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IMRT: current status and issues of interest ® IMRT CWG

Purpose. To develop and disseminate a report aimed primarily at practicing radiation oncology physicians and
medical physiciststhat describesthe current state-of-the-art of intensity-modulated radiotherapy (IMRT). Those
areas needing further research and development are identified by category and recommendations are given,
which should also be of interest to IMRT equipment manufacturers and research funding agencies.

Methods and Materials. The National Cancer Institute formed a Collaborative Working Group of experts in
IMRT to develop consensus guidelines and recommendations for implementation of IMRT and for further
research through a critical analysis of the published data supplemented by clinical experience. A glossary of the
words and phrases currently used in IMRT isgiven in the Appendix. Recommendations for new terminology are
given where clarification is needed.

Results. IMRT, an advanced form of external beam irradiation, is a type of three-dimensional conformal
radiotherapy (3D-CRT). It represents one of the most important technical advancesin RT since the advent of the
medical linear accelerator. 3D-CRT/IMRT is not just an add-on to the current radiation oncology process; it
represents a radical change in practice, particularly for the radiation oncologist. For example, 3D-CRT/IMRT
requiresthe use of 3D treatment planning capabilities, such asdefining target volumes and organsat risk in three
dimensions by drawing contours on cross-sectional images (i.e.,, CT, MRI) on a dlice-by-dlice basis as opposed to
drawing beam portals on a simulator radiograph. In addition, IMRT requires that the physician clearly and
quantitatively define the treatment objectives. Currently, most IMRT approaches will increase the time and
effort required by physicians, medical physicists, dosimetrists, and radiation therapists, because IMRT planning
and delivery systems are not yet robust enough to provide totally automated solutions for all disease sites.
Considerable research is needed to model the clinical outcomes to allow truly automated solutions. Current
IMRT delivery systems are essentially first-gener ation systems, and no single method stands out as the ultimate
technique. The instrumentation and methods used for IMRT quality assurance procedures and testing are not
yet well established. In addition, many fundamental questions regarding IMRT are still unanswered. For
example, the radiobiologic consequences of altered time—dose fractionation are not completely under stood. Also,
because there may be a much greater ability to trade off dose heter ogeneity in the tar get vs. avoidance of normal
critical structures with IMRT compared with traditional RT techniques, conventional radiation oncology
planning principles are challenged. All in all, this new process of planning and treatment delivery has significant
potential for improving the therapeutic ratio and reducing toxicity. Also, although inefficient currently, it is
expected that IMRT, when fully developed, will improve the overall efficiency with which external beam RT can
be planned and delivered, and thus will potentially lower costs.

Conclusion. Recommendations in the areas pertinent to IMRT, including dose—calculation algorithms, accep-
tancetesting, commissioning and quality assurance, facility planning and radiation safety, and tar get volume and
dose specification, are presented. Several of the areasin which future research and development are needed are
also indicated. These broad recommendations are intended to be both technical and advisory in nature, but the
ultimate responsibility for clinical decisions pertaining to the implementation and use of IMRT rests with the
radiation oncologist and radiation oncology physicist. This is an evolving field, and modifications of these
recommendations are expected as new technology and data become available. © 2001 Elsevier Science Inc.

IMRT, 3D treatment planning, | nver se planning, Optimization, Dose calculations, 3D conformal therapy, Quality
assurance.
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INTRODUCTION

Radiotherapy (RT) planning and delivery are in the pro-
cess of changing dramatically. This change is being
driven in large part by continuing advances in computer
hardware and software that has led to the development of
sophisticated three-dimensional radiation treatment plan-
ning (3D-RTP) and computer-controlled radiation ther-
apy (CCRT) delivery systems (1-3). Such planning and
delivery systems have made practical the implementation
of three-dimensional conformal radiation therapy (3D-
CRT). The goa of 3D-CRT is to conform the spatial
distribution of the prescribed dose to the 3D target vol-
ume (cancerous cells plus a margin for spatial uncertain-
ties) and at the same time minimize the dose to the
surrounding normal structures. Typically, the delivery of

3D-CRT is accomplished with a set of fixed radiation
beams, which are shaped using the projection of the
target volume. The radiation beams normally have a
uniform intensity across the field, or, where appropriate,
have this intensity modified by simple beam fluence-
modifying devices, such as wedges or compensating fil-
ters.

However, even before this form of 3D-CRT (henceforth
referred to as conventional 3D-CRT) has been implemented
throughout the radiation oncology community, a new type
of conformal planning and delivery technology is evolving.
This new type of 3D-CRT, intensity-modulated radiation
therapy (IMRT), is based on the use of optimized non-
uniform radiation beam intensities incident on the patient
(Fig. 1) (4, 5). IMRT treatment plans are often generated
using inverse planning or automated optimization 3D-RTP
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Fig. 1. Advanced form of 3D-CRT—IMRT—which is based on the use of optimized non-uniform radiation beam
intensities incident on the patient. Shown is a 3D view of the patient, the PTV, spinal cord, and parotid glands, and the
9 intensity modulated beams (with gray levels reflecting the intensity value) used to generate the IMRT dose

distribution.

systems, which use computer optimization techniques to
help determine the distribution of intensities across the
target volume.

In any new area of technology, new words and new uses
of old words rapidly come into being. Although this is
necessary and desirable, a poorly defined term can lead to a
misunderstanding in reporting the clinical resultsand also in
research and development. For example, various other de-
scriptors have been used in the past in reference to IMRT,
including generalized 3D-CRT, unconstrained 3D-CRT,
and computer-controlled conformal RT (2, 4, 6-9). The
IMRT Collaborative Working Group (CWG) supports the
establishment of a consistent and clear nomenclature for use
in IMRT. To this end, a glossary of words and phrases
currently used in IMRT is given in the Appendix. Where
clarification is needed, recommendations for new terminol-
ogy are given.

As emphasized throughout this report, IMRT techniques
are significantly more complex than many other traditional
forms of RT, including conventional 3D-CRT. However, as
discussed in later sections of this report, IMRT has the
potential to achieve a much higher degree of target confor-
mity and/or normal tissue sparing than most other treatment
techniques, especialy for target volumes and/or organs at
risk with complex shapes and/or concave regions (Fig. 2).

It is important for the reader to fully appreciate that
modern IMRT is more than just the use of non-uniform
intensities in radiation fields. Beam modifiers such as
wedges and compensators have been used for many yearsto

accommodate missing tissue and in some instances to shape
dose distributions. However, as previously stated, modern
IMRT isgeneraly designed using inverse planning (or other
methods) to optimize the shape of the dose distribution, with
the capability of generating concave dose distributions and
providing specific sparing of sensitive normal structures
within complex treatment geometries. Thus, determining
the optimum beam fluence is an integral component of
IMRT. In fact, the central planning problem for IMRT isto
determine the physically deliverable modulated beam flu-
ence profiles that result in a dose distribution that most
closely matches the desired one.

The clinical use of IMRT isin its beginning phase and
has been implemented in only a few centers around the
world. Much research and developmental work remains
to be done to help make the application of this new
technology straightforward and easy to perform. To date,
only a few thousand patients have been treated using
commercial (10-13) and university-developed (14-17)
IMRT systems. The potential advantages of IMRT and
inverse planning are relatively easy to demonstrate qual-
itatively in treatment planning exercises (see the section
“Clinical Experience”), but careful comparative studies
and clinical trials are needed to show that IMRT leads to
improved outcomes. It is also possible that IMRT and
inverse planning offer practical advantages that may not
yet be fully appreciated by the radiation oncology com-
munity. That is, when IMRT is fully developed, the
potential is significant for thisintegrated 3D planning and
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Fig. 2. Typical head-and-neck IMRT treatment plan showing conformal avoidance of the spinal cord and parotid glands
while simultaneously delivering multiple dose prescriptions (66.5 Gy and 54.3 Gy) to the two target volumes. (A)
Transverse cross-section. White line corresponds to the position of the coronal cross-section. (B) Coronal cross-section.
White line corresponds to the position of the transverse cross-section. (C) DVHSs of the target volumes and selected
critical structures. Vertical bars indicate the prescription doses and highlight the increased dose heterogeneity often

encountered as a consequence of conformal avoidance.

delivery technology to result in lower cost treatment
machines and improved efficiencies in planning, deliv-
ery, and treatment verification, all of which will may
make a valuable contribution to lowering the overall
costs of RT while improving the therapeutic results.
This report is intended to create a snapshot in time of
IMRT technology and its use. The intended audience is
practicing physicians and medical physicists. We also

believe that many of the recommendations and sugges-
tions may be of interest to IMRT equipment manufactur-
ers and research funding agencies. We have tried to
present a balanced summary that gives some historical
perspective, addresses important IMRT issues, and high-
lights the most relevant publications. In some sections
(e.g., “Facility Planning and Radiation Safety”), the
reader will find that the depth of discussion and detail
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presented is much more than in others. Thiswas required
to support specific recommendations but made for some
unevenness in the writing.

IMRT HISTORICAL REVIEW

The main technological precursors for the development
of IMRT were the development of image-based 3D-RTP
systems and the development of computer-controlled deliv-
ery systems.

3D treatment planning systems

Computerized RT planning was first reported >40 years
ago (18). Early dedicated RTP systems depended on two-
dimensional (2D) contour information and calculated doses
based on relatively simple 2D dose models (19, 20). This
type of planning was (and continues to be) widely used
throughout the RT community. The first 3D approach to
treatment planning dose calculation and display is credited
to Sterling et al. (21, 22), who demonstrated a computer-
generated film loop that gave the illusion of a 3D view of
the anatomy and the calculated isodose distribution (2D
color washes) throughout a treatment volume. van de Geijn
(23, 24), Cunningham (25), Beaudoin (26), and Sontag and
Cunningham (27) also performed early work in 3D dose-
calculation models. Much of this work was eventualy in-
tegrated into commercial RTP systems, but the full potential
of image-based 3D treatment planning was not available to
these early systems.

Reinstein et al. (28) and McShan et al. (29) took the first
real step toward clinically usable 3D-RTP in 1978 with the
development of the beam’s-eye view display. The beam’s-
eye view display provides the planner with aview from the
perspective of the source of the radiation beam, looking
down the rays of the divergent beam, and results in a view
of the anatomy similar to a simulator radiograph. At the
same time, the introduction of CT scanning and its use for
RT significantly improved the way patient anatomy could
be specified in treatment planning (30, 31). In 1983, Goitein
and Abrams (32) and Goitein et al. (33) demonstrated how
CT data made possible high-quality color beam’s-eye view
displays and simulated radiographs computed from CT data
(referred to as digitally reconstructed radiographs). Finaly,
between 1986 and 1989, severa robust university-devel-
oped 3D-RTP systems began to be implemented in clinical
use (34-37).

The additional development of 3D-RTP systems through-
out the past 10 years, most importantly, including the com-
mercial availability of 3D-RTP systems, has led to wide-
spread adoption of 3D planning in many clinics. One of the
keys to the acceptance of 3D-RTP throughout the commu-
nity was a series of research contracts funded by the Na-
tional Cancer Ingtitute in the 1980s and early 1990s to
evauate the potential of 3D-RTP and to make recommen-
dations to the National Cancer Institute for future research
in this area (38). Each of these contracts funded a CWG to
evauate various aspects of 3D-RTP (Table 1). Important
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Table 1. National Cancer Institute treatment planning
collaborative working group research contracts

Evaluation of treatment planning for heavy particles
(1982-1986)
University of Pennsylvania School of Medicine and Fox
Chase Cancer Center
Lawrence Berkeley Laboratory and University of California
Massachusetts General Hospital
M. D. Anderson Cancer Center, University of Texas
Evaluation of treatment planning for external beam photons
(1984-1987)
University of Pennsylvania School of Medicine and Fox
Chase Cancer Center
Memorial Sloan-Kettering Cancer Center
Massachusetts General Hospital
Washington University, St. Louis
Evauation of treatment planning for external beam electrons
(1986-1989)
University of Michigan
M. D. Anderson Cancer Center, University of Texas
Washington University, St. Louis
Development of radiation therapy treatment planning software
tools (1989-1994)
University of North Carolina
University of Washington
Washington University, St. Louis

developments and refinements in 3D planning technology
came from these contracts, particularly plan evaluation soft-
ware tools, such as dose-volume histograms (DVHs) (39,
40), and biologic effect models, such as tumor control
probability (TCP) and normal tissue complication probabil-
ity (NTCP) (41, 42) models, as well as efforts to stimulate
and document the current state of knowledge about these
effects (43, 44). Many of these features are crucial parts of
plan optimization, which is critical to IMRT. Similar col-
laborative groups elsewhere in the world, for example, the
Computer Aided Radiotherapy project in the Nordic coun-
tries (45), also contributed significantly to the development
of 3D treatment planning.

Precursors to IMRT delivery systems

Early IMRT delivery concepts were pioneered severa
decades ago. Particularly important were the early efforts of
Dr. Shinji Takahashi and colleagues, from Nagoya, Japan
(46). Their work illustrated some of the important concepts
in both conventional 3D-CRT and IMRT delivery. Dynamic
treatments were planned and delivered by Takahashi’'s
group using what may have been the first multileaf colli-
mator (MLC) system. The MLC system used a mechanical
control system to conform the beam aperture to the pro-
jected target shape as the machine was rotated around the
patient. Another pioneering effort in CRT was conducted by
the group at the Massachusetts I nstitute of Technology Lahy
Clinic (47—-49), who independently developed an asynchro-
nous portal-defining device similar to that of Takahashi
(46).

The Roya Northern Hospital in England also pioneered
an early CRT effort (50-52). The group developed a series
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of cobalt-60 teletherapy machines in which the patient was
automatically positioned during rotational therapy by mov-
ing the treatment couch and gantry during the radiation
delivery using electromechanical systems. This was called
the “Tracking Cobalt Project,” because the planning and
delivery system attempted to track around the path of dis-
ease spread and subsequently conform the dose distribution.
Davy and Brace at the Royal Free Hospital in London
extended the work in the 1970s and 1980s (53, 54).

The Joint Center from the Harvard Medical School aso
contributed to the development of computer-controlled CRT
during the 1970s (55). Unfortunately, computer technology
had not yet advanced to the degree required for practical
implementation of traditional 3D-CRT.

Brahme (56, 57), Brahme and Agren (58), and Cormack
(59, 60) (working independently) presented many of the
basic concepts related to the use of non-uniform intensity
distributions to create improved dose distributions in a
series of reports that discussed both planning/optimization
issues and treatment delivery issues. In fact, many of these
ideas were involved in the design of the Scanditronix
MM50 Racetrack Microtron System, which was equipped
with scanned beam control of beam intensity for both elec-
trons and photons (61-63). However, with the exception of
the continuing work by that group (e.g., the scanned MLC
slit method studied by Kallman et al. [64] and Lind and
Kalman [65]), most of the IMRT work that followed con-
centrated on the plan optimization side of the IMRT prob-
lem, for instance, the work by Bortfeld et al. (66). By the
mid-1990s (and before much additional discussion had oc-
curred in the literature about IMRT delivery methods),
severa other kinds of delivery techniques relevant to mod-
ern IMRT had evolved. These are summarized in the fol-
lowing section.

