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Forewor

As 1 began preparation of the third edi-
tion of the Textbook of Radiotherapy, it
became ebvious that the number of pages
would have to be increased due to the ex-
panded radiobiology and clinical back-
ground. At that time, I decided to add only
a minimal amount to the previous edition
on clinical physics and special tech-
niques. I soon realized, however, that each
“organ’’ chapter could have included
more details on tumor localization, treat-
ment planning, and some of the more re-
cent advances in CT scanning, Not only
would such expansion have made the
book bulky but it would have diluted the
book’s specific goals, which were to in-
tegrate the treatment of the various dis-
eases into the background of radichiology
and clinical experience. In order for all of
this additional material to be presented
properly and given the treatment and
space it called for, I encouraged Dr. Levitt
and Dr. Tapley to write The Technological
Basis of Radiation Therapy: Practical
Clinical Applications as a companion text
to the Textbeok of Radiotherapy. In these
times of increasing complexity, a volume
such as theirs should prove to be an in-
valuable source of information to all those
involved in the field of practical clinical
radiation therapy.

Gilbert H. Fletcher, M.D.



Prerace

~

The concept of this book originated here
at the University of Minnesota during the
development of the annual postgraduate
conferences entitled, “Current Concepts
in Radiation Therapy.” With the guidance
and inspiration of Dr. Gilbert H. Fletcher;
Dr. Norah duV. Tapley and I undertook to
develop this text which we saw as a com-
plement to Dr. Fletcher’s Textbook of
Radiotherapy. We felt that there was a
need for a companion volume to provide
more detailed information concerning the
actual rationale for and techniques of

“treatment. With the cooperation of the col-

leagues who have contributed chapters,
we have finally brought this text to pub-
lication.

The untimely death of Dr. Norah Tapley
was a great loss to society in general, to
the radiation therapy community, and to
me_ personally. Dr. Tapley was a great
human being, a superb physician, and a
compassionate and understanding friend
and cplleague. Her contributions to this
text are immense and it could not have
come into being without her.

The chapters her@in contain the expe-
riences and advice of individual authors
at various institutions whom we felt had
a great deal of experience in the practical
aspects of the treatment of the cancer pa-
tient. The recent growth of and improve-
ment with computerized tomography has
had great impact on radiation therapy
treatment planning. Although work on
this book was initiated a number of years
ago, we have tried to update it insofar as
possible to include information relative to
the utilization of computerized tomog-
raphy for treatment planning.

I would caution the reader to carefully
evaluate the techniques described herein
and compare them to their ewn for eval-
uation of the validity of the technique in
relationship to their own experience and
equipment. It is possible that the tech-
niques. described are not appropriate for
the equipment that the individual insti-
tution has. The guidelines are essentially

- -~ ix



X Preface

general, and it should be possible for the
radiation therapist to modify the tech-
. niques to suit the equipment available in
the individual department.

Our hope in developing this book was
that it would contribute to better treatment
for the cancer patient and subsequently
improve survival. The accurate localiza-
tion, adequate treatment, and the ability

to duplicate fields used in daily treatment
are essential tc quality radiation therapy.
It is our hope that this volume will provide
the radiation therapist with the tools to
provide this type of quality radiation ther-
apy to his or her patients.

Minneapolis, Minnesota
Houston, Texas

Seymour H. Levitt, M.D,
Norah duV. Tapley, M.D.
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Chapter i

RATIONALE FOR TREATMENT PLANNING
IN RADIATION THERAPY

Carlos A. Perez
James A. Purdy

Irradiation is an effective antitumor
agent that can completely eradicate a ma-
lignant process in the irradiated volume
in patients treated with curative intent. It
can also yield palliative relief to many pa-
tients with incurable cancer The success
of radiation therapy depends upon the de-
livery of an adequate dose to the tumor
volume. This chapter reviews the princi-
ples of radiotherapeutic strategy and il-
lustrates the significance and methodol-
ogy of treatment planning.

