (calculated with an appropri-
ate �/� ratio of about 3). The reader is referred 
to the appropriate review papers (Grosu et al., 
2002; Nieder et al., 2000) for more details, but 
the overall conclusion is that it is not possible 

■  EARLY- AND LATE-RESPONDING 
 TISSUES

Early-responding tissues are usually self-renewing 
tissues and are characterized by a rapidly prolifer-
ating stem cell compartment that provides cells to 
differentiate and become the mature functioning 
cells. If some stem cells survive within the irradi-
ated volume, or if undamaged stem cells can mi-
grate into the irradiated volume from outside, the 
tissue architecture may be partially or completely 
restored. Consequently, rapidly proliferating tis-
sues generally recover well from the initial radio-
therapy and will tolerate reirradiation to almost 
full doses, provided suffi cient time is allowed.

By contrast, most late-responding tissues are 
much less able to tolerate retreatment because 
they do not have the ability to recover from the 
initial damage inasmuch as they do not have a 
rapidly proliferating stem cell compartment. 
Some slowly proliferating tissues are capable 
of partial proliferative and functional recovery, 
although this takes months and some residual 
damage remains.

■ PRECLINICAL DATA

Experiments with rodents show that radiation-
induced skin damage can recover well, with res-
toration of almost full radiation tolerance. As 
would be expected, recovery occurs quickly after 
low doses, but more slowly as the initial dose is 
increased. Using hind limb deformation as an 
endpoint, representing late subcutaneous fi brosis, 
much poorer retreatment tolerance was observed 
than for the early skin reaction.  Preclinical data 
also show that retreatment with reduced doses 
is possible in both lung and spinal cord after an 
interval of 3 to 6 months. There is a plethora of 
data for the spinal cord in animals ranging from 
rodents to rhesus monkeys. The experiments 
with monkeys demonstrated a large capacity for 
the spinal cord to recover from occult radiation 
injury induced by a commonly prescribed elective 
dose (44 Gy in 2 Gy fractions) in that only 4 of 
45 monkeys developed myeloparesis following a 
retreatment with 57.2 to 66 Gy given 1 to 3 years 
after the initial therapy.

Other slowly proliferating organs, such as the 
kidney or bladder, do not appear to be capable of 
recovery from late functional damage even after 
lower subtolerance doses.
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and brain metastases, retreated with single frac-
tion radiosurgery. They found that the maximum 
tolerated doses were 24 Gy, 18 Gy, and 15 Gy for 
tumors less than or equal to 20 mm, 21–30 mm, 
and 31–40 mm in diameter, respectively. Un-
acceptable central nervous system toxicity was 
more likely in patients with larger tumors, 
whereas local tumor control was most dependent 
on the type of recurrent tumor and the treatment 
unit used (linac versus Gamma Knife).

Head and Neck
Despite signifi cant improvements in outcome for 
head and neck squamous cell carcinoma treated 
aggressively by modern techniques, the major 
pattern of failure continues to be locoregional re-
currence. There is no consensus on the best way 
to handle this problem and, as a result, there is 
a wide variation in the approaches used. There 
have been several reviews in recent years (Chopra 
et al., 2006; DeCrevoiser et al., 1998; Kasperts 
et al., 2005; Lee et al., 2007; Salama et al., 2006; 
Wong, 2006). Radical reirradiation with doses of 
50 to 60 Gy, either defi nitive or postoperative, 
does improve locoregional control and possibly 
improves survival, whereas lower doses are inef-
fective. However, reirradiation with such poten-
tially curative doses within a few years of a similar 
initial  treatment is associated with severe toxicity 
and functional  sequelae, as well as a small but non-
negligible incidence of treatment-related deaths. 
The most recent review by Sulman et al. (2009) 
reported on the use of intensity-modulated ra-
diation therapy (IMRT) to retreat recurrent head 
and neck cancer and came to the same general 
conclusion except that the treatment-related 
morbidity, although signifi cant, may have been 
less than in previously published reports using 
conventional techniques. In this case, the me-
dian time interval between initial radiation and 
retreatment was almost 4 years, and the median 
lifetime dose was 116.1 Gy.

Rectum
The addition of preoperative or postoperative 
chemotherapy and or radiotherapy to radical 
surgery for rectal carcinoma has reduced the 
incidence of local recurrence to approximately 
10% to 15%, but this group of patients presents 
a substantial problem.

Mohiuddin et al. published a review of 103 
 patients who underwent reirradiation with con-
current 5-fl uorouracil-based chemotherapy.

to suggest more detailed recommendations con-
cerning the optimal total dose and fraction size 
to result in the maximal palliative effects accom-
plished by minimal side effects.

There are two later reports of the use of 
SBRT for the salvage therapy of patients with 
prior radiation of spinal metastases (Nelson et al., 
2009; Sahgal et al., 2009). The development of 
this highly conformal treatment makes it possible 
to give a dose of approximately 24 Gy in about 
three fractions, without unacceptable toxicity. 
The authors conclude that SBRT is both safe and 
effective in the palliative/retreatment setting.

In summary, the clinical data, although mini-
mal, do not contradict the more detailed data 
available from primate studies, which suggest 
that retreatment is a real possibility in this site.

Brain
There are no animal data available on the re-
irradiation tolerance of the brain. It might be 
thought that information derived from studies of 
the spinal cord could be transferred to the brain, 
but the available clinical studies indicate that this 
is not the case, at least, in regard to the infl uence 
of the time interval between initial treatment 
and reirradiation.

The most recent overview of currently avail-
able clinical data on reirradiation of the brain 
comes from studies of the treatment of re-
current glioma (Mayer & Sminia, 2008). For 
conventional radiotherapy techniques, radiation-
induced normal brain tissue necrosis was found 
when the cumulative BED (i.e., the sum of the 
BEDs from both the initial treatment and reir-
radiation) exceeded 100 Gy. In most cases, the 
initial treatment consisted of a standard regi-
men of 60 Gy in 2 Gy fractions. The BED was 
calculated using the linear-quadratic formalism, 
employing an �/� ratio of 2 Gy and normalized 
to 2 Gy fractions because the literature contains 
several reirradiation schemes with regard to total 
dose and fraction size. There was no correlation 
between the time interval between the initial and 
reirradiation course and the incidence of radio-
necrosis. When more conformal techniques were 
employed, such as fractionated stereotactic radio-
surgery, higher retreatment doses were possible 
without increasing the probability of normal 
brain tissue necrosis.

The Radiation Therapy Oncology Group 
Protocol 90–95 studied 156 patients with recur-
rent previously irradiated primary brain tumors 
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performed either with electron beams, which 
have a limited depth of penetration, or with con-
tinuous low dose rate (CLDR) or pulsed dose 
rate (PDR) brachytherapy. With both of these 
techniques, high doses can be applied to the 
chest wall, whereas deeper-seated organs (lung, 
heart) can be spared to a large extent.

After retreatment using electron beams, 
complete remissions were obtained in 41% to 
74% of the patients. The brachytherapy was 
judged to be superior, with complete remissions 
in 79% to 82% of the patients, an advantage 
that the authors (rightly or wrongly) attributed 
to the protracted irradiation schedule of the 
CLDR/PDR, which resulted in an improved 
therapeutic ratio. Severe grade IV complica-
tions occurred in less than 10% of the reirradi-
ated patients.

This is an area where the use of hyperthermia 
has had some modest success. Although rather 
dated now, Vernon et al. (1996) reported on an 
international collaborative group, which com-
bined the results of fi ve randomized controlled 
trials conducted in the United Kingdom,  Europe, 
and Canada, in which external beam radiation 
therapy alone was compared with radiation plus 
hyperthermia. The greatest advantage for the 
combined treatment was seen in patients with 
recurrent lesions in previously treated areas, in 
whom reirradiation was limited to lower doses. 
In these patients, the complete response rate was 
almost doubled.

Lung
Local recurrence of lung cancer after initial 
external beam radiotherapy poses substantial 
problems for the subsequent management of the 
patient. Okamoto et al. (2002) is often quoted in 
this context, but this paper describes a very small 
series of only 34 patients, with a wide range of 
doses used for the initial treatment (30–80 Gy) 
and an even wider range of retreatment doses 
(10–70 Gy). The authors concluded that such 
reirradiation resulted in a symptomatic  benefi t 
in most patients, but at a cost of substantial 
 toxicity. Most patients succumbed to their dis-
ease before the serious late effect of lung fi brosis 
could be expressed.

Proton therapy, characterized by a well-
defi ned localized high dose region, would seem 
to be the logical way to approach reirradiation 
of recurrent lung cancer. Early experience from 
MD Anderson Cancer Center indicates that 

Overall survival was poor and there was a 
substantial incidence of both early and late com-
plications. Such a wide range of doses were used, 
both for the initial treatment and the reirradia-
tion, so it is diffi cult to draw any fi rm conclu-
sions. Nevertheless, this remains an option for a 
particularly diffi cult group of patients.

Bone Metastases
Bone metastases are a frequent cause of morbid-
ity in patients with malignant disease, occurring 
most often in patients with breast, lung, prostate, 
thyroid, and renal cancers, and those with mul-
tiple myeloma. Pain is the most common symp-
tom, which can be treated successfully in most 
patients by external beam radiotherapy. An in-
creasing number of patients outlive the duration 
of the benefi ts of initial palliative radiotherapy 
for symptomatic bone metastases, requiring reir-
radiation of previously treated sites.

Chow et al. (2006) summarized the studies 
to date, which include several retrospective and 
prospective trials. The available data support the 
reirradiation of sites of metastatic bone pain after 
initial irradiation, particularly when this follows an 
initial period of response. In other words, patients 
who respond to the fi rst treatment usually re-
spond to subsequent treatments. There is limited 
evidence that a small proportion of initial nonre-
sponders would respond to reirradiation. There is 
no agreement over the optimal treatment schedule 
to be used, with reports in the literature varying 
from a single fraction of 4 or 8 Gy, to fraction-
ated regimens of up to 35 Gy in four fractions. 
The exact mechanism by which radiation relieves 
bone pain is not understood. Pain relief appears 
to be independent of the reduction in tumor size 
or cell kill, as evidenced by the rapidity of onset of 
pain relief and the apparent absence of a dose re-
sponse. Because most patients requiring treatment 
for painful bone metastases have a limited life ex-
pectancy, a short treatment course, with minimum 
inconvenience to the patient, would seem to be 
warranted, unless a multifraction course is clearly 
superior. With this in mind, Chow et al. (2006) 
have set up an international phase III randomized 
trial comparing single with multiple fractions for 
reirradiation of painful bone metastases.

Breast
Reirradiation after recurrence of breast cancer is 
a major problem. Harms et al. (2004) reviewed 
more than 250 cases, where the reirradiation was 
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■ Retreatment with reduced doses is possible 
in both lung and spinal cord. There is much 
data for spinal cord in both rodents and 
monkeys.

■ Kidney and bladder are not capable of recov-
ery from late functional damage.

Clinical Studies
■ Most clinical studies involve small numbers 

of patients, variable doses, and various time 
intervals between the initial treatment and 
 reirradiation.

■ Reirradiation is possible in various sites with 
reduced doses and with a high price in terms 
of morbidity.

■ Most data are for head and neck. Reirradia-
tion with 50 to 60 Gy within a few years of 
the initial treatment improves local control 
and possibly survival, but with severe toxicity 
and functional sequelae.

■ Studies using IMRT or, better still, pro-
tons to reduce the volume of normal tissue 
exposed, as well as hyperfractionation to 
spare normal tissues, may be called for in 
the f uture, but no data are available at the 
present time.
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SUMMARY OF 
PERTINENT CONCLUSIONS

■ Of patients presenting at major cancer cen-
ters in the Western World, 10% present 
with a second cancer.

■ If the radiation tolerance of a given organ 
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cannot be contemplated safely.
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The early recognition that x-rays could produce 
local tumor control in some patients and not in 
others led to the notion that other forms of ion-
izing radiations might be superior.

Neutrons were fi rst introduced in a specula-
tive way, not based on any particular hypothesis. 
The later use of neutrons and the introduction 
of protons, negative �-mesons, and heavy ions 
were all based clearly on a putative advantage, 
either of physical dose distribution or of ra-
diobiologic properties. In the case of neutrons, 
they give up their energy to produce recoil pro-
tons, �-particles, and heavier nuclear fragments. 
 Consequently, their biologic properties differ 
from those of x-rays: reduced oxygen enhance-
ment ratio (OER), little or no repair of sublethal 
damage, and less variation of sensitivity through 
the cell cycle.

The use of neutrons following World War II 
was based squarely on the premise that hypoxic 
cells limit the curability of human tumors by 
x-ray therapy, so the lower OER characteristic of 
neutrons might confer an advantage. An alterna-
tive rationale for neutrons, proposed at a later 
date, was that their relative biologic effectiveness 
(RBE) is larger for slow-growing tumors, possi-
bly giving them an advantage in a limited num-
ber of specifi c human tumors.

Protons have radiobiologic properties simi-
lar to those of x-rays, and their introduction into 
radiotherapy was based entirely on the superior-
ity of the physical dose distribution possible with 

charged particles. Negative �-mesons and heavy 
ions were introduced with the hope of combin-
ing the radiobiologic advantages attributed to 
neutrons with the dose distribution advantage 
characteristic of protons.

Neutrons have been shown to be superior to 
x-rays in a limited number of situations, specifi -
cally for the treatment of prostatic cancer, salivary 
gland tumors, and possibly soft tissue sarcomas. 
Several controlled clinical trials have been per-
formed for various cancer sites, but a small gain 
was apparent only in these few circumstances. On 
the other hand, neutrons resulted in unaccept-
able late normal tissue damage in many cases, and 
possibly a higher incidence of radiation-induced 
second cancers.

For almost 50 years, protons generated in 
facilities originally intended for physics research 
have found a small but important niche for the 
treatment of uveal melanoma and tumors such as 
chordomas, which are located close to the spinal 
cord and therefore benefi t greatly from the lo-
calized dose distribution. The wider use of pro-
tons for broad beam radiotherapy is being tested 
now that custom-built hospital-based facilities 
are available, but no advantage has been demon-
strated yet in controlled phase 3 clinical trials.

Negative �-mesons and heavy ions have been 
used to treat hundreds of patients, but prospective 
randomized trials have never been completed to 
prove their superiority over conventional x-rays. 
Negative �-mesons have completely disappeared 
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means. She was treated with neutrons and lived 
for many years, although from a retrospective 
review of the case, it is probable that she did not 
have cancer in the fi rst place. This early effort 
at Berkeley was hampered because the complexi-
ties of the relationship between the RBE and 
the dose for high-LET radiations were not un-
derstood at the time. Consequently, several pa-
tients were overdosed seriously before the trial 
was terminated by the entry of the United States 
into World War II. In reviewing their experience 
many years later, Dr. Robert Stone, the radio-
therapist in charge of the study, concluded in his 
famous Janeway Lecture of 1948 that “Neutron 
therapy as administered by us resulted in such 
bad late sequelae in proportion to a few good 
 results that it should not be continued.”

The Hammersmith Neutron  Experience
The renewed interest in neutrons in the years 
following World War II originated at the Ham-
mersmith Hospital in London, where neutrons 
were generated by the Medical Research Coun-
cil’s  60-in. cyclotron. In this machine, 16-MeV 
deuterons incident on a beryllium target pro-
duced neutrons with a modal value of 6 MeV. 

from the scene, but high-energy carbon ions are 
enjoying a renaissance in Europe and Japan.

The casual reader may be content with this 
overview of alternative radiation modalities and 
may not wish to proceed further in this chapter. 
Interest in high-linear energy transfer (LET) 
 radiations for radiotherapy largely has waned, 
but protons are very much in vogue. In this 
chapter, neutrons, protons, and carbon ions are 
considered in turn.

■ FAST NEUTRONS

Rationale
Neutrons were fi rst used for cancer therapy at 
the Lawrence Berkeley Laboratory in  California 
in the 1930s (Fig. 25.1). This fi rst clinical trial 
of neutrons was not based on any radiobio-
logic rationale but was prompted largely by the 
 availability of a new and unique beam. It is said 
that it received some impetus when the mother 
of the Lawrence brothers (E.O. Lawrence was 
the inventor of the cyclotron and the director 
of what was to become the Lawrence Berkeley 
 Laboratory) contracted cancer, which was judged 
by her physician to be incurable by conventional 

FIGURE 25.1  The fi rst patient treated with neutrons in the 1930s at the 
 Lawrence Berkeley Laboratory of the University of California. On the left is 
Dr. Robert  Stone, the radiotherapist, and in the center is Dr. John Lawrence, the 
physician brother of the inventor of the cyclotron, E.O. Lawrence. (Courtesy of the 
University of California.)
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dose rates, good percentage depth doses, and a full 
isocentric mount, similar to a conventional linac. 
A few centers operated such  machines for a while, 
but neutrons have never become mainstream in 
 radiotherapy.

■  BORON NEUTRON CAPTURE 
 THERAPY

The basic idea behind boron neutron capture 
therapy (BNCT) is elegant in its simplicity. It 
has appealed to physicians, and particularly to 
physicists, for the best part of half a century. The 
idea is to deliver to the cancer patient a boron-
containing drug that is taken up only in tumor 
cells and then to expose the patient to a beam 
of low-energy (thermal) neutrons that them-
selves produce little radiobiologic effect but that 
interact with the boron to produce short-range, 
densely ionizing �-particles. Thus, the tumor is 
intensely irradiated, but the normal tissues are 
spared. There are two problems inherent in this 
idea that have so far proved intractable:

 1. How does one fi nd a “magic” drug that can 
distinguish malignant cells from normal 
cells? (The skeptic might add that searching 
for such a drug has been the holy grail of can-
cer research and that if one were found, the 
obvious strategy would be to attach an alkyl-
ating agent or an �-emitting radionuclide to 
it; combining its use with neutrons would be 
a distant third.)

 2. The low-energy neutrons necessary for BNCT 
are poorly penetrating in tissue and conse-
quently result in percentage depth doses that 
are extremely poor by today’s standards.

Several nuclides have high propensities for 
absorbing low-energy or thermal neutrons; that 
is, they have a high neutron capture cross sec-
tion. Boron is the most attractive of these be-
cause it is readily available in a nonradioactive 
form, its chemistry is such that it can be incorpo-
rated into various compounds, and if it interacts 
with low-energy neutrons, it emits short-range, 
high-LET �-particles.

Boron Compounds
For BNCT to be successful, the compounds 
used should have high specifi city for malignant 
cells, with concomitantly low concentrations 
in adjacent normal tissues and in blood. In the 

The  Hammersmith cyclotron was suggested and 
conceived by Gray, based on the notion that a low-
ered OER would be advantageous to  radiotherapy. 
The machine suffered from the limitations of poor 
depth doses (equivalent to 250– kVp x-rays) and a 
fi xed horizontal beam.

A prospective randomized clinical trial to 
compare neutrons with x-rays was started in 
1971. Advanced tumors of the head and neck 
were chosen because the poor depth-dose charac-
teristics made neutrons suitable only for treating 
relatively superfi cial lesions. The trial involved 
patients with tumors of the salivary glands, buc-
cal cavity, hypopharynx, and larynx. The neutron 
treatments delivered in only 12 fractions were 
clearly superior as judged by local control of the 
primary tumor, but the gain was achieved at the 
expense of a higher complication rate.

The United States Neutron Experience
Because of the limitations associated with low-
energy cyclotrons, interest at several centers in 
the United States turned to the use of large cy-
clotrons that accelerate deuterons to energies of 
22 to 50 MeV. Several such machines had been 
built for high-energy physics research and were 
converted for part-time neutron therapy. In ad-
dition, neutrons were produced at the Fermilab 
in Batavia, Illinois, by bombarding a beryllium 
target with 67-MeV protons.

All of these machines had adequate dose rates 
and quite good depth doses. Unfortunately, they 
had other disadvantages: All had fi xed horizontal 
beams, and all were located in physics installa-
tions rather than in large, busy hospitals, so that 
the availability of a suffi cient number of patients 
was a problem. Several controlled clinical trials 
were performed for various tumor sites, and they 
showed no advantage for neutrons over x-rays. 
Neutrons, however, appeared to be superior for 
salivary gland tumors, soft tissue sarcomas, and 
prostate cancer, but the downside was a signifi -
cant increase in late normal tissue damage. It 
appears that high-LET radiation loses the dif-
ferential sparing effect between tumors and late-
responding normal tissues that is characteristic 
of x-rays.

Enthusiasm for neutron therapy waned just 
at a time when technology became available that 
allowed machines to be built that are suitable for 
clinical use. A new generation of  hospital-based cy-
clotrons using the p� → Be reaction had  adequate 
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of more than a few centimeters without heavily 
irradiating surface normal tissues. Nevertheless, 
most clinical trials have used neutrons of this 
energy.

Current interest in the United States fo-
cuses on the use of epithermal neutron beams 
(1–10,000 eV), which have a somewhat greater 
depth of penetration. These can be obtained by 
using moderators or fi lters to slow the fast neu-
trons into the epithermal range and fi ltering 
out the residual thermal neutrons. These epith-
ermal neutrons do not interact themselves with 
the boron but are degraded to become thermal 
neutrons in the tissue by collisions with hydrogen 
atoms. Even so, the peak in dose occurs at a depth 
of only 2 to 3 cm, with a rapid falloff beyond this 
depth. Thus, the very high surface doses are 
avoided, but the depth doses are still poor.

Clinical Trials
Several clinical trials have been performed over 
the years, beginning in the 1950s and 1960s. Re-
sults are tantalizing but never defi nitive. Several 
patients have been treated with BNCT in the 
United States, but the results are largely anecdotal. 
The concept of BNCT is as attractive as ever, but 
it continues to be diffi cult to convert to a practical 
treatment modality, even for shallow tumors.

■ PROTONS

Dr. Robert Wilson fi rst proposed protons for ra-
diotherapy as early as 1946, based on their supe-
rior physical dose distribution; their radiobiologic 
properties are unremarkable. The RBE of protons 
is indistinguishable from that of 250-kV x-rays, 
which means that they are about 10% more effec-
tive than megavoltage x-rays generated by a linear 
accelerator. The OER for protons also is indistin-
guishable from that for x-rays, namely about 2.5 
to 3. These biologic properties are consistent with 
the physical characteristics of high-energy proton 
beams; they are sparsely ionizing, except for a very 
short region at the end of the particles’ range, just 
before they stop. In the entrance plateau, the aver-
age LET is about 0.5 keV/�m, rising to a maxi-
mum of 100 keV/�m over a few microns as the 
particles come to rest. This high-LET component 
is restricted, however, to such a tiny length of 
track and  represents such a small proportion of the 
 energy deposited that, for high-energy protons, it 
does not have any signifi cant effect.

early days, the compounds used were not spe-
cially synthesized for BNCT, but were already 
available. In the brain, which is the site for which 
BNCT largely has been used, some selectivity is 
obtained because compounds do not penetrate 
normal brain tissue to the same degree as brain 
tumors in which the blood–brain barrier is ab-
sent or severely compromised.

Critical to the success of BNCT is the re-
quirement that boron compounds be developed 
that target tumor versus normal cells selectively, 
achieve a suffi cient concentration within the 
tumor, and produce tumor to normal tissue ra-
tios of 3 or 4 to 1. This, of course, is a tall order.

Two classes of compounds have been proposed:

 1. Low-molecular-weight agents that simulate 
chemical precursors required for tumor cell 
proliferation have the ability to traverse the 
cell membrane and be retained intracellularly. 
Two boron compounds have been identifi ed 
and used clinically, known as sodium brocap-
tate and boronophenylalanine. Both have been 
used to treat brain tumors, and the latter also 
has been listed for cutaneous  melanoma.

 2. High-molecular-weight agents such as mono-
clonal antibodies and bispecifi c antibodies that 
contain boron have been developed. These are 
highly specifi c, but very small amounts reach 
brain tumors following systemic administra-
tion. Boron-containing conjugates of epider-
mal growth factor, the receptor for which is 
overexpressed on some tumors (including glio-
blastoma), also have been developed.

If the blood–brain barrier is disrupted tempo-
rarily, these high-molecular-weight  compounds 
may have some utility, or direct intracerebral 
delivery may be required. They have not yet 
proved effective in clinical use.

Neutron Sources
During fi ssion within the core of a nuclear reac-
tor, neutrons are “born” that have a wide range 
of energies. Neutron beams can be extracted 
from the reactor by the application of suitable 
techniques and the use of appropriate modera-
tors. Thermal neutrons, or room-temperature 
neutrons (0.025 eV), react best with boron to pro-
duce densely ionizing �-particles.  Unfortunately, 
thermal  neutrons are attenuated rapidly by tis-
sue; the half-value layer is only about 1.5 cm. 
 Consequently, it is not possible to treat to depths 
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at Uppsala, Sweden. The sharply defi ned Bragg 
peak occurs at a depth in tissue that depends on the 
initial energy of the particles.

The early medical use of proton beams in-
volved treatment of the pituitary, fi rst in patients 
with advanced breast cancer and later in patients 
with diabetic retinopathy, Cushing disease, and 
 acromegaly. Protons were used for these applica-
tions to exploit their well-defi ned beam, which 
made it possible to give a huge dose to the pituitary 
without causing unacceptable damage to nearby 
structures. These treatments were performed for 
many years at both Berkeley and Harvard.

The way the Bragg peak can be spread out to 
encompass a tumor of realistic size is illustrated 
in Figure 25.3. In this fi gure, curve A shows the 
narrow Bragg peak of the primary beam of the 
160-MeV proton beam at the Harvard cyclo-
tron. Beams of lower intensity and shorter range, 
shown in curves B, C, D, and E, are readily ob-
tainable either by passing the beam through a 
rotating wheel with plastic sectors of varying 
thickness, or by varying the energy of the beam. 
The composite curve, S, which is the sum of all 
the individual Bragg peaks of the beams of vary-
ing range, results in a uniform dose of more than 
2.8 cm. The spread-out Bragg peak (SOBP), of 
course, can be made narrower or broader than 
this, as necessary.

Many researchers consider protons to be the 
treatment of choice for choroidal melanoma. 
Figure 25.4 shows the dose distribution that is 
achieved at the Harvard cyclotron, which al-
lows very high doses to be delivered to small 
tumors without unacceptable damage to nearby 
normal tissues. Protons have found a small but 
important place in the treatment of ocular tu-
mors and some specialized tumors close to the 
spinal cord.

Broad beam radiotherapy, with the Bragg 
peak spread out to cover a large tumor, has 
been in progress at Uppsala since 1957, and a 
comparable US effort began at Harvard in 1961 
and at Loma Linda University in 1990. Most of 
the proton machines used in the past were built 
initially for physics research and were located 
in physics laboratories. There is much current 
interest in the development of hospital-based 
proton facilities producing beams suffi ciently 
penetrating to make possible the treatment 
of any cancer sites in the human; such facili-
ties would include a gantry with an isocentric 

To treat cancer in humans with charged 
 particles, high-energy accelerators are neces-
sary. Protons have been used for many years to 
treat choroidal melanoma of the eye as an attrac-
tive alternative to enucleation. Because the eye 
is small, an energy of 60–70 MeV is adequate. 
However, to treat deep-seated solid tumors, an 
energy of about 200 MeV, corresponding to 
a range in tissue of about 26 cm, is essential. 
This requires a large and expensive cyclotron 
or synchrotron, and so it is not surprising that 
the number of centers where charged particle 
therapy is available is limited.

Depth-Dose Patterns and the Bragg Peak
The dose deposited by a beam of monoenergetic 
protons increases slowly with depth, but reaches a 
sharp maximum near the end of the particles’ range 
in the Bragg peak. The beam has sharp edges, with 
little side-scatter, and the dose falls to zero after the 
Bragg peak at the end of the particles’ range. The 
possibility of precisely confi ning the high-dose re-
gion to the tumor volume and minimizing the dose 
to surrounding normal tissue is obviously attractive 
to the radiotherapist. Protons come closest to real-
izing this dream at modest cost.

Figure 25.2 shows the depth-dose curve for the 
187-MeV proton beam from the synchrocyclotron 
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FIGURE 25.2  Depth-dose curve for 187-MeV pro-
tons from the Uppsala synchrocyclotron. The dose 
reaches a sharp peak at a depth of about 23 cm. (Adapted 
from Larsson B. Pre-therapeutic physical experiments 
with high-energy protons. Br J Radiol. 1961;34:143–151, 
with permission.)
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FIGURE 25.3  The way the Bragg peak for a proton beam can be spread out. 
Curve A is the depth-dose distribution for the primary beam of 160-MeV protons 
at the Harvard cyclotron, which has a half-width of only 0.6 cm. Beams of lower 
intensity and shorter range, as illustrated by curves B, C, D, and E, can be added to 
give a composite curve S, which results in a uniform dose of more than 2.8 cm. 
The broadening of the peak is achieved by passing the beam through a rotating 
wheel with sectors of varying thickness. (Adapted from Koehler AM, Preston WM. 
Protons in radiation therapy. Comparative dose distributions for protons, pho-
tons, and electrons. Radiology. 1972;104:191–195, with permission.)

FIGURE 25.4  Dose distribution used 
for the treatment of choroidal melanoma 
at the Harvard cyclotron. Note the sharp 
edges to the beam and the rapid falloff 
of dose outside the treatment  volume. 
(Courtesy of Dr. Herman Suit.) Radiopaque
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mount and would feed several treatment rooms. 
The fi rst machine of this kind was built at Loma 
Linda University in California, where a 250-
MeV cyclotron produces a proton beam that 
can be directed into any one of four treatment 
rooms. The layout of the facility is shown in 

Figure 25.5. The intention is to treat a broad 
spectrum of human cancers, not just the limited 
sites for which the dose distributions possible 
with protons already have proved their worth.

An even more impressive facility has been 
completed at the Massachusetts General Hospital 
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in Boston. Although they formerly used a fi xed 
horizontal beam from a cyclotron in the Harvard 
Physics Department, they now have a new facil-
ity  constructed within the hospital. Similar facili-
ties have been constructed at the MD Anderson 

 Hospital in Houston, Texas, and at the Univer-
sity of Florida, whereas others are in the planning 
or construction stage at several locations in the 
United States, Europe, and Japan. Such facilities 
set the scene for the future. Figure 25.6 shows a 

FIGURE 25.5  Model of the proton facility at Loma Linda. Protons are accelerated to energies up to 
250 MeV in a large cyclotron. The protons then can be directed into any one of four treatment rooms. This 
arrangement minimizes “idle” time, because while one patient is being treated in one room, the next two 
patients can be set up in adjoining treatment rooms. This sort of facility sets the scene for the future: a 
large radiation therapy facility with multiple treatment rooms in the context of a cancer center. (Courtesy 
of Drs. James Slater and John Archambeau, Loma Linda University, Loma Linda, California.)

Photon IMRT Proton IMRT

FIGURE 25.6  Treatment planning comparison of a seven-fi eld intensity-modulated photon treatment 
plan (left) with an intensity-modulated proton (three scanned pencil beams) plan (right) for a patient with 
an epithelioid sarcoma involving the paravertebral tissues adjacent to the fi fth through seventh vertebrae. 
The 30%, 70%, and 100% isodose lines are shown. The dashed line outlines the target volume. Although 
dose to the target volume is similar, note the signifi cantly higher integral dose to the lungs and heart 
with the intensity-modulated photon plan, which may be associated with an increase in acute and late 
normal tissue toxicity. Treatment comparison plans were prepared by Alexei V. Trofi mov, PhD, at the North-
east Proton Therapy Center using the KonRad radiation treatment planning system originally designed 
at Deutsches Krebsforschungszentrum, Heidelberg, Germany. For further illustrations and discussion, see 
Weber DC, Trofi mov AV, DeLaney TF, et al. A treatment planning comparison of intensity-modulated pho-
ton and proton therapy for paraspinal sarcomas. Int J Radiat Oncol Biol Phys. 2004;58:1596–1606. (Courtesy 
of Dr. Thomas DeLaney, Massachusetts General Hospital, Boston.)
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where a large body of radiobiologic data was accu-
mulated and some patients were treated with vari-
ous heavy ions; however, the facility closed some 
years ago. Interest has been rekindled largely in 
Europe and Japan where, at the time of writing, 
there are three centers using high-energy carbon 
ions for radiotherapy, and there is the experience 
of about 5,000 patients treated.

Depth-Dose Profi les
The characteristic depth-dose profi le of heavy 
ions, which they share with protons (i.e., the in-
crease in dose with depth of penetration), makes 
them attractive as a modality for the radiother-
apy of deep-seated tumors.

Figure 25.7 shows the depth-dose profi les for 
carbon-12 (12C) ions of two different energies 
compared with that for cobalt-60 (60Co) �-rays. 
In the case of carbon ions, dose is almost constant 
until close to the end of the range, when there is 
a sharp increase in dose in the Bragg peak. The 
depth at which the peak occurs depends on the 
energy. The peak is much too narrow to cover 
any tumor of realistic dimensions, and so the 
Bragg peak must be “spread out” to the required 
dimension by varying the energy of the beam. 
For carbon ions produced by a synchrotron, this 
can be achieved by varying the energy from pulse 
to pulse. Any required fi eld size can be achieved 
from the narrow pencil beam that emerges from 
the synchrotron by “scanning” the beam, that is, 
defl ecting the beam with magnetic fi elds so that, 
voxel by voxel, it conforms to the desired shape 
and size.

Figure 25.8 compares protons with carbon 
ions. For both ions, the depth-dose profi le is 
characterized by a sharp Bragg peak.

Radiobiologic Properties
Heavy ions, including carbon ions, differ from 
both protons and high-energy x-rays in their 
radiobiologic properties because of their higher 
LET. This is a classic case of “good news–bad 
news” because some differences may represent 
an advantage, whereas others clearly are disad-
vantages. The differences can be summarized as 
follows:

 1. A lower OER. This is likely to be an advan-
tage in that heavy ions may partly overcome 
the relative radioresistance of some tumors 
because of hypoxia. However, carbon ions 
are characterized by a modest reduction in 

typical dose distribution that can be obtained with 
intensity-modulated proton therapy compared 
with intensity-modulated photon therapy. It is 
striking that with protons, the dose can be confi ned 
to the target volume, with much less irradiation of 
normal structures. With photons, a large fraction 
of the lungs are exposed to low doses of radiation.

The Advantage of Protons
The basic principles of physics and biology imply 
that the dosimetric advantage of protons should 
translate into a clinical gain. These principles are 
as follows:

 1. For the same dose to the target volume, pro-
tons deliver a lower absorbed dose to normal 
tissues than do high-energy x-rays.

 2. There is no clinical advantage to be gained 
by irradiating normal tissues that do not har-
bor malignant cells.

 3. There is little difference in the radiobio-
logic properties of protons used for therapy 
and high-energy x-rays; this includes repair, 
OER, and response through the cell cycle. 
The only relevant difference, therefore, is 
the dose distribution.

 4. Ionizing radiations damage normal tissues as 
well as tumors, with the severity of the dam-
age increasing with dose.

The consequence of these principles is that, for 
the same tumor dose, protons will deliver a lower 
dose to a smaller volume of normal tissue than 
high-energy x-rays. It is diffi cult to imagine that 
this can be other than a marked advantage, and the 
clinical results lean in that direction. Nevertheless, 
a comparison of clinical results between protons, 
intensity-modulated radiation therapy, and con-
ventional conformal radiotherapy is somewhat 
controversial because of the lack of phase 3 clini-
cal trials. This is unlikely to change any time soon 
because many consider it unethical to contemplate 
a trial in which patients are randomized to a less 
conformal technology when protons are available. 
The more complex issue of cost versus benefi t is 
even more diffi cult to address; in other words, pro-
tons may be better, but are they worth the cost?

■ CARBON ION RADIOTHERAPY

There is a suffi cient renaissance of interest in 
heavy-ion radiotherapy to merit a brief  description. 
The early work in this fi eld centered at Berkeley, 
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FIGURE 25.7  Comparison of the depth-dose 
profi les of carbon ions of two different energies 
with that of cobalt-60 �-rays. (Adapted from Kraft 
G. Tumor therapy with heavy charged particles. 
Prog Part Nucl Phys. 2000;45:S473–S544.)
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FIGURE 25.8  Illustrating the depth-dose 
profi les for protons and carbon ions compared 
with conventional high-energy photons. Top 
panel: Both protons and carbon ions are char-
acterized by a sharp Bragg peak at the end of 
the particles’ range, but it is too sharp and too 
narrow to encompass a tumor of realistic size. 
Bottom panel: By using a range shifter, or by 
varying the energy of the beam, the Bragg 
peak can be spread out to encompass a tumor 
of any size at any depth. For both protons and 
carbon ions, the dose to the tumor, located 
in the SOBP, is higher than in the normal tis-
sue ahead of the SOBP, but the differential is 
greater for carbon ions because part of the 
radiation dose in the SOBP has a high LET and 
has a correspondingly higher RBE.
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the Bragg peak. This is illustrated in the lower 
panel of Figure 25.9. Carbon ions, therefore, do 
not share the proton advantage that dose stops 
sharply at the end of the range of the primary 
particle.

Comparison of Protons and Carbon Ions
Figure 25.8 compares protons with carbon 
ions. For both ions, the depth-dose profi le 
is characterized by a sharp Bragg peak at the 
end of the particles range, just before it stops. 
However, as previously pointed out, it is too 
narrow to encompass a tumor of realistic size. 
By using a range spreader, or by varying the en-
ergy of the beam, the Bragg peak can be spread 
out to cover a tumor of any size at any depth 
(bottom panel of Fig. 25.9). The dose to the 
tumor located in the SOBP is higher than in 
the normal tissue ahead of the SOBP for both 

OER; heavier ions would be called for if a 
reduced OER turns out to be the dominant 
advantage of heavy ions.

 2. A loss of repair capacity. This is probably a 
major disadvantage because an important 
reason for the effi ciency of x-rays is that 
they allow normal tissues to repair damage 
between dose fractions, more perhaps than 
tumors. Dose fractionation would no longer 
result in a differential sparing of normal tis-
sues when heavy ions are used.

 3. A smaller variation in radiosensitivity with 
phase of the cell cycle. This is certainly not 
an advantage and may be a disadvantage for 
heavy ions because cells in normal tissues, 
especially late-responding normal tissues, 
spend less time in the radiosensitive phases of 
the cell cycle (G2/M) than do cycling tumor 
cells. This relative sparing of normal tissues 
is lost if heavy ions are used, for which radio-
sensitivity varies less through the cell cycle.

Given the favorable depth-dose distribution 
and the high cell-killing effectiveness of carbon 
ions, short-course hypofractionated radiother-
apy is currently being investigated in Europe and 
Japan, using only one or two large dose  fractions. 
Time will tell if this proves to be a successful 
strategy.

Relative Biologic Effectiveness 
 Considerations
For carbon ions, there is the additional factor, 
which may be exploited to advantage, of an in-
crease in RBE toward the end of the particle 
range. The rapid change of RBE with depth is 
shown in the top panel of Figure 25.9. This is a 
classic case of “good news–bad news.” In prin-
ciple, it is good news because the effectiveness 
of the dose is increased toward the end of the 
track, which is located in the tumor volume, 
exaggerating the change of effective dose with 
depth; the bad news is that one does not know 
the correct RBE to use, because RBE values 
must come from in vitro or animal experiments. 
Consequently, there is an element of uncer-
tainty in these data.

Scattering and Fragmentation
Compared with protons, carbon ions have less 
lateral scattering, leading to sharper beam edges, 
but there is a “tail” of lighter fragments beyond 
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FIGURE 25.9  Top: Measured relative biologic 
 effectiveness as a function of distance from the Bragg 
peak for 270-MeV/u carbon ions. Note the rapid in-
crease in RBE close to the peak. (Data taken from 
Blakely EA, Tobias CA, Ngo FQH, et al. Physical and 
 cellular ra diobiological medical research with acceler-
ated heavy ions at the Bevalac. In: Pirncello MD, Tobias 
CA, eds. LBL. 1980;11220:73–88.) Bottom: Measured 
depth-dose profi le for 270-MeV/u carbon ions, includ-
ing the contribution from nuclear fragments in the 
“tail” beyond the Bragg peak. (Adapted from Kraft G. 
Tumor therapy with heavy charged particles. Prog Part 
Nucl Phys. 2000;45:S473–S544.)
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■ A new generation of hospital-based cyclo-
trons with isocentric mounts and  generating 
neutrons by the p� → Be reaction  became 
available, but by then, enthusiasm for neu-
trons had waned.

Boron Neutron Capture Therapy
■ The principle of BNCT is to deliver a 

drug-containing boron that localizes only 
in tumors and then to treat with low-en-
ergy thermal neutrons that interact with 
boron to produce �-particles.

■ Boron is a suitable substance because it 
has a large cross section for thermal neu-
trons and emits short-range, densely ion-
izing �-particles if bombarded by thermal 
neutrons. Its chemistry is such that it 
can be incorporated into a wide range of 
 compounds.

■ Many attempts have been made to synthe-
size boron-containing compounds that are 
selectively localized in tumors relative to 
normal tissues, but with limited success. 
They fall into two categories:

 1.  Low-molecular-weight agents that sim-
ulate chemical precursors needed for 
tumor cell proliferation

 2.  High-molecular-weight agents such as 
monoclonal antibodies and bispecifi c 
antibodies

■ Thermal neutrons are poorly penetrating in 
tissue, with a half-value layer of only 1.5 cm.

■ Epithermal neutrons are somewhat more 
penetrating. They are degraded to ther-
mal neutrons by collisions with hydrogen 
atoms in tissue. The peak dose is at 2 to 
3 cm, and the high surface dose is avoided.

■ Results of clinical trials of the effi cacy of 
BNCT are tantalizing but not defi nitive.

■ The concept of BNCT is very attractive, 
but there are formidable practical diffi cul-
ties in making it a treatment modality even 
for relatively shallow tumors.

Protons
■ Protons result in excellent physical dose 

distributions.
■ Protons have biologic properties similar to 

those of x-rays.
■ There is an established place for protons 

in the treatment of choroidal melanoma or 
tumors close to the spinal cord in which a 
sharp cutoff of dose is important.

protons and carbon ions, but the differential is 
greater for carbon than for protons because of 
the high-LET component in the Bragg peak of 
the carbon ions.

Positron Emission Tomography 
 Verifi cation of Treatment Plans
There is a unique opportunity to verify the treat-
ment plan in the case of carbon ions. The basis 
is as follows: When a beam of carbon ions pen-
etrates a thick absorber, a small fraction of the 
ions will undergo nuclear fragmentation—that 
is, they will break up. A frequent process is the 
stripping of one or two neutrons, converting the 
stable carbon-12 to the positron-emitting iso-
topes carbon-11 and carbon-10. These isotopes 
travel with almost the same velocity as the main 
beam and stop in almost the same place. They 
have short half-lives, and as they annihilate, 
they emit �-rays that can be detected in a con-
ventional positron emission tomography (PET) 
scanner. Consequently, the location of the SOBP, 
and therefore the high-dose treatment volume, 
is visualized.

SUMMARY OF
PERTINENT CONCLUSIONS

Neutrons
■ Neutrons are indirectly ionizing. In tissue, 

they give up their energy to produce recoil 
protons, �-particles, and heavier nuclear 
fragments.

