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Abstract

The Development and Role of Megavoltage Cone Beam Computed Tomography in

Radiation Oncology

by

Olivier Morin

Doctor of Philosophy in Bioengineering
University of California, San Francisco and Berkeley
Jean Pouliot, Ph.D., Dissertation Research Director

and Bruce Hasegawa, Ph.D., Chair

External beam radiation therapy has now the ability to deliver doses that con-
form tightly to a tumor volume. The steep dose gradients planned in these treatments
make it increasingly important to reproduce the patient position and anatomy at each
treatment fraction. For this reason, considerable research now focuses on in-room
three-dimensional imaging. This thesis describes the first clinical megavoltage cone
beam computed tomography (MVCBCT) system, which utilizes a conventional linear
accelerator equipped with an amorphous silicon flat panel detector. The document
covers the system development and investigation of its clinical applications over the

last 4-5 years. The physical performance of the system was evaluated and optimized



vii
for soft-tissue contrast resolution leading to recommendations of imaging protocols
to use for specific clinical applications and body sites. MVCBCT images can resolve
differences of 5% in electron density for a mean dose of 9 cGy. Hence, the image
quality of this system is sufficient to differentiate some soft-tissue structures. The
absolute positioning accuracy with MVCBCT is better than 1 mm. The accuracy of
isodose lines calculated using MVCBCT images of head and neck patients is within 3%
and 3 mm. The system shows excellent stability in image quality, CT# calibration,
radiation exposure and absolute positioning over a period of 8 months. A procedure
for MVCBCT quality assurance was developed. In our clinic, MVCBCT has been used
to detect nonrigid spinal cord distortions, to position a patient with a paraspinous
tumor close to metallic hardware, to position prostate cancer patients using gold
markers or soft-tissue landmarks, to monitor head and neck anatomical changes and
their dosimetric consequences, and to complement the conventional CT for treatment
planning in presence of metallic implants. MVCBCT imaging is changing the clinical
practice of our department by increasingly revealing patient specific errors. New
verification protocols are being developed to minimize those errors thus moving the

practice of radiation therapy one step closer to personalized medicine.

s Hosrare

Je@u”o‘c, Ph.D.\ Bruce Hasegawa,@){.D.

Dissertation Research Director Dissertation Committee Chair
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Chapter 1

Background and Motivation

1.1 Cancer and Treatment Strategies

Cancer treatment presents a complex problem that has affected human beings for
centuries. A recent survey from the American Cancer Society [1] reports that, after
heart disease, cancer is the most frequent cause of mortality in the United States
(23% of all deaths in 2003). In 2007, it is estimated that 600,000 Americans will die
of cancer. Statistically, half of all men will be diagnosed with cancer in their lifetime
with 1 man out of 6 developing prostate cancer disease. For women, the odds of
developing a type of cancer is 33%. It is obvious that these are significant health
concerns that compel us to invest our scientific and medical resources to develop safe,
effective treatments.

Despite the statistics, recent advances in the treatment of cancer have made the



search and development of a cure more promising. It is said that researchers have
had more impact on survival rates in the last 20 years than in the rest of cancer
treatment history. A multidisciplinary effort, including significant contributions from
biology, chemistry, physics and engineering is being made to answer questions about
this multifaceted problem. Cancer patients are now being treated with one or a
combination of surgery, hormone therapy, radiation therapy, chemotherapy, thermal
therapy and biological agents [2]. This dissertation presents advances in radiation

therapy (RT).

1.2 Basics of Radiation Therapy

The use of radiation to treat cancer started soon after the somewhat fortuitous
discovery of x-rays by Roentgen in 1896. Work on radioactivity by Becquerel and the
Curie was equally important, and identified both the risk and the potential clinical
benefits of radiation on cancer. Early physicians merely applied exposure to radiation
to ”"see what happened” and based their clinical practice on follow-up observations
[3]. Today, radiation is administered safely with treatment procedures increasingly
designed to provide fully personalized treatment instead of treating patients following
a prescribed regimen for a tumor at a general body site. Advances in dose delivery
are allowing radiation oncologists to deliver a tumoricidal dose of radiation to a
defined tumor volume without causing undue harm to surrounding normal tissues.

The obvious question becomes how can radiation be delivered so that it can cure



cancer without causing toxicity to normal organs? Fortunately, radiation can stop
replication of cancer cells by inducing DNA cell damage (ionization), which make
normal tissues generally less sensitive to radiation. In addition, by using techniques
and insights from physics and radiobiology (e.g. dose fractionation), scientists can
improve the preferential toxicity of radiation to the tumor without causing a high
level of complications in normal tissues.

Depending on the patient diagnosis, treatment can be administered with ionizing
radiation (photons, electrons, protons and heavy ions) produced by radionuclides or
particle accelerators. This dissertation focuses on the most widely used treatment
machine called a medical linear accelerator ("linac”) which can deliver photons and
electrons of different energies. External-beam radiation therapy (EBRT) refers to the
use of equipment to focus radiation on the tumor from outside the patient. Most
patients treated with EBRT are treated with a linac. Patients are generally treated
daily (Monday through Friday) for a period of 3 to 8 weeks. Such a fractionation
of the treatment improves tumor response and allows normal tissue repair (less side
effects).

The use of linacs in RT has evolved substantially in the last 20 years. Not too
long ago, patients were roughly aligned on a treatment table and large square radia-
tion fields were delivered to the treatment volume. The high dose received by normal
organs from such treatment limited the dose that could safely be prescribed to the tu-

mor thus reducing cure rates. Modern linacs now have the capability to deliver much



more conformal dose distributions with methods such as three-dimensional conformal
radiation therapy (3DCRT) and intensity-modulated radiation therapy (IMRT). Fig-
ure 1.1 shows the main components of a modern linac (Oncor™, Siemens Oncology
Care Systems, Concord, CA). Electrons injected by an electron gun (b) are acceler-
ated along the waveguide (c) by stationary microwave produced by the klystron (a).
The bending magnet (d) changes the orientation of the electrons and rejects elec-
trons that do not have the energy specified by the delivery mode. A tungsten target
(e) is placed in the path of the electrons to create bremsstrahlung x-rays (photons).
A flattening filter (f) is placed after the target to preferentially reduce the energy
fluence on-axis and obtain a flat dose deposition profile at 10 cm depth in water.
Finally, collimators (g) are the key components for 3DCRT and IMRT. They now
are designed as multileaf collimators which can achieve nearly any beam shape. To
reach tumor at different depth, two energy-modes (6 and 18 MeV) are available for
photon treatment. Patients are placed on the treatment table (4) each day (i.e. for
each fraction) and aligned with laser positioning at the machine isocenter. The use of
multileaf collimators and different x-ray energies allows the radiation oncologist and
physicist to tailor the radiation beam to suit the shape, depth, and type of tumor

being treated while trying to spare surrounding normal tissue as much as possible.



Figure 1.1: (Left) a modern medical linear accelerator gantry head (1) with the
electronic portal imaging device (2), the detector positioner (3) and the patient table
(4) ready for external beam radiation therapy and megavoltage imaging. (Right) the
key components of the system include the klystron (a), the electron gun (b), the
waveguide (c), the bending magnet (d), the target (e), the flattening filter (f) and the
primary and secondary collimators (g). Image courtesy of Kevin Hulsey Illustration,
Inc.

1.3 Clinical Workflow and Treatment Planning

The accurate delivery of radiation in a therapeutic procedure depends heavily on
being able to identify the three-dimensional (3D) shape and location of the tumor
within the patient. In current practice, this is achieved using a conventional kilo-
voltage computed tomography (CT) scanner to acquire multiple CT cross-sectional
images (a 3D snapshot) of the patients anatomy prior to the beginning of thera-
peutic procedure. This 3D image data set is imported into a treatment planning
computer that has software to define the treatment isocenter, contour anatomical
structures (target and organs at risk), and choose a beam arrangement to deliver a

dose distribution that conforms to given dose prescriptions and limitations. Other 3D



imaging modalities such as magnetic resonance (MR) and positron emission tomog-
raphy (PET) increasingly are being used in addition to CT to guide the tumor and
soft-tissue organ delineation process. Ideally, the dose delivered upon completion of
radiotherapy would be identical to the dose prescribed during the treatment planning
procedure. In reality, there are sources of error related to patient positioning, patient
motion, and anatomical variations over time. In addition, the dose calculation engine
typically relies on assumptions for handling radiation build-up across heterogeneities,
while the treatment machine output will have slight (and hopefully negligible) differ-
ences between the intended and actual magnitude and shape of dose delivery. Finally,
numerous authors have reported that organs may shift in size, shape, and position
from day to day and week to week due to normal anatomical variability as well as
changes over time, such as tumor shrinkage, edema, or weight loss [4, 5, 6, 7, 8] related
to the therapeutic application. These variables potentially may reduce the probabil-
ity of tumor control and increase the severity of side effects. As a result, such patient
specific variables have motivated the development of 3D verification tools of patient

anatomy over the course of RT.