IMRT DELIVERY TECHNIQUES

Scanned photon and electron beam IMRT

The use of a computer-controlled scanned beam, avail-
able in the Scanditronix Racetrack Microtron System,
was the first modern IMRT delivery technique described
in the literature (56). In this system, limited resolution
beam intensity modulation is performed using computer
control of the beam-steering magnets that direct the high-
energy electron beam onto the X-ray target. By control-
ling the angle and intensity at which the electron beam
strikes the X-ray target, elemental bremsstrahlung X-ray
beams are created and can be placed anywhere within the
radiation field using a “scan pattern” that gives beam
locations and intensities. Resolution of this technique is
limited, because the full-width half maximum for even
the 50-MV photon beam is several centimeters. Electron
beams (especially the high-energy beams from 25 to 50
MeV) may also be used for IMRT with this technique, as
demonstrated by Karlsson et al. (67) and Lief et al. (68,
69). Because only a few institutions have had access to
this technology, much more work needs to be done to

fully investigate and evaluate the possibilities for
scanned beam IMRT.

Tomotherapy IMRT

The second IMRT delivery technique described in the
literature defined an approach called tomotherapy (liter-
ally “slice therapy”) by which IMRT is delivered using a
narrow slit beam (70). This technique is very analogous
to the tomography techniques used for CT and other such
imaging systems. A temporally modulated binary mini-
MLC of the type proposed by Mackie et al. (70) for
tomotherapy IMRT was developed commercially (Pea-
cock MIMiC, Nomos Corp.) (7, 71, 72). The Peacock
system's MIMIC is mounted to a conventional low-en-
ergy megavoltage medical linear accelerator, and treat-
ment is delivered to anarrow slice of the patient using arc
rotation (Fig. 3). The beam is collimated to a narrow slit
(approximately 2 cm X 20 cm), and beamlets of varying
intensity are created by driving the MIMIC'’s leaves in
and out of the radiation beam'’s path as the gantry rotates
around the patient. A complete treatment is accomplished
by serial delivery to adjoining axial slices. The clinical
use of the Peacock system was first implemented at the
Baylor College of Medicine in Houston, Texas (13).
Since then, it has been implemented in a large number of
clinics worldwide, and several other institutions have
reported their experience with the Peacock IMRT system
(10-12, 73). To date, thisform of IMRT has been used to
deliver more treatments than all other forms of IMRT
combined. It has been referred to as serial tomotherapy
(12) to distinguish it from the helical tomotherapy unit
first proposed by Mackie et al. (70) and discussed in the
next paragraph.

With serial tomotherapy, extreme accuracy in the mo-
tion of the couch is necessary, because the treatments are
delivered in a series of contiguous arc strips. Positioning
errors of as little as 1 mm can cause dose errors on the
order of 10-20% in the abutment regions (74, 75). This
issue is addressed by the helical tomotherapy treatment
unit depicted in Fig. 4 (70). IMRT is delivered as the
patient is moved through a ring-gantry in much the same
way as a helical CT study is performed. Specifically, the
beamlets are created using a temporally modulated binary
mini-MLC similar to the MIMiC and a low-energy linear
accelerator mounted in a modified CT scanner gantry.
The original proposed design included a conventional
diagnostic CT system mounted on the same gantry, al-
lowing the simultaneous acquisition of a kilovoltage CT
verification scan study. A prototype helical tomotherapy
IMRT system (using megavoltage CT capability) is now
under development at the University of Wisconsin and is
scheduled for clinical implementation in the near future
(76, 77).

Conventional MLC IMRT
A conventional MLC under computer control can be used
to deliver IMRT as follows. For afixed gantry position, the
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Fig. 3. Seria tomotherapy approach to IMRT. Thisform of IMRT uses atemporally modulated mini-MLC system such
as the MIMiIC (Nomos Corp.) shown here mounted to a conventional low-energy megavoltage medical linear
accelerator. Treatment to anarrow slice of the patient is delivered by arc rotation. A complete treatment is accomplished

by serial delivery to adjoining axial slices.

opening formed by each pair of opposing MLC leaves is
swept across the target volume under computer control, with
the radiation beam on, to produce the desired fluence pro-
files (Figs. 5 and 6a). The setting of the leaf pair opening
and its speed for each MLC leaf pair are determined by a
techniquefirst introduced by Convery and Rosenbloom (78)
and extended by Bortfeld et al. (79), Spirou and Chui (80),
and Dirkx et al. (81). This IMRT approach, referred to as
the dliding window or dynamic MLC (DMLC), was first
implemented for clinical use at the Memoria Sloan-Ketter-

Tomotherapy unit

Temporally modulated
multi-leaf collimator
(MLC)

collimator

Ring
target

CT X-ray

Slit defining
secondary

CT image
detectors

Pt i1

Image reconstruction Accelerator control
Treatment planning
Treatment verification

Computer

Computer

Temporally modulated
multi-leaf collimator

ing Cancer Center in New York (14). The IMRT CWG
recommends that this form of conventional MLC IMRT be
referred to as DMLC.

A second form of the conventional MLC IMRT ap-
proach uses a series of multiple segment fields, in which
each field consists of a series of MLC shapes (segments
or subfields) delivered from the same gantry angle, so
that an intensity-modulated field intensity is delivered
(Fig. 6b). The multiple segment fields are set up at
selected orientations of the gantry under computer con-

Spiral scan

Fig. 4. Helical tomotherapy approach to IMRT. This new type treatment unit contains a low-energy megavoltage linear
accelerator and atemporally modulated collimator system (similar to the Nomos MIMiC) mounted on a CT-like gantry.
In addition, the system has the potential for enhanced verification using a CT X-ray source opposed by CT image
detectors. The patient couch trandates through the unit during treatment. (From Mackie et al. [70], with permission.)
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Delivery of IMRT with a Conventional MLC

sliding window method

beam-on
time

=3

I:r_
I::Ti:l

Left-leaf :

radiation

 ——

direction
of motion

Right-leaf

Fig. 5. DMLC technique of delivering IMRT (also referred to as the siding window method). Dotted lines indicate
positions of a leaf pair (x axis) as a function of beam-on time (y axis). As the beam is turned on (point a; see Fig. 6),
both leaves move, with different speeds, from left to right. The point P begins to receive radiation when the right leaf
edge moves pass over it (point b). It receives radiation until the left leaf blocks the beam (point ¢). By controlling the
movement of the leaves and therefore the “beam-on-time” duration between b and c, one can deliver any desired

intensity to point P, or any other point under this leaf pair.

trol. The radiation is turned on only when the MLC
leaves are stopped at each prescribed segment position.
ThisIMRT method has been referred to as step-and-shoot
or stop-and-shoot. The IMRT CWG recommends this
form of conventional MLC IMRT be referred to as seg-
mental MLC (SMLC). The leaf sequences can be deter-
mined by methods such as the one suggested by Bortfeld
et al. (82) or Siochi (83). Another type of SMLC imple-
mentation makes use of multiple-shaped field segments
to create the IMRT fields (15, 16). Most medical linear
accelerator manufacturers are now offering SMLCI-
MRT capability, and thus, widespread implementation of
this form of IMRT is anticipated during the next several
years.

A third conventional MLC IMRT approach, called
intensity-modulated arc therapy, was described by Yu et
al. (84—-86). Instead of rotating a slit-field around the
patient as done with tomotherapy, intensity-modulated
arc therapy uses multiple irregular fields shaped with a
conventional ML C during gantry rotation. I ntensity-mod-
ulated arc therapy is planned as a sequence of static
fields, every 5-10° apart, but delivered with multiple
superimposing arcs. Within each arc, the MLC shape is
continuously changed as afunction of gantry angle on the
basis of the results of optimization, such that the cumu-
lative intensity distribution leads to the desired dose

distribution. This IMRT approach was first implemented
for clinical use at the University of Maryland (87).

Physical modulator (compensating filter) IMRT

Several groups have reported on the use of a physical
modulator to deliver IMRT (88—93). Filters can be de-
signed using a 3D-RTP system to calculate the required
thicknesses (along ray lines using an effective attenuation
coefficient for the filter material and dose-ratio parame-
ters for effective depths) to generate the desired IMRT
fluence profile when the filter is placed in the radiation
beam. Stein et al. (89) reported on the use of IMRT
physical modulators fabricated using low—melting-point
alloy poured into foam molds, which are cut using a
computer-controlled cutter. In addition, Dubal et al. (94)
recently reported on an IMRT physical modulator ap-
proach for the treatment of breast cancer. The physical
modulator IMRT method has some advantages, including
higher resolution in the direction normal to the leaf
motion, higher precision compared with some MLC ap-
proaches, simpler quality assurance (QA), and no match-
line problems. On the other hand, it has a relatively
cumbersome and time-consuming manufacturing process
and one must enter the treatment room to change the filter
for each gantry orientation, thus increasing the time
allocated for patient treatment. This approach will likely
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Fig. 6. (A) Intensity profile delivered by the leaves' paths of Fig. 5 (replotted here as dotted lines). In practice, a
“leaf-sequencing” algorithm is used to trandate the desired intensity profiles into a computer data file of the leaf
positions as a function of MUs. (B) SMLC technique of delivering IMRT (aso referred to as the step-and-shoot
method). In the “ step” phase, the leavestravel to discrete positions, then the radiation beam turns on in the “shoot” phase
(i.e., alternate MLC movement and radiation delivery). The result is discrete intensity levels, the number of which

depends on the “step” number.

serve only as an intermediate step in some institutions
before other approaches to IMRT are adopted.

Robotic linear accelerator IMRT

The use of a small x-band linear accelerator, mounted on
an industria robot, a concept first developed for radiosur-
gery (95), has also been proposed as a treatment delivery
device for sophisticated IMRT (96, 97). The robot would
provide the capability for aiming beamlets with any orien-
tation relative to the target volume, thus giving this IMRT
approach more flexibility than any of those previoudy dis-
cussed. The treatment is specified by the trgjectory of the
robot and by the number of monitor units (MUs) delivered
at each robotic orientation. This technology is not widely
available at present, and significant research and develop-
ment are needed to explore its use for IMRT.

COMPUTER OPTIMIZATION

With the advent of computers, work on automated meth-
ods of plan optimization was initiated by numerous inves-
tigators, but did not result in widespread use. However, with
the development of conventional 3D-CRT, interest in com-
puter optimization was renewed, because the amount of
image and graphic data the planner must deal with increased
significantly, as did the computer hardware capabilities and
software sophistication. In addition, as previously indicated,

IMRT requires a method of designing optimum non-uni-
form beam intensity profiles, a task for which computer
optimization is indispensable. The use of computer optimi-
zation methods for IMRT plan design has been referred to
inverse planning to distinguish it from the more iterative
and interactive forward planning used in the planning of
conventional 3D-CRT. During the past decade, major
progress in computerized optimization for use in IMRT has
been accomplished, led by Bortfeld et al. (66, 79, 98),
Brahme (57, 99), Webb (100-103), Mohan et al. (104, 105),
and others (71, 106). Other references of IMRT optimiza-
tion are provided in the textbook by Webb (5).

In forward treatment planning, the beam geometry (beam
orientation, shape, modifier, beam weights, etc.) is first
defined, followed by calculation of the 3D dose distribution.
After qualitative review of the dose distribution by the
treatment planner and/or radiation oncologist, plan im-
provement is performed by modifying the initial geometry
(e.g., changing the beam weights and/or modifiers, adding
another beam), to improve the target dose coverage and/or
decrease the dose in the organs at risk. This forward plan-
ning process is repeated until a satisfactory plan is gener-
ated. In inverse treatment planning, the focus is on the
desired outcome (e.g., a specified dose distribution or even
TCP and NTCPs) rather than how the outcome is going to
be achieved. The user of the system specifies the goals; the
computer (optimization system) then adjusts the beam pa-



IMRT: current status and issues of interest ® IMRT CWG 889

100%

Vohme

25% Volume

N\

40
Dose (Gy)

80

40 80
Dose (Gy)

Fig. 7. Limitations of dose—-volume-based optimization objective functions. (A) DVH for an organ at risk in which a
criterion has been specified so that no more than 25% of the volume is to receive 50 Gy. All three DV Hs shown meet
this criterion; however, the DVH represented by the solid curve clearly causes the least damage. (B) This limitation can
be overcome by specifying the entire DVH. However, different treatment techniques can result in dose distributions that
could produce equivalent damage to a particular organ at risk, but have significantly different results for other organs
at risk and/or the tumor (i.e., only one of these DVHs may be optima so far as other organs and the tumor are

concerned).

rameters (mainly the intensities) iteratively in an attempt to
achieve the desired outcome. After review of the computer-
optimized dose distribution, some modification of the de-
sired outcome and adjustment of the relative importance of
each end point might be needed if the physician is not
satisfied with the dose to the target volume or organs at risk.
Thus, one sees that both forward and inverse planning
involve iteration to find the best plan.

To better understand the inverse planning method (com-
puter optimization), it is helpful to separate the process into
two components: (1) specification of optimization criteria
(objective function and constraints) and (2) the optimization
(search) agorithm used.

Objective functions

For inversely planned IMRT, the clinical objectives are
specified mathematically in the form of an objective func-
tion (also called the score function or cost function). Com-
puter optimization techniques are then used to determine the
beam parameters (currently, often limited to the beamlet
weights) that will most closely achieve the desired solution.
The value of the objective function is the putative index of
the goodness of the treatment plan. The term score or cost
is often used to denote this value. Thus, the aim of optimi-
zation isto minimize (or maximize, depending on the choice
of objective function) the score.

Some of the earlier attempts to optimize RT plans used
objective functions based on dose distributions features (66,
98, 107-114). For example, one could choose to maximize
the minimal dose to the target volume subject to a constraint

on the maximal dose to certain organs at risk. For ssimplic-
ity, many investigators have used purely dose-based criteria
for optimizing IMRT as well. However, it is recognized
that, in general, the response of the tumor and normal
tissues is a function of not only the radiation dose but also
(to varying degrees depending on the tissue type) the vol-
ume subjected to each level of dose.

At present, most IMRT optimization systems use dose-
based and/or dose—volume-based criteria. One method com-
monly used to create dose-based and dose-volume objective
functions is based on minimizing the variance of the dose
relative to the prescribed dose for the target volumes or dose
limits for the organs at risk. Variance is defined as the sum
of the squares of the differences between the calcul ated dose
and the prescribed dose or dose limit. Thus, atypical dose-
based or dose-volume-based objective function is the sum
of the variance terms representing each anatomic structure
multiplied with appropriate penalty factors (i.e., importance
factors). This approach is sometimes referred to as a qua-
dratic objective function.

