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Preface

The use of radiation therapy for the eradication
or control of malignant disease results in both
normal and malignant tissues being irradiated and
damaged. An obvious advantage results when
greater amounts of radiation are delivered to dis-
eased tissues than to normal tissues—a therapeutic
gain. Not only will less radiation to normal tissue
reduce complications, but it can allow the escala-
tion of the absorbed dose to malignant tissue for
the same normal tissue response—a further thera-
peutic advantage.

Either strategy represents a therapeutic advan-
tage for their respective indications. Fundamental
to these treatment strategies is the precise knowl-
edge of the location in three dimensions (3D) of all
irradiated normal and malignant tissues, and the
ability to deliver the radiation absorbed dose with
similar spatial accuracy. Further, knowledge of the
radiation response of malignant tumors and of the
3D locations of microscopic disease spread is impor-
tant for treatment planning. These aspects and the
recent advances in imaging science are fundamen-
tal to intensity-modulated radiation therapy
(IMRT).

During the last 10 years to 20 years, imaging
science has advanced rapidly so that now anatomic
detail with excellent resolution can be determined
non-invasively, and more recently increasingly
important information about tissue physiology can
be provided. Modern multi-slice axial x-ray com-
puted tomography (CT) techniques can generate
3D views of any anatomical region with superb
spatial and reasonable temporal resolution. The
resulting millimeter-sized pixels of anatomical
information can also be directly related to tissue
physical properties that embody all the radiological
information of scatter, attenuation, and absorption
required for adequate radiation-treatment plan-
ning. In addition to the detailed anatomical infor-
mation derived from CT procedures, the combined
use of CT with 3D positron-emission tomography
(PET) using positron-emitting radionuclides such
as '®F-labeled fluorodeoxyglucose incorporated in
physiological tracers yields time-dependent meta-
bolic information with millimeter resolution. This
detailed and heretofore unavailable information

has great potential for disease evaluation, tumor
staging, and treatment planning.

These developments in imaging science served to
drive advances in radiation-treatment planning
and treatment delivery in directions not antici-
pated a decade ago. Since absorbed-dose calculation
engines are largely based on convolution/superposi-
tion techniques, current treatment-planning
systems make direct use of the 3D data sets men-
tioned above to generate 3D representations of
radiation energy deposition. For megavoltage
photon beams, exceptionally accurate and high-
resolution 3D dose maps are achievable. These
dose-calculation tools are now coupled to sophisti-
cated treatment-planning optimization algorithms.

The foregoing advances set the stage for the
subject of this Report, namely IMRT. While there
are several techniques for implementing IMRT, all
use multiple, spatially small radiation beamlets,
often of different intensity, administered from
numerous different directions. In some cases, a fan
beam, also composed of numerous beamlets of
varying intensity, is administered in a cylindrically
symmetric rotational manner similar to CT
devices. The immediate result of these develop-
ments is the ability to create almost arbitrary 3D
distributions of absorbed dose with millimeter res-
olution. Inherent in these distributions is the pres-
ence of very steep absorbed-dose gradients. All of
this has led to the ability to deliver 3D absorbed-
dose distributions of high conformity to the target
volume and with concomitant avoidance of selected
normal structures. In this manner, precise and
accurate treatment is achievable with high ratios of
doses in malignant tissues to those in normal
tissues. Interestingly, these techniques usually dis-
tribute a lower absorbed dose to a larger volume of
normal tissue. In some cases, the total energy
deposited in normal tissue (usually called integral
absorbed energy) is more than in conventional
treatment techniques, raising concerns about
potential carcinogenic risk.

The IMRT process, in effect, makes a very large
number of free parameters available for treatment
planning and can be effectively used only in
conjunction with computerized optimization

© International Commission on Radiation Units and Measurements 2010
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treatment-planning techniques. Appropriate optim-
ization algorithms allow the user to specify the
desired absorbed-dose distribution in 3D with
millimeter resolution. The optimization engine
then generates a series of estimated parameter
values to achieve the desired distribution with pre-
specified fidelity. These algorithms are now quite
sophisticated and sometimes include aspects of
tissue response, e.g., complication and cell-killing
probabilities.

The present Report broadly discusses all aspects
of IMRT. A special effort is made to illustrate the
path from conventional external-beam therapy to
the radically different IMRT technique. Previous
ICRU Reports have thoroughly discussed thera-
peutic approaches and treatment specifications for
various radiation modalities (see, for example,
ICRU Reports 52, 60, 71, and 78). However, IMRT
requires new considerations for planning, prescrib-
ing, reporting, and recording due to the extraordi-
nary control over the 3D absorbed-dose
distributions with their steep dose gradients. In
particular, the adoption of dose—volume histograms
(DVHs) for dose specification is essential. The use
of dose-at-a-point for the specification of absorbed
dose is retained for historical and comparative
purposes.

The implications of using complex and somewhat
inscrutable optimization algorithms are discussed.
The enhanced capabilities of IMRT both take
account of and require extensions and expansions
to past ICRU recommendations. Examples of such
considerations include multiple target volumes
together with new measures of dose uniformity and

the degree of dose conformity in the desired target
volumes. The use of DVHs in prescribing, record-
ing, and reporting is emphasized.

This Report also includes appendices showing
suggested documentation in several clinical
examples and a discussion of quality assurance pro-
cedures needed for IMRT. The complex nature of
IMRT requires appropriate record keeping to assess
and improve clinical results. This, in part, grows
out of the unknown nature of many commercial
optimization systems. While the input parameter
values and parameter ranges might be specified,
the exact nature of the optimization process is not
necessarily visible to the user. For any non-linear
optimization approach, different starting conditions
can easily lead to different final outcomes! Thus,
record keeping and quality assurance become of
paramount importance.

Finally, IMRT has and will continue to introduce
dramatic changes to the treatment of malignant
disease with external-beam radiation. The future
will certainly include changes in treatment frac-
tionation, absorbed-dose escalation, boost therapy,
and the extension of IMRT to other
radiation-therapy modalities. We anticipate that
this Report will serve as a firm foundation for
understanding the complexity of IMRT and for
implementing future developments in IMRT.

Paul DeLuca

Dan Jones
Reinhard Gahbauer
Gordon Whitmore
André Wambersie
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Abstract

Rapid developments in imaging techniques, including
functional imaging, have fueled the drive to implement
new methods of delivering three-dimensional (3D)
radiation therapy, such as intensity-modulated radi-
ation therapy (IMRT), with unprecedented accuracy.
In comparison with 3D conformal radiation therapy, it
is now possible with IMRT to escalate the absorbed
dose in the target volume for the same normal-tissue
absorbed-dose and/or to reduce the normal-tissue dose
for the same tumor dose, resulting in improved tumor
control and/or less normal tissue complications. IMRT
is accomplished by the sequential isocentric delivery of
multiple small beams, typically of non-uniform inten-
sity, that can lead to the generation of very steep dose
gradients. To meet the requirements of such sophisti-
cated beam-delivery techniques, both tumor and
normal-tissue volumes must be delineated in 3D with
high precision. The use of dose—volume histograms for
the specification of absorbed dose is inherent to the
treatment modality. The demands on treatment-
planning systems to ensure accurate dose delivery
necessitate the employment of complex iterative

optimization processes. The stringent requirements on
precision for the entire treatment process from
imaging to treatment entail the implementation of rig-
orous commissioning and quality-assurance programs.
The present Report provides the information necessary
to standardize techniques and procedures and to har-
monize the prescribing, recording, and reporting of
IMRT where possible with those of other modalities.
Applicable concepts and recommendations in other
ICRU Reports concerning radiation therapy are
adopted and extended where required. Clinical
examples of IMRT are provided to illustrate the rec-
ommendations of prescribing, recording, and reporting
that are contained in this Report. As the present
Report describes in some detail the physical, technical,
treatment-planning, and clinical aspects of IMRT, it
should be a useful reference for current practitioners
and should also provide new and potential users, as
well as other interested readers, with the basic back-
ground to enable them to understand the techniques
involved and the requirements for implementing
IMRT.
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Executive Summary

The advent of intensity-modulated radiation
therapy (IMRT) is rapidly changing the field of
external-beam radiation therapy. Using computer-
based optimization techniques to allow IMRT to
comply with user-specified absorbed-dose and
dose—volume constraints in specified target
volumes as well as in normal tissues, IMRT allows
a dramatic customization of the three-dimensional
(83D) dose distribution. Quite often reductions of
absorbed dose in critical organs at risk means that
the targeted region can be exposed to escalated
levels of radiation for the same level of normal-
tissue toxicity. The advantages for curative treat-
ment and even for some palliative treatments are
readily apparent. Historical evidence generally
indicates improved tumor control and decreased
morbidity whenever an improvement of the ratio
tumor-to-normal-tissue dose was achieved.

Intensity-modulated radiation therapy requires
the precise selection and delineation of the various
anatomic volumes based on 3D volume imaging.
Moreover, treatment-planning systems must now
integrate various imaging modalities, including func-
tional imaging for planning, not only before the start
of treatment, but also during treatment to allow the
adaptation of the absorbed-dose distribution to
the desired and possibly changing target volumes.
The concepts of gross tumor volume (GTV) and clini-
cal target volume (CTV) remain of critical impor-
tance. Gross tumor volumes are delineated on a 3D
basis using clinical (e.g., physical examination), ana-
tomical (e.g., CT, MRI), and/or functional-imaging
modalities (e.g., PET, functional MRI). Intensity-
modulated radiation therapy easily accommodates
the delineation and treatment of multiple GTVs. The
GTVs can be delineated before the start of treatment
and at various times during treatment. However, the
nomenclature used should clearly reflect the possi-
bility of having various GTVs by using unambiguous
annotations. The use of terminology such as
biological target volume, proliferative target volume,
and hypoxic target volume is not recommended and
is not discussed in this Report.

For indirectly ionizing beams such as photons,
IMRT is implemented most commonly by the

isocentric delivery of multiple small beams (beam-
lets) of non-uniform intensity. Hence, effective
treatment planning for IMRT is quite demanding
and is performed in 3D in an iterative manner
based on 3D images of the volume to be treated.
Such approaches require that traditional ICRU rec-
ommendations for prescribing, recording, and
reporting of treatments be adapted and expanded.
This Report discusses such recommendations in
detail. A special emphasis is placed upon the use of
dose—volume histograms (DVHs) in reporting and
recording.

This Report recommends that a CTV should
always be associated with the GTV for malignant
tumors. In postoperative irradiation, often only a
CTV is delineated. The selection of the CTV should
be based on the knowledge of the probability of micro-
scopic tumor infiltration into the surrounding normal
tissues and/or nodes; the delineation of the CTV
should result from the knowledge of the anatomical
pathways for tumor infiltration and dissemination.

In IMRT, organs or structures that are not deli-
neated can receive significant radiation absorbed
doses. Contouring organs at risk (OAR) is the first
step to control the dose in normal tissues, which
might cause wunacceptable complications. For
so-called “parallel-like organs,” the whole organ
should be entirely delineated. For so-called “serial-
like organs,” those parts of the organ that could
receive a high dose should be delineated in a con-
sistent way. For tubular types of organ (e.g., the
rectum), delineation of the wall is preferred to
whole-organ delineation. Especially for a serial-like
organ, a planning organ at risk volume (PRV)
should be delineated around the OAR. Tissues not
included in the CTV or not delineated as dose-
limiting OARs should still be specifically delineated
and named the remaining volume at risk (RVR).
Dose—volume constraints applied to the RVR avoid
unsuspected regions of high dose. In addition, the
absorbed dose to the RVR can be useful in estimat-
ing the risk of late effects, such as carcinogenesis.

Numerous recent publications note that the PTV
and PRV margins should be based on clinical meas-
urements. Not surprisingly, these results indicate
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that systematic uncertainties have more impact on
the accuracy of absorbed dose delivered to the
patient than do random uncertainties. This Report
strongly recommends that the margins not be com-
promised when delineating the PTV or PRYV, even in
those situations in which these volumes might
encroach on an OAR or CTV. Moreover, the report
describes optimization techniques, which can con-
trol the compromise of absorbed-dose homogeneity
in the PTV with dose reduction in the PRV.

The IMRT treatment-planning process uses a
complex iterative computer-based optimization
process. The so-called optimizer serves to convert the
radiation oncologist’s treatment goals into a set of
beamlets of specified intensities and directions for
delivery of the planned treatment. This Report desig-
nates the set of treatment goals as the “planning
aims” to differentiate them from the “prescription.”
A detailed example is used to guide this discussion.

Unlike three-dimensional conformal therapy
(3D-CRT), IMRT does not deliver absorbed dose in
all of the target volume concurrently. Hence, IMRT
delivered to organs in motion, such as lungs, or to
organs that change volume or location between frac-
tions can generate regions of high and low absorbed
dose in the CTV, even though a generous PTV
margin has been established. Such challenges are
more important for IMRT than for conventional
irradiation techniques due to the very high dose gra-
dients IMRT can achieve. In addition, sparing of
OARs might also introduce regions of non-uniformity
in the PTV. Intensity-modulated radiation therapy
has gained prominence because it allows a lower
dose to neighboring sensitive normal tissues even
though it can sometimes result in less dose homogen-
eity to the tumor. Although the absorbed dose in
normal tissue might be lower than in 3D-CRT, it can
be distributed over larger volumes.

In this Report, recommendations concerning
absorbed-dose reporting evolved from previous
ICRU recommendations while attempting to retain
a relationship with the previous recommendations.
Dose-reporting recommendations are adapted to
IMRT and to the changing technological advances,
such as DVHs, and thus allow the decades of clinical
experience in conventional therapy to be interpreted
in the context of IMRT. The move from single-point
to volume-based absorbed-dose specification is pos-
sible because of modern imaging and computer tech-
nology, and is essential for IMRT. This Report
therefore recommends dose—volume-based specifi-
cation of absorbed dose. This is most easily accom-
plished by employing the concept of DVHs. By a
logical and careful choice of these reporting par-
ameters, the connection with previous ICRU rec-
ommendations can be maintained in a fairly

straightforward manner. The minimum and
maximum absorbed doses are not recommended for
reporting, but are replaced by the near-minimum,
Dyg ¢, and near-maximum, D5 4, values. The report
recommends that the median absorbed dose, speci-
fied by Dsq ¢, should be reported, as it is considered
to correspond best with the previously defined dose
at the ICRU reference point. Three clinical
examples included in the Report illustrate the use of
recommendations contained within this Report.

Intensity-modulated radiation therapy places sig-
nificant demands on all aspects of quality assur-
ance, from the acquisition of appropriate 3D images,
through the absorbed-dose optimization process, to
beamlet delivery and verification. Appropriate
quality assurance should be performed to ensure
that the planning and treatment equipment is func-
tioning within the tolerances required for IMRT
Quality assurance in IMRT is demanding and
relates to or involves all aspects of the clinical situ-
ation, the clinical experience, and the goals of the
treatment. Appropriate patient-specific quality
control is necessary to ensure that the patient
receives the prescribed dose as accurately as pos-
sible. These criteria do not replace visual inspection
of the calculated dose distribution to determine if
there is significantly higher or lower dose to a small
fraction of the volume irradiated. Several methods
of obtaining comparative absorbed-dose samples are
recommended, but a clinic should employ a variety
of methods and not rely on a single system of
patient-specific quality control.

Finally, the previous ICRU recommendation of
5 % absorbed-dose accuracy is replaced by a statisti-
cal measure. This Report recommends that in low-
gradient situations, defined as a relative change of
absorbed dose that is less than 20 %/cm in any direc-
tion, that 85 % of target-volume absorbed-dose
samples should be within 5 %. For high gradients,
defined to be relative changes of absorbed dose that
are greater than or equal to 20 %/cm, the use of dis-
tance to agreement is recommended instead of
absorbed-dose accuracy. In high-gradient regions,
the dose distribution should have 85 % of absorbed-
dose samples within 5 mm of the intended position.

As cancer is a disease that will be a major health
factor for the remaining life of the patient, it is rec-
ommended to record and retain the parameters to
describe the absorbed-dose distribution in the
patient for at least the life of the patient plus a
minimum of 5 years or in accordance with local
regulatory requirements. In addition to the require-
ments relevant to patient care, for clinical trials all
of the parameters describing the absorbed-dose dis-
tribution in the patient should be retained as long
as scientifically needed.
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1. Introduction

1.1 Overview of Intensity-Modulated
Radiation Therapy

During the second half of the last century, key
technological innovations in radiotherapy technol-
ogy, diagnostic imaging, and computer science
greatly modified the routine practice of radiother-
apy, leading to substantial improvements in treat-
ment delivery and outcome (Bernier et al., 2004).
Before 1950, deeply seated tumors were treated
with cross-fired beams or rotation techniques
(Webb, 1993) to ensure an acceptably low absorbed
dose to the normal tissues, especially skin and
bone. The introduction of deeply penetrating exter-
nal photon beams, initially °Co in the 1950s, and
eventually those from high-energy electron linear
accelerators (linacs) in the 1960s, allowed the
target absorbed dose to be increased without
increasing normal-tissue morbidity. These mega-
voltage x-ray beams especially reduced the
absorbed dose to the skin for simple beam-delivery
configurations such as parallel-opposed beams and
to the bone due to their absorption characteristics.

During the 1970s and 1980s, treatment planning
based on the use of planar diagnostic x rays was
widely implemented. A “simulator,” a specialized
imaging system for radiotherapy employing an
x-ray imaging system and having the same geome-
try and degrees of freedom as a linac or rotational
59Co unit, became a widely used tool for planning
the treatment delivery. The bony anatomy was
visible with planar x rays, but the location of soft
tissues including tumors was difficult to ascertain
and could often only be deduced from or correlated
with bony landmarks, air cavities, or contrast-
enhanced images. The increasing use of x-ray com-
puted tomography (CT) in the 1980s and magnetic
resonance imaging (MRI) in the 1990s enabled
much more reliable three-dimensional (3D) assess-
ment of the location and extent of the disease. With
these imaging improvements and advances in
treatment-planning techniques, it became practical
to design treatment fields that conformed more
closely to the target volume.

Conventional radiotherapy was traditionally admi-
nistered using a number of coplanar beams, usually

of relatively uniform or smoothly varying intensity
across the field. The use of low-melting-point heavy
cast-metal alloys allowed the treatment fields to be
more easily custom shaped than with lead blocks.
Multileaf collimators (MLCs), designed to replace
molded heavy metal blocks, made it easier to use mul-
tiple complex-shaped fields even in the same treat-
ment session. Three-dimensional treatment planning
made it possible to plan and deliver non-coplanar
beams, especially for brain tumors. Nevertheless,
non-coplanar beams were less often used for treat-
ments of the torso, because this strategy tended to
increase the integral absorbed dose (product of mean
absorbed dose and volume) to the patient.

Many linacs became equipped with electronic
portal-imaging systems for verification of patient
positioning, thus improving conformity between the
planned and delivered absorbed doses. Digitally
reconstructed radiographs (DRRs) (Sherouse et al.,
1990) were constructed from the CT-scan data set by
digitally simulating the passage of x rays through
the patient’s CT representation in the same geome-
try as the treatment. The DRRs could be compared
with x-ray images acquired at the time of treatment
to verify the treatment position. Digitally recon-
structed radiographs were especially valuable for
non-coplanar beams as the planar-imaged anatomy
would otherwise have an unfamiliar perspective. All
of these technical innovations allowed more accu-
rate treatment delivery to tumors, potentially allow-
ing higher tumor absorbed doses and thus increased
local tumor control and/or reduced absorbed doses
to the surrounding normal tissues.

When 3D planning techniques and special delivery
systems to shape the field are used to reduce normal-
tissue damage close to the target volume, the tech-
nique is usually referred to as conformal radiother-
apy (CRT) or three-dimensional conformal therapy
(3D-CRT). When compared with conventional
approaches, 3D-CRT tends to use more treatment
fields and reduce absorbed dose to normal tissues
abutting the target volume, but usually leads to an
increase in the volume of tissue traversed.

The International Commission on Radiation
Units and Measurements (ICRU) developed guide-
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lines for prescribing, recording, and reporting
absorbed dose for radiation therapy including
3D-CRT (ICRU, 1993; 1999). These documents rec-
ommended concepts and procedures for the deli-
neation of the tumor, normal-tissue structures, and
margins to take into account potential tumor inva-
sion, organ motion, and setup error.

1.1.1 From 3D-CRT to Intensity-Modulated
Radiation Therapy

In both traditional radiotherapy and 3D-CRT,
wedges or compensators to account for a curved or
sloping patient entrance surface (so-called missing-
tissue compensators) were used to modify the beam
intensity within the field to attempt to achieve
absorbed-dose distributions with improved dose
homogeneity. Multileaf collimators have largely
replaced the use of wedges and missing-tissue com-
pensators and have simplified attempts to make
the beam shape conform to the tumor shape.

The concept of intensity-modulated radiation
therapy (IMRT) arose because radiotherapy
treatment-planning optimization algorithms pre-
dicted that the optimal radiation pattern from any
single direction was typically non-uniform (Brahme,
1987; 1988; Brahme et al., 1982; Cormack, 1987). It
was shown that a set of intensity-modulated beams
from multiple directions could be designed to
produce dose homogeneity within the tumor similar
to that from conventional radiotherapy but with
superior conformality, especially for concave or other
complex-shaped target volumes, thereby sparing
nearby normal tissues (IMRTCWG, 2001). In
addition, IMRT makes it easier to produce non-
uniform absorbed-dose distributions if required for
treatment of a volume within another defined
volume (also called concomitant boost or simul-
taneous integrated boost techniques) (Brahme and
Agren, 1987, Mackie et al., 1993; Weeks et al.,
1994). Rather than using uniform or constantly
varying intensity distributions across each incident
field, IMRT attempts to achieve more optimal
absorbed-dose distributions by varying the beam
intensity (fluence) within each incident beam,
usually by subdividing the beam into a number of
smaller segments and modulating each to achieve
its selected fluence contribution. Modulation of the
beam is greatly facilitated by the use of MLCs or of
binary collimators combined with a moving couch.
The latter were specifically developed for IMRT.

Calculation of the fluence required from each
beam segment has only recently become practical
with the use of high-performance computers using
algorithms taking an iterative approach to dose cal-
culation and now referred to as “inverse treatment

planning.” The word “inverse” is used in reference
to the established body of mathematical inverse
problem-solving techniques, which start at the
final or desired result and work backwards to
establish the best way to achieve it. So-called
inverse treatment planning starts by describing a
goal, i.e., a series of descriptors characterizing the
desired absorbed-dose distribution within the
tumor, with additional descriptors designed to
spare normal tissues. The inverse-planning process
works iteratively to determine beam shapes and
fluence patterns to achieve an optimal or acceptable
absorbed-dose distribution. Examples of descriptors
include the minimum absorbed dose to the target
volume, the maximum absorbed dose to an organ
at risk, and dose—volume specifications for both
tumor and organs at risk (OAR) (see Section 3),
together with factors describing the relative impor-
tance of each descriptor. These descriptors are
incorporated into a mathematical objective function
that attempts to specify with a single number the
function’s value or merit (also called cost or good-
ness of the plan). The optimization procedure,
which is an iterative search for the solution that
minimizes the cost or maximizes the goodness, is
guided by the objective function. The treatment
planner is expected to adjust the values of the
descriptors throughout the process in order to
achieve a compromise among different goals.
Modification of the treatment descriptors effectively
modifies the objective function. Because of the
iterative nature of finding the solution and the
need to change values of the treatment descriptors,
the term “optimized planning” instead of the term
“inverse planning” is adopted in the rest of this
document to describe the treatment-planning
process for IMRT. The term “optimized planning” is
chosen despite its imprecision; the IMRT planning
and delivery process does not guarantee that an
objectively optimal solution is obtained. This and
other characteristics of the optimized-planning
technique will be further elaborated in Section 2.

1.1.2 Delivery of IMRT

There are several ways for delivering IMRT
(Table 1.1). A conventional MLC, originally
designed for blocking fields, delivers IMRT either
by using multiple field segments (called segmental
MLC, SMLC, or “step-and-shoot” IMRT), which can
supply a discrete number of intensities (Bortfeld
et al., 1994; Siochi, 1999), or by having the leaf
pairs move across the field at a varying rate (called
dynamic MLC, DMLC, or “sliding-window” IMRT)
to deliver the modulated fields (Convery and
Rosenbloom, 1992; Dirkx et al., 1998; Ling et al.,
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Table 1.1. IMRT methods. The preferred optimization approaches for each IMRT method are described in Section 2.3.

Type of method Intensity modulation method Preferred optimization
approach
Compensators A beam filter designed to provide a patient-specific intensity pattern Optimized beamlets

designed by an optimization procedure

Segmental MLC (step and
shoot)

Dynamic MLC (sliding

window)

Intensity-modulated arc
therapy (IMAT) arcs

Serial tomotherapy

Multiple MLC segments delivered from each treatment direction
Leaves slide across the field at different rates
Leaves move while the gantry is rotating. Can require multiple rotation

Gantry rotates around the patient with the couch fixed. Binary leaves

Direct-aperture
optimization

Optimized beamlets

Direct-aperture
optimization

Optimized beamlets

modulate a fan beam. Upon completion of each rotation, the couch is

moved in a step-wise fashion

Helical tomotherapy

Robotic radiotherapy

Multiple non-coplanar pencil beams delivered by a robot

Gantry and couch move synchronously. Binary leaves modulate a fan beam  Optimized beamlets

Optimized beamlets

1996; Spirou and Chui, 1994). In SMLC IMRT, the
MLC is put into several different configurations,
with each configuration defining a separate beam
aperture (also called a segment) from the same
beam direction. On the other hand, in DMLC
IMRT, each pair of opposed leaves move across the
field, and the time-dependent position of each leaf
determines the intensity pattern delivered.
Intensity-modulated radiation therapy can be
delivered with rotational therapy using intensity-
modulated arc therapy (IMAT) or tomotherapy.
Intensity-modulated arc therapy uses a convention-
al MLC and has the leaf pattern changing continu-
ously as the gantry rotates (Yu, 1995). To deliver
intensity-modulated fields, IMAT can require
several rotational arcs each with different patterns
of irradiation. This is because a single rotation
yields only a step-wise intensity pattern (either
open or blocked) from each arc segment through
which the arc passes. Multiple arcs allow more
intensity levels. For example, two arcs each with
different monitor units delivered would allow four
intensity levels from a given arc segment: (1) only
Arc 1 open, (2) only Arc 2 open, (3) both Arc 1 and
Arc 2 open, and (4) neither Arc 1 nor Arc 2 open.
However, it has recently been shown that con-
trolled variation of absorbed-dose rate during the
gantry rotation can achieve some intensity modu-
lation of the beam even if only a single rotation is
delivered (Otto, 2008). A boost dose to part of the
treatment volume can be readily delivered by using
an additional rotation. Tomotherapy is intensity-
modulated rotational therapy using a narrow
CT-like fan beam modulated by a binary collimator.
The binary collimator has multiple leaves, specifi-
cally designed to deliver IMRT for rotating fan
beams (Carol, 1995; Mackie et al., 1993). It is

called a binary collimator because each leaf moves
rapidly from the closed position to the open pos-
ition across the fan beam to expose the source. The
length of time a leaf is in the open position deter-
mines the intensity delivered by the sub-beam or
“beamlet.” The fan-beam width is collimated by a
pair of jaws above the binary MLC in the same
fashion as the fan-beam width is defined in a CT
scanner. Serial tomotherapy, which was the first
form of IMRT to treat patients, rotates a fan beam
once around the patient with the couch fixed
(Carol, 1995; Grant, 1996). The couch moves in suc-
cessive steps to complete the treatment. In helical
tomotherapy, the fan-beam rotation and couch are
in simultaneous motion so that the source of radi-
ation describes a helical pattern with respect to the
patient (Mackie, 2006; Mackie et al., 1993; 1999).

A robotic radiotherapy device using pencil beams
delivered from a large number of directions can also
be used to deliver IMRT (Webb, 1999; 2000). While
these devices were designed for stereotactic radiosur-
gery, a large number of pencil beams from multiple
non-coplanar directions when planned with optimiz-
ation techniques are equivalent to multi-directional
IMRT. Compensating filters, specifically designed
using optimization techniques to produce intensity
modulation, is a tool that can be used to produce
IMRT (Djordjevich et al., 1990; Jiang and Ayyangar,
1998; Renner et al., 1989; Yoda and Aoki, 2003).

1.1.3 Clinical Experience with IMRT

Intensity-modulated radiation therapy can gener-
ate absorbed-dose distributions superior to 3D con-
formal treatments in several situations, including
concave target volumes for which multiple OAR are
close to the target volume, and for producing
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multiple absorbed-dose levels in the target volume
similar to boost therapy (IMRTCWG, 2001).
Figure 1.1 is a schematic representation of a
concave target volume being treated by a set of
three uniform-intensity beams and one partially
blocked beam when compared with a set of five
beams that are all intensity modulated.
Concave-shaped absorbed-dose distributions are
required for tumors surrounding the spine and for
treatment of prostate cancer with seminal-vesicle
involvement. Multiple organs, including the parotid
glands, eyes, brainstem, auditory apparatus,
thyroid, and spinal cord, are commonly at risk in
treating head and neck cancer. Intensity-modulated
radiation therapy can lead to improved conformality
of the high-dose region to the tumor.

Usually, but not always, IMRT requires greater
time and resource commitment than conventional
radiotherapy. Because of the resulting steeper
absorbed-dose gradients, optimal IMRT requires
more accurate delineation of both tumor and
normal tissue than does conventional radiotherapy.
Additional normal tissue often has to be delineated
because tissue that is not specified can receive
unexpected high absorbed doses. Iterative optimi-
zation can take more time than 3D-CRT treatment
planning. The beam-on time can be longer because
the delivery has a lower duty cycle. In general, the
higher the degree of modulation, the longer the
irradiation takes. On the other hand, compared
with 3D-CRT without the use of a MLC, the overall
treatment time might be less because there is no
need to manually change blocks. Most IMRT pro-
grams have instituted more stringent machine
quality assurance (QA) to check the performance of
the IMRT delivery system (see Appendix A.2). For
example, the tolerance for MLC leaf position must
be smaller for IMRT than when used to provide

field blocks for 3D-CRT. New procedures for patient-
specific dosimetry QA are required because simple
methods cannot be employed to check the calcu-
lations for the patient’s treatment. However, IMRT
is not necessarily always more difficult. For
example, in conventional high-dose treatments of
the head and neck, photon beams combined with
electron beams from lateral directions must often be
used to prevent the cord dose from exceeding toler-
ance. This greatly increases treatment complexity
and the skills required, yet the photon/electron
beam deliveries do not always produce homogeneous
absorbed-dose distributions in the tumor. By con-
trast, IMRT can produce homogeneous absorbed-
dose distributions in the target and spare the
critical structures without use of electron beams.
The use of IMRT has been growing rapidly. In a
survey performed in 2003 in the USA, among 168
radiation oncologists randomly selected, one-third
was using IMRT (Mell et al., 2003). In 2005, a
similar survey showed that more than two-thirds of
radiation oncologists were using some form of
IMRT, mainly for increased normal-tissue sparing
or target-dose escalation (Mell et al., 2005). Among
the sites treated by IMRT, head and neck malig-
nancies and prostate cancers are by far the most
common, followed by central nervous system, lung,
breast, and gastro-intestinal tumors. However, thus
far, few prospective randomized trials demonstrat-
ing superiority of IMRT over conventional treat-
ments, either in terms of efficacy or morbidity
reduction, have been reported. For breast cancer, a
randomized study was performed comparing IMRT
with standard tangential, wedged fields. Donovan
et al. (2002) reported that apparently better
absorbed-dose distributions were achieved with
IMRT. In a follow-up study, using a prospective ran-
domized clinical trial, Donovan et al. (2007) found

Figure 1.1. Comparison of CRT (left) and IMRT (right). The ability for CRT to alter isodose lines was limited to shaping of field
boundaries with MLCs or blocks, the use of wedges or compensators for missing tissues, and central blocks for shielding critical
structures. The IMRT beams can have highly non-uniform beam intensities (fluences) and are capable of producing a more
concave-shaped absorbed-dose distribution. With neither conformal therapy nor IMRT can the PRV be always completely avoided, but
with IMRT the concave isodose curve that includes the PTV better avoids the PRV. The black region indicates the PTV; the gray region
indicates a PRV, and the line surrounding the PTV is a typical isodose contour.
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statistically that the cosmetic effect was signifi-
cantly worse in patients in the conventional-
treatment arm when compared with the IMRT arm.
Using a matched case-control methodology for head
and neck cancer, Jabbari et al. (2005) reported that,
after a decline following radiotherapy, xerostomia
and quality-of-life (QOL) measures improved 6
months after therapy for the IMRT-treated patients
but not for the patients treated with conventional
radiotherapy. The potential benefits gained from
IMRT in reducing xerostomia or improving QOL,
compared with standard RT, are best reflected some
time (>6 months) after therapy.

For the head and neck, the most convincing ret-
rospective studies of the increased therapeutic gain
achievable with IMRT are from tumors close to the
base of the skull, such as nasopharyngeal and
paranasal sinus cancers, for which a higher rate of
local control and a lower incidence of complications
have been reported in comparison with convention-
al techniques (Claus et al., 2002; Lee et al., 2002).
A substantial reduction in late radiation-induced
toxicity such as xerostomia has also been exten-
sively documented following the use of IMRT for
treating pharyngo-laryngeal squamous cell carci-
nomas (SCCs), without any reduction in local-
regional control probability (Chao et al., 2001a;
Eisbruch et al., 1999; 2001; Henson et al., 2001). A
few retrospective studies have also reported that,
despite the high conformality of absorbed-dose dis-
tributions, geographical misses were rather uncom-
mon in IMRT for pharyngo-laryngeal SCCs (Chao
et al., 2002; 2003; Dawson et al., 2000; Eisbruch
et al., 2004). For prostate cancer, the largest study
comes from the Memorial Sloan Kettering Cancer
Center, New York, NY, which has reported over 772
patients treated using IMRT with minimum target
absorbed doses in excess of 81 Gy (roughly 20 %
higher than the absorbed dose used in conventional
treatment). In this study, only 4.5 % of patients
developed a grade 2 rectal toxicity (moderate diar-
rhea, excessive rectal mucus, or intermittent bleed-
ing) and none experienced a grade 3 or greater
toxicity (Zelefsky et al., 2002). Recent studies have
suggested that in-treatment-room imaging could
increase the accuracy of absorbed-dose delivery and
consequently further decrease the rate of rectal
complications (see review in Bucci et al., 2005).

1.2 Issues Common to Both 3D-CRT
and IMRT

Many advances and emerging concerns in
radiation therapy are not unique to IMRT but also
impact 3D-CRT. Nevertheless, issues such as 4D
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imaging and adaptive radiotherapy, uncertainties,
and radiation-induced secondary cancers might be
more significant for IMRT.

1.2.1 Imaging and 4D Adaptive Treatment

Selecting and delineating regions of interest is
one of the most technically and intellectually chal-
lenging and time-consuming aspects of modern
radiotherapy. Three-dimensional CRT, in general,
and IMRT, in particular, increase the need for accu-
rate anatomic delineation. This requires an ade-
quate specification of the tumor location and a
thorough knowledge of the processes of likely infil-
tration and spread (see Sections 4.2 and 4.3). In
IMRT, the optimization process has no ability to
constrain the absorbed dose to tissue structures
that are not delineated. Consequently, tissues con-
taining tumor cells that are not delineated are very
unlikely to be adequately treated, and sensitive
structures not delineated might receive an unac-
ceptably high absorbed dose. Three-dimensional
imaging systems are a key to the determination of
the tumor and normal-tissue volumes. Automated
contouring systems can make it easier to segment
images but increase the importance of verifying the
accuracy of the computer delineation.

Modern image-acquisition systems are increasing
the sensitivity and specificity of tumor detection.
Functional and molecular imaging are emerging
and provide new opportunities to understand the
biology of both normal tissues and tumors
(Bradbury and Hricak, 2005; Jager et al., 2005).
The improved capabilities of imaging systems such
as magnetic resonance spectroscopy (MRS) and
improved markers of physiologic activity in
positron-emission tomography (PET) will help to
define more accurately the extent and location of
tumor where the absorbed dose should be
increased. Thus the boundaries between gross
tumor volumes or GTVs (see Section 4.2) and clini-
cal target volumes or CTVs (see Section 4.3) will
also become better defined. For example, MRS can
detect a higher concentration of choline, which is
typically found in malignant prostate adenocarci-
noma, in an otherwise apparently normal sub-
region of the prostate (Huzjan et al., 2005). The
sub-region that is so defined could potentially be
prescribed a higher absorbed dose. Also, it has
been shown that in head and neck tumors,
I8FDG-PET imaging was more accurate than CT or
MR imaging for delineating the GTV of the
primary tumor (Daisne et al., 2004). IMRT allows
for complex prescriptions for delivering higher
absorbed doses to sub-volumes of the GTV sus-
pected of having more radioresistant disease
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(Bentzen, 2005; Ling et al., 2000). This is some-
times referred to as a “biological target volume”
that can be subjected to concomitant boosting.

New imaging studies are also able to better
characterize normal tissues and normal-tissue
function. For example, using functional MRI, it is
now possible to locate brain structures that need to
be spared, e.g., motor cortex, in the treatment
of brain tumors; these structures can then be
delineated as an organ at risk to which dose—
volume constraints can be assigned (Nair, 2005).

