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THE INTERNATIONAL COMMISSION ON RADIATION UNITS

AND MEASUREMENTS

INTRODUCTION

The International Commission on Radiation Units
and Measurements (ICRU), since its inception in
1925, has had as its principal objective the develop-
ment of internationally acceptable recommenda-
tions regarding:

(1) quantities and units of radiation and radio-
activity,

(2) procedures suitable for the measurement and
application of these quantities in clinical radio-
logy and radiobiology, and

(3) physical data needed in the application of these
procedures, the use of which tends to assure
uniformity in reporting.

The Commission also considers and makes similar
types of recommendations for the radiation protec-
tion field. In this connection, its work is carried out
in close cooperation with the International Commis-
sion on Radiological Protection (ICRP).

POLICY

The ICRU endeavors to collect and evaluate the
latest data and information pertinent to the pro-
blems of radiation measurement and dosimetry and
to recommend the most acceptable values and tech-
niques for current use.

The Commission’s recommendations are kept
under continual review in order to keep abreast of
the rapidly expanding uses of radiation.

The ICRU feels that it is the responsibility of
national organizations to introduce their own
detailed technical procedures for the development
and maintenance of standards. However, it urges
that all countries adhere as closely as possible to
the internationally recommended basic concepts of
radiation quantities and units.

The Commission feels that its responsibility lies in
developing a system of quantities and units having
the widest possible range of applicability. Situations
may arise from time to time when an expedient
solution of a current problem may seem advis-
able. Generally speaking, however, the Commission

feels that action based on expediency is inadvisable
from a long-term viewpoint; it endeavors to base
its decisions on the long-range advantages to be
expected.

The ICRU invites and welcomes constructive com-
ments and suggestions regarding its recommenda-
tions and reports. These may be transmitted to the
Chairman.

CURRENT PROGRAM

The Commission recognizes its obligation to pro-
vide guidance and recommendations in the areas of
radiation therapy, radiation protection, and the com-
pilation of data important to these fields, and to
scientific research and industrial applications of
radiation. Increasingly, the Commission is focusing
on the problems of protection of the patient and
evaluation of image quality in diagnostic radiology.
These activities do not diminish the ICRU’s commit-
ment to the provision of a rigorously defined set of
quantities and units useful in a very broad range of
scientific endeavors.

The Commission is currently engaged in the
formulation of ICRU reports treating the following
subjects:

Approaches to the Dosimetry of Low-Dose Exposures to
Ionizing Radiation

Assessment of Image Quality in Nuclear Medicine

Beta Rays for Therapeutic Applications

Bone Densitometry

Doses for Cosmic Ray Exposure for Aircrew

Dose and Volume Specifications for Reporting Intracavi-
tary Therapy in Gynecology

Dosimetric Procedures in Diagnostic Radiology

Dosimetry Systems for Radiation Protection

Elastic Scattering of Electrons and Positrons

Image Quality and Patient Exposure in CT

Mammography—Assessment of Image Quality

Measurement Quality Assurance for lonizing Radiation

Prescribing, Recording, and Reporting Conformal Photon
Beam Therapy

Prescribing, Recording, and Reporting Proton Beam
Therapy

© International Commission on Radiation Units and Measurements 2004
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Requirements for Radiological Sampling
ROC Analysis
Stopping Power for Heavy Ions

In addition, the ICRU is evaluating the possibility
of expanding its program to encompass non-ionizing
radiation, particularly the quantities and units
aspects.

The Commission continually reviews radiation
science with the aim of identifying areas where the
development of guidance and recommendations can
make an important contribution.

THE ICRU’S RELATIONSHIP WITH OTHER
ORGANIZATIONS

In addition to its close relationship with the ICRP,
the ICRU has developed relationships with other
organizations interested in the problems of radiation
quantities, units, and measurements. Since 1955,
the ICRU has had an official relationship with the
World Health Organization (WHO), whereby the
ICRU is looked to for primary guidance in matters
of radiation units and measurements and, in turn,
the WHO assists in the worldwide dissemination of
the Commission’s recommendations. In 1960, the
ICRU entered into consultative status with the
International Atomic Energy Agency (IAEA). The
Commission has a formal relationship with the Uni-
ted Nations Scientific Committee on the Effects of
Atomic Radiation (UNSCEAR), whereby ICRU
observers are invited to attend annual UNSCEAR
meetings. The Commission and the International
Organization for Standardization (ISO) informally
exchange notifications of meetings, and the ICRU
is formally designated for liaison with two of the
ISO technical committees. The ICRU also corre-
sponds and exchanges final reports with the follow-
ing organizations:

Bureau International de Métrologie Légale

Bureau International des Poids et Mesures

European Commission

Council for International Organizations of Medical
Sciences

Food and Agriculture Organization of the United Nations

International Committee of Photobiology

International Council of Scientific Unions

International Electrotechnical Commission

International Labor Office

International Organization for Medical Physics

International Radiation Protection Association

International Union of Pure and Applied Physics

United Nations Educational, Scientific and Cultural
Organization

The Commission has found its relationship with all
of these organizations fruitful and of substantial
benefit to the ICRU program. Relations with these
other international bodies do not affect the basic
affiliation of the ICRU with the International
Society of Radiology.

OPERATING FUNDS

In recent years, principal financial support has
been provided by the European Commission, the
National Cancer Institute of the U.S. Department
of Health and Human Services and the International
Atomic Energy Agency. In addition, during the last
10 years, financial support has been received from
the following organizations:

American Society for Therapeutic Radiology and Oncology
Belgian Nuclear Research Centre

Canadian Nuclear Safety Commission
Eastman Kodak Company

Electricité de France

Fuji Medical Systems

Hitachi, Ltd.

International Radiation Protection Association
International Society of Radiology

Ion Beam Applications

Italian Radiological Association

Japan Industries Association of Radiological Systems
Japanese Society of Radiological Technology
MDS Nordion

National Electrical Manufacturers Association
Nederlandse Vereniging voor Radiologie
Philips Medical Systems, Incorporated
Radiation Research Society

Siemens

Sumitomo Heavy Industries, Ltd.

Varian

In addition to the direct monetary support pro-
vided by these organizations, many organizations
provide indirect support for the Commission’s pro-
gram. This support is provided in many forms,
including, among others, subsidies for (1) the time
of individuals participating in ICRU activities,
(2) travel costs involved in ICRU meetings, and (3)
meeting facilities and services.

In recognition of the fact that its work is made
possible by the generous support provided by all of
the organizations supporting its program, the Com-
mission expresses its deep appreciation.

André Wambersie
Chairman, ICRU
Brussels, Belgium
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PREFACE

For several decades, the ICRU has been involved
in an effort to improve harmonization in reporting
radiation treatments. The use of the same language
and definitions of terms and concepts is indeed
needed for an accurate, effective, and safe exchange
of information, and is a prerequisite for progress in
the development of radiation therapy.

The first Report in this series, ICRU Report 29,
Dose Specification for Reporting External Beam
Therapy with Photons and Electrons, was published
in 1978. In Report 29, the ICRU was the first to
clearly define and distinguish the Tumor Volume
and the Target Volume. For reporting treatments,
Report 29 recommended specification of the dose at
the point of intersection of the beam axes (when
possible) but always in the center (or central part)
of the Target Volume, in an area where the dose is in
general homogeneous and representative of the dose
distribution in the Target Volume.

Fifteen years later, in Report 50 (1993) and its
Supplement Report 62 (1999), Prescribing, Record-
ing and Reporting Photon Beam Therapy, the ICRU
again approached the problem of harmonization in
describing and reporting. In the meantime, radia-
tion therapy techniques had significantly changed
and improved. At that time, two-dimensional
treatment planning was the standard and three-
dimensional dose computation and planning was
being developed and used in leading centers. Simul-
taneously, the dramatic improvement of imaging
techniques focused interest on the different volume
concepts.

Several volumes were defined (or their definition
refined) in Reports 50 and 62. For the Gross Tumor
Volume (GTV), the need to specify the method used
for its delineation was stressed. Around the GTV,
two types of safety margin were identified. A first
safety margin was added around the GTV to take
into account subclinical malignant involvement,
leading to the concept of Clinical Target Volume
(CTV). A second type of safety margin was intro-
duced to take into account all types of geometrical
uncertainties in patient—beam positioning, leading
to the concept of Planning Target Volume (PTV).
This second type of safety margin compensates for

DOI: 10.1093/jicru/ndh004

the variations in size, shape, and position of the
CTV, but also for all uncertainties, and possible
errors, in positioning.

The Organs at Risk (OARs) were identified and, as
in the case of the PTV, a safety margin was applied
to compensate for the movements of the OARs and
the uncertainties in positioning. This led to the con-
cept of Planning Organ at Risk Volume (PRV).

For reporting the treatments, Reports 50 and 62
recommended the selection of an ICRU Reference
Point which should fulfill the following require-
ments:

® The dose at that point should be clinically
relevant and representative of the dose distribu-
tion throughout the PTV.

® The point should be easy to define in a clear and
unambiguous way.

® The point should be selected where the dose can
be accurately determined.

® The point should be in a region where there is no
large dose gradient.

A point located at the center (or central part) of the
PTV generally fulfills these requirements and is
recommended as the ICRU Reference Point.

In addition, the maximum and the minimum dose
to the PTV should also be reported. Reporting only
the minimum dose to the PTV (i.e., the isodose sur-
face encompassing the PTV) represents only part of
the ICRU recommendations. Furthermore, the dose
gradient at the border of the PTV is usually large
and difficult to determine accurately. Reporting only
the minimum dose to the PTV, instead of the dose at
the center, introduces a systematic difference of 10,
15, and sometimes 20 percent in the dose to the
patient, with erroneous interpretations and dama-
ging consequences when comparing the treatment
outcomes.

The present Report was originally planned to be
part of ICRU Report 62 on Prescribing, Recording,
and Reporting Photon Beam Therapy, since the gen-
eral recommendations for prescribing, recording,
and reporting electron beam therapy should be
consistent with, and similar to, the recommenda-
tions for photon beam therapy. However, the dose
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distributions of electron beams are so different from
those of photon beams that they imply different
selection of clinical indications, and require different
beam arrangements and often a combination with
photon beams. Therefore, the ICRU believed that it
was worthwhile to devote a special report to Electron
Beam Therapy.

This Report extends the concepts and recommenda-
tions of ICRU Reports 50 and 62 from photons to
electrons. Today most of modern linear accelerators
offer the possibility to apply electron beam therapy.
The finite range of the electron beams in tissues
provides a significant advantage in some clinical
situations and for some series of patients. It is, how-
ever, recognized that electron beam therapy may
raise complex technical and dosimetric problems
and is often difficult to use efficiently and safely.

The recommendations for electrons should, in
principle, follow the same logic used for photons
whenever possible.

Selecting the ICRU Reference Point for prescrib-
ing and reporting on the beam axis at the maximum
of the depth-dose curve (“peak dose”) appears to be a
reasonable choice:

® The electron energy is usually selected in such a
way that the maximum of the depth-dose curve is
located at (or close to) the center of the PTV.

® The maximum of the depth-dose curve is, in
general, situated on a rather homogeneous
plateau, with most energies and beam delivery
systems.

® This approach agrees with the general approach
recommended for photons.

In contrast, at the level of the 90, 85, or 80 percent
isodose, the dose gradient is so great as to make
selection of the ICRU Reference Point at that level
impossible. However, the minimum dose to the PTV
(i.e., the isodose encompassing the PTV) should be
reported in addition to the dose at the Reference
Point at the maximum (peak dose).

At present, the situation of radiation oncology is
changing dramatically. Novel and complex irradia-
tion techniques are now rapidly developing and
being implemented, e.g., intensity-modulated radia-
tion therapy (IMRT) and other techniques such as
gamma knife, tomotherapy, Cyberknife™, and pro-
ton beam therapy. Their aim is to achieve more
tightly any prescribed dose distribution, in particu-
lar to match as closely as possible the Treated
Volume to the PTV even for complex shapes.

This also applies to electron beam therapy. One
section of the present Report is devoted to develop-
ments in electron beam therapy.

These novel and complex irradiation techniques
require, in turn, novel and complex approaches in
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treatment planning such as inverse dose planning.
Dose computation must be fast, safe, and reliable.

As a consequence of this evolution, the clinical
indications of the different radiation therapy modal-
ities have to be reconsidered continuously, as well as
the methods for reporting the treatments. In parti-
cular, the recommendations contained in ICRU
Reports 50 and 62 need to be adapted. With the
novel and complex irradiation techniques, the dose
distribution in the central part of the PTV does not
always exhibit a homogeneous plateau where an
ICRU Reference Point could be selected according
to the requirements mentioned above.

In addition, owing to the dramatic progress in
imaging, the volume concepts tend to overwhelm
the traditional approach of dose specification at
defined point(s). Presently, there are trends to spe-
cify the isodose encompassing a certain percentage
ofthe PTV (e.g., 90 percent) instead of the whole PTV
and to consider the volume that receives a certain
percentage (e.g., 90 percent) of the prescribed dose.
These approaches and their rationales need to be
discussed and evaluated.

To deal with these new issues, the ICRU has
established a Reporting Committee on “Prescribing,
recording, and reporting conformal photon beam
therapy”. Two other reporting committees, newly
established, have similar goals for proton beam ther-
apy and intracavitary brachytherapy, respectively.
These three committees have in common that they
have to deal with techniques achieving dose distri-
butions which are sometimes inhomogeneous
throughout the PTV. This inhomogeneity may result
from the technique or may even be intentional and
based on very accurate diagnostic or functional
imaging.

The ultimate goal is to develop recommendations
and agreement on methods of reporting that would
be, on the one hand, specific and accurate but, on the
other hand, broad enough to be applied to the differ-
ent techniques. For safe exchange of information
and correct interpretation of the clinical results, it
is indeed essential to keep, whenever possible, a
common language and a common definition of
terms and concepts between teams involved with
different radiation therapy techniques.
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LIST OF ABBREVIATIONS

CI Conformity Index

CT Computed Tomography

CTV Clinical Target Volume

DVH Dose-Volume Histogram

FSU Functional Subunit

GTV Gross Tumor Volume

M Internal Margin

IMRT  Intensity Modulated Radiation Therapy
IORT Intraoperative Radiation Therapy
MLC Multileaf Collimator

MRI Magnetic Resonance Imaging
OAR Organs at Risk

PET Positron-Emission Tomography
PMMA Polymethylmethacrylate

PRV Planning Organ at Risk Volume
PTV Planning Target Volume

RBE Relative Biological Effectiveness
Rp Practical range (of electron beams)
SM Set up Margin

SSD Source Skin Distance

TSI Total Skin Irradiation

T/,T Clinical/pathological classification for staging

TV Treated Volume
VF Frequency-mean lineal energy (microdosimetric quantity)
D Dose-mean lineal energy (microdosimetric quantity)
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ABSTRACT

The Report extends the concepts and recommenda-
tions for photons contained in ICRU Reports 50 and
62 to electron beam therapy. Reflecting the simila-
rities between electron and photon treatments, the
section on volumes in the present Report is very
similar to the section on volumes in Reports 50
and 62, but evolutionary clarifications applicable to
both modalities are presented. The concepts of Gross
Tumor Volume (GTV), Clinical Target Volume
(CTV), Planning Target Volume (PTV), Organs at
Risk (OARs) and Planning Organ at Risk Volume
(PRV) are recalled, or refined, and new examples
are given to illustrate these concepts.

Background physical and dosimetric data neces-
sary for understanding and correct interpretation of
the recommendations are provided.

In general, in electron therapy, the beam energy
and the beam delivery system are adjusted so that
the maximum of the depth-dose curve on the beam
axis (“peak dose”) is reached at the center (or in the
central part) of the PTV. This point is selected as the
ICRU Reference Point for reporting.

DOI: 10.1093/jicru/ndh006

If the peak dose is not obtained in the central part
of the PTV, the ICRU Reference Point for reporting
should be selected at the center of the PTV but, in
addition, the peak dose should also be reported. The
peak dose is always available and directly related to
the number of monitor units for reference conditions,
i.e., a beam incident perpendicularly to a homoge-
neous medium.

Specific recommendations for reporting are pro-
vided for non-reference conditions: small and
irregularly shaped beams, oblique beam incidence,
and presence of heterogeneities.

One section deals with special techniques: total
skin irradiation (TSI) and intra-operative radiation
therapy (IORT). Recommendations are given for
reporting.

As an appendix to the Report, clinical examples
from several radiation oncology centers are pre-
sented and fully discussed to illustrate how to inter-
pret the concepts and apply the recommendations
for reporting electron beam therapy.
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EXECUTIVE SUMMARY

The Report extends to electron beam therapy the
concepts and recommendations contained in ICRU
Reports 50 and 62 for photons. As a general rule, the
concepts and recommendations for reporting elec-
tron beam therapy should be similar to and consis-
tent with those published for photons. However, the
dose distributions with electron and photon beams
are quite different and may require different
approaches as far as beam arrangement, treatment
planning and also clinical indications are concerned.

The report deals mainly with harmonisation in
reporting. However, without interfering with the
prescription, or with the local policy for recording
the treatment parameters, all procedures would be
simplified and faster and the risk of confusion and
accidents would be reduced if the same definitions of
terms and concepts and the same methods for speci-
fying doses and volumes were used for prescribing,
recording and reporting the treatments.

As a general requirement, and as recommended in
the other ICRU Reports, the irradiation conditions
should be completely reported as well as the time-
dose patterns. No weighting factor for RBE differ-
ence (relative to photons) has to be applied for the
currently used electron energy range.

Volume concepts

Reflecting the similarities between electron and
photon treatments, Chapter 2 on Volumes in the
present report is very similar to the Chapter on
Volumes in Reports 50 and 62.

The concepts of Gross Tumour Volume (GTV),
Clinical Target Volume (CTV), Planning Target
Volume (PTV), Treated Volume, Organ At Risk
(OAR) and Planning Organ at Risk Volume (PRV),
as defined for photons in the previous reports, are
recalled. Evolutionary clarifications applicable to
both modalities are given and new examples are
provided to illustrate these concepts.

Physical and dosimetric data

Background information on the characteristics of
the clinical electron beams, and physical and

DOI: 10.1093/jicru/ndh017

dosimetric data necessary for the understanding
and correct interpretation of the recommendations
are provided in Chapter 3.

ICRU Reference Point for reporting
electron beam therapy

The general principles for reporting electron beam
therapy (Chapter 4) are in agreement with the
recommendations for reporting photon beam ther-
apy (Reports 50 and 62). They are based on the
selection of a reference point for reporting, which is
referred to as the ICRU Reference Point. This point
should always be selected at the centre (or in the
central part) of the PTV and should be clearly
indicated.

In general, in electron therapy, the beam energy
and the beam delivery system are adjusted so that
the maximum of the depth-dose curve on the beam
axis (“peak dose”) is reached at the centre (or in the
central part) of the PTV. The peak dose is always
available and directly related to the number of moni-
tor units in reference conditions, i.e., beam incident
perpendicularly to a homogeneous medium. This
point should be selected as the ICRU Reference
Point for reporting.

If the peak dose is not obtained in the central
part of the PTV, the ICRU Reference Point for
reporting should be selected at the centre of the
PTV but, in addition, the peak dose should also be
reported.

Following dose values should be reported for refer-
ence irradiation conditions:

e the peak absorbed dose to water;

e location of and dose value at the ICRU Refer-
ence Point if not located at the level of the peak-
absorbed dose;

e the maximum and minimum dose in the PTV;
and

e dose(s) to OAR(s) derived from dose distribu-
tions and/or dose-volume histograms.

Reporting dose in non-reference conditions

Specific recommendations for reporting are
provided for non-reference conditions: small and
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TTOZ ‘Y2 JequenoN Uo Te1sieAlun usbuign Te /61o'seunolploxo nioil/:dny woly pepeojumoq


http://jicru.oxfordjournals.org/

PRESCRIBING, RECORDING AND REPORTING ELECTRON BEAM THERAPY

irregularly shaped beams, oblique beam incidence
and presence of heterogeneities.

When corrections for oblique incidence and
heterogeneity are applied they should be reported
(Chapter 5). The peak absorbed dose to water for
reference conditions should also be reported.

Intra-Operative Radiation Therapy (IORT)

Chapter 6 deals with special techniques where
electrons are applied: Intra-Operative Radiation
Therapy (IORT) and Total Skin Irradiation (TSI).

In IORT, electrons are used to deliver a large dose
in a single fraction after surgical exposure of a well-
defined anatomical area. The CTV is defined as accu-
rately as possible jointly by the surgeon and the
radiation oncologist during the procedure.

The irradiation procedures specific to IORT must
be reported: electron energy, IORT applicator sys-
tem (type, shape, bevel angle, size of the applicator,
flattening filter, etc.). The ICRU Reference Point for
Reporting is always selected in the centre (or central
part) of PTV and, when possible, at the level of the
maximum dose on the beam axis.

Following dose values should be reported:

e peak absorbed dose to water, in reference condi-
tions, for each individual beam (if the beam axis
is perpendicular to the tissue surface);

e for oblique beam axis, the maximum absorbed
dose in water on the “clinical axis” (i.e., the axis
perpendicular to the surface of the tissues, at
the point of intersection of the central axis of
the beam with the tissue surface).

e location of, and dose value at the ICRU refer-
ence point (if different from above);

e best estimate of the maximum and minimum
dose to the PTV. Usually the irradiation condi-
tions (electron energy, field size, etc.) are
selected so that at least 90 percent of the dose
at the ICRU Reference Point is expected to be
delivered to the entire PTV.

Total skin irradiation (TSI)

TSI is indicated to treat selected cutaneous T-cell
lymphomas (Mycosis fungoides). The aim is to irradi-
ate the total skin envelope as homogeneously as
possible. For patients with superficial disease, TSI
can be delivered with one electron energy. In other
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clinical situations, the thickness of the skin disease
may vary with stage, pathology and location on the
body surface. Several CTVs need to be identified and
different beam penetration have to be used.

TSI implies identification of several anatomical
areas. For each anatomical area, an ICRU Reference
Point for reporting has to be selected always at or
near the center of the PTVs/CTVs. The Reference
point may be at the level of the peak dose if it is
located in the central part of the PTV.

In addition an ICRU Reference Point, clinically
relevant and located within the PTV, can be selected
for the whole PTV.

Following dose values should be reported:

e peak absorbed dose in water for each individual
electron beam,;

o location of, and dose value at the ICRU Refer-
ence Point for each anatomical area (the ICRU
Reference point may or may not be at the level of
the peak dose);

e best estimate of maximum and minimum dose to
each anatomical area;

e location and absorbed dose at the ICRU point for
the whole PTV, and best estimate of the max-
imum and minimum dose for the whole PTV;

e any other dose value considered as clinically
significant.

Quality assurance

Chapter 7 is devoted to quality assurance for ima-
ging, acquisition of patient data, quality control of
the accelerator, acquisition of beam data, treat-
ment planning system, patient set-up and in-vivo
dosimetry.

Clinical examples

A summary is presented at the end of the Report
(Chapter 8) recalling the quantities, reference points
and volumes recommended for reporting electron
beam therapy.

As an Appendix to the Report, clinical examples
from several Radiation Oncology Centres are pre-
sented and fully discussed to illustrate how to inter-
pret the concepts and apply the recommendations
developed in the Report for reporting electron beam
therapy. They should not be interpreted as ICRU
recommendations for selecting a given technique,
beam arrangement or dose level.
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1 INTRODUCTION

1.1 AIM OF THE REPORT

Exchange of clinical information and results be-
tween radiation oncology centers requires uniformity
and agreement on the methods used to specify the
doses and the volumes to which these doses are
delivered. To avoid confusion, agreement also has
to be reached on the definition of terms and concepts
necessary for reporting irradiation techniques. The
present Report contains the recommendations of the
International Commission on Radiation Units and
Measurements (ICRU) for specifying volumes and
doses when prescribing, recording, and reporting
electron beam therapy (Figure 1.1).

The rationale for using electron beams, rather
than conventional photon beams, is based on the
fact that electron beams allow one to achieve a fairly
uniform dose distribution to a certain depth, which
depends on the energy. Beyond that depth there is a
rapid dose fall-off. Electron beams therefore are use-
ful for treating Planning Target Volumes (PTVs)
that are superficial or located at shallow depths,
while sparing normal tissues or Organs at Risk
(OARs) beyond that depth.

In addition, electron beams can be easily colli-
mated by a few millimeters of lead, which are suffi-
cient to define a beam of complex shape with a
narrow penumbra. This provides excellent protec-
tion of surrounding normal tissues (Tapley and
Fletcher, 1973).

As a general rule, the recommendations for pre-
scribing, recording, and reporting electron beam
therapy should be similar to, and consistent with,
the recommendations for photon beam therapy, as
published in ICRU Report 50 (ICRU, 1993) and
ICRU Report 62 (ICRU, 1999). In particular, the
same definitions of terms and concepts should be
used whenever possible.

It is recognized that electron beam therapy has
some special and unique aspects. As indicated
above, the dose distributions of electron beams are
totally different from those of photon beams. There-
fore, the beam arrangements (or combinations with
other radiotherapy techniques) as well as the clinical
indications may be quite different. These unique
aspects have to be taken into account when making

DOI: 10.1093/jicru/ndh007

Gross Tumor Volume

Clinical Target Volume
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Figure 1.1. Schematic illustration of the different volumes as
defined in ICRU Report 50 (1993). Gross Tumor Volume (GTV)
denotes the demonstrated tumor. Clinical Target Volume (CTV)
denotes the demonstrated tumor (when present) and also volumes
with suspected (subclinical) tumor considered to need treatment
(e.g., a margin around the GTV and regional lymph nodes not
invaded clinically). The CTV is thus a purely anatomical—clinical
concept. Planning Target Volume (PTV) consists of the CTV(s) and
a margin to account for variations in size, shape, and position
relative to the treatment beam(s). The PTV is thus a geometrical
concept used to ensure that the CTV receives the prescribed dose,
and it is defined in relation to a fixed coordinate system. Note that
in the example shown the magnitude of foreseen movements of the
CTV is different in different directions. Treated Volume is the
volume that receives a dose that is considered important for
local cure or palliation. Irradiated Volume is the tissue volume
which receives a dose that is considered significant in relation to
normal tissue tolerance (other than those specifically defined as
Organs at Risk).

recommendations for prescribing, recording, and
reporting treatments utilizing electron beams. Suffi-
cient medical and physics expertise is required, as
well as appropriate equipment and technical support
for optimal and safe application of electron beam
therapy.

