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Abstract

Radiation and surgical oncology share the common drive for localized intervention
and minimal side-effects. These two disciplines are converging in their search for
minimally invasive approaches to achieve this objective. New techniques have
recently been developed to localize and characterize oncologic targets, and as target
localization techniques and treatment approaches have become more precise, the
planning and guidance tools for radiation oncology and surgical therapies have
converged. Imaging also provides the opportunity to provide feedback relating to
the progress of the treatment to the oncologist. This chapter discusses the nature of
the cancer intervention philosophy, reviews technological advances in the use of
imaging to guide radiation therapy, highlights the potential for fusion of therapies
(i.e., surgery and radiation) through the use of image-guidance, and identifies trends
for integration of image-guidance approaches in the community.

17.1 Introduction

Oncology is a rapidly evolving field with great promise for both existing
and novel forms of localized cancer therapy. At the forefront of this evolu-
tion are the development of exquisite characterization of the target in situ
and the adaptation of imaging technologies to the treatment context.

The advances in diagnostic imaging have increased the sensitivity and
specificity for target detection and characterization, which has heightened
the interest in conformal targeting of the disease tissues for reduced toxicity.
It can be expected that the continued developments in diagnostic imaging
will drive this dynamic with growing pressure in the development of mini-
mally invasive approaches to intervention. This chapter reviews the mecha-
nisms and trends for image guidance adoption in the community, after a
brief introduction to the nature of the cancer intervention philosophy.
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17.2 Oncological Targets and the Nature of Disease
Management

Successful treatment of localized cancer targets poses a complex and
challenging problem. From earliest records, the disease is characterized by
its remarkable invasive entanglement in the surrounding normal tissues. The
desire to maintain function in the surrounding tissue is often compromised
in exchange for confident eradication of the disease from its midst. The
aggressive nature of cancer and its capacity to recur, given the slightest of
residue, forces the clinician to take an approach of confident eradication.
Compromising eradication in exchange for reduced toxicity is, in general, a
temptation that is not to be taken lightly. More clearly, the concept of a
partial intervention is not an approach that applies in such a disease where
incomplete resection assures recurrence and leaves the patient with reduced
capacity for further intervention.

The invasive nature of the disease has also evolved forms of therapy
that can be safely applied under a range of presentations of the disease; from
an isolated, accessible target to those intertwined with critical normal tissues.
The two major forms of intervention are surgery and radiation therapy.
Briefly, surgery involves tissue resection and radiation therapy involves ir-
radiation of targets and normal tissues. The latter has the advantage of a
preferential cyto-toxicity for cancerous cells relative to normal cells. These
two therapies are applied in all varieties of localized cancer therapy and
together often provide a complementing pair. No further description of these
two interventions is required in this chapter; however, it is important to
highlight the differences in the nature of their intervention, as it is relevant
to the image guidance context and the ever-present tradeoff between eradi-
cation of the tumor and preservation of normal tissue.

In both surgical and radiation intervention, a simplistic but relevant
description of the objective is to eliminate cancerous cells. In the surgical
context, the cancer cells are physically resected with the removal of tissue.
This resection could be considered as a binary intervention — either the cells
were removed or not. In the radiation therapy context, each irradiation or
fraction has some probability of inducing the death of a cell.

This probabilistic nature of the intervention provides a much more
forgiving instrument when geometric uncertainties are present. Furthermore,
it allows the therapy to preferentially target cancer cells relative to their
normal cells, even when the two cell types are colocalized in space—a
situation in which geometric selection of the cancer cells from the normal
cells would require a level of precision and accuracy on the scale of a single
cell. It is this selective nature of the radiation intervention that has made it
so attractive to the oncologist, as it allows for some level of selection when
geometry does not provide the opportunity. To maximize the potential of this
selection process, however, the therapy needs to be broken into a number of
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repetitive fractions; thereby allowing the differential cancerous cell kill to
accumulate to a level of significance [Bernier et al. 2004].

Recent developments in image guidance have begun to shift this radia-
tion therapy practice toward fewer fractions. In the case where the number
of fractions is reduced to less than ten, it is referred to as hypofractionation,
and often these few numbers of treatments are applied in a stereotactic
approach [Leksell 1951]. The broad use of the stereotaxy label is somewhat
historical and simply communicates the expectation that these treatments are
delivered with a very high level of precision and accuracy, often through
calculated coordinates of a target.

Recently, image-guided approaches, combined with hypofractionation,
have been referred to stereotactic radiosurgery or SRS (in the cranium) and
stereotactic body radiation therapy (SBRT). Using different fractionation
schedules, radiation intervention has a nature of intervention that ranges
from the selective to the ablative, where its mode of use is more akin to
surgical intervention. It is of great relevance to this chapter to recognize that
this remarkable transformation of radiation intervention was made possible
by the development of image guidance methods that offer an appropriate
level of precision and accuracy in the geometric targeting of the dose.

Development of more specific imaging techniques in the process of
diagnosis will have a synergistic interaction with image guidance techno-
logy developments. Conventional radiation oncology practice has targeted
the entire volume of the gross disease with uniform dose of a prescribed
level. The identification of a subtarget that would represent elevated tumor
burden or radiation resistant cells opens the opportunity to apply increased
dose to this subregion. Such a dose-sculpting concept [Ling et al. 2000] is
exciting, and is only feasible if methods can be developed for assuring
the dose is delivered to this region, and not a surrounding normal structure.
In this way, the advantages of improved target definition and the advance-
ments in therapy targeting are both required if the full benefit of image-
based target characterization is to be exploited for the benefit of the patient.

17.3 Imaging and Feedback in Intervention

17.3.1 Formalisms for Execution of Therapy

The development of image guidance in the context of radiation therapy has
been substantially accelerated by the creation of a robust lexicon for
communicating the intent of the therapeutic intervention, formalizing the
description of the prescription. The International Commission of Radiological
Units (ICRU) has provided a forum for the generation of standardized
methods of prescribing radiation therapy [Measurements 1993, 1999].

The evolution of the ICRU Reports #50 and #62 over the past 20
years has been an important “structural breakthrough” in the development of
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image guidance as it is currently practiced in radiation oncology. The
documents created a nomenclature that allowed the dosimetric and geo-
metric objectives of the radiation intervention to be communicated from the
clinician to the rest of the treatment team. It also introduced a principle that
is central to the image guidance task; geometric constructs or margins that
explicitly accommodate the technical challenge of colocalizing the radiation
dose distribution with respect to the tumor and normal tissues within the
human body, over the many fractions of radiation treatment. The formaliza-
tion of this margin concept has provided a fulcrum for the advancements of
image guidance technologies by clarifying that component of the interven-
tion is a by-product of imperfections or incapacity in the fidelity of the
delivery scheme. The reduction of these margins has become a focus of
the community, as they are directly associated with excess toxicity and, there-
fore, constraints on dose escalation of increased cure. Some of the elements
of the ICRU formalism employed in radiation oncology are presented in
(Fig. 17.1).

The volume of irradiation described by the planning target volume
(PTV) can be contrasted against the supporting clinical target volume to
illustrate the penalty associated with geometric uncertainties in the delivery
of therapy. The methods employed to characterize uncertainty in the sur-
gical context have been largely restricted to registration errors related to
points in space employed for registration and for targeting [Fitzpatrick et al.
1998]. The development of a formalism in support of surgical intervention is
an objective that would assist in the rational deployment of image guidance
across the oncology field.