If the physician knows the dose-volume relationships
that are desired for the organs of interest, dose-volume-
based objective functions may produce more appropriate
plans than dose-based criteria. However, dose-volume cri-
teria also have limitations (104, 115). Consider, for in-
stance, an organ at risk for which the criterion has been
specified so that no more than 25% of the volume is to
receive 50 Gy (Fig. 7a). All three DVHs (Fig. 7) meet this
criterion; however, the DVH represented by the solid curve
clearly causes the least damage. One can argue that this
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limitation can be overcome by specifying multiple dose—
volume constraints or even the entire DVH. However, mul-
tiple DVHSs (in fact an infinite number of them) could lead
to an equivalent dose response for a particular organ (Fig.
7b). When this happens, DVHs usually cross each other as
shown in Fig. 7. Optimization based on each of these
biologically equivalent DVHs would, in general, lead to
different dose responses in other organs and the tumor. Only
one of the DVHs may be optimum so far as the other organs
and tumor are concerned. Thus, constraining the search to a
single DVH for an anatomic structure may miss the overall
optimal solution.

Another weakness of quadratic (i.e., variance) dose- and
dose-volume-based objective functions, astypically used, is
that neither adequately represents the nonlinear response of
tumors or normal structures to dose, especially for arbitrary
inhomogeneous dose distributions. For instance, if a single
voxel or asmall number of voxelsin atumor receive avery
low dose, it would not have a significant effect on the IMRT
plan score. However, the tumor control probability would
be greatly diminished as a result of the cold spot. Stated in
a different way, for dose- or dose-volume-based objective
functions, the penalty imposed for the failure to achieve the
prescribed dose is proportional to the dose difference (or the
square of the difference), rather than to the loss of tumor
control, which would be more appropriate. Such limitations
have led a number of investigators to consider models for
predicting biologic and dose-response indexes that could be
used to supplement dose and dose-volume criteria (104,
105, 116-122). One way to cast the objective function in
terms of the clinical and biologic criteria is to use indexes
such as TCP, NTCPs, and the equivalent uniform dose
(122). Objective functions based on hiologic and dose—
response indexes for IMRT optimization do not represent
the state-of-the-art of IMRT clinical practice. They are a
topic of on-going investigations and are not discussed fur-
ther in this report.

In addition to dose, dose-volume, and dose-response
information, it may be necessary to include other important
factors in the objective function, such as plan complexity
and other nondosimetric factors that affect how the patient
should be treated. In a method proposed by Kesdler et al.
(123) and Fraass et al. (15), the objective function is created
from the combination of many different components, called
costlets. This very general method can combine dose, DVH
point, TCP, and NTCP-related costlets into an overall score
function. This type of construct may have the flexibility
needed for a clinically relevant score function, but it also
shares all the disadvantages of each of the individual cost-
lets used.

In summary, in the current state-of-the-art, dose-volume-
based objective functions have become an accepted stan-
dard. In general, they produce satisfactory plans, and their
continued use is recommended until dose-response-based
objective functions are shown to have a clear and significant
advantage. Many issues regarding IMRT computer optimi-
zation need additional investigation. Objective functions
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that are more clinically relevant need to be defined and their
parameters determined for each combination of treatment
site, IMRT delivery technique, and other clinical factors
(i.e., establishment of IMRT class solutions). The determi-
nation of parameters of an objective function (whether
dose-volume-based or dose—response-based) that may be
applied to all patients presenting with a specific class of
clinical indications is an important, but at the same time a
daunting task, especially when the number of such param-
eters is large (multiple organs and multiple dose-volume
constraints per organ). Research is needed to systematize
the determination of these parameters. Furthermore, the
limitations of the dose-, dose-volume-, and dose—response-
based objective functions need to be determined. Most
importantly, accurate dose-volume-response data for each
organ and tumor type need to be accumulated prospectively
and analyzed to develop more dependable dose-response-
based optimization criteria.

Computer optimization (search) process

The process of the optimization of intensity distributions
may be carried out using one of several mathematical for-
malisms and algorithms (referred to as optimization or
search methods). The choice may depend on the nature of
the objective function used, on the scope and number of
parameters to be optimized, the accessibility of each partic-
ular method, and individual preference. In the pioneering
work on IMRT optimization, Brahme et al. (99, 124) used
“radiation kernels’ to first produce optimum dose distribu-
tions and then, using the inverse back projection technique
borrowed from image reconstruction methods, to obtain
intensity distributions that would lead to the best approxi-
mation of the optimum dose distribution. Since then, alarge
variety of methods have been evaluated. They fall into two
basic categories: gradient methods and stochastic methods.

The following is qualitative explanation of how atypical
optimization algorithm works. (This explanation is specifi-
cally for gradient methods, but, with some exceptions dis-
cussed later, applies to stochastic methods as well.) Each
beamlet is traced from the source of radiation through the
patient. In general, only the beamlets that pass through the
target volume need to be traced, plus a small margin around
the target volume that is assigned to ensure that the lateral
loss of scattered radiation does not compromise the treat-
ment. All other beamlets are set to a weight of 0. The
patient’s 3D description is divided into small volume ele-
ments or voxels. The dose in each voxel is calculated for an
initial set of beamlet weights. The resulting dose distribu-
tion is used to compute the value of the objective function
(i.e., the score). If the change in beamlet weight resultsin an
improved score, the proposed change in weight of that
beamlet is accepted, and if not, the change is reected
(depending on the search method, see below). Because the
improvement in the plan at each point comes from beamlets
from many different directions and each beamlet affects
many points, only relatively small changes in beamlet
weight are permitted at one time. This process is repeated



IMRT: current status and issues of interest ® IMRT CWG 891

L?cal Minima

m—

Global Minimum

Fig. 8. Objective functions with (A) a single minimum and (B) multiple minima.

for all the beamlets. At the end of each complete cycle (an
iteration), a small improvement in the treatment plan pre-
sumably results. The new pattern of beamlet intensities is
then used to calculate a new dose distribution and a new
score of the objective function, which is then used as the
basis for additional improvement in the next cycle. This
iterative process continues until no further improvement
takes place; at that time, the optimum plan is assumed to
have been achieved.

Gradient techniques are by far the fastest computation-
aly (106, 125-128). However, the use of a gradient tech-
nigue assumes that there is a single extremum (a minimum
or a maximum, depending on the form of the objective
function) (Fig. 8). Thisis the case for a quadratic objective
function (based on variance of dose) when only beamlet
weights are optimized. For other cases, it may be necessary
to determine whether multiple extrema exist, and whether
these multiple extrema have an impact on the quality of the
solutions found. Multiple extrema have been found to exist
when beam directions are optimized and when dose-re-
sponse-based objective functions are used to optimize the
weights of uniform beams (104, 129, 130). One can expect
that multiple minima also exist when dose-response-based
objective functions are used to optimize IMRT plans. Using
simple schematic examples, it has also been shown that
multiple minima exist when dose-volume-based objectives
are used (131). When multiple extrema exist, the gradient
search methods will converge to the nearest extremum. The
treatment plan corresponding to this extremum may be far
from the best solution possible and may be totally unsatis-
factory. However, athough this may be the case in theory,
the existence of multiple minima has not yet been found to
be a serious impediment in dose-volume- or dose—response-
based optimization of IMRT plans using gradient tech-
niques. If multiple minima are found to be a factor, some
form of stochastic optimization technique (see next para-
graph) may need to be considered.

The most commonly used stochastic technique is simu-
lated annealing or its variation fast simulated annealing

(102-104, 111, 129) Other forms of stochastic approaches
such as “ genetic algorithms” have also been proposed (132).
In principle, the simulated annealing technique and other
stochastic approaches alow the optimization process to
escape from the local extrema traps and thus find the global
extrema, as shown in Fig. 8; however, thisis true only if a
large number of configurations are tested. Practically, there
is no guarantee that the absolute optimum will be found,
only that the best solution among those examined will be
found. Furthermore, stochastic techniques tend to be rela
tively dow. Nevertheless, some commercia systems have
implemented the simulated annealing approach for IMRT
optimization (72).

In summary, gradient search algorithms are fast and have
so far been able to produce satisfactory results. Although
multiple extrema are known to exist, their existence has not,
in general, been shown to be an impediment in achieving
satisfactory solutions. Continuing research is needed to de-
termine whether the use of sow stochastic methods will
lead to a significant improvement in the results. In the
meantime, it is recommended that, for efficiency reasons,
gradient methods be used in routine clinical practice of
IMRT.

Leaf sequence generation

Most current IMRT planning systems produce a descrip-
tion of the beam intensity patterns. These intensity distri-
butions are then used in a process called |eaf sequencing, in
which an algorithm attempts to define the shapes (for SML-
CHIMRT) or trajectories (for DMLC-IMRT) of the MLC
leaves required to create a deliverable intensity distribution
that gives an intensity distribution as close as possible to the
distributions obtained from the optimization system. Meth-
ods for SMLC-MRT leaf sequencing have been described
by Galvin et al. (133), Bortfeld et al. (82), Boyer and Yu
(134), and others. Use of dynamic leaf motion has been
described by Spirou and Chui (80), Dirkx et al. (81), and
others. Leaf sequencing for tomotherapy is particularly sim-
ple, because the leaves are rapidly driven open or closed
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with the intensity through the leaf position proportional to
the time it is open.

To deliver a predictable dose distribution, a number of
other refinements are needed in an accurate MLC leaf-
setting sequence to account for effects such asfield flatness,
the relative output factor of the MLC leaves, penumbra,
phantom scatter effects, leaf leakage, rounded leaf ends, and
back scatter into the transmission ion chamber (80). Prom-
inent among these is the consideration of leaf leakage. The
leakage dose delivered along the profile can be calculated
once a first approximation of the sequence has been com-
puted. This leakage is a low-dose profile. The leakage-dose
profile can be subtracted from the desired profile and the
|eaf-setting sequence recomputed using the corrected pro-
file. Other modifications of the leaf-setting sequence can
correct for the tongue-and-groove effect (135, 136). Inte-
gration of more detailed delivery-related effects and limita-
tions into the overall optimization processis an area requir-
ing continued research and development.

DOSE DISTRIBUTION AND MU CALCULATIONS
FOR IMRT

The calculation of the dose distribution associated with
IMRT délivery isacritical aspect of the IMRT optimization
and delivery processes. The calculated dose distribution
from each candidate set of plan parameters is evaluated at
each iteration of the optimization process, and the objective
function values (costs or scores) for the iterative optimiza-
tion are typically obtained by analysis of the dose distribu-
tion. After the optimized plan is obtained, another dose
calculation/optimization procedure, called leaf sequencing,
is performed to account for the dose calculation or physical
limitations in the delivery script. Typically, the actual MUs
used to deliver each of the IMRT fields are calculated as
part of this process, because the |eaf-sequence corrections
may depend on the number of MUs. Often, the results of the
|eaf-sequencing algorithm are input again into a dose-cal-
culation algorithm to generate a dose distribution that
should represent the actual dose distribution delivered to the
patient. In each of these steps, the speed, accuracy, and
generality of the dose-calculation algorithms used for each
step must be considered, because limitations may affect the
true accuracy of the resullts.

During the iterative optimization part of the process,
severe demands are placed on the dose-calculation algo-
rithm. First, the number of iterations through the dose
calculation (for different beamlet intensity distributions)
may range from hundreds (for gradient search methods) to
tens or hundreds of thousands (for the stochastic methods
such as simulated annealing). Therefore, the speed of the
dose-caculation method can often be crucial, and severe
approximations or limitations are often imbedded in the
calculation algorithm used within the optimization loop. A
second limitation is that most current dose-calculation al-
gorithms used within the optimization usually consider the
intensity or fluence distribution to be an ideal set of beamlet
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intensities, and rarely (if ever) are any of the redlistic
limitations associated with the delivery of those intensity
distributions included in the calculation results. A third
limitation involves the number of dose points inside the
volume of interest that are actually calculated, because
increasing the number of points significantly reduces the
speed of the dose calculation for each iteration; this leads to
the potential for resolution problems that often cause inac-
curate evaluation results (in the objective function) rather
than just limiting the spatial resolution of the dose distribu-
tion, as was the case when the isodose lines were the main
evauation criteriafor aplan. Finally, given the ability of the
optimization algorithm and IMRT delivery to react to small
influences within the field (i.e., the accuracy of the dose-
calculation algorithm with respect to issues such as hetero-
geneities within the patient, density corrections, surface
dose/buildup region accuracy, patient setup uncertainty, and
organ motion), as well as the potentia for use of small
“beamlets’ that are much smaller than normally used radi-
ation fields, the inaccuracy of the dose-calculation algo-
rithm in any of the above situations may lead to significant
reductions in the quality of the calculated-dose distribution
and the plan that results from the optimization. Therefore,
significant attention must be given to the various dose-
calculation compromises and decisions that are incorporated
in any optimization or inverse planning system.

Calculation algorithm types

From the perspective of IMRT, four types of dose-calcu-
lation algorithms may be described. Many calculation algo-
rithms can be classified broadly as broad beam algorithms,
because they are intended for use with flat or wedged fields
and do not really apply to the variable intensity situation
used for IMRT. These agorithms are usually not appropri-
ate for the significantly more complex intensity distributions
often used in IMRT and should be used only with great care.
For each IMRT beam, the intensity pattern for the beam can
be modeled as a 2D map of energy fluence incident on a
patient. The map can be divided into discrete beam elements
called beamlets (sometimes called bixels or rays). A beam-
let could correspond to a finite region of a compensator, a
portion of the travel of aleaf of a conventional MLC, or a
leaf of atemporally modulated binary mini-MLC. The dose
distribution resulting from the intensity or fluence through
each beamlet must then be calculated.

One of the most commonly used IMRT dose-calculation
algorithm types can be described as a simple pencil beam
method and is generally part of a broader class of correc-
tion-based dose-calculation algorithms (137, 138). Correc-
tion-based models depend on empirically measured data for
a limited number of situations and then correct the dose
distribution for the presence of the beam modifiers, contour
corrections, tissue heterogeneities, and other issues encoun-
tered in treatment planning of real patients. A good example
of thistype of model is the finite-size pencil beam algorithm
described by Bourland and Chaney (139) and extended by
Ostapiak et al. (140). The dose resulting from each individ-
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ual beamlet is calculated using the product of the inverse
square law, the Tissue-Maximum Ratio (TMR) for the pen-
cil beam, an off-axisratio, the appropriate output factor, the
MUs delivered, and various constants or other correction
factors. Models with this kind of simplicity offer significant
speed advantages for use in the optimization code but have
varying limitations in accuracy.

A third kind of calculation algorithm is based on the
kernel-based models, which directly compute the dose in a
phantom or patient. Typical of this type of model are
convol ution/superposition algorithms that can take into ac-
count beam energy, geometry, beam modifiers, patient con-
tour, and electron density distribution (141-145), although
there are also pencil beam approaches (146) that bridge the
gap between the empirically based correction models (like
the finite-size pencil beam) and true kernel-based convolu-
tion models. Unlike correction-based methods, kernel-based
approaches do not first compute the dose in awater phantom
and correct the water dose for the treatment circumstances.
Both the convolution method and the Monte Carlo method
(discussed below) compute the dose per unit energy fluence
(or fluence) incident on the patient.

