e AR
~ RADIATION
ONCOLOGY

Rationale, Technique, Results

o James D, Cox



MOSS’
RADIATION
ONCOLOGY

Rationale, Technique, Results

Edited by
James D. Cox, M.D., F.A.C.R.

Professor of Radiotherapy

Coordinator, Interdisciplinary Program Development
The University of Texas M.D. Anderson Cancer Center
Houston, Texas

Seventh Edition

with 306 illustrations

N/ Mosby

St. Louis Baltimore Boston Chicago London Madrid Philadelphia Sydney Toronto



N/ Mosby

Dedicated to Publishing Excellence

Editor: Robert Farrell

Developmental Editor: Emma D. Underdown

Editorial Assistant: Andrea M. Whitson

Project Manager: Barbara Bowes Merritt

Editing and Production: Graphic World Publishing Services
Designer: Betty Schulz

Manufacturing Supervisor: John Babrick

Cover design: Reneé Duenow

SEVENTH EDITION
Copyright © 1994 by Mosby—Year Book, Inc.

Previous editions copyrighted 1959, 1965, 1969, 1973, 1979, and 1989

All rights reserved. No part of this publication may be reproduced,
stored in a retrieval system, or transmitted, in any form or by any
means, electronic, mechanical, photocopying, recording, or otherwise,
without prior written permission from the publisher.

Permission to photocopy or reproduce solely for internal or personal

use is permitted for libraries or other users registered with the Copyright
Clearance Center, provided that the base fee of $4.00 per chapter plus $.10
per page is paid directly to the Copyright Clearance Center, 27 Congress
Street, Salem, MA 01970. This consent does not extend to other kinds

of copying, such as copying for general distribution, for advertising or
promotional purposes, for creating new collected works, or for resale.

Printed in the United States of America
Composition by Graphic World, Inc.
Printing/binding by Maple Vail Book Manufacturing Group, York

Mosby—Year Book, Inc.
11830 Westline Industrial Drive
St. Louis, Missouri 63146

Library of Congress Cataloging in Publication Data
Moss' radiation oncology : rationale, technique, results.—7th ed. /
edited by James D. Cox.
p- cm.
Rev. ed. of: Radiation oncology / edited by William T. Moss, James
D. Cox. 6th ed. 1989.
Includes bibliographical references and index.
ISBN 0-8016-6940-5
1. Cancer—Radiotherapy. 2. Oncology. I. Moss, William T.
(William Thomas), 1918-. II. Cox, James D. (James Daniel), 1938-.
IIL. Title: Radiation oncology.
[DNLM: 1. Neoplasms—radiotherapy. QZ 269 M9127 1993]
RC271.R3R3315 1993
616.99'40642—dc20
DNLM/DLC
for Library of Congress 93-34732
CIp

95 96 97 98 / 9 8 7 6 5 4 3 2 1



MOSS’
RADIATION
ONCOLOGY

Rationale, Technique, Results



Contributors

Roger W. Byhardt, M.D.

Professor, Department of Radiation Oncology,
Medical College of Wisconsin;

Head, Department of Radiation Oncology,
Zablocki VA Medical Center,

Milwaukee, Wisconsin

James R. Cassady, M.D.

Professor and Head, Department of Radiation
Oncology,

University of Arizona;

Chief, Department of Radiation Oncology,

University Medical Center;

Tucson, Arizona

Lawrence Coia, M.D.

Senior Member and Clinical Director,
Department of Radiation Oncology,
Fox Chase Cancer Center,
Philadelphia, Pennsylvania

Jay S. Cooper, M.D., F.A.C.R.

Professor, Department of Radiology,
Director, Division of Radiation Oncology,
New York University Medical Center,
New York, New York

James D. Cox, M.D., F.A.C.R.
Professor of Radiotherapy,

Coordinator, Interdisciplinary Program Development

The University of Texas M.D. Anderson Cancer
Center,
Houston, Texas

Juanita M. Crook, M.D., F.R.C.P.C.