Over the years, it has been recognized that using
imaging as a “snapshot” of the tumors and/or
normal tissues is an oversimplification of reality, as
location, morphology and physiology can change
during treatment, e.g., due to breathing during a
treatment fraction, but also between fractions due
to tumor response and/or patient weight loss. The
ability to measure these changes and adapt the
course of treatment will lead to adaptive treatment,
also called 4D adaptive treatment (Ramsey et al.,
2006). Magnetic resonance and CT scanners are
being developed to provide the capability of pro-
ducing multiple 3D views of the patient with suffi-
cient rapidity to construct a 4D view of the patient
and to provide a 4D delineation that can be used
for treatment planning. Computed tomographic
scanners have rotational periods less than 1 s.
Adequate image reconstruction requires only a
gantry rotation of slightly more than 180°. This
fast data-acquisition speed enables multiple images
to be acquired to characterize the motion during a
typical breathing cycle. A pneumatic cuff over the
diaphragm or a tracking system monitors the move-
ment of the chest to correlate the images with their
corresponding breathing phase. Images acquired
through several breathing cycles can then be
assembled into a single 4D-imaging set. These
advances might make it possible to dynamically
define the position and extent of the GTV and CTV
during a treatment fraction. This will add greatly
to the size of the data set needing evaluation.

The availability of 4D anatomic data can revolu-
tionize the treatment of lung cancer because now
the details of lung motion can be shown (Mageras
and Yorke, 2004). The planning target volume
(PTV—see Section 4.5) includes the CTV and a
margin to take into account uncertainty of position-
ing, motion, and anatomical changes. The 4D infor-
mation could be used to evaluate more accurately
the PTV margin required for conventional radio-
therapy and IMRT. It is possible to use a 4D rep-
resentation to plan the delivery of radiotherapy
and deblur or sharpen the absorbed-dose gradients
that typically get blurred or distorted when the
patient breathes. Four-dimensional information
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could be used for planning the delivery of radio-
therapy in which the tumor is tracked, and then
either the movement of the tumor is compensated
for by dynamic movements of the couch or the
beam is made to follow the tracked tumor (Keall,
2004). It could be used to determine the optimal
breathing phase more accurately so as to determine
how much of the breathing cycle can be safely used
for irradiation when the treatment is gated
(Mageras and Yorke, 2004; Seppenwoolde et al.,
2002). The delivery of radiation could be synchro-
nized with breathing if the patient were guided to
breathe in the same way during treatment as at
the time the 4D image was acquired (Zhang et al.,
2004). Some of these methods will require the
absorbed dose to be computed in multiple phases.
For those methods, the absorbed-dose distribution
from each phase must be summed up and displayed
on one breathing phase. The same deformable
registration that would be used to transfer the con-
tours between breathing phases could also be used
to establish the one-to-one mapping required to
transfer absorbed dose assigned to voxels in one
breathing phase onto the same voxels in another
breathing phase (Brock et al., 2006; Lu et al.,
2004). Deformable registration creates maps
showing how a mass of tissue moves during one
breathing cycle. Deformable registration provides a
link from these 4D representations to a correspond-
ing set of 3D representations, each describing one
of the breathing phases.

The fourth dimension in treatment delivery can
allow visualization of the changes during the entire
course of treatment. In head and neck tumors, it
has been shown that the tumor volume can dra-
matically decrease during a 7-week treatment, and
that re-planning, taking into account this volume
change, would translate into a substantial sparing
of the surrounding non-target tissues (Geets et al.,
2007a; 2007b). Similarly, substantial variation in
normal-tissue volume has also been reported
during radiotherapy of other sites (Barker et al.,
2004). Developments in coming years will hopefully
indicate which outcomes might benefit from 4D
treatment planning and adaptive changes.
However, they will dramatically expand the com-
plexity of tissue delineation (often called segmenta-
tion), absorbed-dose specification, and dose
reporting.

While the size of the data set derived from differ-
ent imaging modalities might grow by an order of
magnitude, the time for analysis must not. In the
case of contouring the GTV or CTV, tools to transfer
contours from one breathing phase to another will
be required before 4D data will be routinely used.
Deformable registration to produce a one-to-one
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mapping of the voxels from an image set acquired
at one phase to another at a different phase is
required. The ability to quickly review and edit the
transferred contours is also required. The under-
standing of the nature and magnitude of motion
will be fully appreciated only when the data can be
viewed through time using image loops with
interactive selection of geometric viewpoint and
display type.

Two-dimensional images acquired with a portal
image system and compared with a DRR cannot be
used to precisely determine how the treatment
volume is changing and, in some cases, how the
PTV has to be modified (Yan et al., 1997). Image
sets showing anatomical changes during the pro-
gress of treatment can be created by routine 3D
imaging of the patient following treatment setup
and prior to delivery. An in-treatment-room CT
scanner, either separate from or integrated into the
treatment unit, can acquire such image data and in
addition evaluate the setup of a patient prior to
radiotherapy (Jaffray et al., 1999; Langen et al.,
2005; Mackie et al., 1993; 2003; Uematsu et al.,
1996). The treatment can then be re-planned or the
absorbed dose reconstructed using those image
sets.

The composite absorbed-dose distribution
describing the accumulated absorbed dose from all
days of treatment might also employ deformable
registration to map the absorbed dose from each
day onto the planning CT representation (Lu et al.,
2004; Olivera et al., 1999; Wang et al., 2005). When
mapped onto the planning image set, the planned
and accumulated absorbed-dose distribution can be
compared. In some cases, it might be possible to
adjust the plan during the remaining course of
radiotherapy to make up for identified deficiencies.
For example, if analysis of the composite absorbed-
dose distribution at some time in the course reveals
that there are low-dose regions in the target
volume, subsequent fractions could be re-optimized
to add absorbed dose. It might even be possible to
reduce the absorbed dose in a region of high
absorbed dose in a selected normal tissue. This
type of adaptive radiotherapy will require
increased attention by the radiation oncologist
throughout the course of treatment.

1.2.2 Margins and Uncertainties

The concept of a margin is described in ICRU
Reports 50, 62, 71, and 78 (ICRU, 1993; 1999;
2004; 2007). A margin provides a buffer in the deli-
neation of tissues to account for uncertainties. The
CTV includes the GTV and a margin to take into
account microscopic extension of the tumor. The
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PTV adds a margin to the CTV to account for organ
motion or setup error. Margins, allowing for posi-
tioning, motion, and anatomical changes, are also
required for the OAR to arrive at the planning
organ-at-risk volume (PRV). The need to quantify
margin requirements will be of increasing rel-
evance for IMRT. Intensity-modulated radiation
therapy tends to produce steep absorbed-dose gra-
dients between the target volume and the OAR.
Having realistic margins for both the tumor
volume and any OAR allows the planning process
to better compromise between an adequate
absorbed dose to the PTV and a safe absorbed dose
to normal tissue.

Factors affecting margin requirements to define
the PTV include uncertainty of patient positioning,
mechanical uncertainty of the equipment (e.g.,
gantry sagging), dosimetric uncertainties (e.g.,
penetration of the beam), the use of motion-
management techniques such as gating, image-
transfer errors from CT and simulator to the
treatment unit, and human factors. These factors
will vary from center to center, and, within a given
center, from machine to machine and from patient
to patient. The use of patient immobilization
devices, the application of quality-assurance pro-
grams, and the skill and experience of the radiogra-
phers/radiotherapists are also important and must
be taken into account. Additionally, the use of
different image-guidance systems or other
uncertainty-reduction techniques can significantly
alter the size of the required margins. Standard
rationales for determining the margins must be
established and followed to ensure that the
margins are sufficient but not excessive.

Several approaches to quantify the CTV-to-PTV
margin requirements have been published
(Austin-Seymour et al., 1995; Balter et al., 1996;
Goitein and Schultheiss, 1985; Roeske et al., 1995;
Stroom et al., 1999a; 1999b; van Herk et al., 2000).
Variations in setup can result for a variety of
reasons. One example is the systematic error that
arises if the planning CT image is not appropri-
ately representative of the patient throughout the
course of therapy. For example, if on the day of CT
planning, the patient’s rectum is distended by
bowel gas, the position of the prostate will be offset
and perhaps rotated from its average position. In
addition, random variation about the average pos-
ition can occur daily. Every investigation has con-
cluded that systematic variations are more
important than random variations. Daily CT gui-
dance using an in-room CT system is becoming
common practice to reduce both systematic and
random position variations (Forrest et al., 2004; Ma
and Paskalev, 2006). However, even with the best
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image-guidance systems, variations cannot be
eliminated. Image-guidance systems themselves
have uncertainties, and deformation of the patient’s
anatomy cannot be eliminated, although its extent
can be estimated with deformable-registration tech-
niques (Brock et al., 2006; Lu et al., 2004). Then
beam delivery can perhaps be modified (Mohan
et al., 2005) to compensate for such effects.
Imaging at the time of treatment can be used to
better define the pattern of dose variability or
reduce the uncertainty of setup. Image guidance
can be used to define the margins for a specific pro-
tocol or treatment machine or to adjust a patient-
specific margin using repeated imaging procedures.
Yan et al. (1999) showed that such repeated
imaging procedures can greatly reduce the sys-
tematic uncertainty in positioning with respect to
the original planning image. When delineating a
PTV, the different types of uncertainties and vari-
ations identified above should be estimated and
combined.

Even if the setup uncertainty were completely
eliminated, there would still be uncertainty due to
organ motion and to changes in the anatomy of the
patient associated with weight loss or tumor
shrinkage (or growth). This contribution to the
margin can be reduced with gating or tracking
techniques, or replanning, but the uncertainty
cannot be eliminated completely.

The margin defining the PTV is principally used
to maintain the absorbed dose at or near the pre-
scription value in the CTV. Historically, there have
been limited means to make isodose surfaces
conform to the PTV, but recently the degree of
control over conformity has greatly improved with
the advent of IMRT. However, IMRT can create
absorbed-dose distributions that are difficult to
evaluate with traditional approaches. Intensity-
modulated radiation therapy can easily change the
degree of absorbed-dose homogeneity in the target
volume. For example, for prostate cancer, absorbed-
dose homogeneity might not be essential and may
be deliberately reduced if the absorbed dose in the
rectum is of concern. Current dose-reporting speci-
fications need to be supplemented by other figures
of merit for a meaningful evaluation of absorbed-
dose distributions, but this can increase the com-
plexity of dose reporting (see Section 3.2). The
dose—volume histogram (DVH) has become a criti-
cal tool to evaluate complex 3D absorbed-dose dis-
tributions, and its use is even more important for
IMRT (Drzymala et al., 1991). However, with a
DVH alone, the location of low- and high-dose
regions cannot be determined. A low-dose region in
the periphery of the CTV is likely to be less impor-
tant than at the center, and a high-dose region
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might be of less concern well inside the tumor
boundary. An increasing concern is that IMRT
might result in wunexpected regions of high
absorbed dose outside the PTV in normal tissues
that have not been specified as avoidance regions
or that have been specified but with insufficient
importance attached to them.

1.2.3 Radiation-Induced Secondary Cancers

The risk of secondary malignancies following
radiotherapy is a controversial subject. One con-
sideration is that patients undergoing therapy for
cancers might be at higher risk of secondary tumors
due to their genetic predisposition, or due to their
particular lifestyle and exposure to carcinogens such
as tobacco and alcohol. These factors could be more
dominant than the radiation risk itself. Whenever
large-scale radiotherapy studies have been per-
formed and compared with surgery, radiotherapy
has been shown to be associated with a statistically
significant increase in the risk of secondary malig-
nancies, particularly in long-term survivors. In a
study on radiation-induced second malignancies
after prostate radiotherapy delivered with large
margins before the 3D-conformal era, it was shown
that patients had a 6 % increase in the relative risk
of developing a solid tumor (except prostate cancer)
compared with patients treated by surgery (Brenner
et al., 2000). In women, the ratio of observed-to-
expected cases of breast cancer after radiotherapy
for Hodgkin’s disease was up to 2.24 times that of
women at the same age in the general population
(Travis et al., 1996). This increased relative risk was
particularly important for women irradiated before
the age of 16. However, this study refers to delivery
of large fields in radiotherapy planned before the
era of 3D-CRT. Techniques employed with more
modern radiotherapy might change the incidence of
second malignancies in the future.

The transition from conventional radiotherapy to
3D-CRT involved a reduction in the volume of
normal tissues receiving a high absorbed dose and
perhaps an increase in absorbed dose in the target
volume. As a consequence of the smaller volume of
normal tissue irradiated to a high absorbed dose, a
decrease in the number of radiation induced second-
ary cancers might be expected per unit volume irra-
diated. Of less certainty is whether there will be an
overall decrease or increase in the number of
induced secondary carcinomas (Hall and Wuu, 2003)
because a larger overall normal tissue volume is
irradiated to a lower dose. On the other hand, the
switch from conventional radiotherapy to 3D-CRT or
IMRT might result in an increased rate of secondary
malignancies. IMRT typically involves a larger
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volume of normal tissue being exposed to lower radi-
ation absorbed doses than does 3D-CRT (Hall and
Wuu, 2003). Even when the integral absorbed dose
is approximately the same for IMRT and 3D-CRT
(Aoyama et al., 2006; D’Souza and Rosen, 2003),
there are theoretical arguments for a potentially
increased risk for carcinogenesis (Jones, 2009).
Carefully conducted clinical trials with long
follow-up will determine the validity of this concern.

When compared with conventional radiation
therapy, an IMRT treatment plan typically results
in an increase in the number of monitor units by a
factor of from 2 to 3, increasing the absorbed dose
outside the boundary defined by the primary colli-
mator as a result of leakage and scattered radiation
(Williams and Hounsell, 2001). As a consequence,
the total body dose received can be substantially
increased. In a comparison between a conventional
technique and a serial tomotherapy treatment of
70 Gy for head and neck tumors, it was estimated
that the effective dose from leakage radiation
increased from 242 mSv to 1969 mSv (Verellen and
Vanhavere, 1999) in proportion to the extra
monitor units delivered. Altogether, it has been
estimated that IMRT without provision for avoid-
ance of the most carcinogenic tissues (discussed
below) could potentially double the incidence of
second malignancies compared with conventional
radiotherapy, from about 1 % to 1.75 % for patients
surviving 10 years (Hall and Wuu, 2003). However,
the biological models on which these estimates are
based might be questionable.

Approaches to reduce the carcinogenic potential
are possible. Unwanted absorbed dose can be
decreased by increased shielding in the primary
collimator, and removal of the field-flattening filter.
The field-flattening filter is not required if the
beam is used only for IMRT (Mackie et al., 1993,;
Vassiliev et al., 2006); if necessary, the beam can be
modulated to make it uniform. These improve-
ments have been implemented in helical tomother-
apy (Mackie et al., 1999). Inside the volume
irradiated by IMRT, it is also possible to delineate
normal-tissue structures, such as the breast,
thyroid, and lung, which have a high potential for
the development of second malignancies, and then
use the optimization process to limit their absorbed
dose and thus perhaps lower the probability of
carcinogenesis.

1.3 Aim of the Present Report and Relation
to Existing ICRU Reports

For several decades, the ICRU has been involved
in a continuous effort to improve uniformity in
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defining terms and concepts for reporting radiation
therapy. ICRU Report 29, Dose Specification for
Reporting External Beam Therapy with Photons
and Electrons, was published in 1978 (ICRU,
1978). It was superseded in 1993 by ICRU Report
50, Prescribing, Recording, and Reporting Photon
Beam Therapy (ICRU, 1993). A Supplement to
Report 50 (ICRU Report 62) was published in 1999
(ICRU, 1999). ICRU Reports 50 and 62 deal with
conventional external photon-beam irradiation
techniques, including 3D-CRT; the present Report
deals with the more complex special technique,
viz., IMRT. Reports on electron (ICRU Report 71)
and proton (ICRU Report 78) beam therapy have
recently been published (ICRU, 2004; 2007). The
present Report conforms to the recommendations of
ICRU Report 78 (ICRU, 2007).

As a general rule, the recommendations for pre-
scribing, recording, and reporting special tech-
niques in external photon-beam therapy such as
IMRT should be consistent with previous ICRU rec-
ommendations. In particular, the same definitions
of terms and concepts should be used whenever
possible. However, account must be taken of the
clinical and technical uniqueness of each treatment
approach. The present Report is based on concepts
and definitions previously introduced in ICRU
Reports 50 and 62.

The processes of IMRT optimization is described
in detail in Section 2. Section 3 updates the con-
cepts for dose reporting, which has moved from
single spatial point reporting (e.g., the ICRU
Reference Point, minimum and maximum
absorbed doses) to dose—volume reporting (Level 2
reporting). It also explores investigational (Level 3
reporting) concepts such as the clinical and bio-
logical metrics of tumor-control probability,
normal-tissue complication probability, and equiv-
alent uniform dose. Level 3 reporting also includes
conformity and homogeneity indices, and reporting
on absorbed-dose uncertainties. In Section 4 of
this Report, special attention is given to the selec-
tion and delineation of target volumes, which can
be defined using various imaging modalities, but
which can also undergo changes in shape and
nature during treatment. Section 4 also revisits
the concepts of the PTV and PRV to better define
the uncertainties in their specification. Section 5
updates the definition of absorbed-dose prescrip-
tion by discussing the concept of planning aims
based on dose—volume constraints. Appendix A.1
presents new algorithms and concepts in
absorbed-dose computation and recommends that
tissue heterogeneity calculations be wused for
IMRT. Appendix A.2 makes recommendations on
machine- and patient-specific QA. These include
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checks of the delivery and imaging systems, but
also individual patient QA, which should not be
limited to measurement at a single point. It
should include QA of beam intensity, multiple
point dose checks wusing a phantom, or in-
dependent absorbed-dose-distribution calculations,
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presuming that adequate QA is conducted on the
treatment equipment. Finally, three clinical
examples illustrating how the recommendations on
reporting treatments described in the present
Report can be used in routine practice are pre-
sented in Appendix B.
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2. Optimized Treatment Planning for IMRT

2.1 Introduction

Three-dimensional conformal therapy (3D-CRT)
and intensity-modulated radiation therapy (IMRT)
make a radical departure from conventional radi-
ation therapy in regard to treatment planning.
Conventional therapy has typically been limited to
beam portals of varying size and intensity using
beam-shaping devices and perhaps patient-
dependent intensity modifiers. Computational
algorithms provided adequate descriptions of the
distributions of absorbed dose. Traditionally, the
therapy team “optimized” the treatment plan using
the few free parameters available. Tumor prescrip-
tions were often selected to prevent normal-tissue
injury in surrounding critical tissues. Manual
optimization was a relatively straightforward
process largely founded on clinical judgment, with
only limited exploration of potentially better sol-
utions and with no easily derived comparative
dose-distribution metrics.

The almost simultaneous advent of high-
precision three-dimensional (3D) volume imaging
and 3D radiation-beam treatment planning has
driven the present revolution in radiation therapy.
Now the number of beam directions and intensities
are essentially unlimited. Whether using multiple
small individual beams delivered under computer
control with arbitrary directions and intensities, or
with intensity-modulated fan beams arranged in a
co-planar geometry, the capability of automated
optimization techniques vastly exceeds those of
manual optimization processes. In this section, the
current processes for computer-assisted optimized
treatment planning that take advantage of modern
3D imaging and IMRT delivery are described.

2.2 Comparison of 3D-Conformal and IMRT
Treatment Planning

In 3D-conformal planning, beam modification
includes, for example, changing beam boundaries
and directions, using beam modifiers such as
wedges or compensators, or changing the absorbed-
dose contribution of different fields. This process is

iterative in nature. The quality of the resulting
absorbed-dose distributions and the dose—volume
histograms (DVHs) is highly dependent on the skill
and experience of the planner. This process, in
effect, mainly employs the clinical judgment and
experience of the treatment team to “optimize” the
therapy plan. Such judgments are made in the
context of optimizing tumor control while control-
ling the complication risk. In 3D-CRT, the approach
to optimizing the resulting distribution in absorbed
dose is accomplished by iteratively modifying beam
characteristics, such as direction, collimator
rotation angle, beam weight, and field boundaries,
which collectively describe each of the fields that
make up the plan. Three-dimensional conformal
therapy becomes IMRT when non-uniform-
intensity sub-beams or multiple uniform-intensity
beams of different dimensions are delivered from
each beam direction. While 3D-CRT treatment
planning was traditionally done manually, in prin-
ciple this iteration process could be computerized
(Xiao et al., 2000). Intensity-modulated radiation
therapy employs automated, iterative optimization
techniques (Bortfeld, 2003; 2006; Boyer et al., 1999;
Mackie, 2006; Mohan, 1996; Webb, 2003).
Figure 2.1 illustrates a comparison between tra-
ditional and IMRT optimization methods. In
traditional optimization, beam parameters such as
the direction, the presence of beam modifiers
(e.g., wedges), and the shapes of the beams are
established; then the resulting absorbed dose is
computed. The beam attributes are iteratively
modified as necessary. In IMRT optimization, con-
straints such as those based on dose—volume con-
siderations are chosen. The key distinctions
between traditional and IMRT methods are: (1) use
of mathematical objective functions and incorpor-
ation of user-defined dose—volume constraints, and
(2) employment of an iterative computer-based
IMRT algorithm to seek the optimal solution. The
beamlet weights or the weights of a series of beam
segments are determined and the absorbed-dose
distribution that results is then computed. The
beamlet weights and/or segment shapes or weights
are iteratively modified. If necessary, the
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Figure 2.1. Comparison between traditional (left) and IMRT
(right) optimization processes.

constraints that define the objective function can
also be modified. This would lead to another round
of automated iterative optimization. The radiation
oncologist makes the final decision on plan accept-
ability. Similar optimization approaches are
common to the field of operations research (Hillier
and Lieberman, 2005).

2.3 Overview of the Optimization Process

The large number of degrees of freedom is a con-
sequence of using many variable-intensity beam-
lets. The choice of possible intensity patterns and
beam directions is enormous. Manual comparisons
of all possible intensity patterns that could be
delivered even from a few beam directions are not
practical. The optimization process is a technique
for exploring the various choices for the values of
the available free parameters in the context of a
desired outcome. The so-called objective function
takes into account absorbed-dose constraints and
weights the importance of the target and organs at
risk (OAR) absorbed doses and serves as the means
to arrive at an optimal intensity pattern. The term
“optimization” in this context does not necessarily
mean that the method will find the best intensity
distribution to accomplish the stated treatment
goals for any given clinical situation.

Optimization theory encompasses approaches to
solving complex problems for which the solution
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that approaches as close as possible to the desired
outcome is sought (Kelly, 1999). In the case of
radiotherapy, the desired result is an absorbed-dose
distribution assumed to be most appropriate for
treating the tumor and sparing critical tissue. An
optimization method could, in principle, establish
the beam directions and beam delivery patterns
from these directions on the basis of a completely
specified “ideal” absorbed-dose distribution. This
approach is not followed because such an ideal and
physically achievable absorbed-dose distribution
can rarely be conceived at the beginning of the
process. Rather, a set of constraints on the
absorbed dose delivered to various tissues is chosen
for selected patient volumes, e.g., the planning
target volumes (PTVs) and the OARs. Examples of
constraint descriptors of the absorbed-dose distri-
bution common in radiotherapy optimization
systems are the “minimum” absorbed dose to the
PTV, the “maximum” absorbed doses to the OAR,
dose—volume specifications for both the tumor and
the OAR, and factors describing the relative impor-
tance of each volume. In this Report, the use of the
minimum and maximum absorbed doses for report-
ing is not recommended and will be discussed in
Section 3. There are many ways that these descrip-
tors can be mathematically formulated as an objec-
tive function leading to a metric that quantifies the
“goodness” of a particular solution. Often, guided
by DVH and dose-distribution analysis, the values
of the constraint descriptors are changed by the
planner during the optimization process.

A computer-based algorithm can include a set of
inviolable (“hard”) constraints to restrict the
solutions to those that are “feasible.” Such con-
straints might include physical constraints such as
forbidding negative beam intensities and restric-
tions on beam size or direction. Because hard
constraints cannot be violated, the solution based
only on hard constraints will not be the “best” or
even near best; rather the solution is simply feas-
ible as it satisfies all of the hard constraints. This
situation is schematically indicated in Figure 2.2a,
for which two beam weights for fixed beam direc-
tions are constrained to a region of acceptable
solution values for various chosen organ absorbed
doses. The interior shaded region comprises a set
of solutions that all satisfy the hard constraints
and are all considered feasible.

A much improved ability to reach the clinical
goals is achieved if the objective function also
includes “soft” constraints or objectives and uses
optimization techniques to seek an optimal set of
free parameters. Such objectives can be malleable
and can include specifications such as dose—
volume uniformity, other dose—volume criteria,
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Figure 2.2. Illustration of feasible and optimal solutions for a simple case of only two beams. The weights for the two beams define a
2D solution space. In IMRT, there can be tens of thousands of beamlet weights, so the solution space has a high number of independent
dimensions. In the upper left panel, a region of feasible solutions is illustrated. Absorbed-dose constraints define the boundary of the
region of feasible solutions, although in general the lines defining the region of feasible solutions would not be linear. In the upper
right panel, the optimal solutions resulting from the use of the objective function are superposed upon the region of feasible solutions.
Two minima are indicated, only one of which is the best solution (“global minimum?”). Finally, two gradient-search results are indicated
in the lower panel, indicating the effect of starting the search from different initial conditions.

various absorbed-dose limits to targets and tissues,
etc. The optimization algorithm searches the par-
ameter space seeking to achieve an objective func-
tion (made up of soft and hard constraints)
generating an optimized solution. Figure 2.2b sche-
matically indicates such a process. Note that the
hard constraints bound the solution space, while
soft constraints define a global minimum or “best”
solution for a given objective function. In the
example provided, two minima are indicated, but
only one is a global minimum.

The objective function can be quite complex with
many parameters, some of which enter in a non-
linear manner. Hence, a solution in closed form is
not possible, and sophisticated algorithms are used
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(e.g., gradient descent, stochastic annealing, neural
networks, genetic algorithms) to search the par-
ameter space. However, the solution space can be
so large that a global minimum cannot be estab-
lished in a realistic time, and a local minimum is
accepted (Figure 2.2¢). In fact, depending upon
initial starting locations, different minima might
be found from the optimization as shown in
Figure 2.2c.

The free parameters searched could, in principle,
include a large number of beam directions compris-
ing specific beamlet intensities. For example, in
tomotherapy, all coplanar directions are free par-
ameters for optimization, but non-coplanar direc-
tions are not allowed. In contrast, in other forms of
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IMRT beam directions are selected by the treat-
ment planner, and non-coplanar directions may be
used and optimized. Mohan and Bortfeld (2006)
showed that beam directions commonly used for
3D-CRT are not necessarily optimal for IMRT. If
only a few beams are employed, using beam direc-
tions as free parameters can be very useful.
Conversely, if a large number of coplanar beams
are used, we note that (1) an odd number of evenly
spaced beams are generally used as a simple way
to avoid opposed beams, and (2) optimization of
beam direction provides little improvement. The
Accuray Cyberknife™ employs a computer-
controlled linac whose location in space and hence
beam direction is completely arbitrary. In such a
case, the optimization procedure includes arbitrary
non-coplanar beam directions and intensities.
Sternick et al. (1997) demonstrated that for
rotational therapy, changing the beam energy has
little optimization value. In fact, linac energies
above 10 MV are rarely necessary and result in
increased photo-neutron production, and the
photon-beam penumbra increases due to the
increasing lateral range of secondary electrons.

2.4 Examples of an Objective Function and
the Iterative Optimization Process

The most common objective functions used for
IMRT are based on soft constraints obtained from
dose and volume criteria using least-squares mini-
mization, which tends to enforce absorbed-dose
homogeneity within the PTV and to reduce the
absorbed dose in normal structures depending on
the assigned absorbed dose. Both the target and
normal structures can use the same general formu-
lation. While many approaches are possible, the
central idea is to minimize a scalar objective func-
tion that is the weighted sum, over all designated
(delineated) tissues, of the squared differences
between the assumed administered absorbed dose
and the user-defined constraint absorbed doses in
both the PTVs and normal tissues. Weighting
factors that reflect the relative importance of a
tissue type should be normalized to the number of
voxels that make up the tissue type so that small
important structures are not underrepresented. A
simple objective function, F(w), for a single PTV
and a single PRV can be minimized to achieve a set
of beamlet or segment weights 0 as follows:

. . I _ _
min(F ()] = };VV Z CPTV(di_dPTV)2
i€Tprv
Ipgry n 2
d;i —dpey)”, (2.1
Trry Z prV pry) s (2.1)
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where Ipyy is the relative importance of the PTV
and Tpry the number of voxels contained within
the PTV. Similarly, Ipgryv and Tpry are the relative
importance and number of voxels in the planning
organ at risk volume (PRV—see Section 4.7),
respectively. The summations in Eq. 2.1 are over
only those voxels (labeled i) that are contained
within the PTV or the PRV. Voxels that have not
been assigned to a structure are not included in a
summation and are therefore ignored by the opti-
mizer. The quantity dpry is the minimum con-
straint absorbed dose for the PTV. The quantity
dpry is the maximum constraint absorbed dose for
the PRV. The terms cppv and cpry are set to zero
when a voxel has met the constraint and set
to unity when a voxel has not met the constraint,

that is
_ 1 ifd; <dppy
PV = { 0 otherwise, (2.2)
CPRV = { 0 otherwise. (2.3)

In this example of an objective function, Ipry, dprv,
Ipry; and digy are the optimization parameters that
are chosen by the treatment planner to control the
behavior of the optimizer. For the PTV, the lowest
absorbed dose that would be accepted is typically
assigned to dprv: Higher values assigned to the
PTV importance parameter Ipry will tend to
prevent low absorbed dose in the target at the
expense of higher absorbed dose to normal tissues.
Typically, dpry would be assigned an absorbed dose
lower than that which would cause complications
and could also be lower than can actually be
achieved to further lower the mnormal-tissue
absorbed dose. There is a possibility that a value of
dprv not set low enough will unnecessarily raise
the absorbed dose to the normal-tissue structure.
Therefore, it is often recommended that dpgy be
lowered and Ipgy be increased during the optimiz-
ation process until there appears to be an adverse
impact on the absorbed-dose distribution in the
target volume or other normal tissues. A high
value given to the normal-tissue importance Ipgry
will tend to reduce the absorbed dose to all of its
voxels, but might compromise dose homogeneity in
the PTV. It is possible for a voxel to be a located
inside both the PTV and PRV. These voxels will
influence the optimization in conflicting ways;
however, this will also tend to create a steep gradi-
ent. Equation 2.1 is a highly simplified example. It
has terms that will be invoked when the absorbed
dose in the PTV is too low, but there are no special
terms that will keep the absorbed dose in the PTV
from being too high.
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The example objective function described in
Eq. 2.1 has terms that deal with the minimum
acceptable absorbed dose in the PTV and the
maximum absorbed dose in the PRV. These are
special examples of more general dose—volume con-
straints. Often dijrv would be indentified with the
minimum tumor absorbed dose that can be desig-
nated Dygg 9, or perhaps with a value that is near
the minimum absorbed dose, Dgg ¢,. Multiple dose—
volume constraints for a single structure can also be
included by adding terms to Eq. 2.1. The structure-
importance parameters (Ipry and Ipgry in Eq. 2.1)
define the relative importance of one structure when
compared with another (for example, the impor-
tance of the prostate PTV when compared with that
of the rectal-wall PRV). If there is more than one
constraint for a structure, “constraint-importance”
parameters need to be included as factors in the
summation terms. Such parameters are the relative
weights of one constraint parameter for a structure
when compared with another constraint parameter
for the same structure. Having multiple constraints
for each structure allows some control of the shape
of the cumulative DVH for that structure.

An initial set of optimization parameters, which
collectively define an objective function, are needed
to begin the optimization process. The second from
the top box in the right-hand side of Figure 2.1 cor-
responds to this initialization step. In some opti-
mized treatment-planning systems, an initial set of
parameters can be selected from a pre-established

library that is keyed to disease site and stage.
During the course of optimization, these par-
ameters are usually altered by the planner to steer
the results toward absorbed-dose homogeneity in
the tumor and/or normal-tissue avoidance. For
example, planners often first seek to achieve
absorbed-dose homogeneity in the PTV and then
alter the constraint parameters to lower the
absorbed dose to the OAR. Figure 2.3 illustrates
this iterative process for a prostate case. Tables 2.1
and 2.2 list the constraint parameters used to
begin the first cycle of iteration for this case. These
parameters define an objective function with nine
summation terms; three for the PTV in Table 2.1
(the maximum absorbed dose, the DVH constraint,
and the minimum absorbed dose), and two each for
three PRVs in Table 2.2. The minimum and
maximum absorbed-dose constraints for the PTV
are set to make as homogeneous an absorbed-dose
distribution in the target as possible. The upper
panels of Figure 2.3 show DVHs and absorbed-dose
distributions after the first cycle of 350 iterations.
The result is an acceptable absorbed-dose distri-
bution in the PTV, bladder, and femoral heads.
However, the planner decided to change the con-
straints to improve the absorbed dose in the rectal
wall and substantially maintain the absorbed-dose
distribution in the PTV. Tables 2.1 and 2.2 also list
the parameter choices for a second cycle of 150
iterations. The DVH constraint for the rectal wall,
D35 ¢, = 35 Gy (also expressed as V5 gy = 35 %) for

H
g
1

Figure 2.3. Results of constraint-parameter choices for an optimization process.
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Shown here are two snapshots from a

treatment-planning system of the optimization process after the first and second cycles of iteration for optimized planning for prostate
cancer. Relative volume is normalized to the volume of the region of interest and reported as percents. The first and second set of
constraint-parameter choices are shown in both Table 2.1 (for the PTV) and Table 2.2 (for the normal tissues).
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Table 2.1. Optimization parameters for the PTV as utilized in the TomoTherapy Hi-Art™ treatment-planning system for the initial
and second iteration cycles of the prostate plan described in Figure 2.3. The parameters that changed between the cycles are italicized.
All importance factors are dimensionless. In this example, note that the optimizer uses the minimum (D¢ ¢) and maximum (Dg ¢,)
absorbed dose as optimization parameters. In Section 3, a recommendation is made instead that near-minimum (Dgg 4) and

near-maximum (D, 4) absorbed doses are more useful.

Iteration Structure Max. Max. DVH volume DVH absorbed  Min. absorbed  Min.
cycle importance absorbed absorbed-dose (%) dose (Gy) dose (Gy) absorbed-dose
dose (Gy)  importance importance
PTV 1 100 78 50 98 78 78 50
2 500 78 50 98 78 78 100

Table 2.2. Optimization parameters for the OARs as utilized in the TomoTherapy Hi-Art™ treatment-planning system for the initial
and second iteration cycles of the prostate plan described in Figure 2.3. The parameters that changed between the cycles are italicized.
Note that these optimization parameters are not universally adopted by treatment-planning system designers. For example, many
commercial optimization planning systems allow a larger number of DVH constraints to be defined for normal tissues.

Iteration  Structure Max. absorbed  Max. absorbed-dose DVH volume DVH absorbed DVH

cycle importance dose (Gy) importance (%) dose (Gy) importance
Rectal wall 1 50 70 10 35 35 10

2 100 70 100 30 30 50
Bladder 1 5 70 10 25 25 5

2 5 70 10 25 25 5
Femoral heads 1 5 25 5 50 15 5

2 5 25 5 50 15 5

the first cycle is changed to D3g ¢, = 30 Gy. To guide
the optimizer, the relative importance of the rectal
wall is changed from 50 to 100, the penalty on the
maximum absorbed dose is changed from 10 to 100,
and the DVH penalty is changed from 10 to 50. At
the same time, the PTV importance is changed
from 100 to 500, and its minimum dose penalty is
changed from 50 to 100 to prevent the absorbed-
dose distribution in the PTV from changing
substantively. The DVHs and the absorbed-dose
distribution at the end of 150 further iterations
(500 in total) are shown in the lower panels of
Figure 2.3. The DVH of the PTV is almost
unchanged. Note that there is a hard constraint on
a prescription value of Dgg ¢, = 78 Gy (indicated by
the cross mark on the DVH). The rectal-wall DVH
has been substantially altered. In particular, the
change in the DVH constraint and the rectal-wall
importance and DVH penalty has pushed the DVH
curve in the direction indicated by the arrow. The
constraints of the bladder and femoral heads were
not altered between cycles, and the DVHs are
somewhat altered negatively. Additional iteration
cycles with further changes in the optimization
parameters might provide overall improvements in
the absorbed-dose distribution. The values at the
beginning of any iteration cycle are chosen by the
planner from experience, but are somewhat arbi-
trary as the values can be altered in a trial-and-
error fashion until the radiation oncologist is
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satisfied with the result. The results of only two
cycles of iteration are shown in Table 2.3 and
Figure 2.3. This procedure can continue until any
further change in parameters will not improve the
result either in terms of the homogeneity of
absorbed dose in the PTV or a reduction of
absorbed dose in the OAR. The outer iteration loop,
in the right-hand side of Figure 2.1 flowchart, cor-
responds to the cycles of changing optimization-
parameter values.

Intensity-modulated radiation therapy optimiz-
ation methods are still reliant on the experience of
the treatment planner for insight on how a change
in a constraint parameter affects the absorbed-dose
distribution. Automated multi-criteria optimization
methods have been proposed so as to enable the
parameters to be more systematically selected
(Lahanas et al., 2003; Romeijn et al., 2004).

2.5 Iterative Search for an Improved
Absorbed-Dose Distribution

The optimization problem involves the search for
the best beam intensities from the possible beam
configurations. The search is outlined by the inner
loop of the flowchart in Figure 2.1. The dimensions
of the search space and the number of possible sol-
utions are very large. The number of dimensions
corresponds to the number of possible “beamlets.”

TTOZ ‘82 JequenoN uo usBuigen] gn e /610'seulnopio xo nioil//:dny wo.j papeoumod


http://jicru.oxfordjournals.org/

Optimized Treatment Planning for IMRT

Table 2.3. Evaluation criteria for the first two cycles of iteration for the prostate cancer plan shown in Figure 2.3 using the
TomoTherapy Hi-Art™ treatment-planning system. The values for selected criteria for each region of interest are italicized. These
results show that changing the optimization parameters as illustrated in Tables 2.1 and 2.2 improved the evaluation criteria for the
rectal wall and did not substantially alter the absorbed-dose distribution in the PTV. The optimization parameters for the bladder and
femoral heads did not change between iteration cycles, and the evaluation criteria are slightly worse. Further iteration cycles would be

required to obtain a better plan.