17.3.2 Dimensions of an Image-Guided Solution
for Radiation Therapy

The selection or development of an appropriate image guidance solution is a
complex process that typically contains compromises between clinical object-
tive, availability of technology, efficiency, and manpower [Jaffray et al.
2005]. The simple development of an imaging method falls far short of the
successful implementation of improved accuracy and precision in inter-
vention. The following list identifies some of the many factors that must be
considered in establishing an image guidance solution:

Clinical objective (targeting/normal tissue sparing)

Structures of interest (target/surrogates, normal structures)

Desired level of geometric precision and accuracy

Residual uncertainties to be managed (e.g., through the use of margins
in RT)

5. Method of intervention (constraints, degrees of freedom)

Rl o
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“Avoiding”
Dose Level

Family of Dose Levels

Fig. 17.1. An illustration of the ICRU constructs employed in the prescription and
design of radiation therapy. The gross tumour volume (GTV) represents the com-
ponent of the disease wherein imaging methods can be employed to characterize its
three-dimensional morphology. The clinical target volume (CTV) accommodates
the fact that clinical knowledge of the disease supports treating volumes that exceed
the “imageable” volume based upon suspicion of microscopic disease extension into
the surrounding tissues. It is often the case that GTV and CTV volumes will be
prescribed different dose levels (although not reflected in this illustration). In
addition to the target volumes, organs at risk (OAR) constrain the placement of
dose. These structures are critical to function and have a sensitivity to the radiation.
The dotted volumes (planning target volume or PTV and planning risk volume or
PRYV) are constructs employed in the design of the therapy. These constructs are
generated specifically to accommodate the geometric targeting uncertainties of
radiation delivery process. As “volumes” they do not reflect any specific tissues,
nor are they related to any volume within the patient. Their purpose is to represent
the geometric inaccuracy and imprecision in overall process. The margins between
CTV and PTV (or OAR and PRV) are sometimes referred to as “safety margins,” as
they assure cover and avoidance of the various anatomical volumes. A simple dose
distribution has been overlaid (i.e., Family of Dose Levels) to illustrate the selection
of the “red” dose level for coverage of the PTV volume and the verification that the
“orange” dose level does not reach the OAR. The determination of appropriate
safety margins is a challenging element of radiation therapy and it requires an
understanding of the sensitivity of the structure to dose variation, the magnitude of
the dose gradient at that location, and prior knowledge of the geometric
uncertainties in actual CTV and OAR locations over the course of therapy.
Typically, this information is generated for a population of patients and a specific
treatment technique
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6. Gradients in the intervention (dose, ablation)

Strength of surrounding surrogates (bone, skin)

8. Consideration of implanted markers as surrogates of target/normal
structure

9. The length of the procedure of number of fractions for which gui-
dance is required

10. Available treatment capacity (treatments/hour) on treatment system

11. Application for all or some patients

12. Identification of individuals responsible for development

13. Identification of individuals responsible for commissioning and per-
formance characterization

14. Identification of individuals responsible for performing quality
assurance on the system and periodic verification of performance

15. Development of a structure for delegation of responsibility with
respect to measurement, analysis, decision, and operation.

=

These factors highlight the scope of the problem, with issues reaching
into the domains of clinical operations, training of staff, and delegation of
responsibility. The development of clinical image guidance solutions in onc-
ology practice requires a very broad investment by a number of groups and
disciplines. Experience in radiation oncology has demonstrated that effective
deployment has even required the development of education programs to
bring all the disciplines into the process and to clarify the relative roles these
disciplines play in the image guidance paradigm. It is likely that similar
investments will be necessary in the surgical context if these advances are to
become efficient and broadly applied.

17.3.3 Image Guidance Technologies in Radiation
Oncology

The localized nature of the intervention in radiation therapy clearly requires
some level of targeting or guidance. Conventional approaches have largely
relied on the use of external skin marks for the routine positioning of
patients for radiation delivery. Typically, a patient will be imaged using
either radiographic or CT methods to determine the location of internal
targets. During this process, external reference marks are drawn or tattooed
onto the patient’s skin. In addition to these marks, anatomical reference
points (e.g., sternal notch, scar, umbilicus) will also be documented to
reinforce the marks over the course of delivery.

Once the treatment plan is complete, the patient will be positioned
for their daily treatment using these reference marks by aligning them to a
set of orthogonal lasers located in the treatment room. The lasers beams
(typically 5-7) are refracted to generate planes that all intersect at the
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isocenter of the treatment machine with a tolerance of better than 2 mm
[Kutcher et al. 1994]. This isocentre is the point in space at which all
treatment beams intersect regardless of the angle of the gantry or couch. It
has long been understood that the use of skin-based surrogates for internal
target positioning introduces significant geometric inaccuracies in the place-
ment of dose within the body, but imaging methods to resolve this have
been slow (decades) in development.

The past 20 years have seen steady improvements in this regard with
initial efforts focused on the development of “portal imaging,” that is, the
use of the radiographic properties of the treatment beam to visualize the
internal anatomy and, more recently, a variety of volumetric imaging techn-
ologies used in addition to portal imaging to improve visualization and
allow 3D assessment of target and normal tissues (Fig. 17.2).

The past 15 years have seen dramatic advances in portal imaging
technology. The introduction of the Kodak ECL film system and the deve-
lopment of computed radiography (CR) systems have improved the quality
of the images produced with these systems. Munro [1999] provides an
excellent review of electronic portal imaging devices in the clinical setting
and identifies the current status of the commercially available devices. The
quality of images generated with these new devices is satisfactory at clini-
cally acceptable imaging doses (2—8 cGy) and has sufficiently large field-of-
view to cover most clinical fields. The images formed with these systems
can not only guide the treatment, but can also verify the shape and orienta-
tion of the treatment field [Schewe et al. 1998].

Visualizing surrogates of target position and the edge of the treatment
field in the same image has made the portal imaging approach extremely
robust and relatively easy to integrate into clinical practice. Portal filming
can be used as a robust source of data for off-line correction schemes and
many of the early feasibility studies on the implementation of off-line
correction strategies were tested on portal film based measurements. Elec-
tronic portal imaging devices (EPIDs) have spurred the development of
online repositioning strategies, as well as provided a wealth of data for
support of off-line approaches. The continued development of portal
imaging technologies will drive reduced imaging doses and permit more
frequent imaging in support of both online and off-line strategies. These
technological advances will provide robust systems for monitoring the
quality of therapy. However, the inherently low subject contrast in the MV
radiographs and restriction associated with imaging through the treatment
port has been spurring the development of kilovoltage (kV) imaging sys-
tems on the medical linear accelerator. The future of guidance and
verification in radiation therapy will most likely be a hybrid of MV and kV
technologies.
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Fig. 17.2. Image guidance methods employed in radiation oncology practice
generate a variety of image types. (a) Radiographic design of treatment fields using
kV radiographs acquired in the planning stages were verified at the time of
treatment using portal images. These images were generated with the actual
treatment port and provided detection of bony anatomy and air passages. Often the
images were reduced in quality by the interference of the treatment table, or trays
used to hold the field-shaping blocks in place. (b) The development of electronic
portal imaging systems allowed images to be detected at the time of treatment and
adjustments in patient position could be made before each fraction. This online
approach, combined with the implantation of markers, has become a very common
method of achieving accurate and precise targeting of the prostate gland. The two
images in frame (b) would be compared each day to estimate the necessary
adjustment to the patient’s position. (¢, d) kV volumetric cone-beam CT images
acquired on the treatment unit provides soft-tissue visualization without the use of
implanted fiducials. The head and neck images shown in (¢) can be compared with
the portal images of the head and neck in the frame directly above. Similarly, the
prostate dataset in frame (d) can be contrasted with the visualization of prostatic
anatomy in the portal image on the right of frame (b). Soft-tissue imaging with the
megavoltage treatment beam has been progressing well. MV CT from the
Tomotherapy platform are shown in frame (e) and MV cone-beam CT images from
the Siemens MVision system are shown in frame (f)

17.3.3.1 Kilovoltage Radiography and Fluoroscopy for Bone
and Implanted Surrogates

There have been many embodiments of kV radiography and/or fluoroscopy
integrated with the radiation therapy treatment device [Shirato et al. 2000].
Figure 17.3 illustrates direct integration of kV X-ray sources as proposed by
multiple investigators. Others have proposed attaching a kV X-ray tube to
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the gantry and achieving MV and kV source coincidence by a gantry
rotation or table translation [Biggs et al. 1985; Drake et al. 2000]. Develop-
ments have also proceeded in the construction of room-based kV imaging
systems [Raaymakers et al. 2004]. Both approaches are designed to localize
the bony anatomy or surrogate structures (markers, etc.) through acquisition
of at least two radiographs that are acquired at two distinct and known
angles. In the gantry-based approach, a single imaging system is used in
conjunction with the gantry rotation to generate the necessary images.
Room-based systems typically include a minimum of two complete imaging
systems (source and detector) and have been constructed with up to four
separate systems. Kurimaya et al. [2003] use four systems to permit continu-
ous stereo monitoring regardless of linear accelerator gantry angle. The
types of detectors used in these systems range from conventional radio-
graphic film, to image-intensifiers, to charge-coupled devices/phosphor screen-
based systems, to large-area flat-panel detectors. The continued development
of large-area, high-performance flat-panel detector technology can be ex-
pected to spur this approach in coming years. This is clearly demonstrated in
the rapid dissemination of the Elekta Synergy System, the BrainLab Novalis
unit, and Varian’s OBI Systems as illustrated in Fig. 17.3.