■ Biologic properties of neutrons differ 
from those of x-rays in several ways: re-
duced OER, little or no repair of sublethal 
damage or potentially lethal damage, and 
less variation of sensitivity through the 
cell cycle.

■ The rationale for the use of neutrons in 
radiotherapy has changed over the years. 
The earlier rationale was the reduced OER 
to overcome the problem of hypoxic cells. 
The revised rationale is based on a higher 
neutron RBE for slowly growing tumors.

■ A small advantage has been demonstrated 
in clinical trials for neutrons in the treat-
ment of salivary gland and prostate tumors 
and soft tissue sarcomas, but not for most 
cancer sites tested. The downside of neu-
trons is the unacceptable level of normal 
tissue damage.
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■ Hospital-based high-energy cyclotrons with 
isocentric mounts are now being used to treat 
a broader spectrum of cancer  patients with 
protons. Their effi cacy has yet to be proved 
in clinical trials, but they offer the obvious 
physical advantage of good dose distributions 
with reduced dose to normal structures.

Carbon Ion Radiotherapy
■ The use of high-energy carbon ions has 

experienced a renaissance in Europe and 
Japan.

■ For carbon ions, as for protons, the narrow 
Bragg peak must be spread out to cover a 
tumor of realistic dimensions by varying 
the energy of the beam.

■ Inevitably, the RBE varies across the SOBP. 
In theory, this could be an advantage for 
carbon ions because it further exaggerates 
tumor dose relative to normal tissue. In 
practice, it is a complication because one 
must estimate RBE values from experi-
ments in model systems.

■ Hypofractionation with only one or two 
large dose fractions is under investigation 
for carbon ions.

■ A unique attraction of carbon ion therapy 
is that the target volume can be visualized 
by PET as some carbon-12 ions decay to 
radioactive carbon-11 and carbon-10.
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Oxygen homeostasis is deregulated in several 
pathologic settings. Hypoxia, or low oxygen 
conditions, exists in virtually all solid tumors. 
As tumor cells rapidly expand, their growth out-
paces the ability of the existing vasculature to 
supply both nutrients and oxygen, resulting in 
tumor hypoxia. Cells experiencing hypoxia can 
cope with the low oxygen tension by either in-
creasing delivery of oxygen or adapting to the 
low oxygen level.

■ HYPOXIA-INDUCIBLE FACTOR

Hypoxia-inducible factors (HIFs) are tran-
scription factors that facilitate both oxygen 
delivery and adaptation to oxygen deprivation 
by regulating the expression of genes that are 
involved in many cellular processes including 
glucose uptake and metabolism, angiogenesis, 
erythropoiesis, cell proliferation, and apopto-
sis. HIFs bind to DNA as heterodimers com-
posed of an oxygen-sensitive �-subunit and a 
constitutively expressed �-subunit, also known 
as the aryl hydrocarbon receptor nuclear trans-
locator (ARNT). To date, three HIFs (HIF-1, 
-2, and -3) have been identifi ed that regulate 
transcriptional programs in response to low 
oxygen levels.

HIF-1 was the fi rst HIF family member to be 
characterized. Using DNA affi nity purifi cation, 

HIF-1 was identifi ed as a hypoxic-induced fac-
tor that bound an 18-nucleotide fragment of the 
erythropoietin enhancer required for the hypoxic 
activation of erythropoietin in Hep3B cells. Struc-
tural analysis of the HIF-1� protein revealed 
four distinct domains, including an oxygen-
dependent degradation domain (ODD) that 
regulated HIF-1� degradation by the ubiquitin-
proteasome pathway. HIF-1 has been  designated 
the global regulator of hypoxia-inducible gene 
expression because it is ubiquitously expressed 
and induces the expression of most hypoxia-
inducible genes.

HIF-2 was the second HIF family mem-
ber identified and shares approximately 50% 
sequence homology with HIF-1. HIF-2� is 
also sensitive to changes in oxygenation and 
possesses an ODD. Although HIF-2� het-
erodimerizes with ARNT like HIF-1�, the 
expression of HIF-2� is restricted to endo-
thelial cells, glial cells, pneumocytes type II, 
cardiomyocytes, fibroblasts of the kidney, in-
terstitial cells of the pancreas and duodenum, 
and hepatocytes.

The third HIF family member, HIF-3�, 
also possesses an ODD, can dimerize with 
ARNT and bind to hypoxia response elements 
in vitro. The role of HIF-3 in the hypoxic regu-
lation of target gene expression in vivo is not 
well understood.
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rapidly turned over because of hydroxylation, 
binding to VHL, and destruction by the pro-
teasome. Under hypoxic conditions, the 4-prolyl 
hydroxylases have reduced activity as oxygen is a 
requisite substrate of the hydroxylation reaction. 
Decreased hydroxylation of HIF-� allows it to 
escape recognition by VHL, resulting in protein 
stabilization. Once stabilized, HIF-� dimerizes 
with ARNT and binds to a core sequence of 
5�-RCGTG-3� in the enhancer elements of tar-
get genes to initiate gene transcription.

An additional layer of HIF regulation oc-
curs at the level of recruitment of coactivators. A 
third hydroxylation of HIF-� takes place on the 
C-terminal transactivation domain on aspara-
gine residue 803. This hydroxylation reaction is 
catalyzed by a separate asparaginyl hydroxylase, 
factor inhibiting HIF (FIH). Hydroxylation of 

Oxygen-Dependent Regulation of 
Hypoxia-Inducible Factor
The transcriptional activity of HIF is regulated 
through changes in protein stability and through 
the recruitment of transactivation coactivators 
(Fig. 26.1). In the presence of oxygen, HIF-1� 
is hydroxylated on two highly conserved pro-
line residues: prolines 402 and 564, both found 
within the ODD. A family of 4-prolyl hydrox-
ylases (PHDs), distinct from the structurally 
 important collagen-4-prolyl hydroxylases, modi-
fi es these prolines. These enzymes catalyze a 
hydroxylation reaction, which uses molecular 
oxygen and 2-oxoglutarate as substrates and iron 
and ascorbate as cofactors. Hydroxylation of 
HIF-� is necessary for binding to the von Hip-
pel-Lindau (VHL) tumor suppressor protein. 
Under normoxic conditions, HIF-� protein is 
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FIGURE 26.1  Critical steps in the regulation of the hypoxia-inducible transcription 
factor HIF-1�. Under normoxic conditions, a group of enzymes called prolyl hydroxylases 
(PHDs) adds hydroxyl groups (OH) to two proline residues of HIF-1�. The hydroxylation 
of HIF-1� by 4-prolyl hydroxylases (PHDs) allows the VHL tumor suppressor gene to bind 
and promotes the addition of ubiquitin groups. The addition of ubiquitin groups targets 
HIF-1� for degradation in the proteasome. Under hypoxic conditions, the PHDs cannot 
hydroxylate HIF-1� on proline residues owing to their requirement for molecular oxygen, 
and HIF-1� becomes stabilized. It then binds with the HIF-1� subunit in the nucleus and 
promotes transcription of target genes that regulate angiogenesis, erythropoiesis, tissue 
remodeling, and glycolysis. Most of the studies to date have shown that HIF is essential for 
tumor growth. (Adapted from Chan et al. Hypoxia mediated signaling pathways. In:  Hand-
book of Cell Signaling. Vol. 3. 2nd ed. Elsevier Science; 2009:2241–2245, with permission.)

25858_Hall_CH26.indd   43325858_Hall_CH26.indd   433 3/11/11   4:33 AM3/11/11   4:33 AM



434 | Section II • For Students of Radiation Oncology |

most critical because it has potent proangiogenic 
properties and is expressed in a large number of 
human tumors.

Tumor Metabolism

More than 70 years ago, cancer cells were found 
to shift glucose metabolism from an oxidative 
to glycolytic pathway. This shift has become 
known as the Warburg effect, and is character-
ized by decreased mitochondrial respiration and 
increased lactate production even with oxygen. 
Numerous studies have established that HIF-1 
regulates the expression of genes involved in gly-
colytic metabolism including glucose transport-
ers, glycolytic enzymes, lactate production, and 
pyruvate metabolism.

Tumor Metastasis

Metastasis is the cause of most human cancer 
deaths. It occurs in a series of distinct steps that 
include tumor cell invasion, intravasation, ex-
travasation, and proliferation. HIF activation 
correlates with metastasis in multiple tumors and 
promotes metastasis through the transcriptional 
regulation of key factors such as E-cadherin, 
lysyl oxidase, and CXCR4 that govern cell ad-
hesion, extracellular matrix formation, and cell 
migration.

Hypoxia-Inducible Factor and Radiotherapy
It has recently been proposed that HIF-1 plays 
an important role in determining tumor response 
to radiotherapy and tumor regrowth. Radiation 
results in a reoxygenation-dependent increase 
in HIF-1 activity by two distinct mechanisms. 
Tumor reoxygenation results in both HIF-1 sta-
bilization and enhanced translation of HIF targets 
through the release of reactive oxygen species. 
The effects of HIF on tumor radiosensitivity are 
twofold. On one hand, HIF-1 stabilization pro-
motes tumor vasculature radioresistance through 
the release of proangiogenic cytokines such as 
VEGF. Paradoxically, HIF-1 can also induce 
tumor radiosensitivity through the induction of 
apoptosis. Overall, HIF-1 stabilization promotes 
radioresistance because HIF-1–defi cient tumors 
are more sensitive to radiation compared to wild-
type tumors.

Studies by Ahn and Brown’s laboratory have 
identifi ed an important role for bone marrow 
(BM)-derived cells in regenerating tumor vas-
culature following radiotherapy. Tumors grown 

this residue under normoxic conditions prevents 
interaction with p300, which, in turn, prevents 
gene transcription. These modifi cations of HIF 
demonstrate the very stringent regulation of 
HIF under normoxic conditions.

Cancer Mutations that Activate 
Hypoxia-Inducible Factor
Tumor hypoxia is only one mechanism of HIF 
activation in tumors. HIF can also be activated 
under normoxic conditions through mutations 
in VHL, which plays a central role in regulat-
ing HIF protein stability. Inactivation of VHL 
results in HIF stabilization and increased target 
expression irrespective of oxygen concentra-
tions. Germ line mutations in VHL result in a 
familial tumor syndrome that predisposes pa-
tients to the development of highly vascularized 
neoplasms including hemangioblastomas of the 
retina and central nervous system, renal cell car-
cinomas (RCCs), endocrine and exocrine pan-
creatic tumors, as well as pheochromocytomas. 
VHL is also found to be inactivated in most spo-
radic RCC and hemangioblastomas, reinforcing 
the important role of VHL tumor suppressor ac-
tivity in HIF regulation and tumor progression. 
In addition to mutations in VHL, inactivation of 
the PTEN tumor suppressor gene can also result 
in increased HIF activity in tumors through the 
mammalian target of rapamycin (mTOR) signal-
ing pathway.

Important Roles of Hypoxia-Inducible 
Factor in Tumors
The ability of tumor cells to adapt and survive 
their growth inhibitory microenvironment is ac-
complished in part by HIF activation. HIFs have 
been found to promote key steps in tumor pro-
gression, including angiogenesis, metabolism, 
and metastasis.

Tumor Angiogenesis

The formation of new blood vessels is critical for 
tumor expansion because the supply of oxygen 
and nutrients becomes limited in tumor cells 
that are located more than 100 �m away from a 
blood vessel. Unlike normal tissues where there 
is a balance between proangiogenic and antian-
giogenic factors, tumors tip the balance toward 
proangiogenic factors. Of all the proangiogenic 
factors induced by HIF, vascular endothelial 
growth factor-A (VEGF-A) appears to be the 

25858_Hall_CH26.indd   43425858_Hall_CH26.indd   434 3/11/11   4:33 AM3/11/11   4:33 AM



 | Chapter 26 • The Biology and Exploitation of Tumor Hypoxia | 435

lation of unfolded proteins in the endoplasmic 
 reticulum (ER) in order to deal with the prob-
lems associated with the accumulation of mis-
folded proteins. Activation of the UPR results 
in a transient inhibition of protein translation 
to prevent further misfolded proteins from ac-
cumulating and through the induction of chap-
erone proteins that function in the ER to assist 
in folding, traffi cking, and secretion of proteins 
(Fig. 26.2). The UPR has been well character-
ized in yeast and, more recently, a greater un-
derstanding has been elucidated in humans. 
The ER stress sensor inositol-requiring kinase 
1 (IRE1) is found both in yeast and in humans. 
IRE1 becomes activated through homodimer-
ization and trans-autophosphorylation. Bio-
chemically, the endoribonuclease activity of 
IRE1 splices the pre-messenger ribonucleic acid 
(mRNA) of the X-box binding protein (XBP1) 
transcription factor that results in translation of 
XBP1. The XBP1 transcription factor has many 
target genes involved in ER protein matura-
tion. Koong et al. have shown that XBP1 could 
be inhibited by small molecules and that this 

in previously irradiated tissues exhibit decreased 
growth caused by insuffi cient neovascularization 
that results from radiation-induced injury to the 
host vasculature and connective tissue. They hy-
pothesized that the vasculature of tumors grown 
in previously irradiated tissues is derived from 
cells from the BM. In particular, they demon-
strated an important role for tissue MMP-9 and 
CD11b� myelomonocytic cells from the BM 
to restore tumor growth in these preirradiated 
sites. HIF plays an important role in this recruit-
ment of BM-derived cells by regulating several 
factors such as CXCR4 and SDF-1. Inhibition 
of HIF results in an inhibition of tumor vascu-
larization. This study implicates vasculogenesis 
as an important target for adjunct therapy to 
 radiotherapy.

■ UNFOLDED PROTEIN RESPONSE

Prolonged periods of hypoxia can activate non-
HIF signaling pathways such as the unfolded 
protein response (UPR). The UPR is a cellular 
stress response that is induced by the accumu-

FIGURE 26.2  The unfolded protein response in hypoxia. Under hypoxic conditions, misfolded 
proteins accumulate in the endoplasmic reticulum, resulting in activation of two ER stress sensors. 
IRE1, a heterodimer, potentiates a signal to splice the pre-mRNA of XBP, a transcription factor, which 
drives the transcription of genes with ER stress elements, including chaperone proteins to help 
properly fold the misfolded proteins. Similarly, PERK activation inhibits translation, preventing the 
further accumulation of misfolded proteins. (Adapted from Chan et al.  Hypoxia mediated signal-
ing pathways.  In: Handbook of Cell Signaling. Vol. 3. 2nd ed. Elsevier Science; 2009:2241–2245, with 
permission.)
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St. Thomas’ Hospital in London pioneered this 
work, but it was taken up by researchers on both 
sides of the Atlantic. The clinical trials that were 
performed involved small numbers of patients 
and were diffi cult to interpret because uncon-
ventional fractionation schemes were used; that 
is, a few large fractions were used because of the 
time and effort involved in the technical proce-
dures. Patient compliance was also a problem 
because of the feeling of claustrophobia from 
being sealed in a narrow tube. There was also 
the serious risk of fi re, because tissue is highly 
fl ammable in pure oxygen (as evidenced by the 
accident when the crew of a space capsule died 
in an oxygen fi re on the ground), although in 
practice, an accident of this nature never hap-
pened during the treatment of several thousand 
patients. The largest multicenter trials per-
formed by the Medical Research Council in the 
United Kingdom showed a signifi cant benefi t 
both in local control and in survival for patients 
with carcinoma of the uterine cervix and ad-
vanced head and neck cancer, but not for pa-
tients with bladder cancer. The data generated 
a great deal of debate. An overview of the trials 
showed a 6.6% improvement in local control, 
with a suggestion, too, of an increase in late 
normal tissue damage. Hyperbaric oxygen fell 
into disuse, partly because it is cumbersome and 
diffi cult in practice, and partly because of the 
promise of drugs that would achieve the same 
result by simpler means.

The notion of improving tumor oxygen-
ation by breathing 100% oxygen rather than 
air has been revived in recent years by experi-
ments involving carbogen. If pure oxygen is 
breathed, it tends to lead to vasoconstriction, a 
closing down of some blood vessels, which, of 
course, defeats the object of the exercise. This 
is avoided if 5% carbon dioxide is added to the 
oxygen, a mixture called carbogen. Breathing 
carbogen at atmospheric pressure, then, is a 
relatively simple attempt to overcome chronic 
hypoxia, that is, diffusion-limited hypoxia. 
The use of carbogen in combination with 
nicotinamide is described subsequently in this 
chapter.

Improving the Oxygen Supply to Tumors
A group at the Princess Margaret Hospital in 
Toronto showed convincingly that a blood trans-
fusion prior to radiotherapy led to a  signifi cant 

 inhibition resulted in a signifi cant inhibition of 
tumor growth.

A second ER stress sensor is the protein 
kinase-like endoplasmic reticulum kinase (PERK). 
Activation of PERK prevents further  translation 
of proteins. PERK activation occurs rapidly under 
severe hypoxia on the order of minutes, whereas 
under milder hypoxic conditions, PERK activa-
tion occurs on the order of hours. Through a 
 combination of oligomerization and autophos-
phorylation, PERK becomes activated and in-
hibits translation by directly phosphorylating 
serine 51 of eIF2�, a key initiator of the mRNA 
translation machinery. Koumenis and colleagues 
have shown that activation of PERK is important 
to survive under hypoxic conditions as PERK-
defi cient cells undergo apoptosis following hy-
poxia, resulting in a lower survival rate compared 
to genetically matched cells that have the PERK 
pathway intact. These PERK-defi cient cells are 
less tumorigenic, likely in part because of higher 
apoptosis in the hypoxic regions of the tumor. 
Thus, one cellular response to chronic conditions 
of hypoxic stress is to limit the load of misfolded 
proteins.

■ RADIOSENSITIZING HYPOXIC CELLS

As described in Chapter 21, a great deal of exper-
imental work through the years had established 
that at least in transplanted tumors in animals, 
tumor control by x-rays frequently is limited by 
the foci of hypoxic cells that are intransigent to 
killing by x-rays, which may result in tumor re-
growth. Among the methods suggested to over-
come this problem are treatment in hyperbaric 
oxygen chambers and the introduction of high-
linear energy transfer (LET) radiations, such 
as neutrons and heavy ions. Chemical sensitiz-
ers address the same problem. High-LET ra-
diations are discussed in Chapter 7. This chapter 
addresses hyperbaric oxygen, chemical radiosen-
sitizers, and the latest approach, namely, hypoxic 
cytotoxins.

Hyperbaric Oxygen
Following the identifi cation of hypoxia as a pos-
sible source of tumor resistance, a major effort 
was made to solve the problem by the use of hy-
perbaric oxygen. Patients were sealed in cham-
bers fi lled with pure oxygen raised to a pressure 
of three atmospheres. Churchill Davidson at 
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fractionated radiotherapy. The first candidate 
compound that appeared to satisfy these crite-
ria was misonidazole.

Misonidazole

Figure 26.3 illustrates the numbering of the basic 
ring structure of the nitroimidazoles. The side 
chain determines position 1, and the position of 
the nitro group (NO2) leads to the classifi cation of 
the drug as a 2-nitroimidazole, 4-nitroimidazole, 
and so on. In general, 2-nitroimidazoles have a 
higher electron affi nity than 5-nitroimidazoles, 
the class that includes metronidazole, which was 
briefl y tried as a radiosensitizer. Misonidazole 
is a 2-nitroimidazole; its structure is shown in 
 Figure 26.4.

Misonidazole produces appreciable sensi-
tization with cells in culture (Fig. 26.5). Hy-
poxic cells in 10 mM of misonidazole have a 
radiosensitivity approaching that of aerated 
cells. Misonidazole also has a dramatic ef-
fect on tumors in experimental animals. This 
is illustrated in Figure 26.6, which shows the 
proportion of mouse mammary tumors con-
trolled as a function of x-ray dose delivered in 
a single fraction. If x-rays are used alone, the 
dose required to control half of the tumors is 
43.8 Gy. This falls to 24.1 Gy if the radiation 
is delivered 30 minutes after the administra-
tion of misonidazole (1 mg/g body weight). 
This corresponds to an enhancement ratio of 
1.8. Dramatic results, such as those shown in 

improvement in local tumor control prob-
ability in patients with carcinoma of the uterine 
cervix. Several other studies have shown that 
 hemoglobin levels can infl uence the success of 
radiation therapy.

Tumor oxygenation also can be improved 
by the use of artifi cial blood substances such 
as perfl uorocarbons. Because smoking can de-
crease tumor oxygenation, it is clearly advisable 
for patients to give up smoking, at least during 
 radiotherapy.

Hypoxic Cell Radiosensitizers
Spurred largely by the efforts of radiation 
chemists (most notably, Adams), a search was 
under way in the early 1960s for compounds 
that mimic oxygen in their ability to sensitize 
biologic materials to the effects of x-rays. In-
stead of trying to “force” oxygen into tissues 
by the use of high-pressure tanks, the emphasis 
shifted to oxygen substitutes that diffuse into 
poorly vascularized areas of tumors and achieve 
the desired effect by chemical means. The vital 
difference between these drugs and oxygen, on 
which their success depends, is that the sensitiz-
ers are not rapidly metabolized by the cells in 
the tumor through which they diffuse. Because 
of this, they can penetrate further than oxygen 
and reach all of the hypoxic cells in the tumor, 
including those most remote from a blood sup-
ply. In the early 1960s, many simple chemi-
cal compounds were found to have the ability 
to sensitize hypoxic microorganisms. These 
studies were guided by the hypothesis, now 
known to be correct, that sensitizing effi ciency 
is related directly to the electron affi nity of the 
compounds.

Adams and his colleagues listed properties 
that would be essential for a clinically useful 
hypoxic cell sensitizer. First, it has to selec-
tively sensitize hypoxic cells at a concentra-
tion that would result in acceptable toxicity to 
normal tissues. Second, it should be chemi-
cally stable and not subject to rapid metabolic 
breakdown. Third, it must be highly soluble 
in water or lipids and must be capable of dif-
fusing a considerable distance through a non-
vascularized cell mass to reach the hypoxic 
cells, which in a tumor may be located as far 
as 200 �m from the nearest capillary. Fourth, 
it should be effective at the relatively low 
daily doses of a few grays used in conventional 

FIGURE 26.3  Method of numbering the basic ring 
structure of the nitroimidazoles. The side chain deter-
mines position 1. If the nitro group (NO2) is in the sec-
ond position, the drug is a 2-nitroimidazole. If the NO2 
group is in the fi fth position, the drug is a 5-nitroimid-
azole. In general, 2-nitroimidazoles are more effi cient 
radiosensitizers of hypoxic cells.
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number of clinical trials, involving many differ-
ent types of human tumors, in Europe and the 
United States. In general, the results have been 
disappointing. Of the 20 or so randomized pro-
spective controlled clinical trials performed in the 
United States by the Radiation Therapy Oncol-
ogy Group (RTOG), none yielded a statistically 
signifi cant advantage for misonidazole, although 
a number indicated a slight benefi t. The only 
trial that shows a clear advantage for misonida-
zole was the head and neck cancer trial performed 
in Denmark, the largest single trial performed 

Figure 26.6 in which an enhancement ratio of 
1.8 was obtained, are rather misleading; they 
represent single-dose treatments, in contrast 
to the multifraction  regimens common in con-
ventional radiotherapy. Most animal tumors 
reoxygenate to some extent between irradia-
tions, so in a multifraction regimen, the en-
hancement ratio for a hypoxic cell sensitizer 
is usually much less than for a single-dose 
treatment.

After encouraging results in laboratory stud-
ies, misonidazole was introduced into a large 

FIGURE 26.4  The structure of misonida-
zole, etanidazole, and nimorazole, the three 
compounds most widely used in clinical tri-
als. Misonidazole and etanidazole are 2-nitro-
imidazoles; nimorazole is a 5-nitroimidazole. 
Misonidazole and etanidazole are equally ac-
tive as radiosensitizers, but etanidazole is less 
neurotoxic because it has a shorter half-life 
and is hydrophilic. Nimorazole is less active 
but very much less toxic than either misoni-
dazole or etanidazole, so that larger doses are 
tolerable.

N

CH2CH(OH)CH2 • OCH3

N

Misonidazole

NO2

N

CH2CH2N O

N

Nimorazole

O2N

N

CH2CONH CH2 CH2 • OH

N

Etanidazole

NO2

S
u

rv
iv

in
g

 f
ra

ct
io

n

10–2

Dose (Gy)

10–1

10–3

100

10 20 30

Air
Air + Ro-07-0582 (1 mmol dm–3)

Air + Ro-07-0582 (10 mmol dm–3)

N2 + Ro-07-0582 (1 mmol dm–3)

N2 + Ro-07-0582 (10 mmol dm–3)

N2

FIGURE 26.5  Survival data for aer-
ated and hypoxic Chinese hamster cells 
x-irradiated in various concentrations of 
misonidazole (Ro-07-0582). At a concen-
tration of 10 mM of this drug, the radio-
sensitivity of hypoxic cells approaches 
that of aerated cells. The response of aer-
ated cells is not affected by the drug at 
all. (Adapted from Adams GE, Flockhart IR, 
Smithen CE, et al. Electron-affinic sensiti-
zation. VII. A correlation between struc-
tures, one-electron reduction potentials, 
and efficiencies of nitroimidazoles as 
hypoxic cell radiosensitizers. Radiat Res. 
1976;67:9–20, with permission.)
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This  interesting result is shown in Figure 26.7. 
Other subgroups, including patients with cancer 
of the larynx, showed no benefi t from the addition 
of the sensitizer.

When misonidazole was used in the clinic, the 
dose-limiting toxicity was found to be peripheral 
neuropathy that progressed to central nervous 
system toxicity if drug administration was not 
stopped. This toxicity prevented use of the drug 
at adequate dose levels throughout multifraction 

with the sensitizer. If patients of all categories are 
compared in this trial, the addition of misonida-
zole to the radiotherapy schedule conferred no 
signifi cant advantage. If the patients are catego-
rized into several subgroups, however, males with 
high hemoglobin levels and cancer of the phar-
ynx showed a great benefi t from the addition of 
misonidazole. Tumor control at 3 years was about 
double in the group receiving the drug, compared 
with those patients  receiving radiotherapy alone. 
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FIGURE 26.6  Proportion of mouse mammary tumors controlled at 150 days as a 
function of x-ray dose for a single treatment. The right curve represents x-rays only; 
the left curve refers to x-rays delivered after the administration of 1 mg/g body weight 
of misonidazole (Ro-07-0582). The enhancement ratio is the ratio of x-ray doses in the 
absence or presence of the drug that results in the control of 50% of the tumors; it has 
a value of 1.8. (Adapted from Sheldon PW, Foster JL, Fowler JF. Radiosensitization of C3H 
mouse mammary tumours by a 2-nitroimidazole drug. Br J Cancer. 1974;30:560–565, 
with permission.)

FIGURE 26.7  Some results from 
the Danish head and neck cancer trial 
of misonidazole. Misonidazole pro-
duced a signifi cant improvement of 
tumor control by radiotherapy only 
for males with tumors of the pharynx 
and depended on hemoglobin status. 
(Data from Dr. Jens Overgaard.)
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trials have been performed, most of which have 
been inconclusive or have shown results with bor-
derline signifi cance. Overgaard and colleagues 
performed a meta-analysis in which the results 
of all the trials were combined and analyzed to-
gether. They identifi ed 10,602 patients treated in 
82 randomized clinical trials involving hyperbaric 
oxygen,  chemical  sensitizers,  carbogen breathing, 
or blood transfusions. Tumor sites included the 
bladder, uterine cervix, central nervous system, 
head and neck, and lung.

Overall, local tumor control was improved by 
4.6%, survival by 2.8%, and the complication rate 
increased by only 0.6%, which was not statisti-
cally signifi cant. The largest number of trials in-
volved head and neck tumors, which also showed 
the greatest benefi t. It was also concluded that the 
problem of hypoxia may be marginal in most ad-
enocarcinomas and most important in squamous 
cell carcinomas.

Nicotinamide and Carbogen Breathing
Hypoxic cell radiosensitizers, such as the nitro-
imidazoles, were designed primarily to over-
come chronic hypoxia, that is, diffusion-limited 
hypoxia resulting from the inability of oxygen 
to diffuse farther than about 100 �m through 
respiring tissue. As explained in  Chapter 6, 
however, there is another form of hypoxia 
known as acute hypoxia, in which local regions 
of hypoxia are caused by the intermittent clos-
ing down of blood vessels. Nicotinamide, a 
vitamin B3 analogue, prevents these transient 
fl uctuations in tumor blood fl ow that lead to 
the development of acute hypoxia, at least in 
mouse tumors.

A combination of nicotinamide to over-
come acute hypoxia and carbogen breathing to 
overcome chronic hypoxia is the basis of the 
accelerated radiotherapy, carbogen, and nico-
tinamide (ARCON) trials under way at several 
European centers. The trials are also acceler-
ated and hyperfractionated to avoid tumor 
 proliferation and damage to late-responding 
normal tissues. Here, briefl y, is a summary of 
the ARCON treatment:

Accelerated, to overcome proliferation
Hyperfractionated, to spare late-responding nor-

mal tissues
Carbogen breathing, to overcome chronic hypoxia
Nicotinamide, to overcome acute hypoxia

regimens. The disappointing results obtained 
with misonidazole in the clinic must be attributed 
largely to the fact that doses were limited to inad-
equate levels because of this toxicity.

Etanidazole and Nimorazole

Spurred by the promise of misonidazole in the 
laboratory compared with its failure in the clinic, 
efforts were made to fi nd a better drug. The 
compound chosen for the next series of clini-
cal trials in the United States was  etanidazole, a 
2- nitroimidazole, the structure of which is also 
shown in Figure 26.4. This compound equals 
misonidazole as a sensitizer but is less toxic, so 
that doses could be increased by a factor of 3. 
The lower neurotoxicity is a function of a shorter 
half-life in vivo plus a lower partition coeffi cient, 
so that it penetrates poorly into nerve tissue and 
does not cross the blood–brain barrier. Con-
trolled clinical trials by the RTOG in the United 
States and a multicenter consortium in Europe 
showed no benefi t when etanidazole was added 
to conventional radiation therapy.

Nimorazole is a 5-nitroimidazole (structure 
also shown in Fig. 26.4); it is less effective as a 
radiosensitizer than either misonidazole or eta-
nidazole, but it is much less toxic, so that very 
large doses could be given. In a Danish head 
and neck cancer trial, this compound produced 
a signifi cant improvement in both locoregional 
control and survival compared with radiotherapy 
alone in patients with supraglottic and pharyn-
geal carcinoma. It is surprising that nimorazole 
has not been used elsewhere.

The development of nitroimidazoles is illus-
trated by the following:

Metronidazole
↓

Misonidazole: more active, toxic; 
benefi t in subgroups

↓
Etanidazole: less toxic, no benefi t

↓
Nimorazole: less active, much less toxic; 

benefi t in head and neck cancer

Overgaard’s Meta-analysis of Clinical 
 Trials Addressing the Problem of Hypoxia
For more than 3 decades, an enormous effort has 
been expended in an attempt to overcome the 
perceived problem of hypoxia. Dozens of clinical 

25858_Hall_CH26.indd   44025858_Hall_CH26.indd   440 3/11/11   4:33 AM3/11/11   4:33 AM



 | Chapter 26 • The Biology and Exploitation of Tumor Hypoxia | 441

Tirapazamine
Figure 26.8 shows survival curves for Chinese 
hamster cells treated with graded concentrations 
of tirapazamine. Note the hypoxic/oxic cytotoxic-
ity ratio of about 100. The hypoxic/oxic cytotox-
icity ratio is not as large (about 20) in cell lines of 
human origin, presumably refl ecting a  different 
spectrum, or different  levels, of  enzymes.

The effect of x-rays plus tirapazamine is evi-
dently much greater than additive (what would 
be expected from independent cell killing of the 
two agents). Experimentally, this was shown 
by treating tumors with x-rays alone, tirapaza-
mine alone, or a combination of both agents 
(Fig. 26.9). The radiation schedule consisted of 
eight 2.5-Gy fractions designed to mimic, as far 
as possible, a clinical radiation therapy proto-
col. The combination of drug and radiation is 
highly effective, with the time sequence of drug 
before radiation slightly more effective than the 
reverse. In parallel experiments using the same 
x-ray and drug protocols, skin reactions were 
scored, and no radiosensitization or additive cy-
totoxicity was observed by the addition of the 
tirapazamine to the radiation treatments. This 
substantiates the tumor selectivity of the radia-
tion  enhancement.

Similar results were obtained in four differ-
ent mouse tumors that differed signifi cantly in 
their hypoxic fractions. The observed interaction 
between x-rays and tirapazamine results largely 
from the selective hypoxic toxicity of the drug. 
This does not totally explain the observations, 
however. It appears that tirapazamine can act as 
an aerobic radiosensitizer of cells exposed to the 

■ HYPOXIC CYTOTOXINS

An alternative approach to designing drugs that 
preferentially radiosensitize hypoxic cells is to de-
velop drugs that selectively kill hypoxic cells. It 
was pointed out at an early stage that the greater 
reductive environment of tumors might be 
 exploited by developing drugs that are reduced 
preferentially to cytotoxic species in the hypoxic 
regions of tumors. Five classes of agents in this 
category are known:

 1. Quinone antibiotics
 2. Nitroaromatic compounds
 3. Benzotriazine di-N-oxides
 4. Dinitrobenzamide modifi ed nitrogen  mustard
 5. 2-nitroimidazole attached to dibromo iso-

phosphoramide

Mitomycin C is an example of the fi rst class 
and has been used as a chemotherapy agent, ac-
tive against hypoxic cells, for many years. The 
aerated–hypoxic differential, however, is rela-
tively small for these compounds. Examples of 
the second class of compounds include dual-
function agents developed previously by Adams 
and his group at the Medical Research Council 
Radiobiology Unit in England. Normal tissue 
toxicity prevented the trial of these compounds 
in the clinic. The lead compound of the third 
class, tirapazamine, shows highly selective tox-
icity toward hypoxic cells both in vitro and in 
vivo. The third and fourth members of this class 
represent a new strategy of modifying a cyto-
toxic chemotherapy moiety to make it hypoxia 
activated.
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FIGURE 26.8  Dose-response curves for 
Chinese hamster cells exposed for 1.5 hours to 
graded concentrations of SR 4233 (tirapazamine) 
under aerated and hypoxic conditions. Cells de-
fi cient in oxygen are killed preferentially. The 
hypoxic cytotoxicity ratio (defi ned as the ratio of 
drug concentrations under aerated and hypoxic 
conditions required to produce the same cell 
survival) is variable between different cell lines. 
For the Chinese hamster cells shown, the ratio is 
about 100; for cells of human origin, the ratio is 
somewhat smaller, closer to 20. Tirapazamine is 
an organic nitroxide synthesized by Stanford Re-
search International. Its structure is shown in the 
inset. (Courtesy of Dr. J. Martin Brown.)
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fi cient levels of hypoxia in head and neck tumors. 
Hay, Wilson, and Denny in Auckland have de-
veloped a series of novel tricyclic triazine-di-N-
oxides (TTOs) that are related to tirapazamine, 
but are superior to it in regard to in vivo activity. 
Furthermore, because the same reductase that 
activates these TTOs is also responsible for acti-
vating the hypoxia marker EF5, the potential to 
combine the two in clinical trials and properly 
stratify patients could be achieved.

During the last 5 years, several other targeted 
therapeutics have entered clinical testing: PR-
104, a novel hypoxia-activated DNA crosslinking 
agent, and TH-302, a hypoxia- activated dibromo 
isophoramide mustard. Both of them has passed 
phase I clinical testing and are being examined 
in phase II trials to determine their best clinical 
indication.

■  TARGETING TUMOR METABOLISM 
TO KILL HYPOXIC CELLS

Tumor cells exhibit altered metabolism that 
is highly glycolytic at the expense of oxidative 
phosphorylation. This shift from the normal oxi-
dative metabolism gives tumor cells a growth ad-
vantage in vivo. Denko et al. have identifi ed the 
HIF-1–pyruvate dehydrogenase kinase 1 (PDK1) 
axis as one of the major regulators responsible 
for this shift. HIF-1 induction of PDK1 results 
in phosphorylation and inactivation of pyru-
vate dehydrogenase (PDH), the fi rst committed 
step for pyruvate entry into the  mitochondria. 
 Hypoxic tumors reduce mitochondrial func-
tion to conserve oxygen and, as a result, have a 
compensatory increase in glycolysis. Inhibition of 
PDK increases tumor hypoxia (Fig. 26.10).

drug under hypoxic conditions before or after 
the aerobic irradiation. This latter mechanism 
would be important for intermittent or acute hy-
poxia, that is, where a given region of a tumor 
cycles between aerated and hypoxic  conditions.

Clinical Trials with Tirapazamine and 
New Bioreductive Drugs
Despite the extensive laboratory data in vitro 
and in vivo showing the greater-than-additive 
effect of the combination of x-rays with ti-
rapazamine, little has been done clinically to 
combine tirapazamine with radiation therapy, 
except for one RTOG phase II trial. The rea-
son may be the side effects of nausea and severe 
muscle cramping.

The situation adding tirapazamine to che-
motherapy protocols is more advanced. One of 
the largest phase III trials in head and neck can-
cer has been completed comparing tirapazamine, 
cisplatin, and radiation to cisplatin and radiation 
for advanced squamous cell carcinoma of the 
head and neck (TROG 02.02, HeadSTART). 
In this trial, previously untreated stage III or IV 
squamous cell carcinomas of the head and neck 
were randomly assigned to receive 70 Gy of ra-
diotherapy concurrently with cisplatin alone or 
cisplatin in combination with tirapazamine. A 
total of 861 patients were enrolled from 89 sites 
worldwide. The 2-year survival analysis indi-
cated that there was no signifi cant differences in 
either failure-free survival, time to locoregional 
progression, or quality of life.

Various explanations have been brought forth 
to explain this result, including failure to stratify 
patients based on whether their tumor was hy-
poxic, poor radiotherapy at some sites, and insuf-
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FIGURE 26.9  Tumor volume as a function 
of time after various treatments of an SCCVII 
transplantable mouse carcinoma. Tirapazamine 
or radiation alone had little effect. The combina-
tion of tirapazamine and x-rays caused signifi -
cant growth delay, with radiation following the 
drug causing a slightly greater effect. (Adapted 
from Brown JM, Lemmon MJ. Tumor hypoxia can 
be exploited to preferentially sensitize tumors 
to fractionated irradiation. Int J Radiat Oncol Biol 
Phys. 1991;20:457–461, with permission.)
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tion, and inhibit tumor growth in model tumors 
grown in nude mice. Figure 26.11 shows that 
DCA treatment can enhance the effi cacy of hy-
poxic cytotoxins, such as tirapazamine in tumor 
xenografts, without causing depression of hema-
tologic parameters. Clinical trials investigating 
the effi cacy of DCA to alter tumor metabolism 
and increase tumor hypoxia have just begun, 
using positron emission tomography imaging of 
radiolabeled fl uorodeoxyglucose (18F) (FDG) and 
EF5 to quantify metabolic changes in the tumor.

Dichloroacetate (DCA) was found more 
than 30 years ago to be a safe inhibitor of PDKs 
that has been used to treat patients with inborn 
 errors of metabolism. DCA increases mitochon-
drial metabolism in these patients by inhibiting 
the activity of PDKs. DCA in preclinical tumor 
models increases mitochondrial function and 
“reprograms” tumor metabolism to be more oxi-
dative, like normal tissue. At the molecular level, 
DCA can inhibit PDH phosphorylation, reduce 
glucose uptake, increase mitochondrial func-

FIGURE 26.10  The effect of inhibiting PDK activity with dicholoroacetate (DCA) on tumor 
hypoxia using an HIF-driven luciferase reporter gene. Treatment with DCA induces a transient 
increase in hypoxia as detected by increased luciferase activity. (Adapted from Cairns RA, Papan-
dreou I, Sutphin PD, et al. Metabolic targeting of hypoxia and HIF1 in solid tumors can enhance 
cytotoxic chemotherapy. Proc Natl Acad Sci USA. 2007;104 [22]:9445–9450, with permission.)
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FIGURE 26.11  Demonstration of the increased effi cacy 
of tirapazamine killing in transplanted tumors by inhibiting 
PDK. The graph shows a tumor growth delay experiment. The 
key point lies in the sequencing of PDK inhibition and tira-
pazamine. If tirapazamine is administered to the animal fi rst, 
followed by a PDK inhibitor, little increase in cell killing beyond 
administering  tirapazamine alone is observed. In contrast, if 
a PDK inhibitor is administered fi rst, and then tirapazamine 
is administered subsequently, a signifi cant increase in tumor 
growth delay is observed because tumor hypoxia has been 
increased. (Adapted from Cairns RA, Papandreou I, Sutphin PD, 
et al. Metabolic targeting of hypoxia and HIF1 in solid tumors 
can enhance cytotoxic chemotherapy. Proc Natl Acad Sci USA. 
2007;104 [22]:9445–9450, with permission.) 
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■ Etanidazole is less toxic than misonidazole, 
and three times larger doses are tolerated. 
However, clinical trials in Europe and the 
United States showed no advantage of 
combined radiotherapy and etanidazole 
over radiotherapy alone.

■ Nimorazole is less active as a radiosen-
sitizer, but so much less toxic than either 
misonidazole or etanidazole that much 
larger doses can be given. A benefi t was 
shown for adding nimorazole to conven-
tional radiotherapy for head and neck can-
cer (Danish head and neck cancer trial).

■ A meta-analysis of all 82 trials of hyper-
baric oxygen and hypoxic cell radiosensi-
tizers showed a 4.6% gain in local tumor 
control.

Hypoxic Cytotoxins
■ Bioreductive drugs are compounds that are 

reduced intracellularly to form cytotoxic 
agents.

■ Bioreduction is favored under hypoxia; this 
is a rationale for selectivity in solid tumors.

■ Mitomycin C is active against hypoxic cells 
in a wide range of tumors. The hypoxic/
oxic cytotoxicity ratio is quite small.

■ Tirapazamine is an organic nitroxide. It 
shows a large hypoxic/oxic cytotoxicity 
ratio. The compound is active in many 
animal tumors and has undergone several 
clinical trials in conjunction with radiation 
or chemotherapy agents.

■ New bioreductive drugs that work by dif-
ferent mechanisms than tirapazamine are 
now being clinically tested.
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SUMMARY OF 
PERTINENT CONCLUSIONS

Hypoxia-Inducible Factor
■ At both the molecular and cellular levels, 
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oxygen homeostasis is controlled primar-
ily through the function of a heterodimeric 
transcription factor, the HIF-1.

■ The HIF-� subunits are oxygen regulated 
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and degradation in the proteasome.
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 tumors to radiotherapy by increasing the 
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creased expression of proangiogenic factors 
and by promoting vasculogenesis through 
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The Unfolded Protein Response
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■ Inhibition of PERK or XBP-1 activities re-
sult in decreased tumor growth.
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aerated cells. The differential effect on tu-
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cells in tumors but not in normal tissues.
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Alice: There’s no use trying—one can’t believe 
 impossible things.
The Queen: I dare say you haven’t had much 
 practice. Why, sometimes I’ve believed as many 
as six impossible things before breakfast.