As far as relative biological effectiveness (RBE) is
concerned, for the currently used electron energy
range (5—35 MeV), no significant RBE difference
has been observed between electron and photon
beams for a wide variety of biological systems (Alth
et al., 1982; Amols, 1986; Hettinger et al., 1965;
ICRU, 1984; Sinclair and Kohn, 1964; Wambersie,
1967; Williams and Hendry, 1978; Spadinger and
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Palcic, 1992). In addition, no significant RBE varia-
tion as a function of depth in the electron beam has
been found (Kim et al., 1969; Wambersie et al., 1965,
1974; Wambersie and Menzel, 1993).

Microdosimetric measurements are consistent
with the radiobiological and clinical data on electron
RBE. Single-event, specific-energy distributions
measured in electron and photon beams were very
similar (°°Co, 42-MV photons, 8- and 39- MeV elec-
trons). Similar distributions were also obtained at
different depths in a 15-MeV electron beam:
0.5, 2.4, and 5.7 g/em?, i.e., 97, 100, and 66 percent
depth-dose levels, respectively (Linborg, 1976). In
addition, Booz found yr (frequency-mean lineal
energy) and y, (dose-mean lineal energy) values
that are nearly constant for high-energy photons
and electrons (Booz, 1978).

On the basis of the above discussion it can be
concluded that, in electron beam therapy applica-
tions, no weighting factor for RBE difference (rela-
tive to high-energy photons) has to be applied for the
currently used energy range (ICRU, 1984). The same
weighting factors for variations in fraction size
should, then, be applied for electrons and photons
(Wambersie et al., 1990, 2002a, b).

However, some RBE differences have been
reported at energies higher than 40 MeV (Asard,
1971). For 50-MV x rays, RBEs ranging from 1.06
to 1.17 have been reported in mammalian systems in
vitro and in vivo relative to 4- and 20-MV x rays.
This was attributed to the presence of photonuclear
processes (Zackrisson and Karlsson, 1992; Zackrisson
et al., 1991a, b). On the other hand, no RBE differ-
ence has been observed for 50-MeV pulsed electron
beams (Zackrisson et al., 1991b).

1.2 RELATION WITH OTHER ICRU REPORTS

As indicated above, exchanging clinical informa-
tion and results between radiation oncology centers
requires uniformity and agreement on the methods
used to specify the doses and the volumes to which
these doses are delivered and on reporting irradia-
tion techniques.

For several decades, the ICRU has been involved
in a continuous effort to improve uniformity in defin-
ing terms and concepts and in determining and spe-
cifying doses for reporting in radiation therapy.
ICRU Report 29 (1978), Dose Specification for Report-
ing External Beam Therapy with Photons and Elec-
trons, was published in 1978. It was superseded in
1993 by ICRU Report 50, Prescribing, Recording,
and Reporting Photon Beam Therapy. A Supplement
to Report 50 (ICRU Report 62) was published in 1999.

ICRU Reports 50 and 62 deal with current exter-
nal photon beam irradiation techniques, including
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three-dimensional conformal radiation therapy
(3DCRT); another ICRU Report is being prepared
to deal with complex and/or special techniques, e.g.,
intensity-modulated radiation therapy (IMRT) and
refinements needed for 3DCRT. A similar report on
protons is in preparation.

For brachytherapy, ICRU Report 38, Dose and
Volume Specification for Reporting Intracavitary
Therapy in Gynecology, was published in 1985 (a
revision to that report is now in preparation). More
recently, ICRU Report 58, Dose and Volume Specifi-
cation for Reporting Interstitial Therapy, was pub-
lished in 1997.

In principle, the same general approach to specify-
ing and reporting doses and volumes and the same
definitions of terms and concepts will be recom-
mended whenever possible for all radiotherapy tech-
niques, taking into account, however, the clinical
and technical uniqueness of each modality. There-
fore, in keeping with the generality of this approach,
it should be noted that Sections 1.3—1.5 and Sections
2 and 4 in this Report are taken in large measure
from previous ICRU Reports 50 (ICRU, 1993) and 62
(ICRU, 1999).

In 1984, the ICRU published Report 35, Radiation
Dosimetry: Electron Beams with Energies between
1 and 50 MeV. The present Report contains only
the physical and dosimetric information necessary
for a good understanding of the recommendations
presented here for prescribing, recording, and
reporting electron beam therapy.

1.3 FROM PRESCRIBING TO RECORDING AND
REPORTING

1.3.1 Treatment prescription

The prescription of a treatment is the responsibil-
ity of the radiation oncologist (or the radiation onco-
logy team) in charge of the patient. It is not the
purpose of this Report (nor the task of the ICRU) to
make recommendations about treatment prescrip-
tion, i.e., about general approaches to prescription,
dose level, beam arrangement, or other technical
aspects of the treatment.

1.3.2 Recording the radiation treatment

Accurate and complete recording of the treatment
parameters is necessary for several reasons:

® to ensure further care and follow-up of patients;

® to keep the treatment conditions reproducible,
safe, and constant;

® to continuously develop clinical experience in the
department and systematically improve the
techniques;
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® to be able to exchange information on treatment
conditions with other centers (the amount of
information depends on the purpose, e.g., parti-
cipation in clinical trials, follow-up of a patient,
etc.); and

® tobe able to “reconstruct” the treatment conditions
when needed: interpretation of the treatment
outcome(s), compliance with a quality assurance
program or a research and development pro-
gram, etc.

It is important that adequate information
exchange occurs between the medical, physics, and
radiography/radiotherapy staff and that there is
agreement on the methods of recording the treat-
ment parameters. The terms and concepts to be
used should be clearly defined.

The amount of information that needs to be
recorded depends on the technique, the complexity,
and the purpose of the treatment (cure or pallia-
tion). It also depends, of course, on departmental
resources.

1.3.3 Reporting the treatment

In contrast to prescribing (which is the respons-
ibility of the radiation oncology team in charge of the
patient, see Section 1.3.1) and recording the treat-
ment (which is the responsibility of the department,
see Section 1.3.2), it is mandatory to harmonize
reporting for a reliable exchange of information
between centers.

Harmonization in reporting implies an agreement
on (1) a certain number of concepts and definitions of
terms, and (2) a general approach on how to report a
treatment. One must also agree on the (minimum)
information to be contained in the report. On the
other hand, because of the huge amount of informa-
tion now available in some situations, part of this
information has to be evaluated and selected as rele-
vant to reporting.

Recommendations to improve harmonization
in reporting electron beam therapy are pre-
sented in this Report. However, for the future,
without interfering with the prescription or
with the local policy for recording the treat-
ment parameters, it is obvious that all proce-
dures would be simplified and faster, and the
risk of confusion and accidents would be
reduced, if the same definitions of terms and
concepts and the same methods for specifying
the doses and the volumes were used for pre-
scribing, recording, and reporting. This
would also facilitate multi-center research
and cooperative clinical trials.
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1.4 THE THREE LEVELS OF DOSE AND
VOLUME EVALUATION FOR REPORTING

Different levels of completeness and accuracy can
be identified for reporting. Three levels were identi-
fied for external photon beam therapy in ICRU
Report 62 (ICRU, 1999) and are proposed similarly
in the present Report for electron beam therapy.

14.1 Levell

Reporting at Level 1 implies reporting the mini-
mum of data required to perform electron beam ther-
apy effectively and safely. This implies the best
possible description of the relevant volumes and
dose distribution, as discussed in Sections 4 and 5.

These data should be available in any centers con-
templating electron therapy, whatever their staffing
and equipment situation. In well staffed and
equipped centers, reporting at Level 1 may be suffi-
cient for simple treatment techniques (palliative
treatment, irradiation of metastases, etc.).

1.4.2 Level 2

Reporting at Level 2 must include all information
given at Level 1.

In addition, reporting at Level 2 requires the infor-
mation necessary to perform a treatment in a state-
of-the-art manner. It allows the exchange of more
complete and relevant information between differ-
ent centers. The conditions for reporting at Level 2
usually include a well equipped and well staffed
center.

Reporting at Level 2 implies the use of modern
imaging techniques under reliable conditions (typic-
ally a series of CT or MRI examinations) to define
the relevant volumes (see Section 2) and the Organs
at Risk (see Sections 2.7 and 2.8). Other imaging
techniques, such as PET or ultrasound, may add
relevant information. At Level 2, it is also assumed
that three-dimensional dose distributions are avail-
able, with heterogeneity corrections when appropri-
ate. Dose-volume histograms (DVH) should also be
available.

1.4.3 Level 3

Reporting at Level 3 is characterized by individual-
ized, usually very complex, and often evolving tech-
niques (intensity-modulated radiation therapy for
electrons, etc.).

Reporting at Level 3 incorporates all information
given at Levels 1 and 2. No additional reporting
requirements are established yet, but comprehen-
sive information should be given.

All radiation therapy techniques are continuously
evolving, and more sophisticated equipment and
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software become commercially available. Therefore,
with time, the boundaries between the three levels,
as defined above, may be altered.

1.5 REPORTING DOSES IN A SERIES OF
PATIENTS

The recommendations for external photon beam
therapy can be followed for electron beam therapy
(see ICRU Report 62, Section 3.6, page 22) (ICRU,
1999).
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1.6 CLINICAL EXAMPLES

Some clinical examples are given at the end of the
present Report in order to illustrate how the recom-
mendations can be applied in practice (see Appen-
dix). These examples, obtained from different
radiation oncology centers are solely intended to
illustrate how to apply the present recommenda-
tions. They should not be considered as ICRU recom-
mendations for choosing given treatment techniques
and/or dose levels.
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2 VOLUMES

2.1 INTRODUCTION

When prescribing, recording, and reporting treat-
ment the different tissues/organs to which a dose will
bedelivered, as well asthe dose levels, need to be speci-
fied. This implies the definition and delineation of
different volumes, some of them related to the tumor
others to the normal tissues. These volumes are:

Gross Tumor Volume (GTV),

Clinical Target Volume (CTV),
Planning Target Volume (PTV),
Treated Volume,

Irradiated Volume,

Organ at Risk (OAR), and

Planning Organ at Risk Volume (PRV).

Each of these volumes is discussed below. The
GTV and CTV are purely oncological concepts and
are independent of any therapeutic approach. They
represent volumes with known or suspected tumor
involvement. The OAR represents normal tissues.
The PTV and PRV are purely geometric concepts
which do not necessarily correspond to tissue or
organ borders. The definitions of these concepts
and explanations are given in ICRU Report 62
(ICRU, 1999) and can be extended and applied to
electron beam therapy.

2.2 GROSS TUMOR VOLUME (GTV)

The Gross Tumor Volume (GTV) is the gross,
palpable, visible or clinically demonstrable
location and extent of the malignant growth.

The GTV consists of primary tumor (GTV-T) and if
present metastatic lymphadenopathy (GTV-N) or
other metastases (GTV-M). In the GTV the tumor
cell density is always high (=10%/mm?). Hence, an
adequate dose must be delivered to the whole GTV
for radical therapy.

There is no GTV after complete surgical resection.

The shape, size, and location of a GTV may be
determined by clinical examination (e.g., inspection,
palpation, endoscopy) and/or various imaging
techniques, e.g., x ray, CT, digital radiography,

DOI: 10.1093/jicru/ndh008

ultrasonography, MRI, PET, and other methods
using radionuclides. The methods used to determine
the GTV should meet the requirements for classify-
ing the tumor according to the clinical TNM (UICC,
1997) and AJCC (AJCC, 1997, 2002) systems.

The GTV (primary tumor, metastatic lymphade-
nopathy, and other known metastases) may appear
different in size and shape, sometimes significantly,
depending on which examination technique is used
for evaluation. Examples are given in Figures 2.1
and 2.2 for breast and thyroid tumors, respectively.
The radiation oncologists should in each case indi-
cate which technique has been used for evaluation
and for the definition of the GTV.

For reporting, the GTV should be described in
standard topographical or anatomical terms, e.g.,
“18 mm X 12 mm X 20 mm tumor in the left upper
outer quadrant of the breast, not fixed to deep mus-
cles and not invading the skin.” In many situations,
a verbal description might be too cumbersome;
therefore, for the purpose of data recording and ana-
lysis, a classification system is needed. Several sys-
tems are proposed for coding the anatomical
description; some of them are mentioned in ICRU
Report 50 (ICRU, 1993).

There are at least four reasons to describe and
report the GTV in a complete and accurate way.
Firstly, as indicated above, it is required for staging,
e.g., according to the TNM system. Secondly, an ade-
quate dose must be delivered to the whole GTV in
order to obtain local tumor control. Thirdly, evalua-
tion of the GTV regression is needed when redefining
the PTV during the course of treatment. Fourthly,
changes of the GTV during treatment may be one of
the predictive values for response to treatment.

2.3 CLINICAL TARGET VOLUME (CTV)
2.3.1 The concept of CTV

The Clinical Target Volume (CTV) is a tissue
volume that contains the GTV(s) and/or sub-
clinical malignant disease at a certain prob-
ability level. This volume thus has to be
treated adequately.

© International Commission on Radiation Units and Measurements 2004
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Figure 2.1. Different images of a breast cancer as obtained by different methods (note that the different figures are not reproduced to

identical scales).

(a) Mammography screening shows a tumor in the right breast. There is a 20 mm large mass on palpation.

(b) Ultrasonography shows a 13 mm x 8 mm large hypoechogenic tumor. Fine needle aspiration biopsy shows cancer.
(¢) MRI demonstrates a 20 mm large tumor (the arrows indicate directions for core biopsies).

(d) The fresh surgical specimen shows a 15 mm x 22 mm large tumor (marked by black arrows).

(e) The fixed specimen shows a 14 mm X 18 mm large tumor (marked by black arrows).

(f) Microscopy demonstrates the diffuse borders of the cancer.

Depending on which examination method is used to establish the size of the Gross Tumor Volume, one may arrive at different T/pT
categories (and even different stages) in the TNM classification (AJCC, 2002). (Courtesy of the Malmo6 University Hospital, Sweden.)

The Clinical Target Volume, like the GTV, is a
clinical—anatomical concept. Even if the cell density
is as high as 10°mm?®, the cells still cannot be
detected clinically and thus are considered as a
subclinical volume, but nevertheless part of the CTV.
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Delineation of the CTV is based (1) on the avail-
able data on the probability of (subclinical) malig-
nant cells outside the GTV and (2) on the judgment
of the radiation oncologist. The relevant data to con-
sider are the probability of microscopic extension at
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Figure 2.2. Example of two different macroscopic growth patterns for thyroid carcinomas. To the left is a differentiated follicular
carcinoma. The tumor is sharply circumscribed and surrounded by a distinct fibrous capsule. To the right is a differentiated papillary
carcinoma. The tumor is unencapsulated, irregularly outlined and infiltrates diffusely into the surrounding thyroid parenchyma. (Courtesy
Otto Ljungberg, MD, Department of Pathology, University Hospital, Malmo, Sweden.)

cancers, pathologic sizes = 2 ¢m, n=130

Cumulative % of cases

Cigtance (om) from the (pathologically estimated) reference tumor

Figure 2.3. The distribution of tumor foci at different distances from the border of the Gross Tumor Volume for a sample group of patients
(n = 130) with breast cancer. This graph shows the remaining proportion of cases with tumor foci at or beyond the specified distance from
the reference tumor (the term “reference tumor” is used by the authors for the GTV). The percentages given within the groups indicate the
proportion of cases with tumor foci located at or beyond the point given on the abscissa (i.e., at or beyond the specified distance from the
reference tumor).

(A) No tumor foci outside the reference tumor. These cases constitute 41 percent of all cases.

(B) Tumor foci within 2 cm of the reference tumor. These cases constitute 17 percent of all cases. The exact distances of these foci and
their invasive or noninvasive character were not specified.

(C) Noninvasive tumor foci further than 2 cm from the reference tumor. These cases constitute 28 percent of all cases.

(D) Invasive tumor foci further than 2 ¢m from the reference tumor. These cases constitute 14 percent of all cases.

(Modified from Holland et al., 1985 [CANCER, 56, 1985, 979—-990. Copyright © 1985 American Cancer Society. Reprinted with permission
of Wiley-Liss, Inc., a subsidiary of John Wiley & Sons, Inc.]).

different distances around the GTV, and the prob- However, when microscopic examination of a cancer
ability of subclinical invasion of regional lymph is performed, one often finds subclinical extensions
nodes or other tissues. around the GTV (Figure 2.3), i.e., individual malig-

The delineation of the CTV is thus part of the nant cells, small cell clusters, or microextensions,
treatment prescription. which cannot be detected clinically. The GTV and

the surrounding volume with suspected subclinical
involvement is defined as the Clinical Target
Volume, if the same dose is prescribed to both

Macroscopically, tumors may seem relatively volumes. The CTV will be denoted CTV-T (desig-
well delineated or may have no distinct borders. nated as CTV-1 in previous Reports). If the GTV

2.3.2 Treatment of subclinical extensions
surrounding a GTV

27
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has been removed by surgery, but radiotherapy to
the tumor bed is considered necessary for the tissues
close to the site of the removed GTV, the volume is
also designated CTV-T.

2.3.3 Treatment of subclinical extensions
at a distance from a GTV

Additional volumes with presumed subclinical
spread may also be considered for therapy, e.g.,
regional lymph nodes or metastases. They are also
defined as Clinical Target Volumes, and may be
designated CTV-N (and if necessary CTV-N1, CTV-
N2, etc.). Adding the letters T, N, or M to identify the
volumes may better clarify their clinical significance
(compared with the identification by numbers only,
as used in ICRU Reports 50 and 62).

Thus, two types of subclinical disease (adjacent to
the GTV or at a distance, e.g., lymph nodes) can be
distinguished, as illustrated in Figure 2.4. The pre-
scription is then based on the probability that there
are cancer cells in some anatomically definable tis-
sues/organs, even though they cannot be detected
with present-day techniques: they are subclinical.
For prescription of treatment, these subclinical
deposits (or their probability of existence) can be
described in terms of frequency of risk for later detect-
able manifestations if not treated adequately in
the subclinical stage. The estimate of that probability
is based on clinical experience from adequately
documented treatment and follow-up (Grégoire
et al., 2000, 2003a, b; Martinez-Monge et al., 1999).

Several practical situations are illustrated in
Figure 2.4. In breast-sparing protocols, the CTVs
containing the primary tumor and its regional lym-
phatics are separated anatomically. In other situa-
tions, e.g., boost therapy, the “higher-dose” volume is
located inside the “lower-dose” volume, which is only
irradiated to eradicate subclinical disease.

2.3.4 Reporting the CTV

For reporting, the CTV must be defined in anato-
mical terms and/or according to a corresponding
code (see, e.g., Table 1.2 in ICRU Report 50) in con-
formity with the recommendations for the GTV.

2.3.5 The CTV and GTV: oncological
concepts

It must be stressed that the prescriptions for the
GTV(s) and CTV(s) are based on general oncological
principles, and they are independent of any thera-
peutic approach. In particular, they are not specific
to the field of radiation therapy. For instance, in
surgery, a safety margin is taken around the Gross
Tumor Volume according to clinical judgment, and
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this implies the same use of the Clinical Target
Volume concept as in external beam radiation treat-
ments. Also in brachytherapy, volumes to be treated
are defined, and thus the concept of CTV is used. The
definitions of GTV(s) and CTV(s) constitute part of
the basic prescription of treatment; they are essen-
tial to the medical record. Their definition must pre-
cede the selection of the treatment modality and the
subsequent treatment planning procedures.

2.4 PLANNING TARGET VOLUME (PTV)
2.4.1 The concept of PTV

The Planning Target Volume (PTV) is a geo-
metrical concept, introduced for treatment
planning. It is used to select the appropriate
beam sizes and beam arrangements to ensure
that the prescribed dose is actually delivered
to all parts of the CTV. It surrounds the CTV
with an additional margin to compensate for
the different types of variations and uncer-
tainties of the beam relative to the CTV.

Delineation of the PTV is a compromise dictated
by the presence of Organs at Risk (Sections 2.7 and
2.8): it implies the judgment and experience of the
radiation oncologist. In terms of probability, all (or
most) parts of the CTV should receive the prescribed
dose with the highest possible probability. On the
other hand, a clinically acceptable probability of
complications cannot be exceeded. The concept of
Planning Target Volume (PTV) was introduced in
ICRU Report 50 (ICRU, 1993).

The delineation of the PTV is dependent on the
technique and is part of the treatment prescription.

2.4.2 Margins for the different types of
variations and uncertainties

To avoid significant deviation from the prescribed
dose in any part of the CTV(s), one must add margins
to the CTV(s) to compensate for variations and un-
certainties (1) in position, size, and shape of the CTV
and (2) in patient—beam positioning, both during a
given radiation treatment fraction and between suc-
cessive fractions. To facilitate discussion, and in
keeping with previous reports (ICRU Reports 50
and 62), these will be referred to as the Internal
Margin and the Set-up Margin, respectively.

2.4.2.1 Internal Margin (IM)

A margin must be added to the CTV to compensate
for expected physiological movements and variations
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Figure 2.4. Schematic illustration of the relations between GTV(s) and CTV(s) in different clinical situations.

(a) Simple case with one GTV and the corresponding CTV (e.g., skin tumor). At the level of the GTV (dark red), the cellular density is the
highest (as an average, about 10° cellsy/mm?®), but may be heterogeneous (e.g., due to necrosis). The width of the safety margin (light
red) is selected so that, in principle, no cancer cells are present outside the limits of the CTV. The cancer cell density decreases
between the border of the GTV and the outer limit of the CTV, but the variation of the cell density with distance is not known (“?” in
the figure) and depends on tumor type and location. In some situations a natural anatomical border may limit subclinical extension,
e.g., parietal pleura in mediastinal lymphoma.

(b) Two GTVs are present: the primary tumor, GTV-T, and a metastatic fixed lymph node, GTV-N (e.g., a tumor of the tonsil with a
homolateral cervical lymph node). A safety margin for microscopic invasion has to be taken around each GTV, which may lead to the
definition of two CTVs: CTV-T corresponding to the primary tumor and its safety margin, and CTV-N for the lymph node and its
safety margin. Actually, since in this example, the two CTVs are close to each other and because there are certainly malignant cells
between the two GTVs, only a single CTV is selected (CTV-TN), which includes the two GTVs and a common safety margin.

(¢) The primary tumor and its safety margin define a first CTV (CTV-T). In addition, there is a high probability of invasion of the
adjacent lymph node area, which leads to the definition of a second CTV (CTV-N). It is decided to keep the two CTVs adjacent to each
other as there could be cancer cells all along between them (e.g., breast cancer and adjacent lymph node area(s), or tumor of the head
and neck and adjacent lymph node area(s)).

(d) A similar situation to that in (c), but there is a free space between the CTV containing the primary tumor and the CTVs including the
lymph node areas at risk. It is the case, e.g., for a tumor of the anus and the inguinal lymphatic areas, which can be treated with
electron beams.

in size, shape, and position of the CTV during The Internal Margin is often asymmetric around
therapy relative to an internal reference point and the CTV. Figure 2.5 illustrates the movements of
its corresponding coordinate system (see Section the CTV due to respiration in the case of breast
2.9). It is referred to as the Internal Margin (IM). cancer.
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bl
0 5cm

Figure 2.5. Patient with cancer of the left breast after
lumpectomy and whole-breast irradiation, now planned for
electron boost irradiation to the tumor bed. The relations
between the different volumes and margins are shown in one
planar section. The internal and external reference points are
indicated. Owing to respiratory movements, the PTV extends
outside the average position of the body contour.

Key:

Light red CTV (Clinical Target Volume)

Light blue  PTV (Planning Target Volume)

> OAR (Organ at Risk, in this case the left anterior

descending coronary artery, shown here as
projected onto the section)

PRV (Planning Organ at Risk Volume)

Average position of the body contour

Body contour at maximum inspiration

A Internal Reference Point

|

External Reference Point

Light green

2.4.2.2 Set-up Margin (SM)

To account specifically for uncertainties (inaccura-
cies and lack of reproducibility) in patient position-
ing and alignment of the therapeutic beams during
treatment planning and through all treatment ses-
sions, a Set-up Margin (SM) for each beam is needed.
The SM is referenced in the external coordinate sys-
tem (see Section 2.9). The uncertainties vary with
different anatomical directions, and thus the size of
such margins depends on the selection of beam geo-
metries. The inaccuracies depend on such factors as:

® variations in patient positioning;

® mechanical uncertainty of the equipment (e.g.,
sagging of the gantry, collimators, and couch);

® dosimetric uncertainties, e.g., penetration of the
electron beam;

e transfer set-up errors from CT and simulator to
the treatment unit; and

® human factors.
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These factors may also vary from center to center,
and within a given center from machine to machine.
The use of patient immobilization devices (Hess
et al., 1995; Hunt et al., 1993, 1995), the application
of quality assurance programs, and the skill and
experience of the radiographers/radiotherapists are
important and must be taken into account. The use
of different record and verification systems (in real
time or not) may also be important and may signifi-
cantly alter the size of the needed Set-up Margins.

2.4.3 Delineating the PTV

When delineating a PTV, the different types of
margin identified above must be added or combined.
Different scenarios are depicted in Figures 2.6
and 2.7.

The risk of missing part of the CTV must be
balanced against the risk of complications due to
making the PTV too large. For instance, if margins
are added linearly, the resulting PTV may often be
too large, with a consequent risk of exceeding patient
tolerance.

Since margins are introduced to compensate for
both random and systematic uncertainties, a quad-
ratic approach similar to that recommended by the
Bureau International des Poids et Mesures (BIPM,
1981) may be employed. It provides a means to com-
bine random and systematic, as well as correlated
and uncorrelated, uncertainties (Mijnheer et al.,
1987). Utilizing this approach, in order to find the
overall margin (i.e., the Internal Margin and the Set-
up Margin together), the overall systematic error
can be derived by adding quadratically the separate
systematic errors:

2 2 2 1/2
Z - (Zset-up + Zorgan motion + Zdelineation) ’ (2 1)

and similarly the overall random error can be
derived by adding quadratically the separate ran-
dom errors:

1/2
o= (G?el—up + Ggrgan motion) / . (22)

Several approaches to quantifying the CTV-to-
PTV margin requirements have been published
(Austin-Seymour et al., 1995a, b; Balter et al., 1996;
Crook et al., 1995; Goitein, 1985; Holmberg et al.,
1994; Roeske et al., 1995; Stroom et al., 1999; van
Herk et al., 2000).