17.3.3.2 Kilovoltage Computed Tomography (kVCT)

Dedicated radiographic imaging systems promise to revolutionize radiation
therapy practice by increasing the precision with which the patient’s bony
anatomy can be positioned with respect to the treatment beam. These sys-
tems can also be extended to more mobile targets by implantation of fiducial
markers directly in the targeted structures. The generality of this approach is
limited, as it does not support visualization of adjacent dose-limiting normal
structures. The advancement of a general solution for precision radiation
therapy throughout the human body requires the capacity to visualize soft-
tissue structures in the treatment context. There have been a number of
volumetric imaging modalities proposed for this task, including, ultrasound
(US) [Kurimaya et al. 2003], computed tomography (CT) [Court et al.
2003], and magnetic resonance (MR) imaging [Raaymakers et al. 2004].

17.3.3.3 Conventional CT in the Treatment Room

The placement of a conventional CT scanner in the treatment room with a
known geometric relationship with respect to the treatment machine offers a
feasible and robust approach to implementing CT-guided radiation therapy.
Uematsu et al. have been developing this approach over the past 7 years
[Simpson et al. 1982].

Currently, multiple manufacturers provide products of this type (e.g.,
Siemens’ Primatom; Mitsubishi’s accelerator in combination with a General
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Fig. 17.3. There are numerous forms of image guidance capable treatment
machines. The addition of kilovoltage (kV) imaging systems to radiation therapy
treatment units has become commonplace. Typically, these systems either integrate
the kV system on to the gantry for radiography and cone-beam computed
tomography (CBCT) [(a) Elekta Synergy, (b) Varian Trilogy, (¢) Siemens Artiste]
or employ room-mounted radiographic systems [(d) Shirato et al., (e) Brainlab
Novalis, (f) Accuray Cyberknife). Solutions that generate soft-tissue images of the
patient using the treatment (MV) beam have also been developed [(g) Tomotherapy,
(h) Siemens MVision]
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Electric CT scanner, and Varian’s ExaCT targeting system) [Brahme et al.
1987]. All systems are based upon a CT scanner placed in close proximity to
the medical linear accelerator, allowing a single couch to be moved from an
imaging position to the treatment position. These systems vary in the
amount of motion and degrees of freedom required to move the patient from
one position to the other. The commercially available systems minimize the
amount of couch movement by translating the CT scanner gantry during
acquisition. This has the perceived merit of avoiding differences in couch
deflection at different couch extensions [Nakagawa et al. 2000].

While the installation of a second costly system in the treatment room
is perceived to be somewhat inelegant, it has a clear advantage in that it
leverages all the development that has been invested in conventional CT
technology over the past 20 years, leading to unquestioned image quality
and clinical robustness. Forrest et al. [2004] report a positional accuracy for
the Mitsubishi-based system of under 0.5 mm, while Court et al. report an
accuracy of 0.7 mm that can be reduced to 0.4 mm when using radio-
opaque fiducial markers [Mosleh-Shirazi et al. 1998]. Such accuracy, in
combination with excellent image quality, promises excellent management
of interfraction setup errors and organ-motion. The issues of motion be-
tween imaging and delivery remain and needs to be accommodated through
the appropriate selection of PTV margins.

17.3.3.4 Cone-Beam CT on the Medical Linear Accelerator

An alternative approach for CT-based image guidance is to integrate the
CT imaging system directly into the mechanics of the medical linear
accelerator, providing an integrated approach that echoes the objectives of
Uematsu’s device. Current medical linear accelerators are limited to
approximately 360° of gantry rotation. This would limit a conventional CT
approach on such a gantry to one slice per revolution. The IEC limits on
gantry rotation rate (~1 rpm) would make imaging with such a platform
prohibitive.

Recent advances in large area flat-panel detector technology offer the
opportunity to implement cone-beam computed tomography [Groh et al.
2002], permitting a volumetric image to be acquired in a single revolution of
the gantry structure. Pouliot et al. [2005] have been exploring this approach
over the past 10 years. Figure 17.3 contains a photograph of the cone-beam
CT systems offered by Elekta, Varian, and Siemens.

Advantages of such an approach are numerous, provided cone-beam
CT image quality is sufficient to visualize soft-tissue structures of interest in
the treatment context. This has been examined through numerous investiga-
tions [Lattanzi et al. 1998] and current flat-panel technology appears to
provide a reasonable level of performance with continued performance
enhancements anticipated. The cone-beam CT approach provides volumetric
imaging in the treatment position and allows radiographic or fluoroscopic
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monitoring throughout the treatment procedure. Clinical images generated
on the Elekta Synergy system are shown in Fig. 17.2. These images illus-
trate the system’s capacity to visualize soft-tissue structures with sub-
stantial detail in all three spatial dimensions. The dose delivered in the
imaging process was less than 3 ¢cGy. An integrated imaging system with
this level of spatial resolution and soft-tissue visualization capability has a
significant potential to alter radiation therapy practice.

17.3.3.5 Megavoltage Computed Tomography (MVCT)

The need for accurate electron density estimates for treatment planning was
the initial rationale for developing MVCT imaging systems and their use for
patient and target structure localization was secondary. A number of investi-
gators have been exploring the use of MV beams in CT imaging over the
past 20 years [Molloy et al. 2004].

The Slice-Based Megavoltage CT

The initial development of a MV CT scanner for radiation therapy is
attributed to Simpson et al. [Raaymakers et al. 2004]. Their approach was
based upon a 4 mV beam and a single linear array of detectors. Brahme
et al. proposed employing a 50 mV treatment beam for CT imaging in 1987
[Mageras 2005]. In their proposal, the high-energy beam would create con-
trasts comparable to a 300 keV due to the dependence of the pair production
X-ray interaction process on atomic number.

Bijhold et al. [1992] were the first group to have reported clinical
experience based upon MV CT images, using their single-slice system to
treat 15 patients for metastatic and primary lung cancer. In this system, a
single linear detector consisting of 75 cadmium tungstate crystals is moun-
ted on the accelerator gantry and can be readily removed. The authors
indicate that a spatial resolution of 0.5 mm and contrast resolution of 5%
can be resolved with the system. Clinical imaging doses of 2.8 cGy were
delivered during patient imaging and sample images are shown in Fig. 17.2.
The most recent exploration of MV CT imaging has been in the deve-
lopment of the Tomotherapy™ treatment platform [Van Herk 2004].

MYV Cone-Beam CT on the Medical Linear Accelerator

Limitations in gantry rotation have also spurred the development of cone-
beam MV CT on a medical linear accelerator. With the exception of
Mosleh-Shirazi et al. [Yan et al. 2005], these developments have come as a
by-product of advances in commercial portal imaging technology. Groh
et al. [Balter and Kessler 2007] have reported on the challenges associated
with achieving high signal-to-noise performance at MV energies with low-
efficiency flat-panel detector technology. Despite the low efficiency of
these systems, the visibility of high contrast structures, such as air and
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bone, should be reasonable at clinically acceptable doses (~5 cGy). These
systems have matured and are becoming commercially available [Kong
et al. 2005]. Images acquired with such a system are shown in Fig. 17.2.

17.3.3.6 Ultrasound Approaches in IGRT

The US approach had been proposed for many years [Kong et al. 2006]
and became commercially available in the late 1990s with the introduction
of the BAT™ system by Nomos Corporation [Blomgren et al. 1995].
Ultrasound has many features that make it a technology well-suited for
IGRT applications. It is low-cost, volumetric, has no known side-effects, is in-
teractive in its use, and provides soft-tissue contrast that can challenge more
expensive modalities such as CT or MR.

As in any technology, its strengths are also its weaknesses. The contrast-
inducing reflections limit the depth of targets to which the modality has
been applied and the need for acoustic coupling requires robust physical
contact between the probe and the patient’s external contour. The ultrasound
images are formatted in 3D using an US probe position sensor (either
mechanical or optical) and visualization software. The coordinate system of
the resulting 3D US dataset is located in treatment reference frame and can
be registered to the planning CT dataset through alignment with contours
from the planning process. The discrepancy after alignment reflects the
appropriate correction to be applied to patient position. The potential of
disturbing the target location during imaging has been an area of investi-
gation [Timmerman et al. 2005]. More recent studies provide an excellent
review of the relative performance of US-based approaches in targeting of
the prostate gland [Purdie et al. 2007]. The low-cost of the technology, its
ease of integration, and its ability for real-time monitoring of soft-tissue
structures suggest that this technology has a future in radiation therapy for
both planning [Keall et al. 2006] and localization.