Convolution methods are capable of accounting for elec-
tronic disequilibrium effects (141-145) and may more ac-
curately deal with inhomogeneities and other complex as-
pects of IMRT dose calculations than the models described
above. Fig. 9illustrates the potential for large differencesin
the dose due to inhomogeneities for small beamlets. In this
example (water phantom with a lung-equivalent slab), the
depth-dose for the 10 cm X 10 cm field is only dlightly
perturbed because of the reduced attenuation of the primary
photons. However, the depth-dose for the 5 cm X 5 cm field

has a reduced dose because of the streaming of electrons
laterally, and the 1 cm X 1 cm field, typical of the area of
an IMRT beamlet, shows severe perturbation because of
electronic disequilibrium. The perturbing effect of elec-
tronic disequilibrium increases with the beam energy (147,
148). It is evident from this simple example that the devel-
opment of IMRT plans requires a dose-cal culation method
that can accurately predict electronic disequilibrium effects.
Although it is clear that the improved dose-calculation
accuracy afforded by the convolution-type calculations may
beimportant for IMRT, the long calculation times make this
difficult. Currently, many optimization approaches do not
use these more accurate calculations, or only use them at the
end of the optimization to calculate the final delivered dose
distribution. Only one group has reported the use of full
convol ution/superposition calculations within the optimiza-
tion iteration loop (149).

Recently, significant progress has been made in the de-
velopment of Monte Carlo calculation algorithms for pho-
ton beams that are fast enough to compete with other current
methods (150-153). In several situations, the Monte Carlo
method is likely to be even more accurate than the convo-
lution method (154). For example, multiple scatter (second
and higher order scatter) may be perturbed near the surface
of a patient and the Monte Carlo method may be able to
account for this aslong as the number of simulated particles
(called histories) is sufficient to compute the multiple scat-
tered photon dose accurately. In addition, the “density scal-
ing” method (154) used by the superposition/convolution
methods to correct for heterogeneities may not be adequate
for primary electrons set in motion, especialy in higher
atomic number materials, such as bone or metal prostheses,
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in which the electrons may be scattered laterally consider-
ably more than in water. Direct Monte Carlo simulation may
be the only option for achieving accurate dose computations
in these complex situations. However, the application of
Monte Carlo methods to optimization for IMRT is an area
that requires much more work before relevant results will be
available.

Important issues for IMRT dose calculations

Thefollowing features should be explicitly modeled in all
IMRT dose-calculation algorithms to achieve reasonable
accuracy, although, at present, many IMRT dose-calcula
tion algorithms compromise many of these issues:

Finite source size

Extrafocal radiation generated mainly in the primary colli-
mator and the field-flattening filter (155)

Beam spectrum and the change in spectrum with lateral
position

Beam intensity variation across the field (e.g., the beam
horns)

Transmission through independent or dependent collimator
jaws and MLC (156)

MLCs vs. Cerrobend blocks (with blocking tray)

Wedges and compensators (including the spectral hardening
they produce)

Dynamic wedge

Scatter outside the field (related to extrafocal radiation
[155])

Electron contamination

Delivery specific limitations and issues

All the above issues may influence the accuracy of the
proposed optimized IMRT plans. The clinical importance of
each of these factors within the optimization context should
be the subject of further research.

Within the context of optimization, dose calculation
speed is acritical issue. Currently, any algorithm will make
speed vs. accuracy compromises to alow the optimization
algorithm to work within a reasonable time. However, for
any dose-calculation algorithm, any approximation that
compromises dose-calculation accuracy for the sake of
speed must be validated or characterized, so that the impli-
cations of the compromises on the clinical results will be
understood. During the coming years, improvements in
calculation speed and accuracy are expected. For example,
the time required to perform the Monte Carlo simulation
depends only on the number of histories through a region
and not on the number of beams computed. Thus, for IMRT,
which is calculated using many independent beam direc-
tions, Monte Carlo calculation times may not be too unrea-
sonable, because the number of histories per beam can be
reduced in proportion to the number of beams simulated
(157). For the coming years, the investigation of the
tradeoffs and implications of dose-calculation approxima-
tions will be an important research area.
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MU calculations for IMRT

Conventional MU calculation methods were designed for
computing the dose from measured dose information. These
methods perform very well when the beam is rectangular
and incident perpendicular to the water phantom. They
perform less well when there are beam modifiers like com-
pensators, contour corrections, and heterogeneities. In
IMRT, the beam shapes are unlike anything used conven-
tionally (158). Rather than lacking electronic equilibrium
only near the surface and the boundaries of fields, most of
the field isin a state of disequilibrium. Thus, methods such
as the Clarkson summation technique and off-axis factor
may not be accurate for IMRT fields.

One of the most difficult problems with correction-based
techniques is the separation of scatter from the phantom
from scatter from the head of the machine. This is not a
problem for the convolution and Monte Carlo methods,
which implicitly compute the contribution of phantom scat-
ter, leaving only the contribution of head scatter to deter-
mine. In many implementations, the kernel-based algo-
rithms determine the energy fluence per MU that is emitted
by the machine and is thereby incident on the patient (137,
159). There are beginning to be accurate ways to model the
emitted energy fluence; however, it is also possible to infer
it from dose measurements without requiring the measure-
ment of the dose with a buildup cap or a miniphantom
(160-163). None of these methods is currently accepted as
the standard, and most institutions that treat patients with
IMRT routinely confirm the actual MU used for clinical
treatments for each patient. It is clear, certainly, that more
work in the area of MU calculations for IMRT is needed.

Recommendations: IMRT dose calculations

The following list summarizes the IMRT CWG recom-
mendations regarding dose-calculation algorithms for
IMRT:

1. Kernel-based models and Monte Carlo simulation should
be further developed for use in dose computation for
IMRT. Both methods intrinsically model the energy flu-
ence incident on a patient during IMRT and take into
account the transport of secondary particles. Both meth-
ods account for electronic disequilibrium, which occurs
even at the central axis in finite-size pencil beams. Ad-
ditional research to make accurate convol ution/superpo-
sition and Monte Carlo algorithms suitable for routine
clinical use should be encouraged.

2. Themode of the incident beam should take into account
many effects, including the finite size of the source,
extrafocal radiation, disequilibrium effects in inhomoge-
neities, changes in the surface dose distribution, trans-
mission through collimation systems, and many other
effects.

3. Traditional MU calculations based on broad-beam data,
such as tissue-phantom ratios, may be inappropriate for
IMRT. Instead, accurately measured pencil beams or
kernel-based methods that compute the dose per incident



IMRT: current status and issues of interest ® IMRT CWG 895

energy fluence and are calibrated by measurements to
obtain the energy fluence per MU produced by the beam
in reference conditions appear to be better suited for
IMRT. However, much work in thisareais still required.

IMRT ACCEPTANCE TESTING,
COMMISSIONING, AND QA

In many ways, the issues that must be addressed during
acceptance testing and commissioning of IMRT planning
and delivery systems are analogous to those necessary for
conventional 3D-CRT. 3D-RTP systems, for example, have
in common the requirement for consistently keeping track
of patient-specific information, such as name and identifi-
cation number, patient image data sets, contours, and dose
displays. Both IMRT and conventional 3D-RTP systems
calculate 3D dose distributions, and the accuracy (magni-
tude and position) of those dose distributions must be ver-
ified before their clinical use. The American Association of
Physicists in Medicine (AAPM) has recently published a
task group report (TG 53) describing the acceptance testing
and commissioning of 3D-RTP systems, and the reader is
referred to that report for a discussion of features in com-
mon with IMRT planning systems (164). The acceptance
testing, commissioning, and periodic QA effort outlined by
the AAPM TG 53 report is quite extensive, and all of that
effort, in principle, applies to IMRT planning systems.
Thus, the amount of work by the medical physicist to
clinically implement an IMRT system must not be under-
estimated. Adequate time and resources must be made avail-
able.

At least two aspects of IMRT distinguish it from conven-
tional 3D-CRT: (1) the optimization process in the planning
phase, and (2) the use of non-uniform and customized
fluence distributions in the treatment delivery. Computer
optimization algorithms are an entirely new kind of tool to
be added to the treatment planning process and will require
the development of new techniques for commissioning,
because, in principle, many inverse planning search algo-
rithms are based on stochastic methods that may not achieve
exactly the same answer each time, even for the sameinitia
conditions. Because the development of these optimization
systems is quite new, the commissioning and testing tech-
niques for these systems have not yet been fully developed,
and only a cursory discussion of them is possible in this
report. For example, the question of whether the optimiza-
tion system always finds the truly best plan cannot be
answered at this time for realistic objective functions that
have multiple minima. This is clearly an issue for which
more research is necessary. However, at worst, nonoptimal
plans will be created, which should be readily recognizable.
The remainder of this section discusses QA for the non-
uniform fluence distributions used in IMRT.

Acceptance testing of the IMRT treatment planning system
As with many validation procedures, the acceptance test
criteriaaretypically expressed by pass-fail criteria, in which

the system output is compared against criteria that have
been developed and accepted by the medical physics com-
munity. For traditional treatment planning systems, compar-
isons are typically made between calculated and measured
dose distributions using the Van Dyk et al. (165) published
criteria for dose-distribution comparisons that take into ac-
count variations in dose-distribution gradients. For low-
dose gradient regions, the comparison is based on the dif-
ference between the measured and calculated doses, with a
criterion of 2% for photon beams along the central axis and
3% for relative comparisons. In high-dose gradient regions,
the measured dose precision is affected by the uncertainty in
the spatial precision of the measurement. The AAPM TG 53
report (164) generalized and expanded on the concepts in
the Van Dyk work and suggested a method for character-
izing the accuracy desired for more complex planning sit-
uations. However, IMRT is even more complex, because
very high-dose gradients may be created by individua in-
tensity-modulated beams. One method that may help eval-
uate thiskind of situation is the distance to agreement (165).
For each measurement point, the calculated dose distribu-
tion is examined to determine the distance between a mea-
surement point and the nearest point in the calculated dis-
tribution exhibiting the same dose. Note that care must be
used in applying this concept to individual beam dose
distributions, which are then added up, because the final
dose distribution in the end is the result that must be
confirmed.

Dose-distribution comparisons are typicaly performed
using manual techniques, such as by examining the dose
distribution on the computer screen or by printing one-
dimensional or 2D hard copies of both the calculated and
the measured distributions. Although these techniques yield
sparse quantitative data, they are often the only comparisons
available to the physicist. Treatment planning tools for
comparisons and evaluation of dose calculations, measure-
ments, and other QA activities have been described by
Fraass et al. (166), Harms et al. (167), and Low et al. (168);
however, most treatment planning companies have not yet
implemented dose-distribution measurement comparison
software to enable a more thorough evaluation of the cal-
culated dose distributions. The CWG recommends that
these kinds of quantitative tools be implemented by manu-
facturers to help the physicist perform more quantitative
plan comparisons for IMRT and 3D-CRT.

In addition to the direct quantitative evaluation of the
IMRT planning system, the commissioning process should
include a determination of the effects of the input parame-
ters on the optimized dose distribution (169). This evalua-
tion should be conducted using clinical patient scans and
target and organ-at-risk volumes and should be completed
for each treatment site to be used for IMRT. Although a
comprehensive evaluation of the input parameters may not
be possible, an attempt should be made to reduce the avail-
able parameter space to assist treatment planners in devel-
oping the initia treatment plan parameters.

As indicated earlier, no accepted criteria are available as
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yet for acceptance testing of the quality of the dose distri-
butions produced by automated optimization. The develop-
ment of acceptance criteriafor IMRT planning systems will
be critical for its widespread clinical implementation. With-
out such criteria, quantitative comparisons between differ-
ent IMRT planning systems will be difficult. The CWG
believes it would be useful to establish a standard set of
phantoms with defined geometries (target volumes and or-
gans at risk) and specified optimization protocols and eval-
uation criteria to enable meaningful comparisons between
different IMRT planning systems and to develop criteriafor
acceptance testing and commissioning.

Verification of IMRT dose distributions

At the heart of acceptance testing and commissioning
procedures are dose measurements and their comparison
with IMRT planning system calculations. Dose measure-
ments to be used for testing IMRT systems must be con-
ducted using non-uniform beam fluences, and the conse-
quences of those non-uniform fluences on dose
measurements must be considered by the medical physicist.
The appropriate selection of detectors and the accurate
determination of the detector spatial location are critical to
achieving accurate results when IMRT systems are tested
and commissioned.

The spatial location of measurement points must be
known to high accuracy to enable quantitative evaluation of
the calculated doses at those points. The spatial relationship
between the dosimeter and the phantom are required, as is
the relationship between the accelerator alignment mecha-
nism and the phantom. Provided the phantoms are accu-
rately fabricated, the machine drawings of any special phan-
tom used are the best means for determining these
relationships, although physical measurements or CT scan-
ning can also be used. For example, if an anthropomorphic
phantom is used for RTP system commissioning and ma-
chine drawings are not available to provide the dosimeter
positions, physical measurements are required to determine
the 3D location of the dosimeters relative to the alignment
system.

The position of the calculated doses must aso be known.
The IMRT planning system should be capable of providing
the coordinates of the calculated doses, and these can be
used to identify the most appropriate calculated doses to
compare against measurement. Because IMRT provides
very nonintuitive fluence distributions, and no mechanism
currently exists for independently verifying that the deliv-
ered fluence yields the desired dose distribution, an inde-
pendent determination of the measured and calculated dose
distribution coordinates is essential.

For conventional 3D-CRT, a significant portion of the
dose-calculation algorithm verification testing can be con-
ducted using static beams. Because the depth-dose and
divergence behaviors are well characterized, a relatively
sparse measurement data set is sufficient to accurately char-
acterize the beam dose distribution. For example, a point
dosimeter, such as an ionization chamber, is typicaly
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scanned in a water phantom, acquiring a series of linear
profiles, which are interpolated to obtain a planar dose
distribution. A single-point dosimeter is capable of acquir-
ing dose measurements of sufficient density to characterize
the beam because the beam fluence is constant with respect
to time.

IMRT dose distributions are characterized by complex
3D dose gradients and a time-dependent fluence delivery,
placing severe limitations on the dosimeters and techniques
used to characterize IMRT dose distributions. Careful anal-
ysis of the available dosimeters is required before develop-
ing a QA program for IMRT. Although there are promising
3D water-equivalent dosimeters, most are limited either by
their spatial resolution, sensitivity, and noise or by nonwater
equivalence. Currently, no single dosimeter is capable of
providing al the necessary dose measurements; thus, com-
promises must be made.