Assistant Professor,

University of Ottawa;

Staff Radiation Oncologist,
Ottawa Regional Cancer Centre,
Ottawa, Canada

*Deceased.

Alon J. Dembo, M.D.*

Associate Professor,

Departments of Radiology and Obstetrics and
Gynecology,

University of Toronto;

Head, Division of Radiation Oncology,

Toronto Bayview Regional Cancer Centre,

Toronto, Ontario, Canada

Bernd A. Esche, M.D.

Chairman, Brachytherapy Group,
Department of Radiation Oncology,
Ottawa Regional Cancer Centre,
Ottawa, Canada

Richard G. Evans, Ph.D., M.D., F.A.C.R.

Professor and Chairman, Department of Radiation
Oncology,

University of Kansas Medical Center,

Kansas City, Kansas

Karen K. Fu, M.D.

Professor, Department of Radiation Oncology,
University of California, San Francisco
San Francisco, California

Mary K. Gospodarowicz, M.D., F.R.C.P.C.

Associate Professor, Department of Radiation
Oncology

University of Toronto;

Department of Radiation Oncology,

Princess Margaret Hospital,

Toronto, Ontario, Canada

Eric J. Hall, D.Phil., D.Sc., F.A.C.R.

Professor of Radiology and Radiation Oncology,

Center for Radiological Research,

Columbia University College of Physicians and
Surgeons,

New York, New York



vi

Gerald E. Hanks, M.D.

Professor, Department of Radiation Oncology,
Medical College of Pennsylvania;

Chairman, Department of Radiation Oncology,
Fox Chase Cancer Center,

Philadelphia, Pennsylvania

David H. Hussey, M.D., F.A.C.R.

Professor, Department of Radiology,
Division of Radiation Oncology,

The University of Iowa College of Medicine,
Iowa City, Iowa

Ritsuko Komaki, M.D., F.A.C.R.

Associate Professor, Department of Radiotherapy,

The University of Texas M.D. Anderson Cancer
Center,

Houston, Texas

Larry E. Kun, M.D.

Professor, Departments of Radiology and Pediatrics,
Director, Section of Radiology Oncology,
University of Tennessee College of Medicine;
Chairman, Department of Radiation Oncology,

St. Jude Children’s Research Hospital,

Memphis, Tennessee

Colleen A. Lawton, M.D.

Associate Professor, Department of Radiation
Oncology,

Medical College of Wisconsin;

Associate Professor, Department of Radiation
Oncology,

Milwaukee County Medical Complex,

Milwaukee, Wisconsin

William T. Moss, M.D.

Professor Emeritus, Department of Radiation Therapy,
School of Medicine,

The Oregon Health Sciences University,

Portland, Oregon

Robert G. Parker, M.D.

Professor and Chairman,

Department of Radiation Oncology,
University of California, Los Angeles,
Los Angeles, California

Contributors

Harper D. Pearse, M.D., F.A.C.S.

Associate Professor, Departments of Radiation
Oncology and Surgery,

The Oregon Health Sciences University,

Portland, Oregon

William T. Sause, M.D.

Clinical Professor, Department of Radiology,
University of Utah Medical School,
Director, Radiation Therapy Department
Department of Radiation Oncology

The Latter Day Saints Hospital

Salt Lake City, Utah

Michael T. Selch, M.D.

Associate Professor, Department of Radiation
Oncology,

University of California, Los Angeles,

Los Angeles, California

David S. Shimm, M.D., F.A.C.P.

Associate Professor, Department of Radiation
Oncology,

Clinical Assistant Professor, Department of Internal
Medicine,

The University of Arizona,

Tucson. Arizona

W. John Simpson, M.D., F.R.C.P.C.
(Retired)

Professor, Department of Radiation Oncology,
University of Toronto;

Radiation Oncologist,

The Princess Margaret Hospital,

Toronto, Ontario, Canada

Kenneth R. Stevens, Jr., M.D.