Although the gross effects of radiation
on most normal tissues have been docu-
mented, the intricate interrelationship of
total dose, fraction size and number,
mechanisms of injury repair, and corre-
lation between acute and late effects have
not been elucidated. The increasing use of
chemotherapeutic agents in the treatment
of cancer patients makes this problem more
complex because the combination of ir-
radiation with these agents usually results
in greater effect on normal tissues. Fur-
thermore, as indicated by Fletcher,® the
tolerance of the normal tissues is related
to the volume irradiated, the nature and

Project Sponsored By USPHS Cancer Center Grant No. 5. Pol CA13053,
National Cancer Institute, National Institutes of Health, USPHS

Don Ragan

function of organs within that volume, and
stage of the cancer treated. Recent reports
by Herring,? Perez et al.,?® and Shukovsky
et al.*? indicate that there is a close cor-
relation between the dose of radiation
given and the probability of tumor control
at the primary site or in metastatic lymph
nodes. Fletcher has emphasized that such
dose-response curves are valid only for ho-
mogeneous tumor populations.® The doses
of radiation depend on the stage and the
histologic nature of the tumor. Fletcher has
stressed the concept that large masses of
tumor require higher doses than small tu-
mors or subclinical microscopic metas-
tases, which are controlled with lower
doses.” Herring® has discussed the theo-
retic consecuences of dose-response
curves for tumor control and normal tissue
injury. The predicted consequences are
based on the precision with which the dose
and the volume irradiated are defined. An
imprecise treatment system could lead to
a high incidence of necrosis with a low
probability of tumor control. Reducing ra-
diation doses in an effort to avoid com-
plications will further reduce the proba-
bility of achieving tumor control if such
action is based on the wrong assumption
that complications are only related to ra-
diation dose levels.
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In addition to accurate treatment plan-
ning, adequate reposition and immobili-
zation techniques are needed to translate
" the dose optimization formulated in a plan
to actual delivery in the patient. Marks et
al.’518 demonstrated, by systematic use of
verification films, a high frequency of lo-
calization errors on patients irradiated for
head and neck cancer or malignant lym-
phomas. These errors were corrected with
improved immobilization of the patients.

The practice initiated by Baclesse of de-
livering higher doses of radiation through
reducing fields is based on the principle
that the center of a tumor contains more
cells and a higher hypoxic cell population
than the periphery.® Extreme care must be
taken in defining the volume to be irra-
diated with this technique because small
inaccuracies result in appreciable varia-
tions of dose in the critical valume.

Although treatment planning is ex-
tremely helpful in determining the best
form of therapy, the responsibility for crit-
ical judgment and execution rests with the
radiation therapist. To treat patients effec-
tively, the therapist must:

1. Have sufficient training to interpret
treatment-planning information and
to guide the physicist or dosimetrist
in achieving the best dose distribu-
tion;

2. Be competent to judge the quality of
the dose distribution and the tech-
nical feasibility and accuracy of a
proposed plan;

3. Have the understanding needed to
suggest changes and available alter-
natives;

4. Have sufficient knowledge to select
the best possible combination of dose
and fractionation for a given site and
volume;

5. Understand the capabilities and lim-
itations of the computer in treatment
planning.

It is important to emphasize that no

computer calculation can correct the ther-
apist’s errors of clinical judgment, mis-

understanding of physical concepts, or
unsatisfactory execution of treatment.

LIMITATIONS OF RADIATlQN THERAPY

The goal of radlatlon.’[herapy is to pro-
duce the highest possiple incomplicated
local and regional contrpl of the tumor
The failure to eradicate a tumor can result
not only from suboptimal dosimetry and
treatment-planning computations but from
a variety of factors:

1. Clinical Factors

a. Inadequate appraisal of the full
extent of the tumor in the sur-
rounding tissues, or inapparent
regional lymph node metastases
that are not irradiated.

b. Clinically unrecognized distant
metastases at the time of initial
treatment are a major cause of fail-
ure in some tumors, such as breast
or lung primary tumors, and their
management requires a systemic
therapeutic modality.