Today, the benchmark dosimeter for IMRT dose-distri-
bution measurements is still the ionization chamber. Al-
though the ionization chamber does not directly measure the
dose to water, the method for converting the measured
quantity, ionization, to dose is well understood. There are
limitations, however. Because an ionization chamber is an
integrating dosimeter, the entire fluence distribution must be
delivered for each measurement, yielding the dose at only a
single point. Thus, the ionization chamber is an accurate,
athough inefficient, dosimeter for measuring IMRT dose
distributions. The finite ionization chamber volume may
lead to an inaccurate dose measurement as a result of
volume-averaging of the dose distribution. Therefore, the
size of the ionization chamber must be considered beforeits
use. It isimportant that the chamber cross-section be smaller
than the homogeneous dose regions in which it is placed.
Also, the response should be determined as a function of
incident beam angle when multiple beam angles are used.
Low et al. (170) used a 0.125 cm?® cylindrical ionization
chamber with a cross-section of 6 X 5 mm? for measuring
doses with the Nomos MIMIC seriad tomotherapy MLC.
Theionization chamber response was found to be within 1%
of radiochromic film and a much smaller 0.009 cm® cham-
ber, when the cylindrical chamber was well aligned with the
1.68-cm-thick tomotherapy dice field. However, the re-
sponse deviated when the chamber was more than 2 mm
from the dlice center. Therefore, in such cases, it is essentia
that procedures be in place to ensure that the chamber
position is known to better than 1 mm.

Thermoluminescent dosimeters (TLDs) have also been
used for IMRT point dose measurements (10, 170). When
properly calibrated, TLD chips provide an integrating dosi-
metric measurement capable of accuracy of better than 3%,
with similar precision. The principal advantage of using
TLD chips is the ability to simultaneously place dozens of
chipsin a phantom. With commercial automated TLD read-
ers, the use of large numbers of TLD chips becomes prac-
tical. A commercial TLD sheet is also being produced that
may be capable of measuring coarse 2D dose distributions.

Although single-point measurements provide useful in-
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formation regarding the dose at selected points, they are
impractical for providing 2D dose-distribution measure-
ments. Ideally, a 2D dosimeter should be linear and water-
equivalent. Radiochromic film conforms to these require-
ments, but the techniques required for accurate dose
measurements have not been universally adopted, and the
film still requires doses of =20 Gy. Radiographic filmis not
water-equivalent, and the precision of the film is strongly
linked to the quality of the measurement and film processing
techniques. However, radiographic film and processing
equipment are universally available in RT departments.
Therefore, it merits consideration for testing and periodic
QA of IMRT dose distributions.

Considerations regarding the film sensitivity and other
issues lead to the conclusion that it is quite difficult to use
film as an absolute dosimeter and that it also requires
significant effort to use as a precise relative dosimeter. One
useful method based on film is to use it to localize the
high-gradient regions in the distribution, because precise
dose measurements are not required in regions of a high-
dose gradient if the position of that gradient is all that is
being measured. This task is precisely the task that is ill
suited for point dosimeters like ion chambers. Although this
does not guarantee that the dose distribution is correct
everywhere, it does provide a useful QA tool.

A relatively new dosimeter, BANG (bis, acrylamide,
nitrogen, and gelatin) gel, may prove useful for IMRT
dose-distribution measurements (171). The dosimeter is a
gelatinous medium that relies on the polymerization and
cross-linking produced by ionizing radiation and subsequent
increases in the solvent proton relaxation in the presence of
the polymer. The increased proton relaxation rate (R, =
UT,) can be imaged using MRI. The gel isirradiated using
IMRT delivery and subsequently imaged using a clinical
MRI unit. T,- and T,-weighted scans are obtained for each
gel, and the volumetric distribution of R, is determined
using these scans. A monotonic relationship exists between
R, and the absorbed dose, but because the gel’s radiation
sensitivity is batch dependent, some gels must be irradiated
to known doses and scanned to obtain a dose—calibration
curve. A measurement of the full 3D dose distribution is
provided by this method. Currently, cost, thermal sensitiv-
ity, and the requirement of MRI for readout limit the use of
this detector medium to a few dosimetry studies. Research
is being conducted on optical scanning of gel dosimeters
with subsequent reconstruction to obtain the 3D dose dis-
tributions (172, 173).

In addition to the verification of IMRT dose distributions
by measurement, Ma et al. (174) has reported on the use of
Monte Carlo simulation as an independent check of the
IMRT dose distribution.

IMRT treatment plan test cases

An essential component of thorough dosimetric verifica-
tion isto study treatment plans and prescriptions that mimic
the range of target volume and organ-at-risk geometries that
will be used clinically. No complete set of IMRT plans has

yet been developed for testing purposes, but the CWG
believes the treatment plans should exhibit the following
characteristics:

A variety of target volume sizes and shapes should encom-
pass the clinical range.

The sizes and shapes of organs at risk, as well as the
geometric relationship among them, should be modeled
from clinical cases.

The placement of targets should be varied to provide veri-
fication of the treatment planning and delivery systems
throughout the available delivery and planning space.

Full 3D plans should be performed. It may also be useful to
study 2D plans using coplanar beams to provide a study
of the dose calculation and delivery in experiments that
are relatively insensitive to spatial errors in the orthogo-
nal direction, allowing for more accurate measurements.
These measurements can help to distinguish between
dose measurement and planning or delivery errors in
more complex IMRT plans.

The treatment plan prescriptions used for testing purposes
should provide regions of high-dose gradient such that
the spatial localization accuracy can be determined in all
three directions. This is particularly important if radio-
graphic film is the only area dosimeter used.

Anthropomorphic phantoms can be used for verifying the
IMRT dose distribution, as shown by Verellen et al. (11)
and Low et al. (12). Plans verified using these phantoms
inspire confidence because of their human geometry appear-
ance. They are also useful to test certain features of the
immobilization system. However, they have some draw-
backs. Because they are inhomogeneous, the evaluation of
dose-distribution accuracy may be more difficult, especially
if a homogeneous dose-calculation algorithm is used. Care
must be taken to determine the relative location of the
dosimeters and external alignment marks. Many anthropo-
morphic phantoms do not have regularly spaced dosimeter
locations, and a measurement of their locations relative to
the external alignment marks is required. For patient QA,
anthropomorphic phantoms are often not better models of
the patient than regular geometric phantoms. For example,
in the head and neck, the diameter of the patient at a
particular location relative to the alignment system may
vary dramatically as a function of head rotation; therefore,
if the anthropomorphic phantom and patient head tilt are
different, the diameter and, consequently the dose, to a
measurement region may differ.

Although regular geometric phantoms do not look like
patients, they have some very useful properties that enable
the acquisition of accurate dose measurements. Regular
geometric phantoms can be machined to tight spatial toler-
ances, and insertsfor avariety of detectors can be fabricated
for them. The relative location of the dosimeters and the
phantom aignment marks (or other system) can be deter-
mined with a high degree of accuracy.

One feature that is important to have available in the
IMRT planning system is the ability to apply the fluence
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distribution designed for one treatment plan to the anatomy
of another plan without fluence reoptimization. This is ex-
tremely important, because it allows the shift of a patient
fluence distribution to a measurement phantom anatomy,
thereby making routine patient dosimetric QA testing much
easier. To help with the analysis of measured and cal cul ated
dose distributions, it is also useful to be able to register the
two distributions. In addition, the ability to move the plan a
predefined distance in al three dimensions (before calculat-
ing the dose distribution) allows the user to overlap the
plan’s high-dose and high-dose gradient regions with the
dosimeters in a measurement phantom.

QA checks of MU calculations

Because of the complexity of IMRT delivery, IMRT
treatment planning systems provide the MUs required to
deliver each field. Therefore, an independent check of these
MUSs is required, but unlike traditional conformal beams, a
straightforward manual calculation check is not possible.
The MUs must be verified either by direct measurement or
by an independent and validated calculation system (175,
176). The selection will depend on the availability of an
independent calculation system.

Direct measurement involves the use of a phantom, either
anthropomorphic or geometric, that is irradiated using the
same accelerator MLC leaf sequences as the patient’ s treat-
ment. The dose distribution within the phantom will not be
the same as for the patient, so for highly accurate compar-
isons, atreatment plan computed using the phantom geom-
etry with the patient’s incident beam fluence is required.

Computational verification of MUs is a more efficient
validation technique (158, 176-178). The computation
model should consider effects of MLC leaf leakage, leaf
transmission, radiation scatter, finite source geometry, leaf
side and end transmission, and the effects of leaf sequenc-
ing. The verification of this algorithm and its implementa-
tion will require direct dose measurements, but the treat-
ment plans and verification measurements can al be
conducted in phantoms, enabling highly accurate compari-
sons. Validation and QA of MU verification software should
be conducted in a similar manner to treatment planning
software.

Although measurement-based verification tests both the
MU determination and dose delivery, it is very manpower
intensive. A systematic approach to validate the stability of
the MU calculation may include the use of standard IMRT
treatment plans. The plans could be verified by direct mea-
surement and then rerun on a periodic basis to ensure that
the treatment planning system data files have not been
corrupted or altered. Once the accuracy and stability of the
MU calculations have been established at a clinic, these
plans may offer an efficient check of the IMRT treatment
planning system, and specifically the MU calculations. Pe-
riodic measurement-based verification is till important to
check the entire planning and delivery process.
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IMRT treatment verification

Accurate delivery of IMRT treatments will depend on
thorough accelerator and delivery system QA programs. A
description of all linear accelerator QA procedures is be-
yond the scope of this paper, and the reader is referred to the
AAPM reports addressing linear accelerator QA and safety
issues (179, 180). We summarize only some of the special-
ized procedures specific to IMRT.

The accurate localization of the accelerator isocenter rel-
ative to the patient alignment fiducial markers is important
for noninvasively immobilized patients. The origin within
the patient is aligned to the accel erator using the positioning
lasers. Dose delivery errors can occur because of excessive
gantry sag, especialy for serial tomotherapy IMRT (e.g.,
the Peacock system), and thus QA tests to check beam and
isocenter alignment are essential.

For serial tomotherapy IMRT, accurate patient (table)
positioning between arcsis extremely important. Low et al.
(75, 181) determined that an incorrect placement of the
patient between successive arc treatments can cause as
much as 20% mm™ ! dose heterogeneity in the abutment
region. Consequently, the accuracy of the patient immobi-
lization and placement system is critical to accurate dose
delivery. Periodic testing of patient indexing system accu-
racy should be conducted.

The use of DMLC or SMLC-IMRT methods places
unprecedented constraints on leaf position accuracy.
LoSasso et al. (182) determined that for a 1-cm dliding
window, an error of as small as 1 mm in the leaf opening
yields a 10% error in delivered fluence. The traditional
tolerance on MLC position calibration is 2 mm, as deter-
mined by the required precision of the portal edge positions.
However, as shown by the LoSasso et al. (182), MLC
position calibration errors introduce potentially significant
dose delivery errors for IMRT. Additionally, studies by
Low et al. (183) and Convery and Rosenbloom (78) have
investigated variations in the delivered dose distribution
when the gantry, collimator, or couch angle is incorrectly
set. New QA procedures are required to monitor leaf posi-
tion accuracy, and physicists will need to consider the
influence of gravity and off-axis position, as well as dy-
namic delivery, for DMLCHIMRT.

As with all QA procedures, the relationship between
procedure complexity and frequency must be balanced
against the significance of undetected errors. Because the
MLC leaf position calibration directly and significantly
affects the delivered dose, a daily dosimetric check should
be conducted when using dynamic delivery, which can be a
simple modification of a daily output check. The same
detector used for the daily photon output check can be
irradiated by a DMLCHMRT delivery of a homogeneous
fluence distribution. Such a daily check may inspect only a
few leaves, so a less frequent check (perhaps weekly) that
inspects al leaves should be conducted. Chui et al. (184)
have developed a straightforward film irradiation that is
very sensitive to multileaf position calibration errors and
offers arapid visual inspection that can detect leaf errors as
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smal as 0.5 mm. If this test is conducted with the film
placed at the level of the blocking or wedge trays, a single
25.4 X 30.5 cm? film may capture the entire 40 X 40 cm?
available field area. This film test should be repeated at the
four cardina gantry angles.

Electronic portal imagers may also provide a very useful
tool in the verification of DMLC or SMLCHIMRT (185,
186). Using this technology, it is feasible to capture leaves
at particular intervals, more importantly, an integrated com-
posite image could also be captured.

The verification of IMRT treatments represents a major
challenge, and requires a shift from the conventional para-
digm of weekly portal imaging. Although it is always pos-
sible to acquire an image with an adequately large portal to
verify the patient’ s position, it seems meaningless to acquire
a portal image of every IMRT field segment, because very
little anatomic information is provided. The use of the
images to verify beam weight would need to de-convolve
the coupled patient variation—a very difficult problem.
Indeed, in the proposed helica tomotherapy system by
Mackie et al. (76), dose verification will be performed by
reconstructing the delivered fluence with the patient 3D CT
data, acquired at the time of treatment, as prerequisite input
information.

In many centers that have clinically implemented IMRT,
verification of machine output and patient positioning are
treated as independent problems (10, 12, 187). In most
instances, a pair of orthogonal open field imagesis acquired
to verify patient setup before initiation of the deivery
process. In other systems, the alignment of anatomy with
the apertures of intensity-modulated fields is checked. For
systems using DML C techniques, the aperture of an inten-
sity-modulated field is defined by the terminal position of
the leading leaves and the starting position of the trailing
leaves. Unlike the manual placement of a Cerrobend block
or a beam modifier, the computer-control technology used
for IMRT delivery provides much more assurance that the
radiation machine will or has performed within its specifi-
cations, thereby allowing verification of patient setup to be
performed independently. It follows that the ability to ac-
quire patient images from projections other than that of the
treatment beam will allow on-line verification of the patient
during treatment. Such capability will certainly aleviate
some of the difficulties associated with verifying a seria
tomotherapy IMRT treatment using the MIMiC system.

Finally, treatment interruptions during IMRT delivery
(i.e., machine failure during treatment) are a problem for
most record and verification systems. Proper recovery of
treatment interruptions should be tested as part of the ac-
ceptance testing and commissioning of the delivery system,
and a written procedure addressing this problem must be in
place.

Recommendations. Acceptance testing, commissioning,
and QA of IMRT systems and treatment verification

The following list summarizes the recommendations re-
garding acceptance testing, commissioning, and QA for

IMRT planning and delivery systems and treatment verifi-
cation for IMRT:

1. The accuracy (magnitude and position) of the IMRT
dose distributions must be verified before clinical use of
the IMRT system. Treatment planning companies are
encouraged to implement dose-distribution measurement
comparison software to enable a more thorough evalua-
tion of the calculated dose distributions.

2. The commissioning process for an IMRT planning sys-
tem should include the determination of the effects of the
input parameters on the optimized dose distribution. This
evaluation should be conducted using clinical patient
scans and tumor volumes and should be completed for
each treatment site.

3. The development of acceptance testing criteria and pro-
cedures for IMRT planning systems will be critical for
the widespread clinical implementation of IMRT. Creat-
ing a standard set of phantoms with defined geometries
(target volumes and critical structures) would help en-
able comparisons between different IMRT planning sys-
tems and develop criteria for acceptance testing and
commissioning.

4. Dose measurements for testing IMRT systems must be
conducted using non-uniform beam fluences, and the
consequences of those fluences on dose measurements
must be considered by the medical physicist.

« Appropriate selection of detectors and the accurate
determination of the detector spatial locations are crit-
ical to achieving accurate results.