17.3.3.7 Developments in MR-Guided Radiation Therapy

The high contrast and noninvasive nature of magnetic resonance (MR)
imaging has prompted the development of MR-guided radiation therapy
systems [Purdie et al. 2006]. These systems seek to exploit the remarkable
gains in MR engineering (in particular active shielding) made over the past
several years to allow integration of the significant electromechanical ele-
ments of a medical linear accelerator into the treatment room. Alternatively,
the use of Cobalt-60 sources has been suggested to further reduce the tech-
nical challenges.

The merits of these systems are arguably their ability to produce
images of the internal anatomy during radiation delivery, and without addi-
tional imaging dose associated with X-ray based approaches. The selection
of higher field systems would even offer benefits for improved identification
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of targets at the time of treatment or assessment of therapy induced
biological changes. To date, no MR-guided systems have been constructed;
however, it is likely that prototypes will be available in the next few years.

17.4 Image-Guided Applications in Radiation Oncology

The growth of image guidance technologies have allowed new treatment
approaches to be developed, and existing treatment methods to adopt image-
guided approaches. In the following section, methods of oncology inter-
vention that rely on image guidance approaches in the treatment context are
described. The intention is not to provide a comprehensive description of
these applications, but rather highlight a number of interesting models.

The past 5 years have seen a dramatic increase in the use of forma-
lized, quantitative image guidance approaches in routine radiation therapy
practice [Vicini et al. 2005]. While the technologies can be readily applied
to various clinical problems, it is most informative to highlight specific
clinical applications and comment on the clinical rationale. It is important to
note that the advances in image guidance in radiation therapy have been
made possible by substantial advances in 3D planning software and the
availability of state-of-the-art imaging in the characterization of the target
and normal tissues.

17.4.1 Prostate Cancer: Off-Line and Online Models

The past 10 years have seen a sharp increase in image guidance approaches
being applied to radiation therapy of prostate cancer. This effort has been
part of the broad initiative of dose escalation for increased probability of
cure. The dose to the prostate has gone from 66 Gy delivered to simple,
nonconformal volumes, to over 80 Gy with highly conformal approaches
based upon methods that modulate the intensity of the treatment beam. This
dose escalation has heightened the concerns regarding the volume of normal
tissues irradiated with particular concern for the dose delivered to the rectal
wall. The implementation of image guidance approaches allows confident
reduction of the PTV margins and thereby reduction in the volume of
normal tissue receiving the therapeutic dose level [Baglan et al. 2003].

Portal imaging approaches allowed bony anatomy to be localized on a
routine basis with corrections for systematic errors in treatment setup [White
in press; White et al. 2007]. However, the motion of the prostate gland
relative to boney anatomy [Islam et al. 2006] is now a recognized and well-
documented factor determining the size of the PTV margin [Pisters et al.
2007].

Schemes to accommodate the systematic errors in gland location rela-
tive to bony anatomy have been matured using off-line repeat CT imaging
with excellent success [Ward et al. 2004]. An alternative to the off-line
approach is to image every day and correct for any variations in prostate
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location by adjustments to the treatment couch. This approach requires
visualization of the prostate gland or reasonable soft-tissue surrogate. Such
approaches have been effected in many institutions using portal imaging in
combination with implanted fiducial (typically gold) markers within the
gland prior to the start of therapy [Davis et al. 2005].

This approach allows fairly straightforward interpretation of the
marker location and appropriate adjustment in patient position through
simple couch translations. Often these approaches are deployed with
threshold for adjustment (e.g., no corrections for displacements less than
3 mm) to minimize the number of adjustments, and prevent interventions
that are less than the precision of the adjustment. Developments in soft-
tissue imaging in the treatment room (e.g., cone-beam CT, Tomotherapy
megavoltage CT, and ultrasound) are allowing the soft-tissue anatomy to
be targeted directly without the need for fiducials. These approaches have
been receiving mixed reviews and there continue to be concerns with
regard to consistency of interpretation [Griffin et al. 2007].

Despite these concerns, it can be concluded that growth in the use of
these approaches will continue as image quality and confidence in inter-
pretation improves. The merits of soft-tissue guidance approaches include
the absence of fiducial placement and the opportunity to track the dose
accumulation in surrounding normal tissues. A major challenge in the use of
soft-tissue guidance is in the determination of the appropriate intervention
under conditions of target or normal tissue deformation. This is currently an
area of research and development within the radiation therapy community
[O’Sullivan 2007].

17.4.2 Stereotactic Body Radiation Therapy (SBRT)
for Cancer of the Lung

Radiation therapy of cancerous lesions in the lung has demonstrated poor
outcomes and driven the pursuit of dose escalation. Recent studies are de-
monstrating the potential clinical gains associated with increasing the ap-
plied dose [Bilsky 2005]. However, concerns regarding toxicity continue to
constrain dose escalation [Bilsky 2005]. The dependence of lung toxicity on
dose and volume makes the lung a clinical site for which increased pre-
cision and accuracy would offer further pursuit of dose escalation provided
toxicity is limited. However, the technical challenges associated with main-
taining high precision and accuracy over the multiple fractions (20+) of
conventional dose regimen (~2 Gy/Fx) is forbidding. The past several years
have seen significant interest and success in the treatment of early stage lung
cancer using stereotactic methods.

As the name implies, the targeting of the radiation dose to the lesion
is achieved through 3D localization at the time of treatment. Early
pioneers in this approach, such as Kim et al., [2001] have employed a
body frame to provide Cartesian referencing of the target within the body
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at the time of treatment. This frame is to be replaced for each of the
few (1-4) fractions delivered. This low number of fractions is the basis for
the “hypo”-fractionation label.

Similar hypo-fractionated approaches were developed in Japan during
the late 1990s [Siewerdsen et al. 2005] demonstrating the feasibility of these
methods using image guidance. The past 5 years have seen maturation of
clinical evidence to support these approaches both in terms of benefit and
feasibility of applying this approach in the broader community [Wright et al.
2006; Yenice et al. 2003]. The recent completion of the RTOG #0236
clinical trial represented the first multiinstitutional trial of this kind in the
North American setting (3 fractions at 20 Gy/Fx). Letourneau et al. [2007]
have reported on the employment of cone-beam CT methods in the targeting
of these lesions and highlighted inaccuracies in targeting based on boney
anatomy alone.

The development of 4D CT methods (Fig.17.4) have allowed
characterization of the respiration-induced movement of these targets in
3D [Ekelman 1988]. This allows development of patient-specific motion
profiles and corresponding planning target volumes [Gospodarowicz and
O’Sullivan 2003], as well as the development of tracking and gating
methodologies [Siker et al. 2006]. The use of SBRT in the lung is likely to
increase dramatically over the next few years, given the clinical outcomes
and the development of image-guided delivery solutions that are capable
of assuring target coverage.

« i | = /
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Fig. 17.4. Cone-beam CT guided radiation therapy of lung targets allows soft tissue
targeting at the time of treatment. The image on the left illustrates the visibility of
the lesion on conventional 4D CT imaging (expiration phase). The image on the
right is the same breathing phase, but acquired at the time of treatment using 4D
cone-beam CT. The use of images such as these for online guidance is becoming
more commonplace
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17.4.3 Accelerated Partial Breast Irradiation

The treatment of post-lumpectomy breast cancer has traditionally included
uniform coverage of the entire breast and chest wall, as well as a small
portion of the underlying lung [Lee et al. 2006]. Recent developments in
technological capacity have raised the potential to reduce the volume of
irradiation in a selected subset of patients, and furthermore, the fractiona-
tion schedule is modified. The rationale for these changes includes conveni-
ence, cosmesis, reduced toxicity in surrounding structures, and radiobiological
arguments of equivalent control. For example, patients would receive
38.5 Gy in 3.85 Gy/fraction delivered twice daily for 5 consecutive days.
The clinical target volume includes the lumpectomy cavity, plus a 10-15
mm margin bounded by 5 mm within the skin surface and the lung—chest
wall interface. The planning target volume (PTV) included the clinical
target volume plus a 10 mm margin [Von Hippel et al. 1999]. The technical
studies to support this level of conformality are maturing. Rosenberg [1999]
has reported on the suitability of 10 mm margins in covering the target
volume.