Iteration cycle Dys 4, (Gy) Diyean (Gy) Dsq 4, (Gy) Dy 4, (Gy) Vaoay (%) Voo ay (%)
PTV 1 78 83 83 85 ~100 100

2 78 83 83 86 ~100 100
Rectal wall 1 3 23 36 84 16 82

2 3 21 28 84 14 75
Bladder 1 2 20 21 83 6 51

2 2 19 22 84 7 52
Femoral head 1 12 18 18 26 0 35

2 12 19 19 26 0 42

For example, if there are five beam directions and
the field area is discretized into 40 x 40 beamlets
each, then the search space consists of 5 x 40 x
40 = 8000 dimensions. If there are 10 allowed
beam intensities (or weights) for each beamlet,
then the number of possible intensity patterns is
1089 and an exhaustive search is not possible. If
more directions are used as is the case for Hi-Art™
helical tomotherapy, the dimensions can be even
larger. This large search space cannot be visualized
and requires a high-speed computing infrastructure
to perform the search.

The search for the optimal intensity pattern
begins by initializing the intensity for each of the
possible beam configurations or beamlets (a distinc-
tion will be made in the next subsection between
direct-aperture optimization and beamlet optimiz-
ation). The two most common initialization
approaches are either to assign the same intensity
to all the beamlets that can pass through a target
volume or to assign zero intensity to all of the beam-
lets. Ideally the initial or starting conditions for the
search will not influence the result. However, this is
often not true in practice (see Figure 2.2); the
fluence pattern generated by different starting con-
ditions can be somewhat different. However, the
absorbed-dose distributions that are generated from
the fluence patterns can still be very similar.

Regardless of the formulation of the problem, the
solution to an optimization problem is found by
iteratively finding the minimum of an objective
function. There are two general approaches to
searching for the possible solutions: deterministic
and stochastic methods. In deterministic methods,
given the same setup and initial conditions, the
same solution will always be found. Examples of
deterministic methods would be linear least
squares and gradient (or methods of steepest)
descent (Morse and Feshbach, 1953). At each iter-
ation step, the gradient descent finds a value of the
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objective function smaller than the last (Bortfeld,
1999; Holmes and Mackie, 1994; Spirou and Chui,
1998; Xing and Chen, 1996). A commonly used gra-
dient descent in IMRT is non-linear least-squares
minimization (Bortfeld and Schlegel, 1993). In a
stochastic search, randomly selected iterative steps
test areas of the solution space that are less
optimal than previous ones (Mageras and Mohan,
1993; Webb, 1992). An example of a stochastic
search is the simulated-annealing method used
with the first serial tomotherapy system (Carol,
1995). In comparing deterministic and stochastic
methods, the main advantage of the gradient-
descent and other deterministic approaches is
speed. However, there is no assurance that the
gradient-descent algorithm will find the global
minimum of the objective function if there are mul-
tiple local minima (Deasy, 1997). The existence of
such local minima can be demonstrated in gradient
descent algorithms by starting the optimization at
different points in parameter space and showing
convergence to different results. Figure 2.2¢ shows
the outcome of a hypothetical objective function
constructed with only two beam weights, for which
there happen to be two minima. Depending on the
starting point, a deterministic gradient-decent
algorithm could find either of these local minima.
In principle, stochastic methods are capable of
finding the global minimum if there is unlimited
time to search the parameter space. In practice,
time is restricted for treatment planning.

For both deterministic and stochastic algorithms,
the approach to convergence to the minimum is
faster at the beginning of the search than at the
end. The stopping criterion for the iterative search
is sometimes hard to establish. Automated
methods that stop the search if progress in redu-
cing the objective-function value has slowed are
common. Some systems allow the treatment
planner to stop it manually. Often the value of the
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objective function is portrayed graphically to aid in
choosing when to stop the search. A review by
Oelfke et al. (2006) also provides an excellent
description of optimization search methods.

2.6 Beamlet Optimization and
Aperture-Based Optimization

For either stochastic or deterministic strategies,
there are two general frameworks for the problem
of optimization in IMRT: beamlet optimization
(Bortfeld et al., 1990; Holmes et al., 1991; Webb,
1992) and aperture-based optimization (Shepard
et al., 2002). Both types use the same criteria
(same constraints and same objective function).

In beamlet optimization, each field is discretized
into a grid of sub-beams or beamlets each of which
is characterized by a distinct intensity. The method
of beamlet optimization was pioneered for serial
tomotherapy and, as is shown in Table 1.1, is ideal
for tomotherapy, robotic beam delivery, and design-
ing compensators. Beamlet-based optimization is
also a good approach for designing dynamic MLC
IMRT because this delivery method can give quite
highly modulated intensity patterns. For IMRT
using conventional MLC, once the optimal inten-
sity map is found, it must be translated into
instructions for delivering the irradiation pattern
according to the specified method of delivery. The
process of translating from the irradiation grid to
instructions for delivery is called “leaf segmenta-
tion.” Depending on the method of delivery, after
the process of leaf segmentation, a final absorbed-
dose calculation and monitor-unit calculation can
result in a significantly different absorbed-dose dis-
tribution than suggested by the optimized plan.
This discrepancy is called “convergence error”
(Jeraj and Keall, 2000). The cause of the discre-
pancy is two-fold. The optimization algorithm often
uses a simpler model (usually because of speed
issues) of energy deposition than is utilized for the
final absorbed-dose calculation and monitor-unit
calculation. Secondly, the final absorbed-dose calcu-
lation takes into account limitations in the MLC
delivery that are not accounted for in the absorbed-
dose calculation used by the optimizer. Examples of
MLC limitations include the minimum opening dis-
tance that must be maintained between two oppos-
ing leaves (so that the leaves do not touch and
cause mechanical damage) and the minimum-
allowed monitor units that can be accurately deliv-
ered by a segment. Intensity-modulated radiation
therapy programs should establish that there is
negligible convergence error in their optimized
treatment-planning system.
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Aperture-based optimization avoids the leaf-
segmentation step and takes into account the limit-
ations of the MLCs during each optimization step so
that the segmentation step is eliminated. Instead,
the best set of aperture shapes (and their relative
weights) is found to deliver the intensity pattern
without explicit discretization of the field into a grid
of beamlets. Apertures are often first defined to be
the projection of the PTVs similar to the techniques
of 3D-CRT. The apertures are iteratively modified or
new aperture segments are created based on elevat-
ing the absorbed dose to regions in which the
absorbed dose is too low or decreasing the absorbed
dose to regions in which the absorbed dose is too
high. Seeking the best apertures directly is the best
approach for segmental MLC and IMAT methods of
delivery. If the same dose-calculation algorithm is
used for the iterative optimization of apertures as
for the final absorbed-dose calculation, then this
method will avoid convergence errors as well. An
approach similar to direct-aperture optimization has
also been used with manual planning techniques
employing 3D-CRT planning systems (De Neve
et al., 1996; Fraass et al., 1999; Galvin et al., 1993)
and is sometimes called “forward optimization.” It is
worth describing this non-automated process to gain
insight into the automated techniques used in
aperture-based optimization. For each beam direc-
tion, the dosimetrist or treatment planner selects a
variety of beam apertures that completely encom-
pass the target and completely avoid one or more
critical structures. The absorbed-dose distributions
for each of the apertures are then computed, and
the segment weights are adjusted typically to make
sure that the absorbed dose in critical normal
tissues is acceptable. If there are critical tissues
adjacent to the target, the absorbed dose in the PTV
might not be acceptably homogeneous. The treat-
ment planner will then add more beam segments
(apertures) to elevate the absorbed dose in subvo-
lumes of the target volume where the absorbed dose
is too low and to re-weight the other segments to
avoid critical structures. This manual process is
repeated until the magnitude and homogeneity of
the absorbed dose to the target is sufficient and the
absorbed dose to critical structures is not excessive.
The automated aperture-based optimization pro-
cedure, in addition to new segments, can modify the
boundaries of previous segments to better avoid
normal tissue or improve target-dose homogeneity.
The process just described is additive in nature. It is
also possible to begin by fully exposing the target
volume from all directions and then to perform a
subtractive process to avoid normal tissues. Both
additive and subtractive strategies can be used in
some aperture-based approaches.
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2.7 Optimization Incorporating Biological
Information

Currently, optimization systems typically use
absorbed dose in the formulation of objective func-
tions. The absorbed-dose distribution in an organ at
risk is typically inhomogeneous. The optimization
trade-off between absorbed dose and volume
requires clinical understanding. With two parallel-
opposed fields, critical normal tissues and tumors
can receive similar absorbed doses, typically 1.8 Gy
to 2 Gy per fraction. In IMRT, the absorbed dose
received by normal tissues can be substantially
lower than the absorbed dose received by the target.
For example, in a typical head-and-neck IMRT plan,
the absorbed dose per fraction to the spinal cord
might be as low as 30 % to 60 % of the prescribed
absorbed dose to the target volume, when compared
with 60 % to 80 % of the prescribed absorbed dose
in conventional parallel-opposed photon-beam radio-
therapy (Lee et al., 2007). A similar or even greater
reduction in absorbed dose per fraction can also be
obtained for the contralateral parotid gland (Chao
et al., 2001b). Calculations based on the linear-
quadratic dose—response model and clinical experi-
ence have shown that for a similar total absorbed
dose, lowering the absorbed dose per fraction will
reduce the biological effect, while increasing the
absorbed dose per fraction will increase that effect
(Withers and Thames, 1988). In contrast to many
tumor types with a high o/B ratio, late-responding
normal tissues often have a low «/fB ratio making

them especially sensitive to this phenomenon. In
essence, a lower absorbed dose per fraction to
normal tissue will increase the therapeutic ratio. In
addition, for the same absorbed dose to normal
tissue, IMRT can allow an increased tumor absorbed
dose, thus further increasing the therapeutic ratio.
Biological models that can accurately incorporate
the effect of absorbed dose to tumor and normal
tissues might be developed in the future to explicitly
optimize the trade-offs that must be made between
eradication of the tumor and avoidance of normal-
tissue damage. Radiobiological-response models are
discussed more fully in Section 3.7.2.

The concept of equivalent uniform dose (EUD),
introduced by Niemierko (1997), was originally
defined to be the absorbed dose that if given uni-
formly would lead to the same cell kill as the
actual non-uniform absorbed-dose distribution. The
current definition of EUD is a generalized mean
absorbed dose (Niemierko, 1999). Equivalent
uniform dose is discussed in detail in Section 3.7.3.
If the input parameters can be well justified, the
EUD approach can, in principle, provide better pro-
tection of the critical structures and a similar or
slightly better absorbed-dose distribution in the
PTV than optimization based only on the physical
absorbed-dose distribution. Figures 2.4 and 2.5
illustrate a comparison of optimizations based on
absorbed-dose and EUD constraints (Wu et al.,
2002). The reliability of the EUD concept, however,
depends critically on the values of the different
parameters that are used to fit the dose—volume

Figure 2.4. Examples of a typical head-and-neck case optimization using: (a) traditional absorbed-dose and dose—volume optimization;
(b) EUD-based optimization without constraints on target absorbed-dose inhomogeneity; and (¢) EUD-based optimization with
constraints on target absorbed-dose inhomogeneity. The light blue lines represents the 80 Gy isodose curves, yellow the 70 Gy, dark
blue the 60 Gy, inner green the 50 Gy, red the 45 Gy, and the outer green the 30 Gy isodose curves. Note that the 80 Gy isodose curve

exists only in (b).
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Figure 2.5. Dose—volume histograms corresponding to the absorbed-dose distributions of Figure 2.4 for the PTV, the parotid glands,
and the spinal cord. The volume axis is relative to the total volume of region of interest and reported in percent. In EUD-constrained
plans, absorbed-dose constraints were chosen to achieve a more homogeneous absorbed-dose distribution in the PTV.

effect. The concept of EUD has been used as one of
several metrics to determine the impact of
absorbed-dose heterogeneity on normal tissues and
tumors (Aoyama et al., 2006; Wang and Li, 2003).
At this time, the use of EUD for optimization
and plan evaluation should be considered as
investigational.

The most useful patient-specific objective func-
tion would maximize the probability of uncompli-
cated control (Brahme, 1999). Such approaches
proposed by several investigators usually put tight
constraints on the maximum normal-tissue compli-
cation probability (Lind et al., 1999; Wang et al.,
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1995). The trade-off between competing compli-
cations is difficult to model mathematically.
Radiobiological models are not yet fully validated,
and might not even properly rank competing plans
for a specific case. Although promising, further
clinical validation of the biological optimization
tools is required. In the meantime, it appears wise
to restrict their use to well-designed clinical studies
aimed at showing their usefulness as evaluation
metrics. Examples of biological evaluation metrics
that might ultimately be employed as objective
functions are described in more detail in Section
3.7.3.
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3. Special Considerations Regarding Absorbed-Dose and
Dose-Volume Prescribing and Reporting in IMRT

If all centers were well equipped and well staffed,
it would be possible to report all information avail-
able using modern (“state-of-the-art”) techniques,
and the exchange of information would be
improved. Unfortunately, facilities and/or medical
staff are limited in some centers. On the other
hand, if the ICRU recommendations for reporting
are limited to those appropriate for centers with
minimum technical and medical capabilities, only
limited information can be exchanged and the
benefit is modest. Historically, as a compromise,
the ICRU (ICRU, 1993; 1999; 2004; 2007) identified
three levels of prescribing and reporting.

Level 1 recommendations: minimum standards
for prescribing and reporting. Prescribing and
reporting at Level 1 is considered the minimum
standard required in all centers, a standard below
which radiotherapy should not be performed.
Operating at Level 1 is sufficient for simple treat-
ments and implies that knowledge of absorbed
doses on the central beam axis is known and that
simple two-dimensional (2D) absorbed-dose distri-
butions at the central axis are available.

Level 2 recommendations: prescribing and report-
ing state-of-the-art techniques. Level 2 prescribing
and reporting implies that the treatments are per-
formed using computational dosimetry and 3D
imaging. At this level, it is assumed that all volumes
of interest, e.g., gross tumor volume (GTV), clinical
target volume (CTV), planning target volume (PTV),
organs at risk (OAR), and planning organ-at-risk
volume (PRV) (see Section 4), are defined using, for
example, a series of computed tomography (CT) or
magnetic resonance imaging (MRI) sections and that
3D absorbed-dose distributions are available and
include heterogeneity corrections. It is expected that
dose—volume histograms (DVHs) for all volumes of
interest are routinely computed. It is also assumed
that a complete QA program is in place to ensure
that the prescribed treatment is accurately delivered.

Level 3 recommendations: optional research-and-
development reporting. Reporting at Level 3
includes the development of new techniques and/or
approaches for which reporting criteria are not yet

established. Examples include the use of concepts
such as tumor-control probability (TCP), normal-
tissue complication probability (NTCP), or equivalent
uniform dose (EUD) (ICRU, 2007).

It is recommended that all information required
for Level 1 prescribing and reporting should be
included in Level 2, and recommendations at
Levels 1 and 2 should be incorporated when report-
ing at Level 3. It is recognized that procedures at
Level 3 might be added to Level 2 in the future.

3.1 The ICRU Reference Point and ICRU
Reference Dose

The ICRU has long recommended that the
absorbed dose, D,., to an unambiguous point, the
ICRU Reference Point, be reported to communicate
absorbed doses prescribed or received (ICRU, 1978;
1993; 1999; 2004). In ICRU Report 50 (ICRU,
1993), the process for the selection of an ICRU
Reference Point was specified as follows:

e the absorbed dose at the point should be clini-
cally relevant;

e the point should be easy to define in a clear and
unambiguous way;

e the point should be selected so that the absorbed
dose can be accurately determined,;

e the point should be in a region where there is no
steep absorbed-dose gradient.

These recommendations will be fulfilled if the
ICRU Reference Point is located:

e always at the center (or in a central part) of the
PTV, and

e when possible, at the intersection of the (treat-
ment) beam axes.

3.1.1 Conventional Reporting of Point
Absorbed Doses

Conventional computation algorithms start with
absorbed-dose distributions measured in a water

© International Commission on Radiation Units and Measurements 2010
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phantom and then correct these to estimate the
absorbed-dose distribution in the patient. The
absorbed dose at a point on the central axis in a
homogeneous tissue region is reliably determined
for an open (i.e., unblocked) field incident normal to
the surface of the patient because it is based directly
on measurements of a beam incident normal to the
surface of a water phantom. Examples of special
situations that could influence or compromise the
accuracy of point-dose calculations in a patient
are: (1) Dose-correction algorithms treat separately
the influence of beam modifiers, patient contours,
and tissue heterogeneities as independent effects
whereas, in fact, they are not necessarily indepen-
dent. For example, in a lung cancer case with a
block shielding the cord, all three types of absorbed-
dose correction would be required. The reporting
point would need to lie in the field away from the
central axis in a heterogeneous tissue medium
beneath a non-flat patient body contour, and there-
fore the reported absorbed dose would depend
heavily on the ability to apply the corrections. The
beam-modifier correction for the block should
take into account the reduced scatter to the lung.
Heterogeneity corrections would result in additional
absorbed dose due to less attenuation in lung but
are generally applied to the primary beam, not the
beam scattered in the patient. These effects should
be taken into account simultaneously. (2) Dose-at-
a-point reporting is also less reliable for wedged
treatments because absorbed-dose gradients can
reach a sizable fraction of the prescribed absorbed
dose per millimeter. (3) With some dose-calculation
algorithms, the accuracy for non-uniform tissue
types and densities is problematic enough that
many protocols specify reporting the result of calcu-
lations assuming that all intervening tissues are
composed of unit density water. ICRU Reports 50
and 62 have already suggested that Level 1 and
dose-at-a-point reporting is not sufficient for
complex, 3D conformal-radiation-therapy treatments
(ICRU, 1993; 1999).

In previous ICRU Reports, limitations of report-
ing an absorbed dose at a point were recognized
and some cases in which the criteria for a
Reference Point cannot be fulfilled were discussed
(e.g., ICRU, 1999). It should be kept in mind that
when these Reports were published (ICRU, 1993;
1999), it was often not possible to identify and
accurately delineate all volumes of interest and to
compute the absorbed-dose distributions in 3D.
Heterogeneity corrections were time-consuming,
inaccurate, and thus often not applied. Therefore,
selection of a clinically relevant, clearly defined
reference point at which the absorbed dose can be
accurately determined appeared to be the best and
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only practical approach at that time. This approach
was recognized to be reliable and has indeed suc-
cessfully been used in randomized clinical trials
(ICRU, 1999).

3.1.2 Dose-Volume Calculations

Today, more accurate model-based dose-calculation
algorithms (see Appendix A.1) and modern 3D
imaging methods make it possible to generate the
whole absorbed-dose distribution to characterize the
delivery and not just the absorbed dose at a single
point. This allows dose—volume-based prescriptions
and reporting.

In modern radiation therapy, the specification of
the absorbed dose to relevant anatomic volumes
rather than to single points is critical to the com-
munication of the treatment intent. The reported
absorbed dose should be descriptive of the absorbed
dose in the volume. Level 1 reporting, including the
reporting of absorbed dose at a point, is inadequate
for three-dimensional conformal therapy (3D-CRT)
and intensity-modulated radiation therapy (IMRT)
for the following reasons: (1) The absorbed-dose dis-
tribution within a PTV for IMRT can be less homo-
geneous than in conventional radiation therapy,
often with significant variations. The selection of a
dose-reporting point that lies within a region of high
or low absorbed dose could then significantly misre-
present the absorbed dose. A point on the central
axis is not a representative point for plans that
include an interior OAR. Certainly, the point at
which the maximum absorbed dose occurs is unli-
kely to be representative. (2) Soon Monte Carlo cal-
culations will be wused routinely to compute
absorbed-dose distributions for IMRT. In Monte
Carlo simulation, the statistical fluctuations in the
results for small volumes make it difficult and
uncertain to determine an absorbed dose at a point,
whereas this is reasonably achieved in a volume. (3)
From a single beam direction, IMRT can produce
absorbed-dose gradients within a PTV much larger
than those generated by a wedge. (4) The absorbed-
dose gradient at the boundary of a PTV as a result
of multiple IMRT beams can be more than
10 %/mm, and a small shift in the field delivery can
affect the reliability of using a single point to report
the absorbed dose. (5) Modern treatment-planning
systems have sufficient evaluation tools for Level 2
reporting to be the standard for use in IMRT.

3.2 Level 2 Prescribing and Reporting
for IMRT

Recommendations for Level 2 reporting are based
on absorbed-dose and volume information obtained
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from DVHs. Dose—volume histograms have been in
practical use in radiotherapy since the late 1970s
and are routinely used to evaluate and report
3D-CRT, IMRT, electron, and heavier particle thera-
pies (ICRU, 1985; 2004; 2007; Shipley et al., 1979).
Figure 3.1 shows an example of a DVH. A DVH rep-
resents, in a concise although simplified way, the
dose—volume relationship within a volume of inter-
est. Visual inspection of DVHs can lead to identifi-
cation of clinically important characteristics of an
absorbed-dose distribution, such as the presence
(but not the location) of regions of high or low
absorbed dose or other absorbed-dose heterogene-
ities, which are often difficult to assess rapidly and
consistently from conventional isodose or color-wash
presentations.

Cumulative DVHs are histograms of the volume
elements that receive at least a given absorbed
dose, and they are usually expressed as either the
absolute volume or the volume relative to the total
structure volume, receiving at least a given
absorbed dose, D. Each point on the line of a rela-
tive cumulative DVH is described by the following:

1 (Pmex d V(D)
DVHw (@) =1-3 | S5

dD, (3.1

where V is volume of the structure and D, ., the
maximum dose in the structure, and the differen-
tial DVH is defined by dV(D)/dD, which is the
increment of volume per absorbed dose at absorbed
dose, D (Figure 3.1).

An absolute cumulative DVH can be obtained
from a relative cumulative DVH by multiplying

by the volume of the structure. Dose—
volume histograms can be used to determine
values such as D,egian, Which is the absorbed
dose received by 50 % of the volume, making it
often a good choice for a representative
absorbed-dose value for the PTV even though it
does not provide information about where in the
volume the median absorbed dose might occur
and is thus less useful if the absorbed-dose dis-
tribution in  the  structure is  highly
heterogeneous.

In plotting a relative cumulative DVH, the first
defined point is located at the intersection along
the horizontal line representing 100 % volume and
the vertical line representing the minimum calcu-
lated absorbed dose, D,,;,. By convention, a hori-
zontal line is drawn from a point representing
100 % volume and zero absorbed dose to the first
defined point on the histogram. Similarly, the
last point in the DVH curve is located at the
intersection along the horizontal line representing
0 % volume (along the abscissa) and the point of
maximum calculated absorbed dose, D.... The
minimum and maximum absorbed doses are often
obscured by the 100 % and 0 % volume grid lines,
which make visual evaluation uncertain. The
determination of the location of low- or high-dose
regions within a structure is not possible from a
DVH alone.

The usual specification for a characteristic value
for a distribution within which there can be some
variation is the mean. The mean absorbed dose to
the PTV is equal to the amount of energy imparted
to the PTV divided by the PTV mass. The mean

Dgs%

g e 95%

100 ¢

90 \
é o \ Dsu%
g 70 /
2 60
g — PTV Diff.
[ 50 -m-  PTV Cum.
.% 40 -= PRV Diff.
] = PRV Cum.
.

20

' . ] D.«

0 B T et e o bbbt "/ ‘ﬁ-/

n..}

0 5 10 45 20 25 30 35 40 45 50 55 60 65
Absorbed dose (Gy)

Figure 3.1. Example of differential DVHs and their corresponding cumulative DVHs. The dose—volume metrics, Dy ear-min = Dos %,
Dgs 9, Dsg ¢, (median), and D, ear-max = D2 4, are indicated for the PTV. For this example, the values of Dgg ¢,, Dos 4, D5o %, and D 4, are
57 Gy, 57.5 Gy, 60 Gy, and 63 Gy, respectively. The D,c., for a PRV is also indicated. Notice that the mean absorbed dose for an organ
at risk is generally not the same as its median absorbed dose, whereas the mean absorbed dose for the PTV is generally very close to

its median absorbed dose.

TTOZ ‘82 JequenoN uo usBuigen] gn e /610'seulnopio xo nioil//:dny wo.j papeoumod


http://jicru.oxfordjournals.org/

PRESCRIBING, RECORDING, AND REPORTING PHOTON-BEAM IMRT

absorbed dose is thus defined as:

1 (Prex dV(D)
Dmean _‘_/JO Dd—DdD7

(3.2)
and also represents the integral dose divided by
the volume.

Typical differential DVHs for the PTV are often
similar to that portrayed in Figure 3.1, in that they
are symmetric and unimodal (i.e., having only
one peak), so that the median (D59 ¢) and mean
absorbed doses are nearly identical.

3.3 Impact of Modern Treatment-Planning
Techniques

In recent years, and especially since the advent
of IMRT, prescriptions have been specified and
reported using dose—volume metrics. This was
greatly facilitated by the definitions and recommen-
dations in ICRU Reports 50 and 62 (ICRU, 1993;
1999) that encouraged the delineation of target and
organ-at-risk volumes using 3D image sets. All
commercial treatment-planning systems now report
cumulative DVHs for the specified volumes from
which a variety of metrics for reporting can be
obtained. The main reason for the use of dose—
volume reporting in IMRT is that the coverage of
the PTV by a specific absorbed dose can be expli-
citly determined from a DVH, and be better con-
trolled through optimized planning. The use of
dose—volume reporting instead of reporting the
absorbed dose at the ICRU Reference Point is pre-
dicated on the use of an adequate dose-calculation
system. Recently, dose-calculation algorithms,
such as the convolution/superposition method, have
been adopted and provide accurate absorbed-dose
calculations because they function well in inhomo-
geneous tissues (reviews on the convolution/super-
position method can be found in Ahnesjo, 1994,
1995; Ahnesjo and Aspradakis, 1999; and Mackie
et al., 1995; 1996; 2000; 2001). Thus the absorbed
dose is computed throughout the PTV, and no par-
ticular point, such as the ICRU Reference Point, is
favored (see Appendix A.1). The present Report rec-
ommends that the users of treatment-planning
systems ensure that these systems have the ability
to compute the absorbed dose accurately for small
fields, inhomogeneous tissues, and in regions in
which there is electronic disequilibrium (see
Appendix A.1).

There have been few studies comparing more
modern dose—volume prescription and reporting
with older established methods. Frank et al. (2003)
compared traditional treatment-planning methods
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with modern methods. The traditional treatment-
planning  methods, including dose-at-a-point
prescription, either calculated the absorbed-dose dis-
tribution on the basis of a homogeneous tissue
density or with heterogeneity corrections. The
modern method used a dose—volume prescription
and calculated the absorbed-dose distribution using
density obtained from CT-based treatment plans.
Thirty stage I/II inoperable non-small-cell lung
cancer plans were studied. They found better PTV
coverage with the modern planning methods. In par-
ticular, they found that 14 of the 30 patients studied
would have had less than 90 % of the PTV receiving
the prescribed absorbed dose if they had used the
traditional calculation and prescription methods. It
is expected that the combination of heterogeneity
corrections and the use of dose—volume prescrip-
tions will improve the homogeneity of absorbed dose
in the PTV also when IMRT is employed.

Donovan et al. (2002) found that dose-at-a-point
prescribing and traditional methods of delivering
the absorbed dose to the breast resulted in 96 % of
patients having more than 105 % of the prescribed
absorbed dose in the upper half of the breast and
70 % of the patients having more than 105 % in the
lower half of the breast. Intensity-modulated radi-
ation therapy prescriptions using dose—volume
methods resulted in less than 4 % of the patients
having more than 105 % of the prescribed absorbed
dose in either half of the breast. They found that
the use of such dose—volume prescriptions leads to
a more homogeneous absorbed-dose delivery to
the PTV. In a follow-up study of these patients,
Donovan et al. (2007) found that the conventionally
treated patients have significantly increased late
complications when compared with the IMRT
patients. In the case of breast, IMRT is capable of
providing better missing-tissue compensation when
compared with simple wedges. It is likely that
when only tangential fields are used to irradiate
the breast, custom compensators designed expli-
citly to compensate for missing tissue would be just
as effective as IMRT planning and delivery. The
study by Donovan et al. (2002) evaluated two tech-
niques: standard breast radiotherapy using tangen-
tial fields with wedges employing dose-at-a-point
prescription and IMRT with dose—volume prescrip-
tion and reporting. Despite some indications that
IMRT might improve breast radiotherapy, it should
be pointed out that there are other issues related to
the treatment of breast, such as the movement of
the breast and a possible increased volume of low
absorbed dose in other tissues, e.g., the contralat-
eral lung and breast.

The AAPM Task Group 65 Report (AAPM, 2004)
reviewed all of the publications describing absorbed-
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dose computations with and without the effect of
tissue heterogeneities. When compared with homo-
geneous-tissue calculations, the review found
that there can be much more than a 10 % relative
difference in the computed absorbed dose when het-
erogeneity corrections are used. The Report con-
cluded that modern model-based absorbed-dose
computations (see Appendix A.1) are capable of cal-
culating the absorbed dose to within a 5 % relative
uncertainty if the effect of tissue heterogeneities are
included, and recommended that the absorbed dose
be calculated with heterogeneity corrections. The
US National Cancer Institute in cooperation with
the Advanced Technology Consortium (ATC) has sti-
pulated that trials involving IMRT should use
absorbed-dose algorithms that take into account the
effect of tissue heterogeneities (ATC, 2006). A
report, describing a stereotactic-radiotherapy clini-
cal trial of lung cancer specified that lung-density
corrections not be used, and showed that absorbed-
dose distributions were affected significantly when
absorbed-dose  corrections were appropriately
applied (Xiao et al., 2007). In particular, the volume
of the target receiving at least 60 Gy (Vgogy) was
reduced by 10 % and the absorbed dose outside the
target increased significantly. Unfortunately, there
are still ongoing lung cancer trials in which hetero-
geneity corrections are not used (e.g., RTOG Trial
0618, see www.rtog.org/members/protocols/0618/
0618.pdf). We recommend that absorbed-dose calcu-
lations including corrections for heterogeneities are
used in future trials (see Appendix A.1).

It is recommended that dose—volume specifica-
tions be used for reporting the treatment plan. The
absorbed dose that covers a specified fractional
volume V, Dv; should be reported. This information
can be found from a cumulative DVH as the DVH
absorbed-dose value specified at a percent volume
V. For example, Dg5 ¢ is the minimum absorbed
dose that covers 95 % of the volume of the PTV.
The volume, V, that Dy is based on should be
reported textually or as a subscript value (e.g.,
D95 % = 50 G'y, Dmedian =55 Gy)

The dose—volume metric Dygg 4 would be com-
monly called the minimum absorbed dose. The
Do 4 value is the absorbed dose at a single or a
few voxels that happened to have the lowest
absorbed dose. The minimum absorbed dose might
not be accurately determined because it is often
located in a high-gradient region at the edge of
the PTV, making it highly sensitive to the resol-
ution of the calculation and the accuracy of deli-
neating the CTV or determining the PTV. For
example, the radius of a 0.5 L spherical target
volume of water is 49.2 mm, and the radius would
have to change by less than 0.2 mm to produce a
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1 % change in the volume of the PTV. Therefore,
reporting of Digp ¢ is not recommended because
the PTV cannot be determined with sufficient accu-
racy to warrant constraining the absorbed dose to
every voxel on the PTV periphery. Reporting of
minimum absorbed dose should be replaced by the
better-determined near-minimum absorbed dose,
Dygg o, also designated as D,car-min. Other dose—
volume values, such as Dgy;5 ¢, may also be reported
but should not replace the reporting of Dgg 4. The
clinical relevance of the lowest PTV absorbed doses
can depend on their position within the PTV. If
they are close to the boundary of the PTV, a
low-dose region might have less clinical relevance
when compared with a position well within the
PTV boundary. The location of low-dose regions
within the GTV, CTV, and PTV boundaries can be
of concern, but current planning tools to visualize
directly the location of absorbed-dose regions ident-
ified within the DVH do not typically exist. Such
regions might be identifiable using isodose con-
tours. Hence, it is important that the radiation
oncologist not rely solely on the DVH for treatment
evaluation but also carefully inspect the absorbed-
dose distributions slice-by-slice (or in 3D) to make
sure that the PTV is being adequately irradiated.

In previous ICRU Reports, it was recommended to
report as the “maximum absorbed dose” the high
absorbed dose in at least a given minimum volume
of the tissue (ICRU, 1993). In the present Report,
another option is recommended analogous to the
procedure for reporting the minimum absorbed
dose, namely, to report the near-maximum absorbed
dose, Dy ¢4, as a replacement for the “maximum
absorbed dose”. Both recommendations serve the
same purpose: to report an absorbed dose that is not
reliant on a single computation point. However, the
radiation oncologist might judge that the “maximum
absorbed dose” defined by ICRU 50 (ICRU, 1993) is
clinically relevant, and this value may be reported.
It is recommended that D, ¢, also be reported as it is
simple to obtain and will add to consistency of
reporting. If another dose-volume descriptor, for
example Dy; where V is a small fractional volume, is
felt to be clinically relevant, the fraction of the
volume chosen should be reported textually or as
part of a subscript.

These dose—volume values for the PTV and CTV
represent the lower and upper bounds on the
“actual” absorbed dose in the CTV, respectively.
The DVH of the CTV would be representative of
the absorbed dose to the CTV if the CTV did not
change shape, did not move, and the treatment was
always perfectly set up. The DVH of the PTV
would be representative if the CTV moved evenly
throughout the volume encompassed by the PTV.
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A large separation between the DVH curves indi-
cates that there is a steep gradient between at least
a portion of the volume of the CTV and PTV bound-
aries. Even though the prescribed absorbed dose is
identified with the PTV, the values of Dy for the
CTV should be included in addition to reporting
the PTV prescription. Comparing the dose—volume
values of the PTV with those of the CTV will indi-
cate the ability of the chosen margin to maintain
an adequate absorbed dose to the CTV.

The report does not recommend any particular
value of V in Dy for a prescription. However, the
median absorbed dose, Dsq 4, is likely to be a good
measure of a typical absorbed dose in a relatively
homogeneously irradiated tumor. As shown in
Figure 3.2, the median absorbed dose has been
shown to be computed accurately by many commer-
cial treatment-planning systems (Das et al., 2008),
and its value is easy to determine from a cumula-
tive DVH. The original rationales for reporting the
absorbed dose at the ICRU Reference Point and
that for reporting of D5y 4 are very similar,
i.e., reporting an absorbed dose that is largely
representative of the absorbed dose in the PTV.
However, numerically the values could probably
differ to a small extent depending on the absorbed-
dose distribution in the PTV.

Often for IMRT, the median absorbed dose is close
to the mean absorbed dose for a target volume.
Figure 3.3 illustrates a differential DVH with a
median absorbed dose of 60 Gy and the resulting
cumulative DVH obtained using Eq. 3.1. The great-
est slope for the cumulative DVH is at or close to
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the median absorbed dose D5y ¢ = 60 Gy. For con-
sistency, the reporting of the median absorbed dose,
D5, 4, is recommended in addition to any other Dy
that the radiation oncologist believes to be clinically
relevant. The reporting of other Dy values gives a
perspective on the absorbed-dose heterogeneity.
A radiation oncologist might conclude that a larger
(or even smaller) fractional V than 50 % is biologi-
cally more relevant, and so the freedom to prescribe
any value is respected. However, D5y 4 should
always be reported. The mean absorbed dose, which
can be derived from a DVH, as indicated in Eq. 3.2,
is also likely to be a good measure of the typical
absorbed dose in the target volume. Treatment-
planning systems should report the mean absorbed
dose. When deemed clinically relevant, the mean
absorbed dose is recommended for Level 2 reporting.

It is strongly recommended that if the method
of prescription in a protocol or treatment aim is
changed from a point-dose to a dose—volume
approach, the impact on the absorbed dose received
by patients should be determined. Figure 3.3 illus-
trates an example of the analysis that should be
done. This figure assumes that the absorbed doses to
the ICRU Reference Point and D5 4, for the PTV are
nearly identical (also see Figure 3.2 in ICRU Report
62, p. 24). This may not be always true; an evalu-
ation of the relationship between D5y ¢ and the
absorbed dose at the ICRU Reference Point should
be undertaken before any prescription methodology
is changed. Suppose, using the data in Figure 3.3,
that the prescription to the ICRU Reference Point
was previously 60 Gy, and a D5, ¢, of 60 Gy would be

. Minimum
= Maximum
| » Median
| « Isocenter
| Pinnacle CMS-Xi0 Eclipse

0 50 100 150 200 250 300 350 400 450 500 550 600 650 700 750 800

Patient number

Figure 3.2. Dosimetric deviations between the prescribed and planned absorbed doses among 803 patients from five medical
institutions with different treatment-planning systems. Vertical lines separate the data according to treatment-planning system (from
left to right: Oncentra, BrainScan, Pinnacle, CMS-XiO, Eclipse). The horizontal line at 1.0 represents no deviation; the horizontal lines
at 1.1 and 0.9 represent absorbed-dose relative variations of +10 % and —10 %, respectively, between the planned absorbed dose and
the prescribed absorbed dose. There are wide variations in the minimum and the maximum absorbed doses. The median absorbed dose
is the most accurate quantity computed. From Das et al. (2008); reproduced with permission.
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Figure 3.3. Schematic representation of DVHs resulting from
two different approaches to prescribing. The dashed line is the
DVH of a treatment that had been prescribed so that ICRU
Reference Point received 60 Gy. The solid curve shows the DVH
if the physician prescribes 60 Gy to Dgg ¢ instead. In many
cases, the median absorbed dose D5 4 is assumed to correspond
to the ICRU Reference Point dose. The difference in all
absorbed-dose metrics for the tumor for the two prescriptions is
significant, differing by a common ratio of Dsg ¢,/Dgg 4. When
comparing treatments reported using these two approaches, it is
thus important to compare the numerical values and avoid
introducing a systematic difference.

nearly equivalent. For a Dsg 4, of 60 Gy, the Dgg 4, is
57 Gy, and thus a prescription of Dgg 4 of 57 Gy
would be equivalent to a prescription of 60 Gy to the
ICRU Reference Point. If instead the Dgg ¢, prescrip-
tion was set at 60 Gy, this would have amounted to
about a 5 % increase in the absorbed dose to a
typical point in the PTV, D5 ¢, in this example.