1.4 Motivation for Image-Guided Radiotherapy

Image-guided radiation therapy (IGRT) refers to the use of patient imaging in
the treatment room to increase the conformality of the radiation dose to the tumor,

improving tumor control and reducing normal tissue complications. The development



of image-guidance tools and techniques in RT has been greatly motivated by the
continual advances in EBRT. Many clinical studies and simulations indicate that
the more conformal and higher dose treatments provided by 3DCRT and IMRT can
decrease both the spread of disease and normal tissue complications [9, 10, 11, 12, 13].
However, as the planned dose distributions conform more closely to the pre-treatment
planning CT, the precision of dose delivery becomes limited by the validity of using the
planning CT to represent the patient on the treatment table throughout an extended
course of treatment. Therefore, anatomical and positional information that can be
obtained immediately before the patient’s treatment is extremely valuable.

Imaging has long played a key role in assuring the accuracy of radiation therapy
treatment. Traditionally, portal images (i.e. projection images of the patient using a
rectangular radiation beam delivered through the treatment aperture) have been used
to confirm the patient position based on bony anatomy or gold markers implanted
in or near the tumor. The use of radiographic film for portal imaging has limited
the frequency of this verification due to the time required to process the films and
a relatively high dose to the patient. Recent implementation of highly sensitive and
automated on-board electronic portal imaging devices (EPID) (Figure 1.1, #3) now
enables daily low-dose portal imaging to visualize and adjust the patient position
before each treatment. However, the utility of portal imaging to adjust the patient
position is limited by reduced soft-tissue and 3D geometrical visualization caused by

projection onto a two-dimensional (2D) plane. This has motivated the development



of 3D imaging of the patient while lying on the treatment table of the linac.

1.5 Historical Perspective of In-Room CT Imaging

Since CT is the current standard for localization of soft-tissue organs and target
in treatment planning there has been a growing interest in integrating CT directly
with the treatment machine in the treatment room. Several in-room 3D CT systems
have been studied and developed in the last 10 years including I) a ”CT on rails”
system [14, 15] requiring an additional diagnostic CT machine in the treatment room,
IT) a kilovoltage cone-beam CT (kVCBCT) system [16, 17] consisting of an additional
kV X-ray source and detector attached to the treatment gantry, III) a mobile C-arm
kilovoltage imager [18], IV) a megavoltage cone-beam CT (MVCBCT) system [19, 20]
using the pre-existing treatment machine and EPID for imaging, V) a MVCT system
[21, 22] using the pre-existing treatment machine with an attached arc of detectors
for imaging, and VI) a Tomotherapy (TomoTherapy Inc., Madison, WI) system [23]
in which the traditional treatment machine (beam) is replaced with a CT ring for
imaging and a MV beam source for both imaging and treatment. The potential
clinical applications of these IGRT technologies depend on the physical performance,
which continues to improve for many of the systems.

The history of megavoltage imaging using the pre-existing treatment machine is
of particular interest for this dissertation. Approximately 20 years ago, researchers

first used a linac beam for 3D imaging. These early systems reconstructed 2D slices



using a fan-beam geometry [24, 25]. As the technology of 2D x-ray detectors advanced
[26], cone-beam reconstruction systems became increasingly feasible. Subsequently,
several researchers acquired MVCBCT images using standard linacs with liquid-filled
ionization chamber detectors [27], video-based EPIDs [27, 28] and amorphous silicon
(a-Si) flat panel detectors [29, 30]. In much of the early work, signal was maximized
by applying high doses (50-200 cGy per 3D image, the dose equivalent to approxi-
mately 50 to 200 conventional CT scans). Strategies such as the development of more
sensitive detectors [31, 32] and the restriction of the imaging volume to the treatment
volume [33, 34] have reduced these doses to clinically acceptable values which are gen-
erally higher in radiotherapy than for diagnostic applications given the large amount
of radiation already received by the patients for treatment. Depending on the clinical
benefits, an imaging dose as high as 20 cGy may be acceptable for IGRT applications.
Other developments include the adaptation of MVCBCT for lung tumor visualization
by synchronizing image acquisition with respiration [20], and also serve to improve
image quality while reducing radiation dose to the patient.

Dr. Jean Pouliot’s group at the University of California San Francisco (UCSF) has
worked in collaboration with Siemens Oncology Care Systems (OCS) on the clinical
implementation of MVCBCT since the summer of 2001. In early 2002, a proof of
feasibility [35] was demonstrated. I joined the group in the summer of 2003. Over
the last 4 years, our group has made substantial contributions by developing and

showing the feasibility of image-guidance techniques based on MVCBCT imaging. In
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such a short amount of time, the initial system has evolved from an experimental and
clinically cumbersome system to an operationally robust image-guidance system that
now is fully approved by the Food and Drug Administration (FDA), and this is being
used routinely to image and treat patients at more than 100 RT departments in the

world.

1.6 Basics of Megavoltage Cone-Beam CT

Figure 1.2 compares the basic image acquisition principles of MVCBCT to con-
ventional CT. A cone-beam CT image is reconstructed from a set of open field 2D
projection images acquired at different positions around the patient. The rays form a
cone with its base on the detector and its apex on the source. The process is similar
to conventional CT which uses the signal from a single row (several rows for modern
CT scanners) of detectors to reconstruct a slice. For conventional CT, the 3D image
is formed by translating the patient during image acquisition so that multiple slices
can be reconstructed from a volumetric region. For CBCT, the data are acquired
with a 2D detector array that allows a direct 3D image dataset to be acquired and
reconstructed without multiple gantry rotations or table movement. In addition, the
linac x-ray source naturally produces a cone of rays, so cone-beam acquisition not only
increases the scanning speed, but also makes better use of the emitted rays otherwise
removed by collimation. For MVCBCT, projection images are acquired using a linac

with photons primarily in the mega-electron volt (MeV) energy range, compared to



11

conventional CT which uses kilovoltage x-rays for diagnostic imaging.

1.7 Scope of the Dissertation

This dissertation presents the recent developments and the clinical investigation
of a novel IGRT system based on MVCBCT imaging. The following section describes

the initial goals that were identified at the beginning of this project 4 years ago.

1.7.1 Research Goals

1. Develop MVCBCT for 3D image-guidance techniques in EBRT.

2. Characterize and optimize the physical performance of MVCBCT.

w

. Define a quality assurance protocol for MVCBCT.

W

. Investigate the clinical applications of MVCBCT.

5. Introduce MVCBCT in the clinical workflow of our department.

1.7.2 Thesis Content

The body of this dissertation is divided in two parts. Part I focuses on the
physical description and performance of the imaging system. Based on its physical

performance, Part II investigates possible clinical applications of this new technology.
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Conventional CT

Figure 1.2: Basic principle of image acquisition and reconstruction volume for (left)
conventional CT and (right) megavoltage cone-beam CT (MVCBCT). MVCBCT uses
a 2-dimensional detector and a wide open radiation field to obtain an image over an
extended region of the patient’s anatomy without the need for table movement.
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The text is divided into ten chapters that follow a thematic rather than a chronolog-
ical organization.

The first chapter provides background information on radiation oncology, EBRT, in-
room CT imaging and MVCBCT.

Chapter 2 presents the system geometry and the specific reconstruction algorithm
used for MVCBCT in details. The treatment beam formation for MVCBCT imaging
and the flat panel detector synchronization are described. The system calibrations
related to MVCBCT imaging are addressed. We presents the major system compo-
nents and the image acquisition procedure of the clinical implementation of MVCBCT
imaging. Finally, a technical summary of the imaging system is provided. The con-
tent of this chapter is required to understand the main personal contributions of this
dissertation.