In this technique, conventional clinical setup is employed using evalu-
ations performed using portal imaging techniques. These studies examined
the mobility of surgical clips relative to bony anatomy to gain confidence in
the portal imaging-based assessments. Recent developments in cone-beam
CT have allowed evaluation of seroma coverage directly [Nusslin 1995].
This study found that conventional skin mark positioning was able to
achieve reasonable levels of targeting accuracy (2-3 mm standard deviation
in the mean in the population) and precision (2-3 mm standard deviation in
an individual) over the 1 week course of therapy. For the application of
online corrections, an action level for correction of errors of 3 mm was
demonstrated to be appropriate with more stringent levels producing no
further improvements in precision or accuracy.

Overall, these investigations demonstrated that skin-based positioning
produced acceptable levels of precision and accuracy for the PTV margins
employed (10 mm). The additional benefit of the method may be in the
reduction of these volumes, or in the assessment of seroma coverage at the
onset of therapy as part of the overall assurance of treatment quality. It
should be noted that the imaging doses delivered in these studies are small;
however, the benefits of improved geometric targeting needs to be evaluated
with respect to the potential risks associated with increased imaging dose to
the contralateral breast.

17.5 Image Guidance Approaches that Bridge
Therapeutic Modalities

Image guidance approaches are developing across the many forms of
oncology intervention with remarkably similar issues and solutions. These
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approaches share common issues of achieving precision and accuracy in the
intervention for the purpose of limiting toxicity while assuring the success
of the procedure. If the image-guided approaches are broadly successful,
oncology intervention will become a carefully contemplated and meticu-
lously executed series of interventions for the benefit of the patient. This
type of execution opens the opportunity for the community to consider a
much more coordinated form of cancer care that bridges the disciplines and
binds them by the accurate record of intervention performed by their com-
plementary discipline. The evolution of these steps will lead to the creation
of intervention planning systems that bridge chemical, cellular, surgical, and
radiation-based interventions.

17.5.1 The Optimal Intervention

In the following section, oncology treatment solutions that adopt a com-
bined modality therapy approach with a dependence on image-guided
methods are highlighted. The feasibility of these approaches is dependent
on the elevated level of precision and accuracy that can be achieved with
image guidance.

17.5.1.1 Preoperative Radiation Therapy in the Management
of Sarcoma

The management of soft-tissue sarcoma (STS) is a rapidly evolving complex
multidis-ciplinary activity. Recent studies have demonstrated the benefits
for optimal combination of radiation therapy and surgery in some forms of
STS. These investigations have demonstrated that the combination of pre-
operative radiation therapy followed by surgery permitted improved
outcomes, with a penalty of post-surgical wound-healing complication. These
observations raised the potential for a more conformal preoperative radia-
tion intervention to minimize damage to normal structures that are sup-
portive of the post-surgical recovery. To this end, a collaboration of surgeons,
radiation oncologists, physicists, and therapists have implemented a novel
practice for the management of STS that exploit all the elements of modern
radiation and surgery (see Fig. 17.5). This approach hinges on a set of
assertions:

1. The anatomy critical to wound healing can be identified and segmen-
ted prior to radiation therapy

2. The precision of therapy delivery allows minimal “safety margins” in
the expansion of the CTV to the PTV

3. The planning process can employ intensity modulated radiation fields
to conform the dose to these volumes while simultaneously avoiding
the avoidance structures
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Fig. 17.5. The treatment of patients with soft-tissue sarcomas at Princess Margaret
Hospital (Toronto, Ontario, Canada) is a multidisciplinary effort with involvement
of surgeons, radiation oncologists, therapists, and physicists. (a) Disease and normal
structures are identified and include volumes of interest in post-surgical wound
healing as well as more conventional targets. Avoidance is only feasible if therapy
is delivered with sufficient precision and accuracy. (b) Online image guidance using
cone-beam CT allows assurance of targeting performance while also monitoring the
juxtaposition of normal and disease structures over the course of therapy. Following
radiation therapy, the regions of elevated dose are marked on the patient prior to
surgery using a cross-calibrated optical tracking tool and the dose map used in the
treatment design. Future versions of this model will include accurate dose tracking
over the course of therapy

4. The surgeon can have knowledge of the regions of applied radiation
dose at the time of surgery to appropriately include the viable tissues
for postresection wound closure

Each of these steps draws on the latest in technologies to make them
possible so that:

1. Target and normal tissues are identified by surgeons and radiation
oncologists on multi-modal (CT and MR) datasets

2. Inverse planning methods are employed to design the intensity
modulated radiation fields

3. Daily online guidance using cone-beam CT assures target coverage
and normal tissue avoidance

4. Preoperative planning using an optical navigation system is employed
to map the high dose regions to the skin surface immediately prior to
surgical intervention

To date, this has been applied in a population of patients (>20) treated in the
sarcoma program at Princess Margaret Hospital, Toronto, Canada.
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17.5.1.2 Post-Surgical Radiation Therapy of the Spine

It is estimated that between 5% and 10% of all cancer patients will develop
metastatic spinal tumors. Metastasis of cancer to the spine is characterized
by both loss in structural integrity of the involved vertebrae and significant
pain. The use of radiation therapy in combination with surgical stabilization
of the vertebrae is growing in practice.

The developments of MR imaging for characterization of these lesions
have allowed optimization of the therapy intervention depending on various
parameters. Bilsky [2005] describes a decision-making framework for
appropriate combination of surgery and radiation depending on many fac-
tors, including mechanical stability and radiation sensitivity (e.g., radiation
sensitive lymphoma primary vs. radiation resistant renal cell primary). The
surgical techniques applied in these procedures have undergone advance-
ments with the maturation of pedicle screws and the use of polymethyl
methacrylate (PMMA) for stabilization of the vertebral body. Image
guidance methods have been proposed in these procedures to increase the
accuracy of screw placement. These methods use preoperative images in
the design of the pedicle placement, and efforts to introduce intraoperative
imaging in spine surgery are making progress. Siewerdsen et al. [2005]
demonstrated the use of intraoperative cone-beam CT systems for place-
ment of pedicle screws in an application of photodynamic therapy in the
treatment of mock metastases in a porcine model.

The application of radiation therapy in the treatment of spinal lesions
is dominated by the radiation sensitivity of the spinal cord itself. Conven-
tional radiation therapy used for pain management would irradiate the entire
region, lesion, and cord to approximately 30 Gy. If radiation dose to the
cord is taken beyond an average 45 Gy or sub-volumes in excess of 50 Gy,
radiation myelopathy is likely to develop. These dose thresholds prevented
retreatment or even aggressive treatment to adjacent lesions due to the
concern of overlap. Image guidance approaches are now allowing cord-
avoiding treatments to be applied with confidence and allowing aggressive
retreatments to the same or adjacent regions. This technique is illustrated in
Fig. 17.6. Recent developments in image guidance technologies may allow
these treatments to be delivered in a single fraction that is designed at the
treatment unit.

17.6 Opportunities in Image-Guided Therapy: New
Information Driving Invention

The growing use of image guidance is evident across all the modalities of
cancer management. From the perspective developed over years of in-
volvement of image guidance technologies and processes, there appear to
be two important dynamics that will advance these approaches further:
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Fig. 17.6. Stereotactic radiation surgery of the spine allows conformality of the
target while avoiding the dose-constraining spinal cord. (a) The use of image
guidance approaches such as cone-beam CT to guide therapy allows use of small
PTV margins [see inset (b)] and opportunities to spare the cord. (¢) The use of
intensity modulated radiation methods results in highly conformal dose distributions
that satisfy the competing objectives of the prescription. While image guidance
allows increased conformality, it also provides an accurate record of the treatment
to allow for safe retreatment should the need arise

(1) the adaptation dynamic and (ii) the “user as innovator” dynamic as descri-
bed by W. Lowrance in Ekelman [1988].

17.6.1 Image Guidance, Adaptation, and Innovation
by the User

The “adaptation dynamic” is related to the rising availability of information
about the patient during the course of intervention. Conventional medical
practice is founded on the principles of prognostication [Gospodarowicz and
O’Sullivan 2003]. In medical practice, determination of best intervention
requires the “freezing” of various prognostic factors to allow timely and
appropriate decision making regarding the course of therapy for an individual.
Failure to “freeze” the many variables results in endless pursuit of more or
“better” information to increase confidence in the predicted outcome, given a
specified intervention. Simultaneously, failure to freeze the variables may
also result in a loss of opportunity to intervene.