The PTV is a tool designed to ensure that the
CTV receives an adequate absorbed dose. The CTV
D5y 4 and Dy 4 should be very similar to these
metrics for the PTV. However, near values of Dgg ¢,
the DVHs for the CTV and PTV can diverge con-
siderably. If it were possible to obtain the “true”
DVH for the CTV, for which motion and setup
uncertainties were accounted for in detail, it would
be bounded by the DVHs of the CTV and PTV. In
the future, absorbed-dose reconstruction to deter-
mine the actual absorbed dose delivered, taking into
account setup errors, might enable a more accurate
approximation to the “true” DVH of the CTV
(Kapatoes et al., 2001a; 2001b; McNutt et al., 1996;
Partridge et al., 2002). Additionally, systems using
MRI to determine the patient anatomy during treat-
ment might make absorbed-dose reconstruction
possible even with motion (Dempsey et al., 2005;
Fallone et al., 2007; Raaymakers et al., 2004).

Often a compromise must be made between
achieving a large absorbed dose in the PTV and
protecting sensitive normal structures. The clini-
cian must be the judge of the degree of compromise,
taking into account that regions of low absorbed
dose in the target volume can lead to a reduced
probability of tumor control. With a prescription
using Dgg 4, there will be, by definition, 2 % of the
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defined PTV volume with an absorbed dose less
than the prescription.

3.4 Dose-Volume Reporting Specific to the
OAR and PRV

The functional arrangement of normal-tissue cells
has been described as parallel or serial (Withers,
1986; Withers et al., 1988); see also Section 4.6. This
distinction can be helpful in determining absorbed-
dose limits in normal tissues (OAR) because serial-
like tissues, such as the esophagus or spinal cord,
can lose their function if a small region of the tissue
is damaged. Parallel-like tissues, such as the lung
or liver, have sufficient reserve capacity so that a
sizeable amount of damage can be tolerated without
a complication occurring.

For parallel-like structures, it is recommended
that more than one dose—volume specification be
considered for reporting. The mean absorbed dose in
parallel-like structures can be a useful measure of
absorbed dose in an organ at risk. Typically, because
of highly non-homogeneous absorbed-dose distri-
butions in an OAR, the mean absorbed dose and the
median absorbed dose are not similar in value, and
so the median absorbed dose cannot be used as an
accurate substitute for the mean. Treatment-
planning systems should present the mean absorbed
dose for purposes of reporting, as this might be an
especially useful metric for parallel-like normal
structures. For parallel-like normal tissues, dose—
volume reporting specifying Vp, which is a volume
that receives at least the absorbed dose D, is a
concept that has been commonly used. For example,
Graham et al. (1995) found that the incidence and
severity of lung pneumonitis was well correlated
with Vyoay, the volume of normal lung receiving
more than 20 Gy. It is recommended that both D, can
and Vp be reported, where the subscript D is an
absorbed dose that if exceeded within some volume
has a high probability of causing a serious compli-
cation. Typically, Vp would be reported using the
absolute value of D and V as a fraction (percent) of
the volume of the organ. An example would be
Vaoagy =30 %. It is also recommended for parallel-
like organs that the entire organ be contoured so
that meaningful values of D, .., and Vp can be
determined (see Section 2.6).

The maximum absorbed dose as specified by a
single calculation point (D,,.x or Dy ¢,) has often been
reported for serial-like organs or structures even
though such a reported maximum absorbed dose was
considered relevant only if the involved tissue volume
had a minimum dimension of at least 15 mm.
However, an even smaller dimension was considered
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appropriate for some organs such as the spinal cord,
eye, optical nerve, or larynx (ICRU, 1993). The
minimum dimension for the maximum absorbed-dose
region in a structure is not easy to establish, and so
this Report recommends that Do 4 be reported. To
obtain a true value of D, ¢, the entire organ should be
delineated, and it is recommended that this be done
whenever possible (see Section 4.6). However, a high
estimate of Dy ¢, will result if only those portions of
the organ that receive a high absorbed dose are deli-
neated. This is because delineating large volumes
that have low absorbed dose will lower the D5 4, value
when compared with only delineating the high-dose
region. For the case of incomplete delineation, the
anatomic description of the delineated regions
should be described when reporting the Dy 4. The
“maximum absorbed dose” may still be specified in
terms of the absorbed dose in a minimum volume as
recommended in ICRU Report 50, but if this or
another maximum-like specification is wused to
describe the treatment protocol their values should
be reported together with the value of Dy 4.

Care should be taken in changing from a
maximum absorbed dose, Dy ¢, or other maximum-
like dose—volume specification to the near-maximum
absorbed dose, Dy ¢. For example, the Radiation
Therapy Oncology Group (RTOG) Protocol 0615
(www.rtog.org/members/protocols/0615/0615.pdf) for
nasopharyngeal cancer set the D, 4, at 50 Gy for the
spinal cord PRV but placed a constraint such that
the spinal cord itself would have a maximum
absorbed dose (Dy 4) of 45 Gy. Replacing D; 4, or
Dy ¢, in this protocol by Dy ¢, might require Do ¢, dose
to be significantly reduced compared with D; 4, or
Dy 4, depending on the gradient of the DVH curve for
the spinal cord at high absorbed doses.

Because most organs are not clearly a serial-like
or parallel-like structure, at least three dose—
volume specifications should be reported. These
would include D,,can, D2 9, and a third specification,
Vp, that correlates well with an absorbed dose D,
which if exceeded within some volume has a known
high probability of causing a serious complication.
Other specifications of risk, as deemed by the radi-
ation oncologist to be relevant, may also be reported.
When feasible, the whole organ should be deli-
neated. When not feasible, a clear description of the
delineation criteria should be reported.

3.5 Reporting of Treatment Fields Delivered
per Fraction

For any type of low linear energy transfer radio-
therapy, there is sound radiobiological rationale for
the delivery of all treatment segments and fields in
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every fraction. In IMRT, if all of the fields are not
delivered each day, the daily absorbed dose to the
treatment volume could be inhomogeneous, and—
since the biological effect varies with absorbed dose
per fraction—this could produce a very different
biological effect. It is recommended that all fields
be delivered on all days, but if this is not possible
then the exact nature of the treatment delivery
should be clearly reported.

3.6 Reporting of Software Versions for
Treatment Planning and Delivery

In the last decade, dose-calculation algorithms
have changed dramatically. This is expected to con-
tinue for the foreseeable future as Monte Carlo
dose-calculation algorithms become more accessible.
In addition, beam characterization (i.e., parameters
describing the beam model used; see Appendix A.1
for more details) and algorithms to account for
collimator-leaf shape and extrafocal radiation
(scatter from the head of the treatment unit) are
under development. As part of Level 2 reporting, it
is important to note the make, model, and software
version of the treatment-planning system used. The
reporting should also include information on the
optimizer software used. It is usually relevant to
report details of the treatment-delivery software in
addition to the treatment-planning system.

3.7 Level 3 Reporting: Reporting
Developmental Techniques and Concepts

Level 3 reporting describes techniques and con-
cepts that are under development, and have not yet
reached a stage at which they are sufficiently estab-
lished to recommend their use in routine practice.
However, their continued investigation is encour-
aged, and some such concepts and developments
are described below.

3.7.1 Dose Homogeneity and Dose
Conformity

Dose homogeneity and dose conformity are inde-
pendent specifications of the quality of the absorbed-
dose distribution. Dose homogeneity characterizes
the uniformity of the absorbed-dose distribution
within the target volume. Dose conformity charac-
terizes the degree to which the high-dose region
conforms to the target volume, usually the PTV.
Figure 3.4 illustrates examples of dose homogeneity
and dose conformity.

Dose homogeneity and the uniformity of the
absorbed-dose distribution are synonymous terms.

TTOZ ‘82 JequenoN uo usbuigen] gn e /Bio'sfeulnolpioxonioily:dny woly pspeojumod


www.rtog.org/members/protocols/0615/0615.pdf
www.rtog.org/members/protocols/0615/0615.pdf
www.rtog.org/members/protocols/0615/0615.pdf
www.rtog.org/members/protocols/0615/0615.pdf
http://jicru.oxfordjournals.org/

Absorbed-Dose and Dose—Volume Prescribing and Reporting

A perfectly homogeneous dose to the PTV would be
characterized by a spike (a delta function) in the
differential DVH or a vertical drop of the cumula-
tive DVH line for the PTV at that absorbed dose.
Typically, the differential DVH for a PTV for a
reasonable treatment plan has a near Gaussian
shape tightly distributed around the mean
absorbed dose. A useful measure for such a distri-
bution is the standard deviation of the mean.
Therefore, in the best circumstances both the
mean absorbed dose to the PTV and the standard
deviation of the mean would be reported.
Unfortunately, some current treatment-planning
systems do not report either the mean or the stan-
dard deviation of the mean. The reporting of both
the mean absorbed dose to the PTV and the stan-
dard deviation of the mean is a recommendation to
vendors.

Several definitions of a homogeneity index have
been proposed, and some individuals favor one over
another often depending on the radiotherapy
modality. For example, in radiosurgery for which
dose homogeneity is characteristically low and the
prescription can be 50 % of the maximum absorbed
dose, the ratio of the maximum absorbed dose to
the prescription absorbed dose has been used
(Khoo, 1999; Murphy et al., 2001). This definition
indicates only the magnitude of overdosing but,
perhaps more importantly, does not indicate if
there is underdosing within the target volume.
This definition would give a homogeneity index of

unity if the maximum absorbed dose was equal to
the prescription absorbed dose but part of the
target was missed. This definition cannot be rec-
ommended. As another example, Thilmann et al.
(2003) defined the homogeneity index, HIg5 %1107 %>
as the fraction of the CTV with an absorbed dose
higher than 95 % and lower than 107 % of the
ICRU-prescribed absorbed dose. This definition
does not indicate the magnitude of underdosage or
overdosage. For 3D-CRT and IMRT, another defi-
nition sometimes cited is the maximum-minus-
minimum absorbed dose normalized to the ICRU
prescription absorbed dose (Wu et al., 2004).
Because the use of the minimum, the maximum,
and ICRU Reference Point doses is no longer rec-
ommended, instead the following definition for
homogeneity index is suggested:

_Dyy —Dgs %

HI (3.3)

D5 o

An HI of zero indicates that the absorbed-dose
distribution is almost homogeneous. D5y 4 1is
suggested as the normalization value because
reporting of Dsg 4 is strongly recommended in
Level 2 reporting. In Figure 3.1, for example, Dy ¢
is 63 Gy, D5g ¢ is 60 Gy, and Dgg 4, is 57 Gy, so the
HI is equal to 0.1.

Even though, as we have seen in Section 3.3 for
breast radiotherapy (Donovan et al., 2002; 2007),
the target might have better dose homogeneity

Figure 3.4. Examples of low and high dose homogeneity and dose conformity. The PTV is in blue and the PRV is in orange. Dashed

lines indicate isodose lines. Homogeneity is a measure of the uniformity of absorbed dose in the PTV indicated by the “squareness” of

the DVH. Conformity is a measure of the overlap between the isodose surface defining a significantly large absorbed dose and the

surface of the PTV. Upper left panel shows the effect of unequal beam weighting to protect OARs. Lower left panel shows the effect of

unequal beam weighting and use of a wedge. Upper right panel shows the effect of many beam portal angles with variable weighting.
Lower right panel indicates the effect of 180° portal separation and lack of avoidance of the OARs.
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with IMRT than with conventional radiotherapy
delivery, small regions of high or low absorbed dose
inside the target volume can develop in IMRT
when avoidance of neighboring sensitive structures
is considered more important than PTV-dose hom-
ogeneity. The ICRU previously recommended that
the absorbed dose in the PTV be confined within
from 95 % to 107 % of the prescribed absorbed dose
(ICRU, 1999). With IMRT, these constraints can be
unnecessarily confining if the avoidance of normal
tissue is more important than target-dose hom-
ogeneity. In the present Report, it is recommended
that the extent of high- and low-dose regions
is specified using dose—volume quantities such as
Dy, 4 and Dgg ¢ for regions of high and low
absorbed dose, respectively. For clinical trials, the
average values of these quantities for all patients
could be reported together with confidence inter-
vals of the specified value. For the tumor, the
equivalent uniform dose, EUD (see Section 3.7.3),
also has potential as part of a dose-homogeneity
specification, such as the ratio of EUD to Dy As
indicated, several approaches for reporting homo-
geneity indices have been suggested, but—what-
ever index is chosen for reporting—it must be
clearly specified.

One of the hallmarks of 3D-CRT and IMRT is the
conformity that can be achieved between the high-
dose volume and the PTV. Indeed, the term
3D-CRT received its name from this property. The
difference between the level of conformity achiev-
able with conventional 3D-CRT and IMRT is most
evident for concave target regions (see Figure 1.1).

Avariety of indices have been proposed to charac-
terize the degree of dose conformity of the treated
volume (TV) to the PTV using a single parameter.
These include the conformity index (ICRU, 1999;
Knoos et al., 1998), another index proposed by
Paddick (2000), and the Dice similarity coefficient
(Dice, 1945; Zhang et al., 2007). In using any of
these index formulations, with the exception of the
conformity index, for which there is a requirement
that the TV include the entire PTV, it is rec-
ommended that Dgg ¢ be used for delineating the
TV. However, because of the increasing availability
and use of DVH formats for reporting absorbed-
dose information, the applicability of any of the
above indices for reporting results of IMRT is likely
to be limited.

3.7.2 Clinical and Biological Evaluation
Metrics

Biological-based evaluation metrics are interest-
ing research quantities, but clinically they should
be used with caution. They are based not only on
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absorbed dose and volume, both of which can be
physically defined, but also to some extent on clini-
cal observations and/or biological models. In prin-
ciple, such models are an important addition to a
purely physical quantity because they relate to the
aims of radiation therapy to provide improved
tumor control and/or to reduce the probability of
damaging healthy tissue. A complete and accurate
biological model of radiation oncology response
would be extremely useful, especially if used as an
objective function on which to base the search for
the IMRT delivery pattern. All biological models
have uncertainties in the values of the parameters
chosen. As biological models become more utilized
in research studies as prescription and evaluation
quantities, their possible role will become better
defined. Eventually, the models might be used
directly as objective functions in IMRT treatment
planning, but these models will not entirely sup-
plant the clinical judgment of a radiation oncolo-
gist. We recommend that biologically based
quantities be explored as evaluation metrics to
provide additional quantitative tools for radiation
oncology. If biologically based metrics are to be
reported, the assumptions used in the models,
their parameters, and the model itself must be
unambiguously specified.

In animal experiments and in clinical practice,
local tumor-control probability (TCP) follows a
sigmoid curve from zero control at some low
absorbed dose to certain local control at high
absorbed doses. There are simple phenomenological
models based on clinical observations. For example,
the logistic function can approximate the TCP:

1

ICP = o
1+ (dso%/D)

(3.4)

where dsg ¢ is the absorbed dose at which the TCP
is 50 %, ys50 4 the slope at the point of 50 % tumor
control, and D the absorbed dose administered
(Bentzen and Tucker, 1997; Suit et al., 1965). The
use of the logistic function assumes an approximate
uniform response in those cells that determine the
final outcome (e.g., hypoxic cells) and a uniform
absorbed-dose distribution, and so its use in IMRT
is limited.

Mechanistic models of the TCP usually assume
that local control is achieved if and only if all clono-
genic tumor cells are inactivated. Based on a
Poisson distribution, the probability of no clono-
genic cells surviving following treatment, TCP, is in
this case given by:

TCP = exp(—N SF), (3.5)

TTOZ ‘82 JequenoN uo usbuigen] gn e /Bio'sfeulnolpioxonioily:dny woly pspeojumod


http://jicru.oxfordjournals.org/

Absorbed-Dose and Dose—Volume Prescribing and Reporting

where N is the number of clonogens and SF the
surviving fraction of clonogens (Munro and Gilbert,
1961). Assuming that in vivo tumor cells behave
according to the linear-quadratic = model
(Barendsen, 1982; Chadwick and Leehouts, 1973;
Douglas and Fowler, 1976; Kellerer and Rossi,
1972; Lea, 1947; Thames et al., 1982), the surviv-
ing fraction is given by

SF = exp|[—n(ad + ,BdQ)], (3.6)
where n is the number of fractions of equal
absorbed dose d. The parameters « and B are
obtained by fitting the linear-quadratic relationship
to clinical data (Steel, 1993). Equation 3.6 requires
uniform absorbed dose and cell sensitivity.

All parts of the tumor might not be irradiated to
the same absorbed dose and parts might have a
different clonogen density and/or clonogen sensi-
tivity. Assuming that within each of several parts
of a tumor, the cellular radiation sensitivity,
absorbed dose per fraction d;, and total absorbed
dose D; are uniform and each part behaves inde-
pendently of each other part, it is possible to gener-
alize Eq. 3.5 by formulating the probability of
eradication of the whole tumor in terms of eradica-
tion of its parts (Goitein, 1987; Yorke, 2003):

TCP = | [, expl—n: SF(D;, ), (3.7)
where n; is the number of clonogens in part i and is
given by the density of clonogens and the volume of
that part of the tumor. TCP is then interpreted as the
probability of tumor clonogens not surviving any-
where in the tumor. Generally, the difficulty with
modeling the TCP is assigning parameter values to
describe the tumor. The validity of TCP values using
Eq. 3.7 is highly dependent on knowledge of the
absorbed-dose uniformity and cell sensitivity.

The response of normal tissue to injury has all of
the complexity of tumor-tissue response with
respect to its dependence on cell type, absorbed
dose, and absorbed dose per fraction. In addition,
the functional relationship among cells is also
important (Withers, 1986; Withers et al., 1988).
Serial-like tissues, such as the esophagus or spinal
cord, can lose their function if a small circumferen-
tial region of the tissue is damaged (Poltinnikov
et al., 2005). Parallel-like tissues, such as the lung
or liver, have sufficient reserve capacity so that a
sizeable amount of damage can be done without a
complication occurring. This means that normal-
tissue-complication probability (NTCP) has an
organ-specific dependence on the volume of
damage. Phenomenologically, the volume depen-
dence of the tolerance absorbed dose TD, for
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a normal tissue can be modeled according to a
power law (Kutcher and Burman, 1991; Lyman,
1985; Lyman and Wolbarst, 1989):

TD, = TD,_1v7°, (3.8)
where TD,_, is the tolerance absorbed dose when
the whole organ or tissue structure is irradiated,
v the fraction of the volume receiving a selected
absorbed dose, and s a tissue-dependent exponent
that depends on the tissue structure. The TD, is
the tolerance absorbed dose if only a portion of
its volume were irradiated. A parallel-like struc-
ture has an exponent close to unity implying that
the probability of harm at a given absorbed dose
is proportional to the volume irradiated. For
serial-like structures, the exponent is significantly
less than unity. If the exponent is close to zero,
the tolerance absorbed dose for any volume irra-
diated is equal to the tolerance absorbed dose for
the structure as a whole, and so irradiating only
a portion is nearly equivalent to irradiating the
whole structure to the same absorbed dose. So
tissues such as the spinal cord can fail because of
inactivation of a small portion, whereas tissues
such as the kidney or lung can lose a substantial
portion of their functional units with little clinical
impact (Steel, 1993). This formula is based on the
assumption that none of the remaining volume,
(1 — v), receives any absorbed dose, but generally
normal tissues are typically irradiated to a wide
range of absorbed doses. Emami et al. (1991) pub-
lished values of tolerance-absorbed-dose estimates
for several partial organ volumes, and Burman
et al. (1991) provided fits to determine the expo-
nent s for these organs. Updates to the original
Emami et al. (1991) and Burman et al. (1991)
estimates have been given for radiation myelitis
in the spinal cord (Schultheiss et al., 1995), radi-
ation pneumonitis in the lung (Martel et al.,
1994), =xerostomia due to parotid damage
(Eisbruch et al., 2001), and radiation-induced
liver disease (Dawson et al., 2001). A joint
ASTRO/AAPM initiative, called Quantitative
Analyses of Normal Tissue Effects in the Clinic
(QUANTEC), to update Emami et al. (1991) is
underway. QUANTEC will compile models and
model parameters for normal-tissue complication
(Bentzen et al., 2010) for a number of treatment
sites. The use of IMRT itself will undoubtedly
force a re-examination of the tolerance limits. For
example, Ozyigit and Chao (2002) found that
after IMRT only from 17 % to 30 % of
head-and-neck patients had grade 2 =xerostomia
when compared with approximately 75 % of those
treated with conformal radiotherapy.
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The Lyman (1985) model for the NTCP explicitly
used a volume-dependent power law and assumed
that the probability of complication follows a
sigmoid curve described by the error function.
Other publications deal with ways of using a DVH
to take into account the range of absorbed doses
(Kutcher and Burman, 1991; Lyman and Wolbarst,
1989; Moiseenko et al., 2000).

Niemierko and Goitein developed separate models
for serial-like (Niemierko and Goitein, 1991) and
parallel-like (Niemierko and Goitein, 1993) organs.
The critical-element model, for serial-like tissue
structures, assumes that the damage to a single
functional sub-unit (FSU) will damage the struc-
ture. The NTCP for serial-like organs is given by

NTCP =1-[1-p(D)P", (3.9)
where p(D) is the probability of damaging any FSU
with absorbed dose D, and N the number of FSUs.
This formulation assumes that all FSUs receive the
same absorbed dose.

The probability of uncomplicated control is the
combined probability that the tumor is controlled
and there are no adverse complications. It is thus
not realistic to assume that TCP is independent of
NTCP. That is because an individual who is geneti-
cally more sensitive to a complication, and there-
fore has a higher NTCP, might have a tumor that is
also more sensitive to radiation and therefore also
have a higher TCP. As long as the NTCP is smaller
than the TCP, and the correlation, ¢, between TCP
and NTCP can be determined, the probability of
uncomplicated control, PUC, can be written as

PUC =¢(TCP — NTCP) + (1 +c¢) (3.10)
TCP(1 — NTCP). '
Radiation therapy is typically given only if the TCP
is much larger than the NTCP, so the utility of this

equation to rationalize competing values of the
TCP and the NTCP is severely limited.

3.7.3 Equivalent Uniform Dose

The concept of the equivalent uniform dose
(EUD) was proposed by Niemierko (1997). It is
meant to be that homogeneous or uniform absorbed
dose that would give the same biological response
or clinical effect as the absorbed-dose distribution
actually delivered. It allows a distribution to be
replaced by a single scalar value. It was originally
a biologically based quantity defined by

A £, (5P

EUD =2Gy In(SFscy) )

(3.11)
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where SFj gy is the surviving fraction at 2 Gy, D;
the absorbed dose at the ith calculation point, and
N the number of calculation points.

More recently, Niemierko (1999) redefined the
concept of EUD to be the generalized mean for
normal-tissue complications as follows (also see
Yorke, 2003):

(3.12)

1/a
EUD = (Z v,-D?) :

where v; is the volume of the dose—volume bin
with absorbed dose D;, and the exponent a is a
complication-specific parameter. There are no rec-
ommended publications documenting values for a.
However, serial-like tissues have large positive
values of a, and values are close to 1 for parallel-
like structures. The same formalism can be used
for tumors, with a being large and negative.

The EUD, as with all biological metrics, should be
used with caution if the parameters are not well
known. Figure 3.5 illustrates that the EUD formula
can favor either of two plans depending on the value
of the parameter a. For the reporting of EUD
metrics, all of the assumptions including parameter
values should be carefully and explicitly reported.

3.8 Reporting of Confidence Intervals

Although estimations of uncertainty are difficult,
confidence intervals should be reported whenever
possible. For example, rather than simply reporting
D5 4, for an individual or the average value of D5 ¢,
for patients in a trial, it would be useful to report the
confidence intervals for those values. If quality-
assurance measurements verified the absorbed doses
delivered to patients in the trial, the population-
averaged deviation of the measurements from the
expected result, normalized to the expected result,
would be a useful measure, as would the confidence
interval of the population deviation. Confidence
intervals are presently considered to be part of Level
2 or Level 3 reporting whenever possible.

The PTV is designed largely to accommodate
alignment and motion uncertainties, and the treat-
ment plan is frequently designed such that the PTV
receives a lower absorbed dose at its boundaries
than in its interior. As the CTV is unlikely always to
be located near the edge of the PTV, the absorbed
dose actually delivered to the CTV is likely to be
closer to the desired distribution than the DVH of
the PTV would suggest. Thus, the DVH of the PTV
will tend to exaggerate the dose heterogeneity of the
CTV. Similarly, the DVH of the CTV will tend to
indicate more homogeneity than is actually the case.
It is therefore useful to show the PTV and the CTV
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Figure 3.5. Example of a comparison of EUDs between two modalities for a liver treatment. Upper left panel shows the 60 Gy, 30 Gy,
and 15 Gy isodose lines for a two-field proton-therapy treatment. Upper right panel shows the same isodose lines for a helical
tomotherapy plan. Middle left panel shows the DVH for the proton plan. Middle right panel shows the DVH for the tomotherapy plan.
Lower panel shows the EUD for normal liver as a function of parameter a in the general EUD formula of Eq. 3.12. The two-field proton
case has a lower integral absorbed dose than for tomotherapy. However, the tomotherapy case is more conformal with a lower volume at
the higher absorbed dose levels. The calculated EUD can be higher in the normal liver for either plan depending on the value of the
parameter a. (Figure courtesy of Thomas Mackie, University of Wisconsin, and Hide Aoyama, Sapporo University.)

DVHs on the same graph, as these define the envel-
ope of possible values of the DVH of the CTV,
depending on actual motion or setup uncertainty
and assuming a correct absorbed-dose distribution
and accurate contouring of volume.

Without a statement of the confidence level, an
uncertainty estimate is meaningless. Goitein (1983)
argued that, for many metrics in radiation therapy
that follow normal distributions, one standard devi-
ation is not restrictive enough, and two standard
deviations is too restrictive, and that an 85 % confi-
dence interval, corresponding approximately to 1.5
standard deviations, is a more useful accuracy con-
straint for many applications. Medical physicists
need to make quality-assurance measurements to
ensure that accuracy can be determined and
maintained.
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Treatment-planning systems must make an
effort to make available new capabilities to report
the uncertainty or confidence intervals for their
calculated absorbed-dose  distributions. This
should involve a determination of the systematic
(Type B) and random (Type A) uncertainties of the
planning-system calculations by comparing the
planning results with the results of measurement
after estimating the measurement uncertainty,
including the uncertainty in the delivery. The
mean of a set of measurements when compared
with the computation represents the Type B uncer-
tainty and the spread within the set of measure-
ments represents the Type A uncertainty. In the
case of Monte Carlo methods, the uncertainty in
the random sampling is relatively easy to deter-
mine on the basis of sampling theory. Detailed
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comparisons of computation with measurement
could be done with a set of expert users, coordi-
nated by vendors of treatment-planning systems,
and published in the peer-reviewed literature.
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Once uncertainty information is available, treat-
ment planners need a graphical user interface so
that uncertainty can be presented along with
absorbed-dose information.
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4, Definition of Volumes

4.1 Introduction

As introduced in ICRU Reports 50, 62, 71, and
78 (ICRU, 1993; 1999; 2004; 2007), several volumes
related to both tumor and normal tissues have
been defined for use in the treatment-planning and
reporting processes. Delineation of these volumes is
an obligatory step in the planning process, as
absorbed dose cannot be prescribed, recorded, and
reported without specification of target volumes
and volumes of normal tissue at risk.

The defined volumes were:

Gross tumor volume or GTV

Clinical target volume or CTV
Planning target volume or PTV

Organ at risk or OAR

Planning organ-at-risk volume or PRV
Internal target volume or ITV

Treated volume or TV

Remaining volume at risk or RVR

The GTV, CTV, and OAR correspond, respectively,
to volumes of known (GTV), and/or suspected
(CTV) tumor infiltration, and volumes of normal
tissues that might be irradiated and affect the
treatment prescription (OAR). These volumes have
an anatomical/physiological basis, in contrast to
the ITV, the PTV, and the PRV, which are concepts
introduced to ensure that the absorbed dose deliv-
ered to the corresponding CTV and OAR match the
prescription constraints. The GTV is delineated
using various diagnostic modalities. The selection
and delineation of the CTV and the OAR is a
medical decision, which results from a clinical judg-
ment involving many factors. Unlike the ITV, the
PTV, and the PRV, the delineation of the GTV and
the CTV should be independent of the irradiation
techniques, and influenced only by oncological con-
siderations. For the delineation of volumes, and in
their use, it is irrelevant whether photons, elec-
trons, protons, or any other radiation is to be
employed. Indeed, it is important not to let the
intended modality affect how these volumes are
delineated as one might wish to combine, compare,

or retrospectively analyze treatment plans for more
than one radiation modality.

Three-dimensional imaging and the selection
and delineation of the GTV, CTV, and OAR are
crucial steps in a chain starting with the decision
to treat the patient with radiotherapy and ending
with the response evaluation and the follow-up in
search of recurrence and treatment-induced mor-
bidity (see Figure 4.1).

It should be understood that even though the
GTV, CTV, and OAR are purely oncological or ana-
tomical concepts, a representation of these volumes
is used in the planning process, e.g., outlines on a
computed tomography (CT) scan. These represen-
tations (volumes) should be considered a snapshot
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Figure 4.1. Flowchart of a typical course of radiotherapy.
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of the anatomy at a given time. All volumes should
be a representation of the patient’s anatomy in
treatment conditions. Movement or anatomical
changes in the patient can be visualized by using a
time-series (four-dimensional) representation, e.g.,
daily-repeated or respiration-correlated CT scans,
in which the fourth dimension (i.e., time) allows
visualization of time-dependent changes in mor-
phology. Future planning systems will be able to
handle four-dimensional scans, for instance, by
displaying a cine loop on the screen. In principle,
this technology will make it possible to generate
four-dimensional representations of a patient.
Four-dimensional CT technology is being used
more and more, e.g. for lung-tumor treatment.

4.2 Gross Tumor Volume

The GTV is the gross demonstrable extent and
location of the tumor.

The GTV may consist of a primary tumor
(primary tumor GTV or GTV-T), metastatic
regional node(s) (nodal GTV or GTV-N), or distant
metastasis (metastatic GTV, or GTV-M). Typically,
different GTVs are defined for the primary tumor
and the regional node(s). But in some particular
clinical situations, it might well be that the meta-
static node cannot be distinguished from the
primary tumor, e.g., a nasopharyngeal undifferen-
tiated carcinoma infiltrating postero-laterally into
the retropharyngeal space, including possible infil-
trated nodes. In such situations, a single GTV
encompassing both the primary tumor and the
node(s) may be delineated.

In case of post-operative irradiation after
assumed complete surgical resection (RO or R1
resection), there is no GTV to define, and only a
CTV needs to be delineated (see Section 4.3).
Although in the vast majority of cases the GTV
refers to a malignant tumor, the terminology may
also be used for non-malignant lesions treated with
ionizing radiation (e.g., glomus tumor of the carotid
body, arteriovenous malformation, and pituitary
adenoma).

There are several reasons to describe and report
the GTV in a complete and accurate way. First, it is
required for staging, e.g., according to the TNM
system (see below). Secondly, an adequate absorbed
dose must be delivered to the whole GTV to obtain
local tumor control. Thirdly, evaluation of the
regression of the GTV might be needed for redefin-
ing the CTV and the PTV (see Section 4.5) during
the course of treatment. Fourthly, changes of the
GTV during treatment might be predictive of treat-
ment outcome.
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When reporting a GTV, several items need to be
specified:

e First, the location and tumor extent according
to the TNM/AJCC or UICC (AJCC, 2002; UICC,
2002) cancer-staging systems and the WHO
International Code for Disease in Oncology
(ICD-0) (WHO, 2000).

e Second, the methods used to delineate the GTV.
For  three-dimensional conformal therapy
(3D-CRT) and intensity-modulated radiation
therapy (IMRT), in addition to the clinical examin-
ation, various imaging modalities are used. Until
recently, anatomic imaging with CT or magnetic
resonance (MR) scans was typically the most com-
monly used technique to define the extent of the
GTV. The use of functional imaging with positron
emission tomography (PET) using various tracers
(such as shown in Table 4.1), or with functional
MRI, can reveal some key biological factors (e.g.,
metabolic status, hypoxia, cellular proliferation)
that are likely to impact on the treatment outcome.
Functional information can be used to define
sub-GTVs that are to receive some additional
absorbed dose (Ling et al., 2000). It is therefore rec-
ommended that the method used to evaluate the
size of the GTV be specified. Figures 4.2 and 4.3
present two clinical examples in which several
clinical and imaging methods were used to delin-
eate the GTVs before and during treatment. These
examples illustrate the increasing need to specify
how the GTV was delineated.

e Last, any changes occurring in the GTV during
treatment can be quantified with anatomic- and/
or functional-imaging techniques, allowing the
definition of a modified GTV that might be used
to adjust the absorbed-dose distribution (Geets
et al., 2006; 2007b). It is therefore recommended

Table 4.1. Tracers for image-guided radiotherapy using PET. 8F
has a physical half-life of 110 min, and ''C has a half-life of
20 min. See review by Grégoire et al. (2009).

Tracer name Accepted Function
abbreviation
18F_fluoro-2-deoxy-p-glucose® BRFDG Glucose
metabolism
18F_fluoro-ethyl-tyrosine®® 18R FET Protein synthesis

18p_3'-deoxy-3'-fluoro-thymidine 8F-FLT Cell proliferation

18F_fluoro-methyl-p-tyrosine 18F_FMT Protein synthesis
1C-methionine® HC-MET Protein synthesis
HC-acetate Fatty-acid
metabolism
18F_fluoro-misonidazole BR.FMISO  Hypoxia

2Already used in IMRT clinical studies.
bAlternative is the SPECT tracer '2’I-a-methyltyrosine
(*#TIMT).
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Figure 4.2. Comparison among various modalities for the definition of the primary head-and-neck tumor GTV. Upper panel: view
from a laryngoscope under general anesthesia, which shows an exophytic tumor (see arrows) of the right lateral oropharyngeal wall
extending into the right piriform sinus.

Middle panel: GTV-T imaged prior to any treatment

® Left: primary-tumor GTV imaged with a contrast-enhanced CT: GTV-T (CT, 0 Gy): volume of 25.8 ml.

e Middle: primary-tumor GTV imaged with a fat-saturated T2-weighted MRI: GTV-T (MRI T2, fat sat, 0 Gy): volume of 28.5 ml.

e Right: primary-tumor GTV imaged with a FDG-PET: GTV-T (FDG-PET, 0 Gy): volume of 22.2 ml.

Lower panel: GTV imaged after an absorbed dose of 20 Gy.

® Left: primary-tumor GTV imaged with a contrast-enhanced CT: GTV-T (CT, 20 Gy): volume of 16.3 ml.

e Middle: primary-tumor GTV imaged with a fat-saturated T2-weighted MRI: GTV-T (MRI T2, fat sat, 20 Gy): volume of 19.8 ml.
® Right: primary-tumor GTV imaged with a FDG-PET: GTV-T (FDG-PET, 20 Gy): volume of 12.5 ml.

At 20 Gy, the GTV as determined by all techniques has already substantially decreased. This is particularly visible with FDG-PET.

that the absorbed dose and/or the time when the o GTV-T (MRI-T2, 30 Gy): tumor GTV evaluated
GTV is evaluated or measured with respect to with a T2-weighted MRI scan after an absorbed
the start of treatment be indicated. dose of 30 Gy of external beam irradiation.

Because delineation of a GTV can vary according to
the diagnostic modality (e.g., clinical examination,
anatomic imaging, functional imaging) used, a
clear annotation is required. For example:

This approach avoids the introduction of new or
potentially confusing terminology, e.g., biological
target volume, proliferative target volume, hypoxic
target volume, and is able to cover all the different
e GTV-T (clin, 0 Gy): tumor GTV evaluated clini- situations that might be encountered. The annota-

cally before the start of the radiotherapy. tions described above are meant only as examples.
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Figure 4.3. Comparison among various modalities for the definition of a primary-rectal-tumor GTV before (left), during concomitant
chemoradiotherapy (center), and after radiation therapy (right). Positron emission tomography—computed tomographic acquisitions
were performed in a prone position using a belly board; MRI acquisitions were performed in a supine position. (Figure courtesy of
Prof. K. Haustermans, Katholieke Universiteit Leuven, Belgium.)

Left column: GTV delineated prior to any treatment.

® First row: primary-tumor GTV delineated with a contrast-enhanced CT: GTV-T (CT, 0 Gy).

® Second row: primary-tumor GTV delineated with a fat-saturated T1-weighted turbo spin-echo MRI: GTV-T (MRI T1, fat sat, 0 Gy).
® Third row: primary-tumor GTV delineated with a FDG-PET: GTV-T (FDG-PET, 0 Gy).

® Fourth row: primary-tumor GTV delineated with a F-Misonidazole PET: GTV-T (F-Miso-PET, 0 Gy).

Middle column: GTV delineated during treatment (average absorbed dose of 19 Gy).

® First row: primary-tumor GTV delineated with a contrast-enhanced CT: GTV-T (CT, 19 Gy).