Professor and Chair, Department of Radiation
Oncology,

The Oregon Health Sciences University,

Portland, Oregon

Simon B. Sutcliffe, B.Sc., M.B.B.S., M.D.,
F.R.C.P.C., F.R.C.P.

Professor, Department of Radiation Oncology,
University of Toronto;

Vice President, Oncology Programs,

The Princess Margaret Hospital,

Toronto, Ontario, Canada



Contributors

Gillian M. Thomas, B.Sc., M.D.,
F.R.C.P.C.

Associate Professor,

Departments of Obstetrics/ Gynecology and Radiation
Oncology,

University of Toronto;

Division Head, Radiation Oncology,

Toronto-Bayview Regional Cancer Centre,

Toronto, Ontario, Canada

Andrew T. Turrisi, III, M.D.

Associate Professor and Associate
Chairman and Director of Clinical Programs,
Department of Radiation Oncology,
University of Michigan Medical Center,
Ann Arbor, Michigan

Robert H. Wagner, M.D.

Assistant Professor of Radiology,
Section of Nuclear Medicine,
Loyola University of Chicago,
Maywood, Illinois

vii

B-Chen Wen, M.D.

Associate Professor,

Division of Radiation Oncology

The University of lowa College of Medicine
lTowa City, lowa

J. Frank Wilson, M.D.

Professor and Chairman, Department of Radiation
Oncology

Medical College of Wisconsin;

Chairman, Department of Radiation Oncology,

Milwaukee County Medical Complex,

Milwaukee, Wisconsin



To the students whose inquiries have led us to greater
understanding and to the teachers whose efforts have led us
to better care for our patients.



Preface

Radiation oncology plays an essential and
often pivotal role in the care of patients with
cancer. Its role has been more clearly defined
and expanded—as curative treatment for
many patients with malignant tumors, as in-
tegrated therapy with resection and cytotoxic
drugs and hormones, as a means to palliate
those for whom curative treatment is not yet
available. An impressive amount of new in-
formation has been published in the last few
years. In preparation of this edition, efforts
have been made to incorporate the new data
into the framework of previous editions. To
that end, all chapters have been revised ex-
tensively, many have been entirely rewritten,
and new chapters have been added. Discus-
sions of effects of ionizing radiations on nor-
mal tissues have been preserved and ex-
panded. Large bodies of data have been syn-
thesized and carefully documented to permit
both a rapid survey of a subject, if necessary,
and reference to the original manuscripts as
desired. Emphasis has been placed, as in all

previous editions, on the clinical care of pa-
tients as practiced by the radiation oncologist.
The conceptual framework for the use of ra-
diation therapy has been emphasized, and
techniques have been outlined broadly, with
no intention of suggesting there is a single
solution to a specific clinical problem. Each
author has been allowed to present his or her
own views without regard to treatment phi-
losophies represented in prior editions.
Many individuals have contributed to this
effort, beyond those who are authors of chap-
ters. Our associates and families have borne
the consequences to our commitment to this
endeavor. Our colleagues have provided cri-
tique, advice, and support. Most of all, we
acknowledge the assistance of Evelyn B.
Heinze in developing the manuscript; it
would not have been possible to complete it
in a timely manner without her contribution.

James D. Cox, M.D.
William T. Moss, M.D.
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CHAPTER 1

Physical and Biologic Basis of

Radiation Therapy

Eric J. Hall
James D. Cox

HISTORICAL BACKGROUND

Radiation has been an ever-present ingre-
dient in the evolution of life on earth. It is not
something new, invented by the ingenuity of
man in the technologic age; it has always been
there. What is new, what is manmade, is the
extra radiation to which we are subjected,
largely for medical purposes, but also from
journeys in high-flying jet aircraft and from
the nuclear reactors that are used to generate
electrical power.