—Alice in Wonderland (Lewis Carroll)

This chapter is included after much thought 
and some equivocation. It was written in re-
sponse to numerous requests that chemothera-
peutic agents be compared and contrasted with 
radiation from the perspective of the experi-
mental biologist. Many of the techniques and 
concepts used in chemotherapy were devel-
oped initially by radiation biologists, including 
quantitative tumor assay systems, the concept 
of cell cycle, sensitivity changes through the 
cell cycle, and, particularly, population kinet-
ics. The term growth fraction, for example, 
was coined by a radiation biologist, but never 
assumed the importance in radiotherapy that it 
has in chemotherapy.

The study of chemotherapeutic agents in the 
laboratory, as well as in the clinic, is vastly more 
complicated than the study of ionizing  radiations. 
For example, dose is more diffi cult to defi ne or 
to measure, and time of drug exposure is a criti-
cal parameter. Variations in sensitivity through 
the cell cycle are more dramatic for chemicals 
than for radiation, assuming essentially an all-or-
nothing effect for some agents; there are many 

more factors involving the microenvironment
that can infl uence cellular response.

The term chemotherapy was coined by Paul 
Erhlich around the turn of the 20th century to 
describe the use of chemicals of known composi-
tion for the treatment of parasites. Erhlich syn-
thesized an organic arsenic compound that was 
effective against trypanosome infections and rab-
bit syphilis. This was the fi rst synthetic chemical 
effective in the treatment of parasitic disease and 
was rather optimistically named salvarsan, which 
roughly translates to “the savior of mankind.” 
The next milestone was the discovery and clini-
cal use of penicillin in the early years of World 
War II. Alkylating agents had been developed as 
military weapons by both belligerents in World 
War I, but it was an explosion in Naples harbor 
and the exposure of seamen to these agents dur-
ing World War II that led to the observation that 
these agents cause marrow and lymphoid hypo-
plasia. As a result, they were fi rst tested in humans 
with Hodgkin disease in 1943 at Yale University.

It has long been known beyond doubt that 
a single chemotherapeutic drug, used in the ap-
propriate schedule, can cure patients with cer-
tain rapidly proliferating cancers. The initial 
demonstration of this was the use of methotrex-
ate to cure patients with choriocarcinoma and, 
later, the use of cyclophosphamide for Burkitt 
lymphoma.
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targeted therapies and the new concept of syn-
thetic lethality. (Both will be discussed later in 
this chapter.)

■  BIOLOGIC BASIS OF 
 CHEMOTHERAPY

Most anticancer drugs work by affecting DNA 
synthesis or function, and they usually do not kill 
resting cells unless such cells divide soon after ex-
posure to the drug. Consequently, the effective-
ness of anticancer drugs is limited by the growth 
fraction of the tumor—that is, by the fraction of 
cells in active cycle. Rapidly growing neoplasia 
with a short cell cycle, a large proportion of cells 
in S phase, and, therefore, a large growth frac-
tion are more responsive to chemotherapy than 
large tumor masses in which the growth fraction 
is small. There is a strong tendency for growth 
fraction to decrease as tumor size increases, at 
least in experimental animal tumors.

Agents that are mainly effective during a par-
ticular phase of the cell cycle, such as S phase or M 
phase, are said to be cell cycle specifi c, or phase 
specifi c. Those whose action is independent of 
the position of the cell in the cycle are said to 
be cell cycle nonspecifi c or phase  nonspecifi c. 
Figure 27.1 illustrates two contrasting cell cycle 
specifi c drugs. Cis-platinum compounds produce 
interstrand crosslinks and thus inhibit DNA syn-
thesis; this occurs in S phase. Taxanes bind to mi-
crotubules and, by enhancing their stability and 
preventing disassembly, adversely affect their 
function. They act as mitotic inhibitors, blocking 
cells in the G2/M phase of the cell cycle.

Agents that are most effective against cells 
in S phase are relatively ineffective against cell 
populations that turn over slowly and have large 
proportions of dormant cells. On the other 
hand, the action of alkylating agents and other 
drugs interacting primarily with macromolecu-
lar DNA is largely independent of the phase of 
the cell cycle, and they may be effective against 
tumors with relatively low proliferative activity.

The other side of the coin is that the selec-
tive normal tissue toxicity of anticancer drugs 
is refl ected in cytotoxic effects on stem cells of 
the intestinal epithelium or hematopoietic stem 
cells, which have high growth fractions.

Although many clinical oncologists claim 
that their thinking has been infl uenced by re-
search on tumor growth kinetics, it is hard to 

The next major step forward was the use of 
combination chemotherapy in the treatment of 
acute lymphocytic leukemia in the early 1960s 
and, subsequently, in the treatment of Hodg-
kin disease, diffuse histiocytic lymphoma, and 
testicular cancer in the mid-1970s. These tri-
als verifi ed that multiple non–cross-resistant 
drugs with different dose-limiting normal tis-
sue toxicities could be used effectively in com-
bination to cure tumors that were not curable 
with a single agent. The principle of combina-
tion therapy was then extended to combined 
modality treatment, in which chemotherapy 
was used in conjunction with surgery or radio-
therapy, or both, to cure tumors such as pedi-
atric sarcomas.

Today, various antineoplastic agents are used 
routinely in clinical oncology.  Drug-induced 
cures are claimed for choriocarcinoma, acute lym-
phocytic leukemia of childhood, other childhood 
tumors, Hodgkin disease, certain non–Hodgkin 
lymphomas, and some germ cell  tumors of the 
testes. Other evidence suggests that chemothera-
peutic agents given in an “adjuvant” setting for 
clinically inapparent micrometastatic disease may 
prolong disease-free survival and possibly effect 
cure of breast cancer and osteogenic sarcoma.

There are about 13 types of cancer for 
which cures are claimed by chemotherapy; 
this accounts for about 10% of all cancers. For 
comparison, the proportion of cancer patients 
cured by radiation therapy often is claimed to 
be about 12.5%. This comes from the so-called 
1/2 � 1/2 � 1/2 rule; that is, one-half of all 
cancer patients receive radiation therapy, one-
half of those treated are treated with intent to 
cure, and one-half of those treated defi nitively 
are cured.

The bad public image of chemotherapy re-
lates in large part from the toxicity to normal 
tissue resulting from multidrug protocols used 
to induce remissions and achieve tumor cure. 
“The dose makes the poison” was the advice 
of Paracelsus, the 16th-century German-Swiss 
physician and alchemist who established the 
role of chemistry in medicine. In other words, 
anything powerful enough to help also has the 
power to harm. In the past, the lack of tumor-
specifi c agents carried the burden of damage 
to self-renewing normal tissues, such as the 
gut and bone marrow. There is hope that the 
situation is improving with the development of 
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fall into any of these classes. This includes the 
platinum compounds, procarbazine, the vinca 
alkaloids, the taxanes, and the newest of all, the 
topoisomerase inhibitors and “targeted therapy” 
agents that target a specifi c pathway that may be 
elevated or vulnerable in some tumor cells.

An attempt to summarize the classifi cation of 
chemotherapeutic drugs is presented in Table 27.1. 
A few of the most commonly used agents are de-
scribed briefl y, with emphasis on their character-
istics and mechanism of action and comments on 
the extent to which they interact with radiation. A 
thorough discussion of their clinical usefulness is 
outside the scope of this book.

The effectiveness of at least some chemo-
therapeutic agents is dependent on the pres-
ence or absence of molecular oxygen, in much 
the same way as x-rays. This is not surprising, at 
least for drugs whose action is mediated by free 
radicals.

Alkylating Agents
The alkylating agents are highly reactive com-
pounds with the ability to substitute alkyl groups 
for hydrogen atoms of certain organic com-
pounds, including DNA. There are fi ve classes 
of alkylating agents:

 1. Nitrogen mustard derivatives, such as cyclo-
phosphamide, chlorambucil, and melphalan.

 2. Ethylenimine derivatives, such as thiotepa.
 3. Alkyl sulfonates, such as busulfan.
 4. Triazine derivatives, such as dacarbazine.
 5. Nitrosoureas, including bischloroethylnitro-

sourea (BCNU) (carmustine), chloroethyl-
cyclohexyl-nitrosourea (CCNU) (lomustine), 
and methyl CCNU.

Most of these drugs contain more than one 
alkylating group and therefore are considered 
polyfunctional alkylating agents. The nitro-
soureas and dacarbazine have mechanisms and 
cytotoxicity over and above their ability to alkyl-
ate nucleic acids. As a class, alkylating agents are 
considered cell cycle nonspecifi c.

Nitrogen mustard is the prototype for three 
other useful alkylating agents: cyclophospha-
mide, chlorambucil, and melphalan. Nitrogen 
mustard given intravenously interacts rapidly 
with cells in vivo, producing its primary effect 
in seconds or minutes. By contrast, cyclophos-
phamide (Cytoxan) is inert until it undergoes 
biotransformation in the liver. Disappearance 

point to clear advances in treatment that may be 
attributed to anything more than inspired clini-
cal experimentation. This may be because the 
study of growth kinetics in human tumors is still 
in its infancy.

■  CLASSES OF AGENTS AND THEIR 
MODE OF ACTION

Many of the classical chemotherapeutic agents 
fall into one of three classes: alkylating agents, 
antibiotics, or antimetabolites. However, many 
of the newer and most widely used agents do not 

Cis-platinum compounds produce
interstrand crosslinks and thus inhibit
DNA synthesis. This occurs during the
S phase of the cell cycle.

Paclitaxel binds to microtubles and, by
enhancing their stability and preventing
disassembly, adversely affects their function.
It acts as a mitotic inhibitor, blocking cells in 
the G2/M phase of the cycle.

G1

G1

S

S

M

M

G2

G2

FIGURE 27.1  Two contrasting chemotherapy 
agents that are both cell cycle specifi c but produce 
their effects at quite different phases. A: Cis-platinum 
compounds produce DNA interstrand crosslinks 
that inhibit DNA synthesis; this occurs in the S phase. 
B: Taxanes bind to microtubules and, by enhancing 
their stability and preventing disassembly, adversely 
affect their function. Taxanes act as mitotic inhibitors, 
blocking cells in the G2/M phase of the cycle and, if the 
concentration is suffi cient, killing them in this phase.

A

B
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Drugs acting by intercalation appear to augment 
the cytotoxic effects of bleomycin, as do x-rays 
and chemicals that generate superoxide radicals. 
Bleomycin is considered cell cycle nonspecifi c. It 
is more damaging to nonproliferating cells than 
to most proliferating cells.

Mitomycin C (Mutamycin) is an extremely 
toxic antitumor antibiotic. Unlike most other an-
tibiotics, it is activated in vivo to a bifunctional or 
trifunctional alkylating agent. It is cell cycle non-
specifi c and is considerably more toxic to hypoxic 
than to aerated cells. Mitomycin C is usually ad-
ministered intravenously; it is cleared rapidly from 
the plasma, with a half-life of 10 to 15 minutes, 
primarily by metabolism in the liver. It does not 
appear to cross the blood–brain barrier. The major 
toxicity of mitomycin C is myelosuppression.

Antimetabolites
The antimetabolites are analogues of normal 
metabolites required for cell function and rep-
lication. They may interact with enzymes and 
damage cells by any of these modes of action:

 1. Substituting for a metabolite normally incor-
porated into a key molecule

 2. Competing successfully with a normal metab-
olite for occupation of the catalytic site of a 
key enzyme

 3. Competing with a normal metabolite that acts 
at an enzyme regulatory site, thereby altering 
the catalytic rate of the enzyme

Methotrexate is a folic acid antagonist. It 
works by competing for the folate-binding site of 
the enzyme dihydrofolate reductase. This results 
in decreased synthesis of thymidine and purine 
nucleotides. The cytotoxicity of methotrexate 
can be reversed by leucovorin, which is converted 
readily to other forms of reduced folate within the 
cell and which then can act as methyl donors for 
various biochemical reactions. The use of high-
dose methotrexate with leucovorin rescue is based 
on the pharmacology of the two drugs, with the 
possibility of a differential effect between tumors 
and normal tissues in their ability to transport the 
two drugs across cell membranes. How true this 
differential effect turns out to be is another matter.

5-Fluorouracil

5-Fluorouracil (5-FU) is a structural analogue of 
the DNA precursor thymine. It works primarily as 
an irreversible inhibitor of the enzyme thymidylate 

of injected cyclophosphamide from the plasma 
is biexponential, with an average half-life of 4 to 
6.5 hours. Like all useful alkylating agents, cyclo-
phosphamide produces toxicity in rapidly prolif-
erating normal tissues. Chlorambucil (Leukeran) 
is an aromatic derivative of nitrogen mustard and 
is the slowest acting alkylating agent in general 
use. Melphalan (Alkeran, L-PAM) is a phenylala-
nine derivative of nitrogen mustard.

The nitrosoureas are a group of lipophilic al-
kylating agents that undergo extensive biotrans-
formation in vivo, leading to various biologic 
effects, including alkylation, carbamylation, and 
inhibition of DNA repair. The multiple mecha-
nisms of action may explain why the nitrosoureas 
generally lack cross-resistance with other alkyl-
ating agents. These compounds are very lipid 
soluble and readily cross the blood–brain barrier. 
They disappear from plasma rapidly, but their 
metabolites may persist for days.

Antibiotics
The clinically useful antibiotics are natural prod-
ucts of various strains of the soil fungus Strepto-
myces. They produce their tumoricidal effects 
by directly binding to DNA, and so their major 
 inhibiting effects are on DNA and RNA synthe-
sis. As a class, these drugs behave as cell cycle–
nonspecifi c agents. Doxorubicin (Adriamycin) 
and daunorubicin (also known as daunomycin) 
are closely related anthracycline antibiotics. After 
intravenous injection, both drugs undergo exten-
sive bioreduction in the liver to active and inactive 
metabolites, are bound extensively in tissues, and 
persist in plasma for prolonged periods. Neither 
drug crosses the blood–brain barrier to any appre-
ciable extent. Both doxorubicin and daunorubicin 
are highly toxic drugs, producing various severe 
reactions; the major limiting toxicity, however, is 
cardiac damage.

Dactinomycin (actinomycin D) inhibits DNA-
primed RNA synthesis by intercalating with the 
guanine residues of DNA; at higher concentra-
tions, it also inhibits DNA synthesis. The net effect 
is cell cycle–nonspecifi c cytotoxicity. Dactinomy-
cin must be administered intravenously. Its impor-
tant longer plasma half-life is about 36 hours, and 
the drug is extensively bound to tissues.

Bleomycin sulfate (Blenoxane) affects cells 
by directly binding to DNA, resulting in re-
duced synthesis of DNA, RNA, and proteins. 
It also can lead to single-strand DNA breaks. 
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huge spreading yew tree, dating from medieval 
times when the archer’s weapon, the long bow, 
was fabricated from the wood of the yew—but 
the tree is always found in the walled-in church 
cemetery, because the leaves or bark are toxic to 
browsing livestock. This toxicity is caused by a 
class of compounds known as taxanes. For those 
who see chemotherapy for cancer as simply the 
latest round in the never-ending battle between 
plants and animals, taxanes do indeed provide 
the perfect example.

Paclitaxel is the prototype of a new class of 
antineoplastic agents, the taxanes that targets 
the microtubules. It is a natural product, isolated 
from the bark of the western yew, Taxus brevi-
folia. Docetaxel is a largely synthetic derivative.

Taxanes are potent microtubule-stabilizing 
agents and promoters of microtubule assembly. 
This is in contrast to agents such as the vinca al-
kaloids and colchicine that bind to tubulin, the 
subunit of microtubules, and inhibit microtubule 
formation. The taxanes block or prolong the tran-
sit time of cells in the G2/M phase of the cell cycle. 
The inability of these cells to pass through the G2 
and M phases of the cycle results from the inability 
of these cells to form a competent mitotic spindle 
or to disassociate a drug-treated spindle.

In addition to multiple in vitro studies from 
the early 1970s on, human studies have dem-
onstrated the ability of taxanes to increase the 
mitotic index in various normal tissues in vivo, 
whereas the two taxanes in clinical use, Taxol 
(paclitaxel) and Taxotere (docetaxel), have dem-
onstrated signifi cant levels of activity in a broad 
range of human tumors. The taxanes are of 
 particular interest to radiobiologists because of 
the way in which they interact with radiation 
(described later).

Miscellaneous Agents
Procarbazine

Procarbazine is a hydrazine derivative that must 
undergo biotransformation before it can exert its 
cytotoxic effects. The precise mechanism of ac-
tion is not clear, because it interferes with vari-
ous biochemical processes. Procarbazine is well 
absorbed from the gastrointestinal tract and is 
cleared from the plasma with a half-life of about 
10 minutes. The drug freely crosses the blood–
brain barrier. It is used primarily in the treat-
ment of advanced Hodgkin disease.

synthetase, but only after intracellular conversion 
to the active metabolite. It is also degraded by the 
liver and some other tissues. As a single agent, 
5-FU is most useful in the treatment of carcinoma 
of the breast and gastrointestinal tract. The deg-
radative enzymes are found in high concentrations 
in the gut but not in colonic carcinomas, and it has 
been suggested that this may explain in part the 
susceptibility of colon cancer to 5-FU.

Nucleoside Analogues
Various nucleoside analogues have been synthe-
sized and tested for antineoplastic properties. 
They are transported readily into rapidly divid-
ing cells and activated by the single metabolic 
step of phosphorylation. Two analogues of cyto-
sine are useful in cancer chemotherapy.

Cytarabine (cytosine arabinoside) is an ana-
logue of deoxycytidine in which the sugar moi-
ety is altered. The active form of cytarabine is 
the triphosphate that functions as a competitive 
inhibitor of DNA polymerase. Cytarabine is cell 
cycle specifi c and, in clinical practice, is usually 
used in combination with other drugs in the 
treatment of acute myeloid leukemia.

5-Azacytidine contains a single nitrogen sub-
stitution in the pyrimidine ring of cytidine. It un-
dergoes a sequence of biotransformations similar 
to cytarabine, with the ultimate formation of an 
active triphosphate. The major biochemical ef-
fect of 5-azacytidine is believed to be the inhibi-
tion of the processing of large molecular weight 
species of RNA, with less important effects on 
DNA and protein synthesis. Like cytarabine, it is 
cell cycle specifi c.

Vinca Alkaloids
Some of the most useful antineoplastic agents are 
produced from plants. Vincristine sulfate (Oncovin) 
and vinblastine sulfate (Velban) are alkaloids pro-
duced from the common periwinkle plant. The 
clinically useful alkaloids are large, complex mol-
ecules that exert their major antitumor effect by 
binding to cellular microtubular proteins and in-
hibiting microtubule polymerization. Because these 
are essential compounds of the mitotic spindle of 
dividing cells, this binding leads to mitotic arrest.

Taxanes
The toxicity of products of the yew tree has been 
known for thousands of years. For example, es-
sentially every rural village in England has a 
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Targeted Therapy
Achieving tumor response with traditional che-
motherapeutic agents, such as the alkylating 
agents, cis-platinum, and 5-FU, for example, 
inevitably involved substantial toxicity to self-
renewal normal tissues, such as the gastrointes-
tinal tract and the blood-forming organs. There 
is some promise that the situation is much more 
favorable in the case of the new generation of 
targeted therapeutic agents that, in combina-
tion with radiotherapy, enhance tumor control 
with little, if any, increase in normal tissue toxic-
ity. Cetuximab (Erbitux) might be regarded as a 
model for this class of pathway-targeting agents. 
Promising but still early results for bevacizumab 
await further clinical testing.

Cetuximab (Erbitux)

There appears to be a strong correlation be-
tween both locoregional control and overall 
survival and the level of epidermal growth fac-
tor  receptor (EGFR) expression in advanced 
head and neck squamous carcinoma. Because 
high levels of EGFR predict for a poor outcome, 
EGFR is an attractive target for cancer therapy.

Cetuximab (Erbitux) is a recombinant human/
mouse chimeric monoclonal antibody produced 
in mammalian cell culture. Cetuximab specifi cally 
binds to EGFR, blocking phosphorylation and 
activation of receptor-associated kinases, resulting 
in inhibition of cell growth, induction of apopto-
sis, and decreased matrix metalloproteinase and 
vascular endothelial growth factor (VEGF).

Studies using cetuximab with a xenograft 
tumor in mice indicate that although the antibody 
alone produces a modest tumor growth delay, there 
is a substantial interaction with radiation. These 
promising preclinical results led to a phase III trial 
that demonstrated that the addition of cetuximab 
to high-dose radiotherapy in patients with locore-
gionally advanced squamous cell carcinoma of the 
head and neck produced a statistically signifi cant 
prolongation in overall survival (Fig. 27.2). Median 
survival increased from 29 to 49 months. The 
5-year overall survival increased from 36.4% to 
45.6%. Subgroup analysis showed that patients 
who developed a grade 2–4 acne-like rash have 
a 2.5 greater overall survival than patients with 
grade 1 or no rash (Fig. 27.2B). This is the fi rst 
phase III clinical trial to show an increased sur-
vival benefi t when a targeted therapeutic is com-
bined with radiotherapy.

Hydroxyurea

Hydroxyurea was fi rst synthesized as long ago as 
1869 and was found to be bone marrow suppres-
sive in 1928. It was not used in the treatment of 
cancer until the 1960s. It acts as an inhibitor of 
ribonucleotide reductase, an enzyme essential to 
DNA synthesis, and is consequently specifi cally 
cytotoxic to cells in the S phase of the cell cycle. 
In experimental biology, hydroxyurea is used to 
synchronize cells, because in addition to killing 
S phase cells, it causes survivors to pile up at a 
block at the G1/S interface. Clinically, hydroxy-
urea is used primarily in the treatment of chronic 
myeloid leukemia.

Cis-Platinum

Structurally, cis-platinum (cis-dichlorodiammine-
platinum) is an inorganic complex formed by an 
atom of platinum surrounded by chlorine and 
ammonium ions in the cis position of the hori-
zontal plane. Cis-platinum bears a resemblance 
to the bifunctional alkylating agents based on 
nitrogen mustard. It inhibits DNA synthesis to a 
greater extent than it does the synthesis of RNA 
or protein. It binds to DNA, causing both inter-
strand and intrastrand crosslinking.

Cis-platinum is cell cycle nonspecifi c. Its 
isomer, trans-platinum, is much less cytotoxic, 
presumably because of the different way that it 
crosslinks to DNA. There is some evidence that 
cis-platinum is more toxic to hypoxic than to aer-
ated cells—that is, that it is a hypoxic cell radio-
sensitizer, although not as powerful in this re-
gard as the nitroimidazoles.

Topoisomerase Inhibitors
DNA topoisomerases are nuclear enzymes that 
reduce twisting and supercoiling that occur in 
selected regions of DNA as a result of transcrip-
tion, replication, and repair recombination. Lit-
tle is known of the actual mechanism by which 
they kill cells.

Top I inhibitors, thus far consisting primar-
ily of camptothecin analogues, interact with the 
 enzyme–DNA complex and prevent the reseal-
ing of DNA strand breaks, leading to cell death 
in cells actively replicating.

Top II inhibitors prevent religation of DNA 
cleaved by top II and lead to cell death. Etopo-
side, a semisynthetic podophyllotoxin derivative, 
is a prime example.
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FIGURE 27.2  A: Five-year survival data for locoregionally advanced head and neck cancer 
patients treated with radiotherapy alone or the combination of radiotherapy and cetuximab. 
The addition of cetuximab increased survival by 9%. B: Five-year survival for locoregionally 
advanced head and neck cancer based on whether patients had an acne-like rash of grade 2–4. 
Patients with a rash above grade 2 had 2.5 times longer survival than those who had a grade 
1 rash or no rash. (Adapted from Bonner JA, Harari PM, Giralt J, et al. Radiotherapy plus cetux-
imab for locoregionally advanced head and neck cancer: 5-year survival data from a phase 
3 randomised trial, and relation between cetuximab-induced rash and survival. Lancet Oncol. 
2010;11:21–28, with permission.)
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eliminate the malformed and inadequate vessels in 
a tumor, reducing tumor size and making it better 
perfused and more responsive to cytotoxic chemo-
therapy and radiotherapy (Fig. 27.3).

More recently, Willet and his colleagues have 
reported the results of some early phase I clinical 
trials to determine whether inhibition of VEGF is 
safe and enhances the effect of chemoradiotherapy 
with locally advanced rectal cancer. The combina-
tion of bevacizumab, 5-FU, and external beam ir-
radiation resulted in decreased tumor vasculature 
density and decreased interstitial fl uid pressure. 
These results are consistent with the inhibition of 
angiogenesis and a vascular normalizing effect of 
bevacizumab. These results strongly suggest that 
antiangiogenic agents can be safely and effectively 
combined with radiotherapy.

Poly Adenosine Diphosphate-Ribose 
Polymerase Inhibitors

The enzyme poly adenosine diphosphate-ribose 
polymerase 1 (PARP-1) plays an essential role in 
the base excision repair pathway, in particular, 

Bevacizumab (Avastin)

In 1971, Judah Folkman proposed that the for-
mation of new blood vessels (angiogenesis) was 
an essential process for tumor growth and me-
tastasis. This concept has been widely confi rmed 
by other investigators and launched the era of 
“antiangiogenic agents.” The most commer-
cially successful of these agents is bevacizumab, a 
monoclonal antibody that neutralizes the activity 
of the proangiogenic mitogen VEGF.

The fi rst clinical trials with bevacizumab in 
the treatment of recurrent and metastatic breast 
cancer resulted in failure to demonstrate a survival 
benefi t. The major insight in the use of antiangio-
genic agents was found to be in combination with 
cytotoxic chemotherapy. Currently, bevacizumab 
is approved with chemotherapy for metastatic 
colorectal cancer, lung cancer, and renal cancer. 
The increased survival of patients treated with the 
combination of antiangiogenic agents and chemo-
therapy compared to antiangiogenic therapy alone 
brought about the vascular normalization hypoth-
esis that proposes that agents such as bevacizumab 

Anti Pro Anti Pro Anti Pro Anti Pro

A

B

Normal Abnormal Normalized Inadequate

FIGURE 27.3  Cartoon depicting the concept of vascular normalization that occurs after treatment with 
 antiangiogenic agents. A: The vasculature of tumors compared to normal tissues is abnormal and inadequate to suffi -
ciently supply the tumor with oxygen and nutrients. Treatment with antiangiogenic agents such as bevacizumab results 
in inhibition of new vessel formation and pruning of malformed vessels, resulting in a vasculature that resembles normal 
tissue. However, continuous treatment with antiangiogenic agents will result in damage to even these normalized ves-
sels that will ultimately result in tumor cell shrinkage and reduction. If the tumor is not completely eradicated by treatment 
with the antiangiogenic therapy, it will regrow and become refractory to antiangiogenic therapy, and ultimately develop a 
new blood supply. B: The changes associated with tumor vasculature refl ect the dynamic balance between proangiogenic 
and antiangiogenic factors. Normal tissues have a good balance between the two, whereas tumors are more skewed to-
ward proangiogenic factors. Antiangiogenic therapy restores the balance. However, continuous antiangiogenic treatment 
will result in tipping the balance that will result in destruction of tumor vasculature. (Panel A from Jain RK. Normalizing 
tumor vasculature with anti-angiogenic therapy.  Nature Med.  2001;7:987, with permission.  Panel B from Jain RK. Normal-
ization of tumor vasculature: an emerging concept in antiangiogenic therapy. Science. 2005;307:58–62, with permission.)
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of cytotoxic chemotherapy. However, inhibition 
of PARP renders cells sensitive to radiotherapy 
and even more so in a BRCA mutation contain-
ing tumors. Thus, although PARP inhibitors are 
quite new, the combination of impressive phase 
I and II clinical results and potential synergism 
with radiotherapy will most probably increase 
their use with radiotherapy in the future.

■ DOSE–RESPONSE RELATIONSHIPS

Dose–response relationships have been produced 
for a wide range of chemotherapeutic agents 
using techniques developed initially for radiation, 
although much less effort has been expended on 
fi tting data to models than has been the case for 
ionizing radiations. From even a cursory exami-
nation of the data, however, it is evident that—
with some clear exceptions—the shape of the 
survival curve is unremarkable and reminiscent of 
that of survival curves for ionizing radiations. If 
surviving fraction is plotted on a log scale against 
drug dose on a linear scale, the dose-response 
curve has an initial shoulder followed by a  region 
that becomes steeper and straighter (Fig. 27.5). 
The antibiotics doxorubicin (Adriamycin), bleo-
mycin, and dactinomycin (actinomycin D) are 
clear exceptions. For these agents, the dose- 
response curve appears to have no shoulder, and 
the curve is concave upward. A dose-response 
curve with this shape is usually associated with a 
variation of sensitivity within the population (i.e., 
nonuniform sensitivity of cells). This has never 
been demonstrated experimentally, however. For 
example, synchronously dividing cells likewise 
show the same upwardly concave dose-response 
curve. This shape therefore must remain unex-
plained at the present time.

Dose-response curves indicate that, at best, 
anticancer drugs kill by fi rst-order kinetics; that 
is, a given dose of the drug kills a constant frac-
tion of a population of cells, regardless of its size. 
This assumes, of course, that the growth fraction 
and the proportion of sensitive to resistant cells 
remains the same. This leads to the conclusion 
that the chance of eradicating a cancer is great-
est if the population size is small, or that there 
is an inverse relationship between curability and 
the tumor cell burden at the initiation of che-
motherapy. This conclusion has been arrived at 
from long and bitter clinical experience, but, in 
fact, it is an inevitable consequence of the shape 
of the simplest dose–response relationship.

in the recruiting of x-ray cross complementing 
factor 1 (XRCC1), which acts as a scaffold pro-
tein to coordinate the repair of damaged bases 
(see Chapter 2). Inhibition of PARP results in 
decreased based excision repair activity and ac-
cumulation of single-strand breaks that will 
lead to the collapse of replication forks in the 
S phase of the cell cycle and the generation of 
DNA double-strand breaks (DSBs) and cell le-
thality. If tumors are defi cient in the repair of 
DNA DSBs by homologous recombination in 
the S phase of the cell cycle because of muta-
tions in BRCA1 or BRCA2, then PARP inhibi-
tion will result in cell lethality. This so-called 
synthetic lethal interaction between PARP in-
hibition and BRCA defi ciency has served as 
the basis for several clinical trials where PARP 
inhibitors are administered alone or in combi-
nation with cytotoxic chemotherapy agents to 
patients with BRCA mutations in breast, ovar-
ian or prostate cancer, or to patients with triple 
negative breast cancer. The scientifi c rationale 
behind these trials is that inhibition of PARP 
alone or mutations in BRCA genes alone have 
little effect on cell viability. However, only when 
the two are combined do you have cell killing. 
This type of interaction has been termed syn-
thetic lethality because of the requirement that 
two pathways need to be inhibited that typically 
are unaffected and lead to very few viable prog-
eny (Fig. 27.4). Not surprisingly, most studies 
to date have focused on PARP-1 inhibitors as a 
monotherapy or administered with some forms 

Viability

Viability

Lethality

Gene/pathway A
(e.g., BRCA1/HR)

Gene/pathway B
(e.g., PARP/BER)

A B

BA

A B

FIGURE 27.4  Schematic representation of the 
synthetic lethality principle. Synthetic lethality occurs 
when individual loss of two genes (A or B) is viable but 
is lethal when in combination (A and B). This principle 
is exemplifi ed with genes involved in DNA repair path-
ways, PARP (BER) and BRCA1 (HR). (From Hammond 
EM, Pires I, Giaccia AJ. DNA damage and repair. In: Lei-
bel SA, Phillips TL, eds. Textbook of Radiation Oncology. 
3rd ed. Elsevier; in press, with permission.)
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FIGURE 27.5  Dose–response relationships in vitro for six commonly used chemotherapeutic agents. Note the di-
verse shapes. Many have shapes similar to survival curves for x-rays, except that drug concentration replaces absorbed 
dose. The antibiotics bleomycin (graph B), Adriamycin (doxorubicin) (graph E), and actinomycin D (graph A) have dose–
response relationships that are concave upward. A: Dose–response relationship for dividing CHO cells treated for 1 hour 
with graded doses of actinomycin D. (Adapted from Barranco SC, Fluorney DR. Modifi cation of the response to acti-
nomycin-D-induced sublethal damage by simultaneous recovery from potentially lethal damage in mammalian cells. 
Cancer Res. 1976;36:1634–1640, with permission.) B: Dose–response relationship for plateau-phase CHO cells treated for 
1 hour with graded doses of bleomycin. (Adapted from Barranco SC, Novak JKJ, Humphrey RM. Response of mamma-
lian cells following treatment with bleomycin and 1,3-bis(2-chloroethyl)-1-nitrosourea during plateau phase. Cancer Res. 
1973;33:691–694, with permission.) C: Dose–response relationship for CHO cells treated for 1 hour with graded doses 
of CCNU. (Adapted from Barranco SC. In vitro responses of mammalian cells to drug-induced potentially lethal and sub-
lethal damage. Cancer Treat Rep. 1976;60:1799–1810, with permission.) D: Dose–response relationship for human lung 
cancer cells exposed for 1 hour to graded doses of melphalan. (Unpublished data, courtesy of Dr. Laurie Roizin-Towle.) 
E: Dose–response relationship for V79 Chinese hamster cells exposed for 1 hour to graded doses of Adriamycin (doxo-
rubicin). (Adapted from Belli JA, Piro AJ. The interaction between radiation and Adriamycin damage in mammalian cells. 
Cancer Res. 1975;37:1624–1630, with permission.) F: Dose–response relationship for V79 Chinese hamster cells exposed 
for 1 hour to graded doses of cis-platinum (cisplatin). (Unpublished data, courtesy of Dr. Laurie Roizin-Towle.)
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demonstrated by an increase in survival if a dose of 
radiation (or other cytotoxic agent) is divided into 
two or more fractions separated in time. There is a 
tendency for the extent of sublethal damage repair 
to correlate with the shoulder of the acute dose- 
response curve, but this is not always true. Repair 
of potentially lethal damage is manifest as an in-
crease in survival if cells are held in a nonprolifera-
tive state for some time after treatment.

Similar studies have been performed with 
various chemotherapeutic agents. The results are 
not as clear-cut as for radiation, and there is much 
greater variability between different cell lines.

Potentially lethal damage repair is a signifi cant 
factor in the antibiotics bleomycin and doxorubi-
cin. Data for bleomycin are shown in Figure 27.7. 
Potentially lethal damage repair is also seen after 
treatment with dactinomycin. Sublethal damage 
repair is essentially absent with all of these drugs.

Another characteristic of chemotherapy agents 
is that the sensitivity to cell killing varies enor-
mously among cell types. Radiosensitivity varies, 
too, of course, but not to the same extent as che-
mosensitivity. Dose-response curves for several 
cell lines exposed to paclitaxel are shown in Figure 
27.6, illustrating the wide range of sensitivities.

■  SUBLETHAL AND POTENTIALLY 
 LETHAL DAMAGE REPAIR

Studies with radiation led to the concepts of sub-
lethal damage repair and potentially lethal dam-
age repair, which are discussed in some detail in 
 Chapter 5. These are still largely operational terms, 
although a notable exception is mitomycin C in 
which the gene for repair of DNA damage has been 
identifi ed and cloned. Sublethal damage repair is 
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drug concentrations and the time required for 
entry of the drug into the cells and interaction with 
a target molecule than it does about the accumula-
tion and repair of sublethal damage.

■  THE OXYGEN EFFECT AND 
 CHEMOTHERAPEUTIC AGENTS

The importance of the oxygen effect for cell kill-
ing by radiation is discussed in Chapter 6. It has 
been known for more than half a century that 
the presence or absence of molecular oxygen has 
a dramatic infl uence on the proportion of cells 
surviving a given dose of x-rays. Only in more 
recent years has the infl uence of oxygen on the 
cytotoxicity resulting from chemotherapeutic 
agents been studied. It is certainly more compli-
cated than for ionizing radiations.

Some agents, such as bleomycin, are more toxic 
to oxygenated cells than to chronically hypoxic 
cells. Dose-response curves for cells exposed to 
graded concentrations of bleomycin in the presence 
or absence of oxygen are shown in Figure 27.8. 

No potentially lethal or sublethal damage 
repair is seen with nitrosourea, even though the 
dose-response curves for single doses have sub-
stantial shoulders. The breakdown products of 
the nitrosoureas are known to inhibit DNA re-
pair, and this may be a contributing factor.

Studies of repair of sublethal damage with 
drugs are complicated, because if a split-dose study 
is performed, decisions must be made about the 
equivalence of drug concentration and time. It is 
frequently assumed that biologic response is deter-
mined by an integral dose (i.e., the product of con-
centration and time), but this has not been checked 
and confi rmed in all cases. There appears to be 
no correlation between the existence of a shoul-
der on the dose-response curve for single doses 
and the appearance of sublethal damage repair, 
as evidenced by an increase in survival in a split-
dose experiment. It is possible that a shoulder in a 
survival curve does not have the same meaning for 
chemically induced damage as it does for radiation-
induced damage. A shoulder on a survival curve for 
a chemotherapeutic agent may refl ect more about 
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 macromolecular synthesis and inducing genes 
that promote angiogenesis and tissue remodeling. 
This is discussed in some detail in  Chapter 26. 
The ability of malignant cells to survive fl uctua-
tions in oxygen tension is important in the context 
of cancer therapy, because it is well documented 
that tumors that are hypoxic are aggressive and 
respond poorly to all forms of treatment.

The shortage of oxygen in hypoxic cells 
renders them refractory to killing by ionizing 
radiations that require oxygen to “fi x” the dam-
age produced in DNA by the hydroxyl radicals; 
it is equally true that cells may be refractory to 
killing by “radiation-mimetic drugs” that oper-
ate via a free radical mechanism. Cessation of 
cell division and loss of apoptotic potential (cell 
suicide), however, in hypoxic cells are likely to 
be more important reasons why hypoxic cells 
are resistant to chemotherapy. Hypoxic cells 
located remote from capillaries are least likely 
to be killed by radiation but most likely to be 
killed by a hypoxic cytotoxin. This is illustrated 
in Figure 27.9.

The most effective way to partly circumvent 
the problem introduced by hypoxia in reducing 
the effi cacy of chemotherapy is to introduce a 
bioreductive drug or hypoxic cytotoxin that is 
most effective at reduced oxygen concentrations. 
This is described in more detail in Chapter 26. 
Mitomycin C and its derivatives have been used 
for this purpose for many years.

At high concentrations of the drug, there is an extra 
log of cell killing if oxygen is present, compared 
with hypoxic conditions. Other examples of agents 
that are more toxic to aerated than to hypoxic cells 
are procarbazine, dactinomycin, and vincristine. It 
should come as no surprise to those familiar with x-
rays that oxygen is a factor in the response of cells to 
any chemotherapeutic agent in which the mecha-
nism of cell killing is mediated by free radicals.

By contrast, agents such as mitomycin C are 
substantially more toxic to hypoxic than to aer-
ated cells (Fig. 27.8), because the drug undergoes 
bioreduction in the absence of oxygen. The same 
is true, of course, of bioreductive drugs, which is 
discussed in Chapter 26.

A third group of drugs, including 5-FU, meth-
otrexate, cis-platinum, and the nitrosoureas, ap-
pears to be equally cytotoxic to aerated or hypoxic 
cells. This oversimplifi ed classifi cation only holds 
true if the level or duration of the hypoxia is not 
suffi cient to disturb the movement of cells through 
the cell cycle. Table 27.2 is a summary of the classi-
fi cation of antineoplastic agents based on the effect 
of the presence or absence of molecular oxygen.

■  RESISTANCE TO CHEMOTHERAPY 
AND HYPOXIC CYTOTOXINS

Tumor cells protect themselves from changes 
in the microenvironment resulting from a de-
crease in both nutrients and oxygen by  reducing 

TABLE 27.2 Classifi cation of Antineoplastic Agents Based on Cellular Oxygenation

Preferential Toxicity 
to Aerobic Cells

Preferential Toxicity to 
Hypoxic Cells

Minimal or No 
Selectivity Based on 
Cellular Oxygenation

Bleomycin Mitomycin-C 5-Fluorouracila

Procarbazine Doxorubicin Methotrexatea

Streptonigrin Metronidazole
Tirapazamine

 Cisplatin

Dactinomycin 5-thio-D-glucose, 2-deoxy-D-glucose BCNU, CCNU
a These conclusions are based on experiments in which hypoxic cells were still capable of DNA synthesis and cellular rep-
lication. These agents have cytotoxic effects primarily on cells in the S phase of the cell cycle. Thus, in hypoxic cells that 
are blocked in their progression through the cell cycle or cycling slowly, agents such as these that act on the S phase of 
the cell cycle would be expected to be relatively noncytotoxic.

Based on Teicher BA, Lazo, JS, Sartorelli AC. Classifi cation of antineoplastic agents by their selective toxicities toward 
oxygenated and hypoxic tumor cells. Cancer Res. 1981;412:73–81, with permission.
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FIGURE 27.9  Illustrating why the microenvironment in a tumor may lead to resistance to chemotherapy 
agents. A: Oxygen diffuses from a capillary, but the concentration falls with distance because of respiration in the 
mass of tumor cells. This leads to a region of hypoxia and a region of anoxia. Chemotherapeutic agents must also 
diffuse through a tumor from capillaries. The effect of the agent decreases with distance from the capillary because 
the drug concentration falls because of metabolism, proliferation decreases with distance from a capillary because 
of lack of oxygen, and cells that are not dividing are resistant to many chemotherapeutic agents. B: The fraction 
of cells surviving a treatment with radiation or most chemotherapeutic agents rises with distance from a capillary 
because both are less effective in hypoxic nondividing cells. (Adapted in part from Brown JM, Siim BG. Hypoxia-
specifi c cytotoxins in cancer therapy. Semin Radiat Oncol. 1996;6:22–36, with permission.)

■  DRUG RESISTANCE AND CANCER 
STEM CELLS

The biggest single problem in chemotherapy 
is drug resistance, which either may be evident 
from the outset or may develop during pro-
longed exposure to a cytostatic drug. Cells re-
sistant to the drug take over, and the tumor as a 
whole becomes unresponsive. The development 
of resistance can be demonstrated readily for 
cells in culture. Figure 27.10 shows a substantial 
resistance to doxorubicin developing as cells are 
grown continuously in a low concentration of 
the drug for a period of weeks.

Underlying this problem of drug resistance 
are genetic changes that can sometimes be seen 
in chromosome preparations. Figure 27.11 shows 
two  illustrations involving gene  amplifi cation or 
the presence of multiple minute chromosome 
fragments.

Drug resistance is an important factor that 
occurs readily—a phenomenon quite alien to 
the radiobiologist. Radiation-resistant cells can 
be produced and isolated, but it is a  diffi cult 

and time-consuming process. For  instance, 
cells  continuously irradiated at low dose rates 
 occasionally do spawn radioresistant clones. By 
contrast, resistance to chemotherapeutic agents 
is acquired quickly, uniformly, and inevitably.