Chapter 3 evaluates the complete physical performance of MVCBCT. During the
course of this project, several system components were modified to implement the
MVCBCT system. We therefore measured and compared the performance of these
components at baseline and then following modification. The chapter also provides
details on the duration of acquisition and reconstruction and the size of the imaging
volume (field of view). The performance of two MVCBCT systems were followed for a
period of 8 months with respect to their geometric stability, the absolute positioning
accuracy, the stability of the beam output and detector intensity, the image quality,

the electron density calibration and the dose delivered to patient.
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Chapter 4 presents quality assurance performed on our two MVCBCT systems. The
beam output, the absolute positioning and the image quality were measured with
decreasing frequency and followed for a period of 8 months. On each day of quality
assurance, images were acquired using the initial system calibrations and compared
against newly acquired calibrations to establish the frequency at which calibration of
the system is necessary. A graphical user interface was developed with the scientific
software package Matlab (The Mathworks, Inc., Natick, MA) to quantify and follow
the image quality performance. A practical library of MVCBCT artifacts compiled
over the last 4-5 years is provided. The chapter concludes with recommendations for
MVCBCT quality assurance.

Chapter 5 is the first chapter of the Part II of the dissertation which explores the
clinical applications of MVCBCT imaging. The chapter gives an overview of the
applications discussed in the following chapters and provides examples of typical
MVCBCT images for patients with cancer in the pelvis, and the head and neck re-
gions. The chapter concludes by tabulating recommendations of imaging protocols
recommended for specific clinical applications and body sites.

Chapter 6 addresses patient set-up with MVCBCT. The current 2D standard for align-
ment is compared with 3D positioning methods using conventional CT and MVCBCT
imaging. Examples of clinical cases clearly benefiting from 3D imaging are described.
Chapter 7 gives two examples of clinically significant anatomical changes occurring

over the course of therapy.
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Chapter 8 explores the possibility of using MVCBCT images for dose calculation.
The validation of MVCBCT images for dose calculation is done using phantom and
patient images. The chapter also evaluates the potential impact of weight loss during
a therapeutic regimen on radiation dose calculations.

Chapter 9 describes other possible applications of MVCBCT imaging, including its
use in improving image quality of CT in patients with metallic implants.

Chapter 10 discusses my personal journey in the doctoral program with a emphasis
on the significance of the work presented and a note on the difficulty of managing
new technology. Finally, I give my recommendations for future development and a

vision of the possible clinical opportunities with MVCBCT.
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Chapter 2

System Overview and

Requirements

The purpose of this chapter is to give a technical description of MVCBCT while
explaining the rationale behind the decisions made during the development of the
system. The chapter is written as a basic scientific description of the system compo-
nents and requirements rather than a user guide for the clinical product developped
by Siemens (Siemens Oncology Care Systems, Concord, CA). First, the specific recon-
struction algorithm developped for MVCBCT is presented. Background information
is provided on key aspects (x-ray imaging beam and flat panel detector) of the sys-
tem design. The major system components and the image acquisition procedure are
presented. Finally, a summary of the system design and characteristics is provided in

Table 2.1 at the end of the chapter. It is important to mention that the description of
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my personal contributions truly starts in Chap. 3, which presents a detailed discus-
sion of the system physical performance for different acquisition and reconstruction
settings.

The initial objective of this project was to develop an in-room 3D CT imaging
system. At the time when we started this project, MVCBCT was not yet available
but became a strong choice for implementation because its simplicity, efficiency and
cost makes it appealing for clinical and commercial implementation. In developing
this system, several decisions had to be made for the x-ray beam, the geometry,
the detector shape and type, the reconstruction algorithm as well as the acquisition
and reconstruction settings. While I did personally contribute on several aspects of
the system development, several decisions concerning the system geometry and the
reconstruction algorithm had already been made before my arrival. In addition, some
system parameters were set from the very beginning to reduce the system complexity.
Finally, certain aspects of the system were not thoroughly tested in order to accelerate
the availability of MVCBCT for clinical use. Often, the gain in operational speed and
simplicity outweighed the advantages of having more options and slightly better image
quality. The motivations for the decisions made during the development of this first

clinical MVCBCT system are described throughout the chapter.
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2.1 Image Reconstruction

Computed tomography is a technique for imaging and then calculating (or "re-
constructing”) cross-sections of an object using a series of x-ray measurements taken
from different angles around the object. The theory of CT reconstruction of two-
dimensional (2D) or three-dimensional (3D) functions from their projections is well-
known. Detailed presentations for simple geometries can be found in the book of
Kak and Slaney [36] and in the dissertation of Turbell [37] specifically for cone-beam
geometries characteristic of point x-ray sources and 2D x-ray detector. This chap-
ter presents the main reconstruction steps of MVCBCT images, which is based on
the Feldkamp, Davis and Kress (FDK) algorithm [38] for circular cone-beam tomog-
raphy. Mathematically, the reconstruction is not exact off the central fan of the
cone beam but it provides an excellent approximation for the small cone angle used
with MVCBCT. For clinical applications, the gain in speed of the FDK algorithm
outweighed the advantage of exactness offered by other algorithms. In the FDK al-
gorithm, each horizontal row of detector values is preprocessed and filtered just as if
they were projections of a conventional 2D (i.e., planar) tomographic reconstruction
algorithm. The filtered projection data are then backprojected along the original
rays to a volume element (voxel) in space, a procedure called 3D backprojection with
weighting factors that count for the 3D cone-beam nature of the projection data.

From the theory of CT reconstruction, the CBCT system needs to acquire a

sufficient number of 2D projection images around the object for exact reconstruction.
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The "exact” reconstruction terminology here strictly assumes noise-free projections
and an exact reconstruction algorithm. In the 2D case, it is easy to understand that
if parallel projection data are lacking in a certain angular interval, certain frequency
components of the object are simply missing and therefore exact reconstruction is
impossible. It has been demonstrated that for CBCT imaging, projection images
need to be acquired over an angular range of half a rotation plus twice the fan angle
(see Fig. 2.1) of the cone beam [37]. The acquisition can start at any angle as long as
these requirements for the angular interval and range are satisfied. Image quality will
degrade substantially if the angular sampling of 2D projection images is insufficient.
Therefore, these sampling requirements indeed were satisfied for the MVCBCT image

acquisition presented in Sec. 2.5.

2.1.1 System Geometry

The system geometry for MVCBCT reconstruction is illustrated in Fig. 2.1. The
source-axis distance (S4p) and the source-imager distance (S;p) are respectively rep-
resented by D and f in the reconstruction algorithm described next. The 3D coor-
dinate system (CT image to be reconstructed) represented by (Xy, Yy, Zy) is fixed in
space. The detector coordinate system rotates with the gantry and is represented by
the coordinate system (U, V). The flat panel detector rotates at a projection angle
¢ around the Y; axis. An object point in space ﬁgd:(a?f,yf, z¢) is projected on the

flat panel at ]32d:(u, v). The projection position of a point in space (zf,yy, zr) is also
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denoted ﬁgd:(awf,yf,zﬁg) since it depends on both the point in space (xf,yy, zf) and the
gantry angle ¢. The argument a,, . .. ¢ is used to reflect the backprojection process
described below. Finally, the angular position of a point away from the central axis
is represented by 7(u) which is measured from the x-ray source at the angular vertex
and which can take any value between 0 (on-axis) and the maximum fan angle of the

cone beam 47,4z

2.1.2 Reconstruction Algorithm

The attenuation coefficient jix y 7 of a voxel in space (i.e. a small volume element
of the patient anatomy) can be obtained or "reconstructed” in 3D from a weighted
and filtered backprojection of the 2D projection images over all the acquisition angles
6. The following steps and Fig. 2.2 are intended to clarify the steps involved in the

FDK algorithm implemented for MVCBCT reconstruction.

Steps for MVCBCT image reconstruction (also illustrated in Fig. 2.2):

1. Two-dimensional projection images I(u,v)y are acquired at positions 6 around

the patient.
2. Each raw projection is corrected for dark current, gain and dead pixels.

3. A median filter is applied to each projection to remove transient dead pixels

not captured in the dead pixel calibration procedure.
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Figure 2.1: Description of the geometry and coordinate systems used for MVCBCT
reconstruction. The x-ray source (S) produces a cone beam attenuated by the object
and captured as a projection image I(u,v) by the detector. The central point of the
imaging system, called the isocenter, is represented by Of. The detector rotates at a
projection angle § around the Yy axis. A point or voxel in space ﬁgd c(xy,yy, 25) 18
projected to a point on the detector Py : (u,v).
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4. Average or diffusion filtering is applied to the projection images to reduce noise.
A diffusion filter uses different levels of averaging depending on the local gradient

changes in intensity [39].