Identification of this fundamental element of medical practice is attri-
buted to Hippocrates wherein he highlighted the importance of honesty in
the process of observation and prediction of patient outcome. The develop-
ment of methods of monitoring or assessing the patient over the course of
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therapy continues on this philosophy, but the quantity and quality of the
information challenges the practice by contributing knowledge that may
require re-prognostication of an individual patient’s outcome during the
course of intervention. The risk, of course, is that these modified predictions
may be inaccurate. In the context of image guidance, there is nearly a
continuous stream of new information being generated for purposes of
improved targeting. Whether this information describes the shrinkage in
lung tumor volumes during radiation therapy, the realization that complete
resection of the tumor is not possible after initiating surgery, or the
documented change in MR imaging signatures (e.g., apparent diffusion
coefficient) after intervention, inconsistencies between this information and
the observations used in the initial prognosis will drive adaptations to the
intervention, and put immense pressure on the physicians’ capacity to pre-
dict outcome for the individual at the onset of therapy. Furthermore, it will
make trials-based assessment of the method difficult due to variations in
clinical management. Regardless of whether we have the training and tools
to deal with this new information, it has begun to arrive through the deploy-
ment of image guidance technologies and can be expected to increase.
Furthermore, it can be anticipated that the integration of more advanced
imaging tools will produce a greater temporal density of this information
and significantly stress the traditional prognosis-treat-assess cycle that is at
the foundation of modern healthcare.

The second dynamic of interest is that of the “user as innovator.”
While this concept is mature and highlighted by Lowrance in 1988, its rele-
vance is elevated by the adaptation dynamic described above. Lowrance’s
comments are in the summary of an interesting and insightful publication
entitled New Medical Devices: Invention, Development, and Use [Ekelman
1988] This publication arose from a National Academy of Engineering/
Institute of Medicine symposium chaired by Robert W. Mann of MIT and
Walter L. Robb of the General Electric Company.

In his review of the process of medical device development, Samuel
Thier presents a strong case for the central role of the user in development
of medical devices, as opposed to industry-initiated developments. Through
a review of previous studies, he reinforces that the estimates of 80% of all
device developments are instigated by the user. A leader in the identification
of this process, E. von Hippel has recently reported commercial successes
associated with leveraging this dynamic in a corporate strategy in 3M’s
medical-surgical division.

Lowrance’s synopsis of the entire symposium reduces to a few
identified needs and opportunities, wherein, he identifies the “most neg-
lected step in the innovation scheme” as that of the “last long feedback loop:
the one from the ultimate user community back to the start of the whole
process.” Given the importance of the role of the user in this process, what
can be done to facilitate this dynamic?
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17.6.2 Environments and Conditions that Support
Innovations in Image-Guided Therapy

In terms of funding, there are a number of initiatives put forward in the past
10 years to foster health care innovation within the imaging and interven-
tion communities. These include targeted funding opportunities as well as
institutional initiatives. The U.S. National Institutes of Health (NIH) have
initiated a number of calls for applications in the area of image-guided
interventions in cancer. This has been primarily supported by the National
Cancer Institute (NCI) with support of the recently formed National Institute
of Biomedical Imaging and BioEngineering (NIBIB). The development of
the Small Business Innovation Research (SBIR) and Small Business Tech-
nology Transfer (STTR) programs recognize the need for the researchers to
take their developments to the commercial setting if they are going to have
an impact. These are important initiatives that seek to address the need for
funding and also provide mechanisms for the maturation of the technologies
to product.

Institutional programs that foster the development of the “user” would
be consistent with Lowrance’s objectives. An approach that has been deve-
loped to better integrate the user within the process of innovation is that of
the “clinician scientist.” There has been over a decade of angst associated
with the reduction in the participation of the clinician in scientific research.
The past 10 years have seen dramatic increases in the establishment of
dedicated clinician scientist support, with an expectation that these indivi-
duals contribute to both clinical and research activities. This has been oper-
ational in a number of health care systems throughout the world. For
example, Singapore’s Agency for Science, Technology, and Research works
in collaboration with their Ministry of Health to fund 14 clinician scientists
for both basic and translational work. In Canada, the Canadian Institute for
Health Research (CIHR) has put forth a series of recommendations in a
report entitled The Clinician Scientist: Yesterday, Today, and Tomorrow.
Recommendations such as ...develop a national framework (language) for
what we mean by clinician-scientist... and ...[collect] up-to-date statistics
that speak to the composition of the clinician-scientist community... clearly
indicate that they seek to maintain a level of clinician involvement in the
national biomedical research agenda. It is quite clear from their report that
the term “clinician” is not restricted to a physician. They go on to recom-
mend that non-MDs be included in this definition and the development of
research activities in this component of the healthcare system also be
aggressively pursued. While it is evident that efforts are being made to
improve clinician/user involvement in the research agenda, one can still ask
“Is medical device development sufficiently supported through these
programs?” What is the appropriate training for a clinician scientist if
medical device development is to be a successful outcome? Are these
clinician scientists providing the “last long feedback loop” for medical
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device development or are they preferring to focus on the basic science of
the disease —an important contribution, but not targeted at device deve-
lopment. Given the multidisciplinary nature of intervention and the com-
plexity of these interventions, it is difficult to imagine the Lowrance’s user
is actually an individual. Rather, it has become a team that collaborates for
healthcare delivery and that this team needs to be fostered and supported in
their pursuit of improved health care delivery. One could extend the concept
of the clinician scientist to reflect the reality of current health care practice
and seek to develop “clinical science teams.” In the context of cancer, the
relationship between physician and physical scientist (physicist) has been a
long-standing and fruitful collaboration. In the context of radiation oncology,
this relationship reaches back to the start of technology development in
radiation oncology. For example, the collaboration of Henry Kaplan, M.D.,
and Edward Ginzton, Ph.D., led to the development of the medical linear
accelerator at Stanford University and first treatment in 1957, and the
development of the Gamma knife unit by the team of Lars Leksell, M.D.,
and Borje Larsson, Ph.D., in 1968. The changing nature of medical device
technology suggests that collaborative relationships with computing and
material sciences should be stimulated and fostered.

There have been a number of initiatives to establish infrastructure
to foster clinical science teams in image guidance. Examples of which in-
clude the Center for Integration of Medicine and Innovative Technology
(CIMIT) in Boston, USA (http://www.cimit.org/), the Centre for Surgical
Technologies and Advanced Robotics (CSTAR) in London, Canada
(http://www.cstar.ca), and the recently initiated Spatio-temporal Targeting
and Amplification of Radiation Response (STTARR) program in Toronto,
Canada (http://www.sttarr.ca/). Dedicated laboratories that allow the clini-
cian (surgeon, radiation oncologist, physicist, therapist) to test and mature
concepts before returning to the clinical environment are critical for the
team to progress. Often the technologies employed in these activities are
remarkably similar across treatment modalities. The Guided Therapeutics
(GTx) Program is a new initiative at the University Health Network and this
program seeks to provide a communication channel between disciplines
(surgery, radiation, interventional radiology) and among researchers (clini-
cians, physicists, engineers, computer scientists) to avoid duplication of
skill-sets and solutions. This program has harmonized its funding pursuits to
develop a common laboratory environment for preclinical work with corres-
ponding clinical facilities that will accept these novel approaches. While the
infrastructure is usually perceived to be related to walls, devices, and the
like, the greater challenge is in achieving support for these novel approaches
in the demanding context of an active hospital with resource constraints.
This particular challenge can only be addressed by engaging the senior
management of the institution and articulating the value of innovation for
the benefit of the patient and the hospital or health system as a whole.
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Ultimately, if the initiative is to be successful, the team must reflect all
stakeholders (e.g., administration, nursing, biomedical engineering, facili-
ties) and cannot be restricted to the user, the scientist, or the physician.