2. Physical and Technical Factors

a. Inaccurate definition of tumor
volume to be treated, including a
safe margin (particularly in large
infiltrating tumors), is a frequent
cause of recurrence. -

b. Inadequate treatment planning
with inhomogeneous dose distri-
butions in critical target volumes.

c. Unreliable patient repositioning
and immobilization techniques,
with faulty reproducibility in
daily treatments resulting in in-
adequate doses or volumes
treated.

d. Lack of adequate in vivo verifi-
cation-dosimetry techniques, ex-
cept in cases in which small do-
simeters can be introduced into
the upper digestive tract, the
bladder, and the rectum.

3. Biologic Factors

a. Initial cell burden because small
tumors are more easily eradicated
than large tumors.
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b. Hypexic cell subpopulations,
which require greater doses of ir-
radiation. This problem is par-
tially resolved by the reoxygena-

* tion ‘that occurs between
fractionated doses of irradiation.

c. Repair of sublethal or potentially
lethal damage between fractions.

d. Limited tolerance of normal tis-
sues to irradiation.

e. Type of supporting tissue in-
volved by the malignant process;
a tumor that has not extended into
the adjacent soft tissues or the
bone is more easily controlled by
radiation.

f. Lack of knowledge of human-cell
kinetics and biologic equivalents
for various dose rate-fractionation
regimens.®

4, Less well-defined factors include the
general condition, nutritional status,
metabolism, and immune response
of the individual patient. This sub-
ject has been thoroughly summa-
rized by Bush and Hill.?

CONDITIONS FOR OPTIMIZATION OF
EXTERNAL-BEAM IRRADIATION

Kitebatake et al.** outlined definite re-
quirements for optimal dose distribution
with external irradiation in both tumor and
normal tissues. The following is a slightly
modified list of factors published by these
authors:

1. Small entrance and exit dose (except
with superficial tumors): [deally,
when the maximum dose is not re-
quired at the skin or the subcuta-
neous tissues, the optimal dose dis-
tribution should be at the target
volume in the depth of the patient,
with lower dose to the skin at the
entrance and exit sites.

2. Small side-scattering dose: High-en-
ergy-photon beams produce minimal
amounts of side-scattered irradia-
tion.

3. Small differential tissue absorption:

It is known that with 250 KV x-rays
there is significantly greater absorp-
tion of irradiation in bone than in
soft tissues.'? This phenomenon dis-
appears with high-energy x-rays due
to the decreasing importance of the
photo-eleciric effect and the increas-
ing Compton effect between 1 and 10
MV. At energies of 20 MeV, however,
there is an increase of 5% to 10% in
the dose in the soft tissues near a
bone (high Z) interface. ,

4. Optimal tumor (target) dose: The aim
of good treatment planning is to ex-
ploit the maximum therapeutic ratio
of a beam arrangement. The target
volume should receive a homoge-
neous dose while delivering as little
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dose as possible to the surrounding
normal tissue.

5. Small integral duse: The ideal situ-
ation should be represented by an
optimal dose to the target volume
with a minimum dose contribution
to the rest of the patient.

Either superficial x-rays or low-energy
electron beams are used for superficial skin
or subcutaneous tumors. Whereas deeply
seated tumors require high-energy pho-
tons, small cancers of the oral cavity or the
genital tract can be treated by brachy-
therapy. Optimal dose distribution in many
tumors requires more than one-beam en-
ergy or multiple-beam arrangements. A
combination of external beam and intra-
cavitary or interstitial therapy may also be
required, depending on the location of the
tumor and the beam type and energies used
(Fig. 1-1). Optimal dose distribution may
be achieved in such cases by a combina-

STEPS IN RADIATION THERAPY

Clinicn| Evaluation
Pathobiology of Tumor
DX Work Up

Staging
Therapeutc Decision
Cure
R, Goots Polliation
Choice of Therapy Modulities