» The spatia relationship between the dosimeter and the
phantom is required, as is the relationship between the
accelerator alignment mechanism and the phantom.

« The position of the calculated doses must be known.
The IMRT planning system should be capable of
providing the coordinates of the calculated doses.

5. Commissioning should include a thorough dosimetric
verification of treatment plans and prescriptions that
mimic the range of the clinical target and organs-at-risk
geometries anticipated to be used clinically.

« The treatment plan prescriptions used for testing pur-
poses should provide regions of high-dose gradient
such that the spatial localization accuracy can be de-
termined in al three directions.

« Anthropomorphic phantoms may be useful for verify-
ing IMRT dose distributions. Care must be taken to
determine the relative location of the dosimeters and
external alignment marks. Geometric phantoms have
the advantage that the relative location of the dosim-
eters and the phantom alignment marks can be deter-
mined with a high degree of accuracy.

e The IMRT planning system should have the capability
to apply the fluence distribution designed for one
treatment plan to compute the dose to the anatomy of
another plan without fluence reoptimization.
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6. The MUs generated with the treatment-generated IMRT
planning system must be independently checked before
the patient’s first treatment. Measurements can suffice
for a check as long as fluence distributions can be re-
computed in a phantom.

7. The verification of IMRT délivery requires a shift from
the conventional paradigm of portal imaging. Verifica-
tion of machine output and patient positioning may be
treated as independent problems, at least initialy.

8. Integrity of treatment machine mechanica movement
and radiation output should be verified with special QA
Measures.

FACILITY PLANNING AND
RADIATION SAFETY

The principal facility shielding issue for IMRT is that
significantly more machine beam-on time is required for
IMRT techniques. Conventional RT treatments with non-
IMRT fields generally encompass the entire planning target
volume (PTV) with most fields, while IMRT techniques,
using the equivalent number of machine MUs as the con-
ventional treatment fraction, would deliver dose to only a
part of the PTV. Therefore, depending on the complexity of
the IMRT intensity pattern chosen, a potentially much
larger number of additional MUs may be needed to cover
the entire PTV. This increase in MUs has a serious conse-
guence in two primary areas of concern, namely the recom-
mended workload associated with the use of linear acceler-
ators in shielding design (188, 189), and the increased
whole-body dose to the patient that may occur because of
increased |eakage resulting from the large MU settings.

Workload estimates

It is important to specify the IMRT delivery system and
the disease sites in trying to determine a useful value for the
workload. For example, Grant (13) evaluated the workload
for serial tomotherapy, using a MIMiC type collimator on a
10-MV X-ray accelerator treating a combination of cranial
and head-and-neck cancer patients. Prescription doses
ranged from 1.5 Gy/fraction to 2.4 Gy/fraction. The number
of daily treatment arcs ranged from a minimum of 2 to a
maximum of 5. The average MU setting/patient/d was 1426,
and for 25 patients daily, the resulting workload was
178,250 R/wk at the isocenter. Similar data were obtained
for a15-MV X-ray accelerator treating only prostate cancer
by way of serial tomotherapy to a prescription dose of 70
Gy in 35 fractions. The average MU setting was 1561
MU/patient, and for 25 patients daily, the resulting work-
load was 195,125 R/wk at the isocenter. Thisis significantly
larger than the 100,000 R/wk at the isocenter recommended
by the National Council on Radiation Protection and Mea-
surements Report 49 (188) for 10-MV X-rays for the treat-
ment of 50 patients. Although it may not be possible to put
an absolute value on the recommended workload for all
IMRT delivery systems and beam energies, it is clear that
there is a large increase in the workload for IMRT that
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requires consideration of the shielding design, particularly
for the parts of the shielding calculation associated with
leakage radiation. It islikely that for the present technology,
one needs to increase the recommended values of workload
from the National Council on Radiation Protection and
Measurements Reports 49 and 51 (188, 189) by at least a
factor of 2 and possibly as high as 5.

The increased workloads associated with IMRT can be
represented by using a multiplicative factor, M, which is
defined as the ratio of the number of MUs required for
IMRT treatments divided by the number of MUs required
when conventional-shaped fields are used. Followill et al.
(190, 191) published a theoretical evaluation of the MU
settings required to deliver IMRT with a SMLC technique
and with serial tomotherapy (MIMiC). They looked at 6, 18,
and 25-MV X-ray beams and compared the results with
those for conventional therapy with and without wedges.
After areview of multiple IMRT plans for several disease
sites treated with SMLCHMRT, they determined the ratio
M to be 2.8. It is useful to note that this estimate is similar
to the value arrived at by simply assuming the use of 60°
wedges in each open field, because wedge factors for large-
angle wedges can vary from 0.3 to 0.5, depending on the
field size and manufacturer. It is clear, however, that the
number of MUs used for SMLC or DMLCHMRT tech-
niques depends on the complexity of the IMRT intensity
patterns used; for example, even the simple use of two sets
of half-blocked fields to treat a single target volume effec-
tively doubles the number of MUs used to treat a particular
target. Therefore, the workload multiplier M must be esti-
mated for the techniques to be used and cannot be assumed
to be one particular value.

Theworkload multiplier M for serial tomotherapy is more
complicated, because the treatment requires multiple arcs to
deliver the dose to the entire volume. In the most simplistic
terms, this would imply a serial tomotherapy IMRT treat-
ment to have a ratio M larger than MLC-based IMRT
systems by a factor of N, where N is the number of arcs
(table indexes) needed to treat the entire volume. Followill
et al. (190, 191) assigned M a vaue of 8 for MIMIC
treatments on the basis of data for crania treatments with
the MIMIC used in the 1-cm dlice length mode, which
yielded a ratio M/N of 2.7/arc and an average of 3 arcy/
patient. However, theratio M/N and the total number of arcs
vary with the disease site, as well as with the complexity of
the treatment. In addition, they also depend on whether the
MIMiC isused in the 1 or 2-cm slice length mode. Current
data from the same institution that provided information for
the Followill et al. study now indicate that the ratio M/N for
cranial and head-and-neck cancer patients ranges from 2.0
to 2.2/arc, and the average number of arcsis 3 for cranial
and 4 for head-and-neck cancer patients (192). For prostate
treatments using 15-MV X-rays and the 2-cm dlice length
on the MIMIC, the M/N ratio for prostate treatment is
1.6/arc, and the average number of arcsis 3, yielding avalue
for M of 4.8. Mutic and Low (193) reported that for head-
and-neck treatments with a 1-cm dlice length for the
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MIMIC, an average of 450 MUs/arc and 5 to 7 arcs are
needed to deliver 2 Gy/fraction using 6-MV X-rays. Thus,
these data yield an M/N ratio of 2.0/arc and a value for M
ranging from 10 to 14.

Dose rate and calibration changes

Another basic machine factor is relevant to the shielding
design issues discussed here. During the past decade, linear
accelerator designs have improved so that much higher dose
rates are available from many machines. Although the dose
rates were typically limited to between 200 and 300 MU/
min on many machines, manufacturers have provided ma-
chines that can treat patients with dose rates of 600 MU/min
or higher (as much as 1000 MU/min in some modes).
Driven by the desire to treat IMRT cases (requiring many
MUSs in shorter times), this dose rate improvement is ex-
pected to continue. Although older shielding regulations
depended more on the total MU déelivered than the dose rate,
there are now states that consider the instantaneous dose
rate as well. The new and higher dose rates must be con-
sidered for these situations.

A second effective increase in both workload and dose
rate is the trend to calibrate modern accelerators at a depth
of 10 cm. Before the past decade, it was clearly standard
practice to calibrate most accel erators so that 1 machine MU
delivered 1 cGy for a 10 X 10-cm field at source-surface
distance (SSD) 100 cm at a depth of d, (1.5-3 cm) in
water. However, in recent years, the concentration on CRT,
increased knowledge of electron contamination and head
scatter effects, and various other issues have led to the
general acceptance (and even recommendation) of calibra-
tion at a depth of 10 cm. In such cases, 1 MU now corre-
sponds to 1.0 cGy at a 10-cm depth, which trandlates to
between 1.3 and 1.4 cGy at d .. This means that the
effective dose rate delivered through the machine is a factor
of 1.3 or 1.4 larger than before. Again, for those states that
consider instantaneous dose rate also, this becomes a factor
that must be considered.

Shielding design

Theincrease in MUs (ratio M) for IMRT delivery clearly
demonstrates that the workloads to be used to calculate the
shielding requirements in room design are significantly dif-
ferent from those used for conventional therapy. One must
take these numbers into account when looking at both
primary and secondary barriers. The issues to be considered
include angular distribution of primary radiation (i.e., gan-
try angle distribution), primary wall shielding, shielding for
scatter, and shielding for |eakage/transmission.

Number of patients treated with IMRT. The number of
patients treated with IMRT is dramatically increasing every
year. It is entirely conceivable that eventually most confor-
mal and/or curative patients will be treated with some
version of IMRT techniques. Therefore, the estimates of the
percentage of patients treated with IMRT should range from
50% to amost 100%.

Angle. The angular distribution assumption for the field

directions should be uniform. As 3D-CRT has become a
standard part of modern RT, the number of fields used per
patient has increased and a more uniform distribution in
gantry angle has become normal. For both MLC and
MIMiC IMRT, most planning involves either arcs (MIMIiC)
or many nonopposed fields. The angular distribution of
fields now has no significant concentration in AP-PA or
four-field box directions.

Primary barrier. It appears safe to conclude that, in
general, the total dose delivered to the patient will not
change dramatically (factors of 2 or more), so it is unlikely
that the primary barrier calculations for most facilities
should change dramatically. In IMRT, each small area of
the tumor is treated with the same dose, even though using
“different” MUs. Thus, the primary barrier calculations
need only consider the increase in dose rate, appropriate use
factors, and calibration changes.

Scatter. Similar reasoning applies to the calculation of
scatter: the same amount of radiation is delivered to the
patient, so the same amount of scattered radiation will be
spread around the treatment room. Probably no significant
change in scatter calculation is required.

Transmission/leakage. Transmission/leakage is the part
of the shielding calculation in which IMRT most dramati-
cally changes the results of normal methods. The leakage
issueisdirectly related to the MUs run through the machine.
If the increase in MUs is a ratio of 5 from the normal
workload, then al the parts of the shielding design that
depend on leakage/transmission must be increased by a
factor of 5. Thisis equivalent to the MU per week changing
from 50,000 to 250,000 MU/wk or to increasing the leakage
specification for a machine from 0.1% to 0.5%. Thus, treat-
ment machine vendors are encouraged to add shielding in
the head of the machine to avoid costly room shielding
additions.

Neutron dose. For the high-energy (15 MV and higher)
accelerators used for IMRT, neutron-shielding issues should
also be considered. Because the number of neutrons pro-
duced by most machines scales linearly with the number of
MUSs run through the machine, the IMRT workload muilti-
plier M should also be applied to neutron shielding calcu-
lations. This situation may require more neutron shielding.

Patient whole-body dose

The increase in workload for IMRT also increases the
amount of leakage radiation in the treatment field and con-
tributes to an increase in the whole-body burden outside the
treated area. The estimates of the whole-body dose for
varying kinds of IMRT are in basic agreement. Mutic and
Low (193) reported the measured whole-body dose for
serial tomotherapy from 6 MV X-rays (Clinac 6/100, Varian
Corp.) for the head and neck to be approximately 300 mSv
(~30 cGy) as opposed to the 543-mSv dose predicted by
Followill et al. (190, 191). For a 10-MV X-ray beam (M74,
Siemens Corp.) Grant et al. (194) measured the leakage
dose as 520 mSv for serial tomotherapy, close to the Fol-
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lowill et al. (190, 191) value for 6-MV X-rays but lower
than their 2971 mSv calculated for 18-MV X-rays.

Recommendations: Facility planning and radiation safety
The following list summarizes the CWG recommenda-
tions regarding facility planning and radiation safety:

1. Increased workload values for IMRT (may be afactor of
2-5 larger than that for conventional therapy) should be
considered mainly for the leakage/transmission part of
the shielding calculation.

2. Differences between the measured data and theoretical
estimates suggest that the actual leakage should be ver-
ified for various IMRT techniques, photon energies, and
delivery systems.

3. Increased neutron production for high-energy machines
used for IMRT should be considered.

4. Total-body dose for IMRT patients is higher, generally
increasing with the number of MUs used for treatment.
The potential for complications related to this increased
dose should be recognized and considered in the imple-
mentation of IMRT.

5. Because IMRT isinherently less efficient (per MU) than
conventional RT, vendors should consider the use of
more internal shielding in the design of future IMRT
machines.

TARGET VOLUME AND DOSE SPECIFICATION
AND REPORTING

The importance of providing a clear and unambiguous
description of the RT when specifying a treatment regimen
and reporting clinical results is obvious. Difficulties associ-
ated with dose and volume specification for conventional
RT have been pointed out by several authors (195, 196). For
example, is the reported dose the minimal dose to the target
volume? Or is it the dose at or near the center of the target
volume? The International Commission on Radiation Units
and Measurements (ICRU) has addressed the issue of con-
sistent volume and dose specification in RT, publishing
ICRU Report 29 in 1978, ICRU Report 50 in 1993, and
ICRU Report 62 in 1999 (197-199).

One of the important factors that has contributed to the
success of the current 3D-RTP process is the standardiza-
tion of nomenclature published in ICRU Report 50. This
report has given the radiation oncology community a lan-
guage and method for image-based 3D planning for defining
the volumes of known tumor (gross tumor volume [GTV]),
suspected microscopic spread (clinical target volume
[CTV]), and marginal volumes necessary to account for
setup variations and organ and patient motion (PTV).

The ICRU recently updated the recommendations of
ICRU Report 50, but did not address the specific needs
peculiar to IMRT (199). There appears to be a need for
some modification in the ICRU recommendations.
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Target volume specification

The clinical use of IMRT is generally motivated by the
desire to conform the high-dose region to the target without
inflicting unacceptable normal tissue complications. In gen-
eral, the high-dose region is shaped to conform to the
geometry of the target in three dimensions with rapid fall-
off in al directions outside the target volume. Thus, the
dose delivered to tissue outside the target volume can be
significant if setup error or tumor motions are greater than
the allowed treatment planning margins. In addition, be-
cause each IMRT segment treats only a portion of the target
volume at a time, there may be significant dosimetric con-
sequences if the patient and/or the target moves during
treatment. Hence, it is clear that IMRT imposes a more
stringent requirement than conventional RT in terms of
accounting for patient position—related organ motion, inter-
fraction organ motion, and intrafraction organ motion. All
technical and clinical aspects of this part of the treatment
planning process must be re-evaluated in light of this re-
quirement.

GTV and CTV. Treatment planning, whether forward or
inverse, can be a futile endeavor if the tumor volume is not
correctly identified. As previously indicated, ICRU Report
50 identifies three different volumes that should be delin-
eated (198). The GTV describes the part of the cancer that
can be directly imaged or palpated. CT aone often fails to
identify the GTV adequately or, more accurately, does not
identify the same GTV as determined using other imaging
studies (200, 201). MRI, various nuclear medicine studies,
magnetic resonance spectroscopy, and even ultrasonogra-
phy are in routine, but sporadic, use within the radiation
oncology community. However, no guidelines exist to aid
the clinician in knowing the conditions under which specific
imaging modalities would be best used. Thisis an important
area of research.