5. Logarithmic conversion of all projections and intensity normalization.

Ing
p(amfvyf,zfﬂ) =In (%) (2.1)

al‘f,yf,zfﬂ)
with

Iy o = Iopermv - MUy (2.2)

Iy is the detector intensity for the nonattenuated x-ray beam at an angle 6. It
is obtained by multiplying the system calibration factor Iope.po (the detector
sensitivity to 1 MU exposure of the nonattenuated x-ray beam) and by MU, (the
fractional x-ray exposure per projection recorded using the dosimetry system
(ion chamber) in the head of the gantry (see Fig. 2.8, 1le)). The Iyperav factor
is measured during gain calibration performed in air as explained in Sec. 2.3.2.
The argument a,, . ., ¢ is used later to reflect the concept of backprojection in
which a processed value on the detector with position (u,v) for the projection
angle 6 is added to a voxel (zy,yy, z¢). This step is done using projection matri-
ces described in the next section. The relationship between a,, . ., and (u,v)
and how they are related to one another (u,v) < (G, y, .;0) Using projection

matrices will be clarified in the step of backprojection (step 13).

6. Preweighting of each row: Cosine and Parker weighting are applied on p(a., . -;.0)-
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The cosine weighting is geometrically interpreted as the cosine of the angle be-

tween the ray and the central ray of the projection.

i f
p(amf7yf7zf,9) = -p(axhyfwf,@) . w(ea’)/(l’r)) (23)
ClwrvrEf) f24 22 + 32 Parker weight

pre—weighting

cosine—weight

with

s G_szn . _
sin” |3 - e Omin < 0 < Opmax — 7+ 27

'LU(H,’)/(ZE'T)): 1 3 emax_ﬂ-+27§‘9§ﬂ-+‘9mm+27

SiIl2 [g . %} s T+ emzn + 2')/ S 0 S emax
(2.4)

for ¥(,) € [~ (Omaz — Omin — 7)/2, Omaz — Omin — 7) /2]

The Parker weighting accounts for redundant angles of the acquisition [36].

7. Zero padding along the U axis (for extrapolation) and binning (2x2) to reduce

noise.

8. Extrapolation of truncated signal along the affected rows of the detector. Trun-
cation of the signal occurs when the patient anatomy extends beyond the x-ray
beam (shoulders or pelvis) and therefore is not represented on the detector.
The extrapolated signal is not illustrated in Fig. 2.2. Extrapolation is currently
performed by slowly ramping down the signal along rows beyond the physical

borders along which the recorded signal drops sharply at the detector edges.

9. Compute Fourier transform of each row p.

P(p) =F (ﬁ(axf,yf,zfﬂ)) (25)
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11.

12.
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where p represents the spatial frequency along the U axis.

Apply a filter (G(p)) to each row in the frequency domain.

H(p) = P(p) - G(p) (2.6)

Different types of G(p) filters (edge enhancing (ramp), edge preserving and

smoothing) have been tested to optimize image quality. For the ramp filter,

ol 1ol < 5=
Gramp(p) = (2.7)

0 otherwise
The other filters generally have reduced intensity at high frequency compared

to the ramp filter. They are used to reduce noise in the reconstruction.

Compute the inverse Fourier transform of H(p).
ﬁF(amfvyfvzfﬂ) =F! (H(p)) (2'8)

Distance weighting (DW) applied in Eq. (2.10). DW accounts for the reduction
in intensity of the x-ray beam away from the source. Hence, it is independent
of the y-coordinate of the voxel and only depends on the distance between the

source and the reconstructed voxel projected onto the central ray as

D2
DW= —— 2.
W Ulzy,zf,0)? (2:9)

with U(xy, 25,0) = xysinf + zpcosd — D
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13. Backprojection of ﬁF(axf,yf,zfﬂ) to every voxels (xf,yy, zf) in space for all pro-

jection images acquired at angles 6.

gmaac

e, yp, zr) = AG - Z -DW -ﬁF(axf,yf,zf,g) (2.10)

J=0min

where A6 represents the angular sampling of projection images.

The projection matrices P,,q:(0), obtained from geometric calibration of the
system, provide a means to backproject a preprocessed and weighted value on
the detector plane ﬁF(axﬁyﬁzﬁg) to a voxel in space using pog(u,v) = Ppa(0) -
Psy(xs,ys, 7). The expression (u, v) < (Qapyp,2p0) < (25, Yy, 25) takes the form
of a change of coordinate system (2D to 3D) and represents the backprojection
task handled by the projection matrices P,,,:(6). The calibration of P, (0) is

discussed in Sec. 2.1.3.

Equation (2.10) summarizes the clinical implementation of the FDK algorithm
for MVCBCT reconstruction. The backprojection process is performed for each voxel
of the reconstruction (voxel-based reconstruction) at all projection angles € of the
acquisition.

Equation (2.11) is a more theoretical form of the FDK algorithm. The voxel-driven
algorithm uses projection matrices (obtained from geometric calibration of the linac)

to find the filtered, preweighted and preprocessed projection image data p(as; y;.z,.0)-

gmaac D2 -
plapra) = [ T [ B0 Ol (211)
emin U(l’f,z‘f,e) M~
\—— ——— Pre—weighting

Distance weighting
Filtering

Weighted filtered—backprojection
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Figure 2.2: Steps for MVCBCT image reconstruction: (1) raw projection image ac-
quisitions, (2) dark current, gain and dead pixel correction, (3) median filter, (4)
projection filtering (average or diffusion), (5) log conversion, (6) preweigthing, (7)
zero-padding and binning, (8) extrapolation, (9) to (11) backprojection filtering, (12)
distance weighting and (13) backprojection.
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The algorithm produces a reconstruction volume containing a large number of voxels
representing the attenuation coefficient pxy 7z, a physical attenuation property of
object being imaged for a given x-ray beam energy spectrum. The reconstructed
intensity of each voxel is therefore proportional to the linear attenuation coefficient

of the physical material within that voxel.

2.1.3 Geometric Calibration

The backprojection step of the reconstruction algorithm presented requires a com-
plete characterization of the relationship between any point in space and its projected
positions on the detector plane at all projection angles 6. In conventional CT, the
relative source and detector positions are constant during rotation and analytical
equations can be used to describe the system geometry (2D-3D relationship). The
linac x-ray source and an EPID positioner, however, may lose their ideal isocentric
positions as the gantry rotates due to sagging of the mechanical supports. A geo-
metric calibration [40, 19] is performed to correct for this effect and conserve image
quality. The position of the EPID must then only be reproducible for the calibration
to remain geometrically accurate.

Figure 2.3 describes the principle of the geometric calibration procedure. Mathe-
matically, the backprojection step is represented by ﬁgd = Ppa(0) - ﬁgd. The goal of
the geometric calibration is to calculate the projection matrices Py,q:(#) which define

where a point in space ﬁgd is projected on the flat panel detector B, for all projection
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angles 6 of the acquisition.

The projection matrices P, (0) are a set 12-element matrices for each angle 6 of
the acquisition and that characterizes the system rotating geometry. The geometric
calibration procedure consists of calculating Py, (0) by acquiring 2D projection im-
ages of a cylindrical phantom (also displayed in Fig. 4.1, left) containing 108 tungsten
beads placed at precise locations in space (zy,yy, zf). The position of each bead in
space is known by design of the phantom. The beads exact position on the detector
plane (u,v) are then automatically identified (using a bead detection software devel-
oped by Siemens OCS) on the projection images of a 60 MU MVCBCT acquisition.

This gives for each projection a large number of the following linear equation.

3D
——
2D r 7
—
- _ Ty
u
Yr
v = [Pmat(9>]3x4 (2.12)
<f
1
- 1

The geometric calibration problem is therefore over-determined. The 12 elements
of Ppa(0) are calculated (by minimizing the total error of the linear equations in a
least-square sense) for all projection angles #. Additional post-processing is currently
performed on the projection matrices to compensate for possible error in positioning
the calibration phantom at the treatment isocenter. The projection matrices are
unique for a MVCBCT system, they play an important role in assuring the absolute

positioning accuracy of the MVCBCT reconstruction volume in the treatment field.
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Figure 2.3: The geometric calibration procedure consists of acquiring projection im-
ages of a calibration phantom (containing 108 tungsten beads) for each angle of the
reconstruction to define where a point in space ]33d is projected on the flat panel
detector plane ﬁgd using Eq. (2.12). The positions ]33d for the beads are known by
design of the phantom while Py, are automatically detected on the projection images.
The projection matrices P, (6) are obtained from the calibration procedure. See
photo of the calibration phantom in Fig. 4.1.
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2.2 Treatment Beam Modified for Imaging

A specific MVCBCT dose delivery mode was designed to minimize the patient
dose delivered during imaging. Figure 2.4 compares the electron current of the beam
before the target for the treatment and MVCBCT imaging dose delivery modes. For
normal treatment with photons, dose rates of 50 MU/min and 300 MU/min are
available. The electron current (converted to an equivalent voltage) per pulse for
the two treatment modes are kept equal. Only the pulse rate frequency (PRF) is
increased to obtain the higher dose rate.