If a resistant clone can arise by a chance mu-
tation of a gene responsible for one of the im-
portant steps in drug action, then the probability 
of it occurring would be expected to increase 
rapidly as the tumor increases in size. The aver-
age mutation rate for mammalian genes is about 
10�5 to 10�6 per division, so that in a tumor con-
taining 1010 cells that go through many divisions, 
a mutation is almost certain to occur, especially 
in the presence of a powerful mutagen, which 
most chemotherapeutic agents are.

Another contributing factor to chemother-
apy resistance is cancer stem cells. The cur-
rent model of cancer stem cells proposes that 
 although these cells represent only a small sub-
population of the tumor, they are the most im-
portant because they possess the potential to give 
use to both stem cells and  differentiated non–
stem cells. Therapeutically, stem cells have been 
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FIGURE 27.10  Change in survival response to 
doxorubicin (Adriamycin) of Chinese hamster cells 
grown in culture and exposed continuously to a low 
concentration of the drug (0.05 �g/ml) for prolonged 
periods, namely, 1, 17, 46, or 74 weeks. The closed 
circles show the survival response for the parent cell 
line. A dramatic resistance to the drug develops by 
17 weeks; that is, prolonged exposure at a low concen-
tration renders the cells resistant to subsequent high 
concentrations. (Adapted from Belli JA. Radiation re-
sponse and  Adriamycin resistance in mammalian cells 
in culture. Front Radiat Ther Oncol. 1979;13:9–20, with 
 permission.)
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FIGURE 27.11  Most forms of drug resistance probably have a genetic basis. A few extreme ex-
amples can be seen in chromosome changes. A: The arrow indicates an elongated chromosome, 
which on banding shows the features of an extended homogeneously staining region. This  karyotype 
was observed in the human breast cancer cell line (MCF-7), which is resistant to methotrexate. (From 
Cowan KH, Goldsmith ME, Levine R, et al. Dihydrofolate reductase gene amplifi cation and  possible 
 rearrangement in estrogen-responsive methotrexate-resistant human breast cancer cells. J Biol Chem. 
1982;257:15079–15086, with permission.) B: Small-cell lung carcinoma line derived from a patient 
treated with methotrexate. These cells are very resistant to the drug and contain numerous double 
minute chromosomes. A pair is indicated by arrows. (From Curt GA, Carney DN, Cowan KH, et al.  Unstable 
methotrexate resistance in human small-cell carcinoma associated with double minute  chromosomes. 
N Engl J Med. 1983;308:199–202, with permission.)
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of resistance to doxorubicin in Chinese ham-
ster ovary (CHO) cells in culture, and there 
appears to be expression of this same gene for 
resistance in cells from some human solid tu-
mors that have acquired resistance.

 2. Glutathione is a naturally occurring thiol in 
all cells. Elevated levels of glutathione have 
been observed in resistant cells, especially 
those made resistant by treatment with 
melphalan. Drugs are available that block 
the synthesis of glutathione and that can be 
used to lower the levels of this compound 
in tumors and normal tissues. The best 
known example is buthionine sulfoximine. 
Use of buthionine sulfoximine has been 
shown to reduce cross-resistance, particu-
larly between melphalan and cis-platinum in 
tumor-bearing mice. The use of buthionine 
sulfoximine would not be advisable in com-
bination with doxorubicin or cis-platinum, 
because an increase in specifi c normal tissue 
toxicity (lung or kidney, respectively) would 
be expected.

 3. A marked increase in DNA repair has been 
noted in some cells resistant to melphalan 
or cis-platinum. In principle, drugs could be 
used to block repair; aphidicolin has been 
used in experimental systems, but no suitable 
drugs are available for clinical use.

 4. A debatable issue is whether cells that have ac-
quired resistance to chemotherapeutic agents 
are also resistant to radiation. The consen-
sus is that they are not. There may be some 
data from clinical experience to suggest that 
they are, but the laboratory data show rather 
clearly that acquiring resistance to a drug does 
not necessarily result in radioresistance. This 
is illustrated in Figure 27.12, in which cells 
that have acquired extreme resistance to mel-
phalan show a normal response to radiation. 
Radioresistance and chemoresistance may 
occur together, but radiation rarely induces 
chemoresistance and vice versa.

The evolving story of drug resistance has an 
impact on the development and screening of new 
drugs. In the past, the initial screening for new 
agents consisted of fast-growing, highly drug- 
sensitive mouse tumors. Tests against specifi c 
patterns or types of drug resistance were not in-
cluded. The screening systems, therefore, were 
weighted heavily in favor of producing more of 
the same types of drugs. This has changed, and 

reported to be resistant to ionizing radiation and 
chemotherapy. Resistance to radiation has been 
processed to be mediated through decreased re-
active oxygen species that are scavenged before 
they give rise to DNA strand breaks. In contrast, 
chemotherapy resistance is thought to be asso-
ciated with members of the adenosine triphos-
phate-binding cassette (ABC) transporter that 
transports drugs across the membrane. High 
levels of free radical scavengers in cancer stem 
cells will also make them refractory to certain 
chemotherapy agents such as bleomycin and 
doxorubicin. In addition to intrinsic mechanisms 
of resistance, cancer stem cells may also reside 
in specialized niches that are hypoxic, or impede 
chemotherapy activity.

The usual strategy to overcome the prob-
lem of induced resistance is to use a battery 
of different drugs, applied sequentially and cy-
clically, that produce their cytotoxicity by di-
verse mechanisms. By this strategy, cells that 
develop resistance to drug A are killed by drug 
B, and so on.

The bigger problem is pleiotropic resistance, 
the phenomenon by which the  development of 
resistance to one drug results in cross-resistance 
to other drugs, even those with different mecha-
nisms of action. There are four interesting points 
to be made:

 1. Multidrug resistance in tumor cells is caused 
by extrusion of the drugs; that is, cells pump 
the drugs out as fast as they get in. This is 
mediated by increased expression of the 
product of the multiple drug resistance gene 
(mdr), a p-glycoprotein expressed in the cell 
membrane. This membrane protein is a 
polypeptide of 1,280 amino acids composed 
of two similar domains, each containing six 
potential transmembrane segments and two 
putative adenosine triphosphate-binding re-
gions. Its structure is similar to that of various 
transporters of ions, amino acids, peptides, or 
proteins in bacterial, yeast, and animal cells. 
 Indeed, it has been reported that the mdr gene 
in human tumor cells shows considerable ho-
mology to the gene in yeast that extrudes an 
attractant that is important in the reproduc-
tive cycle. The mdr gene has been mapped 
to human chromosome 7. Resistance by this 
means can be reversed by calcium channel-
blocking drugs, such as verapamil. This has 
been shown to be an important mechanism 
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FIGURE 27.12  Chinese hamster pleiotropic multidrug-resistant cells are not necessarily resistant to radiation. 
The parental ovary cell line is designated AB. The multidrug-resistant cell line C5 was isolated by Dr. Victor Ling by 
exposing the parental line to the mutagen ethyl methane sulfonate, after which surviving cells were grown for an 
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resistant cell lines are virtually indistinguishable. (Adapted from Mitchell JB, Gamson J, Russo A, et al. Chinese hamster 
pleiotropic multidrug resistant cells are not radioresistant. Natl Cancer Inst Monogr. 1988;6:187–191, with permission.)

quite different sensitivity to a given agent. This 
variability is shown in Figure 27.13, which 
gives the response of one cell line to nine dif-
ferent cytotoxic agents, and in Figure 27.14, 
which shows the widely different response to 
Me CCNU of three permanent clones derived 
from a common astrocytoma cell line.

 2. The sensitivity of a given cell line to a given 
drug may be manipulated to a much greater 
extent than for radiation.

 3. Repair of sublethal and potentially lethal 
damage is more variable and less predictable 
for drugs than for radiation.

 4. The oxygen effect is more complex for drugs 
than for ionizing radiations. For radiation, the 
presence or absence of molecular oxygen has 
an important infl uence on the proportion of 
cells surviving a given dose of low-linear en-
ergy transfer (LET) radiation, in which about 
two-thirds of the damage is caused by indirect 
action (i.e., mediated by free radicals). As the 
LET of the radiation increases and the balance 
shifts from indirect to direct action, the impor-
tance of oxygen decreases. For very high-LET 
radiations (above about 200 keV/�m), the bio-
logic effect for a given dose is independent of 
the presence or absence of molecular oxygen. 
Under no circumstances is oxygen protective 
in the case of ionizing radiations.

the screening of new drugs for activity is per-
formed using a battery of cells of human origin 
cultured in vitro.

■  COMPARISON OF 
 CHEMOTHERAPEUTIC AGENTS 
WITH RADIATION

The title of this chapter includes the words “from 
the perspective of the radiation biologist.” This 
limited and specialized viewpoint must be kept in 
mind in what follows. Several important differ-
ences are evident in the response of cells to che-
motherapeutic agents versus ionizing radiation:

 1. There is a much greater variation of sensitiv-
ity to chemotherapeutic agents than there is to 
radiation. In the case of x-rays, the variation of 
D0 from the most sensitive to the most resis-
tant known mammalian cells may be a factor 
of about 4. By contrast, the response of various 
cell lines to a given chemotherapeutic agent 
may differ by orders of magnitude. A particu-
lar cell line may be exquisitely sensitive to one 
drug and extremely resistant to another. A dif-
ferent cell line may have a different order of 
sensitivity to various drugs, as well as a quite 
different absolute sensitivity. Different clones 
derived from a common stock may exhibit 
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Acquired resistance to drugs does not neces-
sarily involve resistance to x-rays as well.

 6. Drug resistance may be caused by changes 
in thiol levels or by molecular changes ob-
servable at the chromosome level that result 
in the activation of a gene that functions to 
pump the drug out of the cells.

■  ADJUNCT USE OF 
 CHEMOTHERAPEUTIC AGENTS 
WITH RADIATION

The initial rationale for the combination of 
radiation and chemotherapeutic agents was 
what is usually known as “spatial cooperation” 
(Fig. 27.15). Radiation may be more effective 
for  controlling the localized primary tumor, be-
cause it can be aimed and large doses are given, 
but it is ineffective against disseminated disease. 

   For drugs in which the biologic effect in-
volves free radicals, the presence or absence 
of oxygen is important in the same way as 
for low-LET ionizing radiations. The new 
factor in the case of drugs is that there is 
a whole class of antineoplastic agents that 
undergo bioreduction in the absence of oxy-
gen, so that they are more effective in hy-
poxic cells. There is no parallel for ionizing 
radiations.

   Other agents do not depend primarily on 
free radicals for their biologic effects, nor do 
they undergo bioreduction under hypoxic 
conditions; consequently, the effect of a 
given treatment is independent of the pres-
ence or absence of molecular oxygen, a prop-
erty these agents have in common with very 
densely ionizing radiations.

 5. Resistance to drugs develops more quickly 
and more regularly than it does to radiation. 
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FIGURE 27.15  Spatial cooperation. A: In some instances, radiation may be 
used to treat a large primary tumor, with chemotherapy added to cope with 
systemic disease in the form of disseminated metastases. B: In other situations, 
chemotherapy may be used as the primary treatment, with radiation added to 
treat “sanctuary” sites that the cytotoxic drug cannot reach.

attempt to achieve better local control. A specifi c 
example is the integrated use of taxanes and x-rays 
for the treatment of breast cancer. This is based 
on laboratory experiments in vitro. The initial hy-
pothesis for the mechanism of interaction is that 
cell cycle alterations induced by paclitaxel leave 
cells in a state in which they are more sensitive 
to radiation. This is illustrated in Figure 27.16, 
which shows survival curves for astrocytoma cells 

Chemotherapy, on the other hand, may be able 
to cope with micrometastases, whereas it could 
not control the larger primary tumor. In other 
situations, chemotherapy is the primary treat-
ment modality, and radiation is used only to treat 
“sanctuary” sites not reached by the drug.

Although spatial cooperation was the original 
rationale, it is no longer the only one. Radiation 
and chemotherapeutic agents are combined in an 
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for astrocytoma cells of human 
 origin exposed to graded doses of 
�-rays alone and after a 24-hour 
treatment with a 10-nM concentra-
tion of paclitaxel. This drug concen-
tration killed 95% of the cells and, 
as indicated by the inset, synchro-
nized the survivors in the radiosen-
sitive phase of the cell cycle. (Data 
from Tishler RB, Geard CR, Hall EJ, et 
al. Taxol sensitizes human astrocy-
toma cells to radiation.  Cancer Res. 
1992;52:3495–3497.)
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 5. pH (often low in tumors)
 6. Elevation of specifi c pathways in tumors (for 

example, EGFR)

The goal of combining the two modalities of 
radiation and cytotoxic drugs is to increase local 
tumor control, relapse-free survival, and over-
all survival, and to alter the pattern of relapse. 
Three obvious strategies are (1) to start chemo-
therapy after the completion of the local treatment 
( adjuvant  chemotherapy), (2) to start chemotherapy 
before the local treatment (induction chemotherapy), 
or (3) to give chemotherapy during local treatment 
(concurrent chemotherapy). Most cytotoxic agents do 
not provide enough differential sensitization of tu-
mors compared with normal tissues; consequently, 
the probability of dose-limiting or  life-threatening 
toxicity to critical tissues may be increased.

Integrating surgery, chemotherapy, and radio-
therapy has been found to increase materially the 
cure rate of a dozen or more experimental animal 
tumors. Emerging principles include the following:

 1. The lower the initial body burden of the 
tumor, the better.

 2. A maximally effective drug regimen should 
begin as soon as possible after surgery, with 
maximum practicable doses.

 3. Concurrent chemotherapy may lead to im-
proved local control, but at the price of in-
creased local toxicity.

Improving local control can improve over-
all survival rates and avoid uncontrolled local 
growth and the possible need for mutilating 
surgery. For example, induction chemotherapy 
prior to radiation therapy has a proven benefi t 
in larynx preservation. For this reason alone, ag-
gressive use of combined modalities to improve 
local control is warranted.

It has often been said that “you can only kill 
the sensitive cells once.” There is no point in 
using a battery of different agents that all target 
the same subpopulation of sensitive cells. Rather, 
the heterogeneity of the tumor cell population 
should be acknowledged and exploited. One 
agent should be effective against cycling cells, 
another against resting cells, and a third perhaps 
against hypoxic cells; in other words, the strategy 
should be to combine agents that specifi cally at-
tack the different subpopulations in the tumor.

A problem to be avoided is the triggering of “ac-
celerated repopulation.” This refers to  triggering 
surviving clonogens to divide and repopulate even 

of human origin cultured in vitro and exposed to 
graded doses of �-rays, either alone or following 
a 24-hour treatment with 10-nM paclitaxel. This 
drug treatment alone kills about 95% of the cells 
and accumulates the survivors in the radiosensitive 
G2/M phase of the cell cycle (Fig. 27.16, inset).

Inasmuch as the cell killing resulting from the 
combination of drug and radiation is greater than 
the sum of the two separately, the interaction may 
be described as “synergistic.” For this to occur, the 
drug must accumulate some cells in G2/M, which 
is a radiosensitive phase of the cycle, without kill-
ing them. Although similar results have been ob-
tained for several cell lines, there are a signifi cant 
number of reports in the literature in which the 
interaction between radiation and  paclitaxel was 
shown to be purely  additive. Additivity is ob-
served in any cell line in which the G2/M-arrested 
cells are doomed to die as a consequence of the 
drug alone. Even an additive interaction, how-
ever, may be therapeutically useful. For example, 
in animal tumors in vivo, the paclitaxel-induced 
death of G2/M cells can lead to tumor shrinkage 
and reoxygenation, which result in an enhanced 
response to subsequent irradiation.

Although the initial rationale for the combina-
tion of taxanes and radiation was based on classic 
radiobiologic considerations regarding the cell 
cycle dependence of radiosensitivity, there are 
other possible explanations for a synergistic effect 
if the two agents are used together. For example, 
the contribution of p53 to paclitaxel-dependent 
cytotoxicity is in marked contrast with its role for 
DNA-damaging agents such as radiation. Cells 
with a mutant p53 phenotype are more sensitive to 
paclitaxel treatment than are nontransformed or 
wild-type p53 cells. This fi nding explains the ef-
fectiveness of  paclitaxel as a cytotoxic agent alone, 
as well as for the effi cacy of its combination with 
radiation. In this theory, paclitaxel and radiation 
act as non-cross-resistant agents; radiation is more 
effective against wild-type p53 cells in a tumor 
population, and paclitaxel is relatively more cyto-
toxic to cells with a mutant p53 phenotype.

In general, a therapeutic gain requires differ-
ential effects between tumor and normal tissue. 
One or more of the following tumor character-
istics may be exploited to achieve this difference:

 1. Genetic instability of tumor cells
 2. Rapid proliferation of some tumor cells
 3. Cell age distribution of tumor cell populations
 4. Hypoxia (characteristic of larger tumors)
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maintain many characteristics of the clinical re-
sponse of the donor tumors. Indeed, there is a 
good correlation between clinical remission in 
donor patients and growth delay in xenografts 
established from transplanted cells. The method 
of establishing xenografts and then performing 
the necessary growth delay experiments is suffi -
ciently slow and time consuming that the tech-
nique cannot be expected ever to provide realistic 
input into deciding treatment strategy in indi-
vidual patients, although it can provide guidance 
on the sensitivity of broad categories of human 
tumors to a battery of chemotherapeutic agents.

■ SECOND MALIGNANCIES

Late effects are the key to the acceptance of 
combined treatments. The induction of second 
malignancies is one of the unfortunate late ef-
fects of treatment with radiation or cytotoxic 
drugs. In a large series of 3,000 patients with 
Hodgkin disease treated with a combination of 
radiotherapy and chemotherapy, 114 developed 
second malignancies. The greatest relative risk 
was leukemia, but the greatest in number were 
solid tumors.

Radiation is a relatively weak carcinogen; che-
motherapeutic agents vary widely. There is a choice 
of many chemotherapeutic agents, and the variable 
potential for producing a second malignancy must 
be a factor infl uencing the choice of drug in pa-
tients who are likely to be long-term survivors.

Table 27.3 compares radiation, bleomycin, 
ultraviolet radiation, and benzopyrene in terms 

more rapidly as a tumor shrinks after treatment 
with a cytotoxic agent. It is a phenomenon de-
scribed in Chapter 22. It may be one of the reasons 
why radiotherapy after induction chemotherapy 
has shown disappointing results.

■  ASSAYS FOR SENSITIVITY OF 
INDIVIDUAL TUMORS

A great deal of effort has been expended to develop 
ways to assess which agents are likely to be effec-
tive for a particular tumor. The long-term goal 
would be to mimic the testing of a bacterial in-
fection for sensitivity to a wide range of antibiotic 
drugs to select the one most suitable and effective.

One approach is to take biopsy specimens 
from a tumor in a patient, grow the cells in vitro, 
and subject the cells to a battery of chemothera-
peutic agents in the petri dish. This approach 
has the advantages of not being too expensive 
to be practical and of providing answers quickly 
enough to infl uence the treatment and modify 
the protocol of the patient from whom the cells 
were taken. It suffers, of course, from the obvious 
disadvantages of focusing attention solely on the 
question of inherent cellular sensitivity and not 
addressing the questions of drug access, hypoxia, 
or any of the more complex factors involved as 
determinants of overall tumor response.

A different approach is to grow cells from hu-
man tumors as xenografts in immune- suppressed 
mice. This is a diffi cult and limited technique 
beset with problems, some of which are discussed 
in Chapter 21. Human tumor cell, however, 

TABLE 27.3 Lesions Produced for a Given Level of Cell Killing by Various Cytotoxic Agents

Agent D37 DNA Lesion Number of Lesions per Cell per D37

X-rays 1 Gy SSB 1,000

  DSB 40

Bleomycin 5.5 �g � 1 h SSB 150

  DSB 30

Ultraviolet light 10 J/m2 TT dimer 1,000,000

  SSB 100

Benzopyrene — Adduct 100,000

SSB, single-strand break; DSB, double-strand break; TT, thymine-thymine.

Courtesy of Dr. John Ward, University of California at San Francisco.
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■ Many classically used chemotherapeutic 
agents fall into one of several classes:

Alkylating agents, which are highly ac-
tive, with the ability to substitute alkyl 
groups for hydrogen atoms in DNA, 
include nitrogen mustard derivatives, 
cyclophosphamide, chlorambucil, mel-
phalan, and the nitrosoureas (BCNU 
and CCNU).

Antibiotics, which bind to DNA and in-
hibit DNA and RNA synthesis, include 
dactinomycin, doxorubicin, daunorubi-
cin, and bleomycin.

Antimetabolites, which are analogues of the 
normal metabolites required for cell func-
tion and replication, include  methotrexate, 
5-FU, cytarabine, and 5-azacytidine.

■ Many of the newer and widely used drugs 
do not fall into any of these classes, includ-
ing the vinca alkaloids, the taxanes, procar-
bazine, hydroxyurea, platinum complexes, 
topoisomerase inhibitors, and “targeted 
therapy” agents that target a specifi c path-
way that may be elevated in some tumors 
(Erbitux, Herceptin, Gleevac, and Rituxan).

■ Dose–response relationships for many che-
motherapeutic agents resemble those for 
radiation, with drug concentration replac-
ing absorbed dose; that is, there is an initial 
shoulder followed by an exponential rela-
tionship between surviving fraction and dose. 
The exceptions are doxorubicin, bleomycin, 
dactinomycin, and taxanes, which have dose-
response curves that are concave upward.

■ At best, traditional anticancer drugs kill 
cells by fi rst-order kinetics; that is, a given 
dose kills a constant fraction of cells. Con-
sequently, the chance of eradicating a 
cancer is greatest if the population size is 
small (i.e., there is an inverse relationship 
between curability and tumor cell burden) 
at the initiation of chemotherapy.

■ Studies of sublethal damage and potentially 
lethal damage are more confusing and less 
clear-cut for drugs than for radiation.

■ Potentially lethal damage repair is a signifi -
cant factor for bleomycin and doxorubicin, 
but sublethal damage repair is essentially 
absent. Neither potentially lethal nor sub-
lethal damage repair is reported for the 
 nitrosoureas.

of the number of DNA lesions per cell neces-
sary to kill 63% of the cell population, that is, 
to allow 37% to survive. Radiation is charac-
terized by a relatively small number of DSBs, 
only about 40 per cell on average, at a dose that 
allows 37% of the cells to survive. At the other 
extreme, ultraviolet light produces one million 
dimers, and benzopyrene produces 100,000 le-
sions for the same level of survival. These in-
teresting fi gures show that radiation is a weak 
carcinogen, because it is effi cient at killing cells; 
the same is true of bleomycin. By contrast, ben-
zopyrene produces many more DNA lesions for 
a given level of cell killing and is therefore a 
powerful carcinogen; ultraviolet light is in the 
same category.

It is an interesting speculation, supported 
by these data, that the factor that determines 
whether an agent is a powerful or a weak carcin-
ogen is the number of DNA lesions required, on 
average, to kill a cell. If the number is small, the 
agent is an effi cient cytotoxic agent but is likely 
to be a weaker carcinogen. If the number is large, 
there will be many DNA lesions in cells that are 
not killed, and some of these lesions may involve 
the transformation to a neoplastic state.

SUMMARY OF 
PERTINENT CONCLUSIONS

■ Single chemotherapeutic agents have been 
used successfully to cure a few rapidly pro-
liferating tumors.

■ Combinations of drugs are used routinely 
for the treatment of various malignancies.

■ Most anticancer drugs work by affecting 
DNA synthesis or function.

■ Inevitably, many traditional anticancer 
drugs are toxic to stem cells of the intes-
tinal epithelium and hematopoietic stem 
cells because they have a high growth frac-
tion. Some of the new targeted therapy 
drugs (e.g., cetuximab) have the potential 
to increase tumor response with minimal 
effect on normal tissue toxicity.

■ Agents that are mainly effective during a 
particular phase of the cell cycle, such as 
the S phase or M phase, are said to be cell 
cycle specifi c, or phase specifi c.

■ Agents whose action is independent of the 
position of the cell in the cycle are said to be 
cell cycle nonspecifi c, or phase nonspecifi c.
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■ The adjunct use of chemotherapy with ra-
diation may involve sequential or concur-
rent treatments.

■ The extent to which chemotherapeutic 
agents show synergy with radiation varies 
widely. Some interact strongly (e.g., doxo-
rubicin, gemcitabine), others less so, and 
some not at all. See Table 27.1.

■ Some agents penetrate the blood–brain 
barrier (e.g., BCNU, temozolomide, cyto-
sine arabinoside, hydroxyurea), others only 
at high intravenous doses (e.g., methotrex-
ate), whereas many do not cross the blood–
brain barrier at all. See Table 27.1.

■ A therapeutic gain requires a differential 
between tumor and normal tissue. This 
may be achieved by exploiting one or more 
of the following tumor characteristics: ge-
netic instability; rapid proliferation; cell 
age distribution; hypoxia; pH; elevated 
specifi c pathways (e.g., EGFR).

■ Sensitive cells can be killed only once. 
Tumor heterogeneity should be exploited 
by using a combination of drugs effective 
against different cell subpopulations.

■ Sensitivity of individual tumors to chemo-
therapeutic agents with or without radia-
tion may be assessed by the following: in 
vitro clonogenic assays; xenografts in nude 
mice; micronuclei in treated cells.
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The medical manipulation of body temperature 
for treatment of disease has a long and fascinating 
history. Ancient references to the specifi c use of 
hyperthermia (or induced elevation of tempera-
ture above normal either locally, in part of the 
body, or of the whole individual) are found within 
the medical history of cultures from around the 
world. Modern interest in the cellular effects of 
heat energy by radiation oncologists was initially 
piqued by studies in the 1970s and 1980s demon-
strating the highly quantifi able, time-dependent 
cytotoxic effects of “heat-shock” range tempera-
tures (usually 41° to 45° C) on cells, similar to 
the highly reproducible and predictable effects 
of radiation. Moreover, hyperthermia in this 
temperature range was revealed to have clear 
additive, as well as synergistic, radiosensitizing 
properties. Although an early phase III trial in 
the United States in the 1980s testing the benefi t 
of adding hyperthermia to radiation in patients 
with superfi cial tumors failed to show benefi t, 
subsequent analysis of this trial revealed signifi -
cant fl aws in design, including the fact that many 
patients’ tumors were suboptimally heated at 
several of the participating centers. Indeed, since 
that time, multiple randomized trials examining 
the use of hyperthermia in combination with 

 radiation and/or chemotherapy for a range of 
solid tumors, including deep tumors, have now 
been completed, demonstrating clear and signif-
icant clinical benefi ts. As a result, today, in some 
countries such as the Netherlands and Germany, 
hyperthermia is a fully approved and a reimburs-
able part of cancer care. The improved ability to 
control and measure thermal dose, in combina-
tion with a more complete recognition of the un-
derlying biologic contribution of hyperthermia 
in radiochemosensitization, is currently driving 
a vigorous research effort, which will certainly 
further optimize the use of hyperthermia as an 
adjuvant for various oncologic and nononcologic 
disease targets.

For example, it is now appreciated that heat-
ing tumors in situ (and at temperatures as low as 
39° to 42° C) can activate vascular, metabolic, and 
immunologic parameters of the tumor microen-
vironment, which may play an additional role in 
radiochemosensitization beyond hyperthermia-
induced cell killing of tumor cells. Moreover, 
new functions for the focused delivery of heat 
in oncology are being identifi ed, including as a 
highly specifi c means by which to concentrate 
cytotoxic drugs at the site of tumor using ther-
mosensitive liposomes and other nanoparticles. 
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toxicity typical of chemical radiation sensitizers. 
When cells are heated in vitro to a suffi cient tem-
perature and for a long enough duration, they die 
in a predictable, exponential manner, and the rate 
of killing increases with temperature. Figure 28.1 
shows a series of survival curves for cells exposed 
for various periods to a range of temperatures 
from 41.5° to 46.5° C. The cell survival curves 
for heat are similar in shape to those obtained 
for x-rays (i.e., an initial shoulder followed by an 
exponential region), except that the time of ex-
posure to the elevated temperature replaces the 
absorbed dose of x-rays. For lower temperatures, 
the picture is complicated,  because the survival 
curves fl atten out after a protracted exposure to 
hyperthermia, possibly indicating the develop-
ment of  “thermotolerance” or an acquired resis-
tance or tolerance to the elevated temperature. 
The similarity in the shape of the cell survival 
curves for heat energy and x-rays is misleading. It 
is important, therefore, not to draw conclusions 
for heat based on the interpretation of radiation 
dose-response curves, because the amount of en-
ergy involved in cell inactivation is a thousand 
times greater for heat than for x-rays. This re-
fl ects the different mechanisms  involved in cell 
killing by heat and x-rays. Families of survival 
curves similar to those in  Figure 28.1 have been 
obtained for many different cell types, and it is 
clear that cells differ somewhat in their sensitivity 

New image-guided approaches are now rapidly 
expanding the medical applications of thermal 
medicine. This includes the use of radiofrequency 
(RF) or ultrasound ablation technologies capable 
of focusing heat within tumors in situ to achieve 
very high (50° to 60° C) tumor temperatures over 
a very short interval, effectively instantly killing 
most tumor tissues without harming surround-
ing normal tissues. New nanoparticle  technology 
 including ferromagnetic fl uids, nanotubes, and 
gold-coated particles are leading to completely 
new strategies for local heating of cells and  tumors. 
In addition, this chapter also summarizes several 
recently completed clinical applications of hyper-
thermia with radiation and/or chemotherapy.

■  CONTRIBUTION OF INDIRECT AND 
DIRECT EFFECTS OF HYPERTHERMIA 
TO RADIATION SENSITIZATION

Early Emphasis on the Direct Cytotoxic 
 Effects of “Heat Shock” Temperatures
The research, which led directly to initial clinical 
trials during the 1980s and 1990s that aimed to 
locally heat patients’ tumors to temperatures to 
approximately 43° C, focused on the observation 
that tumor cell damage from focused heat energy 
that could add to, or even synergize with, the an-
titumor effects of radiation without the systemic 

43.5°
44°
44.5°
45.5°
46.5°

43°

42.5°

42°

41.5°

10–1

1.0

10–2

10–3

10–4

10–5

C
el

l-
su

rv
iv

in
g

 f
ra

ct
io

n

Exposure to hyperthermia (minutes)
0 100 200 300 400 500

FIGURE 28.1  Survival curves for mam-
malian cells in culture (Chinese hamster 
ovary line) heated at different tempera-
tures for varying lengths of time. (Adapted 
from Dewey WC, Hopwood LE, Sapareto LA, 
et al. Cellular responses to combinations 
of hyperthermia and radiation. Radiology. 
1997;123:463–474, with permission.)
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may refl ect the development of thermotolerance 
within cells. Importantly, the slopes of Arrhenius 
plots derived from many in vitro and in vivo stud-
ies are nearly identical, and this consistency has 
provided long-standing usefulness of the Arrhe-
nius analysis as a basis for assessing thermal dose 
in clinical hyperthermia applications up until the 
present time.

The similarity of the activation energy for 
protein denaturation to the activation energy for 
heat cytotoxicity, calculated from the Arrhenius 
analysis, led to the hypothesis that the target for 
heat cell killing in this temperature range resides 
in cellular proteins. Specifi cally, the heat of inacti-
vation for cell killing and thermal  damage is simi-
lar to the energy needed for protein denaturation 
(130–170 kcal/mol). Additional evidence for pro-
teins as being the primary  target for thermal cell 
killing is the importance of heat shock proteins 
(HSPs) in protecting thermotolerant cells from 
thermal damage. One of the primary functions 
of HSPs is to stabilize and refold other proteins 
that have been denatured or damaged, an event 
that signals their enhanced production. Structural 
chromosomal proteins, nuclear matrix, mitochon-
dria and cytoskeleton, repair enzymes, transport 
proteins, and other membrane components are 

to  heat-induced cellular  damage in this tempera-
ture range. However, as with  ionizing radiation, 
there is no consistent difference between normal 
and malignant cells heated in vitro.

Survival data for Chinese hamster ovary cells 
exposed to various levels of hyperthermia (taken 
from Fig. 28.1) are replotted in  Figure 28.2, with 
1/D0 on the ordinate and 1/T on the abscissa. T is 
the absolute temperature; D0 is the reciprocal of 
the slope of the exponential region of the sur-
vival curve (i.e., the time at a given temperature 
that is necessary to reduce the  fraction of sur-
viving cells to 37% of their former value). This 
type of presentation is known as an  Arrhenius 
plot; its slope gives the  activation  energy of the 
chemical process involved in the cell killing. 
The obvious change in slope, which is typical 
of Arrhenius plots, occurs at a  temperature re-
ferred to as the “breakpoint” and is about 43° C 
for human cells. Above this temperature, an in-
crease of 1° C  doubles the rate of cell killing, and 
below the breakpoint, the rate of cell killing by 
heat drops by a factor of 2 to 4 for each drop of 
1° C. The difference in activation energy above 
and below this temperature may refl ect differ-
ent  mechanisms of cell killing (i.e., different tar-
gets for cytotoxicity above and below 43° C) or 
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FIGURE 28.2  An Arrhenius plot for heat 
inactivation of mammalian cells in culture. 
The reciprocals of the D0 values obtained for 
Figure 28.1 are plotted versus the recipro-
cal of the absolute temperature. (Adapted 
from Dewey WC, Hopwood LE, Sapareto LA, 
et al. Cellular responses to combinations 
of hyperthermia and radiation. Radiology. 
1997;123:463–474, with permission.)
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damage to normal tissues, because cell killing 
by heat is strongly enhanced by nutritional de-
privation and increased acidity, conditions that 
are typical of the poorly vascularized parts of 
solid tumors. Thus, a moderate HT, which can 
be tolerated by well-vascularized normal tissues, 
destroys a large proportion of the cells of many 
solid tumors in experimental animals. In those 
cases in which thermal  radiosensitization has 
been studied, typical TER values are 1.4 at 41° C, 
2.7 at 42.5° C, and 4.3 at 43° C, with heat applied 
for 1 hour. TERs have been developed for canine 
and human tumors however in studies by  Gillette 
et al. and Overgaard et al. These  estimates came 
from retrospective analyses of dose-effect re-
lationships with and without hyperthermia. In 
canine oral squamous cell  carcinomas, it was es-
timated to be approximately 1.15, when hyper-
thermia was administered twice a week during a 
course of fractionated radiotherapy.  Importantly, 
the use of hyperthermia increased the slope of 
the TCD50 curve, such that the doses required to 
achieve a high level of local tumor control were 
maintained well below that which caused  normal 
tissue damage (defi ned here as bone necrosis). 
TERs have also been estimated to be in the range 
of 1.5 for several  superfi cial human tumor types.

Heat and the Therapeutic Gain Factor
The therapeutic gain factor can be defi ned as the 
ratio of the TER in the tumor to the TER in nor-
mal tissues. There is no advantage to using heat 
plus lower doses of x-rays if there is no therapeu-
tic gain compared with the use of higher doses of 
x-rays alone. The question of a therapeutic gain 
factor is complicated in the case of heat, because 
the tumor and normal tissues are not  necessarily 
at the same temperature. If the statement is 
made that heat preferentially damages tumor 
cells compared with normal tissue, it is implied 
that they are both at the same temperature. In a 
practical situation, however, this is not always the 
case. For example, if a poorly vascularized tumor 
is treated with microwaves, it may reach a higher 
temperature than the surrounding normal tis-
sue, because less heat is carried away by the fl ow 
of blood. In addition, the overlying skin can be 
cooled  actively by a draft of air or even a cold-
water pack. In these circumstances, the normal 
tissues may be at a signifi cantly lower tempera-
ture than the tumor, which therefore exaggerates 
the differential response in a favorable direction.

all included among targets that have been shown 
to be denatured in a time-dependent manner by 
temperatures between 42° and 45° C. Enzymes in 
the respiratory chain are more heat sensitive than 
enzymes in the glycolytic pathway.

Protein damage represents an important 
mechanistic difference between the manner in 
which heat and ionizing radiation lead to cellular 
damage, and this suggested that the two thera-
pies could result in at least an additive ability to 
kill tumor cells if used together. There are other 
differences between irradiation and heating, sug-
gesting that they could have additive effects. After 
irradiation, cells die only in attempting the next 
or a subsequent mitosis (except in very unusual 
circumstances), whereas heat-induced damage 
is expressed early, causing cells to die by various 
necrotic or apoptotic mechanisms, depending on 
the temperature. In addition, heat affects differ-
entiating as well as dividing cells. Heat-induced 
chromosomal aberrations can occur if cells are in 
S phase during the time of heating. Although there 
is a familiar delay in x-ray response related to the 
time it takes for stem cells to progress through the 
process of differentiation and become functional, 
this delay is absent in the case of heat-induced cell 
death because all cells are affected, differentiated, 
or dividing; the thermal damage to the tissue is 
expressed immediately if the temperature is high 
enough. The DNA repair process itself is heat 
sensitive and this may be one of the mechanisms 
that lead to heat-induced radiosensitization and 
chemosensitization. Finally, although hypoxia 
renders cells resistant to radiation, it does not ap-
pear to affect sensitivity to heat.

Thermal Enhancement Ratio
The extent of the interaction of heat and radia-
tion can be expressed in terms of the thermal en-
hancement ratio (TER), defi ned as the ratio of 
doses of x-rays required to produce a given level 
of biologic damage with and without the appli-
cation of heat. The TER has been measured for 
various normal tissues, including skin, cartilage, 
and intestinal epithelium. The data form a con-
sistent pattern of increasing TER with increasing 
temperature, up to a value of about 2 for a 1-hour 
heat treatment (HT) at 43° C. The TER is more 
diffi cult to measure in transplanted  tumors in 
laboratory animals, because the direct cytotoxic 
effect of the heat tends to dominate. Heat often 
can control experimental tumors with  acceptable 
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well as tumor cells. This was predicted to lead to 
an increased accumulation of heat (because the 
damaged blood vessels would carry less heat away) 
while the pH, pO2, and nutrient status of the cells 
would decline, leading to enhanced tumor cell sen-
sitivity to heat-induced cell killing. As a result of 
these studies, it was suggested that care was needed 
in combining heat and radiation, since tumor per-
fusion would be compromised by heating. For 
these reasons, several protocols have used hyper-
thermia in clinical applications after the fi rst dose 
of radiation.

However, temperatures that can be achieved 
experimentally in mouse tumors are signifi cantly 
higher than those which typically occur in human 
tumors under clinical conditions using locally 
applied, external heat energy; whether tumor 
vasculature in human tumors is damaged by the 
more modest temperatures reached under clini-
cal conditions is still open to question. Further, 
it is important to also note that in animal studies 
in which more moderate temperatures are used 
(41° and 41.5° C), hyperthermia has been shown 
to promote tumor reoxygenation, with the de-
gree of reoxygenation correlating with the level 
of the radiosensitivity of the tumor. Importantly, 
these data have been confi rmed in a clinical study 
of patients with soft tissue sarcomas and breast 
cancer. Brizel and colleagues showed that one 
HT led to reoxygenation of human soft tissue 
sarcomas within 24 to 48 hours, whereas there 
was no measurable reoxygenation during a prior 
week of standard radiation therapy (RT). Jones 
and colleagues reported that mild hyperthermia 
(41° and 41.5° C at 90% of the measured points 
for 1 hour) signifi cantly increased the pO2 in 
hypoxic, but not normoxic, human breast can-
cers. Such increases in tumor oxygenation could 
signifi cantly improve tumor response to radio-
therapy and is likely to be the primary important 
effect of local/regional or whole body forms of 
clinical hyperthermia. If this assumption is cor-
rect, then there should be much more attention 
devoted to optimal scheduling of hyperthermia 
in future trials to maximize oxygen-dependent 
radiosensitization. Indeed, instead of aiming 
to kill cells, mild hyperthermia may have the 
ability to rapidly stimulate global changes in 
the tumor microenvironment that collectively 
could  enhance RT; this includes effects on pH, 
oxygen concentration, metabolism, protein/gene 
 expression, and vascular perfusion.

Factors that Modify Direct Cellular 
 Damage from Hyperthermia
Because the earliest rationale for using heat as 
a radiation sensitizer involved maximizing direct 
heat-induced protein denaturation and cellular 
damage, there has been considerable attention 
by researchers given to factors that could  modify 
tumor cell thermal sensitivity. For example, 
modifi cation of cell membrane lipid content or 
use of membrane active agents, such as alcohols, 
was found to sensitize cells to heat  killing, and the 
sensitization is probably related to destabilization 
of the membrane as it relates to lipid–protein 
interactions. Cells in an acid pH  environment 
appear to be more  sensitive to  killing by heat. 
The pH dependence of cytotoxicity at elevated 
temperatures, however, is affected by pH history. 
Cells can adapt to pH changes and avoid the heat 
sensitivity shown for low pH.

Cells defi cient in nutrients are quite heat 
sensitive. This can be demonstrated with cells in 
culture in which sensitivity to heat increases pro-
gressively as cells have their energy supply com-
promised, either by depriving them of glucose 
or by the use of a drug that uncouples oxidative 
phosphorylation. These conclusions about pH 
and nutrients, obtained under controlled condi-
tions with cells in culture, led to the speculation 
that cells in tumors that are nutritionally de-
prived and at acid pH because of their location 
remote from a blood capillary may be particularly 
sensitive to heat. Because of their environment, 
it is likely that these cells are out of cycle and 
possibly hypoxic also. In this context, heat and 
x-rays would be predicted to be complementary 
in their action, because the cells that are most 
resistant to x-rays (out of cycle and hypoxic be-
cause of their remoteness from a capillary) show 
enhanced sensitivity to heat. A further enhanc-
ing factor that contributes to the complementary 
interaction of hyperthermia and radiation is that 
regions of a tumor in which the vasculature is 
poorly  developed and potentially hypoxic tend to 
be at an elevated temperature because the cool-
ing  effect of blood fl ow is reduced.

Increased Recognition of the Importance 
of Indirect Effects of Hyperthermia: 
Heat and the Tumor Microenvironment
Some studies in mice had shown that local hyper-
thermia (using temperatures of 43° to 44° C) could 
naturally damage tumor vascular endothelium as 
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thermotolerance by keeping at least several 
days between hyperthermia fractions. However, 
it is now clear that in actual tumors in situ, an 
increase in blood fl ow and consequent increase 
in oxygenation by heating may signifi cantly en-
hance the response of tumors to radiotherapy to 
a greater degree than any inhibition of thermal 
killing related to the occurrence of thermotoler-
ance. Further, heat-induced radiosensitization is 
not subject to thermotolerance. Thus, although 
fears regarding thermotolerance had a historical 
importance regarding scheduling of hyperther-
mia for patients (schedules that may have turned 
out to be suboptimal in terms of achieving maxi-
mal benefi ts of hyperthermia), it is now clear 
that under normal heating conditions used in 
the clinic, thermotolerance may not be induced 
to any signifi cant degree. Newer trials that are 
being designed to use more frequent applica-
tions of heating are likely to result in improved 
clinical benefi t.