The delineation of the CTV depends heavily on a priori
knowledge of the behavior of a given tumor. For a given
GTV, tumor histologic features, and patient type, a set of
probabilities exists that the tumor will, or will not, extend
into a given regional organ or lymph node. However, these
specific data are usually not available to the radiation on-
cologist—only genera principles are known. More quanti-
tative, consistent definition of CTVs is an important need.

Planning target volume. A critical point in the planning
and delivery of IMRT is the prescription of meaningful
PTVs for the patient. The PTVs must ensure proper cover-
age of the CTVs in the presence of the interfraction and
intrafraction variation of treatment setup and organ motion.
An inadequate PTV will typically lead to under dosing of
the CTV and/or overdosing of the surrounding organs at
risk. The conventional approach of creating a PTV by
assigning a uniform margin around the CTV is no longer
adequate for IMRT.

The complexity of IMRT necessitates the careful exam-
ination of whether a computer-optimized plan can be faith-
fully delivered to the patient. Conversely, one can ask
whether a particular patient is a suitable candidate for IMRT



IMRT: current status and issues of interest ® IMRT CWG 903

treatment. Recent in-depth studies based on daily electronic
portal imaging and repeated CT scanning clearly demon-
strate that uniform margin reduction, to the level required
for dose escalation, cannot accommodate the variation of
treatment setup and organ motion (202). On the other hand,
such studies improve our understanding of treatment uncer-
tainty and allow the development of new approaches for
more appropriate PTV prescription (203).

For each patient, there are two components to the geo-
metric uncertainty: setup variation and organ motion. A
first-order approach isto treat them independently, although
in several instances, they have compounding effects on each
other. Both setup and motion must be considered to accom-
modate the inter- and intrafraction treatment variation. Ef-
forts have also been made to further model the variation into
its systematic and random components.

For the daily setup variation, the systematic component is
often larger than the random component (204). It follows
that with the conventional approach of prescribing the PTV,
according to an ingtitutional standard, much of the PTV
margin used is needed to accommodate interpatient varia-
tion. A substantial margin reduction can be attained by
correcting the systematic component such that only random
setup variation needs to be accounted for by the PTV. This
inherently individualized approach requires more frequent
portal imaging for determining the systematic and random
components of the setup variation. Although the approach
does require increased efforts from all treatment personnel,
severa clinica models have been successfully and effi-
ciently implemented (204). Furthermore, recent experience
suggests that, with a properly implemented network infra-
structure that accommodates electronic portal imaging, the
process imposes minor, if not a smaller, burden on the
personnel than the present practice with weekly port film
imaging. As for the intrafraction setup stability, very few
systematic studies have been done to evaluate its magni-
tude. It is often assumed to be insignificant in conventional
treatment. This assumption needs to be re-examined for
IMRT because of the extended treatment time.

The study of PTV-organ motion has been mainly directed
to the problems of interfraction variation in the treatment of
prostate cancer and the intrafraction variation of breathing
motion for disease in the thoracic and upper abdominal
regions. Severa radiographic and CT studies have shown
that the prostate position can vary by >10 mm between
treatment fractions and that the variation in rectal position
exhibits a time-trend dependence with the course of treat-
ment (202).

Some uses of IMRT are predicated on the desire to
escalate the tumor dose delivered to the patient. To accom-
plish this goal, it may be helpful if the margin for the PTV
can be reduced further with more direct treatment interven-
tion. The Adaptive Radiation Therapy paradigm described
by Yan et al. (205) uses early measurements during patient
treatments to more appropriately prescribe the required mar-
gins for later treatments based on the localization data for
the individual patient.

A second method for improving the geometrical accuracy
is a “target of the day” approach, which relies on image
guidance in which the target position is identified daily
(206). This can be performed with various imaging proce-
dures such as ultrasound imaging, radiographic imaging of
implanted radiopague markers, or tomographic (CT) imag-
ing. The general principle is to adjust the field to the daily
position of the target as detected by each imaging proce-
dure. Radiographic-guided delivery has been implemented
for the head-and-neck region without implanted radiopaque
markers, where the rigid body model of treatment variation
may be valid. The overal PTV margin can be as small as a
few millimeters. Ultrasound imaging has been adapted for
IMRT prostate treatment localization at several institutes
(207, 208). It should be noted that with radiographic or
ultrasound guidance, a new patient reference point in rela-
tion to the treatment machine isocenter is calculated daily.
Because the adjustment of the field position does not ac-
count for possible shape changes, and there are more resid-
ua errors in the process, a residua margin needs to be
prescribed. Early reports on ultrasound-guided delivery sug-
gest that the margin for PTV-organ motion can be reduced
to about 5 mm (207). The tomographic guidance method is
theoretically the most comprehensive of the three ap-
proaches, because the correction would account for both
nonrigid soft tissue variation and daily setup error.

Both adaptive and image-guided delivery of IMRT may
substantially increase the demand on the resources of the
clinic, but may be necessary when the dose is escalated
beyond normal ranges. The adaptive approach transfers the
necessary effort off-line to preserve daily treatment effi-
ciency. The image-guided approach is conceptually more
powerful, but at the cost of additional daily effort. A third
approach to reduce organ motion is through improved im-
mobilization. For example, this has been accomplished for
prostate cancer treatment by inflating a balloon in the rec-
tum during the delivery of the IMRT (209).

A modest reduction in the size of the margin allowed for
organ motion has been attained by using CT scans acquired
near the end of the normal breathing cycle for planning
(210). More recently, active intervention in ventilatory mo-
tion has been investigated, including the use of ventilatory-
based gating (211), breath-holding (212), and active breath-
ing control (213). The different methods include various
tradeoffs, ranging from machine control, which is not de-
pendent on the patient, to systems that are completely de-
pendent on the patient; al require continued research before
they are routinely available for clinical use. The choice of
approaches to reduce the PTV for breathing motion is
dependent (at least partly) on the IMRT delivery technique.
The discrete nature of the SMLC method may be amenable
to al three methods listed above. However, for delivery
with the DMLC or tomotherapy methods, the breath-hold
methods might be more suitable because gating requires
additional control of the coupled mechanical motion.
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Dose specification

Specification of the doses used for both prescription and
reporting is difficult for the fast-changing and non-uniform
dose distributions often found when IMRT is used, and the
specification is a problem that needs much new work. The
ICRU recommendations regarding dose reporting for tradi-
tional 3D-CRT include the dose at or near the center of the
PTV, as well as the maxima and minima dose to the PTV
(198). ICRU &l so recommends that any additional informa-
tion such as the mean dose and the DV Hs be reported when
available. No firm recommendations regarding dose pre-
scription have been provided.

The Nordic Association of Clinical Physics has proposed
that for relatively small dose non-uniformity, the mean dose
and its standard deviation to the CTV (with margin for
internal motion) be used for both treatment prescription and
reporting (214). When the relative standard deviation of the
dose distribution is larger than the tolerance range (for
steeply responding tumors and normal tissues, a relative
standard deviation <2.5%, and for more shallow respond-
ing tumors and normal tissues, a relative standard deviation
of no more than 5%), the Nordic Association of Clinica
Physics recommends that the minimal dose to the CTV and
mean dose delivered to the hot and cold volumes within the
CTV be reported. Note, the Nordic Association of Clinical
Physics defines the hot volume as a volume that receives a
dose larger than the prescribed dose by an amount larger
than the tolerance limit. A cold volume is defined as a
volume inside the CTV that receives a dose lower than the
prescribed dose to the CTV by an amount larger than the
tolerance limit.

It should be pointed out that significant problems are
associated with dose reporting of the maximal and/or min-
imal doses. For example, the minimal dose is highly uncer-
tain because of uncertainties in the placement of the region
of interest near high-gradient regions. The maximal dose is
also unreliable, because it corresponds to the high-dose tail
of the DVH. In both cases, the values depend on the voxel
size. Also, with the advent in the future of Monte Carlo—
based treatment planning, the maximal and minimal doses
in aregion of interest will be, by definition, several standard
deviations away from the true maximal or minimal doses.

Niemierko (122) has introduced a new concept for sum-
marizing and reporting inhomogeneous dose distributions
called the equivalent uniform dose. This concept assumes
that any two dose distributions are equivalent if they cause
the same radiobiologic effect. McGary et al. (215) pointed
out that there are conditions in which the equivalent uniform
doseis not adequate as a single parameter to report or analyze
inhomogeneous dose distributions (e.g., when the minimal
dose is significantly lower than the mean dose) (216).

It is likely that to make possible quantitative use of
clinical resultsinvolving IMRT, the entire DVH for each of
the pertinent volumes (PTV, CTV, and the organs at risk)
will need to be reported. Therefore, the CWG believes that
the dose-volume data available directly from the DVHs
generated by IMRT planning systems are more suitable for
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correlating with clinical outcomes. The CWG suggests that,
as a minimum, the dose that covers 95% (Dgs) and 100%
(D400) of both the CTV and the PTV and the percentage of
the CTV and PTV receiving the prescribed dose (Vo) be
obtained from a DVH and reported. The mean, minimal, and
maximal doses (averaged over the nearest neighbor voxels)
to each CTV and PTV should aso be reported. Similarly,
for the organs at risk, the mean, minimal, and maxima doses
and other relevant dose-volume data should be reported.

Recommendations. Target volume and dose specification

The following list summarizes the CWG’s recommenda-
tions regarding target volume and dose specification for
IMRT for the purposes of correlating them with the clinical
outcome:

1. Clinicians should specify the target volume(s) following
the recommendations of ICRU Reports 50 and 62 (198,
199).

2. The PTV must (at least attempt to) ensure proper cov-
erage of the CTV in the presence of the inter- and
intrafraction variation of treatment setup and organ mo-
tion. The conventional approach of assigning a uniform
margin around the CTV is generally no longer adequate
when IMRT plans are considered.

3. Application of IMRT to sites that are susceptible to
breathing motion should be limited until proper accom-
modation of motion uncertainties is included.

4. Important research issues in the area of target volume
specification include the following:

e Development of guidelines defining which specific
imaging modalities should be used for GTV delinea
tion for specific sites.

« Development of more automatic and robust methods
of image registration suitable for routine use in RT
treatment planning.

e Development of quantitative methods and rules for
CTV delinezation.

« Development of methods and/or technology to better
account for and reduce spatia uncertainties.

5. As a minimum, the following information should be
reported for the purpose of correlating the dose with the
clinica outcome:

e Prescribed (intended) dose, as well as the point or
volume to which it is prescribed; a fractionation pre-
scription should also be included.

» Dose that covers 95% (Dgs) of the PTV and CTV.

» Dose that covers 100% (D,q) of the PTV and CTV
(i.e., the minimal dose).

* Mean and maximal doses within the PTV and CTV.

« Percentage of the PTV and CTV that received the
prescribed dose (V 1q0)-

e For each organ at risk, the maximal, minimal, and
mean doses, the volume of the organ receiving that
dose, and other relevant dose-volume data.
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CLINICAL EXPERIENCE, CHALLENGES,
AND CONTROVERSIES

The preceding sections addressed the major technical
issues involved in the implementation of an IMRT program.
Many of these issues are of practical clinical value to
clinicians involved in the use of IMRT, and an additional
discussion of these points from a clinical standpoint is
warranted. Familiarization with the major kinds of IMRT
and the associated jargon will allow all of us, physicians,
physicists, dosimetrists, and others, to communicate with
each other more effectively. Understanding the arguments
concerning when treatment is “3D-CRT” and when it is
“IMRT” should alow physicians to honestly answer ques-
tions about what is being offered to a patient and why.
Finally, in the absence of prospective randomized trials, itis
important to consider in what clinical setting (and with what
techniques) we should expect the largest benefits with
IMRT.

Clinical Experience with IMRT

The published clinical reports on the use of IMRT for
patient treatment fall into three general categoriesin this
rapidly evolving field. The first category includes inves-
tigations into the potential benefits of IMRT treatment
planning and delivery technology, typically studied with
treatment planning comparisons involving one or more
cases. A second set of publications deals with dosimetric
confirmation of clinical IMRT treatment techniques, and
athird includes clinical studies that report on arelatively
small number of patients treated with IMRT techniques.
Unfortunately, as of yet, no reports of prospective ran-
domized clinical studiesinvolving IMRT have been pub-
lished, and this lack of information clearly limits our
knowledge of how clinical outcomes are affected by the
use of IMRT.

A number of authors have performed treatment plan-
ning comparisons between IMRT plans and other more
standard plan types. Verhey and colleagues (217) have
presented a comparison of conformal and different IMRT
techniques on 3 patients (prostate, nasopharynx, and
paraspinal), showing that the inverse-planned IMRT
techniques can yield significantly better dose results, in
some situations at the expense of additional time and
resources for the IMRT plans. Lomax et al. (218) com-
pared proton planning and photon IMRT planning for 9
patients with a variety of treatment sites. This work
showed that the medium-to-low dose load for the proton
plans was reduced compared with that for the photon
plans and accomplished approximately the same kind of
target conformation; however, this comparison was lim-
ited in that the proton plans were not performed using
inverse planning (as the IMRT plans were). Hong et al.
(219) reported on a treatment planning study that com-
pared IMRT and standard tangential beam irradiation for
10 patients with breast cancer and showed that IMRT
may improve uniformity within the breast tissue, while

also reducing the dose to the normal tissues, including the
heart and lung. However, respiration and other important
factors were not included in this study. Pickett et al (220)
reported on a single patient treatment planning study that
demonstrated the feasibility of using IMRT to treat a
dominant intraprostatic lesion (defined by endorectal
MRI and magnetic resonance spectroscopy) to 90 Gy
while not exceeding normal tissue tolerances. These in-
vestigators also demonstrated that different types of
IMRT could be used to accomplish this feat. In a fol-
low-up study, these investigators also demonstrated that
this SMLC-IMRT technique is reasonably well tolerated
on the basis of an analysis of patients who received >82
Gy to a portion of their prostate (221).

Khoo et al. (222) compared standard radiosurgery plans
for 5 patients with IMRT plans generated using the Peacock
system and found slightly improved PTV coverage, as well
as somewhat higher organ-at risk doses, for the IMRT plans.
Cardinale et al. (223) compared radiosurgery and IMRT
plans for a single patient with smulated target volumes and
concluded that the IMRT plans appear to improve confor-
mity and decrease the dose to nontarget brain tissue com-
pared with standard radiosurgery arcs or six-beam confor-
mal fixed-field treatment plans.