Stroom et al. (1999) presented a model which was
tested for prostate, cervix, and lung cancer. A CTV-
to-PTV Set-up Margin size which ensures at least
95 percent of the dose to 99 percent of the CTV is
given by 2> + 0.70, where ) is the standard
deviation for the systematic error (average set-up
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PTV and PRV for treatment
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Figure 2.6. Schematic representation of the different volumes/margins. Notes: (1) For explanation, see Sections 2.2—2.9. (2) The Internal
Margin may be asymmetrical. (3) Like the Internal Margin, the Set-up Margin may be asymmetrical. (4) To delineate the PTV, the IM and
SM are not added linearly (since this could result in too large a PTV) but are combined (for explanation, see text). The PTV is thus smaller
than it would be if the IM and SM were simply added linearly. (5) For an Organ at Risk (OAR), margins are added in the same way as for the

PTV. (6) The PTV and PRV may or may not overlap.

deviations per patient in the group of patients) and
¢ is the standard deviation for the random error
(day-to-day set-up positions). Van Herk et al. (2000)
came to a similar conclusion that the standard devia-
tion for the systematic errors is three times larger
than that for the random errors. On the other hand,
McKenzie (2000) pointed out that breathing-induced
motion should be accounted for separately, with the
breathing margin added linearly to the quadratic
sum of the other contributing factors.

31

Unfortunately, this ideal approach can be applied
only in situations where one can identify the causes
of errors and quantify the uncertainties (e.g., by
standard deviations). Currently, this is not generally
possible except for a few situations (e.g., some con-
formal therapy protocols).

However, it should be understood that the delinea-
tion of the PTV is a matter of compromise and is not
simply a mathematical concept. It requires clinical
judgment, and thus is the responsibility of the
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on delineation of the PTV (thick,full line).
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Figure 2.7. Schematic representations of the relations between
the different volumes (GTV, CTV, PTV, and PRV) in different
clinical scenarios.

Scenario (A) Amargin is added around the Gross Tumor Volume
(GTV) to take into account potential “subclinical” invasion. The
GTV and this margin define the Clinical Target Volume (CTV). In
external beam therapy, to ensure that all parts of the CTV receive
the prescribed dose, additional margins for geometric variations
and uncertainties must be considered. An Internal Margin (IM) is
added for the variations in position and/or shape and size of the
CTV. A Set-up Margin (SM) is added to take into account all of the
variations/uncertainties in patient—beam positioning. CTV +
IM + SM define the Planning Target Volume (PTV), on which
the selection of beam size and arrangement is based.

Scenario (B) The simple(linear) addition of all factors of geometric
uncertainty, asindicated in scenario A, often leads to an excessively
large PTV, which would be incompatible with the tolerance of
the surrounding normal tissues. In such instances, instead of
adding linearly the Internal Margin and the Set-up Margin, com-
promisecombinations areused (see Section2.4.3). In practice,itmay
be more convenient to deal separately with systematic and random
errors than to group them by origin, i.e., physiological or set-up.

Scenario (C) In the majority of clinical situations, a “global”
safety margin is adopted. In some cases, the presence of an Organ
at Risk dramatically reduces the width of the acceptable safety
margin (e.g., presence of the spinal cord, optic nerve, etc.). In
other situations, larger safety margins may be accepted. Since
the incidence of subclinical invasion may decrease with distance
from the GTV (see Figure 2.3), a reduction of the margin for
subclinical invasion may still be compatible with chance for cure,
albeit at a lower probability rate. It is important to stress that the
width of the different safety margins may vary with the angle at
which one looks at the PTV (e.g., bony structures or fibrotic tissue
may prevent, at least temporarily, malignant cell dissemination).

(Note that if an adequate dose cannot be given to the whole
GTV, the whole aim of therapy shifts from radical to palliative,
unless alternative treatment strategies can be found).
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radiation oncology team. The margin due to spatial
uncertainties may have to be reduced because of the
proximity of OARs and consequently too high a
risk of increased toxicity. It should be recorded
clearly.

The possibility of quantifying margin require-
ments will be of increasing relevance for new tech-
niques such as 3DCRT and IMRT. Similarly, the
margin requirements around Organs at Risk (PRV)
(see Sections 2.7 and 2.8) also need to be quantified
and, as indicated above, in some cases will limit the
desired margin width around the CTV.

The Penumbra. The penumbra of the beam(s) is
not considered when delineating the PTV. However,
when selecting the beam sizes, the width of
the penumbra has to be taken into account and
the beam size must be enlarged accordingly to
ensure coverage of the PTV by the prescribed dose.
The beam sizes are defined by the 50-percent isodose
(ICRU, 1976).

2.5 TREATED VOLUME
2.5.1 Definition

Because of the limitations of irradiation techni-
ques, the volume receiving the prescribed dose may
not match the PTV; it may be larger (sometimes
much larger) and in general more simply shaped.
This leads to the concept of Treated Volume.

The Treated Volume is the tissue volume
which (according to the approved treatment
plan) receives at least the absorbed dose
selected as the minimum dose to the PTV (or
some specified percentage of the PTV) and
specified by the radiation oncology team as
appropriate to achieve tumor eradication or
palliation, within the bounds of acceptable
complications.

The Treated Volume is the volume enclosed by the
isodose surface corresponding to that dose level.
When reported, the value of the isodose selected to
define the Treated Volume should be quoted relative
to the prescribed dose (see Section 4.1) or in absolute
terms.

It is important to identify the shape, size, and
position of the Treated Volume in relation to the
PTYV for different reasons. One reason is to evaluate
causes for local recurrences (inside or outside the
Treated Volume). Another reason is to evaluate and
interpret side-effects.
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2.5.2 Conformity Index (CI)

The Conformity Index (CI) is defined as the
ratio of the Treated Volume to the PTV.

Ideally, the Treated Volume should totally encom-
pass the PTV. If this is not the case, the percentage
of the PTV included in the Treated Volume should be
reported (see Figure 2.8).

Report 62 defines the concept of CI as the quotient
of the Treated Volume and the PTV. This definition
of the CI implies that the Treated Volume totally
encompasses the PTV, but it is recognized that this
is more an intended goal than is often times the
actual case. The Treated Volume is the tissue
volume that receives at least the dose selected and
specified by the radiation oncology team as being
appropriate to achieve the purpose of the treatment:
tumor eradication or palliation.

The CI can be used as part of the optimization
procedure, as was proposed by Knoos et al. (1998)
and van’t Riet et al. (1997). However, it is recognized
that when optimizing the CI (as close as possible to
unity) other optimization parameters may deterio-
rate, e.g., the size of the Irradiated Volume or the
dose homogeneity in the PTV. Again, compromises
are required.

2.6 IRRADIATED VOLUME

The Irradiated Volume is the tissue volume
which receives a dose that is considered sig-
nificant in relation to normal tissue tolerance.

If the Irradiated Volume is reported, the signifi-
cant dose must be expressed either in absolute
values (Gy) or relative to the prescribed dose to the
PTV. The Irradiated Volume depends on the treat-
ment technique used.

In conformal therapy using beam shaping, e.g.,
by Multileaf Collimator (MLC) or customized
blocks, the Treated Volume may decrease and the
Irradiated Volume may be reduced or may be
increased.

2.7 ORGANS AT RISK (OARs)

Organs at Risk (“critical normal structures”)
are normal tissues (e.g., spinal cord) whose
radiation sensitivity may significantly influ-
ence treatment planning and/or prescribed
dose.
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Figure 2.8. Irradiation with a single electron beam (e.g., “boost”)
of a PTV 3 cm in diameter, extending between 0.6 and 3.6 cm in
depth. The accelerator allows the selection of electron energy in
3-MeV increments. A dose of 20 Gy is prescribed at the ICRU
Reference Point indicated by “x” and located on the beam axis, at
the maximum of the depth-dose curve (“peak dose”). It corresponds
to the central part of the PTV. The prescribed minimum dose is
18 Gy (i.e., 90 percent of the peak dose). The 90-percent isodose
surface should thus encompass the whole PTV. In the present
conditions, the maximum dose in the PTV is the peak dose.

(a) 9-MeV electron beam, 5 cm x 5 cm beam size (the beam size
is defined on the 50-percent isodose at the depth of the peak
dose), ICRU Reference Point (marked “x”) at depth 2.1 cm. The
energy is too low and the Treated Volume (i.e., the volume
encompassed by the 90-percent isodose surface) does not
encompass the whole PTV. This irradiation does not comply
with the treatment prescription. The CI, in a strict sense as
defined in the text, cannot be calculated.

(b) 12-MeV electron beam, 5 cm x 5 cm beam size, ICRU
Reference Point (marked “x”) at depth 2.6 cm. The Treated
Volume totally encompasses and matches as closely as possible
the PTV. The Cl is 1.2, i.e., close to unity.

(c) 15-MeV electron beam, 5 cm X 5 c¢m beam size, ICRU
Reference Point (marked “x”) at depth 2.8 cm. The Treated
Volume encompasses the PTV but is much larger, and normal
tissues are unnecessarily irradiated. The CI is 1.8.
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Presently, our knowledge about the sensitivity of
normal tissues is derived mainly from clinical obser-
vations. However, different models and concepts
have been proposed to interpret the normal-tissue
complication probability (NTCP) (Kéllman et al.,
1992; Lyman, 1985; Olsen et al., 1994; Withers
et al., 1988; Wolbarst et al., 1982).

The functional-subunit concept (FSU) (Withers
et al., 1988) assumes that, for the purpose of evalua-
tion of the volume-fractionation response, the tis-
sues of an Organ at Risk can be considered to be
made up of a number of functional subunits which
can be organized into “serial,” “parallel,” or “serial—
parallel” structures. For example, the spinal cord is
assumed to be mostly serial, implying that a dose
above tolerance limit to even a small volume of the
Organ at Risk may be deleterious. In contrast, the
lung is assumed to be largely parallel, meaning that
the relative size of the volume irradiated above tol-
erance level may be the most important parameter.

Late effects on the heart and the lungs from radia-
tion therapy for breast cancer have been reported by
Gyenes et al. (1997) and Lind et al. (1997), showing
that effects on the coronary arteries (structures
assumed to be arranged serially) were much more
serious than the effects on the myocardium and the
lungs (these organs being assumed to be largely
parallel). The implications of these concepts for
recommendations for reporting normal tissue dose
are discussed in Section 4.3.4.

2.8 PLANNING ORGAN AT RISK
VOLUME (PRV)

As is the case with the Planning Target Volume,
any movements of the Organ(s) at Risk during treat-
ment, as well as uncertainties in the set-up during
the whole treatment course, must be considered. An
integrated margin has to be added to the OAR to
compensate for these variations and uncertainties,
using the same principles of Internal and Set-up
Margins as for the PTV. In particular, Internal and
Set-up Margins can be identified. This leads, by
analogy with the PTV, to the concept of Planning
Organ at Risk Volume (PRV).

For reporting, it is recommended that, as for the
PTV, the PRV be described by including the size of
the combined margins of the Organ(s) at Risk in
different directions.

A margin around an Organ at Risk with a serial
structure (e.g., spinal cord) is more critical than one
around Organs at Risk with parallel structure (e.g.,
liver, lung).

Note that the margin around a CTV (i.e., the PTV)
and the margin around an OAR (i.e., the PRV) may
result in an overlap region. Therefore, they require
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careful clinical judgment in the margins’ specifica-
tion to ensure that acceptable toxicity is not exceeded.

2.9 REFERENCE POINTS AND COORDINATE
SYSTEMS

To achieve accurate radiation therapy, it must be
possible to precisely relate the positions of tissues,
organs, or volumes in the patient to the positions
and orientations of systems used for both imaging
and therapy. This requires defining a number of coor-
dinate systems, some of them related to the patient
and others to the imaging units and treatment
machines.

The positions of organs, tissues, and treatment-
related volumes are related to anatomical Reference
Points or alignment marks and the coordinate sys-
tem within the patient. The positions and orienta-
tions of the imaging and treatment machines are
defined in coordinate systems related to these
machines. The Reference Points serve to link the
coordinate systems, since they can be defined in
both patient and machine coordinates. The coordi-
nates of the PTV can then be defined in the external
coordinate system during dose planning.

2.9.1 Reference Points

Alignment of the patient in a reproducible and
stable position is a prerequisite for correct definition
of volumes and for the set-up of beams. Adequate
patient immobilization systems are the most effec-
tive means to accomplish this. Reference Points,
either internal or external, or alignment points or
lines are then used to establish the patient coordi-
nate system and for reproducible alignment of the
patient for imaging or treatment.

Internal Reference Points are anatomical land-
marks (e.g., bony structures, gas-filled cavities, and
surgical clips) which may be used for localization of
the GTV, CTV, and OARs and for accurate set-up of
theimagingunit, simulator, and treatment unit. Often
separate Reference Points are needed for different
beams and if there is more than one GTV or CTV.

External Reference Points are palpable or visible
points located on or near the surface of the body or on
the surface of immobilization devices that fit closely
to the body contour (e.g., face masks, bite blocks, and
shells). One may also use skin markings or align-
ment tattoos that are reproducibly related to the
body as a whole (e.g., to skeletal structures).

2.9.2 Coordinate systems

Several types of coordinate systems are encoun-
tered in the planning and delivery of the radiation
treatment.
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Figure 2.9. The IEC patient coordinate system (the patient is
lying in supine position) (IEC, 2000).

2.9.2.1 The patient coordinate system (“p”)

The patient coordinate system is defined in rela-
tion to the patient’s anatomy and selected in relation
to internal and/or external Reference Points (ICRU,
1987). Its origin is chosen at a suitable point for the
intended treatment site and technique. This point
does not need to be in or on the patient body. For
example, if an immobilization device (e.g., a cast) is
used, it would be logical to use a point on the cast (or
its base if attached to the table top).

The patient coordinate system recommended by
the International Electrotechnical Commission (IEC,
2000) is given in Figure 2.9. The coordinate axis X}, is
parallel to the intersection of a patient’s coronal plane
and a transverse plane. The coordinate axis Y}, is
parallel to the intersection of a patient’s sagittal and
coronal planes. The coordinate axis Z, is parallel to
the intersection of a patient’s sagittal plane and a
transverse plane. The positive X, axis is orientated
to the patient’s left, the positive Y}, axis points super-
iorly within the patient and the positive Z, axis is
directed anteriorly within the patient. The trans-
verse plane is sometimes called the “axial” plane.

The DICOM system (Digital Imaging and Commu-
nications in Medicine) includes a different patient
coordinate system as shown in Figure 2.10
(DICOM, 1997).

2.9.2.2 Coordinate systems related to the
treatment machine (“t”) and the imaging
units (‘i)

For therapy machines, the coordinate systems are
defined with respect to the gantry, collimators,
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IEC Cicom

IEC 25122000

Figure 2.10. Transformation of coordinates between the IEC and
DICOM patient coordinate systems (IEC, 2000).

wedges, radiation beam, beam light, laser-alignment
beams, and couch-top system. Figure 2.11 shows the
coordinate system recommended by IEC (1996) for a
therapy machine and patient support. Figure 2.12
shows the coordinate system for an isocentric radio-
therapy simulation apparatus and a CT unit. More
detailed recommendations are given in IEC Report
1217, in particular concerning the rotations of the
coordinate systems (IEC, 1996).

The IEC coordinate systems for the patient and for
the therapy machine coincide when the patient is
lying in the supine position with the head oriented
toward the gantry (IEC, 1996, 2000). Transforma-
tions are necessary when the patient is lying in any
other position, e.g., in prone position or with the feet
oriented toward the gantry arm.

With respect to imaging units, it is logical to have
the coordinate system of the simulator identical to
the coordinate system of the therapy unit it has to
simulate. Different imaging units (CT, MRI, etc.)
may have other coordinate systems.

Whatever the coordinate systems used for the
patient, the therapy machine or the imaging
unit(s), the most important issues are (1) to under-
stand all the coordinate systems being used, and
(2) to make sure that the transformations between
the different coordinate systems occur correctly. All
coordinate systems should be accurately related to a
fixed reference system. In this respect, Figure 2.13
shows a hierarchical structure among the coordinate
systems (IEC, 1996).

Advanced techniques aimed at delivering high
doses to small target volumes require accurate
patient—beam positioning. This implies reliable cor-
relation between the different coordinate systems
and between the patient’s internal and external
Reference Points. During treatment-planning proce-
dures, displayed images of the irradiated region
should be large enough to include internal and exter-
nal patient Reference Points as well as patient sup-
port (table top, immobilization device(s), etc.) in
order to show the relation to the treatment unit

TT0Z ‘2 JequenoN uo usbuigen) gn e /6io'seuinolpiosxonioll/:dny wodj pepeojumod


http://jicru.oxfordjournals.org/

PRESCRIBING, RECORDING, AND REPORTING ELECTRON BEAM THERAPY

Zt

S Yt

ICYaN

Xt
e s Therapy Unit
0, = isocenter Zt
|
S{ Yt
Ot
Xt
Patient Support System

Figure 2.11. Coordinate system for a therapy machine and
patient support system (IEC, 1996).

coordinate system. This is particularly important for
the evaluation of organ movements in order to select
the size of the Internal Margin and for the combina-
tion of Internal and Set-up Margins (Section 2.4.3).
The relative positions of the internal and external
Reference Points must always be traceable.

2.10 RECOMMENDATIONS FOR RECORDING
AND REPORTING VOLUMES

2.10.1 Summary of the recommendations

In summary, when recording and reporting a
radiation treatment, some important oncological
information must be given first, e.g., the description
(plural, when relevant) of the:

® Gross Tumor Volume (GTV),
® (Clinical Target Volume (CTV), and
® Organ at Risk (OAR).

Then, the information concerning the treatment
itself must be given, in particular:

® Planning Target Volume (PTV),
® Treated Volume,

36

5

Figure 2.12. Coordinate system for an isocentric radiotherapy
simulator (IEC, 1996).

® Irradiated Volume, and
® Planning Organ at Risk Volume (PRV).

The description of the Planning Target Volume is
a key point in the description of the treatment. Deli-
neation of the Planning Target Volume is always a
compromise, implying the judgment, the experience,
and thus the responsibility of the radiation oncology
team. The different margins that were added or
combined as well as the Organs at Risk that were
considered when defining the PTV should be clearly
described so that the aim of the treatment and
the doses that are reported can be understood
unambiguously.

Finally, as a general recommendation, any addi-
tional relevant information should be reported.

2.10.2 Graphics

It is common practice to mark the position of ana-
tomical structures with different colors to facilitate
reading. A frequent example is to depict the tumor in
red. In treatment planning, different colors will be
used for anatomical structures, “regions of interest,”
beam geometry, and distribution of absorbed dose.
The colors must be easily interpreted.

For the moment, there is no general agreement on
the choice of different colors or shades for these
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Figure 2.13. Hierarchical structure among coordinate systems (IEC, 1996).

purposes. The ICRU suggests that the following
color scheme be adopted:

GTV: Gross Tumor Volume — dark red

CTV: Clinical Target Volume — light red

PTV: Planning Target Volume —light blue

OAR: Organ at Risk — dark green

PRV: Planning Organ at Risk Volume — light green
Landmarks — black

When further OARs are identified, to avoid confu-
sion additional colors can be selected, e.g., yellow or
brown (a dark shade indicating the OAR, and the
corresponding light shade indicating the PRV).

It is highly desirable that volumes be presented as
color surfaces and not just as contours. The manu-
facturers of treatment-planning systems have an
important role to play in the harmonization of
volume displays.
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In some clinical situations different volumes may
overlap. For example, the PTV and even the CTV
may overlap with the PRV(s) and even the OAR(s).
Under these conditions, if priority is given to treat-
ing the whole CTV/PTV, their full dimensions should
be represented with the recommended color (light
red or light blue, respectively). If priority is given
to sparing the OAR/PRV, their full dimensions
should be represented in dark or light green, respec-
tively. The full contours of the volumes that are not
prioritized may be indicated by dotted lines. Giving
priority to treating the whole CTV/PTV or to sparing
the OAR is a medical decision that should be clearly
stated.

When changing the existing convention in a given
department to follow these recommendations, great
care should be used to avoid misinterpretation or
confusion.
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3 PHYSICAL CHARACTERISTICS OF ELECTRON BEAMS

3.1 INTRODUCTION

The principal advantages of high-energy electron
beams in radiation therapy rest on two facts. Elec-
tron beams are capable of delivering a rather uni-
form dose to superficial and moderately deep-seated
PTVs. This plateau-like region is followed by a rapid
dose fall-off. As a result deeper-seated Organs at
Risk are not affected.

The depth and size of the PTVs should be accu-
rately evaluated in order to enable the radiation
oncologist and physicist team to select the appropri-
ate beam energy to fully exploit the advantages of
the electron beam.

Very different dose distributions may be obtained
from different accelerators wused for electron
therapy for the same nominal energy, field size,
and source—skin distance (SSD) owing to differ-
ences in construction (accelerator type, scattering,
and collimation system). There are thus no universal
beam characteristics to fully describe electron
beams. In spite of this, some general characteristics
of the beam can be described to give useful informa-
tion on the expected dose distribution. A more com-
prehensive discussion of the physics of electron
beams can be found in ICRU Report 35 (ICRU, 1984).

The rapid dose fall-off, and thus the sparing of
normal tissues located behind the target volume, is
the main advantage of electron beams. However,
the slope of the steep dose fall-off is reduced with
increasing energy, and the benefit of the fall-off is
reduced accordingly. The steepness also depends on
the accelerator type and the beam delivery system.

In the region of the depth-dose curve maximum,
the dose distribution approximates a plateau. The
depth and width of this plateau depend on energy,
but its exact shape also varies with the beam deliv-
ery system.

Some skin sparing is observed, but its magnitude
depends to a large extent on energy and on the beam
delivery system. In contrast to the use of photons,
the skin sparing decreases with increasing energy,
but even at low energies (below about 10 MeV), it is
reduced if collimation cones are used. The clinical
relevance of the presence or absence of skin sparing
depends on the location and extent of the target

volume. There is an obvious advantage of skin
sparing when the target volume is located at depth,
while less or no skin sparing is an advantage when
the target volume includes the skin and subcuta-
neous tissues. Therefore, before prescribing a treat-
ment and selecting energy and collimation system, a
careful evaluation of the expected dose distribution
should be made to fit the clinical need.

3.2 ELECTRON ENERGY

ICRU Report 35 describes different energy para-
meters to characterize the electron beam. The
energy of the electrons is a few MeV higher when
leaving the accelerator tube than when reaching the
patient surface, owing to losses in scattering foils,
transmission monitor chambers, air, etc. The energy
of the electrons before passing the accelerator tube
window has sometimes been reported. However, in
radiotherapy, the electron energy at the patient
(phantom) surface is of more interest because it is
related to the range of the electrons in tissues.

The electrons incident on the patient have a dis-
tribution both in energy and in angle. Figure 3.1
shows the energy distribution for four different
radiotherapy accelerators computed for a 10 cm X
10 cm field size at a source—skin distance (SSD) of
100 cm. The spectra are for planar fluence ¢, (see
ICRU Report 35) averaged over the entire beam. It is
obvious that for some types of accelerator the con-
tamination by low-energy electrons is considerable
(Brahme and Svensson, 1996a). Significant differ-
ences in the dose distribution may be observed
when comparing either beams with the same most
probable (modal) energy E|, o or beams with the same
mean energy E, at the phantom surface. Figure 3.2
compares the depth-dose distributions for two beams
with the same modal energy at the phantom surface
(Ep0 =20 MeV).

3.3 PRACTICAL RANGE, R,

The modal energy at the phantom surface (&, o) is
related to the practical range R, (Figure 3.2). The
quantity R, is defined as the point at which the
tangent at the steepest point (the inflection point)

© International Commission on Radiation Units and Measurements 2004
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Figure 3.1. Electron energy spectra at an SSD of 100 cm and a
field size of 10 cm x 10 cm for four accelerators. These spectra
result from a full electron transport calculation using a complete
model of the devices (Rogers et al., 1995). For each calculation,
monoenergetic electrons were assumed to exit the accelerator and
were then transported. (a) and (b) used a conventional foil
scattering system to spread the beam and an applicator to help
achieve uniformity. (¢) and (d) used scanned beams and no foils
nor applicators. In all cases, a logarithmic scale is used for the
ordinate to illustrate the differences in the energy spectra.

on the almost straight descending portion of the
depth-dose curve meets the extrapolated bremsst-
rahlung background (D). The dose to tissues beyond
the practical range is small and generally of little
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significance in radiotherapy (except in some whole-
body skin irradiations).

When comparing beams with the same modal
energy, differences may still be observed in the
shape of the treated volume. The relationship
between the practical range R, and the modal
energy E, o is given by the formula

E,o= Cy+ CQRP + C3R§,

with C; =0.22 MeV, Cy=1.98 MeV cm ', C3 =
0.0025 MeV cm 2.

This relationship is valid for a broad parallel beam
incident perpendicularly to a water phantom and
can be used in the energy range 1-50 MeV (IAEA,
1987; ICRU, 1984).

The criteria for a broad beam are reached when
the central-axis depth-dose distribution can be con-
sidered independent of the field size when the field
size is further increased (see Section 3.4). Therefore,
it is recommended that field sizes of at least 12 cm X
12 cm are used up to 15 MeV and at least 20 cm x
20 cm for higher energies when determining R,
(TAEA, 1997).

For practical reasons, R, measurements are gen-
erally carried out using an SSD of 100 cm. Neglect-
ing corrections for divergence and also corrections
for variations of water-to-air stopping-power ratios
(when an ionization chamber is used as the detector)
would result in only minor errors in R,. The error in
R, increases with energy: for example, the difference
between values of B, measured including or neglect-
ing the corrections above at £, ; = 45 MeV would be
in the order of 2 mm (Sorcini et al., 1995).

For practical applications, it is useful to note that
the numerical value of E, o (in MeV) is, within a few
percent, twice the numerical value of R, (in cm) in
water.

Similar relations between E,, and R, are also
available for other phantom materials (e.g., plastics),
which might be of interest for measurements
(Sorcini et al., 1995).

For dosimetry purposes, the mean energy at the
phantom surface, E, is more relevant than E, o, for
instance in the choice of interaction coefficients for
absorbed-dose determinations when ionization cham-
bers are used. The quantity E, is indeed related to
the half-value depth in water, R5y, as shown in
Figure 3.2. The quantity Rs5o should be measured
from depth-dose distributions with a constant
source—chamber distance using broad beams. When
depth-ionization curves are used at a constant SSD,
corrections for variations in stopping-power ratios
with depth must be made (IAEA, 1997).