Another related area of research that has 
undergone considerable evolution in terms of 
understanding radiation sensitization by hy-
perthermia involves HSPs. It has been known 
for a long time that if cells are exposed to heat, 
proteins of a defi ned molecular weights or fami-
lies are observed to be strongly induced above 
normal levels of expression. It was shown long 
ago that the appearance of these HSPs coincides 
with the development of thermotolerance, and 
their disappearance coincides with the decay of 
thermotolerance. Later molecular studies that 
specifi cally altered expression of certain HSPs 
demonstrated that they clearly exert a signifi cant 
protective effect against potentially lethal heat 
exposures. Indeed, it has been long understood 
that HSP families are ubiquitous in evolution 
and are found in all living organisms. Similarly, 
a thermotolerance phenomenon also appears 
to be a conserved response in evolution result-
ing from their increased expression following 
exposure to certain stress conditions. However, 
although thermotolerance was one of the  earliest 
functions attributed to HSPs, it is recognized 
today that these proteins play essential roles in 
numerous macromolecular processes under nor-
mal physiologic conditions as well as under stress 
conditions. In fact, there is now considerable re-
search exploring induction of HSPs by hyper-
thermia treatments because of their likely role in 
promoting antitumor immune responses.

It is well documented in human physiology 
that in normal tissues, a modest increase in tem-
perature prompts highly sensitive thermoregula-
tory homeostatic mechanisms that increase heat 
dissipation in the vasculature. However, the abil-
ity to optimally thermoregulate is itself a highly 
temperature-dependent phenomenon. Optimal 
thermoregulation in terms of vascular effects 
occurs at mild to moderate hyperthermia and 
begins to fail above 41° and 42° C, resulting in 
heatstroke symptoms. While at temperatures of 
43° C or higher, direct vascular and cellular dam-
age can occur, and blood fl ow can be impaired. 
In cooler regions, the largest contributing factor 
to radiation sensitization by heating appears may 
be its ability to stimulate vascular activity, which, 
in turn, enhances delivery of additional oxygen-
ated blood into tumors, sensitizing the tumor to 
radiation.

Despite an incomplete understanding of the 
actual basis of radiation sensitization by hyperther-
mia, an overestimation of the role of thermotoler-
ance and suboptimal sequencing of hyperthermia 
and radiation fractions, multiple trials have been 
completed, revealing a critical role for hyperther-
mia in enhancing RT. A very active, preclinical, and 
clinical research effort is under way at the present 
time to develop the optimal dose and scheduling 
protocols and to design new clinical trials based on 
a more complete understanding of the physiologic 
effects of hyperthermia.

Thermotolerance
Exploration of the changing view of the role of 
“thermotolerance” in hyperthermia serves as a 
useful example demonstrating how our under-
standing of the radiosensitizing effects of hyper-
thermia have evolved over the past 2 to 3 decades. 
Thermotolerance, or induced thermal resistance, 
is usually described as the development of a tran-
sient and nonhereditary resistance to subsequent 
heating by an initial HT. Specifi cally, in vitro 
clonogenic assays of thermal cytotoxicity reveal 
that although one dose of heat kills a substantial 
fraction of cells, subsequent daily  treatments are 
comparatively ineffective. Thermotolerance can 
begin to occur a few hours after the fi rst treat-
ment and may take as much as a week to decay. 
This would suggest that thermotolerance would 
be a signifi cant problem clinically when heat is 
combined with fractionated radiotherapy, and 
most clinical trials were designed to minimize 
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is that clinical hyperthermia may trigger some of 
the same thermally sensitive targets in the im-
mune system that have evolved over millions of 
years to respond to fever. An exciting possibility 
is that strategically applied HTs may serve as an 
adjuvant, helping to overcome at least some of 
the tumor escape mechanisms used by tumors to 
overcome immune recognition and destruction.

Although much more work is needed, cur-
rent evidence that supports this possibility in-
cludes (1) enhanced immunogenicity and HSP 
expression seen after tumor cells are heated, 
(2) thermally enhanced immune effector cell ac-
tivation and function, and (3) thermally enhanced 
vascular perfusion and delivery or traffi cking 
of immune effector cells to tumors (Fig. 28.3). 
 Current research goals in this rapidly growing 
fi eld include defi nition of the role of thermal 
stress-induced HSPs in mediating enhanced 
T lymphocyte responses, and establishment of 
heating protocols in which thermally regulated 
immune effector mechanisms could be maximally 

■  IMMUNOLOGIC EFFECTS OF 
 HYPERTHERMIA

One of the most recent directions in the fi eld of 
thermal medicine is the exploration of whether 
thermal stimulation of the antitumor immune 
response contributes to improved local control 
or long-term survival of patients receiving treat-
ments of hyperthermia. Historically, some of the 
earliest attempts to use immunotherapy in cancer 
are linked to the medical origins of hyperthermic 
oncology, because it was reported that cancer pa-
tients who experienced the highest fevers follow-
ing injection with infectious agents (i.e., Coley 
toxins) in an attempt to treat tumors may have 
also experienced the longest survival. Although 
there are major and important differences be-
tween hyperthermia and fever, both involve an 
upward shift in body temperature, a phenom-
enon that has been strongly correlated with im-
proved survival following infection in multiple 
species. One possibility that is being considered 

Mild hyperthermia

Migration to
target site

Regulation of effector
molecules and release

of soluble factors
Proliferation of
effector cells

Killing of
target cells

Immune effector cell

Cell surface effector
molecules

Soluble immune factors

Tumor cell

40°C

38°C

36°C

34°C

32°C

FIGURE 28.3  Mild hyperthermia can affect multiple aspects of the antitumor immune system 
(From Peer, Grimm MJ, Zynda ER, et al. Diverse immune mechanisms may contribute to the survival ben-
efi t seen in cancer patients receiving hyperthermia. Immunol Res. 2010;46:137–154, with permission.)
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solve the problem of how to normalize the 
time–temperature data, which was seen to vary 
 signifi cantly from patient to patient. Sapareto 
and Dewey proposed the concept of “cumulative 
equivalent minutes” (CEM) at 43° C. More spe-
cifi cally, the measure of thermal dose stated as 
CEM 43° C T90 refers to the number of CEM at 
43° C exceeded by 90% of the monitored points 
within the tumor. For this analysis, 43° C was 
chosen because it represents the breakpoint tem-
perature for most human cells as judged from 
the Arrhenius plot. How does this idea work in 
practice? Because it is generally agreed that the 
effects of a 1° C rise of temperature is equivalent 
to a reduction of time by a factor of 2, conse-
quently, above this transition temperature,

  t2 _ t1
   � 2T1�T2

in which t1 and t2 are the heating times at tem-
peratures T1 and T2, respectively, to produce 
equal biologic effect. For temperatures lower 
than the transition temperature, an increase in 
temperature by 1° C requires that time be de-
creased by a factor of 4 to 6:

  t1 _ t2
   � (4 to 6)T1�T2

The CEM 43° C T90, or the thermal dose, may 
be calculated from one of the other of these ex-
pressions or a combination of both: That is, the 
heat dose associated with a changing tempera-
ture may be calculated as the sum of equivalent 
heating times at 43° C for each temperature. 
Thus,

CEM 43° C � tR(43�T )

where CEM 43° C refers to the cumulative 
equivalent minutes at 43° C (the temperature 
suggested for normalization), t is the time of 
treatment, T is the average temperature during 
desired interval of heating, and R is a constant. 
When above the breakpoint, R is 0.5. When 
below the breakpoint, R is 0.25. For a complex 
time–temperature history, the heating profi le is 
broken into short intervals of time “t” length 
(typically 1 to 2 minutes), where the temperature 
remains relatively constant. CEM 43° C is calcu-
lated for each interval and summed to give a fi nal 
CEM 43° C for the entire HT:

CEM 43° C � �tR(43�Tavg)

CEM 43° C, also known as the “thermal iso-
effect dose formulation, has now been used to 

exploited.  Although most hyperthermia applica-
tions have aimed to achieve temperatures of 42° 
to 45° C, or higher, normal fever-range body 
temperatures rarely exceed 40° C and are most 
often near 38° to 39° C. In fact, several studies 
demonstrate that cells of the immune system are 
more sensitive than other cell types to elevated 
temperatures. However, it should be kept in 
mind that even during thermal ablation, there 
are thermal gradients established at the margins 
of the tumor and in adjacent normal tissue where 
the temperature increase may be quite modest. 
And further, it would also be expected that there 
are extended regions of normal tissue that receive 
heated blood from the region of heated tumors; 
these distal draining tissues and blood cells may 
at a mildly elevated temperature for considerable 
lengths of time, long enough to provoke several 
relevant immunologic effects.

■  MEASURING THERMAL DOSE 
IN  PATIENTS

For every form of hyperthermia to be accu-
rately delivered and evaluated in clinical trials, 
it is essential to achieve optimal quality control 
of heat delivery and temperature monitoring in 
patients. As was discussed previously, the tem-
perature-induced cytotoxicity of tumor cells is 
dependent on both temperature and time, so 
that some type of time-integrated temperature 
analysis is considered the best approach to deter-
mining thermal dose. However, achieving this 
information in patients is not straightforward. 
Patients’ tumors differ in fundamental ways, 
including the ability to be heated, a parameter 
that may depend not only on physiologic factors 
such as blood fl ow, but also on body size, tumor 
positioning, and the power deposition of the 
heating device. Moreover, temperatures within 
a given tumors are not uniform, and hotter and 
cooler regions are seen (probably because of un-
even vascular drainage), which limits the goal 
of reaching a uniform target temperature-time 
combination for therapy.

A major advance toward development of a 
tool by which to compare thermal dose among 
different patients was achieved when Sapareto 
and Dewey proposed to use the information 
obtained from the Arrhenius plot (which shows 
that there is a predictable relationship between 
the rate of cell killing and temperature) to help 
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in addition to the ability to monitor resultant 
tumor temperatures over time, varied enormously 
at the various centers that participated in this 
trial. Despite this early setback, basic, transla-
tional, and clinical research in the fi eld of ther-
mal medicine continued, as well as research on 
the physics and engineering principles associated 
with optimal heat delivery to tumors. Further, 
signifi cant progress in the ability to measure ac-
curately the resultant tumor temperature over 
time was achieved. Although much more work 
is needed, it is indeed remarkable that there are 
now at least 10 randomized clinical trials that 
demonstrate clear benefi ts to hyperthermia as an 
adjuvant to radiation for the treatment of various 
types of cancers, including superfi cial and deep 
tumors, and involving both palliative and poten-
tially curable settings. Moreover, several addi-
tional phase III trials provide strong evidence for 
combining hyperthermia with chemoradiation, 
or chemotherapy. Today, in some countries such 
as the Netherlands and Germany, hyperther-
mia is a fully approved and a reimbursable part 
of cancer care. Much can be learned from these 
trials by those interested in radiation oncology, 
and several of the most important phase III  trials 
showing clear enhancement of radiation by hy-
perthermia are presented here.

Carcinoma of the cervix: A trial that contrib-
uted signifi cantly to the fact that hyperther-
mia is added as part of standard care for some 
cancers in parts of Europe is a phase III trial 
done by a Dutch group, which tested the use 
of radiation alone versus radiation and hy-
perthermia in patients with locally advanced 
pelvic tumors (cervical carcinoma, as well as 
bladder and rectal tumors were included) in a 
randomized study that involved 361 patients. 
In this study, HT were given once weekly for 
fi ve treatments. It is also important to note 
here that although some had considered that 
hyperthermia would only be useful for superfi -
cial tumors, the heating technology used here 
resulted in adequate deep heating capable of 
heating pelvic tumors. Although improved 
 responses were seen in all tumor types, most 
of the benefi t appeared to occur in patients 
with cervical cancer. The complete response 
(CR) rate following RT � HT was 83% com-
pared with 57% after RT alone. Three-year 
survival was 27% in the RT-alone group of 

retrospectively evaluate heating effi cacy in sev-
eral clinical trials. Moreover, two recent phase 
III clinical trials by Jones et al. and Thrall et al. 
used this formulation to prospectively  evaluate 
patients’ tumors to determine whether they 
were “heatable” prior to randomization.  Further, 
this concept was used to defi ne a thermal dose, 
which could identify patients who received a 
higher thermal dose from those which received 
a lower dose. These trials have been extremely 
important for showing that not all tumors are 
heatable to the same degree and the ability to ac-
tually control of thermal dose delivery can affect 
the probability for response and duration of local 
tumor control. This concept is of critical impor-
tance for future clinical success of hyperthermia 
and is clearly an area deserving of additional re-
search. Moreover, using the concept of CEM 
43° C, these trials have clearly established that 
the actual temperatures achieved in patients’ tu-
mors is less than the target temperature of 43° C 
for a signifi cant portion of time, over a signifi -
cant portion of tumor. Nevertheless, signifi cant 
clinical benefi t is obtained. These data are creat-
ing a major current paradigm shift with regard 
to what may actually be happening in the tumor 
microenvironment that promotes radiation sen-
sitivity, because the temperatures achieved would 
appear to be lower than that required for thermal 
 cytotoxicity.

■  PHASE III CLINICAL TRIALS  TESTING 
BENEFIT OF HYPERTHERMIA FOR 
 ENHANCING RADIATION THERAPY

Early studies showed that the simultaneous ap-
plication of heat and ionizing radiation maximizes 
thermoradiosensitization; simultaneous thermo-
radiotherapy should cause more cell killing with 
mild temperatures than does sequential  delivery. 
However, because of logistical and practical  issues, 
most clinical trials have sequenced heat before or 
after radiation, not at the same time.

Although an early Radiation Therapy Oncol-
ogy Group phase III trial that included patients 
with various types of superfi cial tumors yielded 
well-publicized disappointing results in the late 
1980s (showing only a modest benefi t of addi-
tion of hyperthermia and only in patients with 
tumors that were less than 3 cm), it was quickly 
realized that the ability to actually heat tumors, 
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candidates for local RT for a superfi cial lesion 
less than 3 cm in thickness. In this study, the in-
vestigators decided to fi rst determine whether a 
tumor was “heatable” prior to randomization by 
conducting a test hyperthermia treatment and 
measuring whether the tumor could be heated 
to a prescribed temperature ahead of time. All 
patients whose tumors were judged to be heat-
able were later randomized to receive radiation 
alone (with no additional heat) or radiation 
combined with hyperthermia. The complete 
response rate in the hyperthermia/ radiation 
group was 66% versus only 42% in the radia-
tion-alone group. Again, previously irradiated 
patients had the greatest benefi t, enjoying a 
68.2% response rate in the hyperthermia/ 
radiation group versus 23.5% in the radiation-
alone group (Fig. 28.4). This was the fi rst study 
to capitalize on the idea that for hyperthermia 
to act as a radiation sensitizer, the tumor must 
be able to be heated, and it will surely help to 
defi ne the need for improved pretreatment 
identifi cation of the patients most likely to 
benefi t from hyperthermia in the future. More-
over, as discussed previously, this trial provides 
strong evidence that although heating is de-
signed to bring the tumor to at least 43° C, the 
resultant CEM 43° C T90 is signifi cantly lower, 
suggesting that mild  hyperthermia can have 
signifi cant radiosensitizing effects, which may 
not be caused by thermal cytotoxicity.

  A second phase III trial, which has been 
completed, that prospectively evaluated heat-
ability prior to randomization is an important 
canine trial conducted by Thrall et al., con-
ducted on pet dogs with spontaneous soft tis-
sue sarcomas; again, the data from this trial 
confi rm the benefi t of the heatability of tu-
mors with respect to clinical benefi ts.

Head and neck cancer: Head and neck cancers 
are signifi cantly more likely to respond  better 
if hyperthermia is added to RT. In  studies 
conducted by Valdagni et al., patients in 
stage III receiving RT � HT had a 58% CR 
compared with 20% in the RT group. Simi-
larly, patients with stage IV disease achieved 
a CR of 38% compared with 7% for those 
receiving RT alone. Despite the diffi culties 
encountered when trying to heat tumors in 
the head and neck region, this trial evaluated 
both the primary site as well as neck nodes. 
In another trial by this group in which only 

cervix cancer patients, 51% in the RT � HT 
group ( p � 0.003). Importantly, more recent 
(2008–2009) long-term following continues to 
demonstrate signifi cant survival benefi t in the 
patients who received hyperthermia. However, 
after this impressive trial was well under way, 
the  addition of cisplatin along with radiation 
was judged to be superior to radiation alone 
for the treatment of cervical cancer; thus, by 
the time the trial was concluded, the control 
arm could be criticized for being suboptimal 
therapy. Thus, a phase III trial has already 
been initiated comparing cisplatin treatment 
(CT) � RT � HT to CT � RT. It is impor-
tant to note, however, that recent studies by 
 Frankena et al. show that the survival benefi t 
of hyperthermia can be extended to patients 
who are unable to receive chemoradiation and 
that the addition of even a single HT can in-
crease the complete response probability.

Recurrent chest wall breast cancer: Managing 
and treating recurrences of breast cancer in 
the chest wall present a signifi cant challenge 
to both patients and their clinicians. However, 
in this setting, hyperthermia appears to con-
tribute signifi cant benefi ts and new clinical tri-
als are defi nitely warranted as soon as possible. 
Five separate phase III trials have been con-
ducted, which were eventually combined as an 
international collaborative study. In this study, 
patients were randomized to  either RT alone or 
RT with HT, and a signifi cant improvement in 
CR rate was seen for patients receiving HT � 
RT compared with RT alone. It is notable that 
the greatest effect was observed in patients with 
lesions in areas that had previously been irradi-
ated, thus limiting the ability of those patients 
to receive optimal subsequent irradiation. Re-
lated to this trial, data from a seven-institution 
retrospective review of treatment for chest wall 
recurrence was presented at the American So-
ciety for Therapeutic Radiology and Oncology 
2006 meeting. Although these data are retro-
spective, the complete response rate was 67% 
in those treated with hyperthermia and radia-
tion versus 31% treated with radiation alone.

Superfi cial malignancies: An important single-
institution prospective randomized trial of 
radiation and hyperthermia for various super-
fi cial tumors (most of which were  recurrent 
chest wall breast tumors) was conducted by 
Jones et al. and included patients who were 
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an  important research area for extending hy-
perthermia treatment to the brain.

■  CLINICAL TRIALS ASSESSING 
THE BENEFIT OF  HYPERTHERMIA 
IN COMBINATION WITH 
 CHEMOTHERAPEUTIC AGENTS

As with RT, there are now several very compel-
ling clinical demonstrations of the benefi t of 
adding hyperthermia to chemotherapy proto-
cols, and understanding the underlying rationale 
is a topic of much current research. In several 
 fundamental ways, enhancement of effi cacy of 
both radiation and chemotherapy by heating is 
likely to involve overlapping mechanisms. In vitro 
data reveal the potential for enhanced chemosen-
sitization for several chemotherapeutic agents by 
increased temperature, even of only 1° to 2° C. 
Agents that have been shown to synergize with 
hyperthermia include melphalan, cisplatin and 
related compounds, anthracyclines, bleomycin, 
mitomycin C, nitrosoureas, and nitrogen mus-
tards.  Moreover, hypoxic cell sensitizers have 

metastatic cervical lymph nodes from patients 
with advanced local regional squamous cell 
carcinoma were heated, the CR rate was 83% 
for RT � HT versus 41% for radiation alone. 
Remarkably, 5-year survival was 0 for RT 
alone and 53% in the RT � HT group.

Glioblastoma multiforme: Brain tumors may 
also benefi t from hyperthermia. The group of 
Sneed et al. at the University of California in 
San Francisco evaluated the combination of 
interstitial hyperthermia and brachytherapy 
radiation for patients with glioblastoma mul-
tiforme. Patients whose tumors were implant-
able for brachytherapy following external beam 
radiation and chemotherapy were randomized 
to receive brachytherapy alone or combined 
with hyperthermia.  Impressively, even in this 
rapidly progressing type of  cancer, both times 
to tumor progression and 2-year survival were 
signifi cantly improved for patients who re-
ceived hyperthermia compared with those 
treated with brachytherapy alone (31% ver-
sus 15%). However, toxicity appeared to be 
slightly greater in patients who received hyper-
thermia, and solving this problem represents 
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FIGURE 28.4  Results of a random-
ized phase III trial comparing effi cacy of 
delivering a low versus high cumulative 
thermal dose in combination with radio-
therapy for superfi cial tumors (primarily 
chest wall recurrences of breast cancer). 
A: Clinical trial design. B: Duration of 
local control in patients with superfi cial 
tumors treated with a low versus high 
cumulative thermal dose combined with 
RT. The difference in CR rate was signifi -
cant as well as duration of local control 
following administration of a higher 
cumulative thermal dose. (From Jones 
EL, Oleson JR, Prosnitz LR, et al. Random-
ized trial of hyperthermia and radia-
tion for superfi cial tumors. J Clin Oncol. 
2005;23:3079–3085, with permission.)
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Esophageal cancer: Two randomized studies 
by Sugimachi et al. have now demonstrated 
a signifi cant clinical advantage by adding 
hyperthermia to CT alone or to chemora-
diotherapy during neoadjuvant treatment of 
squamous cell carcinoma of the esophagus. In 
one study, patients were randomized to pre-
operative hyperthermia, RT, and chemother-
apy (bleomycin), compared with radiation 
and chemotherapy alone. Clinical complete 
responses as well as pathologic responses 
were signifi cantly improved in the trimodal-
ity arm. In a follow-up study, patients were 
treated with CT alone (bleomycin and cispla-
tin) or combined with hyperthermia (i.e., no 
RT was given in this trial). A signifi cant im-
provement in histopathologic response was 
noted in the group receiving hyperthermia 
(19% versus 41%).

High-risk sarcoma: In new clinical data recently 
reported by Issels and colleagues in a random-
ized phase III trial involving 341  patients with 
localized high-risk soft tissue sarcoma (the 
largest phase III trial for any evaluation of 
therapy for sarcoma), it was revealed that heat-
ing the tumor and the surrounding area (i.e., 
deep regional or part-body heating at a range 
between 40° to 43° C) during chemotherapy 
can signifi cantly improve tumor control, in-
cluding those in the extremities (Fig. 28.5). 
Specifi cally, regional hyperthermia during in-
duction is associated with a 42% reduction in 
risk of local progression or death compared 
with chemotherapy alone. Further, there was 
a 30% improvement in disease-free survival 
and an improved treatment response rate in 
the combined heat–chemotherapy group. In 
this impressive study, patients were random-
ized to neoadjuvant chemotherapy (etoposide, 
ifosfamide, and doxorubicin) alone or com-
bined with regional  hyperthermia achieved by 
using RF for 60 minutes on days 1 and 4 of 
each  chemotherapy cycle during induction and 
postinduction therapy. Importantly, this trial 
demonstrates the fact that a nonuniform heat-
ing fi eld can be very successful (the temperature 
across the tumor varied over 1° to 3° C), which 
should simplify the design of heating equip-
ment for future clinical applications. Although 
determination of whether there are long-term 
survival benefi ts from the addition of hyper-
thermia must await future analysis,  recently 

been shown to synergize with heat. Table 28.1 
lists some drugs that are potentiated by heat 
and some that are not; however, more work is 
needed in this area, particularly on  assessment 
of the effi cacy of a wider range of temperatures 
in vivo. There may be several different mecha-
nisms that underlie the  interaction of heat with 
chemotherapeutic drugs in vivo. These include 
(1) increased drug uptake and/or retention in 
cells, (2) increased DNA damage and inhibition 
of repair processes, (3) increased oxygen radical 
formation, and (4) increased vascular delivery 
and tumor penetration. It is also clear that the 
extent of hypoxia and the pH of the tumor may 
affect the  interaction between heat and chemo-
therapy. Whatever the mechanisms involved, the 
enhancement by hyperthermia of the effi cacy of 
several different major classes of chemotherapeu-
tic drugs may prove very useful in the chemo-
therapy of solid tumors. Further, there is a clear 
rationale for testing, as soon as possible, other 
types of cancer therapies that depend on vascu-
lar delivery and/or cellular sensitivity or uptake 
of drug, such as small molecule inhibitors and 
monoclonal antibodies. Several newer and infor-
mative clinical trials are presented here.

TABLE 28.1 Interaction of Heat and 
 Chemotherapeutic Agents

Effect Drug

Potentiated by heat Melphalan

 Cyclophosphamide

 BCNU

Cis-DDP

 Mitomycin C

 Bleomycin

 Vincristine

Unaffected by heat Hydroxyurea

 Methotrexate

 Vinblastine

Complex interaction Doxorubicin

BCNU, bischloroethylnitrosourea; Cis-DDP, 
cis-diamminedichloroplatinum.

From Kano E. Hyperthermia and drugs. In: Overgaard 
J, ed. Hyperthermic Oncology. London: Taylor & Francis, 
1985:277–282, with permission.
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membrane that can be fi lled with a cytotoxic 
chemotherapeutic agent such as doxorubicin. 
Long circulating liposomes that are covered with 
polyethylene glycol reduce recognition by the 
reticuloendothelial system and can extravasate 
from tumor blood vessels and accumulate in the 
extravascular space. This is termed the enhanced 
permeability and retention (EPR) effect. Whereas 
this effect can passively lead to enhanced drug 
accumulation in tumors by virtue of the pres-
ence of endothelial cell membrane pores, hy-
perthermia can increase the size of these pores 
and enhance drug delivery by 4 to 5 fold over 
what can be achieved from just the EPR effect. 
Further enhancement of drug delivery can be 
achieved by using thermally sensitive liposomes 
that are engineered to melt at mild temperatures 
(e.g., 41° to 42° C). These formulations yield 
further improvement in drug delivery by an 
additional factor of 4 to 5 versus nonthermally 
sensitive liposomes. Indeed, these latter formu-
lations have been shown to enhance doxorubi-
cin delivery by 25 to 30 fold, compared with free 
drug, resulting in impressive antitumor effects in 
tumors that were completely refractory to free 
drug. It is speculated that the combination of 
hyperthermia-enhanced liposomal  extravasation 
and intravascular-triggered drug release results 
in enhanced delivery to tumor cells and a large 
therapeutic effect. The mechanism is illustrated 
in Figure 28.6. More recent studies by this group 

completed interim  analysis does suggest the 
possibility of improved long-term survival. Im-
portantly, a new phase III trial that will include 
the  comparison of presurgery and postsurgery 
radiation along with hyperthermia has been ini-
tiated. Because radiotherapy is most often per-
formed in the United States for patients with 
high-risk sarcoma, a demonstration of the ben-
efi ts of hyperthermia in this setting should help 
to increase interest in evaluating the benefi ts of 
hyperthermia as an adjuvant for other disease 
settings, in addition to sarcoma.

Development and Evaluation of 
 “Thermosensitive” Liposomes 
for  Improved Tumor Targeting of 
 Chemotherapy
The addition of local hyperthermia to systemi-
cally delivered chemotherapy may have the ob-
vious advantage of “targeting” and localizing 
the principal effect of the drug, allowing greater 
tumor cell killing for a given systemic toxicity. 
This would help to overcome one of the prin-
cipal problems and limitations of chemotherapy. 
This possibility is being realized in exciting new 
preclinical and clinical research by Dewhirst and 
colleagues in which hyperthermia is being used 
to direct the release of chemotherapeutic drugs 
at the site of tumors through the use of thermo-
sensitive liposomes. Liposomes consist of a lipid 

FIGURE 28.6  Characteristics of thermally sensitive liposome. A: The liposome contains a mixture of phospho-
lipids including a small percentage of single-chain fatty acid. At body temperature, the liposome is in a frozen or 
gel state. The single-chain fatty acid tends to concentrate between plates of frozen lipid. When heated, the grain 
boundaries melt fi rst, the single-chain fatty acids line the grain boundaries, creating pores in the lipid membrane. 
This permits very rapid release of drug (doxorubicin in this example) from the liposome (�20s). B: In a heated 
tumor, this feature promotes deposition of high amounts of drug because of intravascular release, which drives 
the drug far into the interstitial tissue, down its concentration gradient. (Panel B – from Gong G, et al. Effi cacy of 
Liposomes and Hyperthermia in a Human Tumor Xenograft Model: Importance of Triggered Drug Release. Cancer 
Res 2000;60:6950-6957, with permission.)
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are helping to establish more details by which li-
posomally encapsulated doxorubicin may work 
in combination with hyperthermia. For example, 
it has been determined that although extracellu-
lar pH or in vitro sensitivity to doxorubicin does 
not appear to predict effi cacy in vivo, tumor cell 
doubling time, vascular perfusion, and extent of 
hypoxia do appear to correlate. Clinical valida-
tion of this strategy is now well under way for 
patients with recurrent chest wall cancers and 
hepatocellular carcinomas. In the latter setting, 
thermosensitive liposomes are being combined 
with high temperature RF ablation. Here, the 
strategy is designed to increase the zone of tumor 
destruction particularly at the tumor margins 
but capitalizing on the ability of the mild hyper-
thermia that occurs in this region to release drug 
from the liposomes.

Isolated Limb Perfusion, Limb  Infusion, 
and Hyperthermic Intraperitoneal 
 Chemotherapy
Mild hyperthermia is also fi nding a very useful 
role in important surgical modalities that employ 
chemotherapy: isolated limb perfusion (ILP), 
isolated limb infusion (ILI), and intraperitoneal 
chemotherapy. ILP (Fig. 28.7) is a technique that 
aims to avoid amputation of limbs containing 
bulky tumors or small multiple tumors (e.g., in 
transit metastases of melanoma) by achieving re-
gional drug concentrations 15 to 25 times higher 
than systemic administration of the drug, which 
helps to reduce systemic side effects while expos-
ing tumors to highest possible concentrations 
of drugs. ILP is generally achieved by clamping 
and cannulation of major blood vessels, connect-
ing an oxygenated extracorporeal circuit, ligat-
ing collateral vessels, and applying a tourniquet. 
Melphalan (L-phenylalanine mustard) has be-
come the most commonly used drug for this pro-
cedure; however, the addition of tumor necrosis 
factor-alpha (TNF-�) has been demonstrated to 
be critical for clinical effi cacy because of its abil-
ity to enhance tumor vascular uptake of drug 
and has helped lead to approval for this therapy 
in Europe. ILP also incorporates very mild hy-
perthermia (39° to 40° C) because it has become 
clear that keeping the limb slightly warm during 
the treatment can stimulate vascular function and 
help with drug delivery to the interior of large 
tumors. However, if the temperature is too warm 
(i.e., above 41° C), there is increased local toxicity 
limiting the benefi ts of ILP. Mild hyperthermia 

is also employed in a surgical modifi cation of ILP 
termed ILI, a simpler procedure that does not re-
quire arterial and venous catheters to be inserted 
through the surgical incision, thus resulting in 
lower morbidity.

Hyperthermic Intraperitoneal 
 Chemotherapy
Many patients are at high risk for tumor growth 
in the abdomen from microscopic residual disease 
that remains following surgery, or have tumors 
that involve the ovaries or abdominal  organs, such 
as the pancreas, or have cancer cells in the ascites 
fl uid. In these cases, the intraoperative use of che-
motherapy is being combined with hyperthermia 
by heating of the chemotherapy solution prior to 
its addition to the abdominal cavity, where organs 
are exposed to the heated solution (usually at ap-
proximately 40° C) for  various periods. Heat is 
thought to potentiate the effect of chemotherapy 

FIGURE 28.7  Schematic of isolated limb  perfusion. 
(Illustration prepared by Dr. Mark Dewhirst, Duke 
University Medical Center, and Dr. Elizabeth Repasky, 
 Roswell Park Cancer Institute. Adapted from Grunha-
gen DJ, et al. Technology Insight: utility of TNF-�-based 
isolated limbperfusion to avoid amputation of irresect-
able tumors of theextremities.  Nature Reviews Clinical 
Oncology.  1969 Dec 31, with permission.)
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 adjusted (because of their large surface to volume 
ratio), another convenient method developed 
by Repasky and colleagues simply uses warm air 
 incubators to systemically change the tempera-
ture of mice bearing tumors. This protocol does 
not require anesthetization and results in rapid 
core body temperature increases that is likely to 
incur additional thermoregulatory vascular re-
sponses. Another protocol used recently by Bull 
and colleagues to mimic systemic heating in-
volves anesthetized rats that are largely immersed 
in warm water. The “optimal” heating protocol 
for rodent tumors, which can best mimic the 
situation that may occur in patients, should be 
dependent on the question being addressed and 
on the type of tumor or heating method being 
studied. Because of fundamental differences in 
thermoregulatory mechanisms between rodents 
and humans, it is also likely that no rodent model 
is completely suitable for mimicking human hy-
perthermia treatments, which makes the clinical 
studies done on larger canine models by Thrall 
et al. especially valuable. In any case, unlike the 
relatively simple situation of heating cultured 
cells (or even rodents bearing tumors), the design 
of equipment to heat patients’ tumors accurately, 
without damaging surrounding normal tissues, 
has required signifi cant engineering efforts, 
which continue to advance at the current time.

For localized hyperthermia in human tumors 
to be achieved by microwaves, RF-induced cur-
rents, or ultrasound, there have been some serious 
technical problems that have had to be overcome. 
In the case of microwaves, good  localization can 
be achieved at shallow depths, but at greater 
tumor depths, even if the frequency is lowered 
to allow deeper penetration, the localization is 
much poorer and surface heating limits therapy. 
If ultrasound is used, the presence of bone or 
air cavities causes distortions of the heating pat-
tern, but adequate penetration and good uniform 
temperature distributions can be achieved in soft 
tissues, particularly with ultrasound in focused 
arrays. In practice, then, superfi cial tumors such 
as recurrent chest wall nodules can be treated 
adequately with microwaves or plane wave ultra-
sound, and it should theoretically be possible to 
heat deep-seated tumors below the diaphragm 
with focused ultrasound, regional microwave de-
vices, or interstitial techniques.

In all cases, however, methods of heating pose 
a complex problem, although signifi cant progress 
has been made as a result of the clever application 

by reducing tumor cell resistance. Several new 
clinical trials are demonstrating improved survival 
and improvements in overall quality of life when 
hyperthermic intraperitoneal chemotherapy is 
used in comparison to conventional chemother-
apy. However, additional work is needed to clarify 
the exact benefi t of hyperthermia in this setting.

Systemic or Whole Body Applications
In addition to deep regional, or part-body hyper-
thermia studies, other phase I and phase II clini-
cal studies from Bull and colleagues are demon-
strating the feasibility and safety of using mild 
temperature whole body treatments using tem-
peratures near 39° to 40° C in combination with 
chemotherapy. Although more work is needed 
on the development and testing of systemic heat 
therapies, it is likely that the mechanisms of ac-
tion of whole body and part-body hyperthermia 
protocols overlap in terms of their effects on che-
motherapeutic effi cacy. Furthermore, the whole 
body or systemic approach may have the advan-
tage of allowing treatment of widely disseminated 
tumors in metastatic patients, with the same HT.

■  MAJOR METHODS OF TUMOR 
 HEATING

Most of the original laboratory research that led 
to clinical applications of local hyperthermia used 
cells cultured in vitro usually heated by hot-water 
baths. Indeed, the simplest and most reliable way 
to heat cells in a petri dish, or to heat a tumor 
grown in the leg of a mouse or rat, is to immerse 
the target in a thermostatically controlled bath 
of water. This approach has been used most 
often in the preclinical research in hyperthermia 
over the past 3 decades. Water temperature can 
be controlled within a fraction of a degree, and 
temperature measurement involves no problem. 
 However, even in this simplest of situations for 
rodent tumor heating, the tumor may not be at 
the same temperature as the skin (or water bath) 
because the heated tumor is constantly drained 
and resupplied by cooler blood coming from the 
nonheated regions of the body. Moreover, in 
 water-bath applications, rodents usually need to 
be anesthetized, and this will signifi cantly limit 
the role of neurovascular regulation in response 
to tissue heating and will create abnormal tem-
perature gradients because of signifi cant heat 
loss during general anesthesia. Because the core 
temperature of mice is very easily and quickly 
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Incorrect temperature measurements are 
possible because of direct heating of either the 
sensor or the catheter in which the sensor is 
placed. Such errors have been eliminated for 
EM systems by the use of high-resistive thermis-
tors and optical sensors. For ultrasound hyper-
thermia, however, artifacts of several degrees are 
possible because acoustic waves can be absorbed 
by the catheter or sensor-coating material, and/
or because of frictional (viscous) heating of sen-
sors. In addition, thermal conduction heat trans-
fer along metallic leads can affect the accuracy 
of the measurement. In general, thin needle 
thermocouple sensors and the measurement of 
temperature during short interruptions of ultra-
sound power minimize these ultrasound artifacts. 
A suffi cient number of thermometry sensors are 
important for accurate evaluation of the quality 
of hyperthermia treatment and calculation of 
the thermal dose delivered. In general, the more 
locations monitored during treatment, the bet-
ter the evaluation and thermal dose estimate. To 
this end, multisensor probes, thermal mapping 
techniques, and quality assurance guidelines 
have been implemented. Moreover, advanced 
heating systems demand extensive thermometry 
for effective utilization of temperature feedback 
power control.

However, an important clinical reality is that only 
a limited number of invasive catheters are desired or 
feasible. For further improvements in hyperthermia 
delivery, monitoring, control,  assessment, and qual-
ity, a more complete knowledge of the temperature 
fi eld in humans during treatment is necessary. This 
has motivated a great deal of research in noninva-
sive thermometry methods.

Progress toward Clinically Achievable 
Noninvasive Thermometry
One of the most sought-after breakthroughs in 
the hyperthermia fi eld is achieving control and 
measurement of temperature in living tissue in pa-
tients, particularly a noninvasive technology that 
could provide detailed temperature distributions 
during treatment. Several noninvasive thermal 
measurement approaches are under investiga-
tion, including infrared thermography and ther-
mal monitoring sheet fi beroptic arrays (surface 
distributions only), electrical impedance tomog-
raphy, microwave tomography, microwave radi-
ometry, ultrasonic temperature estimation tech-
niques, and magnetic resonance thermal  imaging 
(MRTI). The most promising approach to date 

of focused arrays. For example, the use of multi-
phased arrays allows uniformity of temperature to 
the edge of the fi eld. The picture is complicated, 
and it is unlikely that one simple answer to all the 
complex problems will be found. This is a highly 
active area at the present time, and the following 
summary of available heating systems is likely to 
change in the near future as new breakthroughs 
occur. Because of space, the summary provided 
here is limited to devices that are already in use 
clinically or that have the potential to become 
commercially available in the near future. Indeed, 
there have been a great number of other systems 
developed and tested over the last 3 decades, but 
few had been produced commercially in part be-
cause of the U.S. Food and Drug Administration 
classifi cation of hyperthermia devices.

■  PROGRESS IN CLINICAL 
 THERMOMETRY

Probably no area in thermal engineering research 
is more important than the need to accurately 
assess the resultant temperature of tumors or 
normal tissues following heating. This is essen-
tial for accurate comparison of clinical trial data 
using different heating equipment or  different 
tumor targets.

Invasive Thermometry Methods
Direct measurement of temperatures during clin-
ical hyperthermia with invasive sensors was for 
many years the only method of treatment moni-
toring, control, and thermal dose calculation. 
Sensors should be able to measure temperatures 
to an accuracy and precision of about 0.1° C in a 
water bath and of about 0.2° C in vivo in intense 
electromagnetic (EM) or ultrasound fi elds.

There are three basic kinds of invasive ther-
mometers: (1) electrically conducting, (2) mini-
mally conducting, and (3) nonconducting  (optical) 
sensors. Thermistors and thermocouple  sensors 
with metallic leads are examples of the fi rst kind 
that are not suitable for EM hyperthermia. A 
commonly used minimally conducting sensor 
is the high-resistivity thermistor with carbon- 
impregnated plastic leads. The high-resistivity 
material allows accurate measurement in strong 
EM environment. Nonconducting optical sensors 
use materials at the tip of an optical fi ber whose 
optical properties are a known function of tem-
perature. The second and third kinds of sensors 
are used in EM hyperthermia.

25858_Hall_CH28.indd   50625858_Hall_CH28.indd   506 3/11/11   10:07 AM3/11/11   10:07 AM



 | Chapter 28 • Hyperthermia | 507

rently being used in combination with radiation 
and chemotherapy applications, thermal tumor 
ablation is becoming a major clinically used 
form of hyperthermia in which tumors (liver, 
kidney, lung, bone, adrenal gland, or prostate) 
are heated for short intervals at high tempera-
tures between 50° C and 100° C to thermally 
“ablate” nodules. At 50° C, it takes a few minutes 
to kill cells; above 60° C, it takes only seconds. 
Moreover, there are now clinical trials in place in 
which thermal ablation is being combined with 
more traditional applications of hyperthermia to 
improve drug delivery through the use of ther-
mosensitive liposomes at the margins of ablated 
tumors. Ablative heating is produced by needle-
type RF or microwave applicators (�1.5 mm di-
ameter) inserted into the tumor under imaging 
guidance (CT or ultrasound), and RF electric 
current or microwaves heat tissue surrounding 
the applicator. The zone of tissue coagulation 
grows as heat is thermally conducted from the 
hot region close to the applicator into the tissue. 
Blood fl ow ceases inside the coagulation zone, 
reducing effects of perfusion compared to mild 
 hyperthermia, and fi nal coagulation zones are 
�3 to 5 cm in diameter, depending on device.

Tumor ablation can be performed mini-
mally invasively by an interventional radiologist 
or during surgery (laparoscopy or open surgery 
[Fig. 28.8]). Long-term results from primary and 
metastatic liver cancer show promising results 

for monitoring complete three-dimensional tissue 
temperature distributions during thermal  therapy 
is proton resonance frequency shift (PRFS)-based 
MRTI. This method has been used successfully 
to monitor temperatures during thermal therapy 
with both electromagnetic and ultrasound heating 
approaches. PRFS-based MRTI has demonstrated 
an accuracy of about 1° C per 1 cm3 of tissue in 
multiple slices acquired at least once per minute. 
Application of this noninvasive technology al-
lows accurate measurement of the volumetric 
temperature distribution to help guide the heat 
focus into tumor. In addition, treatment monitor-
ing with MRI provides data for treatment plan-
ning, feedback control of treatment delivery, and 
both real-time and posttreatment assessment of 
tissue damage that should be predictive of clini-
cal response. By combining information with in-
vasively sampled temperatures, the noninvasively 
measured distributions provide essential validation 
of thermal model–based treatment planning that 
should lead to improved delivery of optimal ther-
mal doses. The signifi cantly improved character-
ization of tissue temperature possible with MRTI 
should appreciably enhance the interpretation of 
future clinical trials of hyperthermia.

Thermal Ablation Applications in 
Thermal Medicine
Although the major goal of this chapter is to 
focus on hyperthermia treatments that are cur-

FIGURE 28.8  Schematic of minimally invasive liver tumor RF ablation pro-
cedure. The ablation catheter is inserted through a small incision and steered into 
the tumor under ultrasound imaging guidance. (From Dodd GD, Soulen MC, Kane 
RA, et al. Minimally invasive treatment of malignant hepatic tumors: at the thresh-
old of a major breakthrough. Radiographics. 2000;20[1]:9–27, with permission.)
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thermotolerance plays a signifi cant role in 
modulating resistance to heating in vivo.