® Second row: primary-tumor GTV delineated with a fat-saturated T1-weighed turbo spin-echo MRI: GTV-T (MRI T1, fat sat, 19 Gy).
® Third row: primary-tumor GTV delineated with a FDG-PET: GTV-T (FDG-PET, 19 Gy).

® Fourth row: primary-tumor GTV delineated with a F-Miso PET: GTV-T (F-Miso-PET, 19 Gy).

Right column: GTV evaluated 27 days after treatment.

® First row: primary-tumor GTV delineated with a contrast-enhanced CT: GTV-T (CT, 46 Gy).

® Second row: primary-tumor GTV delineated with a fat-saturated T1-weighted turbo spin-echo MRI: GTV-T (MRI T1, fat sat, 46 Gy).
® Third row: primary-tumor GTV delineated with a FDG-PET: GTV-T (FDG-PET, 46 Gy).

® Fourth row: primary-tumor GTV delineated with a F-Miso PET: GTV-T (F-Miso-PET, 46 Gy).

Other styles could be equally wvalid and 4.3 Clinical Target Volume

unambiguous. The CTV is a volume of tissue that contains a

When using various imaging modalities to delin- demonstrable GTV and/or subclinical malignant
eate the GTV, the need for image registration adds disease with a certain probability of occurrence con-
uncertainty in the GTV delineation. Uncertainties sidered relevant for therapy. There is no general
in GTV delineation generally propagate to CTV consensus on what probability is considered rel-
delineation. Such uncertainties, together with other evant for therapy, but typically a probability of
geometric uncertainties, are taken into account in occult disease higher than from 5 % to 10 % is
the CTV-to-PTV margin (see Section 4.5). assumed to require treatment. This remains a
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Figure 4.4. Macroscopic section (left) and microscopic view (right) of a breast carcinoma after surgical removal. Tumor-cell projections
into the surrounding fatty tissue are marked with arrows. (Figure courtesy of Prof. B. Weynand, Université Catholique de Louvain,

St. Luc University Hospital, Brussels, Belgium.)

clinical judgment in which the type of malignancy,
the consequence of failure, and the expected feasi-
bility of salvage treatment need to be considered.

The notion of subclinical malignant disease
includes the microscopic tumor spread at the bound-
ary of the primary-tumor GTV (thus outside of
what can be observed, palpated, or visualized in a
particular imaging modality), the possible regional
infiltration into lymph nodes, and the potential
metastatic involvement of other organs (e.g., brain),
despite their normal appearance on clinical and
radiological examinations. In Figure 4.4, the com-
parison between the macroscopic and the micro-
scopic sections of a breast carcinoma illustrates the
lack of clear boundaries and the tumor infiltration
in the surrounding fatty tissues.

There might not be a CTV associated with a
benign-tumor GTV because there is no risk of
microscopic or metastatic tumor infiltration into
the regional nodes (see Figure 4.5). In the case of
post-operative irradiation (after RO or R1 resec-
tion), there is no GTV. In such a case, only a CTV
will be selected and delineated.

The selection of the tissues that bear risk for
microscopic infiltration outside of the GTV is a
probabilistic assessment integrating the biological
and clinical behavior of the various tumor entities
and the knowledge of the surrounding anatomy,
including structures that are barriers to tissue infil-
tration (e.g., muscular fascia, bone cortex), or—on
the contrary—structures that are easy conduits for
tumor dissemination (e.g., fatty space). Different
tumors can exhibit a variety of spread patterns. For
instance, the vast majority of sarcomas do not bear
risk of lymph-node infiltration, and thus the
post-operative CTV will typically include only the
post-operative tumor bed using the principle of
“fascia containment” (O’Sullivan et al., 2003). On
the contrary, in head-and-neck squamous-cell
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carcinoma, the probability of pathologic lymph-node
involvement has been well described, and the dis-
tribution follows a predictable pattern allowing
clinicians to tailor the CTV to the primary-tumor
location and extent (see Table 4.2) (Grégoire et al.,
2000; 2003a; 2003b; 2003c; 2006). Similar obser-
vations have been reported for other tumor types
and sites as well (see Table 4.3) (see review in
Grégoire et al., 2003d). At the primary-tumor site,
the selection of the CTV should be guided by the
general principle that the microscopic spread of
tumor cells follows anatomical compartments (e.g.,
para-laryngeal, para-pharyngeal, pre-epiglottic
spaces in the head-and-neck area) bounded by
anatomical barriers (e.g., bone cortex, muscular
fascia, ligaments) (Grégoire et al., 2003a). Unless
transgressed, such barriers would limit the local
primary-tumor spread. Over the last few years,
recommendations for CTV selection have been pro-
posed for various primary-tumor sites (see review
in Grégoire et al., 2003d).

The delineation of the CTV is currently based on
clinical experience. For quantitative margin defi-
nition and future research, it would be advan-
tageous to introduce a probabilistic definition, e.g.,
to choose the CTV based on a defined probability of
containing clonogenic cells that need to be treated.

The three-dimensional delineation of the CTV
for both the primary-tumor GTV and the nodal GTV
should be guided by published recommendations,
which aim to translate the regions at risk for micro-
scopic dissemination (both around the primary
tumor and at lymph-node areas) into boundaries
easily identifiable on planning CT or MRI (see
reviews in Grégoire et al., 2003d). Examples of
3D-CTV delineation are given in Figure 4.6.

By definition, each malignant-tumor GTV should
be associated with a CTV. However, several contigu-
ous GTVs could be associated with a common CTV.
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Figure 4.5. Macroscopic section (left) and microscopic close view (right) of a breast fibroadenoma after surgical removal. This
well-defined tumor is surrounded by a fibrous capsule (see arrows). (Figure courtesy of Prof. B. Weynand, Université Catholique de

Louvain, St. Luc University Hospital, Brussels, Belgium.)

A typical example is multiple contiguous metastatic
nodes at Levels II and III in the neck, which will
be associated with a single CTV covering the whole
of Levels II and III. Similarly, when sub-GTVs are
delineated, for example by a GTV-T (F-Miso-PET)
to detect hypoxia, the whole anatomic GTV, for
example a GTV-T (CT), is typically surrounded by a
common CTV.

When several CTVs are used, it is recommended
that an unambiguous terminology corresponding to
the GTV denomination be used. For example:

e CTV-T (0 Gy) corresponds to the CTV including
the primary-tumor GTV and assumed regions of
infiltration as defined before the start of the
treatment.

o CTV-T + N (MRI-T2, 30 Gy) corresponds to the
CTV for the primary tumor and regional nodes
evaluated with a T2-weighted MRI scan after an
absorbed dose of 30 Gy. It should be remembered
that the CTV does not describe the range of
motion of internal anatomy. Knowledge of the
CTV motion (and all other geometrical uncer-
tainties) must be taken into account in the PTV
delineation (see Section 4.5).

4.4 Internal Target Volume

In ICRU Report 62 (ICRU, 1999), the ITV was
defined as the CTV plus a margin taking into
account uncertainties in size, shape, and position of
the CTV within the patient. Such a margin was
called the internal margin as opposed to the set-up
margin. In ICRU Report 62, it was recommended
that internal and external margins be added qua-
dratically, but often in practice they are instead
added linearly, which can lead to an unacceptably
large margin. The ITV might be useful only in clini-
cal situations in which uncertainty concerning the
CTV location dominates setup uncertainties and/or
when they are independent. The ITV is considered
an optional tool in helping to delineate the PTV.
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4.5 Planning Target Volume

The concept of PTV was introduced in ICRU
Report 50 (ICRU, 1993) and restated in ICRU
Reports 62, 71, and 78 (ICRU, 1999; 2004; 2007).

The PTV is a geometrical concept introduced for
treatment planning and evaluation. It is the rec-
ommended tool to shape absorbed-dose distri-
butions to ensure that the prescribed absorbed dose
will actually be delivered to all parts of the CTV
with a clinically acceptable probability, despite geo-
metrical uncertainties such as organ motion and
setup variations. It is also used for absorbed-dose
prescription and reporting. It surrounds the rep-
resentation of the CTV with a margin such that the
planned absorbed dose is delivered to the CTV.
This margin takes into account both the internal
and the setup uncertainties. The setup margin
accounts specifically for uncertainties in patient
positioning and alignment of the therapeutic
beams during the treatment planning, and through
all treatment sessions.

The delineation of the PTV utilizes knowledge of
the presence and impact of uncertainties and vari-
ations in both the tumor location and machine par-
ameters. In earlier ICRU documents, the
possibility of compromising the margins of the PTV
if they encroached on OAR was suggested (ICRU,
1999; 2004; 2007), but is no longer recommended.
To reduce the CTV-to-PTV margin has always been
a temptation. As an example, the CTV-to-PTV
margin between the prostate and rectum is often
1 cm, except in the anterior—posterior direction for
which it is reduced to spare the rectum (Zelefsky,
1999). It is understandable why one might want to
shrink the anterior—posterior margins. In an
IMRT planning study, Zhang et al. (2006) found
that while keeping the absorbed dose to the rectum
essentially the same, the prescription absorbed
dose could be escalated from 70 Gy to 78 Gy in 2 Gy
fractions by reducing the 3D PTV margin from
10 mm to 5mm. Most of the benefit of rectal
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Table 4.2. Selection of the nodal CTV for oropharyngeal squamous-cell carcinoma (Grégoire et al., 2000).

Nodal stage (AJCC, 1997) Levels to be included in the CTV

Ipsilateral neck Contralateral neck

NO-N1 (in Levels II, III, or IV) II-III-IV + RP? for post-pharyngeal wall tumor II-III-IV + RP for post-pharyngeal wall tumor

N2a—N2b Ib, I, III, IV, V + RP II-III-IV + RP for post-pharyngeal wall tumor
N2¢ According to N stage on each side of the neck According to N stage on each side of the neck
N3 I, 11, II1, IV, V + RP + adjacent structures according II-III-IV + RP for post-pharyngeal wall tumor

to clinical and radiological data

ARetropharyngeal nodes.

Notes: Inclusion of level Ib: any tumor with extension to the oral cavity, e.g., retromolar trigone, mobile tongue, inferior gum, oral side
of anterior tonsilar pillar.

Unilateral neck treatment: localized tumor of the tonsil without frank involvement of the soft palate (i.e., tumor extension beyond the
intersection of the tonsilar pillars) or the base of tongue.

Retropharyngeal irradiation: systematic irradiation of retropharyngeal lymph nodes irrespective of the N stage for transfixing
soft-palate tumors is warranted.

Limit of validity: T stage: there are no data to support any adaptation of the recommendations as a function of the stage of the primary
tumor.

Post-operative setting: In principle, similar recommendations apply in the post-operative setting, with amendments recently described
(Grégoire et al., 2006). This would allow a unilateral neck treatment in case of pNO on the contralateral side after bilateral neck
dissection. However, overall quality control of the neck-node dissection and the pathological examination of the specimen will have to
be taken into consideration.

Table 4.3. Selection of the CTV for rectal carcinoma according to T-N stage (recompiled from Gunderson, 2003, in Grégoire et al.,
2003d).

T-N stage Organ or site of adherence or invasion Tumor or tumor-bed volumes Nodal volumes
T1-3N1-2 Not applicable Rectum/rectal bed® Internal iliac, pre-sacral
T4NO Anterior or posterior Rectum/rectal bed plus Internal iliac, pre-sacral; optional:
organ/structure external/common iliac if
involved anterior adherence
T4N1-2 (anterior adherence Prostate, bladder, uterus, vagina Rectum/rectal bed plus Internal iliac, pre-sacral,
or invasion) (proximal 2/3)° organ/structure external/common iliac®
involved
T4N1-2 (posterior/lateral Presacrum or pelvic side-walls Rectum/rectal bed plus Internal iliac, pre-sacral
adherence or invasion) organ/structure
involved

#Primary tumor plus from 3 cm to 5 cm margin.
PInguinal nodes should be included if the distal vagina or anus is involved by direct extension of primary or recurrent tumor.

sparing comes about by reducing the margin in the by using priority rules in optimizer planning
anterior—posterior direction. The benefit will, systems (see Section 2). Alternatively, subdivision
however, be real only if the margin reduction is of the PTV into regions with different prescribed
substantiated by experience. However, most evi- absorbed doses (so-called PTV-subvolumes, PTVgy)
dence indicates that the setup uncertainty in the may be used as indicated in Figure 4.7. Similar
anterior—posterior direction is larger than in the methods may also be used in case of overlapping
superior—inferior and lateral directions (Lattanzi PTVs. The dose reporting should, however, be done

et al., 2000; Schubert et al., 2009; Wong et al., for the whole PTV (see Section 3.3). Doing so
2005). If anything, the margins should be larger in ensures that reporting underdosage to the PTV

the anterior—posterior direction. adequately reflects a lower probability of adequate
To ensure accurate reporting of absorbed dose to absorbed-dose coverage to the CTV.
the PTV in cases for which the PTV encroaches or Although the delineation of the GTV and the

overlaps another PTV, OAR, or PRY, it is now rec- CTV is independent of the irradiation technique,
ommended that the delineation of the primary PTV the delineation of the PTV is dependent on the
margins should not be compromised. Developments technique and is part of the treatment prescription.
in treatment-planning software now make it poss- To avoid significant deviation from the prescribed
ible to achieve sufficient dose sparing of the OAR absorbed dose in any part of the CTV(s), a margin
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Figure 4.6. Three-dimensional delineation of neck nodes at
different levels for head-and-neck squamous-cell carcinoma (SSC).
Computed tomographic imaging of a patient with a T1INOMO
glottic SCC (see tumor in panel d). The examination was
performed on a dual-detector spiral CT (Elscint Twin, Haifa,
Israel) using a slice thickness of 2.7 mm, a reconstruction interval
of 2mm, and a pitch of 0.7 mm. Contrast medium was injected
intravenously at a rate of 2 ml/s to a total of 100 ml. Sections were
taken at the level of the bottom edge of C1 (panel a), the upper
edge of C3 (panel b), mid-C4 (panel c), the bottom edge of C6
(panel d), the bottom edge of C7 (panel e), and mid-D1 (panel f).
Neck nodes at each level were drawn on the CT slice using the
radiological boundaries published by Grégoire et al. (2003c).

must be added to the CTV taking into account
uncertainties and variations in (1) position, size,
and shape of the CTV (internal variations), and (2)
patient and beam positioning (external variations).
These variations occur during a given radiation-
treatment fraction, between successive fractions,
and between planning and treatment. Figure 4.8
illustrates the movements of the prostate CTV due
to changes in rectum filling. Factors affecting
internal variations are anatomical site, protocols
(e.g., bowel preparations), and patient-specific
differences. Factors affecting external variations
are methods of patient positioning, mechanical
uncertainty of the equipment (e.g., sagging of
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PTVsy.

P’TVS V-2

PTV=PTVgsy, + PTV,;V.Z

Volume Volume

PTVgy.

PTVsy.; PTV

Absorbed dose Absorbed dose

Figure 4.7. Schematic description of the PTV subvolume
delineated in case of overlap between the PTV and the PRV (see
Section 5.2). This subvolume PTV can be used for planning
purposes (beam arrangement and absorbed-dose prescription),
but the absorbed dose should be reported for the whole PTV
(right DVH). In the case of absorbed-dose compromise in the
overlapping region between the PTV and the PRV, reporting the
absorbed dose in the sub-PTV, PTVgy.;, (left DVH) can
incorrectly represent the absorbed dose to the underlying CTV.

gantry, collimators, and couch), dosimetric uncer-
tainties (e.g., penetration of the beam), transfer
errors from CT and simulator to the treatment
unit, and human factors.

The importance of these factors will vary from
center to center and within a given center from
machine to machine, protocol to protocol, and
patient to patient. The use of patient-immobilization
devices, the application of quality-assurance pro-
grams, and the skill and experience of the radiation
therapy technologists or radiation therapy nurses
are important and must be taken into account.
Also, the use of image-guidance systems or other
uncertainty-reduction techniques can significantly
alter the size of the required margins.

The PTV concept, which was introduced to deal
with geometric variation assuming a relatively
static beam, might not adequately address the issue
of the interplay between organ motion and intensity
modulation. With an intestinal-crypt-cell assay,
Gueulette et al. (2005) elegantly showed that in
using a scanning proton beam to irradiate mice,
movement of the small intestine in relation to move-
ment of the pencil beam could result in regions of
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Rotation around L-R axis (°)
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Figure 4.8. Illustration of the impact of rectal volume on prostate CTV displacement. Top row: Sagittal reconstructions of a planning
CT (left) and two repeat CT scans (middle and right, matched on the pelvic bone) with the prostate as delineated on the planning CT
overlaid in red. Clearly, the prostate rotates in an anterior direction around its apex due to the increased rectal volume: either gas
(middle) or stool (right). Bottom row: Correlation between rectal-volume difference and prostate rotation around the left—right axis
measured in 11 patients. (Modified from van Herk et al., 1995; reproduced with permission.)

the intestine being significantly under irradiated or
over irradiated. Without correction for organ motion,
the use of IMRT increases the probability of the
interplay effect, in which regions of high or low
absorbed dose occur within the PTV (Bortfeld et al.,
2004; Gueulette et al., 2005; Kissick et al., 2005).

The PTV margin surrounding the CTV should be
three-dimensional. The margin could be defined in
any number of directions, but most treatment-
planning systems only allow margins to be defined
differently in each of the Cartesian dimensions. To
determine the CTV-PTV margin, the net effect of
all geometrical errors as described earlier should
be taken into account. Requiring 100 % confidence
for adequately treating the CTV would result in
unreasonably large margins. Many authors have
proposed approaches to calculate the margins on
the basis of systematic and random uncertainties
(see Table 4.4).

In some clinical situations (e.g., breast cancer,
head-and-neck cancer), the PTV extends close to or
even outside the patient’s skin because of invasion
of tumor or because of the application of a margin.
Most dose-computation algorithms cannot accu-
rately compute absorbed dose in buildup regions,
which will lead to convergence errors when such
algorithms are used in optimization (Jeraj and
Keall, 2000). Methods to overcome this limitation,
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such as PTV sub-division and relaxation of the
absorbed-dose objectives for planning, will be dis-
cussed in Section 5.

In the future, the concept of a PTV might be uti-
lized in unconventional ways to ensure that the
prescribed absorbed dose is delivered to the CTV.
Planning systems might include evaluation of the
effect of geometrical uncertainties in the objectives
and constraints, making the PTV unnecessary for
absorbed-dose shaping (Baum et al., 2005). While
the PTV might then not necessarily be useful for
dose optimization, it should still be delineated and
used for the purpose of dose reporting.

4.6 Organ at Risk

The OAR or critical normal structures are tissues
that if irradiated could suffer significant morbidity
and thus might influence the treatment planning
and/or the absorbed-dose prescription.

In principle, all non-target tissues could be
OARs. However, normal tissues considered as
OARs typically depend on the location of the CTV
and/or the prescribed absorbed dose. For example,
in the post-operative irradiation of a lower-limb
soft-tissue sarcoma, the muscles that are not
included in the compartment at risk for microscopic
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Table 4.4. Summary of various published recommendations for margins around target volumes (CTV) and OAR (modified from

van Herk, 2004).

Author Region Recipe Comments
Bel et al. (1996) PTV 0.70 Statistical uncertainties only (linear
approximation)—Monte Carlo.
Antolak and Rosen (1999) PTV 1.650 Statistical uncertainties only, block
margin?
Stroom et al. (1999a) PTV 23 +0.70 95 % absorbed dose to on average 99 %
of CTV tested in realistic plans.
van Herk et al. (2000) PTV 2.5 3 + 0.7 o (or more correctly): Minimum absorbed dose to CTV is
2.5% + 1.64 95 % for 90% of patients. Analytical
(o — 00) solution for perfect conformation.
McKenzie (2000) PTV 253+ B+ (0c— 0o Extension of van Herk et al. (2000) for
fringe dose due to limited number of
beams. The factor 8 depends on the
beam organization.
Parker et al. (2002) PTV S 4+ Jd? +37) 95 % minimum absorbed dose and
100 % absorbed dose for 95 % of
volume. Probability levels not specified.
van Herk et al. (2002) PTV 2.5 +3 + 0.70 + 3 mm (or more Monte Carlo based test of 1 % TCP

correctly):

Ten Haken et al. (1997),
Engelsman et al. (2001a, 2001b)

PRV (liver and lung) 0

McKenzie et al. (2000) PRV A

van Herk et al. (2003) PRV (lung)

McKenzie et al. (2002) PRV

0.25 A (caudally); 0.45 A (cranially)

133 +050

2.7232 1+ 1.6202

— 2.8 mm loss due to geometrical errors for
prostate patients, fitted for various
oand 3.

No margin for respiration, but
compensation by absorbed-dose
escalation to iso-NTCP, reducing
target-dose homogeneity constraints.
Margin for respiration on top of other
margins when respiration dominates
other uncertainties.

Margin for (random) respiration
combined with random setup error of
3 mm SD, when respiration dominates
other uncertainties (A > 1 cm).
Margins for small and/or serial organs
at risk in low (+) or high (—)
absorbed-dose region.

Symbols: X, standard deviation of systematic uncertainties; o, standard deviation of statistical (random) uncertainties; o., describes
width of beam penumbra fitted with a Gaussian function; A, peak-to-peak amplitude of respiration.

infiltration are considered as OARs, and thus will
influence the beam delivery. Fibrosis and edema
induced by absorbed dose in these muscles might
indeed have a major impact on the treatment mor-
bidity. In contrast, in the head-and-neck area, the
paraspinal muscles or the muscles of the posterior
neck are typically not considered as OARs, and
then would not influence the beam delivery. In
some conventional head-and-neck treatments, the
mandible and much of the oral mucosa are well
outside the field and do not need to be delineated.
With IMRT, the mandible and large volumes of
mucosa relatively far from target volumes might
sometimes  receive  high  absorbed  doses.
Delineating these volumes has become more
common in order to control the absorbed-dose dis-
tribution to these tissue structures. The criteria for
defining and prescribing absorbed-dose limitations
to the OARs will no doubt evolve with time.
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From a functional point of view, tissue organiz-
ation has been conceptually divided into “serial,”
“parallel,” or “serial—parallel” (ICRU, 1993; Withers
et al., 1988). Serial organs, or serial-like organs
(e.g., spinal cord, nerve, the gastro-intestinal tract),
consist of a chain of functional units, which all need
to be preserved to guarantee the functionality of the
tissue. For instance, in the spinal cord, destruction
of a specific nerve bundle will affect all nerve func-
tions downstream from the level of injury. Parallel
organs, or parallel-like organs (e.g., lung, parotid),
consist of functional units acting independently of
each other. For instance, in the lung, destruction of
a limited number of alveolar structures will not
greatly affect the overall organ function. Breathing
capacity will be significantly impaired only when a
threshold lung volume has been destroyed. Some
organs such as the kidney have a mixed serial and
parallel organization. The glomerulus has a more
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parallel organization, whereas the distal tubules are
more serially organized.

The concept of tissue organization is operation-
ally useful for determining dose—volume con-
straints and for the evaluation of the dose—volume
histograms (DVHs). Indeed, for serial-like organs
showing a threshold-binary response, the absorbed
dose at or close to the maximum absorbed dose to a
given volume is typically the best predictor of loss
of function. In contrast, for parallel-like organs
showing graded absorbed-dose responses, the mean
absorbed dose or the volume that receives an
absorbed dose in excess of some defined value have
been used as predictors of loss of function.

This concept of tissue organization is also useful
for the delineation of OARs. For instance, for the
retina or tubular-type organs such as the rectum, it
is preferred (but more time consuming) to delineate
the wall or surface rather than the full organ. For
serial-like organs, as the volume irradiated can have
less impact on the assessment of the organ toler-
ance, the extent to which these organs are deli-
neated will probably have a lesser importance for
the patient’s treatment (see Figure 4.9). However, to
allow comparison between centers, it is very useful
to follow guidelines, e.g., to delineate the spinal cord
for head-and-neck tumors from its junction with the
brain stem to the first dorsal vertebra, and for pros-
tate cancer to delineate the rectum starting at the
anus up to the position at which the rectum turns
horizontally into the sigmoid colon. In contrast, for
parallel-like organs, the volume assessment is
crucial, and complete organ delineation is required
(see Figure 4.10). In all instances, the volume of the
organ delineated should be recorded. This is
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particularly important when DVHs are reported in
terms of relative volumes.

Intensity-modulated radiation therapy treat-
ments result in more heterogeneous absorbed-dose
distributions in normal tissues and larger volumes
of normal tissues irradiated, each tissue presenting
with different responses. Thus the optimization
process requires enhanced consideration of biologi-
cal response of normal tissues. Dose—volume con-
straints for OARs are mainly derived from
retrospective clinical observations, which have
been translated into normal-tissue complication
probability (NTCP) curves (see Section 3.7.2)
(Burman et al., 1991; Emami et al., 1991; Kutcher
et al., 1991). The majority of the data come from
clinical literature of the 1970s and 1980s, i.e., from
the pre-3D-imaging era and therefore with less
reliable dose and volume information. It is only
more recently that prospective studies have system-
atically looked at the relationship between
absorbed dose, volume, and normal-tissue compli-
cations for patients treated with 3D-CRT or IMRT
(Adkison et al., 2008; De Ruysscher et al., 2008).
More data would greatly improve our confidence in
setting dose—volume constraints before running
the dose optimizer. As an example, it has been
reported for the parotid glands that after receiving
a mean absorbed dose of from 26 Gy to 39 Gy, the
secretion return to near normal 1 year after treat-
ment (Eisbruch et al., 1999). In conventional frac-
tionation schemes (i.e., 2 Gy per fraction per day)
for the whole liver, a mean absorbed dose less than
30 Gy appears tolerable, and no absorbed-dose
limit has been defined when less than 25 % of the
liver is irradiated (Dawson et al., 2002). Additional
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Figure 4.9. Relative (left) and absolute (right) cumulative DVHs for a prostate-cancer case. The rectum and the rectal wall were
delineated 3 cm more caudally and cranially than the prostate. The volumes were normalized separately. The DVHs for the rectum and
rectal wall are different, although the difference is minimal for their respective PRVs. The margin on the PRV was 0.5 cm as was the
margin between the PTV and the CTV. The PRV margin for the rectal wall was applied only on the outside of the rectal OAR.
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Figure 4.10. Comparison of the absorbed-dose distribution in the whole right parotid gland and the superficial lobe for a T2—N0-MO
squamous-cell carcinoma of the right tonsillar fossa. The relative volume is normalized to the volume of the region of interest and
expressed as a percent. Top panel: the PTV associated with the primary-tumor CTV is delineated in red. The right and left parotid
glands are delineated in dark and light blue, respectively. The dashed line in the right parotid gland separates the superficial lobe from
the deep lobe. The patient was treated with a Hi-Art Tomotherapy system. A median absorbed dose (D5q ¢,) of 65 Gy was prescribed to
the PTVs associated with the primary tumor. The blue, pink, and green areas represent the 62.5 Gy, 35 Gy, and 25 Gy isodose curves,
respectively. Bottom panel: DVH of the whole right parotid gland (blue curve) and of the superficial lobe (red curve). The mean
absorbed doses reached 26.5 Gy and 21.8 Gy for the whole parotid and the superficial lobe, respectively.

data have been derived for the brain, heart,
rectum, and lung (Gagliardi et al., 2001; Levegriin
et al., 2001; Rancati et al., 2003; Seppenwoolde and
Lebesque, 2001). If the absorbed dose per fraction
or the total number of fractions is significantly
changed from conventional schedules (form 1.8 Gy
to 2 Gy per fraction, ~35 fractions), the tolerance
absorbed doses might have to be re-evaluated
(Timmerman, 2008).

4.7 Planning Organ at Risk Volume

As is the case with the PTV, uncertainties and
variations in the position of the OAR during treat-
ment must be considered to avoid serious compli-
cations. For this reason, margins have to be added
to the OARs to compensate for these uncertainties
and variations, using similar principles as for the
PTV. This leads, in analogy with the PTV, to the
concept of PRV.
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A margin around an OAR with a serial-like
structure (e.g., spinal cord) is more clinically rel-
evant than that around an OAR with a parallel-like
structure (e.g., liver, lung, parotid). Note that deli-
neation of the PTV and the PRV will often result in
one or more overlap regions. It is recommended
that the margins not be compromised for the PTV
or PRV even if overlaps occur. To ensure sufficient
normal-tissue sparing, priority rules in the plan-
ning system can be used or the PTV or PRV can be
subdivided into regions with different absorbed-
dose constraints. In any case, it is recommended
that the absorbed dose be reported in the full PRV
and PTV.

For reporting, it is recommended that, as for the
PTV, the PRV be described by including the size of
the margins applied to the OAR in different direc-
tions. As for the PTV, many authors have proposed
approaches to calculate the OAR—PRV margins on
the basis of systematic and random uncertainties
(see Table 4.4).
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4.8 Treated Volume

Because of the limitations of irradiation tech-
niques, the volume receiving the prescribed
absorbed dose might be different than the PTV; it
might be larger (sometimes much larger) or
smaller, and in general more simply shaped (less so
with IMRT than with conventional or three-
dimensional radiation therapy). This leads to the
concept of the TV (ICRU, 1999). The TV is the
volume of tissue enclosed within a specific isodose
envelope, with the absorbed dose specified by the
radiation oncology team as appropriate to achieve
tumor eradication or palliation, within the bounds
of acceptable complications. As proposed in proton
therapy (ICRU, 2007), Dgg 4 could be selected to
determine the TV in photon therapy. When
reported, the value of the isodose selected to define
the TV should be quoted either relative to the pre-
scribed absorbed dose or in absolute terms. It is
important to identify the shape, size, and position
of the TV in relation to the PTV for several
reasons. One reason is to provide information to

evaluate causes for local recurrences (inside or
outside the TV).
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4.9 Remaining Volume at Risk

Ideally when delineating the OAR, especially for
IMRT, all normal tissues that could potentially be
irradiated should be outlined. The imaged volume
within the patient, excluding any delineated OAR
and the CTV(s), should be identified as the RVR.
The RVR is operationally defined by the difference
between the volume enclosed by the external
contour of the patient and that of the CTVs and
OARs on the slices that have been imaged.

The RVR is of importance in evaluating plans as
it will be affected by the absorbed dose it receives
and, if it not specifically evaluated, there could be
unsuspected regions of high absorbed dose within
the patient that would otherwise go undetected. In
addition, the absorbed dose in the RVR might be
useful in estimating the risk of late effects, such as
carcinogenesis. Therefore, contouring the RVR is
especially important for younger patients who can
expect a long life span. Looking for high-dose
regions using a DVH of the RVR is, however, no
substitute for a thorough analysis, on a
slice-by-slice basis, to examine the absorbed-dose
distribution for all beam paths.
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5. Planning Aims, Prescription, and Technical Data

5.1 Introduction

Earlier ICRU Reports 50, 62, 71, and 78 (ICRU,
1993; 1999; 2004; 2007) described the process of
treatment specification and treatment “prescrip-
tion” for external-beam therapy. Generally, the
process starts with a specification of the desired
absorbed dose to various delineated volumes of
interest. This was often referred to as the “prescrip-
tion.” When the treatment techniques were simple
and easily defined, and the anticipated distri-
butions of absorbed dose similarly simplistic, the
prescription was often easily achieved. With the
introduction of IMRT and developments in treat-
ment planning, the distribution of absorbed dose to
multiple volumes could be prioritized and tailored
through an iterative process, referred to as optim-
ization. The prescription is the finally accepted set
of values of the modified planning aims in the
treatment plan after an optimization process.

This process of developing a treatment plan is
shown schematically in Figure 4.1. As shown in
this figure, the process consists of three major com-
ponents: (1) the definition and description of the
“planning aims” using image-based information
from which all of the volumes of interest are deli-
neated and the desired absorbed-dose levels are
specified; (2) a complex beam delivery “optimiz-
ation” process to achieve and, if needed, modify the
initial “planning aims”; and (3) a complete set of
finally accepted values, which becomes the “pre-
scription” and, together with the required “techni-
cal data” represent the “accepted treatment plan.”
This process is the responsibility of the treating
physician. Hence, in this report and as shown in
Figure 4.1, the accepted treatment plan now com-
prises the final treatment prescription, plus all of
the technical data needed to achieve it.

5.2 Planning Aims

The planning aims are dosimetric goals used to
develop the treatment plan (see, e.g., Figure 5.1.).
Goals can be defined for any specified volume

including the planning target volumes (PTVs) and
the planning organ-at-risk volumes (PRVs), for
which constraints might be needed. Often data on
desired absorbed doses and planning constraints to
begin the planning process are described in plan-
ning protocols.

The use of multiple dose—volume constraints
(e.8., Dmean, Dos %, Dos %, Do o, ...) (see Sections
3.2 and 3.3) for each defined volume leads to more
precision in the planning aims and is therefore rec-
ommended. Analysis of treatment outcome in
terms of tumor control and normal-tissue toxicity
as a function of absorbed dose and absorbed-dose
distribution provides values for desirable dose—
volume indices, such as Dy (absorbed dose in
fraction V of the volume) and Vp (volume receiving
at least an absorbed dose D). These are useful par-
ameters that can be used for planning aims. For
example, in treating prostate carcinoma, Boersma
et al. (1998) suggest a set of dose—volume con-
straints to avoid damage to the rectum wall: no
more than 40 % of the PRV should exceed 65 Gy,
and no more than 30 % should exceed 70 Gy, and
no more than 5 % should exceed 75 Gy. For study
purposes, biological metrics (e.g., tumor-control
probability, normal-tissue-complication probability,
and equivalent uniform dose) might be used as
additional constraints to help in achieving a more
desirable absorbed-dose distribution. However, it
must be borne in mind that these models are inher-
ently a simplification of the biological reality and
remain to be validated on a large scale. Presently,
their use should probably be restricted to dose
reporting instead of absorbed-dose prescription. A
more comprehensive description of these models is
presented in Sections 3.7.2 and 3.7.3.

In the process of optimization, the priority of one
constraint over another and/or the priority of one
volume over another are specified by parameters
that quantitatively weight the set of priorities (see
Section 2.3). The priority ranking is a clinical
decision that might be described in a clinical proto-
col. To initiate the planning process, planners
sometimes use so-called artificial dose—volume

© International Commission on Radiation Units and Measurements 2010

TTOZ ‘82 JequenoN uo usBuigen] gn e /610'seulnopio xo nioil//:dny wo.j papeoumod


http://jicru.oxfordjournals.org/

PRESCRIBING, RECORDING, AND REPORTING PHOTON-BEAM IMRT

Planning aims

PTV: median absorbed dose (D5, %) of 74 Gy

near-min absorbed dose (Dyg %) of 70 Gy
near-max absorbed dose (D, %) of 79 Gy

JPRV rectum: Dy, % =< 65Gy

Dy, % < 710Gy
Ds % < 75Gy

PRV bladder: near-max dose (D, %) of 70 Gy

PRV femoral heads: D5 % = 50 Gy

Figure 5.1. Planning aims for treatment of a prostate adenocarcinoma. Color legend is: the CTV in orange, the PTV in red, the PRV
rectum in green, the PRV bladder in dark blue, and the PRV femoral heads in light blue. The PTV overlaps with the PRV rectum and
the PRV bladder giving rise to conflicts in the planning aims. Resolution of these conflicts is achieved by selecting various sets of
priorities for the PTV and the PRV and/or by using different dose-constraints on the overlapping region between the PTV and the PRVs.

Dy, is defined as the absorbed dose in fraction V of the volume.

constraints, which can be different from the desired
ones or from clinically relevant absorbed-dose con-
straints. The dose—volume constraints are modified
iteratively to achieve the best plan. For example, to
encourage absorbed-dose homogeneity in the target
volume, planners can initially set the same numeri-
cal value, different from the desired prescribed
absorbed dose, for the minimum, median, and
maximum absorbed doses to the PTV to initiate the
planning process, and concentrate on lowering the
absorbed dose to the organs at risks. Thereafter,
the treatment planners typically modify the
objective-function parameters to steer the solution
toward a clinically acceptable one (see Figure 2.3).

In practice, the initial planning aims (which
should always be recorded) might be physically
impossible to achieve, e.g., absorbed-dose gradients
that are too steep, a PTV region that extends into
air (outside the body contours), or internal con-
flicts, such as absorbed doses delivered in an inter-
section volume between the PTV and the PRV.
Thus, the set of constraints and objectives are not
fixed but can evolve to achieve an acceptable plan
in accordance with the treatment aims.

5.3 Special Situations Illustrating the Use
of Planning Aims

The clinical situations described below illustrate
the application of the concept of planning aims
when the desired absorbed dose might be difficult
to achieve:

1. Planned absorbed dose in the buildup region and
in a PTV extending outside the body contour.

2. Overlapping volumes and conflicting absorbed-
dose objectives.

3. Unexpected high absorbed dose to part of the
remaining volume at risk (RVR).
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5.3.1 Dose Planning in the Buildup Region
and in a PTV Extending Outside the
Body Contour

In cases for which the tumor or clinical target
volume (CTV)-to-PTV margin approaches the
surface of the skin, part of the PTV can extend into
the buildup region of incident photon beams or even
into the surrounding air (so-called in-air PTV). Most
dose-computation algorithms cannot accurately
compute absorbed dose in buildup regions. This will
lead to a convergence error, i.e., the optimizer does
not reach a global minimum for the objective func-
tion (Jeraj and Keall, 2000). Pursuing a planning
aim in air outside the skin contour is clinically rel-
evant if sufficient fluence in the surrounding air is
needed to prevent the CTV from extending outside
the beam edge either by movement or by virtue of
setup error. In tangential breast irradiation, the
region of the beam that has been deliberately
planned to bypass the skin surface has been called
the "flash region" (Evans et al., 2000). The term
“flash” can also be used for other sites for which
extension of the PTV outside the skin surface
requires sufficient fluence in surrounding air.