X-rays were discovered in 1895 by the Ger-
man physicist, Wilhelm Conrad Roentgen. He
found that “this new kind of ray” could
blacken photographic film sealed in a con-
tainer and stored in a drawer and could also
pass through materials opaque to light, in-
cluding cardboard and wood. During a public
demonstration of the production of x-rays,
Roentgen asked his colleague, Herr Kolliker,
to put his hand in front of the x-ray machine
and, with a sheet of photographic film, he
made the first radiograph displaying the bony
structure of the hand. Roentgen was thus the
father of diagnostic radiology, as well as of
radiation physics. There is some controversy
about who was the first to use x-rays thera-
peutically. In 1897 Professor Freund dem-
onstrated before the Vienna Medical Society
the disappearance of a hairy mole by the use
of x-rays, and by the turn of the century x-
rays had been used in Europe and America in
primitive therapeutic applications.

Parallel to the discovery of x-rays, Bec-
querel discovered radioactivity in 1898. Three
years later, he performed what is arguably the
first radiobiologic experiment when he in-
advertently left a container with 200 mg of

radium in his vest pocket for 6 hours. He
subsequently described the erythema of the
skin that became evident in 2 weeks, and quite
unexpectedly, the ulceration that developed
and required several weeks to heal.

During the early 1900s, radiobiologic ex-
periments were conducted with simple bio-
logic systems in parallel with the development
of radiation therapy. One of the most well-
known results, still cited today, was the so-
called law of Bergonié and Tribondeau, which
states that radiosensitivity is highest in tissues
with the highest mitotic index and lowest in
differentiated tissues. From 1912 to 1940, a
number of investigators, first in Germany and
later in the United Kingdom, demonstrated
the dependence of radiation response on oxy-
gen. Using seedlings of Vicia faba, the mag-
nitude of the oxygen effect was determined
and the possible implications for radiation
therapy discussed.

In Paris in the 1920s and 1930s famous
experiments were performed in which the
testes of rams were irradiated with x-rays. It
proved to be impossible to sterilize the ani-
mals in a single dose without a severe reaction
to the skin of the scrotum, whereas if the dose
was fractionated over a period of time, ster-
ilization could be achieved with little appar-
ent skin damage. It was argued that the testes
were a model for the rapidly growing tumor,
while the skin represented a normal tissue re-
sponse. On this basis, fractionation was in-
troduced into clinical radiation therapy.

Brachytherapy underwent a similar con-
ceptual evolution following its first use in the
early years of this century. As fractionation
was recognized to be advantageous in exter-



nal irradiation, protraction in brachytherapy,
i.e., using low-activity sources for longer pe-
riods of time, was thought to improve the
therapeutic ratio although radiobiologic stud-
ies of dose-rate effects were still decades
away. This became the hallmark of the
“Paris” approach to intrauterine and intra-
vaginal radium therapy for cancer of the cer-
vix. In Manchester, England, optimal ar-
rangements of radium sources were sought
to achieve a consistent dose rate and a
more nearly homogeneous dose distribution
through the tumor-bearing volume while
sparing surrounding normal structures; this
led to a more systematic application of the
Paris concepts. In more recent times, after-
loading systems have been developed in
brachytherapy that employ the use of non-
radioactive applicators, so that the radioac-
tive sources are introduced only after the de-
sired relationships of sources are assured; the
afterloading approach reduces radiation ex-
posure to professional personnel.

Large quantities of radium were gathered
in some centers to produce a telecurietherapy
unit, i.e., one that would permit the treatment
of patients with gamma rays at a distance,
in contrast to the placement of encapsulated
radium in body cavities or directly into
tumors (brachycurietherapy). Clinical expe-
rience with these units suggested advantages
of high-energy radiations over the widely
available 200 kVp x-ray generators. Between
1930 and 1950, technical advances permitted
the development of much higher energy x-ray
generators. In the 1950s, *°Co teletherapy
units became widely available, and the first
generation of medical linear accelerators was
developed.