17.7 Conclusion

The challenge of executing the localized cancer intervention continues to
drive innovation in the field of oncology. The development of adaptable
imaging systems that can integrate within the interventional setting is allow-
ing these interventions to be applied under guidance for the benefit of both
increased probability of cure, as well as the potential for reduced toxicity.
The interventions of radiation therapy and surgery are by far the dominant
form of local intervention in oncology and these two fields are rapidly
adopting image guidance approaches. The “new information” provided in
the context of image guidance will not only lead to increased accuracy in
intervention, but also create a dynamic course for therapy in which inter-
ventions are modified or adapted to the individual patients response. These
activities will put immense pressure on the current treatment paradigm and
drive the development of devices, like new software tools, and the desire for
more robust biological models to guide this adaptation. Despite these
concerns, there is genuine potential for the image-guided approaches to
become the standard of care. This transition will challenge the traditional
educational and operational paradigms of oncology intervention and addi-
tional effort must be invested in the development of programs to facilitate
the maturation and adoption of image-guided approaches.

Acknowledgments

The authors acknowledge the contributions of individuals who have con-
tributed comments and figures to this chapter. Figure 17.2 contains ima-
ges provided by Joerg Stein (Siemens Medical Systems), Gustavo Olivera
(Tomotherapy, Inc.), and Peter Munro (Varian Medical Systems). The
images in Fig. 17.4 have been provided by Drs. D. Moseley, T. Purdie, and
A. Bezjak of the Princess Margaret Hospital (PMH). Figure 17.5 is provided
by the PMH/Mt. Sinai Sarcoma Program. Figure 17.6 was provided by Drs.
B. Millar and D. Letourneau, PMH. The authors thank the contributions
of Dr. Jonathan Irish with respect to the discussions on cross-discipline
collaboration in cancer intervention.

References

Baglan KL, Sharpe MB, Jaffray D, Frazier RC, Fayad J, Kestin LL, Remouchamps
V, Martinez AA, Wong J, Vicini FA, Vicini F, Winter K, Straube W, Pass H,
Rabinovitch R, Chafe S, Arthur D, Petersen I, and McCormick B. (2003).
Accelerated partial breast irradiation using 3D conformal radiation therapy



526 D. Jaffray et al.

(3D-CRT): A phase I/II trial to evaluate three-dimensional conformal radiation
therapy confined to the region of the lumpectomy cavity for Stage I/II breast
carcinoma. Initial report of feasibility and reproducibility of Radiation Therapy
Oncology Group (RTOG) Study 0319. Int J Radiat Oncol Biol Phys, 55(2),
302-311

Balter JM and Kessler ML. (2007). Imaging and alignment for image-guided
radiation therapy. J Clin Oncol, 25(8), 931-937

Bernier J, Hall EJ, and Giaccia A. (2004). Radiation oncology: A century of
achievements. Nat Rev Cancer, 4(9), 737-747

Biggs PJ, Goitein M, and Russell MD. (1985). A diagnostic X ray field verification
device for a 10 mV linear accelerator. Int J Radiat Oncol Biol Phys, 11(3),
635-643

Bijhold J, Lebesque JV, Hart AAM, and Vijlbrief RE. (1992). Maximizing setup
accuracy using portal images as applied to a conformal boost technique for
prostatic cancer. Radiother Oncol, 24,261-271

Bilsky MH. (2005). New therapeutics in spine metastases. Expert Rev Neurother,
5(6), 831-840

Blomgren H, Lax I, Naslund I, and Svanstrom R. (1995). Stereotactic high dose
fraction radiation therapy of extracranial tumors using an accelerator. Clinical
experience of the first thirty-one patients. Acta Oncol, 34(6), 861-870

Brahme A, Lind B, and Nafstadius P. (1987). Radiotherapeutic computed
tomography with scanned photon beams. Int J Radiat Oncol Biol Phys, 13(1),
95-101

Court L, Rosen I, Mohan R, and Dong L. (2003). Evaluation of mechanical
precision and alignment uncertainties for an integrated CT/LINAC system. Med
Phys, 30, 1198-1210

Davis AM, O’Sullivan B, Turcotte R, Bell R, Catton C, Chabot P, Wunder J,
Hammond A, Benk V, Kandel R, Goddard K, Freeman C, Sadura A, Zee B,
Day A, Tu D, and Pater J. (2005). Late radiation morbidity following
randomization to preoperative versus postoperative radiotherapy in extremity
soft tissue sarcoma. Radiother Oncol, 75(1), 4853

Drake DG, Jaffray DA, and Wong JW. (2000). Characterization of a fluoroscopic
imaging system for kV and MV radiography. Med Phys 27(5), 898-905

Ekelman KB. (1988). New Medical Devices: Invention, Development, and Use,
(National Academy Press, Washington DC)

Fitzpatrick JM, West JB, and Maurer CR, Jr. (1998). Predicting error in rigid-body
point-based registration. IEEE Trans Med Imaging, 17(5), 694-702

Forrest LJ, Mackie TR, Ruchala K, Turek M, Kapatoes J, Jaradat H, Hui S, Balog J,
Vail DM, and Mehta MP. (2004). The utility of megavoltage computed
tomography images from a helical tomotherapy system for setup verification
purposes. Int J Radiat Oncol Biol Phys, 60(5), 1639-1644

Gospodarowicz M and O’Sullivan B. (2003). Prognostic Factors in Oncology,
(UICC, Geneva, Switzerland)

Griffin AM, Euler CI, Sharpe MB, Ferguson PC, Wunder JS, Bell RS, Chung PW,
Catton CN, and O’Sullivan B. (2007). Radiation planning comparison for
superficial tissue avoidance in radiotherapy for soft tissue sarcoma of the lower
extremity. Int J Radiat Oncol Biol Phys, 67(3), 847-856



17 Radiation Oncology 527

Groh BA, Siewerdsen JH, Drake DG, Wong JW, and Jaffray DA. (2002). A
performance comparison of flat-panel imager-based mV and kV cone-beam
CT. Med Phys, 29(6), 967-975

Islam MK, Purdie TG, Norrlinger BD, Alasti H, Moseley DJ, Sharpe MB,
Siewerdsen JH, and Jaffray DA. (2006). Patient dose from kilovoltage cone
beam computed tomography imaging in radiation therapy. Med Phys, 33(6),
1573-1582

Jaffray DB, Bissonnette JP, and Craig T. (2005). X-ray imaging for verification and
localization in radiation therapy. In: Modern Technology of Radiation
Oncology, (Medical Physics Publishing, Madison, WI)

Keall PJ, Mageras GS, Balter JM, Emery RS, Forster KM, Jiang SB, Kapatoes JM,
Low DA, Murphy MJ, Murray BR, Ramsey CR, Van Herk MB, Vedam SS,
Wong JW, and Yorke E. (2006). The management of respiratory motion in
radiation oncology report of AAPM Task Group 76. Med Phys, 33(10), 3874—
3900

Kim KD, Johnson JP, and Babbitz JD. (2001). Image-guided thoracic pedicle screw
placement: A technical study in cadavers and preliminary clinical experience.
Neurosurg Focus, 10(2), E2

Kong FM, Hayman JA, Griffith KA, Kalemkerian GP, Arenberg D, Lyons S,
Turrisi A, Lichter A, Fraass B, Eisbruch A, Lawrence TS, and Ten Haken RK.
(2006). Final toxicity results of a radiation-dose escalation study in patients
with non-small-cell lung cancer (NSCLC): Predictors for radiation pneumonitis
and fibrosis. Int J Radiat Oncol Biol Phys, 65(4), 1075-1086

Kong FM, Ten Haken RK, Schipper MJ, Sullivan MA, Chen M, Lopez C,
Kalemkerian GP, and Hayman JA. (2005). High-dose radiation improved local
tumor control and overall survival in patients with inoperable/unresectable non-
small-cell lung cancer: Long-term results of a radiation dose escalation study.
Int J Radiat Oncol Biol Phys, 63(2), 324-333

Kurimaya K, Onishi H, Sano N, Komiyama T, Aikawa Y, Tateda Y, Araki T, and
Uematsu M. (2003). A new irradiation unit constructed of self-moving gantry-
CT and linac. Int J Radiat Oncol Biol Phys, 55, 428-435

Kutcher GJ, Coia L, Gillin M, Hanson WF, Leibel S, Morton RJ, Palta JR, Purdy
JA, Reinstein LE, Svenssone GK, Weller M, and Wingfield L. (1994).
Comprehensive QA for radiation oncology: Report of the AAPM Radiation
Therapy Committee Task Group 40. Med Phys, 21, 581-618

Lattanzi J, McNeely S, Hanlon A, Das I, Schultheiss TE, and Hanks GE. (1998).
Daily CT localization for correcting portal errors in the treatment of prostate
cancer. Int J Radiat Oncol Biol Phys, 41(5), 1079-1086