In planning optimization, at least three problems
must be considered regarding buildup and in-air
PTV regions. First, it might be difficult to achieve
the desired absorbed dose in the regions of the PTV
close to or outside the patient’s outline, in buildup
areas or in air. Second, the optimization algorithm
might attempt to increase the absorbed dose in
these PTV regions by creating fluence peaks in
beams with suitable directions. This often leads to
unacceptably inhomogeneous PTV absorbed-dose
distributions or regions of high absorbed dose else-
where. Third, removing the part of the PTV in air
or bounding the PTV expansion by the skin contour
(for which some planning systems have automated
algorithms) avoids irrelevant optimizing of
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absorbed dose in air, but is not a solution as a
“flash region” will not be created during optimiz-
ation. Two solutions can be envisaged to allow the
PTV concept to be modified:

e Planning-target-volume subdivision and relax-
ation of the planning aims: If underdosage of the
CTV near the skin is clinically unacceptable, a
bolus needs to be applied as would be done in
conventional radiotherapy. If underdosage in the
buildup region is clinically acceptable, two differ-
ent planning strategies could be followed. One
method is based on subdivision of the PTV into a
number of subvolumes (SVs) (see Figure 5.2.),
while in the other method the acceptable
absorbed-dose range of the PTV planning aim is
relaxed. In the subdivision method, the PTV is
divided into two or more SVs so that a region
and a degree of acceptable underdosage can be
described in that region. The second method,
increasing the acceptable absorbed-dose range
for the whole PTV, has the drawback of lacking
spatial control over the underdosed region.

e Flash region: PTV subdivision or relaxed
absorbed-dose objectives for planning do not solve
the problem of fluence peaks extending beyond
the treatment area. In breast IMRT, for example,
various methods based on manual definition of
beam apertures and beam intensities have been
proposed for adequate treatment of the flash
region (Evans et al., 2000; Hong et al., 1999;
Kestin et al., 2000). It is beyond the scope of
this report to discuss these methods in detail.
Figure 5.3. presents an example of a treatment of
breast cancer with tangential fields, in which
intensity values from the breast periphery are
extrapolated to the regions of the PTV outside the
beam’s eye view of the breast.

5.3.2 Overlapping Volumes and Conflicting
Planning Aims

As discussed in Section 4.5 and shown in
Figure 4.7, overlap between different PTVs, between
the PTV and the PRV, and between different PRVs
leads to a volume that is shared by two or more con-
toured volumes. A conflict can occur if the planning
aims of the overlapping contoured volumes lack a
common desired absorbed-dose range. To ensure
that the conflict does not occur in the planning
aims, at least two different methods can be applied.
One method is based on subdivision of the volumes
(see Figure 5.2.). Absorbed-dose objectives are set
for the individual segments, some of which contain
the overlapping volumes (PTVgy.s and PTVgy3 in
Figure 5.2.) while others contain non-overlapping

57

Planning aims Modification to planning aims

PTV PTV

median dose (D¢, %): 700Gy PTVsy,

near-min dose (Dyg %): = 66.5 Gy near-max dose (D, %): =749Gy

ncar-max dosc (D, %): < 74.9Gy near-min dose (D;a %) =665Gy
Optic nerves PTVqy.

near-max dosc (D, %): < 600Gy ncar-max dose (D, %): < 500Gy
Retina near-min dose (Dgg %): = 49.0Gy

near-max dose (D, %): = 50.0Gy PTVgys
ncar-max dose (D, %): < 60.0Gy
ncar-min dose (Dyg %): = 580Gy
P‘TVSV—-l
median dose (Dgy %) 700Gy
near-max dose (D, %): = T749Gy
ncar-min dose (Dgg %): 2 66.5 Gy
PRV optic nerves
near-max dose (D, %): = 600Gy
PRV retina
near-max dose (D, %):  =50.0Gy

Figure 5.2. Planning process for the treatment of an
ethmoid-sinus adenocarcinoma. Color legend is: the PTV in blue,
and the PRV for optic nerve and retina (retina and optic
nerves + 2 mm margin) in green. The planning aim leads to a
conflict between the near-maximum absorbed dose (Dg ¢,) to the
PRV (50 Gy for the retina and 60 Gy for the optic nerves) and
the near-minimum absorbed dose (Dgg ¢,) to the PTV (66.5 Gy).
To resolve these conflicts, the PTV was subdivided in four SVs
(PTVgyv.1 to PTVgy.4) to which different dose—volume constraints
were applied. The PTVgy.; consists of the parts of the PTV that
are within 5 mm of the skin or extend outside the skin in air.
The planner should secure sufficient fluence in PTVgy; to
prevent the CTV from being underdosed by movements or
setup error. The PTVgy., consists of the parts of the PTV that
overlap with or are closer than 3 mm to the PRV of the retina.
A Dycarmax of 50 Gy was given to the PTVgys to prevent
overdosage to the retina. The PTVgy.3 consists of the parts of the
PTV that overlap or are closer than 3 mm from the PRV of the
left optic nerve. A D, ear-max 0f 60 Gy was given to the PTVgy 3 to
prevent over-dosage to the optic nerve. The PTVgy., is not
subject to any specific constraints, and the original planning aim
can be applied. To achieve a minimum absorbed dose of 66.5 Gy
in PTVgy.4 while respecting the 50 Gy and 60 Gy absorbed-dose
constraints of the PRVs of retina and optic nerves, respectively,
the optimizer must generate a sharp absorbed-dose gradient
between the PRVs and PTVgy.4.

volumes (PTVgv.4 in Figure 5.2.). In the other
method, the absorbed-dose objectives for planning
are relaxed for one or more of the contoured
volumes that exhibit overlap regions. Both methods
aim for the same result, namely a controlled
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Figure 5.3. Securing the “flash region” in IMRT. (A) Beam’s eye
view (BEV) of a conventional tangential field (dashed outline).
The blue contour shows the PTV extending outside the breast to
secure flash; (B) IMRT optimization is performed on the part of
the PTV a few millimeter inside the skin surface to avoid
(unwanted) absorbed-dose compensation in the build-up region
by the optimizer. No intensity is assigned to beamlets projecting
outside the BEV of the breast into the PTV; thus flash is not
secured; (C) Creation of flash by extending the same intensity
values from the breast periphery to the regions of the PTV
outside the breast BEV.

underdosage of a volume inside the PTV, a con-
trolled overdosage of a volume inside the PRV, or
both. By changing the importance of the constraints,
it is possible to go from an underdosage in the PTV
to an overdosage in the PRV, or any result between
these  extremes. Both methods can be
used simultaneously in the same planning case.
Both methods require priority ranking, a clinical
decision that should, ideally, be specified in the
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planning protocols. These methods enable the PTV
and PRV delineation to be maintained without com-
promise. Whatever the method used, treatment-
planning systems should be able to deal with voxels
belonging to two different volumes of interest.

5.3.4 Unexpected High Absorbed Dose to the
RVR

When absorbed-dose objectives for planning are
imposed for PTVs and PRVs only, an unacceptably
high absorbed dose can occur in the RVR (for a dis-
cussion of RVR, see Section 4.9). Because IMRT
planning systems exploit many degrees of freedom
to optimize an absorbed-dose distribution according
to the planning aims, if the absorbed dose to the
RVR is unconstrained, it is even possible that the
maximum absorbed dose of the plan can be found
in it. The problem and some solutions have been
described in the literature (Claus et al., 2001;
Dogan et al., 2002; Esthappan et al., 2004). The
absence of an absorbed-dose prescription to the
RVR can result in two types of problems, namely
regions of high absorbed dose and/or gentle
absorbed-dose gradients between the PTV and the
RVR. To avoid these difficulties, planning aims
should be applied as recommended for the PRV, as
the RVR is analogous to an additional PRV.

54 Treatment Plan
5.4.1 Prescription

When the optimized absorbed-dose distribution is
accepted by the physician, the prescription and tech-
nical data are finalized. The treatment plan includes
the final prescription as well as all technical data
required for treatment delivery. The prescription is
a description of the volumes of interest, the
absorbed dose and/or dose—volume requirements for
the PTV, the fractionation scheme, the normal-tissue
constraints, and the absorbed-dose distribution(s)
planned. The choice between plan improvement and
plan acceptance is often based on trade-offs among
conflicting aims. The prescription, while considered
acceptable, can be different from the original plan-
ning aim (see Figure 4.1). Regarding the absorbed-
dose prescription to the PTVs, it is recommended
here that the same metrics used for reporting be
used for prescribing, e.g., to prescribe a given
D edian OT a given Dy (see Sections 3.2 and 3.3).

5.4.2 Technical Data

When a plan is accepted, the technical data
needed to execute the treatment are established.
The technical data consist of an electronic
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instruction file (e.g., control-point sequence) to
control the treatment machine and written instruc-
tions on how to treat the patient. Examples of tech-
nical data are:

e the number of beams and their directions, the
number of beam segments and their intensity
distributions, etc.;

e the aperture shapes or multileaf-collimator set-
tings, etc.;

e the number of monitor units per beam segment,
etc.;

e the positioning and immobilization parameters
for the patients on the couch, etc.

Physician approval of a given plan implies approval
of the technical aspects of the treatment. This is
the case because if the technical factors were
altered the treatment would almost certainly no
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longer fulfill the prescription. The technical factors
can include extensive data files, which cannot be
effectively inspected by the eye. It is recommended
that the format for the electronic recording of data
is standardized, e.g., the DICOM-RT protocol
(DICOM is managed by the Medical Imaging and
Technology Alliance—a division of NEMA, the
Association of Electrical and Medical Imaging
Equipment Manufacturers, Rosslyn, VA, USA).
Extensive quality-assurance measures are thus
needed to ensure that the technical factors linked
with the plan are indeed used for the treatment.
These aspects are discussed in Appendix A.2.

Local and national laws and regulations might
require that additional personnel (e.g., a medical
physicist) as well as the treating physician approve
(with the date) the technical component of the
prescription.
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Appendix A: Physical Aspects of IMRT

A.1 Absorbed-Dose Computation

A.1.1 Photon Interactions and
Energy-Deposition Processes

When compared with conventional radiotherapy,
intensity-modulated radiation therapy (IMRT)
requires more attention to several aspects of dose-
computation models. The processes of beam gener-
ation and shaping in the treatment machine and
the subsequent energy-deposition in the patient
are quite complex. Some confusion in discussions of
photon-beam absorbed-dose calculations comes
from the use of terms that are not unambiguously
defined. An illustrative example is “scatter,” which
can refer to any quantity related to scattered radi-
ation, not distinguishing whether the scattering
takes place in the beam-delivery system or in the
patient. For clarity, it is beneficial to separate the
description into what takes place in the beam-
delivery system and what results from interactions
within the patient (see Figure Al.1). In this
Report, the term direct radiation is used to denote
radiation generated in the x-ray target that reaches
the patient directly without further interaction in
the head of the treatment unit; the term indirect,
or extrafocal, radiation denotes radiation that has a
history of interaction/scattering in the head of
the treatment unit. Inevitably photon interactions
in the treatment head yield an electron-
contamination component. The direct and indirect
radiation, together with the electron contami-
nation, constitutes the incident beam.

Photons that have interacted in the head of the
treatment unit yield two major absorbed-dose com-
ponents in the patient: absorbed dose from indirect
photons and absorbed dose from electron contami-
nation. Absorbed dose from indirect photons orig-
inating in the head, depending on beam energy and
head design, accounts for from 2 % to 15 % of the
total absorbed dose in the patient (Ahnesjo, 1994;
1995; Liu et al., 1997a; 1997b). The indirect sources
act as extended sources causing the penumbra of
the field to be substantially broader than the
direct-beam penumbra. A conventional jaw or
custom-made radiation block wusually has faces

oriented parallel with a line from the effective
source of direct radiation and therefore reduces the
production of indirect photons. Some multileaf col-
limator (MLC) vendors do not use leaf ends that
diverge from the effective source position but
instead curve the leaf ends. This design prevents a
sharp discontinuity of the correspondence between
the light and radiation field and is simpler to
implement mechanically. Compared with divergent
leaves, the curved leaves have increased photon
transmission, give rise to a blurred field boundary,
and produce indirect photons and charged-particle
(mainly electrons) contamination. The dose-
computation algorithm has to be able to accurately
calculate the absorbed dose under these curved leaf
ends. Such calculations can be done in a number of
ways, including having the energy fluence descrip-
tion appropriately blurred to account for the
unsharp penumbra. In IMRT, a typical field is
made up of a large number of smaller segments or
sub-fields. The more sub-fields or aperture seg-
ments that are added together, the more important
becomes the modeling of the direct-beam penum-
bra, leakage through the collimator system, and
the indirect photons.

The amount of charged-particle contamination is
very sensitive to the presence of scattering
material. The charged-particle component has a
limited penetration depth and thus contributes to
absorbed dose only in the buildup region and
slightly deeper. Therefore, dosimetry protocols
state that beams should be calibrated at a depth
beyond the range of charged-particle contamination
(Almond et al., 1999; IAEA, 2000).

Photons are indirectly ionizing particles that
deposit most of their energy through secondary
charged particles liberated in photon interactions
with the exposed medium. The energy imparted by
charged particles released from first interactions in
the patient of photons from the incident beam con-
stitutes the primary absorbed dose. For photon
beams used in radiation therapy, the effective range
in water of the released charged particles is approxi-
mately from 0.3 cm to 2.5 cm, causing the primary
absorbed-dose distribution to resemble a blurred

© International Commission on Radiation Units and Measurements 2010

TTOZ ‘82 JequenoN uo usBuigen] gn e /610'seulnopio xo nioil//:dny wo.j papeoumod


http://jicru.oxfordjournals.org/

PRESCRIBING, RECORDING, AND REPORTING PHOTON-BEAM IMRT

Photon radiant
energy exiting
the linac target

Treatment head
and air

Non-interacting photons

N

Interactions, predominantly in the flattening filter

r's

Contaminant charged-

particle kinetic energy

/_’7

Primary photon energy

SN

Primary charged-particle Scatter photon
kinetic energy energy

Patient

Contaminant
charged-particle

energy
deposition

/ Scatter charged-

Primary /

energy

energy
deposited

annihilation photon energy

It

Bremsstrahlung
and annihilation ——»

Bremsstrahlung and l

Direct beam

phantom-scatter
charged-particle dose
kinetic energy

particle kinetic

Bremsstrahlung and
annihilation photon energy

!

Head-scatter
photon energy

a

Scattered photon

Hecad-scatter charged-
c head-scatter

particle kinetic energy
energy

/ i

Scatter charged-particle
kinetic energy

It |

Bremsstrahlung
and annihilation

Head-scatter
charged particle — | dose
kinetic energy

Figure A.1.1. Outline of the interaction history for the two main categories commonly referred to in absorbed-dose calculations for
treatment planning: direct and indirect radiation. The direct absorbed dose can be divided into primary-beam absorbed dose and
primary-beam phantom-scatter absorbed dose. The indirect radiation can be divided into contaminant charged-particle and
indirect-photon absorbed dose. The particle nature of photons is assumed. (Adapted from Ahnesjo and Aspradakis, 1999; Mackie et al.,

1988; reproduced with permission.)

image of the incident beam fluence. A drastic
change in absorbed dose for small changes in field
size occurs when the field size is as small as those
encountered in IMRT. In low-density material, the
range of the charged particles can be many times
longer than in water thereby exacerbating the
effect. Figure A1.2 compares absorbed-dose distri-
butions from a parallel x-ray field from a 4 MV linac
in a heterogeneous slab phantom for a variety of cir-
cular field sizes. More significant perturbations in
absorbed dose would result at small field sizes for
higher energy beams because the range of charged
particles would be even longer. Intensity-modulated
radiation therapy demands the ability to determine
the absorbed dose accurately for small fields,
especially for heterogeneous tissues.

The photons scattered in the patient add, through
the secondary charged particles, a smoothly varying
patient- or phantom-scatter absorbed-dose component
reaching laterally well outside the beam edge. The
mean free path of a scattered photon in the patient is
of the order of from 10 cm to 25 cm; hence there is a
substantial absorbed dose at a considerable distance
from the beam edge. The ratio of phantom-scatter to
primary absorbed dose increases with depth.
However, at therapeutic depths the primary absorbed
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dose is at least two to five times higher than the
phantom-scatter absorbed dose. The phantom-scatter
absorbed dose increases with field size.

o em?/g
o

o

o s 10 5 20 25
Depth (cm)

Figure A.1.2. Influence of field size on the depth-dose in a
heterogeneous phantom. Shown is absorbed dose per energy
fluence along the central axis of a 4 MV parallel beam as a
function of depth and beam diameter computed using the
convolution/superposition algorithm. The phantom is a slab
phantom comprising adipose tissue (A), muscle (M), bone (B),
and lung (L). The absorbed-dose reduction in the lung (L), more
pronounced at smaller field sizes, is due to the transport of
electrons out of the irradiated region in the low-density
material. (From Ahnesjo and Aspradakis, 1999; reproduced with
permission.)
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A.1.2 Modeling the Beam

There are two general classes of dose-calculation
algorithms: correction-based and model-based. In
the correction-based approach, the absorbed dose in
a water phantom from a rectangular beam incident
normally on the surface of the phantom is first
measured and parameterized into absorbed-dose
distributions as functions of the distance from the
source to the surface of the phantom, field size,
depth, and lateral position. This parameterization is
then corrected for plan-specific perturbations of the
ideal water phantom measurements. The correc-
tions are necessitated by the presence of beam
blocks, wedges, or compensators, and because the
beam may not be incident normally on a flat surface
and the tissues are not well simulated by water. In a
model-based algorithm, measurements of the
absorbed-dose distributions for a variety of situ-
ations are used to develop parameters for a model
that describes the attenuation of incident photons
and the production of secondary radiation (Ahnes;jo6
and Aspradakis, 1999; Liu et al., 1998; Mackie
et al., 1995; 1996; 2000; 2001). A growing number of
authors have addressed the importance of relevant
beam modeling for accurate absorbed-dose calcu-
lations (Ahnesjo, 1994; 1995; Fippel et al., 2003,
Jeraj et al., 2004; Kim et al., 2001; Libby et al.,
1999; Liu et al., 1997a; 1997b; Lovelock et al., 1995;
Mohan et al., 1985). A useful beam model should be
simple enough to understand and implement, and
should have only a small number of free parameters.
It should be possible to determine the model par-
ameters by practical measurements, and the model
should be sophisticated enough to validate all clini-
cally relevant benchmarking measurements in
accordance with accuracy requirements (Fippel
et al., 2003). The simplest possible beam model is a
point source located at the beam target. This
approach implicitly provides inverse-square correc-
tions for source-to-surface distance shifts, and was
the basis for most early treatment-planning systems
whose absorbed-dose calculations were based on a
library of measured data.

To model more complex properties (i.e., output
factors, profile changes, penumbra variations, etc.),
a simple single-source model is insufficient. Hence,
multi-source models have been developed that con-
sider multiple sources of photons such as scatter
from any field-flattening filter and partial blocking
of extended sources (Liu et al., 1997a; 1997b).
Typically, the primary-beam source is treated as a
Gaussian distribution from two sources. The first
source has a full width at half maximum (FWHM)
of a few millimetres to take into account the pro-
duction of direct photons in the target. A secondary
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low-intensity source, with a FWHM equal to that of
the flattening filter, takes into account the scatter
from the primary collimator and flattening filter.
The shape of, and hence the attenuation by, the
flattening filter determines fluence-output vari-
ations across the filter due to indirect photons
arising from it. Intensity-modulated radiation
therapy absorbed-dose calculations could be simpli-
fied and there would be less scatter from the head
if the field-flattening filter were removed (Mackie
et al., 1993; Vassiliev et al., 2006). The location and
nature (conventional jaws versus curved-leaf-end
collimators) of the primary-beam collimation deter-
mines the beam width and the penumbra.
Advanced refinements in the dose-computation
algorithm must include the effects of monitor back-
scatter, collimator scatter, collimator leakage, and
charged-particle contamination.

Monte Carlo codes, such as the BEAM code,
enable detailed simulations of the treatment head
(Liu et al., 2000; Rogers et al., 1995). The result of
such Monte Carlo simulations is typically a “phase
space,” i.e., a data set providing a listing of energy
and direction of millions of emitted particles. The
phase-space data are often parameterized for con-
venience. An example is provided in Figure Al.3
(Chaney et al., 1994), which shows the origin of
photons derived from the phase-space data pro-
jected onto a plane through the beam axis. The role
of measured data can be for verification of the
Monte Carlo models, or the complete basis for
source parameterization, or a combination of the
two. Hence, different routes for constructing beam
models can be designed as summarized in
Figure Al.4.

Instead of deriving beam-data models for every
individual machine, a more convenient approach is
to have generic parameterizations for each machine
type from a given manufacturer, shifting the QA
focus toward machine performance, and reducing
the commissioning requirements for treatment
planning. Several manufacturers supply optimal
beam-commissioning measurements and commit to
keeping the beam characteristics within a specified
accuracy in a maintenance contract. Routine
quality assurance (QA) of the commissioning
measurements must be a part of the clinic’s QA
program (see Appendix A.2). Table Al.1 is an over-
view of how the most important beam- and dose-
model components influence absorbed-dose charac-
teristics for typical treatment machines.

A.1.3 Dose-Calculation Algorithms

Absorbed dose per monitor unit calculated by the
treatment-planning system forms the basis for both
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Figure A.1.3. Left: Scatter plot showing the location of photon-
scattering events in the treatment head (from Chaney et al.,
1994; reproduced with permission). Right: Dual extended-
(non-point-)source model used to describe the fluence at the
detector position. The narrow primary-source width is due to the
spread of bremsstrahlung production in the target and beam
stopper backing the target. The scatter source is indirect
(extrafocal) radiation produced mainly by Compton scatter in
the field-flattening filter and the primary collimator. (From
Deng et al., 2004; reproduced with permission.)

prescription and reporting of delivered absorbed
doses. Dose-calculation models and approximations
are the most important component in data accuracy

Measured data Linac simulation

v

Parameterization

Vi

4 4
Emulation Sampling
v v v
Fluence matrix Phase space
4 v
Kernel-based Monte Carlo
absorbed-dose absorbed-dose
calculation calculation

and integrity. Early dose-calculation models essen-
tially applied absorbed-dose distributions measured
in water phantoms to the patient by means of
simple scaling laws. The need for fast and accurate
absorbed-dose calculations together with the
increasing capacity of computer hardware motiv-
ated the development of methods that allow for
more explicit representations of beam character-
istics and related energy-deposition phenomena
(Ahnesjo and Aspradakis, 1999; Mackie et al.,
1995; 1996; 2000; 2001). The iterative search used
in the optimization phase of treatment planning
makes it tempting to introduce approximations to
make the calculations for IMRT faster. However,
before the treatment is executed and absorbed dose
reported, the absorbed dose should be calculated as
accurately as possible.

The traditional approach to absorbed-dose calcu-
lations in treatment planning has been the use of
algorithms based on corrections to absorbed-dose
distributions measured in water, i.e., absorbed-dose
reporting based on absorbed dose in water has
been an implicit de facto standard. Although
approximate, most of these correction-based algor-
ithms considered the variation in absorbed caused
by the difference in attenuation as a result of
passage of the beam through heterogeneous tissues
upstream of the absorbed-dose calculation point.
Systems for three-dimensional (3D) treatment
planning of conformal and fluence- (“intensity-")
modulated therapy were first used in the early
1990s. Limitations in the traditional approach to
effectively account for absorbed-dose variations due
to varying field geometries and tissue heterogene-
ities stimulated the introduction of newer model-
based algorithms. These algorithms were based on
convolution or superposition methods (Ahnesjo
et al.,1987; Aspradakis et al., 2003; Boyer and Mok,
1985; Mackie et al., 1985; Papanikolaou et al.,

Measurement-based source modeling
Combination of measurements and simulations
Source modeling of simulated data

Direct use of phase-space data

Figure A.1.4. Different beam-data characterization routes for absorbed-dose calculations.
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Table A.1.1. Overview of how the model components influence absorbed-dose characteristics and measured-data requirements for typical treatment machines (MLC-equipped
linacs). The right-most eight columns show the type of measured data that can be used for derivation or verification of beam and absorbed-dose model data.
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1993) in which the transport kernels are generated
by Monte Carlo simulation (Ahnesjo, 1989; Mackie
et al., 1988) or direct Monte Carlo simulation of the
particle transport (Deng et al., 2004; Difilippo,
1998; Fippel et al., 2003; Hartmann-Siantar et al.,
1996; Jeraj and Keall, 1999; Ma et al., 1999;
Mackie, 1990; Rogers et al., 1995). Rather than cor-
recting absorbed-dose distributions measured for
normally incident beams in a water phantom for
the effects of patient-specific conditions such as
beam modifiers, surface contour, or tissue heteroge-
neities, the model-based methods directly compute
the absorbed dose per energy fluence in the
patient. Knoos et al. (2006) compared several com-
mercial treatment-planning systems for a variety of
treatment sites with the results of Monte Carlo cal-
culations. They found that treatment-planning
algorithms that consider changes in photon scatter-
ing and electron transport were more in agreement
with Monte Carlo modeling, especially for small
treatment volumes in which low tissue densities
were present. Davidson et al. (2007) showed that a
convolution/superposition algorithm was more
accurate than a finite-pencil-beam algorithm for
computing the absorbed dose in inhomogeneous
tissue.

The new Monte Carlo-based algorithms can
calculate absorbed dose per energy fluence in
water-equivalent materials of any density from
first principles. For neutron, heavy ion, and poss-
ibly proton beams, it is necessary to calculate the
absorbed dose in the actual tissue using its molecu-
lar composition. For photon beams, the difference
between the absorbed dose in soft tissue and water
is small, but considerable deviations exist for bone
and also to some degree for phantom materials.
The main sensitive volume for radiation impact is
living cells, which are largely composed of water.
Nahum (2007) suggests that, even though it is now
possible to compute the absorbed dose from photon
beams in a specific tissue type, including the effect
of density and elemental composition, the absorbed
dose in a small mass of water in the tissue be used
for prescription and reporting. It is recommended
that the absorbed dose for photon beams be
reported as the absorbed dose in a small mass of
water in tissue and include realistic estimates for
photon scattering, electron transport, and photon
attenuation.

Since direct Monte Carlo absorbed-dose compu-
tations will soon be commonplace, a special note is
in order regarding calculating the absorbed dose in
a small mass of water. In Monte Carlo calculations,
it is convenient to compute the absorbed dose in
the specific material from first principles. Much as
is done in cavity theory to compute the absorbed
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dose inside a cavity, the absorbed dose computed in
the specific tissue by Monte Carlo techniques must
be converted to the absorbed dose in a small mass
of water in the tissue. Based on Bragg—Gray cavity
theory, Siebers et al. (2000) described how a simple
Bragg—Gray stopping power ratio could be applied
to the results after the Monte Carlo simulation
process. For example, although the absorbed dose
in bone would be based on transport properties in
the specific bone material, at the end of the simu-
lation, the absorbed dose in a small mass of water
in the bone (simulating the soft-tissue structures in
the trabecular tissue) would be computed. As in
cavity theory (Attix, 1986), the correction is made
by a scalar multiplication using a ratio of average
mass collision stopping powers of water to bone.
Siebers et al. (2000) showed that the correction for
ICRU Cortical Bone could be as high as from 11 %
to 12 % for 6 MV photon beams. For ICRU soft
tissue, the correction was only 1 % to obtain the
absorbed dose in a small imbedded mass of water.
In the case of absorbed-dose computations for the
lung, the Monte Carlo transport properties should
be for the lung material with the density-effect par-
ameter in the mass collision stopping power evalu-
ated for wunit-density water (simulating the
capillaries surrounding air-filled alveolus cavities)
and not for the average lung density. Siebers et al.
(2000) found that at 6 MYV, the correction of
absorbed dose in the lung to absorbed dose in a
small mass of water was unity.

A.1.4 Calculation of Absorbed Dose per
Monitor Unit

Monitor units that refer to the integrated current
(“ionization reading”) from a linear accelerator’s
coaxial parallel-plate ionization chamber have been
traditionally used in place of exposure time (used
for ®°Co radiation). The monitor ionization chamber
used for photon beams is normally sealed so that it
is immune to the effects of temperature and
pressure. Its reading is proportional to the average
intensity across the beam. The absorbed dose per
monitor unit is normally calibrated with respect to
the absorbed dose measured in a phantom under
standard irradiation conditions specified by
national or international protocols. In traditional
radiotherapy, part of the planning process is to
determine the number of monitor units to deliver
for each field.

For IMRT, the meaning of “monitor units to be
delivered” differs slightly depending on the type of
beam delivery. In segmented-MLC IMRT delivery,
the monitor units for each segment of a field must
take into account the relative output of the field as
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well as the contributions from indirect sources of
radiation and backscattered radiation from the col-
limation system. In dynamic-MLC IMRT delivery,
the monitor units to be delivered refer to the total
ionization signal accumulated during the dynamic
treatment, requiring careful synchrony of the
leaves so that the leaf pattern is completed exactly
when the total monitor units have been delivered.
The monitor-unit ionization signal can also be used
to shut down the treatment unit if the absorbed-
dose rate varies appreciably as a function of time.
For a binary collimator, the fluence delivered when
a leaf is open is nearly proportional to the time
that that leaf is retracted. This fluence might not
be exactly proportional to the retracted time
because indirect photons can be transmitted
through a neighboring open leaf. The transit time
of the leaves of a binary collimator leaf is taken
into account by correcting the programmed open
time to the measured effective open time. This cor-
rection will be illustrated later in Figure A2.7.

To achieve generality and flexibility, modern
methods of absorbed-dose calculation commonly
distinguish between the distinct processes of
absorbed-dose calculation and beam modeling.
Correction-based absorbed-dose calculations have
traditionally determined only relative absorbed-
dose distributions, assuming monitor-unit settings
for a planned beam setup to be calculated indepen-
dently. With increasing complexity in treatment
delivery, and because model-based absorbed-dose
calculations are able to do so, there has been a
trend to compute absolute absorbed dose in cali-
bration conditions to simplify the calculation of
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monitor units to be delivered. Depending on cir-
cumstances, absorbed-dose distributions can be
modeled with varying degrees of explicitness in the
description of the underlying phenomena.

For a conventional linac, the absorbed dose per
monitor unit D/M is given by

DAr) W DA, r)
= ar L =

(A.1.1)

where the energy fluence per monitor unit is Yo/M
and is determined by Eq. A.1.2. The absorbed dose
per unit energy fluence in the patient is D(A,r)/ V¥,
for a field size A at depth r. The monitor unit M is
composed only of forward energy fluence through
the monitor. The factor [1 + b(A)] corrects for vari-
ations in photon backscatter into the monitor
chamber and is applied for conventional linacs
because they use the monitor signal as feedback to
provide output stability to the linac (see
Figure A1.5). The value of the b(A) correction is
typically a few percent (Liu et al., 2000). This feed-
back correction does not need to be applied for the
Hi-Art™ or the CyberKnife™ systems because the
monitor signal is not used to provide feedback for
stabilizing their linac outputs.

As shown by the following equation, the energy
fluence per monitor unit Yo/M is obtained by
measuring the absorbed dose per monitor unit
under calibration conditions and dividing it by
the absorbed dose per energy fluence calculated by
the treatment-planning system under the same

1.03 P
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Figure A.1.5. The effect of photon backscatter into the monitor chamber for a Varian 10 MV photon beam. Monitor chambers can
provide feedback to stabilize the output of a linear accelerator. When the field size is changed by moving the collimators defining the
field (jaws), the backscatter into the monitor chamber changes (see left panel). Increasing backscatter lowers the output per unit
monitor unit of the linac correspondingly. The amount of backscatter as a function of square-field size is a few percent (see right panel).
This effect should be included in the monitor-unit calculations. (Adapted from Liu et al., 2000; reproduced with permission.)
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calibration conditions:

% _ [D(Acar,7cal) / M]

measured 1+b(A 7 A12
M [D (Acal,r cal / 1I’()] [ ( cal)} ( )

calculated

where the subscript “cal” denotes that the respect-
ive variable is for the beam-calibration geometry
(normally in a water phantom with the isocenter at
10 cm depth for a 10 cm x 10 cm square field). A.q
is the calibration field size and r.,; the reference
depth, and the term [1 + 6(A .1)] corrects for back-
scatter into the monitor chamber at calibration.
The effect of backscatter into the monitor chamber
is shown in Figure A1.5.

A.2 Commissioning and QA

A.2.1 Commissioning of Treatment-Planning
Systems

Treatment-planning commissioning for IMRT is
different in some regards from methods used for
more traditional three-dimensional conformal
radiotherapy (3D-CRT), which are well documented
by the American Association of Physicists in
Medicine (AAPM) (Fraass et al., 1998), by the
International Atomic Energy Agency (IAEA, 2004;
2007), and in the review by Williamson and
Thomadson (2007). This appendix will largely focus
on the differences between QA processes in
3D-CRT and IMRT.

It is not practical to do IMRT calculations by
hand; computer-based methods are required. It is
possible to perform IMRT calculations using
so-called “forward” methods, whereby treatments
with multiple fields for specified beam directions
are planned using more traditional computer-based
methods. However, most IMRT treatment-planning
systems use formal optimization algorithms that
involve iterative calculations, and even iterative
definitions of planning aims, to produce acceptable
results. Intensity-modulated radiation therapy can
produce steep gradients between the target and
organs at risk, and testing during commissioning is
critical in assuring accurate results from the
treatment-planning systems. The summing of mul-
tiple small fields or beamlets makes the modeling
of the penumbra and low-dose region outside each
of these fields very important. The calculation or
determination of the leakage through the leaves,
especially if they have curved ends, is very impor-
tant in producing an accurate penumbra model
(Cadman et al., 2002; Graves et al., 2001).
Figure A2.1 illustrates the shape of the leaf ends
for a pair of leaves in conventional MLCs. Because
IMRT will result in from a 2- to a 10-fold increase
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Figure A.2.1. The effect of curved leaf ends. For reasons of
mechanical simplicity, most conventional MLCs use simple
linear motion (as indicated by the bold double arrows). Here,
one leaf is shown close to the central axis and the other farther
from the central axis. If the leaves were not curved, there would
be a sharp transition in crossing the central axis where the light
field would be defined first at the top and then at the bottom of
the collimator. The use of curved leaf ends causes the edge of the
light field to differ from to the edge of the radiation field, which
is typically defined by one half-value layer of attenuation. The
discrepancy between the boundary defined by the light field and
the radiation field is not constant with leaf position, but varies
with position across the field. There is also significant leakage
through the leaves when the leaves are in the “closed” position.
In the “closed” position, opposed leaves might not touch because
there is usually a small gap between the leaves. Curved leaf
ends also degrade the penumbra of the field and make beam
modeling in this region more difficult.

in the number of monitor units when compared
with conventional therapy, the leakage through
leaf ends and between the leaves is extremely
important (Hardcastle et al., 2007). Similarly, the
ratio of leakage-to-primary fluence increases when
very small fields, typical of IMRT, are used.

The goal of commissioning any treatment-
planning system is to ensure that the system com-
putes the absorbed-dose distributions in patients as
accurately as possible. The initial acceptance pro-
cedures by the vendor to test the quality of the
treatment-planning system for IMRT might be
different from those for 3D-CRT and can require
different specifications and procedures. For example,
the acceptance testing should reflect the special
requirements for small fields, and assure an accurate
description of the penumbra and leakage outside the
field. Preparing an existing treatment-planning
system for IMRT requires re-commissioning, includ-
ing additional measurements, and the provision of
other information to the planning system. For
example, some MLCs have been designed so that
opposing leaves cannot be in close proximity to one
another, preventing full closure of the gap between
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the leaves. These machine-imposed constraints on
leaf motion affect the capabilities of the delivery
system and need to be provided for in the planning
system. Leaf tolerances sufficient for using the MLC
for blocking in 3D-CRT are not sufficiently accurate
when the MLCs are used for IMRT. Accuracy of from
1 mm to 2 mm in positioning a leaf to provide block-
ing, while adequate for 3D-CRT, is not sufficient
with the small fields employed in IMRT. Figure A2.2
illustrates the possible error in the intensity that can
result from an error in leaf position.

Often the QA data comprise a comparison of
results of absorbed-dose computation with those of
measurements under well-controlled conditions.
Van Dyk et al. (1993) suggested that the accuracy
depended on the absorbed-dose gradient. In a low-
gradient region, the relative difference between
computed and measured absorbed doses is impor-
tant, but in a high-gradient region, the distance to
agreement of isodose values is more important. The
distance to agreement is the absolute distance
between isodose representations of two absorbed-
dose distributions. Van Dyk et al. (1993) suggested
that commissioning measurements should be accu-
rate within 3 % everywhere in high-dose regions
(>80 % of the maximum absorbed dose) with gradi-
ents less than 20 %/cm, within 4 % in low-dose
regions, and within 4 mm in high-gradient regions.
Van Dyk’s proposal might be too restrictive in
high-dose regions and insufficiently restrictive in
low-dose regions when applied to small-beam
measurements used for commissioning IMRT equip-
ment. This is because small absorbed-dose errors
outside the field tend to add up to large errors
when the small fields are summed together to
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Figure A.2.2. Curves showing the increasing absorbed-dose
error with decreasing nominal leaf gap (leaf-gap setting). The
nominal leaf gap is the spacing between pairs of leaves that
form the moving aperture of a dynamic MLC delivery. (From
LoSasso et al., 1998; reproduced with permission.)
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produce a larger IMRT field. Additionally, it is very
difficult to measure the absorbed dose accurately
for small fields. End-to-end testing that comprises
testing of the entire process from data collection,
beam representation, treatment planning and deliv-
ery, and QA of the delivered absorbed dose is inte-
gral to the beam-commissioning process.