For MVCBCT, the electron beam current is reduced by a factor of roughly 7 with
respect to the current used to generate the treatment beam in order to deliver a small
fraction of MU per degree and to obtain a faster beam formation. The PRF had
therefore to be increased (by a factor of roughly 7) in order to conserve a dose rate of
50 MU /min for imaging. It is important to note that the dose rate of 50 MU /min is
only maintained for MVCBCT imaging when the beam is on. The alternating beam-
on and beam-off in rotation greatly reduces the actual dose rate during MVCBCT
imaging. Calibration is then necessary to determinate the number of electron pulses
required to obtain a total acquisition dose for MVCBCT imaging. Calibration is
performed at several exposure (2, 3, 5, 8, 10, 20, 40 and 60 MU) and the number
of pulses is recorded in a dose scale factor (CBCT page in the control console).
Interpolation of the dose scale factors is used in the clinic for performing acquisitions

at different exposure. In Fig. 2.4, the number of pulses per frame for 3 and 10 MU
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MVCBCT acquisitions are roughly 4-5 and 14-16 respectively. Based on the MU per
frame and the fixed dose rate of 50 MU /min the system defines the time period for
one frame. For 3 and 10 MU MVCBCT, the total time required to complete one
projection are roughly 280 and 366 ms. The gantry speed is then adjusted based on
the amount of time required for a frame delivery. The angular velocity of the gantry is
therefore faster for lower exposure (see Sec. 3.1 for acquisition time performance). The
maximum angular velocity of the system during acquisition is limited to 1 rotation
per minute for patient safety. Finally, the system uses servo capabilities to adjust
slightly the number of electron pulses per frame during the acquisition to assure that
both the desired dose and the total acquisition arc are achieved. The following section

discusses how flat panel detector read-out is synchronized with the x-ray beam output

in MVCBCT dose delivery mode.

2.3 Flat Panel Detector

Flat panel detectors as EPID technology have gained popularity in radiation on-
cology over the past years owing to their light weight, large area, compact size, better
image quality compared to old video EPID system, linearity with dose, great stability
over time and their tolerance to receive high integrated levels of radiation dose. The
purpose of the next section is merely to describe the first detector used clinically for
MVCBCT and to review the principle of x-ray detection. A complete description of

modern flat panel detectors and internal components is available in the literature [41].
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Figure 2.4: Beam electron pulses for treatment and MVCBCT dose delivery modes.
A dose rate of 50MU /min is used for MVCBCT only when the beam is on. The gantry
speed is adjusted to deliver the required number of electron pulses per projection in
order to achieve the total dose specified in the MVCBCT protocol.



34
2.3.1 Flat Panel Design and Image Acquisition Mode

This paragraph simultaneously presents the flat panel design (Fig. 2.5) and de-
scribes how high-energy x-rays are converted to a 2D digital signal (a raw projection).
The current amorphous silicon flat panel detector used for MVCBCT has four main
layers: converter (copper plate), scintillator (phosphor screen), detector (thin-film
transistor (TFT) and photodiodes) and a glass substrate. The amorphous silicon ap-
pellation refers to the material structure of the detector layer. First, a fraction of the
incident x-ray interacts with the converter which generates electrons from Compton
and photoelectric interactions. The scintillator absorbs energy from electrons and a
small portion of the incident photons to emit visible light (predominantly in the green
portion of the electromagnetic spectrum). This visible light is then captured by light
sensing and charge integrating photodiode switching TFT. The flat panel detectors
chosen for MVCBCT contains a large number (1024x1024) of small (0.4x0.4 mm?)
detector elements (pixels) capable of storing charge in response to x-ray exposure.
During exposure, charge is built-up in each detector element. After exposure, the
charge is read out using electronics as illustrated in Fig. 2.5b. The readout logic re-
duces the total number of electrical connection needed. By closing the gate of a given
row (illustrated in red), the multiplexer is capable of reading the amplified charge
of a detector element (illustrated in dark blue) along the row. The charge is finally
converted to digital signal (16 bits) with an analog-to-digital (A/D) converter. Rows

are read sequentially following this method. Modern flat panel detector have fast
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electronics capable of acquiring more than 7 frames per second. For MV applications,
most of the electronics are located at the side of the flat panel so that they are not
placed in the path of the radiation beam and the most active area of the detector.

A total of 3 flat panel designs were tested over the past 4-5 years. The main
difference between the panels was the scintillator type which provided different levels
of light output and different scintillator thicknesses which affects the detector sensi-
tivity. The decision on which detector to use was purely based on availability, cost,
and image quality. Other detectors optimized for MV imaging are still being actively
studied [42].

Because it is nearly impossible to manufacture an entire panel with identical de-
tector element properties, corrections for flat panel defects need to be applied prior
to image display or reconstruction. These corrections or calibrations are discussed in
the next section.

Figure 2.6 describes the image acquisition sequence and the synchronization of the
detector with the beam-on signal. Prior to any movement of the system, the detector
is refreshed (emptied) to remove any unwanted signal. The detector then integrates
the charge for the full duration of the beam-on signal (a projection). The image is
digitized immediately after the beam-on signal of the linac. The same applies to other
projections except that the panel is only refreshed once prior to beam-on. Images are
automatically corrected (corrections discussed in the next section) and transfered to

the computer workstation for MVCBCT image reconstruction. For time efficiency,
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Figure 2.5: Flat panel detector used for MVCBCT imaging. a) Describes the detector
layers and the process by which MeV photons create a digital projection image. A

small fraction of the incident MeV photons are converted to electrons.

Some of

the incident photons and the newly produce electrons produce visible light which
can be capture by TFT and photodiodes as charges on a capacitor. b) Shows how
specific electronics (scanning control and multiplexer) can be used to read the charge
across each capacitor (pixel). The specific electronic components reduce the number
of connections required for complete panel readout and digitization. The dark blue
pixel is currently being read by closing the circuit along the appropriate row and

column.
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Figure 2.6: Synchronization of the flat panel detector read-out with the x-ray beam
output for MVCBCT imaging. After each beam-on signal, and the delivery of all
linac pulses, the panel transfers the image pixel data to the computer workstation for
image reconstruction.

the voxel-based reconstruction of MVCBCT was designed to start as soon as one

projection image is acquired.

2.3.2 Flat Panel Corrections

Flat panel images need to be corrected for dark current, gain and dead pixels. Cal-
ibration of these panel defects is performed with the computer workstation illustrated
in Fig. 2.7.

Dark current primarily is generated by electrical noise that accumulates on the
detector elements even in the absence of x-ray exposure. For our system, calibration of
dark current is automatically performed for a series of detector integration time. This
automatic calibration is performed when the radiation is turned off. The calibrated
dark current image is then simply subtracted to the raw flat panel image.

A gain correction is required to account for differences in pixel sensitivities. For
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large flat panel detector, pixels are generally manufactured in sections. Differences in
section sensitivities are inevitable. This is easily corrected with a flood field image (air
image) in which the detector is exposed to an unattenuated beam. For MVCBCT,
gain calibration has to be acquired at a dose per projection similar to what is used
during image acquisition in order to capture the behavior of the flat panel detector
(sensitivities) at low exposure. Therefore, the gain is obtained in MVCBCT dose
delivery mode over an arc acquisition (same arc as for MVCBCT imaging) since it
is currently the only dose delivery mode allowing exposure of less than 1 MU per
projection. Generally, the most typical MVCBCT exposure used in the clinic is also
used for gain calibration. Section 3.5.1 discusses the impact of this type of gain
calibration on the uniformity of MVCBCT images.

Dead pixels refer to detector elements that are either insensitive or too sensitive for
a given x-ray exposure. This defect is the natural result of difficult panel fabrication
and imperfection in the materials. To correct for this, an average image is acquired
for a large x-ray exposure (200 MU). Pixels with signal outside a statistical range (n
standard deviations from the mean) are automatically classified by the software as
dead pixels. An additional manual calibration is generally also required. A portal
image of 1 MU is acquired and the user can calibrate/remove pixels or lines of defective
pixels. Finally, a median filter of size 3x3 is applied to every identified dead pixel.
This correction generally works well for portal imaging. For MVCBCT, however, the

small dose delivered per projection causes the occurrence of transient dead pixels. An
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additional median filter (3x3) is currently applied before reconstruction to correct

for these unstable pixels.