For electron beams produced by medical
accelerators in the energy range 5—-30 MeV, a ratio
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Relative Dose (D/D )

Depth in Water /cm R

Figure 3.2. Absorbed-dose versus depth distributions for two different electron therapy accelerators with the same modal energy at the
phantom surface (E; o = 20 MeV). Nominal SSD = 100 cm was used; the field size was 15 cm X 15 cm. Further increase in the field size does
not change the central-axis depth-dose distribution, since these beams are broad by definition. The practical range R, is the same (10 cm),
but all other parameters differ. Dy is the surface dose measured at 0.5 mm depth, D, the absorbed dose due to the bremsstrahlung
background, D, the maximum absorbed dose, R the depth of the dose maximum. Rg5 is the therapeutic range if the therapeutic dose level
has been taken as 85 percent, R5 the half-value depth, and R, the depth where the tangent at the steepest point intersects the dose level
D,,,. The depths of the Rg5 differ by 1.3 cm and the depths of the R5, differ by 0.5 cm. The curves are redrawn from Brahme and Svensson
(1979). The broken curve is for a linear accelerator with an electron spectrum as shown in Fig. 3.1b. The solid line is a distribution for a
scanning-beam linear accelerator (Fig. 3.1c¢). This latter curve also closely coincides with a distribution measured for a mictrotron using a

double foil scattering system.

C,=2.33 MeV cm !, relating the mean electron
energy E, and Rj,, was measured by Brahme and
Svensson (1976a). This value has been used in sev-
eral dosimetry protocols (AAPM, 1991; TAEA, 1987,
1997; NACP, 1980). Recent Monte Carlo computa-
tions simulating beams from conventional accelera-
tors show that the 2.33 approximation is adequate,
at least in the most commonly used energy region
below about 20 MeV (Udale-Smith, 1992).

However, a somewhat different result is obtained
for monoenergetic beams. For the energy range from
5 to 50 MeV, values of C4 between about 2.34 and
2.56 MeV cm !, with the minimum at an energy of
20 MeV, were determined using code EGS4 (Rogers
and Bielajew, 1986) and ITS3 (Andreo, 1993). These
data agree with experimental values for a very clean
beam (Karlsson et al., 1992).

The value of C, = 2.33 MeV cm ! for the ratio
E, /Rs50 can thus be used in most practical situations
in electron-beam dosimetry and is recommended in
this Report.
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3.4 THERAPEUTIC RANGE

Unfortunately, neither E,, nor E; is closely
related to characteristics of the first part of the
central-axis depth-dose curve. It was therefore
recommended in ICRU Report 35 that a range para-
meter indicating the useful treatment depth should
be determined. The therapeutic range R; is the
depth, on the beam axis, of a given isodose relevant
for the treatment (e.g., Ros, Rgg, Rgs5). Isodose levels
such as 95, 90, or 85 percent are usually selected.

As an example of the need for a concept such as R;,
depth-dose distributions are shown for two different
commercial accelerators in Figure 3.2 (15 cm x 15 cm,
SSD = 100 cm). The practical rangeis the same for the
two beams, and they have, therefore, approximately
the same most probable energy at the phantom sur-
face. However, all other depth-dose characteristics
differ, e.g., Rg5 by 1.3 cm and R5o by 0.5 cm.

The distributions in Figure 3.2 are for broad
beams. For low electron energies, central-axis
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Figure 3.3. The effect of field size on central-axis depth-dose curves, measured with diodes in water, 100 cm SSD. (a) 7 MeV, (b) 13 MeV,

and (c) 20 MeV (from George et al., 1986).

depth-dose distributions representative for broad
beams may be obtained with fairly small beam
sizes. From Figure 3.3 it can be seen that at 7 MeV
the same curves are obtained for 4 cm x 4 c¢cm field
sizes or larger, and at 20 MeV for about 12 cm x 12 cm
or larger. Theoretical data by Lax and Brahme
(1985) indicate that for field sizes with a diameter
larger than the value of R, the curves represent the
broad-beam situation.

It must be stressed that R, is a value determined
on the central axis, but that the isodose lines are
rounded and might cover a much smaller depth
close to the field borders. Data on R, should be deter-
mined as a function of the field size for each accel-
erator, as these data are very critically dependent on
the construction of the accelerator.

The dose variation at the surface within the first
millimeters has to be determined to ensure adequate
coverage of the most superficial part of the PTV.

3.5 X-RAY BACKGROUND

The electron beam is always to some degree con-
taminated with x rays (bremsstrahlung) generated
in the accelerator tube window, scattering foils,
monitors, efc. In addition, x rays are generated in
the water phantom or in the patient. The absorbed
dose attributed to the x-ray background is indicated
by D, in Figure 3.2.

The proportion of x rays generated in the phantom
increases with energy and is about 6 percent of the
dose D,, at 50 MeV. For most accelerators Dy is
between 1 and 6 percent of D, for electron beams
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with E, o <25 MeV. For most treatments this dose is
far below tolerance level for Organs at Risk. How-
ever, the x-ray dose might be of significance when
total-skin irradiations are performed, because the x
rays give a dose to the whole body (Section 6.2).

3.6 DOSE GRADIENT

In some treatment situations it is very important
to have a rapid dose fall-off. A normalized absorbed-
dose gradient, G, was therefore recommended as a
measure of the fall-off (Brahme and Svensson,
1976a, 1979; ICRU, 1984):

dD R,

G:.& "D — Dy’

max

where |dD/dz| .« is the gradient at the depth of the
steepest fall-off of the central-axis depth-dose distri-
bution, R, is the practical range, D,, the maximum
absorbed dose, and D, the x-ray background along
the central axis.

The quantity G can be determined as the ratio
R /(R, — Ry), where R, is the practical range and
R, is the depth at which the tangent at the steepest
point (the inflection point) intersects with the dose
level D, (Figure 3.2).

The normalized dose gradients for the two distri-
butions shown in Figure 3.2 are G = 2.5 and 3.3. The
lower value (G = 2.5) is typical for most accelerators,
while the higher value (G = 3.3) is observed for an
accelerator with optimized design of the treatment
head. Values for several types of accelerator have
been reported by Jamshidi et al. (1987). A dose
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Figure 3.4. The effect of obliquity. (a) Central-axis depth-dose distributions of a 9-MeV electron beam for different angles of obliquity but at
the same SSD (from Ekstrand and Dixon, 1982). (b) Isodose curves resulting from a 9-MeV electron beam, 15 cm x 15 cm. The central-axis

depth dose is similar to that in Fig. 3.4a. (From Hogstrom, 1991.)

gradient below about 2.3 for broad beams in the
energy range from 5 to 30 MeV indicates that the
flattening and collimating system is of poor design
and that unnecessarily large volumes of normal tis-
sue are irradiated in a single-beam technique
(ICRU, 1984; NACP, 1980). The dose gradient
decreases for small field sizes (i.e., diameters smaller
than R;), which reduces the attractiveness of such
beams (Figure 3.3).

3.7 OBLIQUE BEAM INCIDENCE

When an electron beam is incident obliquely with
respect to the surface, the central-axis depth dose
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will change. In Figure 3.4a, it is seen that the change
can be fairly large and it results can include (1) an
increased surface dose, (2) an increased dose at the
maximum along the beam axis, (3) a decreased pene-
tration of the therapeutic depth dose, and (4) an
increased range of penetration of a low-dose com-
ponent (below about the 30 percent depth dose in
Figure 3.4a) (Ekstrand and Dixon, 1982).

Figure 3.4b shows an isodose distribution for a
beam with an angle of incidence of 30° (Hogstrom,
1991). The distribution has a “wedge” form, and the
penumbra is much larger at the part with the largest
distance to the collimator. The obliquity effect is due
to scattering of electrons. It manifests itself also
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Figure 3.5. Dose distributions perpendicular to the beam axis at 15 mm depth at E;, o = 9 MeV using a Varian Clinac 2300. Curve 1 is
without the collimating cone, using the photon diaphragms as the only collimation. Curve 2 shows the distribution with the standard cone
and distance to the patient, i.e., 5 cm from the cone. Curve 3 shows the distribution with the cone 15 cm from the patient.

when the beam is incident on a curved surface such
as the chest wall. Generally, it is a good procedure to
avoid large angles of incidence for electron beams, as
the depth-dose distribution in most cases is then less
useful and, furthermore, is difficult to compute.

3.8 COLLIMATION

The electron beam is generally collimated with
external applicators. These need to be placed either
directly on the skin or close to the skin to achieve
acceptable flatness of the beams. Figure 3.5 shows
that the collimator often is an essential part of the
scattering system, which influences the flatness.
Thus, without the collimating cone, using the photon
diaphragms as the only collimation results in a very
large penumbra; 35 mm in Figure 3.5, curve 1. The
penumbra (Pgg9) is defined in accordance with
ICRU Report 35 (ICRU, 1984), i.e., as the distance
between the 80 percent and the 20 percent isodose
lines, here determined at the depth of dose maxi-
mum. Curve 2 shows the distribution with the stand-
ard cone 5 cm from the phantom: Pggpq =5 mm.
From a practical point of view, a larger distance
between the collimator and the patient is often pre-
ferable; otherwise the collimator (applicator) might
collide with the shoulder of the patient when tumors
in the neck region are to be treated. Unfortunately,
the penumbra increases rapidly with the distance
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between the applicator and the patient. This is due
to the broad angular distribution of electrons leaving
the exit of the accelerator head. Curve 3 shows the
distribution with the cone 15 cm from the phantom:
Pgpio0 = 14 mm.

A large set of cone sizes or applicators are needed
with conventional accelerators to make the different
rectangular and circular fields required in treat-
ments. Some accelerators are equipped with variable
electron collimators. Special moulding techniques
are also in use to create irregular field sizes. The
flatness of the dose distribution and the penumbra
will be very much influenced by the collimating
technique in use (Brahme and Svensson, 1976b).

3.9 EFFECTS OF HETEROGENEITIES

In routine radiation therapy, information on dose
distributions for complicated irradiation geometries
such as oblique incidence, irregular field shapes,
presence of irregular surfaces, and internal hetero-
geneities is often needed. Dose-planning systems
involve programs that make it possible to compute
such distributions based on input from measure-
ments in some reference geometries. The accuracy
of the computed distributions is generally dependent
on the complexity of the irradiation geometry.
Figure 3.6 shows a comparison between computed
and measured distributions in a realistic phantom
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Figure 3.6. Dose distribution measured in a phantom fabricated
from tissue-substitute materials having a cross-section designed
from a CT scan. Numbers encircled denote doses measured by
thermoluminescence dosimetry to an accuracy of approximately
2 percent. Solid lines represent dose calculations using a pencil
beam algorithm. In the nasal septum, note the dose of 86 percent,
which is 13 percent lower than that expected based upon its depth.
The difference is due to lack of materials lateral to the nose and air
passages in the nasal septum lacking material to scatter the
electrons back into the septum. (From Hogstrom, 1991.)

including both surface irregularities and inhomo-
geneities. The agreement is quite satisfactory. The
dose value in this phantom at the depth correspond-
ing to dose maximum in a uniform water phantom is
86 percent, i.e., 13 percent lower than would be cal-
culated without considering inhomogeneities.

Using modern planning systems, it is possible to
compute the dose distribution with acceptable accu-
racy. However, a different issue is the clinical
acceptability of the perturbation in the dose distri-
bution due to heterogeneity. In Figure 3.7, a method
is shown to decrease such dose variations by using
several angles of incidence for the electron beam
(Zackrisson and Karlsson, 1996).

3.10 DEVELOPMENTS IN ELECTRON BEAM
THERAPY

3.10.1 Overview

In today’s practice, electrons are mainly used for
treatment of tumors extending from or just below the
tissue surface to generally no more than 5—8 c¢m in
depth. The reason for the use of electrons is the

45

pattern of dose distribution: a fairly uniform dose
to a certain depth followed by a rapid fall-off. There
are a number of clinical situations in which this is a
definite advantage.

Despite this, electrons are generally used in only a
small percentage of all radiation treatment courses:
=<10-15 percent of the total number of treatments.
Several technical limitations could explain this:

(a) Irregular field shapes are laborious to set up,
since special applicators, tubes, or molding
devices must be used and dose distributions
must be determined for these special irradiation
geometries.

(b) There are difficulties in using adjacent electron
and photon beams, or adjacent electron beams of
different energies, as the applicators have to be
changed and the patient has to be repositioned
between the different irradiations.

(c) Dose determination and computation could be a
problem, especially when heterogeneities are
present and when different tissues are irra-
diated and inhomogeneous dose distributions
are produced by differences in scattering.

At least some of these limitations may be overcome
with further development of electron therapy units
and treatment-planning systems.

Intensity-modulated radiation therapy (IMRT)
with photon beams is developing rapidly. IMRT
with multiple electron beams directed toward the
target did not lead to improvements of the same
magnitude as did photon IMRT (Korevaar, 2000).
However, in applications where the tumor is irra-
diated from one direction, significantly improved
dose distributions can be achieved. Further, the
penumbra could be sharpened by combining a
photon and an electron beam. A steep dose fall-
off could also be achieved with a flat beam profile
(Korevaar et al., 1998, 1999).

3.10.2 Electron beam energy

For conventional treatment units, the depth of Rg,
(in cm) is equal to roughly one third of the value E}, o
(in MeV) (Hogstrom, 1991). Improved construction of
the treatment unit, in particular of the scattering
systems and collimators, may result in a large uni-
form dose plateau and in an increase of the depth of
Ryy to one third of the value of E,,, (Figure 3.8)
(Zackrisson and Karlsson, 1996). These approxima-
tions can be used for large fields up to E, o = 25 MeV.
A further increase in the energy only modestly
increases the depth of the plateau. Most manufac-
turers of electron accelerators therefore do not pro-
vide accelerators with energies higher than E, , =
25 MeV. Fairly compact linear accelerators can be
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Figure 3.7. Electron treatment for carcinoma of the nasal antrum. (a,b) Absorbed-dose distribution of 15 MeV electrons from a single
anterior portal in the nose region. Two hot spots are seen. (c,d) The same case with two additional portals with 20° angles from the vertical
plane. The dose at the ICRU Reference Point is taken as 100 percent. The isodoses for 110, 90, and 70 percent are displayed. (Redrawn from

Zackrisson and Karlsson, 1996.)
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Figure 3.8. The Ry, as a function of electron energy, compared for
an almost monoenergetic electron beam (—) and for a more
conventional therapy beam (——-) (modified from Zackrisson and
Karlsson, 1996).

designed for this maximum energy, but their com-
plexity would be significantly increased at higher
energies.

Energies higher than E, o = 25 MeV, up to 40—45
MeV, were obtained with betatrons in the 1960s and
1970s. More deeply seated tumors were then irra-
diated, sometimes with opposed electron beams.
However, these beams were generally not very uni-
form (Svensson and Hettinger, 1971), and dose com-
putation and measurements were at that time less
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certain. In addition, collimation for these electron
energies becomes more challenging.

High-energy electrons with energies up to 50 MeV
or above may, however, again be of interest, since
very uniform electron beams can be obtained using a
scanning-beam system and leaf collimators to define
the field shape. Such beams, alone or mixed with
photon beams, could then in some cases replace
pure photon beams for treatment of medium- or
deep-seated tumors (Karlsson et al., 1988, 1992).

3.10.3 Collimation

Collimation and flattening of electron beams raise
difficult problems. Improved beams can be obtained,
but at the price of rather sophisticated technical
solutions. Actually, manufacturers have often cho-
sen a compromise. The main types of flattening and
collimating systems are compared in Figure 3.9.

(a) A single flattening foil is used. The scattering in
the photon collimator, in the tube walls, etc., is
considerable, resulting in large energy and
angular spread of the electrons at the treatment
distance.

(b) Two separate scattering foils are used and an
applicator is constructed to trap the electrons
with large scattering angles. The field size and
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‘old type’

‘conventional type’

‘new development’

Figure 3.9. Different types of collimating and scattering systems in use for electron beams. The “old type” uses one scattering foil, often of
different thickness and material for various energies, and a tube collimator which must be set close to the patient. The “conventional type”
uses two scattering foils. Each of them could be changed, and they are optimized for different energies. The applicator close to the patient
traps large-angle electrons. The “new development” uses a scanning beam and a leaf collimator for shaping both electron and photon beams.
Air is replaced with helium to reduce the scattering material to a minimum. SSD = 100 cm is used both for photon and electron beams,

which simplifies patient set-up. (Zackrisson and Karlsson, 1996.)

shape is determined by the size and shape of the
distal part of the applicator, close to the patient.
The energy and angular spread is reduced
somewhat compared with (a). The patient must,
in these two cases, be close to the collimating
devices.

(¢c) A multi-leaf collimator (also in use for photon
beams) combined with scanning beams defines
the field shape at some distance from the patient.
In this case, a minimum of scattering material in
the treatment head is a prerequisite to obtain a
uniform beam. This is achieved by using a
scanning-beam system instead of scattering
foils, replacing the air in the accelerator with
helium, and reducing to a minimum the amount
of materials in the transmission chambers.

It has been shown that replacement of air with
helium only, at least for one type of accelerator,
reduced the penumbra Pgyoo by about 40 percent,
e.g., from 14 to 8 mm for a 20 MeV beam at 1cm in
depth. This penumbra width is the same as for most
photon beams (Karlsson et al., 1992).

A further advantage of collimation system (c) is
that the same SSD and multi-leaf collimator could
therefore be used for both electron and photon
beams, and it is possible to irradiate one part of the
field with electrons and another part of the field with
photons or with electrons of different energies. Dur-
ing the whole irradiation procedure the patient is
not moved. An example is shown in Figure 3.10.

Electron beams produced according to method (c)
have a depth-distribution shape similar to that cal-
culated for monoenergetic and nearly monodirec-
tional beams. The relative surface dose for such
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beams is fairly low and decreases when energy
decreases (e.g., about 80 percent at 20 MeV and
70 percent at 10 MeV) (ICRU, 1984). This might
sometimes be an advantage, but is a disadvantage
if one intends to irradiate superficial targets. In such
cases, the problem can be avoided by choosing a
higher energy with bolus.

3.10.4 Three-dimensional dose
computation and treatment planning

Calculation of an electron dose in a patient is a
difficult problem due to scatter in the different tis-
sues, surface irregularities, and inhomogeneities. As
will be seen in what follows the uncertainty in dose
calculation with electron beams has been one reason
for preferring photon beams in cases in which elec-
trons could have given favorable dose distributions.
In the mid-1970s Kawachi (1975) presented a pencil
beam algorithm based on the age-diffusion equation,
and a few years later Hogstrom et al. (1981) and
Werner et al. (1982) independently developed a pen-
cil beam model based on the Fermi—Eyges small-
angle scattering theory. This algorithm has come to
be called the “Hogstrom Algorithm.”

The model was originally implemented two-
dimensionally. Variations in tissue density outside
the plane of calculation (the CT slice) were assumed
to be the same as in the plane of calculation.
Therefore, the accuracy was reduced near local
heterogeneities (Lax, 1987). The major reason for
inaccuracies was therefore the two-dimensional
approach where only one CT slice was used as
input data.

Improved results have been obtained with the
three-dimensional implementation of the Hogstrom
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Figure 3.10. Field arrangement for multi-segmented treatment of a patient with thyroid carcinoma using a multi-leaf collimator. The
central part of the PTV was treated with one 10-MeV electron beam, and the other parts of the PTV with two 17-MeV electron beams. An
additional field with 8-MV x rays covering the same volume improves skin sparing. Note that the patient is not moved because the multi-
leaf collimator is used for both the photon and the electron beams. (Redrawn from Zackrisson and Karlsson, 1996.)

Algorithm, which takes into account electron
scattering between slices. There were, however,
many approximations in the algorithm. For exam-
ple, it was generally assumed that the central ray of
each pencil beam passed through materials of infi-
nite lateral extent; this assumption is called the
semi-infinite slab approximation. However, methods
using concepts other than the slab approximation
have also been developed (Huizenga and Storchi,
1989; Yu et al., 1988).

The manufacturers of dose-planning systems gen-
erally need several years to implement new algo-
rithms in commercial systems. Commercial systems
in use today therefore include different versions of

48

8 MV x rays

10 MeV
17 MeV

17 MeV

algorithms, but continuous improvements are made.
Parameters used in these algorithms are often
obtained or checked by Monte Carlo calculations
(Lax and Brahme, 1985).

All approximations made in these systems are
generally not known by the user. Several different
checks of the local system based on dose measure-
ments in tissue-equivalent phantoms, simulating
typical radiotherapy cases, are therefore needed
(AAPM, 1998). Such tests performed with the most
advanced three-dimensional systems presently
available often reveal deviations, at least when
extreme heterogeneities are introduced (Blomquist
et al., 1996).
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4 GENERAL RECOMMENDATIONS FOR PRESCRIBING,
RECORDING, AND REPORTING EXTERNAL-BEAM THERAPY

Before presenting the specific recommendations
for prescribing, recording, and reporting electron-
beam therapy in Section 5, some general recommen-
dations for prescribing, recording, and reporting
external beam therapy are presented in this Section.

In order to emphasize the consistency of the ICRU
recommendations for reporting external-beam ther-
apy, some of the material previously published in
ICRU Report 62 is repeated here. For some items,
useful clarification is added.

4.1 FROM PRESCRIBING TO RECORDING AND
REPORTING

4.1.1 Prescribing the treatment

The prescription of a treatment is the responsibil-
ity of the radiation oncology team in charge of the
patient. It is not the purpose of this Report (nor the
role of the ICRU) to make recommendations about
treatment prescription, i.e., about general appro-
aches for prescription, dose level, beam arrangement,
or other technical aspects of the treatment.

Historically, radiation treatments have been pre-
scribed in different ways, and indeed different
approaches are currently in use in different centers,
as described in Sections 4.1.1.1-4.1.1.3.

4.1.1.1 Approach based on central Reference
Point

(1) In this approach, the dose is prescribed at a
selected Reference Point, located in the center
(or in the central part) of the PTV. It is the ICRU
Reference Point (see Section 4.3.2).

(2) In addition, limits for dose variation within the
PTV are prescribed. For photons it is recom-
mended that they should not exceed +7/-5
percent of the dose at the Reference Point (in
some cases +10 percent must be accepted). For
electrons a dose variation smaller than 10
percent is generally acceptable.

The accepted dose variations are sometimes not
formally stated, but it is then implicitly assumed

that the best possible homogeneity in the PTV
should be aimed at. However, the accepted dose var-
iation throughout the PTV should be stated. If this is
not the case, the treated volume cannot be defined
and thus the conformity index (CI) cannot be
evaluated.

(3) Specification of the Time Dose Pattern is part of
the treatment prescription.

(4) The accepted dose limits to the Organs at Risk
are also part of the treatment prescription.

All information required to report the treatment
according to the ICRU recommendations is thus
available.

4.1.1.2 Approach based on specification of a dose
range within the PTV

This second approach for prescribing the treat-
ment is to specify that all points within the PTV
should receive a dose within stated limits.

The difference from the first approach is that
there is no selected (Reference) Point where the
dose is prescribed. The other aspects of the prescrip-
tion, i.e., dose limits to the Organs at Risk, as well as
time—dose pattern, are taken into account in the
same way as in approach 4.1.1.1.

4.1.1.3 Approach based on minimum dose to
the PTV

A third approach for prescribing the treatment is
to prescribe the minimum dose to the PTV. It is often
taken as the dose on the envelope surface encom-
passing the PTV. However, this may overlook
the presence of cold spots within the PTV, e.g., in
AP/PA photon treatments. This approach has
several shortcomings.

(1) Most of the tissues enclosed in the envelope
surface receive higher doses (often +10 percent
or even +20 percent higher) than the prescribed
dose. One has to keep this fact in mind when
deriving dose-effect relations, because it could
lead to inaccurate conclusions.

© International Commission on Radiation Units and Measurements 2004
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(2) There could be some critical normal structures
enclosed in the envelope surface that would
receive doses higher than the prescribed dose.
This could lead to inadvertent overdosage.

(3) Not all information required for reporting is
available.

4.1.2 Reporting the treatment

In contrast to the prescription, the reporting of
treatments must be done in an uniform way, for all
patients within each department and in all centers,
using uniform approaches and agreed definitions
of terms and concepts. If this rule is not followed,
any useful exchange of scientific or clinical informa-
tion between centers becomes difficult or even
impossible.

Without modifying the treatment techniques and
the dose levels currently delivered in the different
centers, adopting the same concepts and definitions
for both prescribing and reporting makes the proce-
dures easier and reduces the risks of confusion.

4.1.3 Recording the treatment parameters

It is recommended that the same concepts and
definitions used for reporting the treatments should
also be used for recording the treatment parameters
within each institution (keeping the relevant clinical
information for further care and follow-up, exchange
of information among the medical, physics, and
radiography staff, implementation of a quality
assurance program, etc.). This would make all
tasks easier and would reduce the risk of confusion.
Thus, fewer errors should be expected.

4.2 THE THREE LEVELS OF DOSE AND
VOLUME EVALUATION FOR REPORTING

The level of completeness and accuracy for report-
ing a therapeutic irradiation depends to a large
extent on the equipment and staffing in a depart-
ment and on the aim of the treatment (curative or
palliative).

Three levels for reporting were identified for
photon beam therapy in ICRU Report 62 (ICRU,
1999), but it is recognized that intermediate levels
could also be identified. These three levels are also
proposed in the present Report for electron beam
therapy.

As with photons, for optimal and safe application
of electron beam therapy, sufficient medical and
physics expertise is necessary, as well as appropriate
equipment and technical support.

As for any radiotherapy modality, the techniques
are continuously evolving and more sophisticated
software and equipment continue to become
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commercially available. With time, this may alter
the limits between the three levels defined below
(see Section 1.4).

4.2.1 Levell

The requirements for clinical and physics exper-
tise at Level 1 constitute the minimum below which
accurate electron beam therapy cannot be per-
formed. These requirements should be followed in
all centers and for all patients.

At this level, it is assumed that the maximum dose
rate on the electron beam axis and the depth-dose
curve have been measured in a homogeneous water
phantom with a calibrated dosimeter for the field
sizes and collimation conditions used. This informa-
tion should be derived from direct checks and mea-
surements performed at the accelerator itself.

It is important that the radiation oncology team be
aware of the accuracy and limits of validity of their
current evaluations and dosimetry. This is espe-
cially true when obliquity and heterogeneity correc-
tions have to be applied (see Sections 5.2.4 and 5.2.5)
and when small and/or irregular fields are used (see
Section 5.2.2).

Even when reporting at Level 1, the irradiation
parameters should be recorded as carefully and as
completely as possible. This would later allow the re-
evaluation of dose distributions in a more precise
and complete way, either with the help of another
better equipped center or in the department itself if
the situation would have been improved by the
acquisition of new expertise or equipment.

4.2.2 Level 2

Level 2 corresponds to the state of the art in well
staffed and equipped departments; it allows the
exchange of more complete and relevant information
between different centers.