L

Tumor Localization
Patient Contour
Definition of Targe! Volume
ond Sensitive Orgons

Treatment Planning
Simulation

Computation of Beoms
Analysis of Ahernative Pians
Choice of RX Pian
Vesification Films— Dosimetry

f
Compensators
|| Immcbilization Devices
Shielding Blocks
Moulds — Moshks

Treatment

Dose-Time Colculations

Dosimetry Checks

Localization Films
tioning

1]
Weekly Evaluation of
Tumor Re: and Tolerance

Fig. 1-2. Steps involved in the treatment plannmg and
delivery of radiation therapy.

tion of multiple stationary beams or by
moving-beam therapy, such as in arc or
full-rotational techniques.

STEPS INVOLVED IN TREATMENT
PLANNING (FIGURE 1-2)

The procedures involved in effective
administration of radiation therapy com-
prise a complex, closely integrated oper-
ation that should include the following:

1. Thorough knowledge of the natural
history and pathologic characteris-
tics of the tumor.

2. Adequate evaluation of the patient
and staging procedures to determine
the full extent of the tumor.

3. Definition of treatment strategy, to
select the best modality or combi-
nations to be applied. This may de-

pend on the stage, type of tumor to

be treated, and the routes of spread.

4. Treatment simulation, with accurate
definition of the tumor volume to be
treated and the portals to be used.

5. Treatment planning, to determine the
distribution of irradiation within the
volume of interest.

6. Accurate and reproducible reposi-
tioning and immobilization tech-
niques for daily treatment delivery.

7. Applicable dosimetry, portal locali-
zation, and verification procedures,
to insure quality control throughout
the therapy.

8. Periodic evaluation of the patient
during and after therapy, to assess
the effects of treatment on the tumor
and the tolerance of the patient,

The treatment strategy must include, in

addition to clinical, physical, and radio-
biological concepts that may provide ra-
tional basis for the therapy, thoughtful
consideration of the treatment’s psycho-
logical repercussions, side-effects, and se- -:
quelae, all of which may affect the quality -

of life of the patient. Supportive care dur-
ing treatment is important.

Even though general policies of treat-

ment may be established and atlases com-
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piled, it is mandatory to remember that the
treatment plan must be individualized to
suit each patient’s needs.

PROBLEMS WITH PRESENT TREATMENT-
PLANNING TECHNIQUES

Several problem areas still exist in re-
gard to treatment-planning computation.
The most pertinent include: 1) surface and
buildup doses; 2) the effect of tissue in-
homogeneities;'” 3) irregular field effects
due to secondary blocking; 4) beam mod-
ifiers such as wedges and compensators;'
5) combination of interstitial and intra-
cavitary isodoses with external-beam dose
distributions; 6) tridimensional dose com-
putations and display; and 7) dose optim-
ization.

The effect of the patient’s shape and of
consequent oblique-beam incidence must
be taken into account in treatment plan-
ning, as must the patient’s internal anat-
omy and the differences among interven-
ing tissues. Methods developed to handle
the problem of oblique incidence include
the effective source-to-skin-distance (SSD)
method, the effective attenuation coeffi-
cient method, and the isodose curve shift
method. All these methods are approxi-
mations and result in an inaccurate de-
scription of the surface dose and the dose
in the build-up region. The surface dose
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Fig. 1-3. Position of the maximum dose as a function
of field size for 25 MeV linear-accelerator x-ray beam.
Note the displacement toward the surface as the field
size increases

and the dose in the build-up region are
largely determined by collimator design
and diaphragm-surface distance and are
therefore machine-specific. In the case of
high-energy x-rays (25 MV) generated by
a linear accelerator, the maximum dose
depth changes from 4.0 cm for a 4 cm X
4 cm field size to 2.5 cm for a 25 cm X 25
cm field (Figure 1-3). Although this phe-
nomenon is not well understood, we sus-
pect that it is caused by electrons from the
flattening filter and collimator jaws.