2.4 Major System Components

The major components of the MVCBCT system are displayed in Fig. 2.7. From
outside the treatment room, only two computers and one monitor for the video cam-
era are necessary for performing 3D imaging and treatment. The video camera is
required to assure the safety of the patient inside the treatment room. The computer
workstation (Syngo™, Siemens Oncology Care Solutions, Concord, CA) plays an im-
portant role for imaging since it is connected to both the control console of the linac
and the EPID, as well as the network of the entire department of radiation oncology.
Nearly all the calibrations and clinical tasks related to MVCBCT including image
reconstruction and patient set-up are performed with the computer workstation.

In addition to the computer workstation and the control console of the linac, most
of the results presented in the dissertation were produced with a research workstation.
The system presented in Fig. 2.7 was only used to acquire raw projection images of the
MVCBCT acquisition, whereas the research workstation was used to perform image
reconstruction using different settings, apply corrections, perform data analysis, and
connect to the department network. Image processing scripts and analysis tools were
developed using Matlab (The Mathworks Inc., Natick, MA) and MeVisLab (MeVis

Research GmbH, Bremen, Germany). Matlab is a powerful tool to quickly inspect
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Figure 2.7: Major system components for MVCBCT imaging. Nearly all the cal-
ibrations and clinical tasks related to MVCBCT are performed with the computer
workstation. A separate research workstation was used to produce most of the results
(offline reconstruction, image processing and analysis) presented in the dissertation.

any type of medical images and manipulate file header information. Scripts were
written to read MVCBCT images and automatically extract statistics. Scripts were
also written to compare dose distributions. MeVisLab is a free software (available
online) with robust and efficient scripts to perform specific task on medical images.
The software was used to apply advanced filters (e.g. diffusion filtering discussed in
the next chapter) on projection images and to resample the MVCBCT reconstruction
cube to different slice thickness and pixel size. MeVisLab has also excellent displaying
tools which were used to produce snapshots of reconstruction images for meetings and

publications.
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2.5 Image Acquisition Procedure

Figure 2.7 depicts the acquisition of raw projection images and the image recon-
struction for the MVCBCT system. A MVCBCT acquisition is similar to an arc
treatment in which x-ray exposure is delivered as the treatment unit rotates around
the patient. An image acquisition field is created in the computer workstation using
one of the predefined MVCBCT protocols, which contain the information needed by
the system to perform the acquisition (field size, start and end angle, total expo-
sure, flat panel distance, etc.). As mentioned before, some parameters such as the
start (270°) and end (110°) angle, the number of projections (200) and the flat panel
distance (145 cm) are set, while others, such as the total exposure, the field size,
the reconstruction size and the image-processing filters can be modified. The start
and end angle of the acquisition were chosen to meet the minimum arc required for
"exact” CT reconstruction while avoiding a gantry position that would bring the de-
tector above the patient. In theory the acquisition could have started at any angle.
The source detector distance was chosen to allow the acquisition to be performed
safely on patients while maximizing the reconstructed volume. The maximum field
size allowed (27.4 x 27.4 cm?) was chosen to protect sensitive components of the
detector. The primary collimator (Y jaws) in the head of the linac (Fig. 2.8, 1g)
can be moved independently to reduce the amount of tissue being irradiated in the
longitudinal direction. The craniocaudal imaging length (CCIL) can be specified to

have a value between ~5 and 27 cm located anywhere within a 27 cm window cen-



42

Figure 2.8: Key components in the linac gantry head include the waveguide (1a), the
bending magnet (1b), the tungsten target (1c), the flattening filter (1d), the monitor
chamber or dosimetry system (le), the light mirror (1f), the upper Y-jaw (1g), the
multileaf collimator (1h) and the accessory tray (1i). Image courtesy of Kevin Hulsey
[lustration, Inc.

tered at the isocenter. Next, the MVCBCT field parameters are directly transferred
to the control console of the linac to place the system in position for imaging. The
linac gantry then rotates in a continuous 200-degree arc (270° to 110°, clockwise)
while acquiring 200 low-exposure (< 0.25 MU) portal images, with one image per
1° increment. For each projection image, the exposure is measured by the dosimetry
system (Fig. 2.8, le) and recorded in the header of the DICOM file containing the
200 raw projections. Section 2.1 describes the role of the exposure per projection

of the 3D reconstruction. The duration of the acquisition procedure increases with
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the total exposure specified. For a typical 5 MU, the acquisition lasts approximately
45 seconds. The image reconstruction starts immediately after the acquisition of the
first portal image, with a typical 256 x 256 x 274 voxels completed in 110 seconds.
The reconstructed MVCBCT and the raw projection images are saved in the patient
database of the computer workstation as DICOM images. Finally, the MVCBCT im-
ages are automatically loaded in a 3D alignment application along with its reference
CT data. The 3D registration process and couch adjustment also is performed as

discussed in Chap. 6.

2.6 Technical Summary of MVCBCT

Table 2.1 summarizes the main technical characteristics of MVCBCT imaging
presented throughout the chapter. Details of the system are given for the acquisition
geometry, the x-ray beam, the flat panel imager, the acquisition procedure and the
reconstruction parameters. The bold font specifies the typical values used in clinic
because, in our experience, they provide clinically usefull image quality within the

time constraint of online positioning.



Table 2.1: Technical characteristics of MVCBCT imaging.

MVCBCT Characteristics Value
Acquisition Geometry
Source-axis-distance (Sap) 100.0 cm
Source-imager-distance (Syp) 145.0 cm
Cone Angle 7.8°
Projection Field Size 27.4x27.4 cm?
Maximum field of view (FOV) 27.0 cm
Craniocaudal length 5 to 27.4 cm (independent Y jaws)
X-Ray Beam
Beam energy 6 MeV
Added filtration Flattening filter
Beam output 1 MUMVCBCT =1 MUtreatment
Available exposure 2 to 60 MU
Flat Panel Imager
Detection type Indirect
Designation RID 1640 AG9-ES
Array format 1024 x1024 pixels
Converter 1mm Copper plate
Scintillator name Kodak Lanex Fast
Scintillator material 133 mg/cm? Gdy0,S:Th
Pixel pitch 0.4 pm
Area 40.96 x 40.96 cm?
Nominal frame rate 0.16 frame per second
Maximum frame rate 7 frame per second
Readout time 140 ms
Acquisition Procedure
Number of projections 200
Angular increment 1.0°
Total rotation angle 200.0°
Maximum angular rotation rate 1 rotation per min
Reconstruction Parameters
Reconstruction matrix size (128, 256, 512)°
Voxel size (2,1, 0.5 mm)?3
Slice thickness 1,3, 5 mm
Backprojection filters Edge enhancing, Edge preserving, Smoothing
Projection binning 1lor2
Pre-processing filter Median 3x3, Avg. 5x5

Uniformity correction filter Head and neck, Pelvis
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Chapter 3

System Performance

The potential clinical applications of MVCBCT directly depend on its physical
performance. In this chapter, we therefore discuss how we evaluated the physical
performance of MVCBCT and describe how we optimized system and reconstruction
settings to achieve the best possible image quality.

Two MVCBCT systems (linac 1: Oncor™ and linac 2: Primus™, Siemens Oncology
Care Sytems, Concord, CA) installed in our clinic were compared. Even though linac
1 is a more recent generation of treatment machine than linac 2, the imaging system
components are identical and therefore the physical performances are expected to
be similar. Both systems were tuned for treatment and imaging following the same
procedure. The physical characterization of MVCBCT presented in the following
sections contains results on the time required for imaging and reconstruction, the

shape and size of the field of view, the geometric stability, the absolute positioning
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Table 3.1: MVCBCT imaging protocol baseline. Abbreviations of protocol compo-
nents are used throughout the chapter.

Protocol component Abbreviation Value
X-ray exposure expo 9 MU
Projection filtering projfilt Avg. 5x5
Binning bin 2
Backprojection filter bckprojfilt Smoothing
Number of voxels nvox 2563
Slice thickness slicethick 3 mm
Craniocaudal imaging length CCIL 27.4 cm
Normalization factor Iog Topermv - MUy

accuracy, the image calibration stability, the image quality and the dose delivered to
patient.

To avoid specific limitations with the initial MVCBCT clinical product, a separate
research platform (using the identical reconstruction algorithm as the product) was
used to rapidly test different reconstruction settings and apply filters and corrections
developed in-house. Most of the results presented in the dissertation were obtained
by performing the image acquisition with the product but by reconstructing and
analyzing the MVCBCT images offline with the research platform (see Fig. 2.7).