At Level 2 it is assumed that the GTV, CTV, OAR,
PTV, and PRV can be defined using reliable patient
data acquisition tools and/or modern imaging tech-
niques (e.g., a series of CT and/or MRI sections). It is
also assumed that complete dose distributions are
available, with heterogeneity corrections when
appropriate. It is recommended that dose-volume
histograms (DVHs) be available, preferably in abso-
lute volume values and not only in relative values.

4.2.3 Level 3

Level 3 includes special techniques and develop-
ments for which reporting criteria may not yet be
established. Some procedures, which are now at
Level 3, may become Level 2 with the development
of techniques, equipment, and standards.
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At all levels, there must be a full quality assurance
program covering the whole procedure, including
regular internal procedures and external audits.

4.3 GENERAL RECOMMENDATIONS FOR
REPORTING ELECTRON BEAM THERAPY

4.3.1 Principles

The general principles for reporting electron beam
therapy contained in the present document follow as
closely as possible the recommendations for report-
ing photon beam therapy in ICRU Report 50 (ICRU,
1993) and ICRU Report 62 (ICRU, 1999). This implies
the same general approach and the use of the same
definitions of terms and concepts whenever possible.

The recommendations for reporting are based on
the selection of a Reference Point, in the central part
of the PTV, which is referred to as the ICRU Refer-
ence Point. The dose at the ICRU Reference Point
should always be reported and complemented by
information on the dose distribution in the PTV.
Therefore, the best available estimate of the maxi-
mum and minimum doses in the PTV should also be
reported.

This set of three values constitutes the minimum
information to be reported. Additional relevant
information, such as dose-volume histograms for
different volumes, should also be reported (see
Section 4.3.5).

Finally, reporting the doses (reporting at Level 2:
dose-volume histograms) to the Organs at Risk is
also recommended.

4.3.2 The ICRU Reference Point

The ICRU recommendations for reporting dose are
based on the definition of a Reference Point (ICRU
Reference Point), which is to be selected according to
the following general criteria:

(1) the dose at the point should be clinically
relevant,

(2) the point should be easy to define in a clear and
unambiguous way,

(3) the point should be selected where the dose can
be accurately determined, and

(4) the point should be selected in a region where
there is no steep dose gradient.
To fulfill these criteria, it is recommended that

the ICRU Reference Point should be selected:

(1) always at the center (or in the central part) of
the PTV and

(2) if one beam is used in electron beam therapy,
whenever possible, on the beam axis, at the level
of the peak dose, as defined in Section 5.2.
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The dose that is to be reported is the dose at
the ICRU Reference Point, which is the ICRU
Reference Dose.

4.3.3 Reporting dose distributions in the
CTV and PTV

4.3.3.1 Dose homogeneity required in the PTV

The dose distribution in the CTV is the relevant
information to which the outcome of the treatment is
directly related. However, owing to various uncer-
tainties the dose distribution in the CTV cannot be
directly determined, but it is estimated from the
dose distribution in the PTV.

A certain degree of inhomogeneity of the absorbed
dose throughout the PTV is always present. A dose
variation may even be desirable in some instances.

The dose variation in the CTV is, in principle,
smaller than the dose variation in the PTV. The
maximum doses to the CTV and the PTV are in
general close to each other, i.e., the dose at (or
near) their centers. In contrast, the minimum dose
to the PTV may be much smaller than that of the
minimum dose to the CTV.

A dose variation of less than +7 percent or —5
percent from the ICRU Reference Dose is generally
accepted in conventional photon beam therapy. In
electron beam therapy (see Section 4.1.1), it is not
possible in general to enclose the whole PTV in the
95 percent isodose envelope (the ICRU Reference
Dose being taken as 100 percent). Lower isodoses
have to be selected sometimes to encompass the PTV,
in order to avoid excessive doses to some organs at
risk, e.g., the 90 percent or even 85 percent envelope.

However, since the dose at the ICRU Reference
Point is often the maximum (or close to the maxi-
mum) dose to the PTV, the overall dose heterogene-
ity in the PTV is in general similar to that usually
achieved in conventional photon beam therapy.

4.3.3.2 Reporting dose distribution at Levels
1,2, and 3

Reporting at Level 1: When reporting at Level 1, the
best estimate of the maximum and minimum doses
in the PTV should be reported in addition to the dose
at the ICRU Reference Point. In practice, reasonable
estimates of the maximum and minimum doses can
be derived from measurements on the beam axis.

Reporting at Levels 2 and 3: As indicated earlier
(Section 4.2), reporting at Levels 2 and 3 implies
more accurate diagnostic information and sophisti-
cated dosimetry. Therefore, at Level 2 or 3, a more
accurate estimate of the maximum and the minimum
dose to the PTV can be achieved than at Level 1.
In addition, dose distributions and dose-volume

TT0Z ‘2 JequenoN uo usbuigen) gn e /6io'seuinolpiosxonioll/:dny wodj pepeojumod


http://jicru.oxfordjournals.org/

PRESCRIBING, RECORDING, AND REPORTING ELECTRON BEAM THERAPY

histograms for the PTV and in some instances for the
CTV, GTV, and PRV should be reported.

In agreement with ICRU Reports 50 and 62
(ICRU, 1993, 1999), it is recommended to report
the following set of dose values as minimum infor-
mation:

(1) the dose at the ICRU Reference Point,
(2) the maximum dose to the PTV, and
(3) the minimum dose to the PTV.

4.3.3.3 Evaluation of PTV 95 (PTV 90) for
reporting

Ideally, the PTV should be totally encompassed by
the Treated Volume (or by the prescribed minimum
dose). Should this not be the case, for particular
clinical reasons, when reporting at Level 2 or 3, the
proportion of the PTV enclosed by the Treated
Volume should be reported.

Development of three-dimensional treatment
planning, and thus increasing availability of dose-
volume histograms, facilitates the evaluation of the
proportions of the PTV receiving 95, 90, 85 percent,
etc. of the ICRU Reference Dose. These will be
referred to as PTV 95, PTV 90, and PTV 85.

The proportion of the PTV included in the Treated
Volume, e.g., PTV 95 or PTV 90, should be reported
when available. However, its clinical relevance and
predictive value are still to be proven.

Note that a low dose value may be found not only
at the periphery, but also in more central parts of the
PTV.

From the DVH, different mean values can be com-
puted between given limits of doses or volumes. The
clinical significance or predictive value of these
mean values also needs to be evaluated further either
for tumor control or for normal tissue complications
(Wachter et al., 2001).

4.3.4 Dose (and dose distribution) to the
Organs at Risk

As for the other radiation therapy modalities, the
Organs at Risk have to be identified. To calculate the
probability of late effects in normal tissues, one must
consider not only the dose level and fractionation,
but also the absolute volume and/or fraction of the
OAR irradiated.

For each Organ at Risk, when part of the organ or
the whole organ is irradiated above some stated tol-
erance limit, the maximum dose should be reported.

The stated tolerance dose limit is specified by the
radiation oncologist based on the current available
literature and/or fixed as part of a clinical trial
protocol.

In addition, the volume receiving more than the
stated tolerance dose limit should be reported (see
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ICRU Report 62, Section 3.5). Additional informa-
tion can be derived from dose-volume histograms.

4.3.5 Doses at Reference Points, dose
distributions in volumes, and developments
related to dose-volume histograms

4.3.5.1 Doses at Reference Points

Reporting the dose at a Reference Point is the first
and necessary step to take when performing inter-
comparisons between centers. The relevance of the
dose at the Reference Point depends on the criteria
used for the selection of the point. Also the physical
uncertainty of the reported dose and the possible
ambiguity in the location of the Reference Point
depend on the selection criteria. These criteria
were discussed above (see Section 4.3.2).

Two issues have to be considered when discussing
the relevance of the dose at the Reference Point: the
first is related to geometrical factors, and the second
to the dose-computation technique.

When the Reference Point is selected in the center,
or in the central part, of the PTV there is generally
no steep dose gradient and the dose is relatively
homogeneous around the Reference Point. In addi-
tion, the dose at the Reference Point is equal or close
to the dose delivered to a large proportion of the
PTV; it can thus be considered as representative of
the dose to the PTV. Finally, the dose can be deter-
mined with a high accuracy at the Reference Point, if
it is centrally located or close to the beam axes.

However, accurate computation of the dose at the
Reference Points requires some care. In particular,
when the Monte Carlo technique is used, there could
be a significant statistical fluctuation in the dose
value obtained at a Reference Point depending both
onthe algorithms and on the size of the voxels used for
computational purposes. Therefore, in such cases, an
average dose value within a sphere centered on the
Reference Point may have to be calculated and
reported. The sphere diameter should belarge enough
that dose fluctuations remain small; it depends on the
computation tool and technique used. In normal
situations there is little probability that important
heterogeneity would be encountered within a 1-cm
diameter sphere, if the Reference Point has been
adequately selected (at the center of the PTV).

4.3.5.2 Dose distributions in volumes

Reporting the dose at the Reference Point is
obviously not sufficient to describe the treatment.
Reporting the maximum and minimum doses to the
PTV is also required.

Dose-volume histograms in the different volumes
of interest (PTV, CTV, and/or GTV) and in the
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different Organs at Risk give additional important
and relevant information and are recommended for
reporting at Level 2. However, reporting DVHs brings
additional uncertainties with regard to the dose-
computation system and also ambiguities due to
the definition and position of the volumes of interest.

4.3.5.3 Developments related to DVHs

The use of DVHs allows the calculation of a variety
of derived quantities such as mean doses to different
volumes and to different Organs at Risk and biologi-
cally weighted doses (Wambersie et al., 2002a, b).
Calculation of mean doses could be restricted to
doses above a stated dose level or to volumes in
excess of stated volumes.

Although some of these derived quantities are
claimed to be clinically relevant, they need to be
further evaluated. They should be reported only in
addition to, and not instead of, the doses at the
Reference Points or dose distributions. For all the
reported derived mean doses, the methods used for
their calculation and the numerical values of any
chosen parameters should be specified.

4.4 REPORTING A SERIES OF PATIENTS
4.4.1 Introduction

A large part of the present Report deals with
reporting volume and dose in a single individual
patient. A different situation is encountered when

3000+

PTV/cm3
N
o
o
o

L]

1000 -

reporting the results of treatment in a series of
patients. This has been dealt with in ICRU
Report 62 (ICRU, 1999).

For a series of patients, the principles for report-
ing volumes and doses should follow the general
recommendations applicable to individual patients.
The following additional rules are recommended for
reporting treatments in a series of patients.

4.4.2 Reporting prescription of treatment

The description of volumes must be consistent with
thedefinitionsusedin this Report. The prescribed dose
to the PTVs and the fractionation must be reported.

4.4.3 Description of actual treatment in a
series of patients

Even in prospective randomized trials where the
GTVs and the PTVs are well defined in a protocol in
accordance with the ICRU recommendations, varia-
tions in shape and size of the PTV among patients
and centers are unavoidable and may be consider-
able. This is due to the topography of the individual
patient, patient-selection bias, the radiation oncolo-
gist’s evaluation of the clinical situation, and the
chosen treatment technique. Thus, it is of value to
analyze and illustrate the variation in PTV size for
the whole series of patients (Fig. 4.1).

Furthermore, in clinical practice, it is not always
possible to deliver the prescribed dose and dose
distribution within the PTV for each patient. When

o0

1 2 3

Center No.

n=15 n=22 n=26

%LLé%%%

7 All

patients
n=15 n=15 n=10 n=114

Figures 4.1-4.5 illustrate the ICRU recommendations for reporting a series of patients. Data are obtained from a multicenter, randomized
clinical trial of radiotherapy with or without a radiosensitizer for non-small-cell lung cancer stage III. Radiation quality
6—10-MV photons. Data were collected for 125 patients from 7 centers, but a full data set was not available for all patients. (Courtesy of

Ann-Margret Engstrm, RN, Oncological Center, Lund, Sweden.)

Figure 4.1 Box plot illustrating the variation in PTV size in 114 patients. The box contains the middle half of all data points, and the
“whiskers” are intended to give an impression of the range of points. Data from the seven collaborating centers as well as for all patients are
given. As can be seen, there is a clear systematic difference between centers, presumably due to patient selection bias and different
interpretation of the definition of the PTV by the radiation oncologists. The box includes all data points between the 25th and 75th percentile.
The line in the box indicates the median value. The upper “whisker” extends from the upper value of the 75th percentile incremented with
1.5 times the height of the box. Analogously, the lower “whisker” extends to the smallest value no lower than the 25th percentile minus
1.5 times the height of the box. Observations outside these limits are referred to as “outside values” and are individually plotted.
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Figure 4.2. Same study as is Figure 4.1. Diagram showing the dose delivered to the 125 patients. The prescribed dose was 60 Gy +5 percent
at the ICRU Reference Point. The dotted lines indicate the permissible dose variation of 5 percent from the prescribed dose. The patients
are sorted in the descending order of (1) dose at the ICRU Reference Point and (2) minimum dose to the PTV. As regards dose to the ICRU
Reference Point, 102 patients fulfilled the criteria, whereas 23 patients received higher or lower doses (ICRU, 1999).

collecting data over a considerable time span, such
as in retrospective analysis, great variation in dose
and fractionation may be encountered (Fig. 4.2).
There may have also been changes in the policy
regarding factors, such as prescription (e.g., the use
of the ICRU Reference Dose rather than the mini-
mum dose) and dose normalization. Such changes
may significantly influence the doses that were actu-
ally given to the patients, even though such a change
may not be easily recognized. Even within a con-
trolled clinical trial, some variations occur.

Reasons for deviations from the prescribed dose
level may arise from interruptions due to hardware
breakdowns, deteriorating patient condition, or re-
evaluation of the patient, resulting in a different
prescription (e.g., change from radical to palliative
intent). Thus, the final dose variation in a series of
patients may be considerable and additional
information to that recommended for individual
patients must be given.

Hence, the proportion of patients in whom the
dose variation is less than +5, +5—10, and more
than +10 percent, respectively, relative to the pre-
scribed dose at the ICRU Reference Point should be
reported (Fig. 4.3).

In addition to the set of three dose levels recom-
mended in ICRU Report 62 (i.e., the dose at the
ICRU Reference Point, the maximum and minimum
dose to the PTV), the proportion of the PTV receiving
at least 95 percent of the ICRU Reference Dose
(PTV 95) should be reported for the series of patients
when available (Figs 4.4 and 4.5). Reporting the
PTV 95 implies that DVHs can be computed for all
patients (Section 4.3.3).

The reasons for not delivering the prescribed
dose (protocol violation) should be clearly stated.
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Figure 4.3. Same study as in Figure 4.1. Graph showing the pro-
portion of patients receiving an absorbed dose within three
defined deviations from the prescribed dose in the protocol
(ICRU, 1999). (a) Dose at ICRU Reference Point. (b) Minimum
dose to the PTV.
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Figure 4.4. Same study as in Figure 4.1. Graphical presentation of PTV 95/PTV distribution in 107 patients. Each vertical bar represents
an individual patient. In ordinate, for each patient, the proportion of the PTV that receives at least 95 percent of the dose prescribed at the

ICRU Reference Point.

PTV95 > PTV
31 patients

PTV95 <PTV
76 patients

Proportion of PTV receiving at Number of
least 95% of the dose prescribed patients
at the ICRU Reference Point
1.00 31
0.99 25
0.98 12
0.97 12
0.96 2
0.95 3
0.90-0.94 14
<0.90 8
Total: 107

Figure 4.5. Proportion of the 107 patients, the same study as in Figure 4.1, where the PTV is totally encompassed, or not, by the 95 percent
isodose (yellow sector or green sector, respectively). In 31 patients, 95 percent of the prescribed dose at the ICRU Reference Point is
delivered to the whole PTV. For the other 76 patients, a small proportion of the PTV (1 percent, 2 percent, etc.) is not included in the
95 percent isodose surface. The corresponding patient numbers are indicated in the table. In 14 patients, 5—10 percent of the PTV is not
included in the 95 percent isodose. In eight patients, more than 10 percent of the PTV is not included in the 95 percent isodose.

Preferably, analysis of important end points, such as
survival and local tumor control, should be carried
out for the entire patient series, as well as for those
patients who fulfilled the prescription (per protocol
analysis) and for those who did not.

When reporting treatment, e.g., in a scientific
journal, it is recommended that the prescribed CTV
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and PTV and the corresponding doses should be
illustrated in an isodose distribution chart, giving
the total dose in Gy.

Reporting treatment techniques only in terms of
field sizes and/or portal boundaries relative to ana-
tomical structures is not sufficient (e.g., 10 cm X
12 cm pelvic field).
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5 RECOMMENDATIONS FOR REPORTING DOSES IN
ELECTRON BEAM THERAPY FOR DIFFERENT CLINICAL

SITUATIONS

5.1 INTRODUCTION

In this section, recommendations for reporting
will be presented for the following situations:

® A single electron beam (Section 5.2).
— reference conditions (Section 5.2.1),
— small and irregularly shaped beams
(Section 5.2.2),
— extended SSD-air gaps (Section 5.2.3),
— oblique beam incidence (Section 5.2.4),
— heterogeneities (Section 5.2.5), and
— bolus (Section 5.2.6).
® Combination of electron and photon beams
(Section 5.3).
® Combination of electron beams (Section 5.4).
® Electron-beam arc therapy (Section 5.5).

5.2 REPORTING DOSES FOR A SINGLE
ELECTRON BEAM

5.2.1 Reference conditions

The reference conditions refer to an electron beam
incident perpendicularly to a plane surface of a
homogeneous medium (i.e., water phantom, flat
skin surface, and homogeneous tissue).

5.2.1.1 Reporting at Level 1
The following dose values should be reported:

(1) The peak absorbed dose. The peak absorbed dose
is defined as the maximum dose on the beam
axis (Section 3). The monitor units are calibrated
in terms of the peak absorbed dose to water; this
quantity is thus always available and should
always be reported in electron beam therapy.

(2) The dose at the ICRU Reference Point.

(a) When the maximum dose on the beam axis
(peak dose) is located at a clinically relevant
point, at or near the center of the PTV,
this point should be selected as the ICRU
Reference Point (Fig. 5.1). This recommen-
dation is justified by the fact that, if the
electron energy is adequately selected to
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Figure 5.1. The depth-dose curve and the dose distribution for a
10-MeV electron beam incident perpendicularly on a flat surface
for the treatment of a superficial tumor. The PTV is indicated
by the the light blue area. The ICRU Reference Point is selected
at the level of the maximum of the depth-dose curve (“x”) (“peak
dose” = 100 percent). This point is closer to the center of the PTV.
The maximum dose to the PTV is 100 percent and the minimum
dose to the PTV is 90 percent.

cover the PTV, the maximum of the depth-
dose curve lies at, or close to, the center of
the PTV.! The dose distribution is then
often homogeneous in that area. This is the

Tn most cases and when the electron beam energy is
selected in an appropriate way, there should not be a
large difference between the peak absorbed dose and the
dose at the ICRU Reference Point. If large differences ever
appear, the choice of the electron energy and even the use
of electrons may have to be reconsidered. This remark also
applies when electrons are combined with photon beams
(see Section 5.3).

© International Commission on Radiation Units and Measurements 2004
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Figure 5.2. Depth-dose curve and dose distribution for a 20 MeV
electron beam incident perpendicularly on a flat surface for the
treatment of a PTV located between 3 and 6 cm in depth (light
blue area). The ICRU Reference Point (taken as 100 percent) is
selected at the center of the PTV, i.e., at 4.5 cm in depth (“0”). The
maximum dose to the PTV is 104 percent and the minimum dose
to the PTV is 90 percent. In this particular example, the ICRU
Reference Point cannot be selected at the level of the peak dose
because the peak dose lies outside the PTV. The peak dose is
105 percent of the dose at the ICRU Reference Point.

case when electrons are used to treat, e.g.,
skin tumors, thoracic wall recurrences, or
fixed cervical lymph nodes.

(b) When the peak absorbed dose is obtained at
a point which cannot be selected as the
ICRU Reference Point (because it is located
outside or near the border of the PTV), the
radiation oncologist should select a clini-
cally more relevant, easily defined point at
the center (or near the center) of the PTV, if
possible on the beam axis (Fig. 5.2). For
example, this recommendation may apply
for the irradiation of the internal mammary
nodes, where the PTV is located in-depth
behind a rather thick layer of normal
tissues, depending on the anatomy of the
patient. The peak absorbed dose is then
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located outside the PTV and thus cannot be
used as the ICRU Reference Dose.

(3) Maximum and minimum dose to the PTV.
Although in some instances high-quality and
complete diagnostic and dosimetric information
may not be available, the best estimate of the
maximum and minimum dose to the PTV should
be reported together with the location and value
of the ICRU Reference Dose. In these cases, only
the maximum and the minimum doses on the
beam axis may be available. It is, however,
always encouraged to report additional relevant
information that could be obtained.

Organs at Risk should be identified and the
best estimate of the maximum dose to the
Planning Organ at Risk Volume (PRV) should be
reported.

In summary, at Level 1, the following dose
values should be reported:

® peak absorbed dose to water;

® Jocation of, and dose value at, the ICRU
Reference Point (the ICRU Reference
Point may or may not be at the Level of
the peak absorbed dose);

® maximum dose on the beam axis, in the

PTV™;

® minimum dose on the beam axis, in the
PTV*; and

® estimate of the dose(s) to the Organ(s) at
Risk (PRV).

“In some instances, at this level, only dose
variations on the beam axis may be available.

5.2.1.2 Reporting at Level 2 or 3

As indicated previously, reporting at Level 2
implies the use of modern imaging techniques
under reliable conditions (typically a series of CT or
MRI examinations) to define the relevant volumes
(see Section 2) and the Organs at Risk (see
Sections 2.7 and 2.8). Other imaging techniques,
such as PET or ultrasound, may add relevant infor-
mation. At Level 2, it is also assumed that three-
dimensional dose distributions are available, with
heterogeneity corrections when appropriate. Dose-
volume histograms should also be available.

This information allows the radiation oncologist to
select an ICRU Reference Point at a clinically more
relevant point at (or near) the center of the PTV. In
this situation, the ICRU Reference Point may be
different from the point of the peak absorbed dose
and may even be located off-axis. The doses to the
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Organ(s) at Risk should be reported following the
recommendations of Section 4.3.4. The concept of
PRVs can be applied.

In summary, at Level 2 (or 3), the following
dose values should be reported:

® peak absorbed dose to water;

® Jocation of, and dose value at, the ICRU
Reference Point (the ICRU Reference
Point may or may not be at the Level of
the peak absorbed dose; see footnote 1;

® maximum dose in the PTV™;

® minimum dose in the PTV*; and

® dose(s) to Organ(s) at Risk (PRV).”

*Determined from dose distributions and/or
dose-volume histograms.

5.2.2 Small and irregularly shaped beams

The central-axis dose distribution in irregularly
shaped fields, where a large proportion of the origi-
nal field is blocked, may deviate significantly from
that observed for unblocked fields.

However, so long as the field dimension is large
enough for lateral equilibrium, the introduction of
inserts into electron collimators will cause only a
small change in depth-dose distribution (AAPM,
1991) (see Sections 3.3 and 3.4).

As a general rule, when the beam size decreases
and the shape is modified, the following effects are
observed (Fig. 3.3):

® the depth of the maximum dose moves toward the
surface,

the depth ofthe therapeutic range becomes smaller,
the relative surface dose increases,

the dose fall-off becomes more shallow, and

the dose rate is reduced.

The magnitude of these changes increases with
decreasing energy. These changes should be kept in
mind when selecting beam energy in cases where
additional collimation is used.

Additional measurements should be performed:

® In elongated or small fields, as the dose distribu-
tion depends primarily on the side-scatter equili-
brium (Niroomand-Rad, 1989; Niroomand-Rad
et al., 1986; Rashid et al., 1990).

® In irregularly shaped fields, as the absorbed dose
at a point depends strongly on the shape of the
surrounding field (AAPM, 1991; Bruinvis et al.,
1983).
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5.2.2.1 Reporting at Level 1

At Level 1, interpolation over the measured data
should be used to provide information for irregular
fields. Dose reporting should follow the recommen-
dations of Section 5.2.1.

The peak absorbed dose to water should always
be reported, as this quantity is directly related to
the number of monitor units and is thus always
available.

5.2.2.2 Reporting at Level 2 or 3

Measurements over the range of inserts used
clinically should be performed to verify computation
algorithms before reporting at Level 2 (or 3) can be
considered.

Reporting of dose at Levels 2 and 3 should follow
the recommendations of Section 5.2.1.

5.2.3 Extended SSD-air gaps

The beam divergence is energy dependent and
related to the scattering power of the medium.
Because of electron scattering in air, the beam char-
acteristics at extended SSD may significantly devi-
ate from those measured at the standard treatment
distance (AAPM, 1991; Das et al., 1995).

A moderate increase in SSD causes:

® a decrease in the surface dose;

® a moderate change in the depth-dose distribution,
except in the build-up region;

® a loss in beam flatness at extended SSD; and

® a wider penumbra due to air scattering.

5.2.3.1 Reporting at Level 1

At Level 1, interpolation between the measured
data at the regular SSD and at some available
extended SSD should be used.

Dose reporting should follow the recommenda-
tions of Section 5.2.1. The peak absorbed dose to
water should be reported, as this quantity is directly
related to the number of monitor units and is thus
always available.

5.2.3.2 Reporting at Level 2 or 3

Dose distributions for non-standard SSD should
be measured for selected field sizes to verify compu-
tational algorithms.

Reporting of dose at Level 2 or 3 should follow the
recommendations of Section 5.2.1.

5.2.4 Oblique electron beam incidence

With oblique beam incidence (and also for curved
or irregular surfaces), the actual dose distribution
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Figure 5.3. The dose distribution for the electron beams with oblique incidence: 0°, 15°, 30°, 45°. Electron energy: 9 MeV. Field size: 10 cm x
10 cm. The isodoses are expressed as percentages of the peak absorbed dose located on the beam axis (“x”). The position of the maximum
dose is indicated by asterisks. For 0°, 15°, 30°, and 45° the peak doses are located at 2.3, 1.9, 1.4, and 0.9 cm in depth, measured
perpendicularly to the surface, and the maximum doses are 100 percent, 100 percent, 101 percent, and 102 percent of the peak

dose, respectively.

may significantly deviate from that observed for a
perpendicular open beam (Fig. 5.3).

The radiation oncology team must be aware of
these alterations and carefully evaluate whether
the resulting dose distribution still allows adequate
coverage of the PTV and sparing of normal tissues,
or if different electron energies, angles, or beam
combinations are needed, or even if other irradiation
modalities need to be considered.