Lee KC, Hall DE, Hoff BA, Moffat BA, Sharma S, Chenevert TL, Meyer CR,
Leopold WR, Johnson TD, Mazurchuk RV, Rehemtulla A, and Ross BD.
(2006). Dynamic imaging of emerging resistance during cancer therapy.
Cancer Res, 66(9), 4687-4692

Leksell L. (1951). The stereotaxic method and radiosurgery of the brain. Acta Chir
Scand, 102(4), 316-319

Letourneau D, Wong R, Moseley D, Sharpe MB, Ansell S, Gospodarowicz M, and
Jaffray DA. (2007). Online planning and delivery technique for radiotherapy of
spinal metastases using cone-beam CT: Image quality and system performance.
Int J Radiat Oncol Biol Phys, 67(4), 1229-1237



528 D. Jaffray et al.

Ling CC, Humm J, Larson S, Amols H, Fuks Z, Leibel S, and Koutcher JA. (2000).
Towards multidimensional radiotherapy (MD-CRT): Biological imaging and
biological conformality. Int J Radiat Oncol Biol Phys, 47(3), 551-560

Mageras GS. (2005). Introduction: Management of target localization uncertainties
in external-beam therapy. Semin Radiat Oncol, 15(3), 133-135

Measurements ICoRUa. (1993). ICRU Report 50: Prescribing, recording and
reporting photon beam therapy, (Measurements ICoRUa, Bethesda, Maryland,
USA)

Measurements ICoRUa. (1999). ICRU Report 62: Prescribing, recording and
reporting photon beam therapy, (Measurements ICoRUa, Bethesda, Maryland,
USA)

Molloy JA, Srivastava S, and Schneider BF. (2004). A method to compare supra-
pubic ultrasound and CT images of the prostate: Technique and early clinical
results. Med Phys, 31(3), 433-442

Mosleh-Shirazi MA, Evans PM, Swindell W, Webb S, and Partridge M. (1998). A
cone-beam megavoltage CT scanner for treatment verification in conformal
radiotherapy. Radiother Oncol, 48(3), 319-328

Munro P. (1999). Megavoltage radiography for treatment verification. In:
The Modern Technology of Radiation Oncology, ed. by Dyk JV, (Medical
Physics Publishing, Madison, WI), pp. 481-508

Nakagawa K, Aoki Y, Tago M, Terahara A, and Ohtomo K. (2000). Megavoltage
CT-assisted stereotactic radiosurgery for thoracic tumors: Original research in
the treatment of thoracic neoplasms. Int J Radiat Oncol Biol Phys, 48(2),
449457

Nusslin F. (1995). Relations between physician and physicist. Remarks from the
viewpoint of the physicist. Strahlenther Onkol, 171(1), 1-4

O’Sullivan B. (2007). Personal Communication

Pisters PW, O’Sullivan B, and Maki RG. (2007). Evidence-based recommendations
for local therapy for soft tissue sarcomas. J Clin Oncol, 25(8), 1003—1008

Pouliot J, Bani-Hashemi A, Chen J, Svatos M, Ghelmansarai F, Mitschke M, Aubin
M, Xia P, Morin O, Bucci K, Roach M, III, Hernandez P, Zheng Z, Hristov D,
and Verhey L. (2005). Low-dose megavoltage cone-beam CT for radiation
therapy. Int J Radiat Oncol Biol Phys, 61(2), 552-560

Purdie TG, Bissonnette JP, Franks K, Bezjak A, Payne D, Sie F, Sharpe MB, and
Jaffray DA. (2007). Cone-beam computed tomography for on-line image
guidance of lung stereotactic radiotherapy: Localization, verification, and
intrafraction tumor position. Int J Radiat Oncol Biol Phys, 68(1), 243-252

Purdie TG, Moseley DJ, Bissonnette JP, Sharpe MB, Franks K, Bezjak A, and
Jaffray DA. (2006). Respiration correlated cone-beam computed tomography
and 4DCT for evaluating target motion in Stereotactic Lung Radiation Therapy.
Acta Oncol, 45(7), 915-922

Raaymakers BW, Raaijmakers AJ, Kotte AN, Jette D, and Lagendijk JJ. (2004).
Integrating a MRI scanner with a 6 MV radiotherapy accelerator: Dose deposi-
tion in a transverse magnetic field. Phys Med Biol, 49(17), 4109-4118

Rosenberg LE. (1999). The physician-scientist: An essential-and fragile—link in the
medical research chain. J Clin Invest, 103(12), 1621-1626

Schewe JE, Lam KL, Balter JM, and Ten Haken RK. (1998). A room-based
diagnostic imaging system for measurement of patient setup. Med Phys, 25(12),
2385-2387



17 Radiation Oncology 529

Shirato H, Shimizu S, Kunieda T, Kitamura K, van Herk M, Kagei K, Nishioka T,
Hashimoto S, Fujita K, Aoyama H, Tsuchiya K, Kudo K, and Miyasaka K.
(2000). Physical aspects of a real-time tumor-tracking system for gated radio-
therapy. Int J Radiat Oncol Biol Phys, 48(4), 1187-1195

Siewerdsen JH, Moseley DJ, Burch S, Bisland SK, Bogaards A, Wilson BC, and
Jaffray DA. (2005). Volume CT with a flat-panel detector on a mobile,
isocentric C-arm: Pre-clinical investigation in guidance of minimally invasive
surgery. Med Phys, 32(1), 241-254

Siker ML, Tome WA, and Mehta MP. (2006). Tumor volume changes on serial
imaging with megavoltage CT for non-small-cell lung cancer during intensity-
modulated radiotherapy: How reliable, consistent, and meaningful is the effect?
Int J Radiat Oncol Biol Phys, 66(1), 135-141

Simpson RG, Chen CT, Grubbs EA, and Swindell W. (1982). A 4-MV CT scanner
for radiation therapy: The prototype system. Med Phys, 9(4), 574-579

Timmerman RD, Forster KM, and Chinsoo CL. (2005). Extracranial stereotactic
radiation delivery. Semin Radiat Oncol, 15(3), 202-207

van Herk M. (2004). Errors and margins in radiotherapy. Semin Radiat Oncol,
14(1), 52-64

Vicini F, Winter K, Straube W, Wong J, Pass H, Rabinovitch R, Chafe S, Arthur D,
Petersen I, and McCormick B. (2005). A phase I/II trial to evaluate three-
dimensional conformal radiation therapy confined to the region of the lumpec-
tomy cavity for Stage I/II breast carcinoma: Initial report of feasibility and
reproducibility of Radiation Therapy Oncology Group (RTOG) Study 0319. Int
J Radiat Oncol Biol Phys, 63(5), 1531-1537

von Hippel E, Thomke S, and Sonnack M. (1999). Creating breakthroughs at 3M.
Harv Bus Rev, 77(5), 47-57

Ward I, Haycocks T, Sharpe M, Griffin A, Catton C, Jaffray D, and O’Sullivan B.
(2004). Volume-based radiotherapy targeting in soft tissue sarcoma. Cancer
Treat Res, 120, 17-42

White E. Volumetric assessment of setup performance in accelerated Partial breast
irradiation. Int J Radiat Oncol Biol Phys, (in press)

White EA, Cho J, Vallis KA, Sharpe MB, Lee G, Blackburn H, Nageeti T,
McGibney C, and Jaffray DA. (2007). Cone beam computed tomography
guidance for setup of patients receiving accelerated partial breast irradiation.
Int J Radiat Oncol Biol Phys, 68(2), 547-554

Wright JL, Lovelock DM, Bilsky MH, Toner S, Zatcky J, and Yamada Y. (2006).
Clinical outcomes after reirradiation of paraspinal tumors. Am J Clin Oncol,
29(5), 495-502

Yan D, Lockman D, Martinez A, Wong J, Brabbins D, Vicini F, Liang J, and Kestin
L. (2005). Computed tomography guided management of interfractional patient
variation. Semin Radiat Oncol, 15(3), 168—179

Yenice KM, Lovelock DM, Hunt MA, Lutz WR, Fournier-Bidoz N, Hua CH,
Yamada J, Bilsky M, Lee H, Pfaff K, Spirou SV, and Amols HI. (2003). CT
image-guided intensity-modulated therapy for paraspinal tumors using stereo-
tactic immobilization. Int J Radiat Oncol Biol Phys, 55(3), 583-593

AQ: Please pro
the reference fc
White.