■ Hyperthermia at a suffi cient temperature 
and duration of heating induces quantifi -
able damaging effects in both the nucleus 
and the cytoplasm of cells. The Arrhenius 
plot continues to be useful in assessing 
effects of thermal damage in tissue. The 
mechanisms of thermal damage may be 
different above and below the break tem-
perature in the Arrhenius plot.

■ Thermal ablation technology using tem-
peratures between 50° and 60° C has signifi -
cantly advanced the concept of using thermal 
energy to kill the largest number of tumor 
cells in the shortest period, whereas lower 
tumor temperatures may be most effective 
for simultaneously changing several critical 
parameters within the tumor microenviron-
ment including vascular perfusion, oxygen-
ation state, pH, and metabolism. Each of 
these represents important targets that can 
greatly affect the effi cacy of radiation and 
chemotherapy. Immune sensitization by 
heat may also contribute signifi cantly to the 
adjuvant potential of various forms of hyper-
thermia and may lead to novel combinations 
of heat and immunotherapy.

■ Several phase III randomized trials now 
demonstrate a clear and signifi cant benefi t 
for the addition of hyperthermia to stan-
dard RT and/or chemotherapy. The cancer 
types tested include cervical cancer, super-
fi cial localized breast cancer, recurrent or 
metastatic malignant melanoma, nodal me-
tastases from head and neck cancer, glioma, 
esophageal cancer, and high-risk sarcoma. 
Although results from recent trials involv-
ing hyperthermia are very encouraging, 
it is clear that many more trials should be 
conducted. Further improvements in clini-
cal outcome could be seen with trial designs 
that are based on a more complete under-
standing of the biologic effects of heating 
and on tumor-type specifi c optimization of 
heating technology and thermometry.

■ Prospective control of thermal dose reveals 
that if a tumor is not suffi ciently “heat-
able,” the patient may not benefi t from 
hyperthermia. Thus, as is true for several 
other forms of cancer therapies, identifi ca-
tion of biomarkers of heating effi cacy will 

with similar survival rates as after surgery with 
proper patient selection. One advantage over 
other therapies such as chemotherapy and radia-
tion is that ablation can be performed repeatedly 
(e.g., if tumor recurs), because cancer cells do 
not develop resistance against thermal ablation.

Although thermal ablation is not generally 
combined in the clinic with other therapies at 
this time (e.g., chemotherapy), there are intense 
preclinical research efforts under way now to 
exploit further the potential for combining ab-
lation with chemotherapy and with radiation. 
Moreover, because of the recognition that at the 
outer edges of an ablated zone there is generally 
a rim of infl ammatory tissue that has experienced 
much milder temperatures, there is interest in 
exploiting the infl ammation-driven immune re-
actions to help stimulate longer term protection 
against tumor regrowth. As already mentioned 
previously, clinical trials are now under way that 
combine thermosensitive liposomes, which are 
designed to release their contents at the outer 
regions of the ablation zone where the tempera-
tures may be reduced to as low as 41° to 42° C, 
triggering liposomal release of drug.

SUMMARY OF 
PERTINENT CONCLUSIONS

■ Survival curves for heat are similar in shape 
to those for radiation, except that time at 
the elevated temperature replaces absorbed 
dose. No consistent difference in inher-
ent sensitivity exists between normal and 
malignant cells. The age-response func-
tion for heat complements that for x-rays. 
S phase cells that are resistant to x-rays are 
sensitive to heat.

■ Cells at low pH and nutritionally deprived 
(more likely to be in tumors) are more sen-
sitive to heat, although cells can adapt to pH 
changes and lose their sensitivity to heat.

■ Hypoxia does not protect cells from heat as 
it does from x-rays. Hyperthermia may be 
very effective at reversing hypoxia through 
its effects on vascular perfusion. This may 
be an important mechanism of radiosensi-
tization by hyperthermia.

■ Thermotolerance is the induced resistance 
to a second heat exposure by prior heating 
and may be monitored by the appearance 
of HSPs. It is increasingly unlikely that 
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help in improved selection of patients who 
can most benefi t by the addition of hyper-
thermia as an adjuvant.

■ The TER is the ratio of radiation doses 
with and without heat to produce the same 
biologic effects. TER values of 2 to 4 can 
be obtained in tumors and normal tissues 
in experimental animals and has been re-
ported to be between 1.15 and 1.5 in clini-
cal analyses. With improved methods of 
heating and temperature monitoring, it is 
likely that TER values in the clinic will be 
larger in the future.

■ Temperature measurement in vivo is diffi -
cult but improving. Progress toward non-
invasive thermometry includes the use of 
magnetic resonance imaging.

■ Novel applications of heat include enhanced 
targeted delivery of chemotherapy by ther-
mosensitive liposomes and in combination 
with gene therapy applications. Increased use 
of ILP and intraperitoneal chemotherapy for 
specifi c types of tumors are continuing to 
add data regarding the usefulness of hyper-
thermia in combination with chemotherapy.
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A: Symbol for mass number.
absolute risk: The risk of an adverse health effect that is 

independent of other causes of that same health effect.
absorbed dose (D): The energy imparted per unit mass 

by ionizing radiation to matter at a specifi c point. The 
SI unit of absorbed dose is joule per kilogram ( J/kg). 
The special name for this unit is gray (Gy). The previ-
ously used special unit of absorbed dose, the rad, was 
defi ned to be an energy absorption of 100 erg/g. Thus, 
1 Gy � 100 rad.

absorption: Removal of x-rays from a beam.
accelerated fractionation: Reduction in overall treatment 

time; a schedule in which the average rate of dose de-
livery exceeds the equivalent of 10 Gy per week in 2-Gy 
fractions.

accelerated proliferation: Increase in the clonogen prolif-
eration rate after treatment with radiation or chemo-
therapy, relative to its pretreatment value.

accelerator (linear): A machine, often called a linac, that 
produces high-energy x-rays for the treatment of cancer.

acentric ring: A circular piece of a chromosome lacking a 
centromere.

acidic fi broblast growth factor (FGF): A mitogen for many 
types of cells of mesodermal origin, including endothelial 
cells, chondrocytes, and fi broblasts. In presence of hepa-
rin, induces blood vessel growth.

action level: Concentration of radon in a house above which 
it is recommended that some action be taken to reduce 
that radon level; currently, the action level is 148 Bq/m3 

in the United States.
activation: The process of making a material radioactive by 

bombardment with neutrons, protons, or other nuclear 
particles. See activation analysis.

activation analysis: Identifying and measuring chemical ele-
ments in a sample of material. First, the sample is made 
radioactive by bombardment with neutrons, charged par-
ticles, or �-rays. Then the newly formed radioactive atoms 
in the sample give off characteristic nuclear radiations, 
such as �-rays, which tell the types and quantities of atoms 
present. Activation analysis is usually more sensitive than 
chemical analysis.

activity: Quantity of a radionuclide that describes the rate at 
which decays occur in an amount of a radionuclide. The 
SI unit of radioactivity is the becquerel (Bq), which re-
placed the old unit, the curie (Ci). One becquerel corre-
sponds to one disintegration of a radionuclide per second.

acute hypoxia: Low oxygen concentration in regions of a 
tumor associated with changes in blood fl ow through 
vessels, for example, by transient closing of vessels. Also 
called perfusion limited hypoxia.

acute radiation syndrome (ARS): Biologic changes and 
symptoms, including death, that occur within weeks after 
a high-intensity total body irradiation.

acyclovir: A nucleoside analogue of guanosine that blocks 
DNA replication when incorporated into an elongating 
polynucleotide. Used under the trade name Zovirax as a 
treatment for herpes.

additive: A situation in which the effect of a combination 
is the sum of the effects of the separate treatments (i.e., 
independent cell kill).

adenoma: A benign tumor of epithelial origin, such as a 
polyp of the colon.

adenovirus: One of a group of viruses responsible for upper 
respiratory and other infections in humans, other mam-
mals, and birds. Adenoviruses are useful as a vector in gene 
therapy because they infect both dividing and nondividing 
cells, but the downside to their use is that they evoke an 
immune response, which makes their repeated use diffi cult.

adjuvant therapy: A treatment method used in addition to 
the primary therapy. Radiation therapy is often used as an 
adjuvant to surgery or chemotherapy.

agreement state: Any state with which the Nuclear Regula-
tory Commission has entered into an effective licensing 
agreement to enable the state to regulate source, special 
nuclear, and by-product materials.

ALARA (as low as reasonably achievable): The principle 
of limiting the radiation dose of exposed persons to levels 
as low as are reasonably achievable, economic and social 
factors being taken into account.

alleles: Alternate forms of a gene or DNA sequence on the 
two homologous chromosomes of a pair.

alopecia: Hair loss.
alpha/beta ratio (�/� ratio): The ratio of the parameters �

and � in the linear-quadratic model; used to quantify the 
fractionation sensitivity of tissues.

alpha fetoprotein (AFP): A 70-kDa glycoprotein synthe-
sized in embryonic development by the yolk sac. High 
levels of this protein in the amniotic fl uid are associated 
with neural tube defects such as spina bifi da. Lower than 
normal levels may be associated with Down syndrome.

alpha particle (�-particle): A positively charged particle 
emitted by radioactive materials. It consists of two neu-
trons and two protons bound together; hence, it is identical 
with the nucleus of a helium atom. It is the least penetrat-
ing of the three common types of radiation—�, �, and �—
and it is stopped by a sheet of paper. It is not dangerous to 
plants, animals, or humans unless the �-emitting substance 
has entered the organisms. �-particles are ejected from a 
nucleus during the decay of some radioactive elements; 
for example, an �-particle is emitted if either of the radon 
progeny polonium-218 or polonium-214 decays.

alpha ray (�-ray): A stream of �-particles. Used loosely as a 
synonym for �-particles.

Alu sequence: An interspersed DNA sequence of approxi-
mately 300 bp found in the genome of primates that is 
cleaved by the restriction enzyme Alu I. Alu sequences are 
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ARCON therapy: The use of accelerated radiotherapy in 
conjunction with carbogen and nicotinamide.

Arrhenius plot: Probably the most common life–stress re-
lationship when the stress is thermal. In hyperthermia 
research, a plot of 1/D0 versus 1/T, where D0 is the re-
ciprocal of the slope of the cell survival curve and T is the 
absolute temperature. Named after the Swedish physical 
chemist.

asexual reproduction: Production of offspring in the ab-
sence of any sexual process.

atomic mass: See atomic weight.
atomic mass unit (amu): One-sixteenth the mass of a neu-

tral atom of the most abundant isotope of oxygen, 16O. 
See atomic weight, mass number.

atomic number (Z): The number of protons in the nucleus 
of an atom and also its positive charge.

atomic weight (at. wt.): The mass of an atom relative to 
other atoms. The present-day basis for the scale of atomic 
weights is oxygen; the most common isotope of this ele-
ment arbitrarily has been assigned an atomic weight of 16. 
The unit of the scale is 1/16 the weight of the 16O atom, 
or roughly the mass of one proton or one neutron. The 
atomic weight of any element is approximately equal to 
the total number of protons and neutrons in its nucleus. 
Compare atomic number.

autoimmune disease: The production of antibodies that re-
sults from an immune response to one’s own molecules, 
cells, or tissues. Such a response results from the inability 
of the immune system to distinguish self from nonself. 
Diseases such as arthritis, scleroderma, systemic lupus 
erythematosus, and perhaps diabetes are considered au-
toimmune diseases.

autoradiography: Use of a photographic emulsion to detect 
the distribution of a radioactive label in a tissue specimen.

autosomes: Chromosomes other than the sex chromosomes. 
In humans, there are 22 pairs of autosomes.

B lymphocyte: A white blood cell responsible for production 
of antibodies involved in the humoral immune response.

background radiation: The radiation in the natural envi-
ronment, including cosmic rays and radiation from the 
naturally radioactive elements, both outside and inside 
the bodies of humans and animals. Also called natural 
radiation. The term also may mean radiation that is unre-
lated to a specifi c experiment.

bacteriophage: A virus that infects bacteria. Altered forms 
are used as vectors for cloning DNA.

bacterium: A single-celled prokaryotic organism.
basal cells: Cells at the base of the wall of the lung airways. 

These cells divide to replenish the other cells in the lung 
wall and often are considered the key cells that, if dam-
aged, can lead to lung cancer.

base pair: A pair of complementary nitrogenous bases in a 
DNA molecule—adenine–thymine and guanine–cytosine. 
Also, the unit of measurement for DNA sequences.

basic fi broblast growth factor (FGF): A mitogen for many 
types of cells of mesodermal or neuroectodermal origin. 
Has various angiogenic properties.

B-DNA: See double helix.
beam: A stream of particles or electromagnetic radiation 

moving in a single direction.
becquerel (Bq): Unit of radioactivity, corresponding to one 

radioactive disintegration per second. See activity.

composed of a head-to-tail dimer, with the fi rst mono-
mer approximately 140 bp and the second approximately 
170 bp. In humans, they are dispersed throughout the 
genome and are present in 300,000 to 600,000 copies, 
constituting some 3% to 6% of the genome. See SINES.

Ames test: A procedure devised by Bruce Ames to test carci-
nogenic properties of chemicals by their ability to induce 
mutations in the bacterium Salmonella.

amino acid: Any of the 20 subunit building blocks that are 
covalently linked to form proteins.

ampicillin: An antibiotic that prevents bacterial growth.
amplify: To increase the number of copies of a DNA sequence 

by inserting into a cloning vector that replicates within a 
host cell in vivo or in vitro by the polymerase chain reaction.

analogue: A chemical compound structurally similar to an-
other, but differing by a single functional group (e.g., 
5-bromodeoxyuridine is an analogue of thymidine).

anaphase: Stage of cell division in which chromosomes 
begin moving to opposite poles of the cell.

anemia: Having too few red blood cells. Symptoms of ane-
mia include feeling tired, weak, and short of breath.

aneuploidy: A condition in which the chromosome number 
is not an exact multiple of the haploid set.

angiogenesis: The process of the formation of new blood 
vessels.

angiography: The radiographic visualization of blood ves-
sels following introduction of contrast material.

angioplasty: Reconstruction of blood vessels.
angstrom (Å): A unit of length equal to 10�10 m.
anneal: The pairing of complementary DNA or RNA se-

quences via hydrogen bonding to form a double-stranded 
polynucleotide.

anode: Positive side of the x-ray tube; contains the target.
anorexia: Poor appetite.
anoxia: The absence of oxygen.
antibiotic: A class of natural and synthetic compounds that 

inhibit the growth of or kill microorganisms.
antibiotic resistance: The ability of a microorganism to dis-

able an antibiotic or prevent transport of the antibiotic into 
the cell.

antibody: Protein (immunoglobulin) produced in response 
to an antigenic stimulus with the capacity to bind specifi -
cally to the antigen.

antiemetic: A drug used to control nausea and vomiting.
antigen: Any foreign substance that elicits an immune re-

sponse by stimulating the production of antibodies.
antiparallel: Describing molecules in parallel alignment but 

running in opposite directions. Most commonly used to 
describe the opposite orientations of the two strands of a 
DNA molecule.

antisense RNA: A complementary RNA sequence that 
binds to a naturally occurring (sense) mRNA molecule, 
thus blocking its translation.

apoptosis: A mode of rapid cell death after irradiation in 
which the cell nucleus displays characteristic densely 
staining globules and at least some of the DNA is subse-
quently broken down into internucleosomal units. Some-
times postulated to be a “programmed,” and therefore 
potentially controllable, process. Plays an important part 
in embryogenesis and in tissue regeneration following an 
insult and can eliminate cells whose DNA has been dam-
aged and not repaired with a high fi delity.
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benign: Describing a slow-growing, not malignant, tumor 
that does not spread to other parts of the body. If com-
pletely removed, benign lesions do not tend to recur. In-
completely removed tumors may recur but do not spread. 
Although benign, these tumors may cause permanent 
damage to some structures in the brain.

BER: Base excision repair, a pathway for repairing damage 
to DNA bases.

beta particle (�-particle): An elementary particle emitted 
from a nucleus during radioactive decay, with a single elec-
trical charge and a mass equal to 1/1,837 that of a proton. A 
negatively charged �-particle is identical to an electron. A 
positively charged �-particle is called a p ositron. �-radiation 
may cause skin burns, and �-emitters are harmful if they 
enter the body. �-particles, however, are stopped easily by 
a thin sheet of metal.

BeV: One billion electron volts. Also written as GeV.
bilateral: On both sides of the body.
bioassay: A technique used to identify, quantify, and/or spec-

ify the location of radionuclides in the body by direct or 
indirect analysis of tissues or excretions from the body.

biochemistry: Chemical reactions that sustain life.
biologic half-life: See half-life, biologic.
biologic therapy: Treatment to stimulate or restore the abil-

ity of the immune system to fi ght infection and disease. 
Also called immunotherapy.

biologically effective dose (BED): In fractionated radio-
therapy, the quantity by which different fractionation 
regimens are compared.

biopsy: The removal of a small portion of a tumor to allow a 
pathologist to examine it under a microscope and provide 
a diagnosis of tumor type.

biotechnology: Commercial or industrial processes that use 
biologic organisms or products.

blob: A concentration of about 12 ion pairs in a region about 
7 nm in diameter.

blood count: The number of red blood cells, white blood 
cells, and platelets in a sample of blood.

BNCT: Boron neutron capture therapy.
body burden: The amount of radioactive material present 

in a human or an animal. See background radiation, 
whole-body counter.

bone marrow: Spongy tissue in the cavities of large bones 
where the body’s blood cells are produced.

bone seeker: A radioisotope that tends to accumulate in the 
bones; for example, the strontium-90 isotope, which be-
haves chemically like calcium.

brachytherapy: Internal radiation treatment achieved by im-
planting radioactive material directly into the tumor or 
very close to it. Sometimes called internal radiation therapy.

Bragg peak: Region of maximum dose deposition near to the 
end of the track of a charged particle, such as a proton or 
carbon ion. This allows precise spatial defi nitions of dose 
distributions for radiotherapy with charged particles.

breeder reactor: A nuclear reactor that produces fi ssionable 
fuel as well as consuming it, especially one that creates 
more than it consumes. The new fi ssionable material is 
created by neutron capture in fertile materials. The pro-
cess by which this occurs is known as breeding.

Bremsstrahlung x-rays: X-rays resulting from interaction 
of the projectile electron with a target nucleus; braking 
radiation.

5-bromodeoxyuridine (BrdU or BrdUrd): A mutagenically 
active analogue of thymidine in which the methyl group at 
the 6� position in thymine is replaced by bromine.

bronchial epithelium: The surface layer of cells lining the 
conducting airways of the lung.

by-product material: Any radioactive material (except 
source material or fi ssionable material) obtained during 
the production or the use of source material or fi ssion-
able material. By-product material includes fi ssion prod-
ucts and many other radioisotopes produced in nuclear 
reactors.

bystander effect: Induction of biologic effects in cells that 
are not directly traversed by a charged particle but are in 
close proximity to cells that are.

cancer: A general name for more than 100 diseases in which 
abnormal cells grow out of control; a malignant tumor.

cancer stem cell: Cells within a tumor that have the capacity 
to self-renew.

carcinogen: A physical or chemical agent capable of causing 
cancer, such as radon progeny, cigarette smoke, or asbestos.

carcinogenesis: Process that leads to the formation of a can-
cer. It involves several stages (resulting from successive 
alterations of the genome). The fi rst stage is initiation 
(which may, for instance, be caused by the mutation of a 
proto-oncogene into an oncogene). For a normal cell to 
be “transformed” (i.e., for it to become preneoplastic), its 
genome has to undergo several modifi cations: appearance 
of an oncogene, inactivation of both copies of a suppres-
sor gene, immortalization (i.e., acquisition of an unlim-
ited capacity to proliferate), changes affecting the apop-
tosis system, and so on. A transformed cell can give rise to 
an invasive cancer at the end of the second stage, known 
as promotion, which is associated with the proliferation of 
the descendants of the initiated cell and the escape of one 
of them from the control of the normal surrounding cells 
and of the body.

carcinogenic: Having the potential (as, for example, tobacco 
smoke or alcohol) to contribute to the development of 
cancer (same as oncogenic).

carcinoma: A malignant tumor derived from epithelial tis-
sue, which forms the skin and outer cell layers of internal 
organs.

cardiac catheterization: Passage of a small catheter through 
a vessel in an arm, leg, or neck and into the heart, per-
mitting the securing of blood samples, determination of 
intracardiac pressure, detection of cardiac anomalies, and 
the injection of contrast media for imaging.

CAT scan: Computerized axial tomography, often called a 
CT scan, which provides three-dimensional x-ray images 
of some part of the body. It is useful for diagnosing cancer 
and for planning radiation therapy treatments.

catalyst: A substance that promotes a chemical reaction by 
lowering the activation energy of a chemical reaction, but 
itself remains unaltered at the end of the reaction.

cataract: An opacifi cation in the normally transparent lens 
of the eye.

cathode: Negative side of the x-ray tube; contains the fi la-
ment and focusing cup.

CD11b�: A cell surface glycoprotein found on monocytes, 
granulocytes, NK cells and some peripheral blood lym-
phocytes. Usually CD11b is found as a heterodimer with 
beta 2 integrin.
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a  neutron and fi ssions, releasing additional neutrons. 
These, in turn, can be absorbed by other fi ssionable n uclei, 
r eleasing still more neutrons. A fi ssion chain reaction is self- 
sustaining if the number of neutrons released in a given time 
equals or exceeds the number of neutrons lost by absorption 
in nonfi ssioning material or by escape from the system.

characteristic x-rays: X-rays produced following ionization of 
inner-shell electrons; characteristic of the target element.

charged particle: An ion; an elementary particle that carries 
a positive or negative electrical charge.

CHART: Continuous hyperfractionated accelerated radio-
therapy, delivering 54 Gy in 36 fractions with 3 fractions 
on 12 consecutive days.

chemotherapist: A physician who specializes in the use of 
drugs to treat cancer, now called a medical oncologist.

chemotherapy: A treatment for cancers that involves ad-
ministering chemicals toxic to malignant cells.

chromatid: Each of the two progeny strands of a duplicated 
chromosome joined at the centromere during mitosis and 
meiosis.

chromatin: The complex of DNA, RNA, histones, and non-
histone proteins that make up chromosomes.

chromatography: Technique for the separation of a mixture 
of solubilized molecules by their differential migration 
over a substrate.

chromosomal aberration: Any change resulting in the du-
plication, deletion, or rearrangement of chromosomal 
material.

chromosomal instability: An effect of irradiation in which 
chromosomal aberrations continue to appear through many 
cell generations.

chromosomal mutation: See chromosomal aberration.
chromosomal polymorphism: Alternate structures or ar-

rangements of a chromosome that are carried by mem-
bers of a population.

chromosome: In prokaryotes, an intact DNA molecule contain-
ing the genome; in eukaryotes, a DNA molecule complexed 
with RNA and proteins to form a threadlike structure con-
taining genetic information arranged in a linear sequence.

chromosome banding: Technique for the differential stain-
ing of mitotic or meiotic chromosomes to produce a char-
acteristic banding pattern or selective staining of certain 
chromosomal regions such as centromeres, the nucleolus 
organizer regions, and GC- or AT-rich regions.

chromosome map: A diagram showing the location of genes 
on chromosomes.

chronic: Persisting for a long time.
chronic hypoxia: Persistent low oxygen concentrations, such 

as exists in viable tumor cells close to regions of necrosis.
c-jun: An early-response gene induced by mitogenic stimuli 

and stress responses. Forms complexes in the nucleus that 
act as transcription factors. Recognizes AP-1 sites if com-
plexed with c-fos.

classical scattering: Scattering of x-rays with no loss of energy.
clinical trials: Medical research studies conducted with vol-

unteers. Each study is designed to answer scientifi c ques-
tions and to fi nd better ways to prevent or treat disease.

clone: Genetically identical cells or organisms all derived 
from a single ancestor by asexual or parasexual methods; 
for example, a DNA segment that has been enzymatically 
inserted into a plasmid or chromosome of a phage or bac-
terium and replicated to form many copies.

Cdc2 (also known as Cdk1): Kinase that associates with cy-
clin B to regulate entry into mitosis. Complex is activated 
by Cdc25-mediated dephosphorylation. Also associates 
with cyclin A during M phase.

Cdc25C: Phosphatase that activates the cyclin B–Cdc2 
complex.

Cdk2: Kinase that associates with cyclin E during the G1/S tran-
sition and cyclin A during S phase. Inhibited by p21 and p27.

Cdk4: Kinase that associates with cyclin D1. Complex can 
phosphorylate pRb to allow cells to progress through G1. 
Inhibited by p16, p21, and p27.

Cdks (cyclin-dependent kinases): Proteins that complex 
with their cyclin regulatory subunits to phosphorylate 
proteins necessary for progression through the cell cycle.

cDNA (copy DNA): DNA synthesized from an RNA tem-
plate using reverse transcriptase.

cDNA library: A library composed of complementary copies 
of cellular mRNAs (i.e., the exons without the introns).

cell cycle: Sum of the phases of growth of an individual 
cell type; divided into G1 (gap 1), S (DNA synthesis), G2 
(gap 2), and M (mitosis); the cycle of cellular events from 
one mitosis to the next.

cell cycle checkpoint: Control mechanism to verify that 
each phase of the cell cycle has been accurately completed 
before progression to the next phase.

cell cycle time: The time between one mitosis and the next.
cell loss factor (�): The rate of cell loss from a tumor as a 

proportion of the rate at which cells are being added to 
the tumor by mitosis.

cells: The body’s tiny functioning units, which can be observed 
under a microscope. Each cell plays a specialized role in the 
body. Groups of cells are organized together to form tis-
sues. Tissues are organized to form organs in the body.

cellular oncogene (proto-oncogene): A normal gene that 
if mutated or improperly expressed, contributes to the 
development of cancer.

centimorgan: A unit of distance between genes on chromo-
somes. One centimorgan represents a value of 1% cross-
ing over between two genes.

central nervous system (CNS): The brain and spinal cord.
centriole: A cytoplasmic organelle composed of nine groups 

of microtubules, generally arranged in triplets. C entrioles 
function in the generation of cilia and fl agella and serve as 
foci for the spindles in cell division.

centromere: The chromosome constriction to which the spin-
dle fi ber attaches. The position of the centromere deter-
mines whether chromosomes are metacentric (X-shaped; 
e.g., chromosomes 1, 3, 16, 19, 20) or acrocentric (inverted 
V-shaped; e.g., chromosomes 13–15, 21, 22, Y). During 
mitosis, the identical chromatids of each chromosome are 
separated by shortening of the spindle fi bers attached to 
opposite poles of the dividing cell.

c-Erb-B2(HER2/neu): A gene closely related to the epider-
mal growth factor receptor, which is amplifi ed in various 
cancers, including that of the breast.

cervix: The lower part of the uterus, which projects out into 
the vagina.

c-fos: An early-response gene induced by mitogenic stimuli. 
Forms complexes in the nucleus that act as transcription 
factors. Recognizes AP-1 sites if complexed with c-jun.

chain reaction: A reaction that stimulates its own repetition. 
In a fi ssion chain reaction, a fi ssionable nucleus  absorbs 
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cloned library: A collection of cloned DNA molecules rep-
resenting all or part of an individual’s genome.

clonogenic cells: Cells that have the capacity to produce an 
expanding family of descendants (usually at least 50). Also 
called colony-formi ng cells or clonogens.

c-myc: An early-response gene induced by mitogenic stimuli, 
as well as TGF-�. Is highly overexpressed as a result of 
translocations in Burkitt lymphomas. Gene is amplifi ed 
in certain cancers, as is its relative, N-myc.

cobalt-60: A radioactive substance used as a radiation source 
to treat cancer.

code: See genetic code.
codon: A group of three nucleotides that specifi es the addition 

of one of the 20 amino acids during translation of mRNA 
into a polypeptide.

colchicine: An alkaloid compound that inhibits spindle for-
mation during cell division. Used in the preparation of 
karyotypes to collect a large population of cells inhibited 
at the metaphase stage of mitosis.

collective dose: Usually refers to the collective effective dose 
obtained by multiplying the average effective dose by the 
number of persons exposed to that given dose. Expressed 
in person-sieverts. The old unit was the man-rem.

collective effective dose: (person-Sv) The sum of all the 
individual effective doses in the population of concern.

colon: Large intestine.
colony: A group of identical cells derived from a single an-

cestor cell.
combination chemotherapy: The use of more than one 

drug to treat cancer.
committed effective dose: Effective dose due to absorbed 

doses in the specifi ed organs or tissues integrated over 
50 years following an intake of a radionuclide by inges-
tion, inhalation, or dermal absorption.

complementarity: Chemical affi nity between nitrogenous 
bases as a result of hydrogen bonding. Responsible for 
the base pairing between the strands of the DNA double 
helix.

complementary nucleotides: Members of the pairs adenine–
thymine, adenine–uracil, and guanine–cytosine, which 
have the ability to hydrogen-bond to each other.

complementation: Identifi cation of whether a (radiosensitive) 
phenotype in different mutants is caused by the same gene. 
Studied by means of cell fusion.

complementation test: A genetic test to determine whether 
two mutations occur within the same gene. If two muta-
tions are introduced into a cell simultaneously and pro-
duce a wild-type phenotype (i.e., they complement each 
other), they are often nonallelic. If a mutant phenotype 
is produced, the mutations are noncomplementing and 
are often allelic.

Compton effect: Scattering of x-rays resulting in ionization 
and loss of energy. The energy lost by the photon is given 
to the ejected electron as kinetic energy.

concomitant boost: The practice of adding an extra dose to 
a smaller fi eld on the later days of a fractionated regimen.

concordance: Pairs or groups of individuals identical in their 
phenotype. In twin studies, a condition in which both 
twins exhibit or fail to exhibit a trait under investigation.

conduction: Transfer of heat by molecular agitation.
conductor: Material that allows heat or electrical current to 

fl ow.

connective tissue: The tissues of the body that bind together 
and support various structures of the body. Examples are 
bone, cartilage, and muscle.

consequential late effects: Late effects that develop as a 
consequence of severe early effects.

contrast agent: A chemical used to highlight disease pro-
cesses on x-ray tests, contrasting them against the back-
ground of normal tissues.

control group: A group of people subject to the same condi-
tions as another group under study, except that the control 
group is not exposed to the specifi c factor being investi-
gated in the study group.

cosmic rays: Radiation of many sorts, but mostly protons 
and heavier atomic nuclei with very high energies origi-
nating outside the earth’s atmosphere. Cosmic radiation 
is part of the natural background radiation. Some cosmic 
rays are more energetic than any human-made forms of 
radiation.

cosmid: A vector designed to allow cloning of large seg-
ments of foreign DNA (25,000–45,000 bp). Cosmids are 
hybrids composed of the cos sites of lambda inserted into 
a plasmid. In cloning, the recombinant DNA molecules 
are packaged into phage protein coats, and after infection 
of bacterial cells, the recombinant molecule replicates 
and can be maintained as a plasmid.

covalent bond: A nonionic chemical bond formed by the 
sharing of electrons.

critical: Capable of sustaining a chain reaction. See criticality.
critical assembly: An assembly of suffi cient fi ssionable ma-

terial and moderator to sustain a fi ssion chain reaction at 
a very low-power level, permitting study of the assembly’s 
components for various fi ssionable materials in different 
geometric arrangements.

critical mass: The smallest mass of fi ssionable material that sup-
ports a self-sustaining chain reaction under stated conditions.

criticality: The state of a nuclear reactor if it is sustaining a 
chain reaction.

cross section (�): A measure of the probability that a nuclear 
reaction will occur. Usually measured in barns, it is the 
apparent or effective area presented by a target nucleus or 
particle to an oncoming particle or other nuclear radia-
tion, such as a photon of �-radiation.

crossing over: The exchange of chromosomal material (parts 
of chromosomal arms) between homologous chromosomes 
by breakage and reunion. The exchange of material between 
nonsister chromatids during meiosis is the basis of genetic 
recombination.

CT scan (CAT scan, CT x-ray): A three-dimensional x-ray. 
CT stands for computerized tomography.

cure: An outcome of treatment that leaves the patient disease 
free, with no likelihood of recurrence.

curie (Ci): Old unit of radioactivity, corresponding to 3.7 � 
1010 radioactive disintegrations per second. Now replaced 
by the becquerel.

CXCR4: Receptor for the chemokine stromal derived 
 factor-1 (SDF-1) that is involved in regulating chemo-
taxis. Plays an important role in vascularization.

cyclic adenosine monophosphate (cAMP): An important 
regulatory molecule in both prokaryotic and eukaryotic 
organisms.

cyclin A: Regulatory protein that associates with Cdk2 dur-
ing the S phase of the cell cycle.
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dicentric chromosome: A chromosome having two centro-
meres.

dideoxynucleotide (didN): A deoxynucleotide that lacks 
a 3� hydroxyl group and is thus unable to form a 3�–5� 
phosphodiester bond necessary for chain elongation. 
D ideoxynucleotides are used in DNA sequencing and the 
treatment of viral diseases.

differential diagnosis: A list of the most likely diagnoses for 
a particular set of symptoms and x-ray fi ndings. The use 
of different imaging techniques often narrows the differ-
ential diagnosis to the most likely disease present.

differentiation: The process of complex changes by which 
cells and tissues attain their adult structure and functional 
capacity.

digest: To cut DNA molecules with one or more restriction 
endonucleases.

diploid: A condition in which each chromosome exists in 
pairs; having two of each chromosome.

direct action: Ionization or excitation of atoms within DNA 
leading to free radicals, as distinct from the reaction with 
DNA of free radicals formed in nearby water molecules.

disjunction: The separation of chromosomes at the ana-
phase stage of cell division.

diuretics: Drugs that help the body get rid of excess water 
and salt.

dizygotic twins: Twins produced from separate fertilization 
events; two ova fertilized independently. Also known as 
fraternal twins.

DNA (deoxyribonucleic acid): An organic acid composed 
of four nitrogenous bases (adenine, thymine, cytosine, 
and guanine) linked via sugar and phosphate units. 
DNA is the genetic material of most organisms and 
usually exists as a double-stranded molecule in which 
two antiparallel strands are held together by hydrogen 
bonds between adenine–thymine and cytosine–guanine 
base pairs.

DNA fi ngerprint: A unique pattern of DNA fragments 
identifi ed by Southern hybridization or by polymerase 
chain reaction.

DNA polymerase: An enzyme that catalyzes the synthesis 
of DNA from deoxyribonucleotides and a template DNA 
molecule.

DNA polymorphism: One or two or more alternate forms 
of a chromosomal locus that differ in nucleotide sequence 
or have variable numbers of repeated nucleotide units.

DNA sequencing: Procedures for determining the nucleo-
tide sequence of a DNA fragment.

DNase (deoxyribonucleosidase): An enzyme that degrades 
or breaks down DNA into fragments or constitutive 
nucleotides.

dominance: The expression of a trait in the heterozygous 
condition.

dominant gene: A gene whose phenotype is expressed if it is 
present in a single copy.

dominant-acting oncogene: A gene that stimulates cell 
proliferation and contributes to oncogenesis when pres-
ent in a single copy.

dose: General term for the quantity of radiation. See absorbed 
dose, equivalent dose, effective dose, collective dose.

dose limit: A limit on dose that is applied for exposure of 
individuals to prevent the occurrence of deterministic ef-
fects and to limit the probability of stochastic effects.

cyclin B: Regulatory protein that associates with Cdc2 to 
regulate entry into mitosis.

cyclin D1: One of three cyclin D family members (also D2, 
D3). Associates with Cdk5 or Cdk6 to regulate through the 
G1 phase of the cell cycle. Is induced by various mitogens.

cyclin E: Protein that associates with Cdk2 during late G1 
phase and is thought to regulate entry into S phase.

cyclins: Proteins that complex with Cdks to regulate pro-
gression through the cell cycle.

cyst: A cavity, usually fi lled with a liquid, sometimes associ-
ated with benign or malignant tumors.

cytogenetics: Study that relates the appearance and behav-
ior of chromosomes to genetic phenomena.

cytokines: Polypeptides originally defi ned as being released 
from lymphocytes and involved in maintenance of the im-
mune system. These factors have pleiotropic effects not 
only on hematopoietic cells but also on many other cell 
types as well.

D0: A parameter in the multitarget equation: the radiation 
dose that reduces survival to e�1 (i.e., 0.37) of its previ-
ous value on the exponential portion of the survival curve.

dalton: A unit of measurement equal to the mass of a hydro-
gen atom, 1.67 � 10�24 g; 1/Avogadro’s number.

daughter: A nuclide formed by the radioactive decay of an-
other nuclide, which in this context is called the parent. 
Replaced by progeny.

decay, radioactive: The spontaneous transformation of one 
nuclide into a different nuclide or into a different energy 
state of the same nuclide. The process results in a decrease, 
with time, of the original radioactive atoms in a sample. 
Radioactive decay involves the emission from the nucleus 
of �-particles, �-particles (electrons), or �-rays; the nuclear 
capture or ejection of orbital electrons; or fi ssion. Also 
called radioactive disintegration. See half-life, radioactive 
series.

decay series (decay chain): A series of radioactive atoms, 
each the progeny of the one before and the parent of the 
one after; the series ends if any progeny is not radioactive.

deletion: A segment of a chromosome that is missing as a 
result of two breaks and the loss of the intervening piece.

denature: To induce structural alterations that disrupt the 
biologic activity of a molecule. Often refers to breaking 
hydrogen bonds between base pairs in double-stranded 
nucleic acid molecules to produce single-stranded poly-
nucleotides or altering the secondary and tertiary struc-
ture of a protein, destroying its activity.

depleted uranium: Uranium with less than 0.7% of ura-
nium-235.

dermatitis: A skin rash.
deterministic effect: An effect for which the severity of the 

effect in affected individuals varies with the dose and for 
which a threshold usually exists.

detriment: See radiation detriment.
deuterium (2H, D): An isotope of hydrogen whose nucleus 

contains one neutron and one proton and therefore is 
about twice as heavy as the nucleus of normal hydrogen, 
which contains only a single proton. Deuterium often is 
referred to as heavy hydrogen; it occurs in nature as 1 atom 
to every 6,500 atoms of normal hydrogen. It is nonradio-
active. Compare tritium. See heavy water.

deuteron: The nucleus of deuterium. It contains one proton 
and one neutron.
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dose rate: The radiation dose delivered per unit time and 
measured, for instance, in grays per hour.

dose-modifying factor (DMF): A ratio indicating the dose 
without to the dose with the agent for the same level of 
effect. (Similarly, dose-reduction factor or sensitizer enhance-
ment ratio.)

dose-rate effect: Decreasing radiation response with decreas-
ing radiation dose rate.

dosimetrist: A person who plans and calculates the proper 
radiation dose for treatment.

double helix: The model for DNA structure proposed by 
James Watson and Francis Crick, involving two antiparal-
lel, hydrogen-bonded polynucleotide chains wound into 
a right-handed helical confi guration, with 10 base pairs 
per full turn of the double helix. Often called B-DNA.

double minutes: Chromosome fragments that are the result 
of chromosome duplication and in which oncogenes may 
be amplifi ed. A common cytologic feature of tumor cells.

double trouble: The situation in which a hot spot within a 
treatment fi eld receives not only a higher dose but also a 
higher dose per fraction, which means that the biologic 
effectiveness of the dose is also greater.

doubling dose: Applied to heritable effects, the dose re-
quired to double the spontaneous mutation incidence; 
put another way, the dose required to produce an inci-
dence of mutations equal to the spontaneous rate.

doubling time: The time it takes for a cell population or 
tumor volume to double its size.

Drosophila melanogaster: The fruit fl y, whose common use in 
genetic studies was introduced by Thomas Hunt M organ 
in the early 1900s.

early-response gene: A gene such as c-fos, c-jun, or c-myc, 
whose mRNA levels are induced dramatically following 
mitogenic stimuli or stress.

early responses: Radiation-induced normal tissue damage 
that is expressed in weeks to a few months after exposure. 
Generally caused by damage to parenchymal cells. The 
�/� ratio tends to be large.

ED50 (effect dose 50%): Radiation dose that produces a 
specifi ed effect in the normal tissues of 50% of animals.

edema: Abnormal accumulation of fl uid (e.g., pulmonary 
edema, a buildup of fl uid in the lungs).

EF5: This molecule is a fl uorinated derivative of the 
2-nitroimidazole etanidazole and is used to determine 
oxygen levels in normal and tumor tissue. It binds rather 
selectively and irreversibly to cellular macromolecules in 
hypoxic cells. A radioactive version has been generated 
for PET imaging is currently undergoing testing.

effective dose: The radiation dose allowing for the fact that 
some types of radiation are more damaging than others, 
and some parts of the body are more sensitive to radiation 
than others. It is defi ned as the sum over specifi ed tissues 
of the products of the equivalent dose in a tissue and the 
weighting factor for that tissue.

eIF2�: Eukaryotic translation initiation factor 2 alpha is a 
protein that catalyzes the formation of the preinitiation 
complex involved in protein synthesis.

electromagnetic radiation: Radiation consisting of associ-
ated and interacting electrical and magnetic waves that 
travel at the speed of light, such as light, radio waves, 
�-rays, and x-rays. All electromagnetic radiation can be 
transmitted through a vacuum.

electron (e): An elementary particle with a unit negative 
electrical charge and a mass 1/1,837 that of the proton. 
Electrons surround the positively charged nucleus and 
determine the chemical properties of the atom. Positive 
electrons, or positrons, also exist.

electronvolt (eV): The amount of energy gained by a par-
ticle of charge e (�1.6 � 10�19 C) if it is accelerated by a 
potential difference of 1 V.1 eV � 1.6 � 10�19 J.

electrophoresis: The technique of separating charged mol-
ecules in a matrix to which an electrical fi eld is applied.

electroporation: A process whereby high-voltage pulses of 
electricity are used to open pores in the cell membrane, 
through which foreign DNA can pass.

Ellis formula: The relation between dose, overall time, and 
number of fractions in radiotherapy (NSD).

endonuclease: An enzyme that cleaves at internal sites in the 
substrate molecule.

epidermal growth factor (EGF): Protein that promotes 
growth of epidermal cells and can stimulate or inhibit the 
proliferation and differentiation of various cells.

epithelium: A thin layer of cells in the skin, mucous mem-
brane, or any duct that replaces worn-out cells by cell 
division.

equivalent dose: A quantity used for radiation protection 
purposes that takes into account the different probabil-
ity of effects that occur with the same absorbed dose de-
livered by radiations with different radiation weighting 
factor values. It is defi ned as the product of the average 
absorbed dose in a specifi ed organ or tissue and the radia-
tion weighting factor values. If dose is in grays, equivalent 
dose is in sieverts.

erb-B (EGFR/HER1): Membrane receptor that binds epi-
dermal growth hormone.

error-free repair: DNA repair whereby the molecule is 
reconstituted with a high fi delity (i.e., without loss of 
information).

erythropoietin: Cytokine that stimulates late erythroid pro-
genitors to form small colonies of erythrocytes.