For oblique incidence, the peak absorbed dose per
monitor unit in a water phantom is different from
the peak absorbed dose for a perpendicularly inci-
dent beam. The magnitude of this perturbation
depends on the angle of incidence, beam energy,
type of accelerator, etc.; it is influenced by
in-scattering of electrons.

The depth d of the peak absorbed dose has to be
reported on the beam axis, i.e., oblique to the skin
surface. The depth d’ of the peak absorbed dose on
an axis perpendicular to the skin surface is shorter
(Fig. 5.4). Similarly all isodoses shift toward the sur-
face. This fact has to be kept in mind when selecting
the electron beam energy to treat a given tissue
thickness as it may require an increase in electron
energy.

In the case of oblique incidence, the maximum
dose is off-axis and in some irradiation geometries
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it may be considerably higher than the peak
absorbed dose, which is defined on the beam axis
(see Section 3).

5.2.4.1 Reporting at Level 1

When only dose evaluation for reporting at Level 1
is available, the use of electron beams should some-
times be reconsidered since the deviation from
reported reference conditions to the actual dose dis-
tribution may be significant.

It is left to the judgement of the radiation oncology
team in charge of the patient to decide if electron
beam therapy can be safely applied. The beam obli-
quity (angle), the curvature or irregularity of the
skin surface, as well as the available dosimetric
information, have to be taken into account. If the
angle of obliquity or the surface irregularity is
small, one may neglect the resulting alterations in
the dose distribution.

Dose reporting should follow the recommenda-
tions of Section 5.2.1. The peak absorbed dose to
water should be specified, assuming the dose dis-
tribution for an incident perpendicular beam. As
mentioned above, this quantity is directly related
to the number of monitor units and is always
available.
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Figure 5.4. The dose distribution for an obliquely incident 19-MeV electron beam (6 = 30°, collimated by diaphragm, 8 cm x 10 cm, SSD =
100 cm, distance from diaphragm to patient = 20 cm). Although the dose distribution is asymmetrical, the PTV (light blue area) is
encompassed by the 95 percent isodose surface and is irradiated in a homogeneous way. The ICRU Reference Point (100 percent)

is located at the depth of the peak absorbed dose on the beam axis. The maximum dose is 103 percent and the minimum dose to the PTV
is 95 percent. The depth of the peak absorbed dose measured perpendicularly to the surface (d' = 1.9 cm), is smaller than the depth along

the beam axis (d = 2.25 cm).

5.2.4.2 Reporting at Level 2 or 3

Reporting of dose at Level 2 or 3 should follow the
general recommendations of Section 5.2.1.

At Level 2 (or 3), the following dose values
should be reported:

® peak absorbed dose to water as if the beam
incidence was perpendicular;

® Jocation of, and dose value at, the ICRU
Reference Point;

® maximum dose in the PTV™;

® minimum dose in the PTV™; and

® dose to the Organs at Risk (PRV).”

*Determined from dose distributions and/or
dose-volume histograms.

The ICRU Reference Point should be selected on
the beam axis at the maximum of the depth-dose
curve, if that maximum is near or at the center of
the PTV. Otherwise, another clinically more relev-
ant point should be selected at or near the center of
the PTV. Even at Level 2 or 3, it is recommended to
report the peak absorbed dose to water assuming the
dose distribution for an incident perpendicular beam
(as recommended for reporting at Level 1).
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Figure 5.5. The figure illustrates the perturbation of the dose
distribution due to the introduction of a heterogeneity. On the
right-hand side, dose distribution in a homogeneous water
phantom. On the left-hand side, the dose distribution after
introduction of an air cavity (2 cm x 2 ¢cm). The shape of the
isodoses is altered and the maximum dose is 103 percent of the
maximum dose in the homogeneous phantom. (Modified from
Hogstrom and Almond, 1983.)
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5.2.5 Heterogeneities

With electron beams, more than with photon
beams, heterogeneities influence the dose dis-
tribution in such a way that the actual dose distri-
bution may in some cases differ significantly from
that expected in a homogeneous phantom (see
Section 3). When heterogeneities are present, com-
putation of the dose distribution is particularly
difficult and requires advanced computational

N ‘6MeVe—

a 6 MeV e~ uncorrected

b 6 MeV e~ corrected

resources and suitable programs (e.g., pencil-beam
algorithms).

Modification of the dose distribution due to the
heterogeneities may result in a need to adjust the
electron energy. Moreover, the difficulty of achieving
an adequate dose distribution in the PTV when
important heterogeneities are present may sometimes
require reconsideration of the suitability of electron
therapy for a given patient (Figs 5.5 and 5.6).

‘ ‘ 12 MeV e~

d 12 MeV e~ uncorrected

N ‘12 MeV e~

e 12 MeV e~ corrected

Figure 5.6. Effect of heterogeneity corrections on the dose distribution in the treatment of the chestwall. The dose distributions are
compared for beams of electrons of 6 and 12 MeV (beam size: 15 cm X 15 cm). The isodose curves are expressed relative to the dose at the
ICRU Reference Point (indicated in red), which is selected at the maximum of the central-axis depth-dose curve. A bolus increases the dose
at the level of the skin (yellow asterisk); the set-up distance is measured at the level of the skin (not at the level of the bolus). The effect of
heterogeneity corrections for evaluating the dose to the lung is clearly illustrated (a,b for 6 MeV and d,e for 12 MeV). This is also reflected in

the dose-volume histograms (c,f; opposite ).
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Figure 5.6. Continued

The recommendations of Sections 5.2.1 and 5.2.2
may be applied when the heterogeneities are not too
important (e.g., thin trabecular bones such as the
ribs).

5.2.5.1 Reporting at Level 1

When large heterogeneities are present and when
dose evaluation for reporting at Level 1 only is
available, the use of electron beams should some-
times be reconsidered.

It is then left to the judgment of the radiation
oncology team in charge of the patient to decide
if electron beam therapy is useful. The impor-
tance of the heterogeneities, as well as the avail-
able dosimetric information, has to be taken into
account.

Dose reporting should follow the recommenda-
tions of Section 5.2.1. The peak absorbed dose to
water should be specified assuming the dose distri-
bution for an incident perpendicular beam in a
homogeneous phantom (as mentioned above, this
quantity is directly related to the number of monitor
units and is thus always available).

5.2.5.2 Reporting at Level 2 or 3

Reporting of dose at Level 2 or 3 should follow the
recommendations of Sections 5.2.1 and 5.2.2.

It is recommended that the dose distribution
should be computed first for a homogeneous water
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phantom, and then taking into account the actual
heterogeneities.

Firstly (as recommended for reporting at
Level 1), the peak absorbed dose in water should be
determined for an incident perpendicular beam in a
homogeneous phantom.

This recommendation is particularly important
when comparing dose delivered in different centers
(e.g., in randomized trials), as it would avoid any
discrepancy or uncertainty related to differences in
the methods used (algorithms) to correct for the
heterogeneities.

Secondly, an accurate description of the actual
dose distribution (corrected for heterogeneities) in
the PTV should be obtained to allow the radiation
oncologist to select the ICRU Reference Point, at
or near the center of the PTV, on the beam axis or
at a clinically more relevant point. In particular, the
ICRU Reference Point should be selected where
the dose distribution is homogeneous and where
the dose can be determined accurately, i.e., at a
distance from the edge of the heterogeneities. The
dose to the ICRU Reference Point before and
after heterogeneity corrections should always be
reported.

In agreement with the general recommendations
of the present Report, the best estimates of the
maximum and the minimum doses to the PTV,
before and after correction for heterogeneities,
should be reported with dose-volume histograms.
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The Organs at Risk should be identified.
The doses, dose distributions, and dose-volume
histograms, before and after correction for heteroge-
neities, should be reported.

In summary, when important heterogeneities
are present, reporting at Level 2 or 3 is recom-
mended, and the following dose values
should be reported:

® peak absorbed dose to water, in a homoge-
neous water phantom;

® Jocation of, and dose value at, the ICRU
Reference Point (the ICRU Reference
Point may or may not be at the Level of
the peak absorbed dose) before and after
heterogeneity corrections;

® maximum dose in the PTV™;

® minimum dose in the PTV*; and

® dose to Organs at Risk (PRV).”

*Determined from the dose distribution and/
or dose-volume histograms before and after
heterogeneity corrections.

5.2.6 Bolus

A Dbolus (usually tissue-equivalent material) is
placed directly into contact with the irradiated
tissues in order to provide build-up, attenuation, or
sometimes additional scattering of the electron beam
(ICRU, 1976).

A bolus is used:

(1) to increase the skin dose, mainly for low-energy
electron beams;

(2) to compensate for surface irregularities or
oblique beam incidence; and

(3) to match the beam penetration with the shape of
the PTV, especially when different parts of the
PTV reach different depths.

The shape, thickness, composition, density, and
position of the bolus material will influence the
dose distribution and alter the therapeutic range of
the electron beam in the tissues. Therefore, complete
information on the bolus should be reported. In
particular, it should be clearly stated whether the
distance (“SSD”) is taken from the electron source to
the bolus surface or to the skin surface.

For reporting the location of, and the dose value at,
the ICRU Reference Point and other dose values, the
recommendations of Section 5.2.1 should be followed.

However, the ICRU Reference Point should be
selected in the tissues and not in the bolus material.
In general, all reported dose values and dose-volume
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histograms should be related to volumes of tissues
and not to bolus material.

The peak absorbed dose to water should always be
reported, since it is directly related to the number of
monitor units, and is thus always available.

5.3 COMBINATION OF ELECTRON AND
PHOTON BEAMS

Such combinations are used in order to take
advantage of the specific characteristics of the two
types of beams.

5.3.1 One high-energy photon beam and
one electron beam (coaxial beams, same
field size)

This combination is used in order to achieve a
more homogeneous irradiation of the PTV and a
better sparing of the skin and/or surrounding nor-
mal tissues (Fig. 5.7). High-energy photons (a few
MV or above) improve the skin sparing effect, while
the dose fall-off of the electrons reduces the irradia-
tion of deeply underlying tissues (Karlsson and
Zackrisson, 1993). This technique is used, e.g., for
the irradiation of the internal mammary nodes in
breast cancer. The electron energy should be
selected taking into account the total photon and
electron depth-dose curve and not only the electron
depth-dose curve. The peak absorbed dose to water
for the electron beam should always be reported.
When the electron beam energy has been selected
in such a way that the maximum of the electron
depth-dose curve (peak absorbed dose) lies at, or
close to, the center of the PTV, this point should be
selected as the ICRU Reference Point.

When the peak absorbed dose for the electron
beam is obtained at a point which cannot be selected
as the ICRU Reference Point (e.g., located outside
or near the border of the PTV), another point which is
clinically more relevant has to be selected as the
ICRU Reference Point. It should be near the center
of the PTV and when possible on the beam axis.

The dose at the ICRU Reference Point for each
beam and for the beam combination should always
be reported. It must also be stated whether or not
both the electron and the photon beams were used
daily and simultaneously.

When reporting at Level 1, the best available esti-
mate of the maximum and minimum dose to the
PTV, or at least the maximum and minimum dose
on the beam axis, should be reported.

When reporting at Level 2 or 3, the maximum and
minimum dose to the PTV, as well as the dose dis-
tribution and dose-volume histograms when clini-
cally relevant, should be reported.
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Figure 5.7. The dose distribution resulting from the combination
of an 18-MeV electron beam and a 6-MV photon beam, using
the same portal (coaxial beams, same field size: 4.5 cm in width,
and 13 cm in height). This combination is used in the treatment
of internal mammary nodes in breast cancer. Selection of the
electron energy depends on the patient’s dimensions. The dose
distribution is presented in the sagittal plane containing
the beam axes. The doses are indicated in absolute values. The
PTV (light blue area) is located between 16 and 40 mm in
depth. The ICRU Reference Point is selected on the beam axis
at the center of the PTV, ie., at 28 mm in depth. The dose
contribution at the ICRU Reference Point as 25 Gy for each
beam. The maximum and the minimum doses to the PTV are
104 percent and 96 percent, respectively, relative to the dose at
the ICRU Reference Point.
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The dose(s) and dose distribution(s) at the Organs
at Risk should be reported according to the recom-
mendations of Section 4.2.4.

In summary, the following dose values should
be reported:

® peak absorbed dose to water for the electron
beam;

® Jocation of, and total dose value at, the
ICRU Reference Point (the ICRU Reference
Point may or may not be at the Level of the
peak absorbed dose);

® contribution to the dose at the ICRU Refer-
ence Point from the electron and the photon
beams and their combination;

® maximum dose in the PTV™;

® minimum dose in the PTV™,

® dose(s) to the Organ(s) at Risk (PRV).

*Best estimate, depending on the level of report-
ing; at Levels 2 and 3, dose distributions, and
dose-volume histograms, when relevant.

5.3.2 Adjacent electron and photon beams

Adjacent electron and photon beams are used
when different parts of the PTV reach significantly
different depths (e.g., cervical lymph nodes in the
head and neck area). These parts are then to be
irradiated with radiation beams with different pene-
tration depths. The presence of Organs at Risk may
also justify the use of beams with different penetra-
tion depths.

A CTV may then have to be covered by several
PTVs, depending on the technical approach to treat-
ment (i.e., beam arrangements, type of radiation, or
technique). An initially large PTV may also have to
be divided into several PTVs.

For each PTV and/or anatomical area, an ICRU
Reference Point has to be defined; it should be clinic-
ally relevant and located in the central part of the
PTV (see, e.g., Section 6.2 “Total skin irradiation”
and Appendix).

For reporting, the doses at the ICRU Reference
Points of each PTV have to be reported, as well as
the corresponding maximum and minimum doses.
Recommendations of Section 5.2 have to be followed
for the electron beams, while the recommendations
of ICRU Reports 50 and 62 have to be followed for
the photon beams.

Doses at the Organs at Risk should be reported
according to the recommendations of Section 4.4 (for
the photon and electron beams).
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Figure 5.8. Adjacent electron beams. On the left-hand side is a
conventional set-up where the beam axes are parallel and some
overlap is unavoidable (Fig. 5.9). On the right-hand side, the beam
axes are inclined toward one another to avoid overlap due to the
divergence of the beam.

Special care should be taken to check the dose
variation at the beam junctions. The precautions
taken in order to avoid overlapping and/or cold
spots have to be reported. The possibility of scattered
radiation from the other beams should be evaluated
and taken into account.

5.4 COMBINATION OF ELECTRON BEAMS
5.4.1 Adjacent-parallel electron beams

Adjacent-parallel electron beams are used when
the PTV is too large to be included in one electron
beam (Figs 5.8 and 5.9). They can also be used in
situations where different parts of the PTV reach
different depths (Fig. 5.10). These parts are then to
be irradiated with electron beams of different ener-
gies (e.g., chest wall and internal mammary nodes in
breast cancer).

When using adjacent electron beams, one faces
the same situation as described above in Section
5.3.2 for adjacent electron and photon beams. The
doses at the ICRU Reference Points of each PTV
have to be reported, as well as the corresponding
maximum and minimum doses. Recommendations
of Section 5.2 should be followed. Comparison of
the doses at the Reference Points of the different
PTVs may provide an evaluation of the homoge-
neity of the dose distribution of the whole treat-
ment. Doses at the Organs at Risk should be
reported according to the recommendations of
Section 4.4.

Special care should be taken to check the dose
variation at the beam junctions, especially when
different beam energies are used. The precautions
taken in order to avoid overlapping and/or cold spots
have to be reported (Fig. 5.9).
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Figure 5.9. The dose distribution for two adjacent 19-MeV
electron beams. The beam axes are parallel, (left-hand side
part of Fig. 5.8). The influence of different gaps between the
edges of the fields is illustrated: 15, 10, and 5 mm. (Redrawn
from Almond, 1976.)

5.4.2 Parallel-opposed electron beams

Parallel-opposed electron beams are less fre-
quently used than parallel-opposed photon beams.
However, to treat deep-seated tumors, parallel
opposed electron beams of high energy (i.e., 40 MeV
or more) can in some cases achieve more advanta-
geous dose distributions than conventional photon
beams (Fig. 5.11).

At these very high energies, the dose gradient in
the fall-off region of the beam is smaller. As a result,
when combining two parallel-opposed beams, rather
homogeneous dose distributions can be obtained
for deep-seated PTVs. High-energy electrons, above
40 MeV, are used only in a few centers today, but
developments can be expected in the future (see
Section 3.10).
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Figure 5.10. Example of two adjacent nearly parallel electron beams of different energies (20 and 10 MeV), used to treat different parts of
the PTV, reaching different depths. The dose distribution is obtained with the beam edges inclined to one another to avoid overlap due to
the divergence of each beam. (Modified from Zackrisson and Karlsson, 1996.)
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Figure 5.11. Isodose contours for two parallel-opposed 50-MeV
electron beams, for a field size of 14 cm x 14 cm and a patient
thickness of 20 cm. The doses are expressed as a percentage of the
dose to the ICRU Reference Point selected on the beam axis at
midplane. (Modified from Brahme et al., 1980.)
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Compared with photons, more accurate determi-
nation of relevant anatomical data (tissue thickness,
density, and heterogeneity) is required. Therefore,
safe application of high-energy electron beams
requires dose evaluation and reporting at Level 3.
The possibility of RBE changes at high energies has
to be considered (see Section 1.1).

For reporting, the ICRU Reference Point should be
selected at the center of the PTV, if possible on the
beam axes. Selection of parallel-opposed, equally
weighted electron beams implies that the PTV is
located at (or close) to the mid-depth. Therefore,
the dose at mid-depth on the beam axes is close to
the dose at the center of the PTV (except of course if
boluses or beam absorbers are used). The same
approach is followed for two parallel-opposed,
equally weighted photon beams (ICRU, 1993).

In addition to the dose at the ICRU Reference
Point, the maximum and the minimum dose to the
PTV, the doses at the Organs at Risk and the dose-
volume histograms should be reported.

At energies below 30 MeV, because of the steep
dose fall-off, the use of parallel-opposed electron
beams could lead to the significant over- or under-
dosage if the patient thickness and tissue densities,
and/or the beam energies, are not carefully matched
or if the beam energies are not stable. In addition,
patient thickness and tissue density may vary
from one part of the beam to another, or from one
session to another during the several weeks of the
treatment (Fig. 5.12). Therefore, the use of two
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Figure 5.12. Dose variation along the beam axes for two parallel-opposed electron beams of 20 MeV (solid line). The depth-dose curves for
the individual beams are shown as dotted lines. When the patient’s thickness varies from 18 cm (a) to 15 cm (b), the dose at midplane varies
from —32 percent to +37 percent (the peak dose for each beam being taken as 100 percent).

parallel-opposed electron beams in the energy range
between 15 and 30 MeV has few clinical indications,
if any.

When two superficial PTVs separated by Organs
at Risk have to be treated, parallel-opposed elec-
tron beams of low energy can be used. Typical
examples are tumors of the head and neck, where
the posterior parts of the lymph node regions, in
both sides of the neck, are treated with electron
beams (e.g., from 6 to 10 MeV), in order to spare
the spinal cord. However, the bremsstrahlung from
the two beams contributes a certain dose to the
spinal cord. Many clinical protocols and the accu-
mulated clinical experience do not account for
bremsstrahlung.

At low energies (<10 MeV), provided there is a
sufficient thickness of tissues between the two skin
surfaces, there is in general no great interaction
between the two beams (in fact, the beams are inde-
pendent of each other). However, the thickness
of the tissues between the skin surfaces has to be
checked carefully. Occasionally, the thickness
reduces during treatment (tumor reduction or poor
nutrition) and therefore may require attention dur-
ing treatment.

For reporting, the two electron beams can be con-
sidered separately, except for the contribution of the
bremsstrahlung. When photon and electron beams
are combined, the scattered radiation from both
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beams has to be taken into account when evaluating
the dose to the PTVs and Organs at Risk.

5.5 ELECTRON-BEAM ARC THERAPY

Arc therapy using electron beams may be, and is
sometimes, used to treat PTVs of complex shapes or
extended PTVs. The optimal and safe use of this
technique is difficult and carries specific problems.
Accurate determination of the dose distribution
requires sophisticated computational resources and
elaborate methods for anatomical data acquisition.
Therefore, dose evaluation and reporting at Level 2
(or 3) are absolutely required. Patient positioning
also requires special care.

The ICRU Reference Point for reporting should
be at the center (or near the center) of the PTV.
However, depending on the technique and dose
distribution, several PTVs and corresponding ICRU
Reference Points may have to be identified.

Comparison of the doses at these Reference
Points may provide an evaluation of the homoge-
neity of the dose distribution of the whole treat-
ment. In addition to the dose delivered at the
ICRU Reference Point(s), the maximum and the
minimum doses within each PTV, the dose distri-
butions and the dose-volume histograms should be
reported.
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6 SPECIAL TECHNIQUES

6.1 INTRA-OPERATIVE RADIATION
THERAPY (IORT)

6.1.1 Introduction

In intra-operative radiation therapy (IORT), elec-
tron beams are used to deliver a large single-dose
fraction after surgical exposure of a well-defined
anatomical area (Abe, 1984; Abe et al., 1980).

The CTV is defined as accurately as possible by
the surgeon and the radiation oncologist during the
procedure.

The purpose of this procedure is the curative treat-
ment of a presumed subclinical disease after a
macroscopically complete resection. Sometimes, an
unresectable gross tumor or residual tumor after an
incomplete resection may receive palliative IORT
(Gunderson et al., 1983; Tepper et al., 1986).

The exact shape, size, and location of the CTV can
thus only be defined during surgical exploration.
During the procedure, mobile sensitive tissues are
displaced out of the beam using applicators, in order
to decrease normal tissue toxicity.

IORT is often used as a boost to additional
external photon beam therapy (Calvo et al., 1990;
Goldson, 1981).

6.1.2 Beam requirements

Different types of IORT applicator systems have
been described, according to the local radiation-
treatment equipment and facilities. The dose
distribution depends strongly on the design of such
applicators, and other accessories, as well as on
patient—beam positioning accuracy (AAPM, 1995).
Most irradiation techniques wuse special lucite
(PMMA) or brass applicators linked physically to
the head of the treatment machine (“docking sys-
tem”) as shown in Figure 6.1. Some systems have
also been designed to use laser beams or an optical
set-up for alignment (“non-docking systems”) (Palta
and Suntharalingam, 1989).

Depending on the location and depth of the CTV
and surrounding organs/tissues, the approach and
positioning of the applicator may be easier when
using an oblique beam incidence. The distal end of
the applicator, which should be parallel to the tissue
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Figure 6.1. Basic features of the intra-operative electron
applicator system developed at the Mayo Clinic. Lucite (PMMA)
applicators “dock” into an aluminum jacket that attaches to the
head of the accelerator using the standard wedge-tray attachment
geometry. (Modified from McCullough and Anderson, 1982.)

surface, then often needs to be oblique relative to the
beam axis (“bevel angle”) (Dahl and McCullough,
1989). Depending on the clinical conditions, an air
gap may or may not be left between the distal end of
the collimator and the tissues (Figs 6.2 and 6.3).

In general, the nominal incident electron beam
energy (beam energy at the exit window) used in
IORT treatment ranges from 6 to 22 MeV giving
energies between 3 and 18 MeV at the surface of
the CTV/PTV. Such energy losses are due to scatter-
ing of the electrons in the head of the treatment
machine, and on the walls of the applicators and

© International Commission on Radiation Units and Measurements 2004
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Figure 6.2. Schematic picture of a “non-docking” intraoperative
collimation system developed at M. D. Anderson Hospital. The two
annuli are attached to the treatment head and provide electron
collimation. A 15-cm air gap is maintained between the lower
annulus and the IORT applicator (redrawn from Hogstrom
et al., 1990).

the other accessories between the exit window and
the region to be treated (Hogstrom et al., 1990). If
special flattening filters are used to provide dose
homogeneity within the geometrical limits of the
field, these also act as scattering foils, leading to an
additional decrease in the beam energy at the target
level. Thus, in addition to the nominal energy, the
beam quality used in delivering IORT treatments
should be described using depth-dose penetration
curves specific to the applicator system.

With the use of flattening filters, the need for
bolus is reduced or eliminated.

6.1.3 Recommendations for reporting

6.1.3.1 Treatment technique

The irradiation procedure specific to the IORT
facility must be reported:

® machine;
® nominal beam energy;
e IORT applicator system;
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® type, shape, bevel angle, and external size of the
IORT applicator;

® type, shape, and size of additional collimation;

o flattening filters; and

® accessories such as bolus and shielding blocks.

6.1.3.2 The ICRU Reference Point

Usually, a single PTV is prescribed. In some cases,
combinations of adjacent beams have to be used
to treat a PTV larger than the available applica-
tors. Rarely is a second PTV included within the
first PTV.

When the beam axis is perpendicular to the tissue
surface, the ICRU Reference Point for reporting dose
is selected on the beam axis, at the maximum of the
depth-dose curve (peak dose). The dose at this point
is the ICRU Reference Dose and should always be
reported.

The recommendations of Section 5.2.1 (“Reference
conditions”) are applicable. The beam energy is
usually selected in such a way that the peak absor-
bed dose is located at, or in the central part of, the
PTV. If this is not the case, the best estimate of
the dose at the center of the PTV should also be
reported.

When the beam axis is oblique relative to the tis-
sue surface (applicator, bevel angle), the ICRU
Reference Point for reporting dose is selected on
the “clinical axis,” at the level of the maximum of
the depth-dose curve.

The clinical axis (Fig. 6.3) is defined as the axis
perpendicular to the surface of the tissues, at the
point of intersection of the central axis of the beam
with the tissue surface (Nyerick et al., 1991).

The depths of the 100 percent dose and of the
different isodoses in the tissues are shorter along
the clinical axis (perpendicular to the surface),
than along the oblique electron beam axis. As
stressed previously (Section 5.2.4) this has to be
kept in mind when selecting the beam energy.

Usually, the irradiation conditions (e.g., electron
energy, field size, etc.) are selected so that a dose of
at least 90 percent of the ICRU Reference Dose is
expected to be delivered to the entire PTV.

6.1.3.3 Reporting of dose

It is assumed that the central-axis depth-dose and
the dose distributions on the two major axes of any
applicator at the depth of the dose maximum (i.e.,
central-axis depth-dose, as well as cross beam profile
data, assuming a homogeneous tissue-equivalent
medium) are available.

Firstly, all of the technical procedures have to be
reported as well as the peak absorbed dose under
standard conditions for each applicator.
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Figure 6.3. Definition of “clinical axis” for IORT electron
application with oblique incidence of the beam axis (angle 0).
(Redrawn from Nyerick et al., 1991.)