Different acquisition and reconstruction settings (projection filters, number of vox-
els, backprojection filter) are compared in the next sections. The reader can review
specific terms related to the reconstruction of MVCBCT images such as binning and
diffusion filter (Sec. 2.1). Table 3.1 summarizes the baseline MVCBCT imaging pro-
tocol components used throughout the chapter. Imaging protocol components were
varied to compare the physical performance of the new protocol versus their base-

line values. Protocol component abbreviations in Table 3.1 are used throughout the
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chapter to save space and avoid repetition.

3.1 Duration of Acquisition and Reconstruction

The development of in-room image-guidance techniques must satisfy strict time
constraints faced in radiation oncology. Longer time on the treatment table translates
into higher probability of reduced treatment accuracy due to patient discomfort [5],
and decreased patient through-put. Table 3.2 reports the time required for different
acquisition and reconstruction settings.

As expected from the description in Sec. 2.2, Table 3.2 shows that the MVCBCT
acquisition is performed faster for lower levels of exposure (MU). MVCBCT images
are reconstructed in less than 2 minutes for a volume of 2563 voxels. The time required
for reconstruction is fairly constant with exposure since it is mostly limited by the
speed performance of the computer workstation. Reconstruction time increases with
the number of voxels simply because the reconstruction algorithm loops on the voxels
(voxel-based reconstruction). The application of diffusion filtering (noise-reduction
filter introduced in Sec. 2.1.2) on the projection images currently increases the time
of reconstruction by a factor of 2-3. Specific code development for diffusion filtering
as part of the MVCBCT system combined with faster computing may allow on-line

clinical application with this projection filter.
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Table 3.2: Time required for image acquisition and reconstruction for different imag-
ing protocol. Only the specified protocol component is changed compared to the
baseline (Table 3.1).

Modified Imaging Acquisition Reconstruction
Protocol Component Time (s) Time (s)
expo (MU) nvox  projfilt
3 256° Avg. 5x5 28 118
10 2563  Avg. 5x5 34 119
20 2563  Avg. 5x5 43 116
60 2563  Avg. 5x5 82 117
10 1283  Avg. 5x5 43 100
10 5123 Avg. 5x5 43 344
10 2563 diffusion 43 322

3.2 Field of View and Clearance

As a simple definition, only pixels which are illuminated from all projection angles
are reconstructed correctly, and they constitute the field of view (FOV). MVCBCT
imaging with a large FOV is of particular interest for clinical applications discussed in
the dissertation since radiation oncology can demand imaging and treatment across
wide areas of the body, in the periphery of the body, or for large patients.

For conventional CT (Fig. 1.2), the cross-sectional FOV forms a circle with a
diameter defined by the detector size and the distance between the source and the
detector. The longitudinal FOV, that is, the length of the reconstruction volume
along the craniocaudal direction, is solely based on the table movement span and
can be very large. For MVCBCT however, the FOV dimensions only depends on the
detector size, the source-axis-distance (SAD) and the source-imager-distance (SID)

(illustrated in Fig. 2.1) since there is no table movement. As illustrated in Fig. 3.1
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the shape of the FOV is defined by rotating the source and detector around Y7, with
the intersection of the divergence of square beams resulting in a cylindrical FOV with
two small cones to the opposite ends of the rotational axis. While the FOV of a
cross-section in MVCBCT reconstruction is set by the secondary collimator (X-jaw,
MLC), the craniocaudal imaging length is based on the primary collimator opening
(Y-jaw) during image acquisition. The Y-jaw opening is defined by the creation of
the MVCBCT imaging protocol. For the flat panel designed for MV applications, the
sensitive electronic components to radiation are generally placed on the periphery
of the active area. For this reason, despite a detector area of (40.96 x 40.96 cm?),
the current maximum field size allowed for MVCBCT imaging at the detector plane
is 39.7 x 39.7 ecm? to help protect the detector electronics from radiation damage.
Given the set source-axis-distance and source-imager-distance of 100 and 145 cm

2 at isocenter.

respectively, this maximum field size corresponds to 27.4 x 27.4 cm
There is also an additional small truncation of the projection images to avoid possible
reconstruction problem caused by the progressive drop in signal intensity at the field
penumbra. Therefore, the current maximum FOV for MVCBCT is approximately
27 x 27 cm? in the axial plane and a little less than the craniocaudal imaging length
(Y-jaw opening) in the longitudinal direction.

We have found that such a FOV is suitable for most clinical cases. Collision issue

of the detector with the treatment table or even the patients could occur for patients

having a treatment isocenter away from the anatomical mid-planes (lung or breast
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Figure 3.1: Field of view (FOV) for MVCBCT imaging. The source-axis-distance and
source-imager-distance are denoted by SAD and SID respectively. For the current
system design, the maximum craniocaudal imaging length (CILL) and transverse
FOV are in the order of 27 em and 27 x 27 cm? respectively.

treatment). Applying a voluntary shift to center the patient in the treatment field
prior to imaging may be used to avoid this limitation while still providing an accurate
set-up using image-guided radiation therapy techniques (IGRT) discussed in Part II
of the dissertation.

Finally, the current MVCBCT FOV is mostly limited by the size of the detector.
Increasing the Sp would increase the FOV while increasing the S;p would decrease
the FOV. It has been demonstrated in the literature that shifting the flat panel
position in the lateral direction (along the U axis Fig. 2.1) combined with a full
rotation of raw projection sampling can increase the transverse FOV of a cross-section
by approximately 15 cm [43]. This approach relies on the concept that opposing

projection images (e.g. 0° and 180°) can complement each other since by covering
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different sides of the patient anatomy. The increase in transverse FOV provided by
this image acquisition and reconstruction approach should improve the image quality
due to reduced truncation of the patient anatomy and will open the door to new

opportunities of anatomy verification and dose calculation (Chap. 8).

3.3 Geometric Stability and Absolute Positioning

The geometric calibration presented in Sec. 2.1.3 plays an important role for ab-
solute positioning and image quality. Simulations performed by our group indicate
that lateral deviations from the calibration geometry as small as 2 mm cause streak-
ing artifact around high-contrast regions while longitudinal deviations create shifts
in the reconstruction volume, potentially introducing set-up errors [44].

First, the validity of the geometric calibration was evaluated by reconstructing a
gold seed placed at isocenter with the room lasers. As expected, the reconstructed
position of the seed was located within 1 mm to the central voxel of the reconstruction.
Gold seeds are now used as a rapid quality assurance checks for absolute positioning
(Sec. 4.2).

Second, the geometric stability of the system over time was investigated by per-
forming then analyzing geometric calibration measurements on our 2 systems over a
period of several months. Projection of the isocenter Py = (Xo, Yo, Zo) = (0,0,0) to
the flat panel plane can be done using the projection matrices in Eq. (2.12) which

are obtained during geometric calibration. Figure 3.2 presents the mean projected
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Figure 3.2: Stability of the MVCBCT system geometry in rotation. Projection of the
treatment isocenter (X, Yy, Zg) on the flat panel (Up, Vp) using projection matrices
routinely acquired over a period of 8 months. The mean and standard deviation of
(U, Vi) are plotted for linac 1 and linac 2.



93

position of the isocenter (Uy, V) in rotation over a period of 8 months for linac 1 and
linac 2. The standard deviation of the projected isocenter position in rotation over
time is also displayed. During rotation, the projected position varied smoothly by
a maximum of approximately 7 and 3 pixels for the transverse (U) and longitudinal
(V) directions respectively. The rigidity of the system is therefore evaluated to be
in the order of 1 to 3 mm. The stability of the system geometry as depicted by the
standard deviation was excellent. The mean magnitude of 2 standard deviations (o)
for both directions was less than 0.5 mm. The system geometries were found to be
reproducible to better than 1 mm (30 < 1 mm) in both directions over a period of 8
months [45]. These results compared to simulations indicate that excellent stability
of the system will help maintain image quality and absolute positioning accuracy in

the longitudinal direction.

3.4 Stability of CT Number Calibration Factor

The calibration and stability of CT# (image voxel intensities, a quantity repre-
senting the linear attenuation coefficient of the material within the voxels) are im-
portant in the clinic for applications such as dose calculation and automatic display
using user-specified window levels and colormaps. In this section, the stability of the
beam output and the flat panel readout were investigated since both affect our ability
to control the reconstructed CT# produced by MVCBCT.