Escherichia coli (E. coli): A bacterium found in the human 
colon that is used widely as a host for molecular cloning 
experiments.

ethidium bromide: A fl uorescent dye that is used to stain 
DNA and RNA and that intercalates between nucleotides 
and fl uoresces if exposed to ultraviolet light.

eukaryote: An organism whose cells possess a nucleus and 
other membrane-bounded vesicles, including all mem-
bers of the protist, fungi, plant, and animal kingdoms.

evolution: The origin of plants and animals from preexisting 
types. Descent with modifi cations.

excision repair: Repair of DNA lesions by removal of a 
polynucleotide segment and its replacement with a newly 
synthesized, corrected segment.

exon: DNA segment of a gene that is transcribed and trans-
lated into protein.

exonuclease: An enzyme that breaks down nucleic acid mol-
ecules by breaking the phosphodiester bonds at the 3� or 
5� terminal nucleotides.

exponential growth: Growth according to an exponential 
equation.

exponential survival curve: A survival curve without a thresh-
old or shoulder region that is a straight line on a semiloga-
rithmic plot.
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tering and fl uorescence following staining with dyes or 
labeled antibodies.

fl uoroscopy: A medical x-ray procedure used for observa-
tion of the internal features of the body by means of the 
fl uorescence produced on a screen by a continuous fi eld 
of x-rays transmitted through the body.

founder effect: A form of genetic drift. The establishment 
of a population by a small number of individuals whose 
genotypes carry only a fraction of the different kinds of 
alleles in the parental population.

fractionation: The daily dose of radiation based on the total 
dose divided into a particular number of daily treatments.

fragile site: A gap or nonstaining region of a chromosome 
that can be induced to generate chromosome breaks.

frameshift mutation: A mutational event leading to the in-
sertion of one or more base pairs in a gene, shifting the 
codon reading frame in all codons following the muta-
tional site.

free radical: A fragment of an atom or molecule that con-
tains an unpaired electron, which, therefore, make it very 
reactive.

functional imaging: Imaging methods aimed at detecting 
physiologic changes, in contrast to structural or anatomi-
cal imaging.

functional subunits (FSUs): Many tissues can be thought of 
as consisting of discrete FSUs. These may be arranged in 
series as in the spinal cord, or in parallel as in the kidney.

fusion, thermonuclear: The reaction that occurs when two 
or more light nuclei coalesce to form a heavier nucleus 
with the release of energy.

fusion gene: A hybrid gene created by joining portions of 
two different genes (to produce a new protein) or by join-
ing a gene to a different promoter (to alter or regulate 
gene transcription).

gamete: A specialized reproductive cell with a haploid num-
ber of chromosomes.

gamma rays (�-rays): High-energy, short-wavelength elec-
tromagnetic radiation. �-radiation frequently accompanies 
�- and �-emissions and always accompanies fi ssion. �-
rays are very penetrating and are stopped best or shielded 
against by dense materials, such as lead or depleted ura-
nium. �-rays are indistinguishable from x-rays except for 
their source: �-rays originate inside the nucleus, x-rays 
from outside.

gastrointestinal (GI): Having to do with the digestive 
tract, which includes the mouth, esophagus, stomach, 
and intestines.

gene: The fundamental physical unit of heredity whose ex-
istence can be confi rmed by allelic variants and that oc-
cupies a specifi c chromosomal locus; a DNA sequence 
coding for a single polypeptide.

gene amplifi cation: The presence of multiple copies of a gene 
and one of the mechanisms by which proto- oncogenes 
are activated to result in neoplasia.

gene expression: The process of producing a protein from 
its DNA- and mRNA-coding sequences.

gene mutation: See point mutation.
gene pool: The total of all genes possessed by reproductive 

members of a population.
genetic burden: Average number of recessive lethal genes 

carried in the heterozygous condition by an individual in 
a population. Also called genetic load.

exposure (X): (Often used in its more general sense and not as 
the specially defi ned radiation quantity). A measure of the 
quantity of x- or �-radiation based on its ability to ionize 
the air through which it passes. The SI unit of exposure is 
coulomb per kilogram (C/kg). The previously used special 
unit of exposure was the röntgen (R).

expression library: A library of cDNAs whose encoded pro-
teins are expressed by specialized vectors.

expression vector: A plasmid or phage-carrying promoter 
region designed to cause expression of cloned DNA 
 sequences.

external radiotherapy: Radiation therapy that uses a ma-
chine located outside the body to aim high-energy rays at 
cancer cells. Sometimes called external beam radiotherapy.

extrapolated total dose (ETD): Calculated isoeffect dose 
when the dose rate is very low or when fraction size is very 
small.

extrapolation number: A parameter in the multitarget equa-
tion: the point on the survival scale to which the straight 
part of the curve back-extrapolates.

fallout: The radioactive material falling from the atmosphere 
to Earth’s surface after a nuclear event, such as a weapon’s 
test or accident.

familial trait: A trait transmitted through and expressed by 
members of a family.

fast neutrons: Neutrons with energy greater than approxi-
mately 100,000 eV. Compare thermal neutrons.

fi broblast: A precursor cell of connective tissue that is rela-
tively easy to maintain in cell culture.

fi eld: A term used in radiation oncology to describe or de-
fi ne an area through which x-rays are directed toward the 
tumor.

fi eld-size effect: The dependence of normal tissue damage on 
the size of the irradiated area; also known as volume effect.

fi lm badge: An assembly containing a packet of unexposed 
photographic fi lm and various fi lters (absorbers); when 
the fi lm is developed, the dose and type of radiation to 
which the wearer was exposed can be estimated.

fi ngerprint: The pattern of ridges and whorls on the tip of a 
fi nger. The pattern obtained by enzymatically cleaving a 
protein or nucleic acid and subjecting the digest to two-
dimensional chromatography or electrophoresis.

FISH (fl uorescence in situ hybridization): The process 
whereby fl uorescent dyes are attached to specifi c regions 
of the genome, thus aiding the identifi cation of chromo-
somal damage.

fi ssion: The splitting of a heavy nucleus into two approxi-
mately equal parts (which are nuclei of lighter elements), 
accompanied by the release of a relatively large amount of 
energy and generally one or more neutrons. Fission can 
occur spontaneously, but usually it is caused by nuclear 
absorption of �-rays, neutrons, or other particles.

fi ssion products: The nuclei (fi ssion fragments) formed by 
the fi ssion of heavy elements plus the nuclides formed by 
the fi ssion fragments’ radioactive decay.

fl anking region: The DNA sequences extending on either 
side of a specifi c locus or gene.

fl exible tissues: Nonhierarchical cell populations in which 
function and proliferation take place in the same cells.

fl ow cytometry: Analysis of cell suspensions in which a di-
lute stream of cells is passed through a laser beam. DNA 
content and other properties are measured by light scat-
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genetic code: The three-letter code that translates nucleic 
acid sequence into protein sequence.

genetic counseling: Analysis of risk for genetic defects in a 
family and the presentation of options available to avoid 
or ameliorate possible risks.

genetic disease: A disease that has its origin in changes to 
the genetic material, DNA. Usually refers to diseases that 
are inherited in a mendelian fashion, although noninher-
ited forms of cancer also result from DNA mutation.

genetic drift: Random variation in gene frequency from 
generation to generation, most often observed in small 
populations.

genetic effects of radiation: Radiation effects that can be 
transferred from parent to offspring; any radiation-caused 
changes in the genetic material of sex cells. Now called 
heritable effects.

genetic engineering: The manipulation of an organism’s 
genetic endowment by introducing or eliminating spe-
cifi c genes. A broad defi nition of genetic engineering also 
includes selective breeding and other means of artifi cial 
selection.

genetic polymorphism: The stable coexistence of two or 
more discontinuous genotypes in a population. If the 
frequencies of two alleles are carried to equilibrium, the 
condition is called balanced polymorphism.

genetically signifi cant dose: The dose that, if given to 
every member of a population, should produce the same 
heritable harm as the actual doses received by the indi-
viduals. Expressed in sieverts, this dose takes into account 
the childbearing potential of those receiving the dose.

genetics: The branch of biology that deals with heredity and 
the expression of inherited traits.

genome: The genetic complement contained in the chro-
mosomes of a given organism, usually the haploid chro-
mosome state.

genomic instability: The failure to pass an accurate copy of 
the whole genome from a cell to its progeny cells some 
generations after radiation. Expressed, for example, by 
the appearance of chromosome aberrations many gen-
erations later.

genomic library: A library composed of fragments of ge-
nomic DNA.

genotype: The structure of DNA that determines the ex-
pression of a trait (phenotype).

GeV: One billion electronvolts. Also written as BeV.
GI: Gastrointestinal.
giga: A prefi x that multiplies a basic unit by 1 billion (109).
gonads: The ovaries or testes.
grade: In reference to tumors, the aggressiveness of the cell 

type, from very low aggressiveness with slow growth pat-
tern to very aggressive with rapid spread. Tumor grading 
classifi cations vary according to type of tumor.

graft-versus-host disease (GVHD): In transplants, reac-
tion by immunologically competent cells of the donor 
against the antigens present on the cells of the host. In 
human bone marrow transplants, often a fatal condition.

granulocyte colony-stimulating factor (G-CSF): Cyto-
kine that stimulates differentiation of progenitors into 
granulocytes.

granulocyte-macrophage colony-stimulating factor (GM-
CSF): Cytokine that stimulates differentiation of progeni-
tors into granulocytes, macrophages, and eosinophils.

gray (Gy): The special name for the SI unit of absorbed dose, 
kerma, and specifi c energy imparted equal to 1 J/kg. The 
previous unit of absorbed dose, rad, has been replaced by 
the gray. One gray equals 100 rad.

ground state: The state of a nucleus, an atom, or a molecule 
at its lowest (normal) energy level.

growth delay: Extra time required for an irradiated tumor to 
reach a given size, compared with an unirradiated  control.

growth factor: A serum protein that stimulates cell division 
when it binds to its cell surface receptor.

growth factor receptor: A membrane-spanning protein 
that selectively binds its growth factor and then trans-
duces a signal for cell division to other molecules in the 
cytoplasm and nucleus.

growth fraction: Proportion of viable cells in active cell 
 division.

growth hormone (GH): Secreted by the anterior pituitary 
gland, a hormone that acts mainly on the growth of bone 
and muscles. Can be secreted by lymphocytes in response 
to phorbol ester treatment and may be involved in lym-
phocyte growth. Also known as somatotropin.

half-life (t1/2): The time taken for the activity of a radionu-
clide to decay to half its initial value.

half-life, biologic: The time required for a biologic system, 
such as a human or an animal, to eliminate by natural 
processes half the amount of a substance, such as a radio-
active material, that has entered it.

haploid: Having only one of each type of chromosome, as 
is usually the case in gametes (oocytes and spermatozoa).

heat shock: A transient response following exposure of cells or 
organisms to elevated temperatures. The response involves 
activation of a small number of loci, inactivation of previ-
ously active loci, and selective translation of heat-shock 
mRNA. Appears to be a nearly universal phenomenon, 
observed in organisms ranging from bacteria to humans.

heavy water (D2O): Water containing signifi cantly more 
than the natural proportion (1 in 6,500) of heavy hy-
drogen (deuterium) atoms to ordinary hydrogen atoms. 
Heavy water is a moderator in some nuclear reactors be-
cause it slows down neutrons effectively and also has a 
low cross section for absorption of neutrons.

helicase: An enzyme that participates in DNA replication 
by unwinding the double helix near the replication fork.

hematocrit: The percentage of blood made up of red blood cells.
hematology: The study of blood and its disorders.
hemizygous: Describing a condition in which a gene is pres-

ent in a single dose. Usually applied to genes on the X 
chromosome in heterogametic males.

hemoglobin (Hb): An iron-containing, conjugated respira-
tory protein occurring chiefl y in the red blood cells of 
vertebrates. Carries oxygen to the tissues.

hemophilia: A sex-linked trait in humans associated with de-
fective blood-clotting mechanisms.

herpesvirus: One of a group of viruses causing herpes in 
man and other primates. These viruses are potentially 
useful as vectors in gene therapy because they are large 
and can accommodate a large insert, but they are seldom 
used in practice because they are potentially more patho-
genic and diffi cult to control.

heterochromatin: The heavily staining, late-replicating re-
gions of chromosomes that are condensed in interphase. 
Thought to be devoid of structural genes.
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hyperbaric oxygen (HBO): The use of high oxygen pres-
sures (two or three atmospheres) to enhance oxygen 
availability in radiotherapy.

hyperdiploid: Additional chromosomes; the modal number 
is 47 or more.

hyperfractionated radiation: Division of the total dose of radi-
ation into smaller doses usually given more than once a day.

hyperthermia: The use of heat to treat cancer.
hypodiploid: Loss of chromosomes with modal number 45 

or less.
hypofractionation: The use of dose fractions substantially 

larger than the conventional level of �2 Gy.
hypopharynx: Part of the lower throat beside and behind the 

larynx (voice box).
hypoxia: Low oxygen tension; usually the very low levels  required 

to make cells maximally radioresistant.  Sometimes used to 
mean anoxia (literally, the complete absence of  oxygen).

hypoxic cell cytotoxin: Any agent, typically a bioreductive 
drug, that preferentially kills hypoxic cells.

hypoxic fraction: The fraction of hypoxic cells in a tumor 
that are resistant to radiation, but still viable.

ICRP: International Commission on Radiological Protection.
identical twins: See monozygotic twins.
IFN�: Cytokine that is produced in response to viral in-

fection and that protects cells from viruses and causes 
growth arrest of normal and tumor cells.

IFN�: Cytokine that is produced in response to viral in-
fection and that protects cells from viruses and causes 
growth arrest of normal and tumor cells.

IFN�: Cytokine that is produced in response to viral infection 
and that activates macrophages, protects cells from viruses, 
and causes growth arrest of normal and tumor cells.

IL-1: Cytokine involved in the regulation of immune and 
infl ammatory responses.

IL-2: Cytokine that stimulates growth of T cells. Also stim-
ulates B cell growth and differentiation, generation of 
lymphokine-activated killer cells, activation of macro-
phages, and production of other cytokines.

IL-3: Cytokine that induces the proliferation of hematopoi-
etic cells, particularly erythroid and myeloid cells. Pro-
duced by activated T cells and mast cells.

IL-4: Cytokine that has general effects on hematopoietic 
cells, including the activation, growth, and differentiation 
of B cells. Also induces growth of mast cells and T cells.

IL-5: Cytokine that induces eosinophil differentiation, as 
well as B cell activation, growth, and differentiation.

IL-6: Cytokine that regulates B cell differentiation, T cell 
activation, killer cell induction, and other physiologic re-
sponses. Induced by cytokines, ultraviolet irradiation, and 
other stimuli. Many effects are similar to IL-1 and TNF.

IL-7: Cytokine that promotes the growth of B and T cell 
progenitors.

IL-8: One of an extended family of cytokines that act as che-
moattractants for neutrophils, T cells, and basophils.

IL-9: Cytokine that stimulates proliferation of T cells and 
enhances mast cell activity and growth.

IL-10: Cytokine that enhances IL-2 and IL-4 proliferative 
response of T cells. Also acts to inhibit cytokine produc-
tion by various different cells.

IL-11: Cytokine that together with other cytokines stimu-
lates the growth of various hematopoietic progenitors.

heterozygote: An individual with different alleles at one or 
more loci. Such individuals produce unlike gametes and 
therefore do not breed true.

hierarchical tissues: Cell populations comprising a lineage 
of stem cells, proliferating cells, and mature cells. The 
mature cells do not divide.

high-dose-rate (HDR) remote brachytherapy: A type of 
internal radiation in which each treatment is given in a 
few minutes with the radioactive source in place. The 
source of radioactivity is removed between treatments.

histones: Proteins complexed with DNA in the nucleus. 
They are rich in the basic amino acids arginine and 
lysine and function in the coiling of DNA to form 
 nucleosomes.

HLA: Cell surface proteins, produced by histocompatibility 
loci, that are involved in the acceptance or rejection of 
tissue and organ grafts and transplants.

homogeneously staining region: Segment of mammalian 
chromosomes that stains lightly with Giemsa following 
exposure of cells to a selective agent. These regions arise 
in conjunction with gene amplifi cation and are regarded 
as the structural locus for the amplifi ed gene.

homologous chromosomes: Chromosomes that have the 
same linear arrangement of genes; a pair of matching 
chromosomes in a diploid organism.

homologous recombination (HR): DNA repair pathway 
for double-strand breaks by using as a template an un-
damaged homologous DNA sequence, usually from the 
sister chromatid.

homologue: Any member of a set of genes or DNA sequences 
from different organisms whose nucleotide sequences 
show a high degree of one-to-one correspondence.

homozygote: An individual with identical alleles at one or 
more loci. Such individuals produce identical gametes 
and therefore breed true.

hormesis: The phenomenon whereby a physical or chemical 
agent has one effect at high doses and the reverse effect 
at low doses. It probably results from the activation of 
defense mechanisms. Hormesis is observed with several 
drug molecules that are toxic at high doses, but which can 
have a benefi cial protective effect at low doses.

hormones: Factors synthesized in endocrine glands that if 
released, act to regulate and modulate the functions of 
multicellular organisms.

Human Genome Project: A project coordinated by the 
National Institutes of Health and the Department of En-
ergy to determine the entire nucleotide sequence of the 
human chromosomes.

hybrid: The offspring of two parents differing in at least one 
genetic characteristic.

hybridization: The hydrogen bonding of complementary 
DNA or RNA sequences to form a duplex molecule.

hybridoma: A somatic cell hybrid produced by the fusion of 
an antibody-producing cell and a cancer cell, specifi cally 
a myeloma. The cancer cell contributes the ability to di-
vide indefi nitely, and the antibody cell confers the ability 
to synthesize large amounts of a single antibody.

hydrogen bond: An electrostatic attraction between a hy-
drogen atom bonded to a strongly electronegative atom 
such as oxygen or nitrogen and another atom that is elec-
tronegative or contains an unshared electron pair.
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IL-12: Cytokine that promotes growth of T and natural 
killer cells and enhances cytotoxic T cell responses.

immortalization: Term used to describe the change as cells 
from somatic tissues that are only able to perform a lim-
ited number of cell divisions undergo a “crisis” and be-
come capable of unlimited cell divisions.

immortalizing oncogene: A gene that upon transfection 
enables a primary cell to grow indefi nitely in culture.

immune system: The body’s defense system, which protects 
it from foreign substances, such as bacteria and viruses 
that are harmful to it.

immunoglobulin: The class of serum proteins having the 
properties of antibodies.

implant: A quantity of radioactive material placed in or near 
a cancer.

IMRT: Intensity-modulated radiation therapy. A technique 
using nonuniform radiation beams to achieve high con-
formality treatment plans.

in situ hybridization: A technique for the cytologic localiza-
tion of DNA sequences complementary to a given nucleic 
acid or polynucleotide.

in vitro: Literally, in glass; outside the living organism; oc-
curring in an artifi cial environment.

in vivo: Literally, in the living; occurring within the living 
body of an organism.

inbreeding: Mating between closely related organisms.
incomplete repair: Increased damage from fractionated ra-

diotherapy if the time interval between doses is too short 
to allow complete recovery of sublethal damage.

indirect action: Damage to DNA by free radicals formed 
through the ionization of nearby water molecules.

inducible response: A response to irradiation that is modi-
fi ed by a small dose of radiation given shortly before.

infusion: Slow or prolonged intravenous delivery of a drug 
or fl uid.

initial slope: The steepness of the initial part of the oxic cell 
survival curve.

initiating agent: Something that causes initial “latent” dam-
age to the DNA. The cell requires more damage from 
a second “promoting agent” before the damage is ex-
pressed as cancer. Radiation usually is considered an ini-
tiating agent.

initiation codon: The mRNA sequence AUG, which codes 
for methionine and initiates translation.

intercalating agent: A compound that inserts between bases 
in a DNA molecule, disrupting the alignment and pair-
ing of bases in the complementary strands (e.g., acridine 
dyes).

interferon: One of a family of proteins that act to inhibit 
viral replication in higher organisms. Some interferons 
may have anticancer properties.

interphase: That portion of the cell cycle between divisions.
interphase death: The death of irradiated cells before they 

reach mitosis.
interstitial implant: The placement of fi ne tubes in a 

gridlike pattern through tissues containing a cancer; 
these tubes are fi lled later with radioactive sources for 
brachytherapy.

intracavitary implant: The placement of a small tube within 
a body cavity, such as the bronchus or vagina; this tube 
later is fi lled with radioactive sources for brachytherapy.

intraoperative radiation: A type of radiation used to deliver 
a large dose of radiation therapy to the tumor bed and 
surrounding tissue at the time of surgery.

intravenous (IV): Into a vein.
intron: A portion of DNA that is located between coding re-

gions in a gene and which is transcribed, but which does 
not appear in the mRNA product.

inverse square law: A physical law stating that the intensity 
of x- or �-radiation from a point source emitting uni-
formly in all directions is inversely proportional to the 
square of the distance from the source.

inversion: Two breaks occurring in the same chromosome 
with rotation of the intervening segment. If both breaks 
are on the same side of the centromere, it is called a para-
centric inversion. If they are on opposite sides, it is called 
a pericentric inversion.

ion: An electrically charged atom or group of atoms.
ion pair: A closely associated positive ion and negative ion 

(usually an electron) having charges of the same magnitude 
and formed from a neutral atom or molecule by radiation.

ionization: The process of adding one or more electrons 
to, or removing one or more electrons from, atoms or 
molecules, thereby creating ions. High temperatures, 
electrical discharges, or nuclear radiations can cause 
ionization.

ionization chamber: A device for detection of ionizing radi-
ation or for measurement of radiation dose and dose rate.

ionizing radiation: Any radiation displacing electrons from 
atoms or molecules, thereby producing ions. Examples of 
ionizing radiation are �-, �-, and �-radiation, x-rays, and 
shortwave ultraviolet light. Ionizing radiation may pro-
duce severe skin or tissue damage. See radiation burn, 
radiation illness.

ipsilateral: On the same side of the body (opposite of 
 contralateral).

irradiation: Exposure to radiation, as in a nuclear reactor.
isobars: Atoms having the same number of nucleons but dif-

ferent numbers of protons and neutrons.
isochromosome: A chromosome that consists of identical 

copies of one chromosome arm with loss of the other 
arm. Thus, an isochromosome for the long arm of chro-
mosome 17 (i[17][q10]) contains two copies of the long 
arm (separated by the centromere) with loss of the short 
arm of the chromosome.

isoeffect plots: Graphs of the total dose for a given effect 
(e.g., ED50) plotted, for instance, against dose per fraction 
or dose rate.

isomers: Atoms having the same number of protons and 
neutrons but a different nuclear energy state.

isotopes: Forms of a chemical element that have the same 
number of protons and electrons but differ in the number 
of neutrons contained in the atomic nucleus. Unstable 
isotopes undergo a transition to a more stable form with 
the release of radioactivity.

isotropic: Having equal intensity in all directions.
Karnofsky score: A measure of the patient’s overall physical 

health following treatment, judged by his or her level of 
activity.

karyotype: Arrangement of chromosomes from a particular 
cell according to a well-established system such that the 
largest chromosomes are fi rst and the smallest ones are 
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local invasion: The spread of cancer from an original site to 
the surrounding tissues.

local tumor control: The complete remission of a tumor 
without later regrowth. This requires that all cancer stem 
cells are inactivated.

localized tumors: Tumors that are contained in one particu-
lar site and have not spread.

locally multiply damaged site (LMDS): Any of various 
complex lesions, including base damage as well as double-
strand breaks, produced by “spurs” and “blobs” from a 
high-LET track.

log-phase culture: A cell culture growing exponentially.
long terminal repeat (LTR): Sequence of several hundred 

base pairs found at the ends of retroviral DNAs.
lymph node: A collection of lymphocytes within a capsule 

and connected to other lymph nodes by fi ne lymphatic 
vessels; a common site for certain cancer cells to grow 
after traveling along lymphatic vessels.

lymphatic system: A network of fi ne lymphatic vessels that 
collects tissue fl uids from all over the body and returns 
these fl uids to the blood. Accumulations of lymphocytes, 
called lymph nodes, are situated along the course of lym-
phatic vessels.

lymphocyte: A type of white blood cell that helps protect the 
body against invading organisms by producing antibodies 
and regulating the immune system response.

lymphoma: A type of cancer beginning in an altered lym-
phocyte. There are two broad categories of lymphomas: 
Hodgkin disease and non–Hodgkin lymphoma.

lysis: The destruction of the cell membrane.
macrophage: A type of white blood cell assisting in the 

body’s fi ght against bacteria and infection by engulfi ng 
and destroying invading organisms.

macrophage colony-stimulating factor (M-CSF): Cyto-
kine that stimulates formation of macrophages from plu-
ripotent hematopoietic cells.

magnetic resonance imaging (MRI): A method of taking 
pictures of body tissue using magnetic fi elds.

mammogram: An x-ray of the breast used to detect can-
cer, sometimes before it can be detected by palpation. 
Women older than 50 years are advised to have a mam-
mogram every year; women in their 40s, every 2 years.

mapping: Determining the physical location of a gene or ge-
netic marker on a chromosome.

mass number (A): The sum of the neutrons and protons in 
a nucleus. It is the nearest whole number to an isotope’s 
atomic weight. For instance, the mass number of the ura-
nium-235 isotope is 235. Compare atomic number.

mean: Arithmetic average.
median: The value in a group of numbers below and above 

which there are an equal number of data points or 
measurements.

medical oncologist: A doctor specializing in using chemo-
therapy to treat cancer.

mega: A prefi x that multiplies a basic unit by 1 million (106).
meiosis: The process in gametogenesis or sporogenesis dur-

ing which one replication of the chromosomes is followed 
by two nuclear divisions to produce four haploid cells.

melanoma: A type of cancer that begins in the pigment-
containing cells of a skin mole or the lining of the eye.

mendelian: Referring to diseases that are caused by muta-
tions in single genes located on either the autosomes or 

last. Normal female karyotype is 46,XX; normal male 
karyotype is 46,XY.

kerma: The sum of the initial kinetic energies of all the 
charged ionizing particles liberated by uncharged ioniz-
ing particles per unit mass of a specifi ed material. Kerma 
is measured in the same unit as absorbed dose. The SI 
unit of kerma is joule per kilogram, and its special name 
is gray (Gy). Kerma can be quoted for any specifi ed mate-
rial at a point in free space or in an absorbing medium.

kilobase (kb): A unit of length consisting of 1,000 nucleotides.
kilovolt (kV): A unit of electrical potential difference equal 

to 1,000 V.
labeling index (LI): Proportion or percentage of cells in the 

population (S phase) that take up tritiated thymidine or 
other precursors, such as bromodeoxyuridine; that is, the 
proportion synthesizing DNA.

late responses: Radiation-induced normal tissue damage that 
in humans is expressed months to years after  exposure. 
Generally results from damage to connective tissue cells. 
The �/� ratio tends to be small (�5 Gy).

latency period: The time between an injury occurring and 
the effects of the injury expressing themselves as disease.

LD50/30: Radiation dose to produce lethality in 50% of ani-
mals by 30 days; similarly, LD50/7, and so on.

leader sequence: That portion of an mRNA molecule from 
the 5� end to the beginning codon. May contain regula-
tory or ribosome-binding sites.

leading strand: During DNA replication, the strand synthe-
sized continuously 5� to 3� toward the replication fork.

leakage radiation: All radiation coming from within the 
source assembly except for the useful beam.

LET: Linear energy transfer.
lethal dose (LD): A dose of ionizing radiation suffi cient to 

cause death. Median lethal dose (MLD, or LD50) is the 
dose required to kill, within a specifi ed period of time, half 
the individuals in a large group of organisms similarly ex-
posed. The LD50/60 for humans is about 4 Gy.

lethal gene: A gene whose expression results in death.
leucine zipper: A secondary protein structure in which pro-

jecting leucine residues on two polypeptide changes in-
terdigitate to form a stable dimer.

leukemia: A malignant cancer of the blood-forming tissues 
(bone marrow or lymph nodes), generally characterized 
by an overproduction of white blood cells.

leukocyte: White blood cell.
lifetime risk: The risk of dying of some particular cause over 

the whole of a person’s life.
ligase: An enzyme that catalyzes a reaction that links two DNA 

molecules by the formation of a phosphodiester bond.
ligation: The process of joining two or more DNA fragments.
linear accelerator: A machine creating high-energy radia-

tion to treat cancers. See accelerator.
linear energy transfer (LET): The rate of energy loss 

along the track of an ionizing particle, usually expressed 
in keV/�m.

linear-quadratic (LQ) model: Model in which the effect (E) 
is a linear-quadratic function of dose (d): E � �d � �d2. 
For cell survival: S � exp(��d � �d2).

linkage: Condition in which two or more nonallelic genes 
tend to be inherited together. Linked genes have their 
loci along the same chromosome, do not assort indepen-
dently, but can be separated by crossing over.
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the sex chromosomes and that show a simple, predictable 
pattern of inheritance.

meningioma: A type of brain tumor that is relatively com-
mon and usually benign.

messenger RNA (mRNA): The class of RNA molecules 
that copies the genetic information from DNA in the nu-
cleus and carries it to ribosomes in the cytoplasm and is 
translated into the amino acid sequence of a polypeptide.

metacentric chromosome: A chromosome with a centrally 
located centromere, producing chromosome arms of 
equal lengths.

metaphase: The stage of cell division in which the con-
densed chromosomes lie in a central plane between the 
two poles of the cell and in which the chromosomes be-
come attached to the spindle fi bers.

metastasis: The ability of cancerous cells to invade sur-
rounding tissues, enter the circulatory system, and estab-
lish new malignancies in body tissues distant from the site 
of the original tumor.

metastatic cancer: An advanced stage of cancer in which 
cells from the original (primary) site have spread (metas-
tasized) to other organs.

methionine: The amino acid encoded by the sequence AUG.
methylate: The addition of one or more methyl groups 

(CH3) to a molecule.
MeV: One million (106) electron volts.
micro (�): A prefi x that divides a basic unit by 1 million (10�6).
microarray: An array of DNA spots of known sequence, 

usually on a glass slide, used to quantify amounts of 
genomic DNA or mRNA (reverse transcribed into 
cDNA or cRNA) present in cells or tissues. Capable 
of monitoring expression of all known genes and their 
variants. Also known as “gene expression microarrays” 
or “chips.”

microinjection: Introducing DNA into a cell using a fi ne 
microcapillary pipette.

micrometer (�m): A unit of length equal to 1 � 10�6 m. 
Previously called a micron.

micron: See micrometer.
migration coeffi cient: An expression of the proportion of 

migrant genes entering the population per generation.
millimeter (mm): A unit of length equal to one thousandth 

of a meter.
minimal medium: A medium containing only those nutri-

ents that support the growth and reproduction of wild-
type strains of an organism.

miRNA: MicroRNAs, small (19 to 22 nucleotides) single-
stranded noncoding RNAs expressed in cells that can 
regulate gene expression.

mismatch repair (MMR): DNA repair pathway for repair-
ing or replacing mismatched bases in DNA.

misrepair (error-prone repair): Reconstitution with a loss 
of information (e.g., deletion caused by the loss of a frag-
ment of the molecule or mutation or translocation).

missense mutation: A mutation that alters a codon to that 
of another amino acid, causing an altered translation 
product to be made.

mitochondrion: Found in the cells of eukaryotes, a cytoplas-
mic, self-reproducing organelle that is the site of ATP 
synthesis.

mitogen: A substance (e.g., phytohemagglutinin) that stimu-
lates mitosis in nondividing cells.

mitogen-activated protein (MAP) kinase: A family of two 
protein kinases of 42 and 44 kDa (ERK1 and ERK2) and 
38 kDa that act to induce certain early-response genes.

mitosis: The replication of a cell to form two progeny cells 
with identical sets of chromosomes.

mitotic death: Cell death associated with a postirradiation 
mitosis.

mitotic delay: Delay of entry into mitosis, or accumulation 
in G2, as a result of treatment.

mitotic index (MI): Proportion or percentage of cells in mi-
tosis at any given time.

MMP-9: Matrix metallopeptidase 9 encodes a 92 kDa type 
IV collagenase. This enzyme is involved in breaking 
down the extracellular matrix and has been implicated in 
the metastatic process of tumor cells.

molecular imaging: Medical imaging visualizing the spatial 
distribution of molecular targets, signaling pathways, or 
cellular phenotypes. Examples include PET and SPECT.

molecule: A group of atoms held together by chemical 
forces. The atoms of the molecule may be identical, as in 
H2, S2, and S8, or different, as in H2O and CO2. A mol-
ecule is the smallest unit of matter that can exist by itself 
and retain all its chemical properties.

monoclonal antibodies: Immunoglobulin molecules of 
single-epitope specifi city that are secreted by a clone of 
B cells.

monosomic: Describing an aneuploid condition in which 
one member of a chromosome pair is missing; having a 
chromosome number of 2n � 1.

monozygotic twins: Twins produced from a single fertiliza-
tion event; the fi rst division of the zygote produces two 
cells, each of which develops into an embryo. Also known 
as identical twins.

morbidity: Sickness, side effects, and symptoms of a treat-
ment or disease.

mRNA: See messenger RNA.
mtDNA: Mitochondrial DNA.
mucositis: Infl ammation of the lining of areas such as the 

mouth.
multifactorial: Referring to diseases known to have a ge-

netic component but whose transmission patterns cannot 
be described as simple mendelian.

multitarget equation: Model that assumes the presence 
of a number of critical targets in a cell, all of which 
require inactivation to kill the cell. Survival is given by 
S � 1 � (1 � exp[D/D0])n.

mutagen: Any agent that causes an increase in the rate of 
mutation.

mutant: A cell or organism carrying an altered or mutant gene.
mutation: A relatively stable change in the DNA of the cell 

nucleus. Mutations in the germ cells of the body (ova and 
sperm) may lead to inherited effects in the offspring. Mu-
tations in the somatic cells of the body may lead to effects 
in the individual (e.g., cancer).

mutation component (MC): This allows for the observa-
tion that only a proportion of mutations lead to a disease.

mutation rate: The frequency with which mutations take 
place at a given locus or in a population.

myc: A nuclear oncogene involved in immortalizing cells.
myeloma: A tumor of the cells of the bone marrow.
nano (n): A prefi x that divides a basic unit by 1 billion (10�9).
nanometer (nm): A unit of length equal to 1 � 10�9 m.
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nucleon: Proton or neutron.
nucleoside: A purine or pyrimidine base covalently linked to 

a ribosome or deoxyribose sugar molecule.
nucleotide: A building block of DNA and RNA, consisting 

of a nitrogenous base, a fi ve-carbon sugar, and a phos-
phate group.

nucleotide pair: The pair of nucleotides (A and T or G and 
C) in opposite strands of the DNA molecule that are 
 hydrogen-bonded to each other.

nucleus (of a cell): The membrane-bounded region of a eu-
karyotic cell that contains the chromosomes.

nucleus (of an atom): The small, positively charged core 
of an atom. It is only about 1/10,000 the diameter of the 
atom but contains nearly all the atom’s mass. All nuclei 
contain both protons and neutrons, except the nucleus 
of ordinary hydrogen, which consists of a single proton.

nuclide: A general term applicable to all atomic forms of the 
elements. The term is often used incorrectly as a syn-
onym for isotope, which properly has a more limited defi -
nition. Whereas isotopes are the various forms of a single 
element (hence are a family of nuclides) and all have the 
same atomic number and number of protons, nuclides 
comprise all the isotopic forms of all the elements. Nu-
clides are distinguished by their atomic number, atomic 
mass, and energy state.

occupationally exposed: Exposed to radiation as a direct 
result of occupational duties.

oligonucleotide: A DNA polymer composed of only a few 
nucleotides.

oncogene: A gene that contributes to cancer formation 
when mutated or inappropriately expressed.

oncogenic: Having the potential to cause cancer (same as 
carcinogenic).

oncologist: A physician specializing in the study and treat-
ment of cancer.

oncology: The study of cancer.
1 4-3-3: A protein that interacts with raf to promote trans-

location to the cell membrane, in which raf, in turn, in-
teracts with ras.

open reading frame: A long DNA sequence, uninterrupted 
by a stop codon, that encodes part or all of a protein.

organ or tissue weighting factor (WT): A factor that indi-
cates the ratio of the risk of stochastic effects attributable 
to irradiation of a given organ or tissue to the total risk if 
the whole body is uniformly irradiated. Organs that have a 
large tissue weighting factor are those susceptible to radia-
tion-induced carcinogenesis (such as the breast or thyroid).

oxidative stress: Formation of reactive oxygen species (ROS) 
in and outside cells, such as those resulting from the lysis 
of water molecules induced by ionizing radiation. This 
stress not only can activate several enzyme systems, but 
can also modify the transcription of genes. These reac-
tions are known collectively as oxidative stress.

oxygen enhancement ratio (OER): The ratio of the ra-
diation dose given under anoxic conditions to produce 
a given effect relative to the radiation dose given under 
fully oxygenated conditions to produce the same effect.

p15: G1 inhibitor induced in epithelial cells by TGF-�. In-
hibits cyclin D1–Cdk4 and cyclin D1–Cdk6 complexes.

p16: G1 inhibitor of epithelial cells. Inhibits cyclin D1–Cdk4 
and cyclin D1–Cdk6 complexes. Gene is deleted in famil-
ial melanomas and other tumor types.

nasopharynx: Part of the breathing passage behind the nasal 
cavity.

natural radioactivity: See background radiation.
natural selection: Differential reproduction of some mem-

bers of a species resulting from variable fi tness conferred 
by genotypic differences.

natural uranium: Uranium as found in nature, containing 
0.7% of the isotope 235U, 99.3% of 238U, and a trace of 234U.

negligible individual dose: Level of effective dose to an in-
dividual per source or practice that may be ignored. De-
fi ned by National Council on Radiation Protection and 
Measurements as 0.01mSv.

neutrino (	): An electrically neutral elementary particle with 
a negligible mass. It interacts very weakly with matter and 
hence is diffi cult to detect. It is produced in many nu-
clear reactions (e.g., in � decay) and has high penetrating 
power. Neutrinos from the sun usually pass right through 
the earth.

neutron (n): An uncharged elementary particle that has a 
mass slightly greater than that of the proton and that is 
found in the nucleus of every atom heavier than hydro-
gen. A free neutron is unstable and decays with a half-
life of about 13 minutes into an electron, a proton, and a 
neutrino. Neutrons sustain the fi ssion chain reaction in a 
nuclear reactor.

NHEJ: Nonhomologous end-joining. A DNA repair path-
way for repairing double-strand DNA breaks without 
using any homologous sequence as a template.

nondisjunction: An accident of cell division in which the 
homologous chromosomes (in meiosis) or the sister chro-
matids (in mitosis) fail to separate and migrate to oppo-
site poles; responsible for defects such as monosomy and 
trisomy.

nonsense mutation: A mutation that alters a codon to one 
that encodes no amino acid; for example, UAG (amber 
codon), UAA (ochre codon), or UGA (opal codon). 
Leads to premature termination during the translation 
of mRNA.

nonstochastic effect: An effect, the severity of which in-
creases with increasing dose, after a threshold region. 
Now called deterministic effect.

normal distribution: A probability function that approxi-
mates the distribution of random variables. The normal 
curve, also known as a Gaussian or bell-shaped curve, is the 
graphic display of the normal distribution.

northern blotting: A procedure in which RNA fragments 
are transferred from an agarose gel to a nitrocellulose fi l-
ter from which the RNA is then hybridized to a radioac-
tive probe.

NSD: Nominal standard dose in the Ellis formula.
nuclear fuel cycle: Activities associated with production, 

utilization, and disposition of fuel for nuclear reactors 
and related by-products.

nuclear reactor: A structure in which nuclear fi ssion may be 
sustained in a self-supporting chain reaction. In thermal 
reactors, the fi ssion is produced by fi ssion neutrons, and 
in fast reactors by fast neutrons.

nuclease: An enzyme that breaks bonds in nucleic acid 
 molecules.

nucleic acid: A class of organic acids that play a role in pro-
tein synthesis, in the transmission of heritable traits, and 
in the control of cellular activities.
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p21 (WAF1): Inhibitor of Cdc2, Cdk4, and Cdk6. Induced 
through p53 pathway.

p27: Cell cycle inhibitor induced in epithelial cells by TGF-�. 
Inhibits cyclin E–Cdk2 complex.

p53: Considered the guardian of the genome. Mediates cel-
lular responses to DNA-damaging agents such as ion-
izing radiation at the G1 checkpoint; induces p21. The 
gene p53 on chromosome 17 is mutated in colon, breast, 
esophageal, and other various human cancers. Binds 
DNA; can act as transcription factor.

palindrome: A word, number, verse, or sentence that reads 
the same backward or forward. In nucleic acids, a se-
quence in which the base pairs read the same on comple-
mentary strands (5� → 3�). For example: 5� GAATTC 3�, 
3� CTTAAG 5�. These often occur as sites for restriction 
endonuclease recognition and cutting.

palliative care: Treatment to relieve, rather than cure, symp-
toms caused by cancer. Palliative care can help people live 
more comfortably.

palpate: To examine by carefully feeling with the fi ngers.
paracentric inversion: A chromosomal inversion that does 

not include the centromere.
parent: Radioactive atom that disintegrates to a different 

atom, its progeny.
particle: A minute constituent of matter, generally one with a 

measurable mass. The primary particles involved in radio-
activity are �-particles, �-particles, neutrons, and protons.

pathologist: A specialist who attempts to describe the nature 
of a disease by analyzing samples obtained from tissues, 
organs, or body fl uids.

pathology: The study of diseased tissues, both by gross and 
by microscopic examination of tissues removed during 
surgery and postmortem.

pedigree: In human genetics, a diagram showing the ances-
tral relationships of a given genotype manifest in a spe-
cifi c mutant phenotype associated with a trait.

penetrance: The frequency (expressed as a percentage) with 
which individuals of a given genotype manifest at least some 
degree of a specifi c mutant phenotype associated with a trait.

peptide bond: The covalent bond between the amino group 
of one amino acid and the carboxyl group of another 
amino acid.

pericentric inversion: A chromosomal inversion that in-
volves both arms of the chromosome and thus involves 
the centromere.