Secondly, when reporting the dose, the three
major dimensions of the 90 percent isodose curve
should be reported.

When using adjacent beams, any overlap or gap
that has been observed should be reported.

Unfortunately, surgical procedures do not allow
for accurate acquisition of different target volume
data (contour and volumes). Thus full three-
dimensional dosimetry is presently not realistic.

In summary, the following dose values should
be reported:

® peak absorbed dose to water, in reference
conditions, for each individual beam
(if beam axis is perpendicular to the tissue
surface);

® for oblique beam axis, the maximum
absorbed dose in water on the “clinical
axis”;

® Jocation of, and dose value at, the ICRU
Reference Point (if different from above);

® maximum dose to the PTV™; and

® minimum dose to the PTV.”

*Best estimate from the available dose
distributions for the applied irradiation
conditions.
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6.2 TOTAL SKIN IRRADIATION (TSI)

Total skin irradiation (TSI) is indicated to treat
selected cutaneous T-cell lymphomas (previously
called Mycosis fungoides).

6.2.1 Introduction

The basic aim of the TSI treatment is to irradiate
the total skin envelope as homogeneously as possi-
ble. In patients presenting with superficial disease,
TSI is delivered with one beam energy.

In other clinical situations the thickness of the
skin may vary with stage, pathology, and location
on the body surface. This results in the identification
of several CTVs and the need to use beams of differ-
ent penetration. This is also the case when skin
tumors are present and may require additional
boost irradiation.

6.2.2 Beam requirements

Different technical approaches for the delivery of
TSI treatments have been developed using multiple
fields, arc therapy, patient rotation, patient transla-
tion, and dual energies according to the available
local equipment and facilities (AAPM, 1987; Cox
et al., 1990; Horiot et al., 1988; Karzmark, 1968;
Karzmark et al., 1960; Kim et al., 1984; Podgorsak
et al., 1983; Sewchand et al., 1979; Williams et al.,
1979). Most irradiation techniques involve several
large fields at a large treatment distance.

In most clinical presentations with localized and
even generalized plaques, the CTV is located within
the first 5 mm. Infiltrated plaques, ulcerations, and
skin tumors require an individual estimate of the
thickness of the lesions.

Figure 6.4 shows the depth-dose curve for a
degraded electron beam with a mean energy of
2 MeV on the skin of the patient. Usually, the inci-
dent electron beam energy on the patient’s skin
ranges from 2 to 7 MeV, with nominal energy ran-
ging from about 4 to 10 MeV (energy at the exit
window of the accelerator). Such energy losses are
due to the material in the treatment head, the large
air gap between the exit window and the patient,
and the use of scattering screens. The use of a scatter
energy-degrader (typically a 1 g/cm? lucite panel)
close to the patient improves dose uniformity, parti-
cularly on oblique body surfaces. It also results in a
higher surface-dose and shallower depth-dose distri-
bution because of the decreased energy and
increased angular spread of the original electron
beam (Fig. 6.5) (LeBourgeois et al., 1992).

Whatever the technique used, the final dose
distribution is the result of the inhomogeneous
dose distribution in each beam. The aim is to obtain
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Figure 6.4. Depth-dose curve for a 2-MeV degraded electron beam
for total skin irradiation (see text). (Modified from LeBourgeois
etal., 1977.)

a rather homogeneous dose distribution after
completion of the whole treatment sequence. As a
general rule, the integral dose should be kept as low
as possible (Karzmark, 1964; Karzmark et al., 1960).

Total skin irradiation is generally performed in
several fractions. However, for obvious radiobiologi-
cal reasons, the complete sequence needed to obtain
a homogeneous skin irradiation should be performed
in a single treatment session. All beams should thus
be applied on the same day.

Total skin irradiation is usually followed by local-
ized boost fields, for two reasons:

(1) to compensate for the unavoidable inhomogene-
ities in the body surfaces hit tangentially by the
beam (e.g., skull, sole of the feet, perineum,
inner upper arms, thighs) and

(2) to increase the total dose on specific areas
(infiltrating plaques, nodules).

All these additional fields should be documented
and reported by drawings and/or photographs.

6.2.3 Recommendations for reporting
6.2.3.1 Treatment technique

The irradiation procedure established in the
department must be reported: machine and patient
set-up, use of beam modifiers, number of fields,
angle, and direction of each beam. In addition, tech-
nical devices and methods aiming to improve daily
reproducibility of patient positioning and to monitor
variations in the dose distribution should be
reported.
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Figure 6.5. Total skin irradiation with electrons. For a 7-MeV
electron beam, the depth-dose distribution varies with the lucite
scatterer thickness (b) and the position of this screen relative to
the patient’s skin (a). (From LeBourgeois et al., 1992.)

Clinical information about the patient, including
a mapping representation of the locations and
estimated thickness of the skin disease, should be
reported.

Patient contours and individualized radiation-
field arrangements result in complex dose varia-
tions to different anatomical areas. Thus, there
is no simple way to adequately describe the TSI
treatment. It is necessary to measure the dose at
several clinically relevant points using in vivo
dosimeters.

The following section deals only with situations
where the depth of the PTV can be considered con-
stant over the whole-body surface. In other clinical
situations additional techniques are needed and
should be reported separately.

6.2.3.2 The ICRU Reference Dose

Total skin irradiation implies the identification of
several anatomical areas. For each anatomical area
an ICRU Reference Point for reporting dose has to be
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selected at, or near, the center of the anatomical
area. The dose at this point is the ICRU Reference
Dose for the anatomical area. The maximum and
minimum doses to the anatomical area provide an
estimation of the dose variation throughout the ana-
tomical area. Anatomical areas where dose deficien-
cies are identified must be documented.

In addition, an appropriate point, clinically relev-
ant, located within the PTV can be chosen as the
ICRU Reference Point for the whole PTV. The dose
at that point is quoted as the ICRU Reference Dose
for the whole PTV. This dose should be reported, as
well as the best estimate of the maximum and mini-
mum doses to the whole PTV.

6.2.3.3 Reporting of dose

It is assumed that, in addition to the central
depth-dose curve, the dose distribution in selected
planes is available.

Firstly, the technical procedures have to be
reported as well as the peak absorbed doses for
each electron beam.

Secondly, the doses resulting from the overlap of
all beams should be considered.

The electron energies and technical procedures
are often chosen in such a way that the peak
absorbed doses are at, or near, the center of the
anatomical areas. The points where the peak
absorbed doses are observed can then be chosen as
the ICRU Reference Points for the different anato-
mical areas. If this is not the case, other clinically
relevant points have to be selected and the doses at
these points have to be reported as well as the dif-
ferent peak doses.
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In summary, the following dose values should
be reported for TSI:

® peak absorbed dose in water for each indi-
vidual electron beam;

® Jocation of, and absorbed dose value at, the
ICRU Refference Point for each anatomical
area (the ICRU Reference Points may or
may not be at the level of the peak absorbed
dose);

® best estimate of maximum dose to each
anatomical area;

® best estimate of the minimum dose to each
anatomical area;

® Jocation of absorbed dose at the ICRU
Reference Point for the whole PTV;

® best estimate for the maximum dose for the
whole PTV; and

® best estimate for the minimum dose for
the whole PTV, and any other dose value
that is available and considered to be
significant.

Furthermore, according to the general ICRU
recommendations for reporting, information should
be given on the dose per fraction, the number of
fractions per week, the total number of fractions,
and the overall treatment time.

Owing to the complex procedures needed for
total skin irradiation, an evaluation of the full
three-dimensional dose distribution is highly desir-
able. Unfortunately, at present reliable three-
dimensional reconstructions and dose computations
are not widely available.
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7 QUALITY ASSURANCE

The goal of a quality assurance (QA) program is to
evaluate the complete chain of procedures involved
in electron beam therapy, from diagnostic imaging to
treatment delivery. Most importantly, the stated
dose values must be validated.

7.1 IMAGING

Since the overall precision of the treatment can be
no better than the accuracy of the diagnostic imag-
ing, QA must begin with the diagnostic procedure.
This is especially true in the case of electron beam
therapy, where accurate determination of the CTV
and PTV is very critical for the choice of the beam
energy. An insufficient estimate of the depth of the
PTV will result in under-dosage of part of the PTV.
Conversely, an overly generous estimate will lead to
inclusion in the Treated Volume of normal tissues
that should be either excluded or at least located in
an area of a large dose gradient.

The following steps should be checked and
subjected to quality-control procedures wherever
applicable:

® clinical examination and documentation in the
patient’s chart and
® imaging procedures (CT, MRI, ultrasound, etc.).

When three-dimensional treatment planning is
used, the imaging equipment must be checked to
ensure good diagnostic quality to allow a reliable
estimate of the different volumes of interest such as
GTV, CTV, PTV, OAR, and PRV.

Reproducible patient positioning and immobiliza-
tion is mandatory and can only be obtained by using
the same locating devices on the imaging and accel-
erator tables.

7.2 PATIENT DATA
7.2.1 Levell

At this level, determination of the dimensions and
of the proximal and distal depths of the PTV may be
sufficient. However, this implies the assumption

DOI: 10.1093/jicru/ndh013

that the entire PTV has the same shape and config-
uration over the entire irradiated region. This
assumption should always be made with caution,
particularly in the head and neck area.

7.2.2 Levels 2 and 3

At these levels, it is assumed that the GTV, CTV,
PTV, OAR, and PRV can be defined in one or more
planes using reliable tools (e.g., a series of CT or MRI
sections).

Comprehensive quality control of imaging equip-
ment must be maintained. In any digital-imaging
tool, signals produced from the radiation source
are first detected and captured, then processed and
finally displayed. Each stage of the imaging system
should be evaluated in terms of its capability of per-
forming a particular task (AAPM, 1993; ICRU,
1987). As these digital images are entered directly
into the treatment-planning system, one should also
check that neither loss nor distortion of information
occurs because of poor data transmission.

Tools for automatic definition and recognition
of anatomical structures are now available on
treatment-planning systems. However, as some of
these anatomical structures may be very compli-
cated in shape, adequate information about the
system should be provided by the manufacturer to
the radiation oncologist, who must always define
and validate the GTV, CTV, and OAR contours.

At Level 3, full three-dimensional patient anat-
omy is available. Because volume information is
derived from a series of two-dimensional body sec-
tions, a sufficient number of closely spaced sections
must be obtained.

7.3 QUALITY CONTROL OF THE ELECTRON
ACCELERATOR

Quality control includes all the procedures
used to:

o verify that the equipment meets minimum
specifications and

® maintain the equipment within these specifica-
tions.

© International Commission on Radiation Units and Measurements 2004
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Mechanical and radiation characteristics in refer-
ence conditions should be assessed and checked per-
iodically. Mechanical stability of the equipment
is even more critical in electron mode than in photon
mode. Indeed, the average energy and angular
spread of electrons greatly depends on the compo-
nents within the treatment head and their relative
position, including beam-shaping devices.

Particular attention should be paid to the electron
applicators, often designed as removable accessories
and therefore subject to frequent mechanical stress.
Misalignment may strongly affect beam flatness and
symmetry.

Acceptance tests and routine control procedures
can be found in various reports (AAPM, 1991; IEC,
1989a, b, 1990; Marinello et al., 1989, 1993).

7.4 BEAM DATA ACQUISITION

The type of beam generation (scattering, scan-
ning), accelerator type, and treatment-head geome-
try all have a large impact on the dose distribution.
Therefore, it is necessary that the actual beam char-
acteristics are determined for each accelerator on
site. For the same reason, the use of standard iso-
dose charts (actually seldom published) should be
avoided.

Determination of the local beam characteristics
requires a minimum set of dosimetry equipment
and computing facilities. An expert and trained
staff is needed. The following sections describe the
minimal requirements for the type of technique and
for the level of expected accuracy.

7.4.1 Level 1: basic techniques

The peak absorbed dose, depth-dose curves, flat-
ness, and symmetry should be measured for the
standard treatment conditions.

Phantom: These basic measurements should prefer-
ably be made in water; however, for practical rea-
sons, plastic phantoms could be considered, using
appropriate correction factors (IAEA, 1987, 1997;
ICRU, 1992).

Ionization chamber: Cylindrical ionization cham-
bers, commonly used for photon beams, are also
used for high-energy electron beams to acquire ioni-
zation curves and beam profiles. Parallel-plane
chambers are preferred for energies below 10 MeV.

Electrometer: Dual voltage and opposite polarities
should be available on the associated electrometer
in order to assess recombination and polarity effects.

Calibration of both ionization chamber and
electrometer at a primary or secondary standards
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dosimetry laboratory should be performed at regular
intervals.

7.4.2 Levels 2 and 3: advanced
techniques

At these levels, dose-distribution data acquired
in the relevant planes are correlated with the
patient’s anatomy, taking into account obliquity
and heterogeneity when appropriate. Resulting
dose-distribution data depend on the treatment-
planning system and the algorithms used. There-
fore, measurement of a large set of dose distributions
for different beam configurations is highly recom-
mended to provide verification of the treatment-
planning system (see Section 7.5).

Phantom: Connecting the ionization chambers or the
electrometer set to an automated field scanner in
a water tank will save time in building the beam
library. However, particular attention should be
paid to the reconstruction algorithm of the computer
software.

Film dosimetry can also be considered with solid
phantoms. Again, when a computer is connected to
the densitometer, particular attention should be
paid to the reconstruction algorithm.

7.5 TREATMENT-PLANNING SYSTEM
7.5.1 Levell

At this level, manual calculation will suffice to
provide the peak absorbed dose. The estimate of the
dose distribution may be derived using a tabular or
matrix format to represent the electron beam data.
It is important to be aware of the limited accuracy of
such a method, particularly when obliquity and het-
erogeneities are present.

7.5.2 Level 2

At this level, the scattering of electrons in tissues,
and in particular different types of scattering in
different tissues, must be considered. Dose distribu-
tions are therefore determined by using planning
systems that use algorithms including models for
multiple scattering. The user of a planning system
is generally not familiar with details of these models.
Verification of the accuracy of the dose-distributions
obtained when using such a system is therefore
needed. Dose-accuracy tests of electron beam
calculation algorithms implemented in treatment-
planning systems have been reported (Blomquist
et al., 1996; Cheng et al., 1996; McShan et al., 1994,
Miiller-Runkel and Cho, 1997).
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QUALITY ASSURANCE

The complete verification of a planning system is a
comprehensive task and must be performed by the
manufacturer. The procedure used and the results
must be documented by the manufacturer. The user
can use published data on dose distributions for
validation of the system. A collaborative group
(Shiu et al., 1992) of the National Cancer Institute
has published measured distributions using irregu-
lar fields, inhomogeneities in phantoms, oblique
incidence, and so on. The measurements have been
carried out on one type of linear accelerator. Similar
measurements were performed by Samuelsson et al.
(1998).

An acceptance test of the treatment-planning
system should be performed before the system is
commissioned by the user. The AAPM (1998) recom-
mends that, in the acceptance-testing procedure, a
set of dose calculations should be carried out for a set
of standard electron beam configurations. In these
tests, at least the following should be included: open
fields, different SSDs, shaped fields, inhomogeneity
test cases, and surface irregularity test cases.

It is the responsibility of the center to verify that
certain criteria for acceptability are maintained in
its daily work. Van-Dyk et al. (1993) have presented
a detailed description of the limits of acceptability
for electron dose calculations. After the acceptance
test, the user should set up test geometries to com-
pare some computed and measured distributions. It
is important to repeat these tests regularly and of
course especially with any new or upgraded compu-
ter software or accelerator. At this level, the gross
influence of heterogeneities in the patient may be
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estimated using a simple two-dimensional correction
algorithm.

7.5.3 Level 3

At this level, three-dimensional dose calculation
would involve an integration over the entire scatter-
ing volume for each grid point used in the display.
Such algorithms are still under development and not
yet widely available (Purdy, 1996; Purdy et al., 1996).

7.6 PATIENT SET-UP

One must ensure reproducible positioning of the
patient during the whole treatment process from
data acquisition to the last session.

7.7 IN VIVO DOSIMETRY

The overall uncertainty in the dose delivered to
the patient may be estimated on the basis of the
probability of random and systematic errors (type A
and B uncertainties) (BIPM, 1981). However, in
daily practice it is recommended that the dose accu-
racy be verified with in vivo measurements.

Thermoluminescence dosimetry or silicon detec-
tors, calibrated under appropriate conditions, easily
provide an acceptable estimate of the dose delivered
to different points on the patient’s skin. However,
one has to be aware of uncertainties introduced by
the detector positioning. When performed, in vivo
dosimetry should be reported.
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8 QUANTITIES, REFERENCE POINTS, AND VOLUMES
RECOMMENDED FOR REPORTING ELECTRON

BEAM THERAPY: SUMMARY

(1) Complete description?® of:
(1.1) The clinical conditions (see Sections 2 and
7.2).
(1.2) The technique® (see Sections 3, 5, and 7).
(1.3) Time—dose pattern (see Section 1.1).
(1.4) Treatment prescription (see Section 1).

3The clinical conditions, treatment technique,
time—dose pattern, and treatment prescription
should be reported as fully as possible consistent
with the level of reporting (Level 1, 2, or 3).

PDescription of the accelerator, nominal energy,
scattering foil, and any feature that could affect the
beam quality, such as collimation system, scattering
foil/scanning beam, monitor, etc. (see Sections 3
and 7).

(2) Description of beam parameters for all
electron beams:

(2.1) R, in water (see Section 3.3).

(2.2) R, in water (see Section 3.6).

(2.3) R; in water (see Section 3.4).

(2.4) Peak absorbed dose, in water, per monitor
unit, and dose distribution when available.

(3) Volumes® for reporting (location and
dimensions):

(38.1) GTV (see Section 2.2).

(8.2) CTV (see Section 2.3).

(3.3) PTV (see Section 2.4).

(3.4) Treated Volume (see Section 2.5).
(3.5) Irradiated Volume (see Section 2.6).
(3.7) Organs at Risk (see Section 2.7).
(3.8) PRV (Section 2.8).

“The techniques used to determine the volumes
(CT, MRI, etc.) should be described. The location of
all volumes with respect to fixed anatomical points
should be reported as well as actual volumes where

available (as a minimum, three major axes should be
reported).

(4) Location of and absorbed dose to ICRU
Reference Point (see Section 4.3.2).
(5) Maximum and minimum doses to the
PTVY
dAt Level 1, estimated from the best available
data; at Level 2, determined from dose distributions
and/or dose-volume histograms.

(6) Dose(s) to the Organs at Risk®.

°As minimum information, the maximum dose to
any part of the Organ(s) at Risk should be reported.
In addition, at Level 2, the volume of the Organ(s) at
Risk receiving a dose higher than some chosen and
specified tolerance dose limit should be reported.

(7) Dose-volume histograms (DVHs) for PTV
and PRV if available.

(8) Quantities derived from DVHs such as
biologically weighted doses together with
an indication of the method of derivation
including numerical values of any selected
parameter.

(9) Description of any correction applied for
small orirregularbeam, obliqueincidence,
and tissue heterogeneity (see Section 5).

(10) For special techniques such as intra-
operative radiation therapy (IORT) or
total skin irradiation (TSI), additional
information is required as indicated in
Sections 6.1 and 6.2, respectively.

GENERAL REMARK

Reporting at Level 2 (and 3) should always include
all data that are recommended to be reported at
Level 1.

© International Commission on Radiation Units and Measurements 2004
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APPENDIX: CLINICAL EXAMPLES

As in ICRU Reports 50 and 62, clinical examples
are presented with the aim of illustrating how the
recommendations contained in the present Report
can be applied in practice. The four examples were
obtained from different radiation oncology centers
and different countries. They should not be consid-
ered as ICRU recommendations for choosing given
treatment techniques, volumes, or dose levels.

In the following clinical examples, the anatomical
sites of the different volumes (such as GTV, CTV,
and OAR) are described according to WHO (1990)
and UICC (1997). The WHO document is cited in

ICRU Report 50 (pp. 41—43). The anatomical levels
of section(s) for treatment planning follow the “code
for sections” presented in Table 1.3 (p. 44) in ICRU
Report 50.

The same definitions of terms, the same concepts
and the same methods of describing the volumes and
specifying the doses are used for prescribing, record-
ing, and reporting the treatment, as recommended
in Section 1.3 of the present Report.

The color code recommended in Section 2.10 of
the present Report is used whenever possible in the
figures.

CASE NUMBER Al: MEDULLOBLASTOMA IN A CHILD

Clinical situation

A five-year-old boy presented with a gross tumor
located in the cerebellum, 3 cm X 2 ¢cm X 3 ¢m in size
(GTV), as determined by MRI examination. Macro-
scopically complete surgery was followed by chemo-
therapy. Six months later, a local recurrence was
removed by surgery again. This was followed by
further chemotherapy including bone marrow trans-
plant.

Treatment protocol

Radiation therapy was prescribed with curative
intent.

Patient positioning and immobilization
Patient is prone, with head and shoulder immobi-
lized in fixed mold.

GTV

After surgical resection, no GTV is defined.

CTV

The whole cerebro-spinal space is to be treated to
two dose levels, depending on the suspected tumor
cell density. Several CTVs are defined:

CTV-1: whole brain,
CTV-1B: boost to posterior fossa (cerebellum),

CTV-cervical: upper part of the spine (4.5 cm), and
CTV-2: spine (whole spine except the upper part).

CTV-cervical and CTV-2 include the whole spinal
cavity as delineated from the spinal bony structures.

PTV

PTV-1 includes CTV-1 (whole brain), CTV-1B
(posterior fossa), CTV-cervical, and a 5 mm safety
margin.

PTV-1B (boost) includes CTV-1B (posterior fossa)
and a 5 mm safety margin.

PTV-2 includes CTV-2 (spine) and a 5 mm safety
margin. It is irradiated with electrons, using poster-
ior portals. Because of the height of PTV-2, two adja-
cent electron beams need to be used, and therefore
two PTVs are identified: PTV-2A and PTV-2B.

Organs at Risk (OARs)

Whole brain: maximum dose 30 Gy;

Optical nerve, pituitary: maximum dose 30 Gy; and

Spinal cord: maximum dose 30 Gy at any point of
the spinal cord.

Treatment prescription

PTV-1: total dose 25.2 Gy at ICRU Reference Point.
Dose per fraction: 1.8 Gy, five fractions a week.

PTV-1B (boost to posterior fossa): up to 54 Gy, at
ICRU Reference Point. Dose per fraction: 1.8 Gy, five
fractions a week.

© International Commission on Radiation Units and Measurements 2004
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PRESCRIBING, RECORDING, AND REPORTING ELECTRON BEAM THERAPY
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Figure Al.1. Treatment of medulloblastoma in a child. Sagittal reconstructed view of the cerebro-spinal space illustrating the volumes:

CTVs (light red) and PTVs (light blue).

PTV-2A and PTV-2B (spine): total dose 25.2 Gy, at
the ICRU Reference Point(s). Dose per fraction:
1.8 Gy, five fractions a week.

The CTVs and PTVs are illustrated in Figure A1.1.

Note that the cranial CTVs and PTVs are not
defined with individual beam’s-eye view, but are
drawn schematically only to illustrate the concepts
and the treatment technique.

Treatment technique

PTV-1 (whole brain, posterior fossa, and cervical
spine) is irradiated using two lateral parallel opposed
fields, 20 ecm x 21.5 c¢m in size, using 6-MV photons.

The boost to the posterior fossa (PTV-1B) is given
using two lateral parallel opposed fields, 15.5 cm x
8.5 cm in size, using 6-MV photons.

The spine (PTV-2A and PTV-2B) is irradiated with
two adjacent electron beams, using posterior portals.
The energy of the electron beams is 15 MeV.

In order to reduce the dosimetric consequences of
overlaps and/or gaps between the two electron
beams, the “moving-junction technique” is adopted.
The junction is moved 1 cm upwards and 1 cm down-
wards relative to the nominal position. The extreme
dimensions of the upper electron beam are 15—
17.5 cm in height; the extreme dimensions of the
lower electron beam are 21.3—23.8 c¢cm in height (at
the skin). The width of the beams is 7 cm at the skin.

The moving-junction technique is also used
between the photon beams and the upper electron
beam; the junction is moved 0.5 cm upwards and
downwards.

The treatment technique is
Figure A1.2 and Al.3.

illustrated in
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Dosimetry and treatment delivery are performed
assuming a homogeneous water medium. The influ-
ence of the heterogeneity corrections is illustrated
and discussed in Figure A1.5.

Quality assurance

Portal films are taken weekly for all photon-
treated fields. Photographic images are taken initi-
ally, and with every move of the photon and electron
junctions.

Reporting

PTV-1: whole brain, posterior fossa, and
CTV-cervical

A dose of 25.2 Gy is delivered, in 14 fractions over
19 days.

The dose is specified at the ICRU Reference Point
(ICRU-1) selected on the beam axes, at mid-plane,
i.e., 7.8 cm in depth.

The DVHs are calculated separately for the brain
and the cervical spine and shown in Figure Al.4.

PTV-1B: posterior fossa

A total dose of 54 Gy is delivered, in 30 fractions
over 40 days. Of this, 26.8 Gy is delivered as a part of
the treatment of PTV-1, and 27.2 Gy is delivered to
PTV-1B as a boost.

The dose is specified at the ICRU Reference Point
(ICRU-1B) selected on the beam axes, at mid-plane,
i.e., 6.8 cm in depth.

The large variations of dose within PTV-1 and
PTV-1B are caused by the PTV extending up to the
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Figure Al.2. Sagittal reconstructed view illustrating the treatment technique: the lateral photon beams irradiating PTV-1; the lateral
photon beams irradiating PTV-1B (boost to the posterior fossa); the posterior upper and lower 15-MeV electron beams irradiating the spine,

PTV-2A, and PTV-2B.
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Figure A1.3. The dose distribution computed in the sagittal mid-plane assuming a homogeneous water phantom: the isodoses are
superimposed on the anatomical contours. The absorbed doses are expressed in Gy. The doses are prescribed and reported at the ICRU
Reference Points selected for the different PTVs, as indicated in the text.

skin surface of the patient, in the dose build-up
region. In addition, the tangent incidence of the par-
allel opposed beams causes some hot spots in the
dose distribution.

After 14 fractions to PTV-1, the dose at the ICRU
Reference Point for PTV-1 is 25.2 Gy, but 26.8 Gy at
the ICRU Reference Point for PTV-1B.

PTV-2: spine
Homogeneous water medium

A dose of 25.2 Gy is delivered, in 14 fractions over
19 days, to PTV-2A and PTV-2B.
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The doses are specified at the ICRU Reference
Points selected on the electron beam axes at the
center of PTV-2A and of PTV-2B, respectively.