Dosimetric and localization studies for the clinical
application of IMRT have also been published. Tsai et al
(224) reported on the dosimetric verification of 94 pa-
tients treated with sequential tomotherapy IMRT. Tar-
geted diseases included, among others, glioma, astrocy-
toma, meningioma, brain metastasis, craniopharyngioma,
nasopharyngeal cancer, lymphoma, melanoma, and pros-
tate and esophageal carcinoma. This report on QA pro-
cedures concluded that over the course of the treatment of
these patients they were able to reduce their QA efforts
from individual per-patient procedures to more routine
machine-specific QA. Verellen et a (225) published a
detailed description of the procedures used for the treat-
ment of patients with head-and-neck tumors that received
serial tomotherapy IMRT. Dose verification studies with
alanine detectors, thermoluminescent dosimetry, and film
dosimetry were conducted. The accuracy of patient po-
sitioning was within 0.3 cm and 2.0°, except in 2 cases,
and the authors concluded that their noninvasive fixation
technique was acceptable for treatment of these patients.
However, they concluded that daily monitoring was man-
datory if accuracy better than 0. 1 cm and 1.0° was
required for patient setup. Low et al. (12) reported on the
clinical QA procedures for the treatment of head-and-
neck cancer patients with serial tomotherapy describing
the use of an ion chamber, TLD, and film dosimetry to
confirm the plan accuracy. Ling et al. (14) and Burman et
al. (187) provided a detailed description of their treat-
ment planning, treatment delivery, and QA procedures
for the treatment of patients with prostate cancer using
DMLC-IMRT. These reports concluded that for complex
planning problems in which the surrounding organs at
risk placed severe constraints on the prescription dose,
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Table 2. Conformal therapy techniques

Minimal dose
calculation Minimal imaging Treatment delivery Degree of
Type of conformal therapy reguirements requirements reguirements conformality*
Conventional 3DCRT 3D with DVHs Full set of CT or MRI Cerrobend blocks or MLC 2
images
Forward-planned SMLC-MRT 3D with DVHs Full set of CT or MRI Computer-controlled MLC 3
images
Inverse-planned SMLCAMRT 3D with DVHs Full set of CT or MRI Computer-controlled MLC 2-4
images
DMLC-HMRT 3D with DVHs Full set of CT or MRI Dynamic MLC 24
images
Tomotherapy IMRT 3D with DVHs Full set of CT or MRI Tomotherapy device or at 2-4
images least linear accelerator
with binary MLC

* Conformality was subjectively rated on a scale of 1 to 5 (higher number indicating a higher degree of conformality) to point out to the
reader that inverse-planned IMRT can be either better or worse than forward-planned techniques depending on the objective function and/or
the input parameters used in the inverse planning process and on technical details related to the various delivery techniques. Note that no
attempt was made to distinguish how well the three inverse-planned IMRT methods would compare against each other.

Abbreviations: 3D = three-dimensional; CRT = conformal radiotherapy; DVH = dose-volume histogram; MLC = multileaf collimator;
SMLC = segmental MLC; IMRT = intensity-modulated radiotherapy; DMLC = dynamic MLC.

IMRT provides a powerful and efficient solution. A re-
cent study by Fraass et al. (15) on the effect of computer-
controlled treatment delivery on treatment delivery errors
involved a large number of patients treated with SMLC—
IMRT.

Several recent published reports have emphasized clinical
end points in patients treated with IMRT. De Neve et al.
(16) used an SMLCHMRT technique to treat patients with
head and neck or thyroid cancer. Doses of 70—80 Gy were
delivered to the primary tumor volume without exceeding
the tolerance of the spinal cord (50 Gy at the highest voxel).
The in-target dose inhomogeneity was approximately 25%.
The shortest time of execution of treatment (22 segments)
on a patient was 25 min. De Neve et al. (226) aso docu-
mented the successful repeated treatment of patients with
pharyngeal cancer using their SMLC-IMRT techniques.
Fraass et al. reported on the treatment of >350 patients
using a somewhat different type of SMLCIMRT. In this
work, patients with awide variety of clinical treatment sites
were treated, including patients in dose-escal ation studies of
the brain, lung, and liver treated to doses of =90 Gy.
Planning techniques, clinical treatment times, and plan op-
timization issues were described. Eisbruch et al. (227) re-
ported on a parotid-sparing SMLCHMRT technique of the
head-and-neck region and demonstrated significant sparing
of the parotid gland. Burman et al. (187) described a DM-
LCMRT technique used to treat 8 prostate patients and the
extensive QA checks used.

Serial tomotherapy treatments have been described by
a number of authors. Tsai et al. (10) provided a descrip-
tion of their treatment process using this technology for
>92 patients. That report was followed by one docu-
menting their serial tomotherapy—IMRT verification
techniques used for the initial 12 patients (224). Kupper-
smith et al. (228) recently published a retrospective re-
view of clinical treatment results for 28 head-and-neck

cancers patients who were treated using serial tomothera-
py—IMRT. The authors reported significantly lower acute
toxicity than was previously seen with conventional RT.
Butler et al. (229) reported on their initial experience (20
patients) in the definitive treatment of head-and-neck
carcinoma using a serial tomotherapy—IMRT technique
they called simultaneous modulated accel erated radiation
therapy (SMART). They reported that the initial tumor
response was encouraging and the short-term toxicity
acceptable. A larger patient population and longer fol-
low-up are needed to eval uate the ultimate tumor control
and late toxicity. Grant (13) and Grant and Cain (230)
described the serial tomotherapy—IMRT technique used
to treat >300 patients and concentrated on describing the
procedures used for these treatments.

SMLC, DMLC, or tomotherapy: What kind of IMRT
should | use?

Which kind of IMRT should be used in varying situ-
ations is a very common question during discussions of
the clinical uses of IMRT. Table 2 summarizes the spec-
trum of 3D-CRT/IMRT techniques commonly available.
SMLC-IMRT evolved directly from 3D-CRT. At insti-
tutions with an established program using 3D-CRT, the
transition to SMLC-IMRT represents a very natural step
toward more a sophisticated form of CRT. SMLC-IMRT,
based on the use of multiple ML C shapes at a fixed gantry
position, can be implemented using either forward or
inverse planning, or with a combination of the two plan-
ning approaches. Without some forward planning, it is
very difficult to be realistic about “where to start” in
developing an optimized inverse plan, and without in-
verse planning, one can not be certain that other reason-
able options would not yield a better result. SMLC-
IMRT involving some forward planning has been in
clinical use at centers in the United States and Europe
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since at least 1994 (15, 16, 133, 220, 231). The last three
rows of Table 2 list the IMRT techniques devel oped with
inverse planning only. The quality of the CRT delivered
with these techniques depends generally on the cost func-
tion used in the inverse planning process and on technical
details related to the various delivery techniques.

Advantages and disadvantages of various types of IMRT

Each of these forms of IMRT have theoretical advantages
and disadvantages. Forward-planned SMLC represents the
least expensive and least complicated approach for taking
CRT to the next level. Additional benefits of SMLC-IMRT
include that films more closely resembling conventional
port and simulation films can be generated, and that SMLC
can make use of more intuitive forward planning ap-
proaches in certain situations. In contrast, inverse-planned
IMRT (SMLC, DMLC, and tomotherapy) generally does
not allow port films that closely resemble conventional port
filmsto be generated. Nor do these methods alow clinicians
to easily trandate “what they would usualy do” directly
into an IMRT plan. DMLC and tomotherapy are often
described as being capable of generating more conformal
dose distributions than SMLC, although this has not been
conclusively shown. Thesetypesof IMRT arelikely to be of
greatest value when the day-to-day setup variation and
organ movement are minimized and when a very high dose
is desired immediately adjacent to a critical structure. Both
of these approaches require sophisticated inverse planning
algorithms, which may reduce the dependence of the treat-
ment planning process on the planning skills and experience
of the dosimetrist (although significant skills are necessary
to develop the cost function used by the inverse planning
algorithm). Theoretically, inverse planning can be accom-
plished by setting the parameters and waking away to
complete other tasks. Unfortunately, exactly just how these
trestment parameters should be set for a given case often
still involves a great deal of trial and error.

Several unique features suggest that in the future he-
lical tomotherapy may hold great promise. First, if the
tomotherapy device includes acquisition of CT images
acquired in near “real-time,” it may be possible to ac-
count for organ movement and day-to-day setup varia-
tions, potentially performing adaptive RT (discussed in a
previous section) (205). Adaptive RT involves modifying
what was actually delivered immediately or before the
time of the next treatment session. A disadvantage of the
helical tomotherapy system is that it would require the
radiation oncology department to purchase a new piece of
equipment, with considerable initial costs. It remains to
be determined just how this developing technique will
compare with IMRT techniques, which make use of con-
ventional computer-controlled, MLC-equipped linear ac-
celerators.

Clinical summary
Thus, we see that no definitive studies have conclusively
demonstrated the impact of IMRT on improved tumor con-

trol and decreased long-term morbidity, nor have any stud-
ies demonstrated the superiority of one particular IMRT
technique—at least on aclinical basis. Ultimately, the value
of IMRT needs to be tested to show that the use of IMRT
will further the 3D hypothesis, as advocated by Lichter
(232); that is, that 3D-CRT will allow higher doses of
radiation to be delivered with equal or less morbidity than
standard techniques. The IMRT CWG does not advocate the
direct testing of IMRT vs. no IMRT—that would be too
reductionist—nor, even, necessarily 3D vs. 2D planning.
Rather, we advocate the testing of the high doses made
possible by IMRT vs. conventional doses. The areas of
interest include cranial, head and neck, lung, breast, pan-
creas, prostate, and gynecologic applications.

CONCLUSION

IMRT is an advanced form of external beam irradiation
often used to perform 3D-CRT. It represents one of the most
important technical advancesin RT since the advent of the
medical linear accelerator. Currently, most IMRT ap-
proaches increase the time and effort required by physicians
and physicists, because optimization systems are not yet
robust enough to provide automated solutions for all disease
sites, and routine QA testing is still quite time intensive.
Considerable research is needed to model clinical outcomes
to alow truly automated solutions.

Current IMRT delivery systems are essentialy first-gen-
eration systems, and no single method stands out as the
ultimate solution. In addition, IMRT techniques appear to
place greater stress on the treatment machines. Currently, no
articles about the effects of IMRT use on machine reliabil-
ity, downtime, and failure rate have been published. This
could become a potential issue in the future.

The instrumentation and methods used for IMRT QA
procedures and testing are not yet well established. In ad-
dition, many fundamental questions regarding IMRT are
still unanswered, including the radiobiologic consequences
of altered time-dose-fractionation and that the dose hetero-
geneity for both the target and normal tissues may be much
greater with IMRT compared with traditiona RT tech-
niques.

All that said, this new process of planning and treatment
delivery shows significant potential for improving the ther-
apeutic ratio. Also, although inefficient today, it is expected
that IMRT, when fully developed, will improve the effi-
ciency with which external beam RT can be planned and
delivered, and thus potentially lower costs.

The recommendations contained in this report are in-
tended to be both technical and advisory, but the ultimate
responsibility for the clinica decisions pertaining to the
implementation and use of IMRT rests with the radiation
oncologist and radiation oncology physicist. It should be
well understood that thisis an evolving field, and the CWG
expects modifications of these recommendations as new
technology and data become available.
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APPENDIX

IMRT nomenclature

Beamlet (also referred to as a ray or bixel): A small
photon intensity element used to subdivide an intensity-
modulated beam for the purposes of intensity distribution
optimization or dose calculation. Intensity is defined as
fluence or energy fluence, depending on the dose-calcu-
lation algorithm used.

Class solution: Thisterm refers to the historical experience
in designing RT plans for a particular site. Examples
include breast tangents, 3-field head-and-neck plans,
4-field pelvic plans, and so forth. Class solutions are often
the starting point for optimized forward treatment plan-
ning. An IMRT class solution for a given treatment site
and stage of disease consists of the criteria for optimiza-
tion (the form of the objective function and values of its
parameters) and the specification of the beam techniques
used, typically including beam directions and number.
Once developed, a class solution may be applied repeat-

edly to generate IMRT plans for patients with the same
stage of disease at the same site and for other similar
clinical considerations.

Dynamic multileaf collimator (DMLC)-IMRT: A
method used to deliver intensity-modulated beams using
an MLC, with the leaves in motion during radiation
delivery. The diding window technique is a form of
DMLCAHMRT in which the window formed by each
opposing pair of leaves traverses across the tumor volume
while the beam is on.

Field: Dose delivered from one beam direction; can be a
flat-intensity profile (normal flat field) or a non-uniform
fluence distribution delivered with multiple static MLC
segments (SMLC) or DMLC techniques.

Forward planning: Treatment planning in which the planner
defines the beam directions and shapes, beam weights,
wedges, blocks, margins, and so on, followed by the dose
calculation and then the display and evaluation of the dose
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distribution. Iteration through the process is performed man-
ually to reach an optimal (or at least an acceptable) plan.

Intensity-modulated radiotherapy (IMRT): An advanced
form of 3D-CRT that uses non-uniform radiation beam
intengities incident on the patient that have been determined
using various computer-based optimization techniques.

I nver se planning: Treatment planning in which the clinical
objectives are specified mathematically and a computer
optimization agorithm is used to automatically determine
beam parameters (mainly beamlet weights) that will lead
to the desired dose distribution. Inverse planning is some-
times confused with matrix inversion of a given dose
distribution, although thisis not actually how any current
inverse planning system works.

Objective function (cost function): A mahematicad de-
scription of criteria of trestment plan optimization (i.e,
clinica objectives). Optimization criteria may be specified
in terms of dose-limits, dose-volume limits, dose-response
functions (TCP, NTCPs, etc.), or other formulations.

Score (cost): The numerica value of the objective function
that represents a figure of merit indicating the qudity of the
treatment plan. The best plan corresponds to the extremum
score. The extremum may be a minimum or a maximum
depending on the way the objective function is defined.

Segment: Shaped aperture with uniform fluence; typically one
of many ML C shapesthat have the same beam direction that
is used to create an intensity-modulated field.
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Segmental multileaf collimator (SMLC)-IMRT: An au-
tomated method to deliver an intensity modulated
beam at a fixed beam direction with a sequence of
ML C segmentsin which the radiation is turned on only
when the MLC leafs come to a stop at each prescribed
segment position. The term SMLC-IMRT should re-
place step-and-shoot, stop-and-shoot, move-and-shoot,
and other similar permutations used for this type of
IMRT.

Three-dimensional conformal radiotherapy (3D-CRT):
An advanced form of external beam RT in which the
high-dose treated volume is planned to encompass the 3D
target volume (cancerous cells), at the same time mini-
mizing the dose to the surrounding organs at risk. It
requires 3D treatment planning and is typically accom-
plished with a set of fixed radiation beams, which are
shaped using the projection of the target. The radiation
beams typically have a uniform intensity across the field,
or, where appropriate, have this intensity modified by
simple beam-modifying devices like wedges or compen-
sating filters. Referred to as conventional 3D-CRT in this
document.

Tomotherapy: The delivery of intensity modulated rotating
fan beams. Serial tomotherapy is the delivery of multiple
fan beams with discrete table increments between each
axial gantry arc. Helical tomotherapy makes use of heli-
cal CT type mations (continuous synchronized gantry and
table mation).