A.2.2 QA of IMRT Delivery Systems

A.2.2,1 Conventional-MLC Delivery
Systems. Consensus as to what QA tests should
be performed for conventional MLC IMRT systems
(and their frequency) is still evolving. There are
several publications addressing this issue (Ezzell
et al., 2003; Galvin et al., 1993; IMRTCWG, 2001;
Williams, 2003), but there is as yet nothing defini-
tive. Moran and Xia (2006) and De Wagter (2006)
provide explicit recommendations from the US and
European perspectives, respectively. What is clear
is that any QA program implemented must verify
the proper functioning of both the planning and
the delivery systems and the transfer of data
between the components of the two systems. A full
description of all accelerator QA procedures is
beyond the scope of this Report. A thorough review
of QA for conventional linacs was published by the
AAPM Task Group 142 (Klein, 2009) and replaces
the recommendations of the earlier Task Group 40
(Kutcher et al., 1994) for IMRT. The Klein et al.
(2009) report has very detailed recommendations
for the accuracy of linac specifications for IMRT.
Only the specialized procedures specific to IMRT
will be addressed here.

For most forms of IMRT, fields are composed of
multiple small segments superimposed during
delivery at a fixed gantry angle. The calculation of
the absorbed dose delivered by these segments
depends on the measured small-field data and the
various modeling-parameter values used in the
IMRT planning system including: (1) small-field
penumbra measurement/modeling; (2) small-field
output factors; (3) the leaf-gap offset factor to
correct discrepancies between the light field and
radiation field; (4) MLC leakage/transmission
factors; and (5) leaf-sequencer accuracy. These are
discussed briefly here.

Modeling of a small-field penumbra requires
input of measured data. Inadequate input data pro-
duces modeling inaccuracies in the penumbra of
each small field and will significantly affect the
absorbed-dose distribution resulting from the appli-
cation of multiple segments to the irradiated
volume. Ezzell et al. (2003) have reported that a
beam model based on beam profiles obtained with a
relatively large ionization chamber having an inner
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diameter larger than 0.3 cm can produce erroneous
results in IMRT calculations. This is because an
ionization chamber of this dimension has a coarse
resolution that over-estimates the penumbra width
(Laub and Wong, 2003; Low et al., 1998a).
Therefore, it is recommended that profile measure-
ments be made using either radiochromic film or
other detectors with high spatial resolution, such as
a pinpoint ionization chamber (Ezzell et al., 2003;
Martens et al., 2000), a small diode, or a diamond
detector. Due to extended measurement times for
IMRT, all ionization-chamber measurements must
include consideration of chamber and cable leakage,
which generally becomes more important for small
chambers (Leybovich et al., 2003). Film must also
be used with care. For example, Kodak EDR2 radio-
graphic film has a significantly non-linear depen-
dence on absorbed dose (Zhu et al., 2002). In
addition, all radiographic film is strongly dependent
on beam energy (Muench et al., 1991). GafChromic®
radiochromic film exhibits a small energy depen-
dence but a strong dependence on the time between
exposure and sensitometric evaluation (Soares
et al., 2009). Similarly, the calibration of both diodes
and diamond detectors can drift with time (Das,
2009; Zhu and Saini, 2009).

Sharpe et al. (2000) have shown that beam
output factors vary rapidly as a function of field
size, and this can lead to variability in IMRT
absorbed-dose distributions because small seg-
ments make up MLC IMRT fields. The output
factor decreases sharply due mainly to obscuration
of the primary source but due also to lack of lateral
charged-particle equilibrium, less head and
phantom scatter, and more backscatter into the
monitor chamber when the segment field size
decreases to less than 3 ¢cm x 3 em (Azcona et al.,
2002; Sharpe et al., 2000). Thus, it is essential to
verify the IMRT absorbed-dose-calculation algor-
ithm against measurements for the IMRT accelera-
tor in question using a suitable small-field detector
(Martens et al., 2000). In addition, it is absolutely
essential for leaf-positioning accuracy to be verified.
The AAPM TG-142 protocol (Klein et al., 2009) rec-
ommends that a leaf should be positioned with an
accuracy of 1.0 mm. Sharpe et al. (2000) showed
that a 2 mm deviation in field size changes the
output factor by 2 % for a 2 x 2 cm? field and by
15 % for a 1 x 1 cm? field of a 6 MV photon beam. In
some cases, it can be necessary to restrict the lower
limit of field size that can be used by the IMRT
treatment-planning system in order to obtain satis-
factory QA and treatment results. Sharpe et al.
(2000) also pointed out the importance of account-
ing for off-axis beam softening of the photon energy
spectrum for small off-axis fields.
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The need for a leaf-gap offset arises when
curved-end leaves are used, because there is a mis-
match between the field defined by the light field
and the field defined by the radiation field.
Figure A2.3 illustrates a test to determine the
leaf-gap offset. The leaf-gap offset is measured by
joining a series of strip fields that form, as well as
possible, a broad field. The leaf-gap offset is the dis-
tance that the leaf has to move away from its light-
field image to match the radiation field.

Leaf leakage (due to gaps between leaves) and
transmission (due to photon passage through
leaves) are important issues, and include contri-
butions from inter-leaf leakage, intra-leaf trans-
mission, and transmission between opposed leaf
ends. The effects of inter-leaf leakage are shown
in Figure A2.3 The amount of leakage that con-
tributes to each IMRT field depends on the
beamlet intensities that make up the field and
also on the leaf-sequencing algorithm (LSA)
used. Other wuser-adjustable numerical values
include a parameter called the dosimetric leaf
gap (DLG), which is a dosimetric measure of the
effective gap that results from transmission
through curved leaf ends of a pair of abutting
leaves (Arnfield et al., 2000; LoSasso et al.,
2001). The dosimetric leaf offset is the amount
that a leaf would need to be retracted to add the
same fluence as is transmitted through the
rounded leaf end. Results of a dosimetric leaf-gap
test are shown in Figure A2.4 (LoSasso et al.,
2001) for a variety of MLC designs, off-axis pos-
itions, and energies. The gaps between leaf ends
that are typically employed for dynamic MLC
delivery are from 1cm to 3 cm, so the DLG illus-
trated in Figure A2.4 corresponds to effective lea-
kages of up to several percent. This must be
taken into account in treatment planning for
accurate absorbed-dose calculations and should,
ideally, not change as a function of time.

Huq et al. (2002) reported a dosimetric study on
the three major conventional MLCs available com-
mercially. Their study showed that transmission
values are greatly dependent on the MLC design,
particularly in regard to the leaf thickness, position
of the MLC in the treatment head, and whether or
not the leaf ends are double-focused and move in
an arc with respect to the beam, or have curved
ends and move linearly across the field. Inadequate
modeling of the penumbra of curved leaf ends leads
to inaccuracies in IMRT treatment planning
(Cadman et al., 2002; Ibbott, 2009). For example,
Hardcastle et al. (2007) reported that leaf-end
leakage for a Varian Millennium MLC could result
in an additional absorbed dose of 2 Gy to 3 Gy
delivered over a course of treatment. It is
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No offset 0.6 mm offset 1.0mm offset

Figure A.2.3. Test to determine the optimal leaf-gap offset due to the curved leaf ends on a conventional MLC. A 10 cm x 10 cm field is
formed by five successive irradiations of 2 cm x 10 cm field strips as shown in the upper panel, where the thin horizontal stripes are
due to inter-leaf leakage. With zero offset between the strips, there is a hot junction (due to leaf leakage through the curved leaf ends)
between the strips as indicated by the vertical black stripes between the strips. With a 1.0 mm offset, there is a cold junction between
the strips as indicated by the vertical white stripes. In the lower panel, the offset is varied between strips to minimize both the hot and
cold spots. The ideal offset is between 0.5 mm and 0.7 mm, which implies that the accuracy of the test is about + 0.1 mm.
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Figure A.2.4. Examples of dosimetric leaf-gap offsets chosen for a variety of Varian MLC collimators, position in the field, and beam
energy. Each of these values is the result of a test similar to that described in the text. Repeat measurements indicate excellent
reproducibility. In general, the leaf gap is less for low-energy accelerators, but there is no clear trend for the influence of position in the
field or type of MLC. The two energies tested are 6 MV (6X) and 15 MV (15X). CAX refers to the central axis values, and 5 cm off and
10 cm off refer to off-axis distances at which measurements of the leaf-gap offset were made. Mark 1, Mark 2, and Millenium are
different MLCs manufactured by the Varian Corporation. The numbers 445, 245, etc., in the top row of the figure indicate individual
linac designations. (From LoSasso et al., 2001; reproduced with permission.)
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recommended that users measure their machine’s
MLC transmission values and compare their
results with published values (Hardcastle et al.,
2007; Huq et al., 2002).

In implementing a conventional-MLC IMRT QA
program, the physicist must also appreciate the
effects on the delivered absorbed-dose distribution
caused by the LSA used to convert the treatment-
planning-system-derived intensity maps into a deli-
verable set of MLC leaf sequences. Such effects are
dependent on leaf width, leaf-travel distance, inter-
digitation of leaves, and maximum field size.
Typically, the physicist can adjust the number of
intensity levels and MLC step size used by the LSA
for each patient or for each disease site. These
choices affect the differences seen between the
planned and delivered profiles, as well as the
overall delivery time. Using a smaller MLC step
size and a larger number of intensity levels can
result in many segments with small field sizes,
which places greater importance on MLC position-
ing accuracy, monitor linearity and resolution, and
accelerator stability, as well as on potential limit-
ations in absorbed-dose modeling for these small
segments (Ezzell and Chungbin, 2001; Low et al.,
2001). Figure A2.5 illustrates measurement of the
error that can result when segments are delivered
with a very small number of monitor units (MUs)
(Palta et al., 2003). The error arises because of the
time required for a linear accelerator to reach
stable operating characteristics after being
switched on. The error is measured by comparing
the absorbed dose received from multiple
irradiations with beams each delivering a fraction
of 1000 MU with that from a single beam

x dose rate = 100 MU/min |
o: dose rate = 300 MU/min |
*: dose rate = 600 MU/min

Percent error

2 1 2 5 10 20 50 100 200
Figure A.2.5. Measurement of the error that can result when a
small number of monitor units (MUs) are delivered multiple
times. The abscissa represents MU per delivery. After each
delivery, the beam is turned off. In all tests, a total of 1000 MU
was delivered. Unlike conventional radiotherapy, small numbers
of MUs are often delivered for different segments in IMRT. The
error is generally larger for small numbers of MUs delivered at
high absorbed-dose rates. (From Palta et al., 2003; reproduced
with permission.)

72

calibrated to be accurate when delivering the entire
1000 MU. The error increases as the absorbed-dose
rate increases (Palta et al., 2003).

As indicated previously, there are no national or
international standards yet for a QA program for
conventional-MLC IMRT delivery. Specific QA tests
depend largely on the design of the MLC (Ting,
2006; Xia and Verhey, 2001). Maintaining MLC
calibration to within the tolerances determined
during the IMRT commissioning test is a critical
component of any IMRT QA program. Tests should
verify the correct alignment and positioning of the
MLC carriage and leaves. LoSasso et al. (2001)
describe examples of QA tests to detect carriage-
misalignment effects using film and the gap
between leaves using feeler gauges. Figure A2.6
gives an example of typical film test patterns used
to check MLC leaf-position calibration. This figure
shows leaf errors that have been purposely intro-
duced to illustrate the sensitivity of the test.
Similar tests should be repeated at routine inter-
vals and also following servicing of the MLC
(Bayouth et al., 2003). Chui et al. (1996) describe a
series of five procedures for MLC QA including
testing (1) the stability of leaf speed, (2) the effect
of lateral disequilibrium on absorbed-dose profiles

~05mm —- j

—0.2mm —»

- +0.2mm —» J
L
g
3

+0.5mm —» |

b t11b

Figure A.2.6. Illustration of a test to determine correct leaf
calibration. A series of 1 mm wide leaf irradiations are delivered
to radiographic film at multiple positions across a field. On the
left is an illustration of correct leaf-position calibration. On the
right is an illustration of purposely set leaf errors to illustrate
the sensitivity of the test. Leaves that are offset by 0.5 mm can
be detected, but offsets of 0.2 mm cannot be detected with this
test. The leaf on the right, second from bottom, has been
purposefully offset halfway across the gap to mark the film with
respect to orientation, and it is possible to see the differential
transmission through the curved leaf end with more leakage
through the left part of the gap and less transmission through
the right part.
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across adjacent leaves in the direction perpendicu-
lar to leaf motion, (3) the effect of acceleration and
deceleration of leaf motion, (4) the effect of pos-
itional accuracy, and (5) the effect of round-ended
leaves. In addition, these authors provide examples
of simple test-pattern QA checks. Litzenberg et al.
(2002) have reported the use of machine log files to
check leaf acceleration and deceleration.

Finally, it must be emphasized that, just as for
conventional 3D-CRT, the integrity of data transfer
through the entire system (CT-simulator, treatment-
planning system, record-and-verify system, and
IMRT accelerator-control system) must be scruti-
nized rigorously, and the entire treatment team
must remain vigilant when patients are treated
with conventional MLC IMRT, staying alert for
data corruption or failure of the software to
perform correctly.

A.2.2.2 Binary MLC Delivery Systems.
Binary MLC systems were designed specifically for
IMRT delivery. The leaves move quickly into and
out of a narrow fan beam (Carol, 1995; Mackie
et al., 1993) that is between 1cm and 5cm wide.
The length of time that the leaves are outside the
fan beam determines the intensity incident on the
patient through that portion of the fan beam.
Verification of the position of the leaves is relatively
simple in that the leaves at any instant in time can
have only four states: open, closed, opening, and
closing. The length of time it takes the leaves to
move across the field gap is tens of milliseconds
(Mackie et al., 2003). Light-interruption switches
are used to verify the correct state of the leaves.
Binary collimators have been used for tomotherapy,
in which the fan beam rotates around the patient.
In an example of serial tomotherapy (Best
International, Pittsburg, PA, USA), two indepen-
dent sets of binary leaves modulate two adjacent
slices (transverse cross-section of the patient) while
the couch remains stationary. The couch must be
carefully translated after each rotation to treat the
next two slices. In helical tomotherapy, akin to
helical CT, the couch translates continuously with
the rotating fan beam.

The types of QA procedures for binary MLC
systems are significantly different from those of
conventional MLCs, because the way in which
intensity is modulated is quite different. The
rotational delivery is broken up into a series of
short arcs each called a projection. Typically, the
time to deliver a projection is from 300 ms to
1000 ms depending on the gantry-rotation rate. In
the Hi-Art™ helical tomotherapy system, the 360°
rotation is subdivided into 51 arcs each of slightly
over 7° (Mackie et al., 2003). If a high intensity is
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to be delivered in a projection, the leaf is opened at
the beginning of the arc defining that projection
and closed at the end. If a low intensity is to be
delivered, the leaf is opened near the mid-point in
the time of the projection and closed just after the
mid-point. In conventional IMRT delivery, the leaf
speed is relatively slow and the position of the
MLC is checked periodically, but the leaf velocity is
not a critical parameter as the beam will not be
delivered if the leaf is not in the correct position.
However, in binary MLC delivery, the transition
time from open to closed and from closed to open is
about 20 ms and must be consistent. A change in
air pressure used to drive the pistons or the
wearing of the pistons or leaves can change the
transition time and therefore the intensity deliv-
ered. One way to test for changes in transition time
is to compare the requested open time and the
actual open time for each leaf. Typical results of
such a test are shown in Figure A2.7, where the
requested relative opening time for a projection is
compared with the actual relative opening time.
The influence of neighboring open leaves on the
intensity through a particular open leaf must be
measured. This “cross-talk” behavior of one leaf
with its neighbor is due to the finite size of the
source and the tongue-and-groove profile of the
leaves. Figure A2.8 illustrates the measured
increase in energy fluence through a leaf, called
the fluence-output factor (FOF), when both neigh-
boring leaves are open for the TomoTherapy
Hi-Art™ system. Although both are related to the
influence of transmission and extrafocal radiation
from the head of the unit, the FOF differs from a
conventional output factor in that FOF measures
an increase in energy fluence when both neighbor-
ing leaves are open and an output factor measures
the absorbed dose in a patient as a function of field
size. If only one of the neighboring leaves is open,
the increased fluence is half the FOF. There is very
little influence on the intensity through a particu-
lar leaf from non-neighboring leaves. These test
results are used in the monitor-unit calculations to
improve the accuracy of delivery. The test should
therefore be routinely performed and whenever the
MLC is serviced or removed for inspection. As with
a conventional MLC, the leakage through the
leaves of a binary MLC should also be measured.
Both serial and helical tomotherapy use the same
mechanical-alignment tests. The Peacock™ (Carol,
1995) serial-tomotherapy system was designed to be
an add-on to a conventional linear accelerator. As
such, QA for the mechanical alignment should be
performed whenever it is mounted on the linac
(Low et al., 1998a; Saw et al., 2001). One simple test
for alignment is to place a film some distance

TTOZ ‘82 JequenoN uo usbuigen] gn e /Bio'sfeulnolpioxonioily:dny woly pspeojumod


http://jicru.oxfordjournals.org/

PRESCRIBING, RECORDING, AND REPORTING PHOTON-BEAM IMRT

100
90 ‘%
80

70 / —Leaf2 [B

i / — Leaf 12

60 / Leaf 22

50 Leaf 32

——Leaf 33

——Leaf 43 —

——Leaf 53
—— Leaf 63

Relative effective open time (%)

30 40 50 60 70 80 90 100

Relative programmed open time (% of projection time)

Figure A.2.7. Binary collimator leaf-performance information used for monitor-unit calculations on the Hi-Art™ helical tomotherapy
unit. This figure shows the effective open time as a percentage of the time for one projection, here 500 ms long, for binary leaves when
compared with their programmed open-time request. In helical tomotherapy, a single rotation is divided into 51 arc segments called
projections; a projection lasts a time equal to the time for one complete rotation divided by 51. The programmed relative open time (%)
is varied from very small values to the full projection time of 500 ms, and the time that the leaf is actually open is determined by
processing of the megavoltage x-ray detector signal. The x-ray detector acquires a reading for every channel for every linac pulse,
allowing a temporal resolution of about 3 ms or about 0.6 % of the projection time to determine when the leaves are opened or closed.
The control of the leaves is such that all of the leaves at the beginning of a projection are closed. The finite leaf opening and closing
time prevents a leaf from achieving a relative opening time greater than about 95 %. To deliver a very small opening time, a leaf has to
begin to open and, then before it is fully open, it must start to close. It can be seen that relative opening times less than about 5 % are
not possible. The dynamic range of modulation for a binary collimator controlled in this manner is continuous but with a range smaller
than the projection time. The curves, one for each leaf listed, are nearly superimposed indicating similar opening and closing times. A
dashed line indicates a line defining equal requested and effective open times. This measured performance of individual leaves is used
in the monitor-unit calculation to determine what the leaf opening times should be. (Figure courtesy of TomoTherapy Inc., Madison,
WI, USA,; reproduced with permission.)

FOF #1 FOF #2 AVG vertically away from the central axis. The same

- 1.14 S test is wused for helical-tomotherapy systems.
g 1434 Figure A2.9 shows the results of the alignment test.
E 1-12':5 J‘-. : Two exposures are made: one with the beam
w 1.11: \ 4 pointed down and the other with the beam pointed
w 110 \ I\ i up. The double exposure reveals if one exposure was
3 1.09 5 Ped-=1-1 enclosed symmetrically within the other. If it is not,
= 1.08 N TIrTAVA the MLC is misaligned in the longitudinal (in—out
8107 AT | R direction along the leaf motion) direction. The
% 1.06 : - lateral (left—right) alignment can be tested on the
<405 Hi-Art™ system by using the CT detector that is
1 10 20 30 40 50 60 also mounted on the system. With a film placed on

Leaf # the central axis, the odd-numbered leaves can be

retracted and then restored to block the beam. Then
the procedure is repeated with even-numbered
leaves. These procedures permit the observation of
inter-leaf leakage. The symmetry of inter-leaf
leakage is a very sensitive measure of the mechan-
ical alignment of the MLC to the beam in the
lateral direction.

The Hi-Art™ tomotherapy and the Cyber
Knife™ systems do not have field-flattening filters
in their beams. The same arrangement has been
proposed by Vassiliev et al. (2006) for IMRT
delivery with conventional MLCs. In this case, the

Figure A.2.8. The fluence-output factor (FOF) as a function of
leaf number for the TomoTherapy Hi-Art™ system. The
measured increase in energy fluence when both neighboring
leaves are open is called the FOF. The figure shows the variation
in FOF as a function of leaf number. Two runs of the test, listed
as FOF1 and FOF2, are shown together with the average results.
If only one neighboring leaf is open, the increase in energy
fluence is half of the increase shown. The variation from leaf to
leaf is due to small (of the order of 25pum) variations in
mechanical precision of the fixture holding the leaves. The
asymmetry is due to a lateral offset in the MLC. Calibration of
the FOF enables the MLC to operate with wider mechanical
tolerances. (Figure courtesy TomoTherapy Inc., Madison, WI,
USA,; reproduced with permission.)
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Figure A.2.9. Alignment test to determine if a tomotherapy slit beam is aligned perpendicularly to the axis of rotation. As shown in the
lower panel, a film (indicated by the green plane) is placed well off the rotation axis (the axis is marked by the cross). The slit beam
arriving from the near side of the film plane (indicated by white lines) will make an image within the image of a slit beam (indicated by
yellow lines) that is produced farther from the film plane. In the upper panel, an image of the irradiated film indicates that the smaller
image of the beam from above (indicated by the solid white area in the lower panel) is symmetrically nested within the larger image of
the beam from below (indicated by the yellow lines in the lower panel). The film indicates that the beamline is aligned properly. It is
possible to see on the film that the beam is produced without a field-flattening filter because the centers of the beams have a higher
intensity than their edges. The small arrow on the film is used to provide orientation for the film after it has been processed.
(Figure courtesy of TomoTherapy Inc., Madison, WI, USA; reproduced with permission.)

absorbed-dose profile for an unmodulated beam is
approximately triangular in shape with the center
of the beam having a higher intensity than the
edge. The intensity pattern will become steeper if
the energy is higher and shallower if the energy is
lower. If the optimizer requires a uniform beam,
the MLC can modulate the beam to yield a uniform
intensity. The advantages of not having a field-
flattening filter are an increase in intensity for
smaller fields, less scatter outside the field, and
less variance in the energy spectrum across the
field, which simplify beam modeling. The definition
of beam uniformity or flatness of the beam has to
be replaced by a definition that measures the con-
sistency of the profile. The AAPM TG-142 protocol
(Klein et al., 2009) recommends that for IMRT the
field flatness be within 1 % for a conventional linac.
To be consistent, the off-axis profile should be
within 1 % of the baseline profile everywhere
within the field for the Hi-Art™ and CyberKnife™
systems.
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A completely different aspect of QA required for
helical tomotherapy is the synchrony of the leaves
and the gantry and of the couch and the gantry
(Fenwick et al., 2004). For example, a loss of syn-
chrony of the couch and the gantry will mean that
the absorbed-dose distribution would become angu-
larly misaligned or twisted with respect to the
planned distribution. The accuracy of the move-
ment of the couch can be checked with a stopwatch
and a camera used to monitor the patient.
Alternatively, the leaves can be programmed to
open for a specified distance of couch travel and
angle of gantry rotation. The resulting radiation
pattern can be recorded on film.

A.2.3 Patient-Specific QA

One of the first IMRT QA publications for
conventional MLC systems (Burman et al., 1997)
described a six-step methodology for patient-
specific QA: (1) verification that the intensity-
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modulated field boundary matches the planning
boundary, which is commonly done for 3D-CRT;
(2) through an independent calculation, verification
that the machine instructions driving the leaves
produce the planned absorbed-dose distribution;
(3) comparison of the absorbed-dose distribution in
a phantom with that calculated by the treatment-
planning computer for the same irradiation con-
dition; (4) comparison of the planned leaf motions
with that recorded on the MLC log files; (5) confir-
mation of the initial and final positions of the MLC
for each field by a record-and-verify system: and (6)
in vivo absorbed-dose measurements. Except for
initiating an IMRT program, this number of QA
procedures would rarely be repeated. Typically, for
patient-specific QA one or more of the following
methods is used to verify that the intensity pattern
will deliver the desired absorbed dose:

e Measurement of the intensity pattern from indi-
vidual beams for a specific patient.

e Measurements of absorbed dose in phantom of
the beam-intensity pattern planned for a specific
patient.

e Independent absorbed-dose calculations for the
patient-specific beam intensity pattern.

e In vivo dosimetry.

Ibbott (2009) reported that the Radiation Physics
Center at the M.D. Anderson Hospital in Houston,
TX, USA, has found that the dosimetry for IMRT
at many treatment centers is not as accurate as for
other types of external-beam radiation therapy.
Ibbott (2009) strongly recommends that patient-
specific QA be performed for all patients having
IMRT. Adherence to this policy is recommended.

Patient-specific QA methods will be further ela-
borated in the following sections. It is rec-
ommended that patient-specific QA not rely on a
single method exclusively for all patients, as each
method has its own strength. Additionally, patient-
specific QA is no substitute for treatment-planning
and machine-specific QA intended to test the com-
missioning and specifications of the planning and
delivery systems. On the other hand, correlation of
the results of patient-specific QA in a set of
patients can reveal issues in planning or delivery
systems that should be investigated with specific
tests of the planning or delivery systems.

A.2.3.1 Measurements of Intensity from
Individual Beams. Individual beam intensities
can be determined by directing the beam normally
onto a phantom with a flat surface and measuring
the absorbed dose received. A dosimeter system,
consisting of calibrated film or an array of suitable
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detectors, is placed at a convenient location such as
at the block-tray position on the gantry or on the
couch at the isocenter. The dosimeter system is
then irradiated using the planned beams all deliv-
ered from a single downward-directed gantry angle.
The incident irradiation pattern from each beam is
generated by the planning system and compared
with the measurement. Typically, the comparisons
are made for each field delivered. If all of the inten-
sity patterns are acceptable, it is assumed that the
absorbed dose in the patient will be correct. Gross
delivery or planning errors would likely be detected.
However, if subtle errors in the intensity pattern for
an individual field are detected, it can be difficult to
determine the impact on the absorbed dose in the
patient from the summed beams.

Traditionally film-based measurements using
densitometric systems have been used to determine
beam characteristics such as uniformity, symmetry,
and flatness, but with suitable care film-based
dosimetry can also determine the beam intensity
(Childress et al., 2002; Winkler et al., 2005).
Multipoint planar dosimeters such as electronic
portal-imaging devices and diode systems (e.g.,
MapCheck™, Sun Nuclear) that can greatly assist
in the QA process have been developed (Baker
et al., 2005; Chang et al., 2003; 2004; Jursinic and
Nelms, 2003; Létourneau et al., 2004; McCurdy
et al., 2001; Van Esch et al., 2001; 2004; Warkentin
et al., 2003; Wiezorek et al., 2005).

One of the greatest challenges of beam-intensity
measurements with a planar detector is the selec-
tion of pass—fail acceptance criteria for the agree-
ment between the measured and expected
intensity. This is because the absorbed dose in
these planar dosimeters does not reflect the 3D
absorbed-dose distribution that will be produced in
the patient. The user must compare the measured
planar absorbed dose with the corresponding calcu-
lated planning absorbed-dose distribution, for the
same beam and measurement depth using a 2D
overlay comparison of calculated and measured
absorbed-dose profiles, or using the “gamma value”
introduced by Low and co-workers (Low and
Dempsey, 2003; Low et al., 1998b). The gamma
value is a measure of a two-component user-
selected criterion consisting of distance-to-
agreement (DTA) and dose-difference (see Section
A.2.3.4). As yet there is no agreement on pass—fail
criteria for the gamma value.

A.2.3.2 Measurements of Absorbed Dose in
Phantoms. The absorbed-dose distributions from
all of the beams to be used to treat a patient can be
measured in a phantom and compared with the
computed absorbed dose with the patient replaced
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by a phantom. There is no single dosimetry system
that conveniently measures all the absorbed-dose
information necessary for patient-specific QA.
Systems that balance thorough dosimetric
measurements with labor requirements and com-
plexity have been developed in many academic
centers (Agazaryan et al., 2004; Chao, 2002;
Higgins et al., 2003; Klein et al., 1998; Létourneau
et al., 2004; Moran et al., 2005; Olch, 2002; Saw
et al., 2001; Wiezorek et al., 2005; Winkler et al.,
2005; Yan et al., 2005). These exploit the optimal
characteristics of point dosimeters (e.g., ionization
chambers) and planar dosimeters. Radiographic or
radiochromic film is typically used to measure the
spatial position of the irradiated area (by aligning
the steep-dose-gradient regions), and ionization
chambers are used to measure the absorbed dose in
regions with relatively low-dose gradients.

Careful dosimetry-phantom design is important
for IMRT system commissioning and QA pro-
cedures. Anthropomorphic phantoms offer the
advantage that they are of similar shape and size
to the patients to be treated. Intensity-modulated
radiation therapy QA audits that use anthropo-
morphic phantoms have been reported (Ibbott
et al., 2006; Tomsej et al., 2005). Ibbot et al. (2006)
reported that about one-third of the irradiations
audited failed to meet accuracies of 7 % in a low-
gradient region and that deviations of greater than
20 % occurred. Figure A2.10 shows the GORTEC
(Groupe Oncologie Radiothérapie Téte et Cou)
audit phantom and the results of comparing
treatment-planning calculations with measure-
ments with this phantom in 18 centers (Tomsej
et al., 2005). The results for QA of IMRT
head-and-neck treatments indicate that the
ICRU-recommended dosimetric accuracy of 5 %
(ICRU, 1993) is not being achieved at many
centers.

The calibration of a reference field is now highly
reliable for external-beam radiotherapy. Results
using the TAEA TRS-398 and the AAPM TG-51
dosimetry protocols often agree to within 1 % or
less for reference-field conditions (measured at the
center of 10 cm x 10 cm unmodulated open fields in
water at 10 cm depth when the surface of water is
100 cm from the source). Intensity-modulated radi-
ation therapy produces absorbed-dose distributions
that are very dissimilar from those in reference-
field conditions because the irradiation patterns
consist of a large number of small fields. The accu-
racy of IMRT dosimetry depends critically on how
well small fields are modeled in the planning
system, including the effect of occlusion of the
source by the closest jaw to the source and pertur-
bation of the collimation system. Figure A2.11
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shows results of multi-institutional IMRT audits
that indicate that the discrepancy between Monte
Carlo computed and measured absorbed-dose dis-
tributions is much larger for actual IMRT con-
ditions when compared with reference conditions.
This study revealed that much of the dosimetry
uncertainty is due to the wuse of ionization
chambers in clinical situations far different from
the conditions used for calibration.

The type of delivery also impacts this effect. In
particular, some of the dynamic field deliveries
required the use of narrow-field slits traversing
across the detector leading to significant partial-
volume effects (Sanchez-Doblado et al., 2007).
Sanchez-Doblado et al. (2007) concluded that the
uncertainty in ionization-chamber dosimetry alone
was about 2.5 %.

If the treatment-planning system does not con-
sider internal heterogeneities, determination of
the cause of discrepancies between measured and
calculated absorbed doses can be difficult,
especially within and near bony anatomy. The
spacing between locations for TLD chips might be
larger than desired. Film preparation is also made
more difficult with anthropomorphic phantoms
due to the irregular external contours. Preparation
of the film requires careful cutting in the dark-
room to conform to the phantom outline. However,
cuboid and cylindrical phantoms of sufficient size
might accept the sheets of film with no need for
cutting.

A.2.3.3 Independent Absorbed-Dose
Calculations. Hand calculations of the absorbed
dose at the ICRU Reference Point are common for
3D-CRT. For IMRT, it is not practical to do hand
calculations. Because a single reference point is
insufficient for reporting absorbed dose, a single
absorbed-dose calculation point is logically also not
sufficient for performing patient-specific quality
assurancer. An independent method must be used
to determine the distribution of absorbed dose in
the patient, not merely the absorbed dose at a
point. The number of points calculated must be
statistically sufficient to ensure that the dose—
volume prescription is being delivered according to
plan. Whereas it is not always practical to make
measurements in 3D, it has been practical for more
than a decade to calculate absorbed dose in 3D.

Often absorbed-dose calculations less accurate
than those originally employed are used for QA.
This is justified to find large errors in the operation
or interpretation of the treatment-planning system.
However, ideally, QA procedures should have stan-
dards equivalent to or higher than the original pro-
cedures being tested. The use of inferior standards
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Figure A.2.10. Upper panel is the phantom developed by the GORTEC to compare the ratio of the measured absorbed dose to the
computed absorbed dose at several positions for head-and-neck radiotherapy. The orange regions of interest indicate the target volume
on each of the slices. About 20 % of the 126 TLD measurements from 18 centers did not agree within 5 % of the treatment-planning
calculations. The spread of measurements within a center was much less than the spread of measurements between centers.
(Figure courtesy of Milan Tomsej, St. Luc University Hospital, Brussels, Belgium.)

for QA procedures might lead to an unacceptable
false-positive or false-negative rate. Therefore, the
accuracy of the 3D absorbed-dose calculation used
to test the IMRT algorithm should at least be
equivalent to that of the treatment-planning
system. For example, if a convolution/superposition
algorithm is used for the original absorbed-dose
calculation, the use of a Clarkson—Cunningham
algorithm without heterogeneity corrections for
comparison is acceptable for many sites in the body
(Kung et al., 2000). A Monte Carlo algorithm would
also be acceptable for determining the absorbed
dose in the presence of heterogeneous tissue den-
sities if the Monte Carlo code had been tested suffi-
ciently (Aaronson et al., 2002; Heath et al., 2004).
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Therefore, as an alternative to a set of measured
absorbed-dose distributions, it is acceptable to use
an independent absorbed-dose calculation that is at
least as accurate as the absorbed-dose calculation
being tested as previously verified against commis-
sioning measurements. The independent absorbed-
dose calculation must be able to compute the
absorbed dose in 3D so that the calculation can be
tested at a statistically relevant number of points.

A.2.3.4 In vivo Dosimetry. In vivo absorbed-
dose measurements have been often used in
3D-CRT, and these methods have also been applied
to IMRT (Higgins et al., 2003). The detectors used
include TLDs, diodes, and MOSFET dosimeters.
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Figure A.2.11. Results of an IAEA dosimetry audit at multiple cancer centers. The left panel shows excellent agreement between the
expected (derived from Monte Carlo simulation) and actual absorbed dose for reference calibrations (IAEA TRS-398 protocol) for several
types of ionization chambers. The right panel shows the results for the same ionization chambers when used to validate the expected
absorbed dose for IMRT. Clearly, the absorbed-dose uncertainty for IMRT is much larger than for calibration conditions. There is
evidence of a difference in results depending on whether step-and-shoot IMRT (static IMRT) or dynamic IMRT is used. (From

Sanchez-Doblado et al., 2007; reproduced with permission.)

The absorbed dose is always integrated throughout
the length of time that the IMRT irradiation takes
place. The dosimetry system should be checked to
make sure that it has negligible absorbed-dose-rate
or time dependence. The method is particularly
valuable for determining the absorbed dose near a
sensitive normal-tissue structure such as the skin
over the parotid gland. The limitation of in vivo
dosimetry is that the absorbed dose at only one or a
few points is determined and the irradiation of any
of the measurement points may not be typical of
the target volume. In IMRT, there can also be sig-
nificant gradients at the measurement point that
make the reading more uncertain.

It is possible to use a multi-element exit detector
to determine the actual absorbed dose delivered in
the patient. McNutt et al. (1996) first demonstrated
the reconstruction of the absorbed dose delivered
based on a CT scan of the patient obtained at the
time of treatment and using a multi-element
ion-chamber-based portal-imaging system to
measure the exit absorbed dose. Since then this
has been an active area of investigation (Kapatoes
et al., 1999; 2001a; 2001b; Partridge et al., 2002;
Pasma et al., 1999; Yan et al., 1999). There are two
day-to-day variations that must be considered in
absorbed-dose reconstruction: the variation of the
patient anatomy or setup, and the variation of the
incident intensity pattern. Of these two variations,
the patient-related one is the more critical because
a setup error, weight gain or loss, and tumor
shrinkage or growth can greatly perturb the
planned absorbed-dose distribution (Kapatoes
et al., 2001b). The TomoTherapy Hi-Art™ system
recomputes the actual absorbed dose to the patient
and superimposes it on the CT scan taken during
treatment (Mackie and Tomé, 2008). This
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information can be used to determine if the plan
should be modified for subsequent fractions.

A.2.3.5 Recommendations for Accuracy of
Absorbed-Dose Delivery. Van Dyk et al. (1993)
first proposed that the choice of metrics to specify
the accuracy of absorbed-dose distributions should
depend on whether the absorbed dose is being
measured in a low-gradient or in a high-gradient
region (see Figure A2.12). Their work described
accuracy criteria for measurements related to the
commissioning of dosimetry equipment, and not for
measuring complex absorbed-dose distributions
produced by IMRT; although the same principles
still apply.