The maximum and the minimum doses to PTV-2A
are 36.3 and 19.9 Gy, respectively. The maximum
and the minimum doses to PTV-2B are 36.3 and
24.1 Gy, respectively. The maximum dose levels
are delivered to a small part of the spinal cord as a
result of beam overlap at the junction of the photon/
electron and electron/electron beams (see Fig. A1.4).
Note that the results of the “moving-junction techni-
que” are not taken into account in the computation.
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Figure Al.4. Comparison of dose-volume histograms computed for the different PTVs with and without heterogeneity corrections. (a,b) For
PTV-1, DVHs are computed separately for different parts: PTV-1-brain and PTV-1-cervical. For PTV-1-cervical, a large dose gradient from
54 to 25 Gy is prescribed because of the proximity of PTV-1B (indeed, it cannot be avoided). The same comment applies to PTV-1-brain.
(c) DVH for PTV-1B. (d,e) For the spine (PTV-2A and B), the doses after applying the heterogeneity corrections are slightly lower than the
doses computed for a homogeneous medium (see text on PTV-2, heterogeneity corrections). For the spinal cord, the high doses found for a
small proportion of PTV-2A and B result from the overlap between the electron beams, since the beam junctions are adjusted at the level of
the skin (see text on treatment technique). In the DVH, computed in Fig. Al1.4., the effect of the moving junction is not taken into account.
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Figure A1.5. (a,b) Compare the dose distributions in a transverse section, through the abdomen, containing the center of PTV-2B and the
beam axis, with and without heterogeneity corrections. (¢,d) Same presentation, but for a section through the thorax, containing the center
of PTV-2A. For PTV-2A and B, the doses computed with heterogeneity corrections are only slightly lower than those computed in a
homogeneous medium. At the level of the abdomen (a,b), behind the spine, the isodoses computed using the heterogeneity corrections are
shifted toward the surface (mainly the isodoses located closely behind the spine, due to bone attenuation). In contrast, at the level of the
thorax (c, d), only the isodoses at the level of—or immediately behind—the vertebral body are slightly shifted toward the surface. Laterally
to the vertebrae and further in depth, due to the presence of lung, the bone attenuation in the vertebra is balanced by electron scattering,
which tends to shift the isodoses towards depth (see discussion on heterogeneities in PTV-2).

Heterogeneity correction

After application of the heterogeneity corrections,
the dose at the ICRU Reference Point for PTV-2A
and for PTV-2B is 24.9 Gy.

Figure Al.4 shows a comparison of the dose-
volume histograms (DVHs) for the brain, cervical
spine, PTV-1B, and PTV-2A, and PTV-2B, with and
without heterogeneity corrections.

As illustrated in Figure A1.5, the heterogeneity
corrections do not affect significantly the dose to
the spinal cord, because the spinal cord is located
close (depending on the level of the transverse sec-
tion) to the plateau region of the electron depth-dose
curve. Behind the spine, at the level of the abdomen,
the isodoses, computed using heterogeneity correc-
tions, are shifted toward the surface due to bone
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attenuation (mainly the isodoses located closely
behind the vertebrae, Fig. Al.5a and b). In contrast,
at the level of the thorax, only the isodoses at the
level of the vertebral body, or immediately behind it,
are slightly shifted toward the surface. However,
deeper in, bone attenuation in the vertebra is
balanced by electron scattering, which tends to
increase the doses behind the vertebral body com-
pared with the doses computed in a homogeneous
medium (Fig. Al.5¢ and d).

Evaluation of the effects of heterogeneity was per-
formed using the pencil-beam algorithm of the cur-
rent Helax program. It is, however, recognized that a
more accurate evaluation of the heterogeneity cor-
rections requires a complex computation facility
(such as Monte Carlo methods).
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CASE NUMBER A2: BREAST CANCER—TREATMENT OF INTERNAL MAMMARY CHAIN

Clinical situation

A 48-year-old female presented with a 5§ mm X
10 mm, hard, mobile lump in the upper inner
quadrant of the left breast. There was no fixation to
skin or underlying muscle and no palpable regional
lymphadenopathy. Mammography showed a mass
suspicious of malignancy. Clinical diagnosis: T1b
NO MO mammary carcinoma. Wide local excision
was performed. Histology showed a completely
excised ductal carcinoma. The patient did not accept
further treatment at the level of the breast. Because
of the localization of the tumor, the internal mam-
mary node chain only was considered to be at risk,
and was planned for radiotherapy.

Treatment protocol

Radical radiotherapy after radical surgery. No
systemic therapy.
Two different techniques are compared:

1. a single electron beam and
2. a combination of one photon beam and one
electron beam.

Patient positioning

Supine with arms raised. Chest and head immobi-
lized in a plastic cast. Arm poles and foot board. A
Styrofoam wedge under the patient to make the sur-
face over the sternum horizontal.

GTV
No GTV to be defined because of radical surgery.

CTV

The homolateral internal mammary lymph nodes
[C77.1D-2].

The CTV is defined from CT scans: its diameter is
12 mm in the transverse section, and its cranio-
caudal length 100 mm.

PTV

To define the diameter of the PTV, a margin of
9 mm is added to the CTV (diameter 12 mm); the
diameter of the PTV is thus 30 mm.

A margin of 9 mm is taken in the direction perpen-
dicular to the skin to compensate for the movements
of the CTV and in the antero-posterior direction to
compensate for the uncertainties in beam penetra-
tion due to, e.g., uncertainties in electron energy and
tissue densities. The cranio-caudal length of the PTV
is taken equal to 110 mm.
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Figure A2.1. The CTV, PTV, and PRV in a transverse section
through the center of the internal mammary nodes (=central
plane, containing the beam axes).

Light red: CTV (Clinical Target Volume).

Light blue: PTV (Planning Target Volume).

Light green: PRV (Planning Organ at Risk Volume).

«——: Projection onto the central plane of the left anterior
descending coronary artery (LADCA). The tops of the arrows
(posterior and anterior) correspond to the projection of the
upper and lower part of the descending coronary artery (i.e.,
in the beam), respectively.

Organs at Risk (OARs)

(1) Lung tissue (parallel structure) [C34.9-2]: for
treatment planning purposes, the dose should not
exceed 20 Gy in more than 25 percent of the total
lung volume.

(2) Myocardium [C38.0], left anterior descending
coronary artery, LADCA (serial structure): for treat-
ment planning purposes, the maximum dose to
LADCA should not exceed 30 Gy.

Figure A2.1 shows the position of the CTV and the
PTV and the projection of LADCA (dark green arrow
surrounded by the corresponding PRV in light
green) in the transverse section through the center
of the internal mammary lymph node area (about
the level of the nipple).

Dose prescription

50 Gy in 25 fractions over 5 weeks.

Technique
(1) Electron beam only (Fig. A2.2)

Electron beam 12 MeV.
Beam perpendicular to skin.
Beam direction 0°.
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Figure A2.2. A single 12-MeV electron beam. Dose distribution
in the transverse central plane. Doses are corrected for tissue
heterogeneity. Dose specification for reporting at Level 2:

® Dose at the center of the PTV = peak absorbed dose = dose
at the ICRU Reference Point (+) = 100%.

® Maximum dose in the PTV = 103%

® Minimum dose in the PTV = 94%

® Dose to the LADCA (PRV) ranges from 69% to 20%.

® Dose to the lung: only 62 cm? receive a dose greater than 20 Gy.

® The average dose to the PTV is 99% with a standard deviation
of 1.6, and the median dose 98%.

SSD 100 cm.
Field width 60 mm.
Field length 130 mm.

Selection of the electron energy depends on the
dimensions of the patient. The width of the beam is
increased in order to improve the shape of the iso-
dose curves.

The beam sizes are defined by the 50 percent
isodoses (thus including half of the penumbra).

(2) Electron and photon beam (Fig. A2.3)

A combination of one electron beam and one
photon beam is chosen, each of them contributing
half of the prescribed dose.

(a) Photon beam 6 MV.
Beam perpendicular to skin.
Beam direction 0°.
SSD 100 cm.
Field width 45 mm.
Field length 130 mm.
(b) Electron beam 12 MeV.
Same technique as for electron beam only.
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Figure A2.3. Dose distribution in the transverse central plane for
one anterior 12-MeV electron beam and one anterior 6-MV photon
beam. Each beam gives the same dose contribution at the ICRU
Reference Point. Doses are corrected for tissue heterogeneity.
Dose specification for reporting at Level 2:

® Dose at the center of the PTV = dose at the ICRU Reference
Point (+) = 100%.

Maximum dose in the PTV = 102%.

Minimum dose in the PTV = 92%.

Dose to the LADCA (PRV) ranges from 79% to 35%.

Dose to the lung: only 49 cm? receive a dose greater than 20 Gy.
The average dose to the PTV is 99% with a standard deviation
of 1.6, and the median dose is 98%.

Dose calculation
Section for dose planning

Transverse section through the center of the
CTV, i.e., section [24] (according to ICRU 50,
p. 44).

The dose distributions displayed in Figures A2.2—3
are obtained as follows.

For the electron beam

Multiple-plane dose calculations are performed
using three-dimensional pencil beam electron algo-
rithms (Level 2).

For the photon and electron beams

Multiple-plane dose calculations are performed
using photon beam generating functions. Cor-
rections for tissue inhomogeneity and for loss of
side-scatter in 3D are applied. Because of the use
of styrofoam to make the chest horizontal, the
beam obliquity does not need to be considered.
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The dose-volume histograms are compared in
Figure A2.4: they are very close to each other.

Quality assurance

Simulator port films.
Verification films of photon beams once a week.
Diode measurements of entrance dose twice.

Reporting

When electrons only are used, the dose is pre-
scribed and reported at the ICRU Reference Point,
i.e., on the central beam axis, at the depth of the
center of the CTV. The dose at the maximum of the
electron depth-dose curve is also reported.

When a combination of electrons and photons is
chosen, the dose is prescribed and reported at the
ICRU Reference Point, on the central axes of the two
(coaxial) beams, at the depth of the center of the CTV
(see captions to Figs A2.2-3).

PTV

20 40 60 80 100
Absorbed Dose / %

— e- p+e-

Min 94.3 % Min 92.1%
Max 103.3% Max 101.9 %
Median 99.1%  Median 99.2%
Mean 99.1 % Mean 99.0 %

Stand.dev 1.6 % Stand.dev 1.6 %

Figure A2.4. The dose-volume histograms of the PTV are
presented for both treatment techniques.

CASE NUMBER A3: CANCER OF THE PAROTID GLAND, AFTER SURGERY

Clinical situation

A 44-year-old female presented with a right-sided
facial palsy and a tumor in the right cheek. Cytology
showed malignant tumor of salivary gland type, and
CT showed a tumor measuring 35 mm x 35mm X
30 mm at the position of the parotid gland. There
was some extension in the dorsal direction around
the external auditory meatus. The skin was not infil-
trated (T2 NO MO, Stage II). A radical excision was
made, and pathology revealed acinic-cell carcinoma
of the parotid gland with free resection margins.

Treatment protocol
Radical, postoperative radiotherapy after radical
surgery. No systemic therapy.

Patient positioning and immobilization

Supine with arms at sides. Head immobilized in
plastic cast.

GTV
No GTV to be defined after radical surgery.

CTV

The region corresponding to the right parotid
gland [C07.9-1] and a margin up to 2 cm to account
for subclinical spread. The skin was intentionally
excluded from the CTV. The CTV excludes the
mandibula, which does not show any radiological or
pathological sign of infiltration.
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PTV

A margin of 5 mm is added to the CTV in
antero-posterior and cranio-caudal directions to
compensate for variations in patient—beam position-
ing. The same 5-mm margin is added in the direction
of the beam axis to compensate for uncertainties in
beam penetration (due, e.g., to electron energy and/
or tissue density).

The CTV and PTV are shown in Figure A3.1in a
transverse section through the center of the PTV and
CTV, at the level of the third cervical vertebral body.

Organs at Risk (OARs)

Cervical spinal cord [C72.0A]: the dose should not
exceed 44 Gy at any point of the cervical spinal cord
(serial structure).

Contralateral salivary gland [C07.9-2,C08]: the
dose should not exceed 25 Gy.

PRV

A PRV margin of 5 mm surrounds the spinal cord
and the contralateral salivary gland, as shown in
Figure A3.1.

Dose prescription

60 Gy in 30 fractions over 6 weeks at the ICRU
Reference Point selected in the central part of the PTV.

Two thirds of the dose (40 Gy) are given with a
17-MeV electron beam, one third is given by photons
to spare the skin.
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o 5cm
b

Figure A3.1. Transverse section through the center of the PTV
(and CTV), i.e., at the center of the third cervical vertebra.

Square: External Reference Point.

Triangle: Internal Reference Point.

Light red: Clinical Target Volume (CTV).

Light blue: Planning Target Volume (PTV).

Dark green: Organs at Risk (OARs).

Light green: Planning Organ at Risk Volumes (PRVs).

The following applies to the electron part of the
treatment only.

Treatment technique

Electron beam 17 MeV.

Beam perpendicular to skin, direction 270°. A
bolus is added in the middle and posterior part of
the beam to increase the dose at the superficial part
of the CTV and to reduce the dose to the spinal cord.

SSD 100 cm at the level of the skin (not at the level
of the bolus).

Field size 10 cm (antero-posterior) x 10 cm (cranio-
caudal).

The dimensions of the beam are derived as follows:

® parotid region: diameter 3.5 cm,
® 2 cm x 2 cm for CTV,

® 2 cm x 0.5 em for PTV, and

® 2 cm x 0.75 cm for penumbra.

The dose-volume histogram for the PTV is given in
Figure A3.3.

Quality assurance

Simulator port films.
Diode measurements of the entrance dose are per-
formed twice during the six weeks of treatment.

Reporting

The ICRU Reference Point is selected on the beam
axis at the maximum of the depth-dose curve. This
point is close to the center of the PTV (Fig. A3.2).
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ICRU REF PT

Figure A3.2. Dose distribution for the transverse section through
the center of the PTV, i.e., section containing beam axis. The doses
are expressed as a percentage of the electron dose at the ICRU
Reference Point (REF PT) and are corrected for tissue hetero-
geneities. Same presentation as in Fig. A3.1, in addition:

o Hatched area: bolus.

® Dose at the ICRU Reference Point (i.e., peak dose and dose in
the central part of the PTV) = 100%.

® Maximum dose in the PTV = 105%.

® Minimum dose in the PTV = 90%.

® Maximum dose to the spinal cord = 58%.

Note that the dose to the controlateral salivary gland does not
exceed 25 Gy, even when part of the treatment is given with
photons.

100
80

60 \
40
20 \

20 40 60 80 100
Dose level (%)

% (Vol)

Dose at the ICRU ref point 100%
Maximum dose in the PTV 105%
Minimum dose in the PTV 90%
Mean dose in the PTV 98%
Standard deviaton 3.6

Figure A3.3. Electron beam treatment to the parotid gland after
surgery. Dose-volume histogram for the PTV. On the abscissa, the
dose level is expressed in terms of the percentage of the electron
dose at the ICRU Reference Point.
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CASE NUMBER A4: CANCER OF THE TONSIL (WITH ELECTRON IRRADIATION OF THE

POSTERIOR LEFT AND RIGHT NECK)
Clinical situation: GTVs

Patient presented with a tumor of the left tonsil
with maximum dimensions of 3.2 em x 2.3 ecm X
2.0 cm. The tumor extended to the faucial arch
(GTV-T).

Within the upper jugular lymph node region
(Level II), on the left, enlarged lymph nodes (with
a maximum diameter of 2.5 cm) were present
(GTV-N) (see Table A4.1 and Fig. A4.1).

All other lymph node areas were clinically nega-
tive. No distant metastases were detected.

Classification: T2 N2b MO (TNM: AJCC, 1997).

Anatomical codes (see WHO, 1990; ICRU Report 50):
— Tonsillar fossa: C 09.0
— Lymph nodes in left Level II.

Treatment protocol

Radical radiotherapy. No surgery nor systemic
treatment.

The CTVs and PTVs
CTV-TN-70

A dose of 70 Gy (35 fractions of 2 Gy in 7 weeks) is
prescribed to the primary tumor (GTV-T) and to a
surrounding tissue volume potentially invaded.
This includes the adjacent parapharyngeal wall
(CTV-T).

The same dose of 70 Gy is prescribed to the
involved jugular lymph nodes (GTV-N) and to the

Table A4.1. Comparison between the TNM atlas terminology and the Robbins classification of the lymph nodes of the neck.

TNM atlas for lymph nodes of the neck

Robbins classification

Group no. Terminology Level Terminology
1 Submental nodes Ia Submental group
2 Submandibular nodes Ib Submandibular group
3 Cranial jugular nodes II Upper jugular group
4 Medial jugular nodes III Middle jugular group
5 Caudal jugular nodes v Lower jugular group
6 Dorsal cervical nodes along spinal accessory nerve \% Posterior triangle group
7 Supraclavicular nodes A% Posterior triangle group
8 Prelaryngeal and paratracheal nodes VI Anterior compartment group
9 Retropharyngeal nodes — —

10 Parotid nodes — —

11 Buccal nodes — —

12 Retroauricular and occipital nodes — —

From Grégoire et al., 2003b, p. 71.

Figure A4.1. Schematic representation of the various neck node groups: submental (Ia) and submandibular (Ib); upper jugular (I); middle
jugular (ITI); lower jugular (IV); posterior triangle (V); and anterior compartment (VI). (From Grégoire et al., 2003b, p. 71.)
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potentially invaded surrounding tissue volume
(CTV-N).

Owing to the high probability of the presence of
cancer cells between the two GTVs, and because of
their proximity, only one CTV is defined, which
includes the two GTVs and a common tissue margin
potentially involved (CTV-TN-70).

PTV-TN-70

The PTV-TN is defined by adding a safety margin
of 3 mm (in all directions) to the CTV-TN to account
for patient- and set-up-related uncertainties. For
patient positioning, a stereotactic head and neck
immobilization device is used.

A ICRU Reference Point for prescribing
and reporting dose is selected at the center of
PTV-TN-70 (ICRU-REF-TN). The aim of planning
is to keep the dose variation within the PTV-TN-70
between +7 and —5 percent of the prescribed dose at
the ICRU Reference Point.

CTV-N-50

Outside CTV-TN-70, a dose of 50 Gy is
prescribed to a CTV (CTV-N-50) which includes
the retropharyngeal nodes and the nodes in Level II
right, and Levels I, ITI, IV, and V bilaterally.

The dose within the CTV-N-50 should not be lower
than 95 percent of the prescribed dose (50 Gy) at the
ICRU Reference Points 1—-4 for the different lymph
node areas. Because of overlap with the beams
needed to irradiate CTV-TN-70, doses significantly
higher than 50 Gy may have to be accepted in parts
of these lymph node areas. However, the doses must
not exceed the tolerance doses of the Organs at Risk
given below.

PTV-N-50

Inside the PTV-N-50, different lymph node areas
are indentified. An ICRU Reference Point is selected
at the mid-point of each lymph node area.

Organs at Risk (OARs)

Spinal cord: The dose at any point of the spinal
cord should not exceed 50 Gy.

Larynx: The larynx should be shielded as much as
possible. Tolerance dose is 30 Gy.

Mandibula: The dose at any point of the mandi-
bula should not exceed 70 Gy.

Salivary glands: No attempt is made to spare the
function of the salivary glands. It is recognized that
above a mean dose of 26—30 Gy the function of the
salivary glands is impaired.

Treatment technique and dose calculation
The treatment consists of three phases:

(1) During weeks 1-4, a dose of 40 Gy is delivered
to the primary tumor site and the upper part of
the neck. Two lateral opposed photon beams are
used (beams 1 and 2, Fig. A4.2).

(2) At the same time, an anterior beam (beam 3,
Fig. A4.3) is used to treat the lower part of the
neck and the supraclavicular lymph node areas
left and right. For beam 3, central blocking
allows sparing of the larynx and the spinal
cord.

(3) During week 5, the anterior lower neck field
(beam 3) remains unchanged, but the large
lateral opposed photon beams are reduced pos-
teriorly to spare the spinal cord (beams 4 and 5 in
Fig. A4.2). In addition during week 5, two

Table A4.2. Beam characteristics and their contribution to the ICRU Reference Points.

Beam number Dimensions (cm) Type and Beam ICRU Reference Contribution Week
energy angle Point to dose (Gy)
Antero-posterior Cranio—caudal
1 17.0 13.0 ph 6 MV 270° 1 20 1-4
2 17.0 13.0 ph 6 MV 90° 1 20 1-4
3 22.0 6.0 ph 6 MV 0° 2 50 1-5
4 13.5 13.0 ph 6 MV 270° 1 5 5
5 13.5 13.0 ph 6 MV 90° 1 5 5
6 10.0 10.0 e 15 MeV 270° 3 10 5
7 10.0 10.0 e 15 MeV 90° 4 10 5
8 5.5 6.0 ph 25 MV 335° TN® 10 6-7
9 7.0 6.0 ph 10 MV 40° TN 5 6-17
10 8.0 6.0 ph 6 MV 110° N 5 6-7

“The absorbed dose at Reference Point TN at the end of week 5 is 48.5 Gy.
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ICRU REF 4

BEAM 4

BEAM 1

BEAM 5

BEAM 2

Figure A4.2. Transverse section containing the center of PTV-TN-70 and the axes of beams 1, 2,4, 5, 8,9, and 10. It corresponds to cervical
vertebra 2 and is located 2 cm below the section of Fig. A.5. The center of PTV-TN-70 is indicated on the figure as + ICRU REF TN. For
beams 1, 2, 4, and 5, the same Reference Point is selected (ICRU REF 1) for dose specification. The position of beams 1, 2, 4, and 5 is shown.

For beams 4 and 5 an asymmetrical collimator is used.

BEAM 3

Figure A4.3. Transverse section containing the axis of beam 3. It
corresponds to cervical vertebra 6 and is located 8 cm below
the section of Fig. A.5. The ICRU Reference Point for the left
supraclavicular lymph node area (ICRU REF 2) is indicated (+).
The position of photon beam 3 with central blocking is shown.

electron beams (15 MeV) are used to irradiate the
posterior part of the neck (beams 6 and 7 in
Fig. A4.4). The electron energy of 15 MeV is
selected because of the beam attenuation in the
immobilization device (2-cm thick perspex).

BEAM 6
BEAM 7

Figure A4.4. Transverse section containing the axes of the two
electron beams (6 and 7). It corresponds to cervical vertebra 4 and
is located 4.4 cm below the section of Fig. A4.5. For the two beams,
the Reference Points for dose specification are indicated (ICRU
REF 3 and 4, respectively). The electron energy of 15 MeV is
selected to take into account the beam attenuation in the 2-cm
thick perspex immobilization device. The position of electron
beams 6 and 7 is shown.

(4) During weeks 6 and 7, the field arrangement
consists of three photon beams coming from a
left anterior, right anterior, and right posterior
direction (beams 8, 9, and 10 in Fig. A4.5,
respectively).

TT0Z ‘2 JequenoN uo usbuigen) gn e /6io'seuinolpiosxonioll/:dny wodj pepeojumod


http://jicru.oxfordjournals.org/

APPENDIX

n PTV-N-50
n CTV-N-50

Figure A4.5. Transverse section 2 cm cranially from the center of
PTV-TN-70 and from the axes of beams 8, 9, and 10. This section
corresponds to cervical vertebra 1.

In Figures A4.2—-A4.5, the isodose lines (in Gy) represent the total
doses at the end of the treatment. The color codes for the isodose
lines and the volumes are given in the key above. The ICRU
recommendations (Report 62) are followed for the selection of the
color code for the different volumes. The position of beams 8, 9,
and 10 is shown.

Table A4.3. Doses to lymph node areas: PTV-N-50.

The characteristics of the beams are given in
Table A4.2.

Quality assurance

Weekly port films and photographic images of the
set-up.

Reporting

For this case reporting at Level 2 was used
(Fig. A4.6).

PTV-TN-70 (“boost”)

The total dose at the ICRU Reference Point TN is
68.5 Gy in 35 fractions in 7 weeks (i.e., 48.5 Gy in
5 weeks and 20 Gy in 2 weeks). The maximum dose
to PTV-TN-701is 73.5 Gy. The minimum dose to PTV-
TN-70 is 65.0 Gy.

The minimum dose of 65 Gy observed in PTV-TN-
70 results from build-up. Because the skin at the
level of PTV-TN-70 was not invaded, no bolus was
used and the minimum dose of 65 Gy at the level of
the skin surface was accepted.

PTV-N-50 (Ilymph node areas)

The DVH for PTV-N-50 is presented in Fig A4.6b.
The doses at the ICRU Reference Points for the
lymph node areas, and the best estimate of the max-
imum and minimum doses in each lymph node area
are reported in Table A4.3.

Organs at Risk

Spinal cord: The maximum dose to the spinal cord
is 49.5 Gy.

Lymph Dose at ICRU Minimum dose Minimum dose Maximum dose
node area Reference Point (Gy) to PTV (Gy) to PTV-skin® (Gy) to PTV (Gy)
IIL 67 64 64 72

IIR 54 47 52 55

I L 53 47 52 55

III L 53 47 52 55

VL 53 52 52° 55

VR 53 52 52° 55

IVL 53 46 51 53

IVR 53 46 51 53

“By expansion from the CTV, the PTV may reach inside the skin in the photon beam build-up region, or even into the air outside the
patient’s contour. A PTV dose minimum in these layers is not representative of the minimum dose in the CTV. Therefore, in the table, the
minimum dose in the (whole) PTV is reported together with the minimum dose in the sub-volume of the PTV that is nowhere closer than 3
mm to the patient’s surface (in case the skin is not invaded). This PTV sub-volume is referred to as “PTV minus skin” (PTV-skin).

*No build-up because of the presence of the patient immobilization device.
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Figure A4.6. (a) DVH for PTV-TN-70. (b) DVH for PTV-N-50. (¢) DVH for the spinal cord. The dose to the spinal cord is evaluated between
the transverse planes C1 and Th2. No more than 50% of the part of spinal cord volume evaluated receives more than 40 Gy.

Larynx: Most of the larynx is shielded (anterior
block in beam 3). The maximum dose to the larynx is
52 Gy.

Mandibula: The maximum dose to the mandibula
is 65 Gy.
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Parotid glands: The maximum dose to the right
parotid gland is 56 Gy. The maximum dose to the
left parotid gland is 65 Gy. With the present techni-
que, the whole volume of both parotid glands
receives a dose much higher than 25-30 Gy.
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