Correction for inhomogeneities in the
medium is primarily done by the “isodose
shift method."” The isodose value is shifted
to a distance proportional to the path
length through the inconsistent medium
(i.e., a downward shift if the inhomoge-
neity has a density of less than one or an
upward shift if the inhomogeneity has
greater than unit density). A method has
been described using an absorption equiv-
alent density and an inverse square law
correction (effective density).’® Interface
effects, although important for high-en-
ergy photons (over 20 MV), are neglected
in most cases.

The effect of a wedge or shielding block

H— —85cm
: Tumor depth

st et st

I R ? 1

Fig. 1-4. Discrepancies between computer-generated
isodose curves and measured isodose curves for a blocked
field that includes a full-thickness spinal shield. Dashed
lines represent computer-generated curves. The solid
lines represent ionization measurements.



6 Technological Basis of Radiation Therapy
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Fig. 1-5. The dose profile in a field treated by 4 MeV
x-rays in which a 5 half-value layer (HVL) block is in-
terposed in the middle (e.g., in the thorax PA portal to
shield the spinal cord). Note thata 17% dose is delivered
under the block at 10 cm depth. This is mostly contrib-
uted by scattered irradiation, although a small percent-
age is ‘due to transmission through the shielding block.
Neglecting to consider this 17% dosage contribution may
result in significant inaccuracies in treatment planning.

on dose distribution is due to changes pro-
dliced in the beam profile. In order for a
beam-generation program to be related as
closely as possible to the physical situa-
tion, the actual location, dimensions, and
physical characteristics of the wedge or
beam block must be entered into the pro-
gram. Depending on the thickness and the
attenuation coefficient of the wedge, at-
tenuation factors can be calculated along
various phantom lines applied to the pri-
mary dose and the scatter dose.

At present, irregular-field calculations
are accomplished by dividing the dose at
a given point into a primary component
and a scatter component and determining
each separately. This method, which is
typified by the Toronto programs,* results
in-a dose calculation at a specific point. It
is extremely time-consuming and imprac-
tical to use this method to construct a full
isodose distribution. In addition, signifi-
cant inaccuracies exist for points of inter-
est within a centimeter of the field edges.
When an isodose distribution is required,
the method most commonly used is the
“effective-square-field method” in which
the irregular field is approximated by an

etfactive rectangular field, isodose curves

are obtained using a rectangular field. Se-
rious errors may result especially in the
penumbra region or when special shield-
ing blocks (e.g., full- or half-value-thick-
ness spinal-cord shield) are used (Figs. 1-4
and 1-5). .

Although the methods mentioned above
ares much faster than hand calculations,
they still require considerable time in
computation and final display. This prob-
lem is compounded by the need for inter-
action among the physicist, the physician,
and the computer technologist. Plans are
usually done by a treatment-planning
teehnologist using a prescription given to
him by the physician. The plans are given
tothe physician for review. Corrections are
made, if needed, and the process is: re-
peated. To circumvent these problems,
small computers have been developed to
allow the physician to participate directly
in the treatment-planning process. In prac-
tice, though, most institutions still employ
treatment-planning technologists to com-
pute the treatment plans. An additional
problem is that there is no wide agreement
as to how to specify treatment-planning
doses. The doses to the center of the tumor
volume are normally used; other specifi-
cations include maximum, minimum, or
modal dose. There are numerous argu-
ments for and against the use of all of the
above but none are totally satisfactory.
Standardization in the specification of
treatment-planning doses is a necessity if
treatment planning optimization is to be-
come a reality.

Most computerized treatment-planning
systems have inherent errors of 5% to 15%,
and lack of resolution of several milli-
meters. Lack of exact information on lo-
calization of tumor and normal tissue, and
lack of clear patient-contour definition
have greatly diminished the potential ac-
curacy of the treatment-planning process
for a large number of anatomic sites Ad-
ditional vagaries, inevitable in the deliv-
ery of successive treatments of radiation
therapy, have resulted in the need for