In the wake of World War II and the use
of atomic weapons on Hiroshima and Na-
gasaki, research in radiobiology developed
rapidly. Significant milestones include the de-
velopment of techniques to culture single
mammalian cells in vitro in 1956 and to de-
termine survival curves in vivo in 1959. These
developments ushered in a greatly enhanced
effort in radiation biology to understand con-
ventional radiation therapy and suggested
new horizons for improvements in treatment.
In the national laboratories on both sides of
the Atlantic, radiation biology studies not re-
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lated to radiation therapy were at the same
time developing, involving basic studies of
mutagenesis and carcinogenesis.

PHYSICAL BASIS

Types of Radiations

Radiations of concern in this book are
those with the capacity to produce ionizations
and excitations during the absorption of en-
ergy in biologic material. The raising of an
electron in an atom or molecule to a higher
energy level, without the actual ejection of
that electron from the atom or molecule, is
called excitation. If the radiation has suffi-
cient energy to eject one or more orbital elec-
trons from the atom or molecule, this process
is referred to as ‘onization, and the radiation
is said to be ionizing radiation. The important
characteristic of ionizing radiation is the lo-
calized release of large amounts of energy.
The energy dissipated by an ionizing event is
approximately 33 eV, which is more than
enough to break a strong chemical bond; e.g.,
the energy associated with a carbon-carbon
bond is 4.9 eV. lonizing radiations produce
substantial biologic effects for the relatively
small, total amounts of energy involved, be-
cause the energy is released locally in “pack-
ets” large enough to break chemical bonds
and initiate the chain of events that leads ul-
timately to a biologic effect.

Electromagnetic Radiation

Electromagnetic radiations (x-rays and
gamma rays), are indirectly ionizing. They do
not themselves produce chemical and biologic
damage, but when absorbed in the medium
through which they pass, they give up their
energy to produce fast-moving electrons by
either the Compton, photoelectric, or pair
production processes (Fig. 1-1). X-rays and
gamma rays are forms of electromagnetic ra-
diation that do not differ in nature or prop-
erties; the designation x or gamma reflects
simply the way in which they are produced.
X-rays are produced extranuclearly, which
means that they are generated in an electric
device that accelerates electrons to high en-
ergy and then stops them abruptly in a target,
made usually of tungsten or gold. Part of the
kinetic energy, or energy of motion of the
electrons, is converted into photons of x-rays.
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Compton Effect

Incident photon

Photoelectric Effect

Vacancy in k-shell

¢ Positron electron pair
et

Fig. 1-1. The first step in the absorption of a photon of x-rays or gamma rays is the conversion
of the energy of the photon into kinetic energy of an electron, or electron-positron pair. At
higher energies, when the energy of the incident photon greatly exceeds the binding energy
of the planetary electrons in the atoms of the absorber, the Compton process dominates. The
photon interacts with the electron in a classic “billiard-ball” collision. Part of the photon
energy is given to the electron as kinetic energy, while the photon is deflected and has reduced
energy.

At lower energies, when the binding energy of the planetary electrons of the atoms of the
absorber is not small compared with the photon energy, the photoelectric effect is most
important. The photon disappears completely as it interacts with a bound electron. The
electron is ejected with kinetic energy equal to the photon energy, less the energy required
to overcome the electron bond. The vacancy caused by the removal of the electron must be
filled by an electron dropping from an outer orbit, giving rise to a photon of characteristic
radiation.

At sufficiently high photon energies, the photon may interact with the powerful nuclear
forces to produce an electron-positron pair. The first 1.02 MeV of photon energy is utilized
to create the rest mass of the pair, and the remainder is distributed equally between them as
kinetic energy.

Gamma rays, on the other hand, are produced
intranuclearly, i.e., they are emitted by radio-
active 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.

Particulate Radiation

Other forms of radiation used experimen-
tally and that are used or contemplated for

radiation therapy include electrons, protons,
alpha particles, neutrons, negative pi-mesons,
and high-energy heavy ions.

Electrons are light, negatively charged par-
ticles that can be accelerated to high energy
and to a speed close to that of light, by means
of an electrical device such as a betatron or
linear accelerator.