An algorithm and software tool that examines
both absorbed-dose difference and DTA of absorbed
dose was developed by Harms et al. (1998). With
this method, a calculated absorbed-dose distri-
bution is compared with a measured absorbed-dose
distribution using threshold absorbed-dose differ-
ence and DTA criteria, ADy; and Ady, respectively.
The calculated absorbed dose is evaluated at points
within the measured absorbed-dose distribution. If
either the absorbed-dose difference or the distance
to agreement of absorbed dose criteria mentioned
above is not met, further investigation can be war-
ranted. In low-gradient regions, a large DTA will
likely be mitigated by a small absorbed-dose differ-
ence, while in high-gradient regions a large
absorbed-dose difference will likely be mitigated by
a small DTA. The method proposed by Harms et al.
(1998) is a binary, pass—fail test, the results of
which are difficult to display meaningfully. A
binary display does not indicate the degree of
failure, so rather the absorbed-dose difference in
regions of failure is sometimes displayed.
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Dose accuracy for low gradients
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Figure A.2.12. The distinction between absorbed-dose accuracy and DTA and their application to computing the gamma function. The
left panel defines the absorbed-dose accuracy and indicates that it is more relevant for points in low-gradient regions, whereas distance
to agreement is more relevant for points in high-gradient regions. For each point in a absorbed-dose distribution, gamma is a function
of both the absorbed-dose accuracy and distance to agreement without any distinction made about the magnitude of the absorbed-dose
gradient at the point. A gamma value is used as the criterion to determine if sufficient accuracy of absorbed-dose delivery is achieved at
the point. On the right panel, the pair of values [r(ry, r¢), 8(rm, )] for a point in the absorbed-dose distribution falls within an ellipse
with major axes defined by ADy;, the metric for absorbed-dose agreement, and Ady;, the metric for DTA accuracy, so this point passes
the criterion. It can be seen that it is possible for each criterion to separately pass, but the combination of both criteria to fail (with the
vector outside the ellipse). The gamma-function test is therefore more difficult to pass than each of the metrics of absorbed-dose
accuracy or distance to agreement in isolation, with a distinction based on the magnitude of the absorbed-dose gradient. The gamma
function is calculated for each point in the absorbed-dose distribution and can be used to create a gamma map, which is a distribution
of accuracy for the absorbed-dose distributions or can be compiled into a histogram (see Figure A2.13).

As an extension to the above technique, Low
et al. (1998¢c) and Depuydt et al. (2002) proposed a
metric called a gamma value that combines
absorbed-dose difference and DTA criteria in a con-
tinuous distribution. The gamma value is a
measure of how closely the calculated distribution
matches the measured distribution, at a given
measurement point. The gamma value will
increase with (1) DTA and (2) absorbed-dose differ-
ence between measured and calculated values.
Following the criteria of Harms et al. (1998), a cal-
culation point at the same location as the measure-
ment but with an absorbed-dose difference of ADy;
will receive a penalty of 1, as will a calculation
point indicating the same absorbed dose as the
measurement point but being a distance Ady; away.
Using a quadrature sum, all calculation points will
receive a penalty value I" given by
8% (rm,re) 1/2
AD%, ’

r2(rm, 7e)
Ad

Iry,re) = (A.2.1)

where this equation describes an orthogonal space

defined by a DTA dimension and an
absorbed-dose-error dimension with
r(rm,Te) = |rm — Tels (A.2.2)
and
8(rm,re) = Dirm) — D(re) , (A.2.3)

D prescription

where ry, is the position of the measured absorbed-
dose voxel, r. the position of the calculated
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absorbed dose, and D(r,) and D(r.,) are the
absorbed doses at locations r,, and r., respectively.
For example, a calculation point that is a distance
Ady/2 from the measurement point and indicates
an absorbed-dose difference of ADy/2, will receive a
I' value of 1/\/2 or 0.707. Note that here the
absorbed-dose-difference criteria are normalized to
the prescription absorbed dose, which is also the
median absorbed dose, Dsg o,.

One can imagine a plane of points r., also
containing the point r,, against which is plotted
an absorbed-dose-difference  surface  8(rpy,r.).
Figure A2.12 shows an ellipsoid centered on ry,
with major axes of length Ady and AD.y;, within
which I'< 1. If the criterion point falls within the
ellipse, it passes. Once a set of I" values is deter-
mined for all points r,, the minimum can be found
and assigned to the final gamma value for point r,:

Y(rm) = min[I(ry,re.)] Vre. (A.2.4)
These values can be plotted on a continuous color
scale, for example, or could be converted to a
threshold and plotted as a binary function
(Depuydt et al., 2002). Agazaryan et al. (2003)
plotted the gamma function y(r,,) along the trajec-
tory of a selected isodose line. The gamma function
is often turned into a histogram or a map.
Figure A2.13 illustrates a gamma map.

The accuracy of IMRT delivery has been tested
by many groups (Adams et al., 2004; Clark et al.,
2002; Dong et al., 2003; Ibbott, 2009; Ibbot et al.,
2008; Tomsej et al., 2005; Winkler et al., 2005;
Zefkili et al., 2004). Mature institution-specific QA
programs generally provide better dosimetry QA.
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Figure A.2.13. A gamma map of a comparison between a computed absorbed-dose distribution and film measurements for a helical
tomotherapy absorbed-dose distribution in a cylindrical phantom. The criteria selected were Ady =3 mm (DTA) and ADy=3 %
(absorbed-dose difference), which corresponded to a 0.0006 Gy absorbed-dose difference. The color scale indicates the relative gamma
values. Black corresponds to a gamma value below 0.33; dark blue corresponds to a gamma value above 0.33 but less than 0.67; light
blue corresponds to a gamma value above 0.67 and below or equal to 1; yellow corresponds to gamma values above 1 but below or equal
to 2; red corresponds to gamma values greater than 2. An absorbed-dose profile comparing the calculated and measured values is also
shown. The profile indicates that the calculated and measured values agree well inside the field except near the left boundary, which
has a gamma value above 1. The four circular regions are due to pin marks placed on the film for purposes of alignment.

For example, Clark et al. (2002) and Winkler et al.
(2005) found relative agreement typically of 2 %
between single-point measurements and calcu-
lations. Dong et al. (2003) reported, for 1591
irradiations performed at M.D. Anderson Hospital
in Houston, TX, USA, that they were able to
control the absorbed dose to within an average of
0.5 % (systematic uncertainty) with a standard
deviation of 2.5 % (random uncertainty). Adams
et al. (2004) found that in 50 % of cases measure-
ments and calculations agreed to within 2 % in low-
gradient regions and to within 3 % in high-gradient
areas. Multi-institutional audits revealed more
uncertainty. The Radiation Physics Center (RPC)
at M.D. Anderson Hospital in Houston, TX, USA, is
responsible for credentialing the dosimetry of
Radiation Therapy Oncology Group (RTOG) trials
at member institutions. Using specially designed
anthropomorphic phantoms RPC determined that
agreement between calculation and measurement
is often not reached for many sites when the cri-
teria are set at 7 % for low-gradient points and
4 mm for high-gradient points (Ibbott, 2009). In a
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sample of 472 institutions using 632 irradiations of
head-and-neck sites, only 75 % of the irradiations
met the 7 %/4 mm criteria. The passing rate for
head-and-neck fell to 58 % when the criteria were
tightened to 5 %/4 mm. Their results were similar
to those reported by the GORTEC consortium for
head-and-neck dosimetry (see Figure A2.10). For a
multi-institutional audit of pelvic irradiations, the
pass rate was better; 82 % passed for the 7 %/4 mm
criteria. A nine-institution end-to-end planning
and delivery QA intercomparison was described in
the AAPM TG-119 Report (Ezzell et al., 2009). All
of these centers were credentialed for IMRT deliv-
ery by the RPC. Collectively, they tested most of
the IMRT systems in widespread use and used a
3mm DTA and 3 % absorbed-dose accuracy for
their gamma criteria. All but one of these insti-
tutions had 95 % or more points pass the gamma
test with these criteria.

The uncertainty criteria should be based on dif-
ferentiating between high and low gradients. The
criteria values for uncertainty chosen should be
somewhat better than has been reported in multi-
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institutional audits, but it is unreasonable to
expect that they can be as accurate as those
reported for large single institutions with an estab-
lished QA program. In addition, Sanchez-Doblado
et al. (2007) concluded that the one-standard-
deviation uncertainty for ionization-chamber
dosimetry alone was about 2.5 % for IMRT. AAPM
TG-142 (Klein et al., 2009) recommends weekly
checks to ensure that the linac output is within
3 %. With these considerations, it is recommended
that for a low-gradient (<20 %/cm) region, the
difference between the measured (or independently
computed) absorbed dose and the treatment-
planning absorbed dose, normalized to the
absorbed-dose prescription (e.g., D5y ) should be
no more than 3.5 %. If the differential (absorbed-
dose-deviation)-volume histogram is approximately
a normal distribution with a standard deviation of
about 3.5 %, with respect to the prescription
absorbed dose, it means that about 85 % of points
should be within 5 % of the desired value (normal-
ized to the prescription absorbed dose). For com-
parison, the value of 5 % was the original ICRU
requirement for accuracy of delivery at the ICRU
Reference Point (ICRU, 1993). For high-gradient
(>20 %/cm) regions, the accuracy of DTA should be
3.5 mm, which if the DTA histogram is normally
distributed, means that 85 % of the samples should
be within a 5 mm DTA. Setting the gamma cri-
terion to the same values would result in a more
conservative test than the above criteria (see
Figure A2.12). There would be fewer points passing
a gamma-function criterion than passing our rec-
ommended criteria in which a separate criterion is
set for high gradients and low gradients.

In the future, the recommended accuracy criteria
might be made more stringent. Reductions in
absorbed-dose-calculation uncertainty are possible
with the use of direct Monte Carlo simulations.
More clinically relevant ionization-chamber
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dosimetry protocols are under development
(Alfonso et al., 2008) that should improve dosimetry
accuracy for IMRT. Smaller, more tissue-equivalent
dosimeters that require fewer corrections for abs-
olute dosimetry might also become available.
Finally, future audits might reveal that a signifi-
cant fraction of treatment centers can achieve accu-
racies much better than the recommended criteria.
However, it is unclear if setting tighter constraints
will produce a significant change in clinical
outcome as long as rigorous patient-specific QA is
maintained and deviations from the recommended
accuracy are addressed on a case-by-case and
clinic-by-clinic basis.

Investigative action that should be taken if a
significant number of points fail to meet either
DTA or absorbed-dose agreement depends on the
institution and treatment site. Additional
measurements might confirm an inability to accu-
rately compute the absorbed-dose distribution to a
particular patient, or perhaps machine QA pro-
blems. Issues with machine QA would not be
revealed if the comparison of the planning-
absorbed-dose calculation was with an indepen-
dent absorbed-dose calculation instead of a
measurement. It might be that the absorbed-dose-
difference map or gamma map revealed that the
planning absorbed dose agreed with the measure-
ment or independent calculation at some locations
but not at others. The location of the disagreement
should be discussed with the radiation oncologist
to see if it is of clinical concern. Falsely inaccurate
results such as a measurement error due to
setting up a phantom incorrectly might also be
discovered. If it is a concern and if additional
analysis does not improve the agreement, a new
treatment plan, perhaps using non-IMRT tech-
niques should be considered. The process of resol-
ving issues of accuracy should be fully discussed
and well documented.
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Appendix B: Clinical Examples

B.1 Case Number Bl. Squamous-Cell
Carcinoma of the Supra-Glottic Larynx

B.1.1 Clinical Situation

A 59-year-old man with a long history of smoking
presented with a 3-month history of progressive
hoarseness. The patient had a good performance
status with a Karnofsky index of 90 (ECOG 1).
A fiberoptic examination and endoscopy under
general anesthesia revealed an exophytic lesion of
the right endolarynx extending from the right
ary-epiglotic fold to the level of the right false vocal
cord, which was infiltrated (see Figure B.1.1). The
right hemi-larynx was fixed. A biopsy showed a
moderately differentiated squamous-cell carcinoma
(ICD-O histopathologic code 8070/3). No lymph
node was palpated in the neck. Magnetic resonance
imaging (MRI) showed an infiltration of the pre-
epiglottic space (see Figure B.1.2). No lymph node
was visualized. A computed tomographic (CT) scan
of the chest did not find any metastasis or second
primary. An endoscopy of the esophagus did not
show any primary esophageal tumor.

The clinical classification was: T3—N0-MO, stage
3 of the supraglottic larynx (ICD-O 10: C32.1).

Figure B.1.1. Superior view showing the exophytic tumor of the
right hemi-larynx.

B.1.2 Treatment Intent

After discussion at the head-and-neck tumor
board, it was decided to treat this patient with
curative intent by radiotherapy using simultaneous
integrated-boost intensive-modulated radiation
therapy (SIB-IMRT).

B.1.3 Patient Positioning and Image
Acquisition

The patient was immobilized with a thermo-
plastic mask (head, neck, shoulder) in a supine
position. The patient underwent a planning CT
with contrast enhancement on a dual-detector
spiral CT (120 kV, 330 mAs) using a slice thick-
ness of 2.7mm, a reconstruction interval of
2 mm, hence a pitch of 0.7. A volume of 60 ml of
contrast medium was injected intravenously at a
rate of 1ml/s, followed after a rest period of
3 min by a bolus injection of 50 ml. Image acqui-
sition started just after the end of the second
injection. Slices were acquired from the level of
the frontal sinus to the sternoclavicular junction.

Figure B.1.2. Transverse T1l-weighted MR image with fat
saturation. The infiltration of the pre-epiglottic space is
indicated by the arrow.

© International Commission on Radiation Units and Measurements 2010
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Figure B.1.3. Fusion of the FDG-PET image on the planning CT
(axial view). The GTV (red contour) has been automatically
delineated using a gradient-based method.

The patient also underwent a planning FDG-PET
scan. After fasting for 6h, the patient was
immobilized with a thermoplastic mask on a flat
tabletop. A 2min transmission scan with a
Germanium source was first performed. A total
of 370 MBq (10 mCi) of FDG was injected intra-
venously, and the emission acquisition started
60 min later. Images were reconstructed and seg-
mented after deblurring and denoising (Lee
et al., 2008).

B.1.4 Target Volumes

B.1.4.1 Gross Tumor Volume. The primary-
tumor gross tumor volume (GTV) was

automatically delineated from the FDG-PET scan,
GTV-T (FDG-PET, 0 Gy), using a gradient-based
method (Geets et al., 2007a) (Figure B.1.3).

B.1.4.2 Clinical Target Volume. For the
lymph nodes, the bilateral levels II to IV were
selected as clinical target volume (CTV)-N according
to the recommendations of Grégoire et al. (2003c).

For the primary tumor, two different CTVs were
delineated: a CTV-T1 encompassing the entire
mucosa of the larynx (sub-glottic, glottis, and
supra-glottic), the pre-epiglottic space, the para-
laryngeal space, and the thyroid cartilage; a
CTV-T2 was delineated as a 5 mm extension of the
GTV-T (FDG-PET, 0 Gy).

B.1.4.3 Planning Target Volume. A 4 mm
margin was automatically added to all CTVs to
define the planning target volumes (PTVs). In the
direction of the skin, only a 1 mm margin was
added to the CTVs-N.

B.1.44 Organs at Risk and Planning
Organ-at-Risk Volume. The following organs at
risk (OAR) were delineated:

¢ the spinal cord down to the first thoracic vertebra
including C7,

e the brain stem;

e both parotid glands.

A 4 mm margin was added around the spinal cord
to define the planning organ-at-risk volume (PRV)
of the spinal cord. For the brain stem and the
parotid glands, the PRVs were equal to the OARs.

Table B.1.1. Dose—volume constraints for the PTVs, PRVs, and OARs for Case B1.

Tal‘get volume DSS % Dnear—min or D98 %

(OAR/PRV)

Dnearfmax or D2 % Median Mean
absorbed absorbed
dose or dose
Ds 4

PTV-N and PTV-T1 >95 % of planned >90 % of planned
absorbed dose absorbed dose

<107 % of planned absorbed dose 55.5 Gy —

PTV-T2 >95 % of planned >90 % of planned absorbed dose <107 % of planned absorbed dose 69 Gy —

absorbed dose
PRV spinal cord — —
Spinal cord — —
PRV contralateral — —
parotid®
PRV ipsilateral — —
parotid®

<50 Gy —_ —_
<48 Gy _
—_ —_ <26 Gy

— — <40 Gy

2Dy absorbed dose in fraction V of the volume.
PThe PRV was defined as the parotid gland.
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Left PTV-N
Right PTV-N
PRYV spinal cord

PTV-T2

Figure B.1.4. Color wash of the absorbed-dose distributions (in
Gy) for the various PTVs. An absorbed dose of 55.5 Gy (30 x
1.85 Gy, in 6 weeks) was prescribed to the PTV-T1 (FDG-PET,
0 Gy) and the PTV-N (CT, 0 Gy,), whereas an absorbed dose of
69 Gy (30 x 2.3 Gy, in 6 weeks) was prescribed to the PTV-T2
(FDG-PET, 0 Gy). The 72.4 Gy and 65.6 Gy isodoses correspond
to 107 % and the 95 % of prescribed absorbed dose to the
PTV-T2, respectively; the 59.3Gy and 52.4Gy isodoses
correspond to 107 % and the 95 % of prescribed absorbed dose to
PTV-T1 and PTV-N, respectively.

B.1.5 Planning Aim

The following planning median absorbed-dose
(Dso ) prescriptions were selected for the various
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PTVs. An SIB-IMRT technique was used (i.e., all
PTVs were simultaneously treated).

e PTV-N: 55.5Gy in 30 fractions of 1.85Gy in
6 weeks.

e PTV-T1: 55.5Gy in 30 fractions of 1.85 Gy in
6 weeks.

o PTV-T2: 69 Gy in 30 fractions of 2.3 Gy in 6 weeks.

The planning absorbed-dose constraints used are
listed in Table B.1.1.

B.1.6 Treatment-Planning System and
Treatment Unit

The patient was planned and treated with IMRT
using a HiArt unit (Tomotherapy Inc., Madison,
WI, USA). A collimator width of 2.5 cm, a pitch of
0.215, and a modulation factor (defined as the ratio
of the maximum opening time for any leaf divided
by the mean opening time for all leaves used) of 2
were selected (Mackie et al., 2003). Absorbed-dose
calculations were performed using convolution/
superposition and collapsed-cone algorithms with
heterogeneity corrections.

B.1.7 Prescription

The plans and all associated technical data
were approved by the treating physician, i.e., to
deliver a median absorbed dose (D5 ¢) per
fraction of 2.3 Gy to a total absorbed dose of
69 Gy to PTV-T2 according to the absorbed-dose

m

Left PTV-N
Right PTV-N

PTV-T2

<0 45 50 2] 60 65 70

Left PTV-N
Right PTV-N

Figure B.1.5. Comparison of dose—volume histograms (DVHs) for the various PTVs and PRVs for Case B1. The relative volumes are
normalized to the total volumes of the region of interests and expressed as percent. The various absorbed-dose metrics derived from
these DVHs are reported in Table B.1.2. The large difference between the DVH for PTV-T2 and PTV-T1 is not so apparent in the
section presented in Figure B.1.4. The section refers to an absorbed-dose distribution in a plane and does not necessarily reflect the

absorbed-dose distribution in a volume.
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Table B.1.2. Planned and reported absorbed-dose metrics for the CTVs, PTVs, OARs, and PRVs for Case B1.

Dmcan + SD (Gy) Dmedian or D50 % (Gy)

Dnear-min or D98 % (Gy) D95 % (Gy) Dnear-max or D2 % (Gy)

PTV-T2 68.9 + 0.5 69.0 (69.0)*
CTV-T2 69.4 + 0.6 69.3
PTV-T1 60.9 +4.8 61.1 (55.5)
CTV-T1 65.7 + 4.0 66.9

Left PTV-N 554+ 0.6 55.5 (55.5)
Left CTV-N 55.7+ 0.5 55.7

Right PTV-N 56.4 +2.6 55.7 (55.5)
Right CTV-N 56.3 + 2.2 55.8

PRV spinal cord 24.2 25.7
Spinal cord 23.1 23.4

PRV right parotid 18.5 (40) 10.2

PRV left parotid 18.3 (26) 10.5

67.0 (>62.1) 67.3 (>66.5) 69.6 (<73.7)
68.1 68.5 70.6
52.4 (>49.9) 53.4 (>52.7) 68.5 (<59.4)
55.2 56.0 70.4
53.7(>49.9) 54.3 (>52.7) 56.5 (<59.4)
54.2 55.0 56.5
53.7(>49.9) 53.8 (>52.7) 66.7 (<59.4)
54.0 54.5 65.2
0.9 — 36.7 (<50.0)
0.9 — 36.8 (<48)
1.1 — 54.9
0.9 — 53.8

#The planning-aim absorbed doses are given in parentheses.

Figure B.2.1. Transverse CT (left) and FDG-PET (right) slices showing tumor in the left hilus with a lymph node in region VII.

Figure B.2.2. Gross tumor volume delineated on CT (left panel) using an automatic gradient-based delineation of the FDG-PET images
(right panel). The GTV-T (FDG-PET, 0 Gy) and GTV-N (FDG-PET, 0 Gy) are displayed in red; the GTV T + N (FDG-PET + CT, 0 Gy) is

displayed in pink in both panels.

distributions presented in Figures B.1.4 and
B.1.5, and in Table B.1.2. Prescribing PTV-T2 to
69 Gy did not allow the planning aims of 55.5 Gy
to the right PTV-N and to the PTV-T1; therefore,
total median absorbed doses of 55.7Gy and
61.1 Gy were prescribed to the right PTV-N and
the PTV-T1, respectively.
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B.1.8 Quality Assurance

An individualized patient quality assurance (QA)
was performed on a dedicated phantom before the
start of treatment. All measurements were within
5 % of the expected absorbed-dose distributions.
Before each fraction, the patient underwent a
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Table B.2.1. Dose—volume constraints the PTVs, PRVs, and OARs for Case B2.

TargEt volume (OAR/PRV) Dmedian or D50 %o Dnear-min or D98 Yo Dnear-max or D2 Po D33 %o D67 %o V20 Gy VSO Gy
PTV-T + N (FDG-PET + CT, 0 Gy) 70 Gy >95 % of planned <107 % of planned
absorbed dose absorbed dose
PRV spinal cord — — <55 Gy
Lungs — — — <30 % <20%
PRV esophagus — — — <60 Gy <54Gy
Heart — — <62 Gy
Liver <30 Gy

Table B.2.2. Beam directions used for IMRT planning of
centrally located lung tumor.

Equipment Beam number

1 2 3 4 5 6 7 8 9
Couch® 0 0 0 45 45 45 315 315 315
Gantry® 0 155 205 315 30 60 300 330 45
Collimator® 0 0 0 325 319 333 27 41 35

2Couch, gantry, and collimator rotation are in degrees.

megavoltage CT (MVCT) allowing for daily
repositioning.

B.1.9 Dose Reporting

The composite absorbed-dose distributions,

DVHs, and the various dose metrics are reported in
Figures B.1.4 and B.1.5, and in Table B.1.2.

B.2 Case Number B2. Squamous-Cell
Carcinoma of the Lung

B.2.1 Clinical Situation

A T70-year-old man stopped smoking 15 years pre-
viously after an exposure of 20 pack-years. His
medical history was a cholecystectomy 7 years
prior and coronary stenting 3 years prior. He takes
cardio-aspirin. Following a bronchopneumonia not
resolved after 2 weeks of antibiotics, a chest x ray
showed a right para-hilar mass. The patient had a
good performance status with a Karnofsky index of
90 (ECOG 1). A CT scan showed the tumor, located
in the apex of the lower lobe of the right lung and
an enlarged infra-carinal (region 7) node. The
tumor extended between the pulmonary vessels
and the right main bronchus. Fiberoptic broncho-
scopy showed an endoluminal mass in the right
lower lobar bronchus. Histological examination of
biopsies indicated a squamous-cell carcinoma
grade-II. A full-body PET-CT showed FDG-avid
regions at the location of the lung tumor and the
sub-carinal node (see Figure B.2.1). No distant
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metastasis was found in the bone, liver, or brain.
Trans-esophageal ultrasound-guided needle aspira-
tion of the node in region 7 showed carcinoma cells.
Respiratory function parameters showed that the
patient was fit for combined treatment by chemo-
and radiotherapy.

The clinical classification was: T3—N2-MO, stage
IITa carcinoma of the lower lobe of the right lung
(ICD-0 10: C34.3).

B.2.2 Treatment Intent

The treatment intent was curative. After discussion
at the lung cancer board, induction chemotherapy,
including cisplatin and gemcitabin, followed by radio-
therapy (IMRT) was proposed. Re-evaluation after
two cycles of chemotherapy showed stable disease. A
third cycle was given, followed by radiotherapy.

B.2.3 Patient Positioning and Image
Acquisition

Imaging for planning consisted of FDG-PET and
CT scans on an integrated PET-CT scanner with
the patient lying on a flat couch in the supine pos-
ition, the arms alongside the body, using a neck
support and a knee rest. The patient was
instructed to breathe quietly. Two sequential sets of
5mm CT slices were acquired (120 kV, 250 mAs)
covering the region from the vertex to the upper
iliac spine. The first set was acquired with a field of
view (FOV) of 60 cm and without intravenous con-
trast medium. It was used for attenuation correc-
tion of PET images and for absorbed-dose
computations. The second set, acquired with intra-
venous contrast medium, was used for delineation
of target volumes and OARs. A volume of 75 ml of
contrast medium was injected intravenously at a
rate of 1ml/s. The acquisition of the second CT
image set (50 cm FOV) started after 60 ml of con-
trast medium had been injected.

For the PET scan, 3.7 MBq (0.1 mCi) of FDG per
kilogram was injected intravenously, and the emis-
sion acquisitions (5 min per bed position) started
50 min later. All images were transferred through a

TTOZ ‘82 JequenoN uo usBuigen] gn e /610'seulnopio xo nioil//:dny wo.j papeoumod


http://jicru.oxfordjournals.org/

PRESCRIBING, RECORDING, AND REPORTING PHOTON-BEAM IMRT

Table B.2.3. Planned and reported absorbed-dose metrics for CTVs, PTVs, OARs, and PRVs for Case B2.

Target volume (OAR/PRV) D edian OT Diear-min O Dpear-max 0 D3z ¢, (Gy) De7 4, (Gy) Vi ay (%) V30 gy (%)
Dso 4 (Gy)  Dog 4, (Gy) D34 (Gy)

PTV-T + N (FDG-PET + CT, 0 Gy) 70.3 (70.0)* 67.4(>66.5) 72.8(<74.9)

CTV-T + N (FDG-PET + CT, 0 Gy) 68.2

GTV-T + N (FDG-PET + CT, 0 Gy) 68.2

PRV spinal cord 23.7 (<55.0)

Lungs - 27.4(<30.0) 17.7 (<20.0)

PRV esophagus 72.1 50.3 (<60.0) 1.9 (<54.0)

Heart 12.8 (<62.0) 0.6

Liver 0.4 (<30.0)

Left kidney 2.0

Right kidney 5.0

2 The planning-aim absorbed doses or percentages are given in parentheses.

local network to the Version 6.2b Pinnacle treatment-
planning system (Philips Medical Systems, Andover,
MA, USA).

B.2.4 Target Volumes

B.2.4.1 Gross Tumor Volume. The GTV was
delineated using a two-step procedure. The first
step involved an automatic delineation of the
FDG-avid primary tumor and lymph node using
the signal-to-background approach reported by
Daisne et al. (2003). The PET scan was acquired
during quiet breathing and thus included internal
motion. The auto-delineated lesions from the PET
scan were defined as GTV-T (FDG-PET, 0 Gy) and
GTV-N (FDG-PET, 0 Gy) (see Figure B.2.2). In a
second step, the GTV-T + N (FDG-PET + CT,
0 Gy), which is the GTV delineation based on the
information from both imaging modalities, was
defined by overlaying the GTV-T (FDG-PET, 0 Gy)
and the GTV-N (FDG-PET, 0 Gy) on the CT scan
and by modifying the auto-delineated volume
where the CT scan information was considered con-
tributory. Lung-window setting was used to study
the edge between lung tissue and tumor; mediastinal-
window setting was selected to help in defining the
edge of tumor and mediastinal tissues.

B.2.4.2 Clinical Target Volume. Elective
nodal irradiation was not considered. CTV-T + N
(FDG-PET+ CT, 0 Gy) resulted from a 5 mm expan-
sion of GTV-T + N (FDG-PET + CT, 0Gy) with
restrictions on the expansion at anatomical bound-
aries such as air cavities or apparently normal struc-
tures such as the bone, cartilage, or blood vessels.

B.2.4.3 Planning Target Volume. A 5mm
isotropic margin was automatically added to the
CTV-T + N (FDG-PET + CT, 0Gy) to create the
PTV-T + N (FDG-PET -+ CT, 0 Gy).
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Figure B.2.3. Isodose distribution on transverse (top panel) and
coronal (bottom panel) sections. The GTV-T + N (FDG-PET +
CT, 0 Gy) is delineated in red; the PTV-T + N (FDG-PET + CT,
0 Gy) is delineated in blue.

B.2.4.4 Organs at Risk and Planning
Organ-at-Risk Volume. The following OAR were
delineated: spinal cord, left and right lungs, eso-
phagus, heart, liver, left and right kidney.

Planning organ-at-Risk volumes were created for
the spinal cord and esophagus by adding a 5 mm
margin and a 3 mm margin around each organ,
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Figure B.2.4. Cumulative DVHs for the PTV, CTV, GTV, OARs,
and PRVs for Case B2. The various absorbed-dose metrics
derived from these DVHs are reported in Table B.2.3.

Figure B.3.1. Axial and sagittal CT images for Case B3.

respectively, and denoted PRV spinal cord and PRV
esophagus. Kidneys and the liver were also deli-
neated because exit trajectories of non-coplanar
beam directions might traverse these organs.

B.2.5 Planning Aim

The planning aim for PTV-T + N (FDG-PET +
CT, 0 Gy) was a planned median absorbed dose,
D, cgian, of 70 Gy in 35 fractions of 2.0 Gy in 7
weeks. The dose—volume constraints used are
listed in Table B.2.1.

B.2.6 Treatment-Planning System and
Treatment Unit

An IMRT treatment plan for step-and-shoot
delivery on an Elekta Sli-plus linear accelerator
was made using an in-house-developed extension of
the GRATIS (version 12.6.3) software package
(Sherouse et al., 1989) that allows automatic cre-
ation of initial beam directions and segment out-
lines (Table B.2.2) (De Gersem et al., 2001a),
followed by direct optimization of MLC-leaf pos-
itions and monitor-unit (MU) counts of the seg-
ments (De Gersem et al., 2001b). Segments that

Table B.3.1. Dose—volume constraints for the PTVs, PRVs, and OARs for Case B3.

Dnear—min or D98 % DgO % DgO % Dnear—max or D2 %

>95 % of planned absorbed dose 78 Gy — <107 % of planned absorbed dose
PRV rectal wall® — <55 Gy <70 Gy <79 Gy

PRV bladder wall® — <55 Gy <70 Gy <79 Gy

PRV femurs” —_ —_ —_ <53 Gy

2Dy: absorbed dose in fraction V of the volume.
PThe PRV was defined as the OAR.
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receive less than 2 MU after a cycle of optimization
were locked to zero MU (by the planner) for the

reduction of the number of beams if all segments
are discarded for one or more beam directions.

When the planning aims were reached after one or
more cycles, optimization was stopped. Otherwise,
optimization was stopped when the planner saw
that, after many cycles, the planning aims could
not be achieved. The absorbed-dose computations
between optimization cycles, as well as the final
absorbed-dose computation, were performed by the
convolution/superposition algorithm in the Version
6.2b Pinnacle planning system (Philips Medical
Systems).

subsequent cycles. This procedure led to a

B.2.7 Prescription

The treatment plan (Tables B.2.2 and B.2.3),
including all associated technical data, was approved
by the treating physician. The absorbed-dose pre-
scription was a median absorbed dose (D5q 4) of 2 Gy
per fraction for a total absorbed dose of 70 Gy on the
PTV-T + N (FDG-PET + CT, 0 Gy).

78.0 74.1 70.2 54.6 329.0 B.2.8 Quality Assurance

Quality assurance of the plan was performed by
a fully automated procedure using a different

Figure B.3.2. Axial image at the center of the PTV, with isodose
distributions (in Gy).

Dose-volume histogram
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Figure B.3.3. Comparison of DVHs for the PTV and OARs for Case B3. The various absorbed-dose metrics derived from these DVHs
are reported in Table B.3.2.

Table B.3.2. Planned and reported absorbed-dose metrics for CTVs, PTVs, OARs, and PRVs for Case B3.

Volume Dnearfmin or D50 %o (GY) DSO % (GY) Dnear—max or
Dys ¢, (Gy) D; 4 (Gy)

PTV 74.1 (>74.1)% 78.0 — 81.5 (<81.9)
CTV 78.6 — — 81.5

PRV rectal wall — 32.2 (55.0) 60.5 (70.0) 78.7 (79.0)
PRV bladder wall — 27.6 (55.0) 42.5(70.0) 78.1(79.0)
PRV left femur — — — 46.5 (53.0)
PRV right femur — — — 51.3 (53.0)

#The planning-aim absorbed doses are given in parenthesis.
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absorbed-dose computation algorithm (developed
in-house). During the first week, orthogonal portal-
image sets were acquired daily. Errors of more than
5mm were corrected on-line. From the images
acquired during the first week, the x-y-z coordi-
nates of the systematic set-up error were estimated
and were used to correct the set-up for following
fractions. Less than daily frequency of portal
imaging was accepted if set-up errors remained
repeatedly below 5 mm.

B.2.9 Dose Reporting and Plan Evaluation

Absorbed-dose-distribution plots on selected
slices (see Figure B.2.3), cumulative DVHs (see
Figure B.2.4), and a summary table (Table B.2.3)
were used for plan evaluation and dose reporting.
Absorbed doses reported were the Dy 4, Dgs o,
Dgg ¢, and Deqian for all target structures, i.e.,
the GT‘/, CT‘], PTV, D2 %y D33 % and D67 9 Were
assessed for the heart, and PRV esophagus; Dy
for the spinal cord and PRV spinal cord; Vs gy and
V30 ay for the lungs.

B.3 Case Number B3. Adenocarcinoma
of the Prostate

B.3.1 Clinical Situation

A T72-year-old man presented with a prostate-
specific antigen of 8.68 ng/ml. Readings of 4.7 ng/ml
and 7.1 ng/ml were recorded, respectively, 3 years
and 1 year previously. He had no urinary symptoms,
and his past history was significant only for hyper-
tension, which was controlled with medication.
Digital rectal examination demonstrated an
enlarged gland, with no discreet palpable nodule.
Transrectal ultrasound showed a 47 cm® prostate
with marked hyperplasia, and a suspicious hypo-
echoic nodule (10 x 6 x 16 mm?®) within the left
median peripheral zone.

Double-sextant core biopsies revealed adenocarci-
noma at the right base, right mid, right apex, left
mid, and left apical areas. Overall, there were 7/10
positive sites and 9/13 positive cores, with overall
involvement of 5 % to 10 %. Gleason score was 3 +
4 =17 at the left base, and 3 + 3 = 6 at other sites.

Final clinical classification was T1lc—NO0-MO,
stage 2 carcinoma of the prostate (ICD-0 10: C61.9).

B.3.2 Treatment Intent

Treatment options were discussed with the
patient, and he opted for radical radiotherapy.
Treatment was to be delivered to the prostate only
using an intensity-modulated technique.
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B.3.3 Patient Positioning and Image
Acquisition

Prior to simulation, the patient consented to
have three gold seeds implanted in the prostate
under ultrasound guidance to serve as fiducial
markers for radiographic localization. The pelvis
and upper legs were immobilized with a vacuum
cushion in the supine position. The patient under-
went a planning CT scan without contrast enhance-
ment. The examination was performed on a
four-detector spiral CT scanner (120 kV, 300 mAs)
using a slice thickness of 2.5 mm, a reconstruction
interval of 2mm, and a pitch of 0.75 (see
Figure B.3.1). Slices were acquired from the level of
L5 to 3 cm below the lesser trochanter.

B.3.4 Target Volumes

B.3.4.1 Gross Tumor Volume. The GTV was
not visible on CT images and was not defined.

B.3.4.2 Clinical Target Volume. The CTV-T
was defined as the entire prostate gland.

B.3.4.3 Planning Target Volume. The PTV-T
was defined by adding an anisotropic margin to the
CTV. This margin was 7 mm posteriorly, and
10 mm in all other directions.

B.3.4.4 Organs
Organ-at-Risk Volume.
were delineated:

at Risk and Planning
The following OARs

e rectal wall;
e bladder wall;
e left and right femoral head and neck.

No margin was added to the OARs to define the
PRVs.

B.3.5 Planning Aim

The following absorbed dose was aimed for in the
PTV:

e PTV-T: median absorbed dose of 78.0 Gy in 39
fractions of 2 Gy in 8 weeks.

The dose—volume constraints used are listed in
Table B.3.1.

B.3.6 Treatment-Planning System and
Treatment Unit

The patient was planned with the Pinnacle
treatment-planning system (Philips Medical
Systems), and treated with IMRT using a Synergy-
S unit (Elekta AB). Planning and treatment were
completed with 6 MV x rays using seven coplanar
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fields spaced at approximately equal gantry angles
(40°, 80°, 110°, 250°, 280°, 310°, and 355°).
Absorbed-dose calculations were performed using
the standard convolution/superposition algorithm
and included CT-based heterogeneity corrections.

B.3.7 Prescription

The treatment plan and all the associated techni-
cal data were approved by the treating physician.
The absorbed-dose prescription was a median
absorbed dose of 78 Gy according to the absorbed-
dose distributions presented in Figures B.3.2 and
B.3.3, and in Table B.3.2.

B.3.8 Quality Assurance

An individualized patient QA was performed
before the start of treatment. Dosimetric accuracy

92

was assessed to be within 3 % using third-party
software (RadCalc Version 4.3, Build 12, Lifeline
Software). Using a megavoltage portal-imaging
device calibrated to produce images for absolute
dosimetry, images of the absorbed-dose distri-
butions were acquired for all fields and compared
with the planned absorbed-dose distributions.
Before each fraction, orthogonal portal images were
used to localize the implanted fiducial markers.
The patient was repositioned if the center of mass
of the three markers was displaced by more than
3 mm along any axis.

B.3.9 Dose Reporting

The absorbed-dose distribution and the various
absorbed-dose = metrics are  reported in
Figures B.3.2 and B.3.3, and in Table B.3.2.
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