Person-sievert: The unit of collective dose.
phage: See bacteriophage.
pharynx: Medical term for the throat from the nasal and oral 

cavities above to the larynx and esophagus below.
phosphodiester bond: In nucleic acids, the covalent bond 

between a phosphate group and adjacent nucleotides, 
extending from the 5� carbon of one pentose (ribose or 
deoxyribose) to the 3� carbon of the pentose in the neigh-
boring nucleotide. Phosphodiester bonds form the back-
bone of nucleic acid molecules.

photodynamic therapy: Cancer treatment using light to 
activate a photosensitizing agent, thereby releasing cyto-
toxic free radicals.

photoelectric effect: Absorption of an x-ray by ionization.
photon: The carrier of a quantum of electromagnetic en-

ergy. Photons have an effective momentum but no mass 
or electrical charge.

pico (p): A prefi x that divides a basic unit by 1 trillion (10�12). 
Same as micromicro.

picocuries per liter (pCi/L): A unit of measurement of the 
activity concentration of a radioactive material; measures, 
for example, how many radioactive disintegrations of 
radon occur every second in a liter of air.

plaque: A clear spot on a lawn of bacteria or cultured cells 
on which cells have been lysed by viral infection and 
replication.

plasmid (p): A circular DNA molecule, capable of autono-
mous replication, which typically carries one or more 
genes encoding antibiotic resistance proteins.

plateau-phase cultures: Cell cultures grown to confl uence 
so that proliferation is markedly reduced (also called sta-
tionary phase).

platelet-derived growth factor (PDGF): A protein that 
induces growth fi broblasts and is involved in wound heal-
ing. Also acts on some epithelial and endothelial cells and 
on mesenchymal cells.

platelets: Special blood cells that help stop bleeding.
plating effi ciency: The proportion or percentage of in vitro–

plated cells that form colonies.
pleiotropy: Condition in which a single mutation simultane-

ously affects several characters.
ploidy: Relates to the number of sets of chromosomes in a 

cell. Diploid cells have two sets of chromosomes, a chro-
mosome complement twice that found in the gametes. 
Tetraploid cells have four sets of chromosomes.

point mutation: A mutation that can be mapped to a single 
locus. At the molecular level, a mutation that results in 
the substitution of one nucleotide for another.

polar body: A cell that is produced at either the fi rst or sec-
ond meiotic division in females and which contains al-
most no cytoplasm as a result of an unequal cytokinesis.

polyacrylamide gel electrophoresis: Electrophoresis through 
a matrix composed of a synthetic polymer, used to separate 
small DNA or RNA molecules (up to 1,000 nucleotides) 
or proteins.

polyclonal antibodies: A mixture of immunoglobulin mol-
ecules secreted against a specifi c antigen, each recogniz-
ing a different epitope.

polymerase: An enzyme that catalyzes the addition of mul-
tiple subunits to a substrate molecule.

polymerase chain reaction (PCR): A procedure that en-
zymatically amplifi es a DNA sequence through repeated 
replication by DNA polymerase.

polymorphism: The existence of two or more discontinu-
ous, segregating phenotypes in a population.

polypeptide: A molecule made up of amino acids joined by 
covalent peptide bonds. This term is used to denote the 
amino acid chain before it assumes its functional three-
dimensional confi guration.

polyploid: A cell or individual having more than two sets of 
chromosomes.

population: A local group of individuals that belong to the 
same species and that are actually or potentially inter-
breeding.

positron ( ��): An elementary particle with the mass of an 
electron but charged positively. It is the “antielectron.” 
It is emitted in some radioactive disintegrations and is 
formed by the interaction of high-energy �-rays with 
matter.
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prophylactic: Preventive measure or medication.
prostate: A gland at the base of the bladder in males for the 

production of seminal fl uids. Cancer of this gland is com-
mon in elderly men.

protein: A molecule composed of one or more polypeptides, 
each composed of amino acids covalently linked together.

protein kinase: An enzyme that adds phosphate groups to a 
protein molecule at serine, threonine, or tyrosine residues.

protein kinase C (PKC): A family of protein kinases  involved 
in mitogenic signaling. Activated by second messengers, 
including diacylglycerol and Ca2� (some isoforms). Can 
be activated directly by the phorbol ester class of tumor 
promoters. Can induce early-response genes through raf.

proteomics: Study of the proteins expressed in cells includ-
ing structure and function.

protocol: A standardized combination of therapies devel-
oped specifi cally for particular tumors.

proton: An elementary particle that is a component of all nuclei 
and that has a single positive electrical charge and a mass 
approximately 1,837 times that of the electron. The nucleus 
of an ordinary or light hydrogen atom. The atomic number 
of an atom is equal to the number of protons in its nucleus.

proto-oncogene: A gene generally active in the embryo and 
fetus and during proliferation processes. A mutation can 
result in the permanent activation of a proto-oncogene, 
which then becomes an oncogene.

PTEN: PTEN stands for Phosphatase and Tensin Homolog. 
The gene is commonly found mutated in many different 
cancers and is classifi ed as a tumor suppressor gene. The 
gene encodes a phosphatidylinositol-3,4,5-trisphosphate 
3-phosphatase that dephosphorylates phosphoinositide 
substrates and is critical in the regulation of the Akt sig-
naling pathway.

pulsed-fi eld gel electrophoresis (PFGE): Process whereby 
current is alternated between pairs of electrodes set at an-
gles to one another to separate very large DNA molecules 
of up to 10 million nucleotides.

purines: Organic bases with carbon and nitrogen atoms in 
two interlocking rings; components of nucleic acids and 
other biologically active substances.

pyrimidines: Nitrogenous bases composed of a single ring of 
carbon and nitrogen atoms; components of nucleic acids.

quality factor: The factor by which absorbed dose is mul-
tiplied to obtain a quantity that expresses on a common 
scale, biological effects (risks) from exposure to different 
radiations. Largely replaced by radiation weighting factor.

quasi-threshold dose (Dq): Point of extrapolation of the 
exponential portion of a multitarget survival curve to the 
level of zero survival: Dq � D0 ln(n).

rad: The old unit of absorbed dose, equivalent to an energy 
absorption of 10�2 J/kg. Replaced by the gray (Gy). See 
absorbed dose.

radiation: The emission and propagation of energy through 
matter or space by means of electromagnetic distur-
bances (x-rays) that display both wavelike and particle-
like behavior; in this context the “particles” are known 
as photons. Also, the energy so propagated. The term has 
been extended to include streams of fast-moving parti-
cles, such as �- and �-particles, free neutrons, and cosmic 
radiation. Nuclear radiation is that emitted from atomic 
nuclei in various nuclear reactions, including �-, �-, and 
�-radiation and neutrons.

positron emission tomography (PET): An imaging tech-
nique using radionuclides that emit positrons whose an-
nihilation photons are imaged in coincidence to form 
tomographic views of the body.

potential doubling time (Tpot): Tumor doubling time, tak-
ing into account the cell cycle time and the growth frac-
tion, but ignoring cell loss.

potentially lethal damage (PLD): Cellular damage that is 
repaired during the interval between treatment and assay, 
especially under suboptimal growth conditions.

pRb: A protein of �110 kDa that regulates cell cycle pro-
gression through G1. Phosphorylated by cyclin D–Cdk 
complexes to release G1 transcription factors. Inactivated 
in hereditary retinoblastoma and sporadic tumors of the 
bone, breast, esophagus, and other tissues.

precursor: In a radioactive decay chain, a member of the decay 
chain that occurs before a particular atom in  question.

pre-mRNA: The initial mRNA transcript prior to any mRNA 
processing.

primary cell: A cell or cell line that is taken directly from a 
living organism and that is not immortalized.

primary tumor: The place in which a cancer originates, 
which is referred to regardless of the site of its eventual 
spread. Thus, prostate cancer that spreads to the bone is 
still prostate cancer and is not referred to as bone cancer.

primer: A short DNA or RNA fragment annealed to single-
stranded DNA.

primordial: Existing at the beginning of the universe or at 
the beginning of the earth.

prion: An infectious pathogenic agent devoid of nucleic acid 
and composed mainly of a protein, PrP, with a molecular 
weight of 27,000 to 30,000 Da. Prions are known to cause 
scrapie, a degenerative neurologic disease in sheep, and 
are thought to cause similar diseases in humans, such as 
kuru and Creutzfeldt–Jakob disease.

probability: Ratio of the frequency of a given event to the 
frequency of all possible events.

probe: A single-stranded DNA (or RNA) that has been la-
beled radioactively and is used to identify complementary 
sequences.

prodromal phase: Signs and symptoms in the fi rst 48 hours 
following irradiation.

progeny: Formerly called a “daughter” in a radioactive decay 
chain.

prognosis: The predicted or likely outcome.
programmed cell death: Cell death that occurs as the result 

of an active process carried out by molecules in the cell, 
for example, apoptosis.

prokaryotes: Organisms lacking nuclear membranes, meio-
sis, and mitosis. Bacteria and blue-green algae are exam-
ples of prokaryotic organisms.

promoter: A region of DNA extending 150 to 300 bp up-
stream from the transcription start site that contains bind-
ing sites for RNA polymerase and several proteins that 
regulate the rate of transcription of the adjacent gene.

promoter site: Region having a regulatory function and to 
which RNA polymerase binds prior to the initiation of 
transcription.

promoting agent: Something that acts on earlier cellular 
damage caused by an initiating agent; can cause the ear-
lier damage to be expressed as cancer. Tobacco smoke 
usually is considered a promoting agent.
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nuclide until a stable nuclide is reached. The fi rst mem-
ber is called the parent, the intermediate members are 
called progeny, and the fi nal, stable member is called the 
end product.

radioactive tracer: A small quantity of a radioactive isotope, 
either with or without a carrier, used to follow biologic, 
chemical, or other processes by detection, determination, 
or localization of the radioactivity.

radioactive waste: Unwanted radioactive materials in any 
form. Often categorized in the nuclear power industry 
into low-level, intermediate-level, and high-level waste.

radioactivity: A property of all unstable elements that reg-
ularly decay to an altered state by releasing energy in 
the form of photons (�-rays) or particles (e.g., electrons, 
�-particles).

radiobiology: The body of knowledge and the study of the 
principles, mechanisms, and effects of ionizing radiation 
on living matter.

radiogenic: Of radioactive origin; produced by radioactive 
transformation.

radiography: The production of images on fi lm or other 
media by the action of x-rays transmitted through a 
 patient.

radioisotope: A radioactive isotope; an unstable isotope of 
an element that decays or disintegrates spontaneously, 
emitting radiation. More than 1,300 natural and artifi cial 
radioisotopes have been identifi ed.

radiologist: A physician with special training in read-
ing  diagnostic x-rays and performing specialized x-ray 
 procedures.

radiology: The science that investigates all forms of ionizing 
radiation in the diagnosis and treatment of disease.

radionuclide: A radioactive nuclide.
radioprotector: A chemical compound that reduces the bio-

logic consequences of radiation.
radioresistance: A relative resistance of cells, tissues, or-

gans, or organisms to the harmful action of radiation.
radioresponsiveness: A general term indicating the overall 

level of clinical response to radiotherapy.
radiosensitivity: (1) A relative susceptibility of cells, tissues, 

organs, or organisms to the effects of radiation. (2) The 
radiation dose required to produce a defi ned level of cell 
inactivation, usually indicated by the surviving fraction 
at 2 Gy (i.e., SF2) or by the parameters of the linear- 
quadratic or multitarget equations.

radiosensitizer: In general, any agent that increases the 
sensitivity of cells to radiation. Most commonly applied 
to electron-affi nic chemicals that mimic oxygen in fi xing 
free radical damage.

radiotherapy: The treatment of disease with ionizing radia-
tion. Often termed radiation therapy.

radium (Ra): A radioactive metallic element with atomic 
number 88. As found in nature, the most common iso-
tope has an atomic weight of 226. It occurs in minute 
quantities associated with uranium in pitchblende, 
carnotite, and other minerals. The uranium decays to 
radium in a series of �- and �-emissions. By virtue of 
being an �- and �-emitter, radium is used as a source of 
luminescence and as a radiation source in medicine and 
radiography.

radon (Rn): Colorless, odorless, naturally occurring radio-
active gas; a radioactive element and the heaviest gas 

radiation (ionizing): Any electromagnetic or particulate ra-
diation capable of producing ions, directly or indirectly, 
by interaction with matter. Examples are x-rays, photons, 
charged atomic particles and other ions, and neutrons.

radiation absorbed dose: See Gray.
radiation accidents: Accidents resulting in the spread of 

radioactive material or in the exposure of individuals to 
radiation.

radiation burn: Radiation damage to the skin. �-burns 
 result from skin contact with or exposure to emitters of 
�-particles. See beta particle, ionizing radiation.

radiation chemistry: The branch of chemistry that is con-
cerned with the chemical effects, including decomposi-
tion, of energetic radiation or particles on matter.

radiation detriment: Measure of stochastic effects from 
exposure to ionizing radiation that takes into account 
the probability of fatal cancers, probability of heritable 
effects in future generations, probability of nonfatal can-
cers weighted by the lethality fraction, and the relative 
years of life lost per fatal health effect.

radiation dose: The amount of radiation absorbed by an ir-
radiated object. This unit is the gray (Gy), defi ned to be 
1 J/kg.

radiation illness: An acute organic disorder that follows ex-
posure to relatively large doses of ionizing radiation. It 
is characterized by nausea, vomiting, diarrhea, blood cell 
changes, and (in later stages) hemorrhage and loss of hair.

radiation oncologist: A physician specializing in the treat-
ment of tumors by radiation therapy.

radiation protection: Legislation and regulations to protect 
the public and workers against radiation. Also, measures 
to reduce exposure to radiation.

radiation quality: Relative penetrability of an x-ray beam 
determined by its average energy; usually measured by 
half value layer (HVL) or peak kilovoltage (kVp).

radiation shielding: Reduction of radiation by interposing 
a shield of absorbing material between any radioactive 
source and a person, laboratory area, or radiation-
sensitive device.

radiation sterilization: Using radiation to make a plant or 
animal sterile. Also, radiation to kill all forms of life, espe-
cially bacteria, in food or surgical equipment.

radiation therapy: Treatment of disease with any type of ra-
diation. Often called radiotherapy.

radiation warning symbol: An offi cially prescribed symbol, 
a magenta trefoil on a yellow background, that should be 
displayed whenever a radiation hazard exists.

radiation weighted dose: New name proposed by ICRP for 
equivalent dose.

radiation weighting factor (WR): A factor used for radia-
tion protection purposes that accounts for differences in 
biologic effectiveness between different radiations. The 
radiation weighting factor is independent of the tissue 
weighting factor.

radioactive decay: See decay, radioactive.
radioactive half-life: Time for a radioisotope to decay to 

one-half its activity.
radioactive isotope: One of the forms of an element, differ-

ing in atomic weight and possessing an unstable nucleus 
that emits ionizing radiation.

radioactive series: A succession of nuclides, each in turn 
transforming by radioactive disintegration into the next 
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remission, partial: Generally means that by all methods used 
to measure the existence of a tumor, there has been at least 
a 50% regression of the disease following treatment.

remote brachytherapy: See high-dose-rate (HDR) remote 
brachytherapy.

reoxygenation: The process by which surviving hypoxic 
clonogenic cells become better oxygenated during the 
period after irradiation of a tumor.

repair: Restoration of the integrity of damaged  macromolecules.
repair saturation: Explanation of the shoulder on cell sur-

vival curves on the basis of the reduced effectiveness of 
repair after high radiation doses.

repopulation: The proliferation of surviving clonogenic 
tumor cells during a fractionated radiotherapy regime. 
Also, the regeneration of early responding normal tissues 
during a protracted treatment, which leads to an increase 
in tolerance with increasing overall time.

reproductive death: The loss of the proliferative ability of a 
cell. Commonly restricted to those cells having an indefi -
nite capacity to divide.

reproductive integrity: Ability of cells to divide many times 
and thus be “clonogenic.”

resection: Surgical removal. In relation to cancer re-
section, the pathologist often indicates if the outer 
 margins of the resection had no cancer cells present or 
were “negative.”

restriction endonuclease: Nuclease that recognizes specifi c 
nucleotide sequences in a DNA molecule and cleaves or 
nicks the DNA at that site. Derived from various micro-
organisms; those enzymes that cleave both strands of the 
DNA are used in the construction of recombinant DNA 
molecules.

restriction fragment length polymorphism (RFLP): Dif-
ferences in nucleotide sequence between alleles that re-
sult in restriction fragments of varying lengths.

retrovirus: A member of a class of RNA viruses that uses the 
enzyme reverse transcriptase to reverse-copy its genome 
into a DNA intermediate, which integrates into the host 
cell chromosome. Many naturally occurring cancers of 
vertebrate animals are caused by retroviruses. They are 
convenient to work with as a vector in gene therapy, but 
infect only dividing cells, which is a severe limitation.

reverse transcriptase (RNA-dependent DNA polymerase): 
An enzyme isolated from retrovirus-infected cells that syn-
thesizes a complementary cDNA strand from an RNA 
template.

reversion: A mutation that restores the wild-type phenotype.
ribosomal RNA: See rRNA.
RNA (ribonucleic acid): An organic acid composed of re-

peating nucleotide units of adenine, guanine, cytosine, 
and uracil, whose ribose components are linked by phos-
phodiester bonds.

RNA polymerase: An enzyme that catalyzes the formation 
of an RNA polynucleotide strand using the base sequence 
of a DNA molecule as a template.

robertsonian translocation: A form of chromosomal aber-
ration that involves the fusion of long arms of acrocentric 
chromosomes at the centromere.

röntgen (R): A unit of exposure to ionizing radiation named 
after Wilhelm Röntgen, the German scientist who dis-
covered x-rays in 1895. It is the amount of �- or x-rays 
required to produce ions carrying one electrostatic unit 

known. Its atomic number is 86 and its atomic weight 
varies from 200 to 226. Radon-222 is the progeny of ra-
dium in the uranium radioactive series.

radon daughter: Any atom that is below radon-222 in the 
uranium decay chain; often specifi cally refers to polo-
nium-218 and polonium-214, as these have the most bio-
logic signifi cance; now referred to as radon progeny.

raf: A protein kinase that is activated by GTP-bound ras. 
Acts to transduce mitogenic signaling by phosphorylation 
of MAP kinases.

ras: A family of 21-kDa proteins (H-, K-, and N-ras) found 
to be activated by point mutations at codons 12, 13, and 
61 in various tumors. Involved in mitogenic signaling, 
coupling growth signals from growth factor receptors 
to raf activation, and downstream stimulation of early-
response genes. Binds GTP in its activated state. Is found 
at the inner face of the cell membrane.

RBE: See relative biologic effectiveness.
reading frame: A series of triplet codons beginning from a 

specifi c nucleotide.
reassortment (redistribution): Return toward a more even 

cell age distribution, following the selective killing of 
cells in certain phases of the cell cycle.

recessive: Term describing an allele that is not expressed in 
the heterozygous condition.

recessive gene: Gene whose phenotype is expressed only 
when both copies of the gene are mutated or missing.

recessive-acting oncogene (anti-oncogene): A single copy of 
this gene is suffi cient to suppress cell proliferation; the loss 
of both copies of the gene contributes to cancer  formation.

reciprocal translocation: A chromosomal aberration in 
which nonhomologous chromosomes exchange parts.

recombinant DNA: The process of cutting and recombin-
ing DNA fragments as a means to isolate genes or to alter 
their structure and function.

recovery: An increase in cell survival as a function of time 
during or after irradiation. See repair.

recurrence: The return of a cancer after all detectable traces 
had been removed by primary therapy; recurrences may 
be local (near the primary site) or distant (metastatic).

regression rate: The rate at which the tumor volume 
shrinks during or after treatment with radiation or a che-
motherapy agent.

relapse: Recurrence of a disease following treatment.
relative biologic effectiveness (RBE): A factor used to com-

pare the biologic effectiveness of different types of ionizing 
radiation. It is the inverse ratio of the amount of absorbed 
radiation required to produce a given effect to a standard 
(or reference) radiation required to produce the same effect.

relative risk: Situation in which the risk of a disease result-
ing from some injury is expressed as some percentage in-
crease of the normal rate of occurrence of that disease; in 
contrast to an absolute risk in which the risk of a disease 
resulting from an injury does not depend on the normal 
rate of occurrence of that disease.

rem: Old unit of equivalent or effective dose. It is the prod-
uct of absorbed dose (in rad) and the radiation weighting 
factor. One rem is one hundredth of a sievert.

remediation: Reducing a home’s indoor radon level.
remission, complete: Condition in which no cancerous 

cells can be detected and the patient appears to be free 
from disease.
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of electrical charge (either positive or negative) in 1 cm3 
of dry air under standard conditions.

rRNA: The RNA molecules that are the structural compo-
nents of the ribosomal subunits. In prokaryotes, these are 
the 16S, 23S, and 5S molecules; in eukaryotes, they are 
the 18S, 28S, and 5S molecules.

Saccharomyces cerevisiae: Brewer’s yeast.
sarcoma: A type of cancer derived from connective bone or 

fat tissue. Examples include fi brosarcoma, osteogenic sar-
coma, and liposarcoma.

satellite DNA: DNA that forms a minor band if genomic 
DNA is centrifuged in a cesium salt gradient. This DNA 
usually consists of a short sequence repeated many times 
in the genome.

scan: A diagnostic test usually involving the movement or 
scanning of a detector to produce a picture. Examples 
include ultrasound, nuclear medicine, computer-assisted 
tomographic, and magnetic resonance scans.

scattered radiation: Radiation that, during passage through 
matter, is changed in direction (the change is usually ac-
companied by a decrease in energy).

SCCVII: Squamous Cell Carcinoma VII is the name of a 
rodent tumor. It has been extensively used in preclinical 
testing of different radiation protocols to identify bio-
logical modifi ers of the radiation response.

SCE: See sister chromatid exchange.
Scheimpfl ug imaging system: An imaging system that gives 

an objective and quantitative assessment of the severity of 
an ocular cataract. Named after the Austrian army offi cer 
Theodor Scheimpfl ug (1865–1911).

SDF-1: The ligand for the chemokine receptor CXCR4. 
Plays important roles in chemotaxis and vascularization.

secondary cancer: Cancer arising from a primary cancer; 
metastatic cancer.

segregation: The separation of homologous chromosomes 
into different gametes during meiosis.

selectable marker: A gene whose expression makes it pos-
sible to identify cells that have been transformed or 
transfected with a vector containing the marker gene. It 
is  usually a gene for resistance to an antibiotic.

selection: The force that brings about changes in the fre-
quency of alleles and genotypes in populations through 
differential reproduction.

semiconservative replication: A model of DNA replication 
in which a double-stranded molecule replicates in such 
a way that the progeny molecules are composed of one 
parental (old) and one newly synthesized strand.

senescence: Permanent arrest of cell division associated 
with aging, differentiation, or cell damage.

sensitizing agent: A substance that increases the biologic 
effectiveness of a given dose of radiation.

sex chromosome: A chromosome, such as the X or Y in hu-
mans, that is involved in sex determination.

sex linkage: The pattern of inheritance resulting from genes 
located on the X chromosome.

sexual reproduction: Reproduction through the fusion of 
gametes, which are the haploid products of meiosis.

SF2: Surviving fraction at 2 Gy.
sickle cell anemia: A genetic disease in humans caused by 

an autosomal recessive gene, usually fatal in the homozy-
gous condition. Caused by an alteration in the amino acid 
sequence of the � chain of globin.

side effects: Symptoms directly related to treatment, such 
as the side effect of nausea resulting from radiation treat-
ment over the stomach. Side effects are considered acute 
if they occur during treatment and subside when treat-
ment is complete. Those symptoms persisting over a lon-
ger period are considered chronic.

sievert (Sv): Unit of equivalent dose or effective dose. It is 
equal to the dose in gray multiplied by a weighting factor. 
One sievert equals 100 rem.

SINES: Short interspersed repetitive sequences found in the 
genomes of higher organisms, such as the 300-bp Alu 
 sequence.

single photon emission computed tomography (SPECT): 
An imaging technique in which one or more gamma cam-
eras sample a region of the body from several angles, pro-
ducing tomographic images (slices) of the body.

sister chromatid exchange (SCE): A crossing-over event 
that can occur in meiotic and mitotic cells. Involves the 
reciprocal exchange of chromosomal material between 
sister chromatids (joined by a common centromere). Such 
exchanges can be detected cytologically after BrdUrd in-
corporation into the replicating chromosomes.

slow repair: Long-term recovery that takes place on a time 
scale of weeks to months.

solid tumor: A cancer originating in an organ or tissue other 
than bone marrow or the lymph system.

somatic: Pertaining to the body; pertaining to all cells except 
the germ cells.

somatic cell: Any cell other than a germ cell that com-
poses the body of an organism and that possesses a set of 
 multiploid chromosomes.

somatic effects of radiation: Effects of radiation limited 
to the exposed individual, as distinguished from genetic 
effects, which also affect subsequent, unexposed genera-
tions. Large radiation doses can be fatal. Smaller doses 
may make the individual noticeably ill, may produce tem-
porary changes in blood cell levels detectable only in the 
laboratory, or may produce no detectable effects.

somatic mutation: A mutational event occurring in a so-
matic cell. Such mutations are not heritable.

SOS response: The induction of enzymes to repair damaged 
DNA in Escherichia coli. The response involves activation 
of an enzyme that cleaves a repressor, activating a series 
of genes involved in DNA repair.

Southern blotting: A procedure in which DNA restriction 
fragments are transferred from an agarose gel to a nitro-
cellulose fi lter, where the denatured DNA is then hybrid-
ized to a radioactive probe.

spatial cooperation: The use of radiotherapy and chemo-
therapy to treat disease in different anatomic sites.

species: A group of actually or potentially interbreeding in-
dividuals isolated reproductively from other such groups.

specifi c activity: The radioactivity of a radioisotope of an 
element per unit weight of the element in a sample; the 
activity per unit mass of a pure radionuclide; the activity 
per unit weight of any sample of radioactive material.

spheroid: Clump of cells grown together in tissue culture 
suspension.

spindle fi bers: Cytoplasmic fi brils formed during cell divi-
sion that are involved in the separation of chromatids at 
anaphase and their movement toward opposite poles in 
the cell.
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survival curve: Curve obtained by plotting the number or 
the percentage of organisms surviving against the dose 
of radiation.

symbiont: An organism coexisting in a mutually benefi cial 
relationship with another organism.

syndrome: A group of signs or symptoms that occur to-
gether and characterize a disease or abnormality.

synergism: Two or more agents reacting together to produce 
a result greater than the sum of the individual agents.

systemic: Having a widespread effect on the body as a whole 
rather than just on local tissue.

Taq polymerase: A heat-stable DNA polymerase isolated 
from the bacterium Thermus aquaticus and used in PCR.

target cell: A stem cell whose death contributes to a reduc-
tion in growth or tissue function.

target theory: (1) A theory based on the idea that death of a cell 
is caused by the inactivation of specifi c targets within the 
cell. (2) The idea that the shoulder on cell survival curves is 
a result of the number of unrepaired lesions per cell.

targeted agents: small molecules or antibodies that inhibit 
cellular pathways that are specifi c to cancer cells, or sub-
stantially overexpressed in malignant compared with nor-
mal cells.

targeted radiotherapy: Treatment of disseminated cancer 
by means of drugs that localize in tumors and carry thera-
peutic amounts of radioactivity.

TBI: Total body irradiation.
TCD50: The radiation dose that results in a 50% probability 

of tumor control.
TCP: Tumor control probability.
telangiectasia: Pathologically dilated capillaries, observed in 

tissues as a late effect of radiation.
telocentric chromosome: A chromosome in which the cen-

tromere is located at the end of the chromosome.
telomerase: A reverse transcriptase that polymerizes 

TTAGGG repeats to offset the degradation of chromo-
some ends that occurs with successive cell divisions.

telomeres: Long arrays of TTAGGG repeats that cap and 
protect the ends of chromosomes. Each time a normal so-
matic cell divides, the terminal end of the telomere is lost.

telophase: The stage of cell division in which the progeny 
chromosomes reach the opposite poles of the cell and 
re-form nuclei. Telophase ends with the completion of 
cytokinesis.

temperature-sensitive mutation: A conditional mutation that 
produces a mutant phenotype at one temperature range and 
a wild-type phenotype at another temperature range.

template: An RNA or single-stranded DNA molecule on 
which a complementary nucleotide strand is synthesized.

teratocarcinoma: Embryonal tumors that arise in the yolk 
sac or gonads and are able to undergo differentiation into 
various cell types. These tumors are used to investigate 
the regulatory mechanisms underlying development.

termination (stop) codon: Any of three mRNA sequences 
(UGA, UAG, UAA) that do not code for an amino acid 
and thus signal the end of protein synthesis.

therapeutic gain factor: In hyperthermia, the ratio of the 
thermal enhancement ratio in the tumor to the thermal 
enhancement ratio in normal tissue. For high-linear en-
ergy transfer radiations, the therapeutic gain factor is the 
ratio of the relative biologic effectiveness in the tumor to 
the relative biologic effectiveness in normal tissue.

split-dose (SLD) recovery: Decrease in radiation effect if a 
single radiation dose is split into two fractions separated 
by times up to a few hours. Also called Elkind recovery or 
recovery from sublethal damage.

spontaneous mutation: A mutation that is not induced by 
a mutagenic agent.

spore: A unicellular body or cell that is encased in a protec-
tive coat and that is produced by some bacteria, plants, 
and invertebrates. Capable of survival in unfavorable en-
vironmental conditions and can give rise to a new indi-
vidual upon germination. In plants, spores are the haploid 
products of meiosis.

spur: A concentration of about three ion pairs in a volume about 
4 nm in diameter. See locally multiply damaged site.

SSBR: Single-strand break repair. DNA repair pathway for 
repairing a break in only one of the DNA strands.

stable isotope: An isotope that does not undergo radioactive 
decay. Compare radioisotope.

stage: The anatomic extent of a cancer. Cancer may exist in 
the organ of origin and extend locally, or it may spread to 
regional tissues, then to local lymph nodes, and then to 
distant areas as metastases.

standard deviation: A quantitative measure of the amount of 
variation in a sample of measurements from a population.

standard error: A quantitative measure of the amount of 
variation in a sample of measurements from a population.

stathmokinetic method: Study of cell proliferation using 
agents that block cells in mitosis.

stem cells: Cells capable of self-renewal and of differentia-
tion to produce all the various types of specialized cells 
in a lineage.

sterility: The condition of being unable to reproduce; the con-
dition of being free from contaminating microorganisms.

sticky end: A single-stranded nucleotide sequence produced 
if a restriction endonuclease cleaves off-center in its rec-
ognition sequence.

stochastic effects: Effects, the probability of which, rather 
than their severity, is a function of radiation dose with-
out threshold. (More generally, stochastic means random 
in nature.)

strain: A group with common ancestry that has physiologic 
or morphologic characteristics of interest for genetic 
study or domestication.

stringency: Reaction conditions, such as temperature, salt, 
and pH, that dictate the annealing of single-stranded 
DNA/DNA, DNA/RNA, and RNA/RNA hybrids. At 
high stringency, duplexes form only between strands with 
perfect one-to-one complementarity; lower stringency 
allows annealing between strands with less than a perfect 
match between bases.

sublethal damage (SLD): Nonlethal cellular injury that can 
be repaired or accumulated with further dose to become 
lethal.

submetacentric chromosome: A chromosome with the 
centromere placed so that one arm of the chromosome is 
slightly longer than the other.

suppressor genes: Genes that oppose the continuous pro-
liferation of cells. Also known as tumor suppressor genes.

supra-additivity (synergism): A biologic effect caused by a 
combination of effects that is greater than would be ex-
pected from the addition of the effects of the component 
agents.
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therapeutic index (therapeutic ratio): Tumor response for 
a fi xed level of normal-tissue damage.

thermal dose: A function of temperature and heating time 
that is thought to relate well to biologic effect. It is de-
fi ned to be the cumulative equivalent minutes at 43° C.

thermal enhancement ratio (TER): The ratio of radiation 
doses, with and without heat, to produce the same bio-
logic effects.

thermal neutrons: Neutrons in thermal equilibrium with 
their surrounding medium. Thermal neutrons are those 
that have been slowed down by a moderator to an average 
speed of about 2,200 m/s at room temperature from the 
much higher initial speeds that they had when expelled 
by fi ssion.

thermoluminescent dosimeter (TLD): A dosimeter con-
taining a crystalline solid for measuring radiation dose, 
plus fi lters (absorbers) to help characterize the types of 
radiation encountered. If heated, TLD crystals that have 
been exposed to ionizing radiation give off light propor-
tional to the energy they received from the radiation.

thermotolerance: The induced resistance to a second heat 
exposure by prior heating.

thorium series: Radioactive decay chain starting with 
 thorium-232; one member of the chain is radon-220. 
This chain is of much less signifi cance than the uranium 
decay chain containing radon-222.

threshold: A level (e.g., of radiation dose) below which there 
is no observable effect. There is no threshold for induc-
tion of cancer by radiation: All levels of radiation are 
 considered harmful.

threshold dose: The minimum dose of radiation that pro-
duces a detectable biologic effect.

thymidine kinase (tk): An enzyme that allows a cell to use 
an alternate metabolic pathway for incorporating thymi-
dine into DNA. Used as a selectable marker to identify 
transfected eukaryotic cells.

thymine dimer: A pair of adjacent thymine bases in a single 
polynucleotide strand between which chemical bonds have 
formed. This lesion, usually the result of damage caused 
by exposure to ultraviolet light, inhibits DNA replication 
unless repaired by the appropriate enzyme system.

time–dose relationships: The dependence of isoeffective 
radiation dose on the duration (and number of fractions) 
in radiotherapy.

tissue weighting factor: A factor that indicates the ratio of 
the risk of stochastic effects attributable to irradiation of 
a given organ or tissue to the total risk when the whole 
body is uniformly irradiated.

tolerance: The maximum radiation dose or intensity of 
fractionated radiotherapy that the therapist judges to be 
acceptable, usually expressed in dose units. Actual values 
depend on fractionation, fi eld size, concomitant treat-
ments, and so on.

topoisomerase: A class of enzymes that converts DNA from 
one topologic form to another. During DNA replication, 
these enzymes facilitate the unwinding of the double-
helical structure of DNA.

totipotent: Referring to the ability of a cell or embryo part 
to give rise to all adult structures. This capacity usually is 
restricted progressively during development.

trait: Any detectable phenotypic variation of a particular in-
herited character.

transcription: Transfer of genetic information from DNA 
by the synthesis of an RNA molecule copied from a DNA 
template.

transfection: The uptake and expression of foreign DNA by 
cultured eukaryotic cells.

transformation: In higher eukaryotes, the conversion of 
cultured cells to a malignant phenotype. In prokaryotes, 
the natural or induced uptake and expression of a foreign 
DNA sequence.

transforming growth factor alpha (TGF-�): Functional 
and structural analogue of epidermal growth factor. In-
duces the growth of epithelial cells as well as fi broblasts 
and keratinocytes. May be involved in tumor-associated 
neovascularization.

transforming growth factor beta (TGF-�): A cytokine 
that regulates many of the biologic processes essential for 
 embryo development and tissue homeostasis and which 
therefore plays a role in the healing of a tissue and carci-
nogenesis. The effects of TGF-� may differ, depending on 
the tissue involved. For instance, TGF-� inhibits the prolif-
eration of epithelial cells, but stimulates that of  fi broblasts.

transforming oncogene: A gene that upon transfection 
converts a previously immortalized cell to the malignant 
phenotype.

transgenic: A vertebrate organism in which a foreign DNA 
gene (a transgene) is stably incorporated into its genome 
early in embryonic development. The transgene is present 
in both somatic and germ cells, is expressed in one or more 
tissues, and is inherited by offspring in a mendelian fashion.

transient hypoxia: Low oxygen concentrations associated 
with the transient closing and opening of blood vessels. 
Sometimes called acute or cyclic hypoxia.

translation: The process of converting the genetic informa-
tion of mRNA on ribosomes into polypeptides.

translocation: The movement or reciprocal exchange of 
large chromosomal segments, typically between two dif-
ferent chromosomes.

trisomy: The condition in which a cell or organism possesses 
two copies of each chromosome, except for one, which is 
present in three copies. The general form for trisomy is 
therefore 2n � 1.

tritium (3H, T): A radioactive isotope of hydrogen with two 
neutrons and one proton in the nucleus. It is human-
made and heavier than deuterium (heavy hydrogen). Tri-
tium is used in industrial thickness gauges and as a label in 
chemical and biologic experiments. Its nucleus is a triton.

tRNA (transfer RNA): A small RNA molecule that contains 
a three-base segment (anticodon) that recognizes a codon 
in mRNA, a binding site for a specifi c amino acid, and 
recognition sites for interaction with the ribosome and 
the enzyme that links it to its specifi c amino acid.

tumor: An abnormal growth of cells or tissues. Tumors may 
be benign (noncancerous) or malignant (cancerous).

tumor bed effect (TBE): Slower rate of tumor growth after 
irradiation, resulting from stromal injury in the irradiated 
“vascular bed.”

tumor cord: Sleeve of viable tumor growing around a blood 
capillary.

tumor necrosis factor (TNF): Two proteins, TNF-� and 
TNF-�, involved in immune response control and in-
fl ammation. Induced by cytokines, ultraviolet radiations, 
and other agents.
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Western blot: Similar to a Southern blot (for DNA) or a 
northern blot (for RNA), except that protein is used.

white blood cells: The blood cells that fi ght infection.
whole-body counter: A device used to identify and measure 

the radioactivity in the body (body burden) of humans 
and animals. It uses heavy shielding (to keep out back-
ground radiation), ultrasensitive scintillation detectors, 
and electronic equipment.

wild type: The most commonly observed phenotype or gen-
otype, designated as the norm or standard.

X chromosome: The female sex chromosome.
xenografts: Transplants between species; usually applied 

to the transplantation of human tumors into immune- 
defi cient mice  and rats.

xerostomia: Dryness of the mouth caused by malfunction-
ing salivary glands.

X-linkage: See sex linkage.
X-linked disease: A genetic disease caused by a mutation 

on the X chromosome. In X-linked recessive conditions, 
a normal female “carrier” passes on the mutated X chro-
mosome to an affected son.

x-ray: A penetrating form of electromagnetic radiation 
emitted either if the inner orbital electrons of an ex-
cited atom return to their normal state (these are char-
acteristic x-rays) or if a metal target is bombarded with 
high-speed electrons. X-rays are always extranuclear in 
origin.

x-ray crystallography: A technique to determine the three-
dimensional structure of molecules through diffraction 
patterns produced by x-ray scattering by crystals of the 
molecule under study.

Y c hromosome: Sex chromosome in species in which the 
male is heterogametic (XY).

yeast artifi cial chromosome (YAC): A vector that is used 
to clone DNA fragments of up to 400,000 bp and that 
contains the minimum chromosomal sequences needed 
to replicate in yeast.

Z: The symbol for atomic number; the number of protons 
in the nucleus.

zinc fi ngers: A structural motif of DNA-binding proteins 
in which fi ngerlike loops of amino acids are stabilized by 
interactions with zinc atoms.

zygote: The diploid cell produced by the fusion of haploid 
gametic nuclei.

UNSCEAR: United Nations Scientifi c Commission on Ef-
fects of Atomic Radiation.

uranium (U): A radioactive element with atomic number 92 
and, as found in natural ores, an average atomic weight 
of approximately 238. The two principal natural isotopes 
are 235U (0.7% of natural uranium), which is fi ssionable, 
and 238U (99.3% of natural uranium), which is fertile. 
Natural uranium also includes a minute amount of 234U.

uranium series (sequence): The series of nuclides resulting 
from the radioactive decay of the uranium isotope 238U. 
The end product of the series is the lead isotope 206Pb. 
The series includes radium and radon.

variance: A statistical measure of the variation of values from 
a central value, calculated as the square of the standard 
deviation.

vascular targeted therapies: Treatments designed to spe-
cifi cally target tumor vasculature, including angiogenesis 
inhibitors.

vector: An autonomously replicating DNA molecule into 
which foreign DNA fragments are inserted and then 
propagated in a host cell.

viability: The measure of the number of individuals in a 
given phenotypic class that survive, relative to another 
class (usually wild-type).

viral oncogene: A viral gene that contributes to malignan-
cies in vertebrate hosts.

virulent phage: A bacteriophage that infects and lyses the 
host bacterial cell.

virus: An infectious particle that is composed of a protein 
capsule and a nucleic acid core and that is dependent on a 
host organism for replication.

volume effect: Dependence of radiation damage to normal 
tissues on the volume of tissue irradiated.

volume-doubling time: Time taken for a tumor to double 
in volume.

waste, radioactive: Equipment and materials (from nuclear 
operations) that are radioactive and have no further use. 
Wastes are generally classifi ed as high level: radioactiv-
ity concentrations of hundreds to thousands of curies 
per gallon or cubic foot; low level: in the range of 1 �Ci 
(microcurie) per gallon or cubic foot; or intermediate: be-
tween these extremes.

wavelength: Distance between similar points on a sine wave; 
length of one cycle.
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abdomen, lumbosacral spine, 230, 
230t

absolute risk model, 139
absorbed dose, 106, 255
absorption. See radiation absorption
accelerated repopulation, 397, 398 f
accelerated treatment, 399–400
acute (early) effects, 328
acute hypoxia, 90, 93, 93 f
acute radiation syndrome (ARS)

accident survivors, 127
blood elements depression, 

 recovery, 124, 125f, 127
cerebrovascular syndrome, 114, 

116
CRI, 121
critical phase symptoms, 123f
deaths from, 119–120
early lethal effects, 114–115
emesis, dose, 124, 126f
gastrointestinal syndrome, 114, 

116–118
hematopoietic syndrome, 114, 

118–119
introduction to, 114
lymphocyte count, 124, 126 f, 127
mean lethal dose, bone marrow 

 transplants, 120–121, 121t
prodromal radiation syndrome, 

114–116, 115f, 115t, 122 f
REAC/TS, 127
self-renewal tissue, 117, 117f, 118f
stages of, 115f
symptoms, 121–122, 122t, 123t
treatment, LD50/60, 122–124
triage, 124–127

Adams, G. E., 437, 441
age, cancer risk, 147, 147f
Ahn, G. O., 434
ALARA. See as low as reasonably 

achievable
alkylating agents, 450, 451–467t, 468
alpha (�) particles, 6, 7f
alternative radiation modalities

BNCT, 421–422
carbon ion radiotherapy, 426–429, 

427f, 428f
fast neutrons, 420–421, 420f
introduction to, 419
protons, 422–426, 423f, 424f, 425f

American Society of Therapeutic 
 Radiology and Oncology 
(ASTRO), 404, 499

amifostine, 131–132
anaphase, 24
anaphase bridge, 26, 30 f
angiogenesis, 290–291
animals, animal tumors. See also 

 hamster cells; mice; rats
cell loss, 384–385, 384t
embryo/fetus, radiation effects, 

182–183, 182f, 183t
hypoxic cell fractions, 94–96, 

95f
radiosensitivity, 119
retreatment studies, 416
transplantable solid tumor systems, 

356
ankylosing spondylitis, 137–138, 142
antibiotics, 450, 451–467t, 468
antimetabolites, 450, 451–467t, 

468–469
apoptosis, 35

cell killing mechanisms, 41–42
failure to commit, 286–289, 287f, 

289f
normal tissues, 304–305
radiosensitivity, 46f, 47
in tumors, 356–358

apoptotic bodies, 41
Arrhenius analysis, 492, 492f
ARS. See acute radiation syndrome
as low as reasonably achievable 

(ALARA), 260–262
Ascaris eggs, 86
ASTRO. See American Society of 

 Therapeutic  Radiology and 
 Oncology

Ataxia Telangiectasia (AT), 293–296, 
293t, 295f

Ataxia Telangiectasia-Like Disorder 
(ATLD), 296

ataxia-telangiectasia mutated (ATM), 
48, 374, 375f

Atgs. See autophagy-related genes
ATLD. See Ataxia Telangiectasia-

Like Disorder
ATM. See ataxia-telangiectasia 

 mutated
autochthonous tumor models, 365

autophagosome, 42
autophagy, 42–43
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