Protons are positively charged particles
and are relatively massive, having a mass



nearly 2000 times greater than an electron.
They require more complex and expensive
equipment to accelerate them to useful ener-
gies. For example, 160 MeV protons have a
range of about 12 cm in tissue.

Alpha particles are nuclei of helium atoms,
each consisting of two protons and two neu-
trons in close association. They have a net
positive charge, and therefore can be accel-
erated in large electrical devices similar to
those used for protons. Alpha particles are
also emitted during the decay of some radio-
active isotopes.

Neutrons are particles having a mass sim-
ilar to that of protons, but they carry no elec-
trical charge. Because they are electrically
neutral, they cannot be accelerated in an elec-
trical device, but are produced when a
charged particle, such as a deuteron or pro-
ton, is accelerated to high energy and then
made to impinge on a suitable target material.
Neutrons are also emitted as a byproduct
when heavy radioactive atoms undergo fis-
sion, i.e., split up to form two smaller atoms.
Neutrons are indirectly ionizing, since the first
step in their absorption is for them to collide
with nuclei of the atoms of the absorbing ma-
terial and produce recoil protons, alpha par-
ticles, or heavier nuclear fragments. It is these
charged particles that are responsible for the
biologic effects.

Negative pi-mesons are negatively charged
particles with a mass 273 times larger than
the electron. They are produced by a complex
process that necessitates a huge linear accel-
erator or synchrocylotron capable of accel-
erating protons to energies of 400 to 800
MeV. When pi-mesons are absorbed in bio-
logic material, they behave like overweight
electrons as long as they are relativistic, i.e.,
as long as their velocity is close to that of
light. However, when they slow down, they
spiral down the energy levels of an absorbing
atom and are finally absorbed by the nucleus
of that atom, which then explodes to produce
a number of fragments consisting of neutrons,
alpha particles, and larger nuclear fragments.

Heavy ions are nuclei of elements such as
nitrogen, carbon, neon, argon, or silicon that
are positively charged, since some, or all, of
their planetary electrons have been stripped
from them. To be useful, they must be accel-
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erated to energies of thousands of millions of
volts and can therefore be produced in only
a very limited number of laboratories in the
world.

Production of Radiation for
Therapeutic Applications

When x-rays or gamma rays enter biologic
material, energy is converted into chemical
damage and heat. At the energy levels of most
x-ray and gamma-ray sources currently in use,
the primary events are the interactions of pho-
tons with electrons in the outer shells, result-
ing in scattering of both the photons and the
electrons (Compton scattering). With higher
energy photons, scatter of secondary electrons
is more in the forward direction, i.e., in the
direction of the primary beam. It takes some
distance for the interactions to summate and
reach a maximum, after which the energy of
the beam dissipates by a constant fraction per
unit depth. Fig. 1-2 compares depth-dose
characteristics of radiation beams commonly
used in radiation therapy. The insert in this
figure demonstrates the physical basis for skin
sparing; the maximum dose occurs below the
skin surface, unlike conventional x-rays.

The most commonly used sources for ex-
ternal irradiation are listed in Table 1-1. Al-
though it is not readily apparent, there is a
great deal of overlap among the teletherapy
sources. For example, there is relatively little
difference in depth doses between the gamma
rays from *°Co and 2 to 6 MV x-rays. The
edge of the beam produced by a linear accel-
erator is much sharper than that from cobalt
units, which may be an important factor when
irradiating close to critical structures, such as
the lens of the eye.

The sources most widely employed for in-
tracavitary or interstitial therapy are listed in
Table 1-2. Again, the various brachytherapy
sources have overlapping capabilities, but
some have specific advantages. For example,
2[r is the only isotope listed that has been
widely used satisfactorily with an afterloading
technique for interstitial therapy. Radium and
cesium can be used in afterloading intracav-
itary applicators. Gold and iodine can be used
for permanent interstitial implants.

When utilized appropriately and meticu-
lously, both teletherapy units and brachy-