Equation (2.1) of the reconstruction describes how the projection data acquired at
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an angle @ are normalized and logarithmically transformed prior to start of the tomo-
graphic reconstruction process. Currently, the non-attenuated beam (I ) is obtained
by measuring the fractional exposure delivered per projection (MUy) multiplied by
a panel sensitivity per unit of exposure (loperrro) derived during gain calibration. In
this study, multiple unattenuated (in air) acquisitions were obtained monthly over
8 months to measure the average intensity per frame (Ioperframe) and the stability
of the sensitivity of the detector to 1 MU of exposure (lopernmo). Image acquired in
air were analyzed by defining a large (25 x 25 cm?) region-of-interrest (ROI) in the
center of each raw projection. The exposure per projection was extracted from the
header of the DICOM file containing the raw projections of the MVCBCT acquisi-
tion. Finally, the use of I,e e or an average Ioper frame 0N the reconstructed CT#
and image quality was evaluated using the method described in Sec. 3.5.3.

Figure 3.3 illustrates the projection intensity variations of linac 1 acquisitions
performed in air at different exposures. Repeated data were produced and plotted over
a period of 8 months to investigate the beam output and flat panel stability. Tables
3.3 and 3.4 summarize the statistical analysis generated from the projection images
of acquisitions performed in air on linac 1 and linac 2. The percentage deviation
from the mean intensity from projection to projection (STD/Mean) increases at low
exposure simply because a change of one electron pulse at lower exposure for the x-ray
beam creates greater variations in the total intensity per projection. The maximum

variation in beam intensity per frame was around 56% at 2.7 MU for linac 2. The
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Figure 3.3: Flat panel intensity variation per projection (linac 1) for air acquisitions
performed at 2.7, 4.5, 9.0 and 18.0 MU. The mean signal and the standard deviation
are displayed above each plot.
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stability of the beam output and panel reading was better than 2% at all exposure
levels.

Figure 3.4 displays the value of Inperframe as a function of exposure (MU per
projection). The flat panel response at low exposure (< 0.1 MU) was highly linear.
The slope was calculated and represents the panel sensitivity for an exposure of 1 MU
of the imaging beam (loperrrer). The Ioperarv using the different air acquisitions were
37720 + 114 and 36584 + 916 for linac 1 and linac 2 respectively. In comparison, the
value of Iope,nr using only the normal gain procedure at 8 MU were 37978 £ 290 and
38857 4+ 344. The beam output and panel intensity stability is found to be excellent
over a period of 8 months. For the CT# normalization factor, we believe obtaining
Iopermy using only the gain calibration is sufficient to conserve image quality. In
addition, using only the gain calibration is more practical than having to acquire
several air acquisitions to calibrate the unattenuated detector intensity at several
exposures. Usually, the Iy, p0 scaling factor is smaller when calculated from several
air acquisitions acquired at different exposures. This can easily be observed for linac 2
in Fig. 3.4. This effect may be due to the fact that the flat panel does not entirely clear
its dark current. For linac 2, this effect was large enough to change the reconstructed
CT# by 3-4%.

Table 3.5 shows the impact of using different / y normalization factors on the re-
constructed CT#, noise and CNR. The CNR was not greatly affected whether Iy,e,pr0/

or Ioperframe Was used for reconstruction. A 10% over-estimation of Toper frame T€-
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Table 3.3: Mean Ipperframe and beam intensity variations over a period of 8 months
at different exposure (MU) for linac 1.

Total MU ~ Mean  STD/Mean Min/Mean Max/Min

IOperframe (%) (%) (%)
2.7 530 £ 6 155+£03 —-354£56 35.0£23
4.5 860 £ 9 83+£03 —-21.8+£24 226+26
9.0 1690+ 13 43+£04 —-13.7£27 108+2.1
18.0 3352+£37  214+0.2 —72+11 48=£1.1

Table 3.4: Mean Iyper frame and beam intensity variations over a period of 8 months
at different exposure (MU) for linac 2.

Total MU ~ Mean  STD/Mean Min/Mean Max/Min

IOperframe (%) (%) (%)
2.7 585+ 9 11.9+£26 —-269£5.8 55.8£5.8
4.5 914+ 7 72+08 —-188+£30 202%5.5
9.0 17224+ 17 44+£02 —-13.0£43 12.0+£1.9
18.0 3301 £32  3.0+0.7 —-70+£1.0 79£15

Mean flat panel signal per projection (arb. units)
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Figure 3.4: Mean detector intensity per projection for air acquisitions performed at
2.7, 4.5, 9.0 and 18.0 MU. Error bar are used to show the standard deviation in mean
intensity per frame for measurements done over a period of 8 months.
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Table 3.5: Effect of using different Iy normalization factors on the reconstructed
CT#, noise and CNR.

Reconstruction CT# Noise CNR CNR
protocol water water bone/water muscle/water
2.7 MU using loper v 988 43 8.8 1.5

2.7 MU using Ioper frame 1011 44 8.8 1.6

9.0 MU using Iopermv 1051 26 14.2 2.0

9.0 MU using loper frame 1046 26 14.4 2.1

9.0 MU using Ioper frame (5% high) 1087 27 13.7 2.0

9.0 MU using loper frame (10% high) 1115 27 13.5 2.0

9.0 MU using loper frame (20% high) 1163 27 13.4 2.0

9.0 MU using loper frame (20% low) 760 46 9.2 1.8

sulted in a CT# increase of approximately 7%. Finally, under-estimation of Iope, frame
strongly affected CT# and noise due to saturation of signal for the logarithmic con-
version step of the reconstruction.

Given that large beam intensity variations (> 30%) are observed for lower MVCBCT
acquisition exposures, it is somewhat surprising that the image quality (CNR) is not
affected by the use of a Ipperframe as opposed to the Ippe, i and MUy reading of the
system. This result suggests either that the intensity variation per projection cancels
out on the reconstruction, the effect is small compared to other sources of noise or

that the MUy reading of the system is equally erroneous than using a mean Iope; frame-

3.5 Image Quality

Image quality is a generic concept that helps quantify what can be expected from
an imaging system in a clinical setting. The principal components are uniformity,

contrast, spatial resolution and noise. Generally, optimizing image quality signifies



99

finding the best tradeoff between those components for a given application.

For our system, several parameters were varied to quantify their impact on image
quality including the exposure (2.7, 4.5, 9.0, 18.0 and 54.0 MU), the craniocaudal
imaging length (2, 5, 15, 27.4 cm), the voxel size (0.5, 1, 2 mm) and the slice thickness
(1, 3, 5 mm). For the reconstruction algorithm, we investigated binning, averaging
and diffusion filtering of raw projections as well as four different backprojection filters.
A simple uniformity correction was developed to reduce a cupping artifact occurring
with MVCBCT. The current MVCBCT product settings (Table 3.1) were used as the
performance baseline for comparison.

A general discussion about image quality for CT systems with different geometry
and x-ray beam energy is necessary at this point to better understand the results of

the following sections.

Soft-Tissue visualization using kV and MV imaging

The use of MV photons for imaging is a departure from the general preference
for kilo-electron volt (kV) beams in diagnostic imaging. The basic physics of x-ray
interaction with matter can be used to explain the tradeoffs between using kV or
MV beams for imaging in radiotherapy. The visibility of large low-contrast objects in
tomographic images, for example the prostate, depends on the CNR. Contrast is de-
termined by the differential attenuation of the beam through different bodily tissues.

In the MV range, Compton scattering provides the majority of the beam attenua-
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tion. Due to the small energy dependence of Compton interaction, the contrast in MV
imaging is thus relatively constant over a large energy range. However, the greater
dose per photon deposited by MV photons reduces the imaging beam intensity that
may be applied given patient dose constraints, thus reducing the signal. Moreover,
the attenuation coefficients of bodily tissues are lower for MV energies, diminishing
image contrast. The other important parameter, noise, includes the statistical fluctu-
ation of photon detection as well as any source of unwanted radiation (i.e., radiation
containing no imaging information). In transmission imaging, the x-rays reaching
the detector consist of unscattered (primary) and scattered (secondary) components.
The primary fluence produces the signal in the resulting image, while the secondary
fluence introduces noise and image artifacts and produces quantitative inaccuracies in
the reconstructed CT+#. The magnitude of scatter reaching the detector depends on
the photon energy spectrum, the field size, the object (size and composition), and the
object-to-detector distance. The fan beam geometry traditionally used in diagnostic
CT rejects a considerable amount of scattered radiation, while the cone-beam geome-
try used in modern CT scanners and even to a great extent in MVCBCT exposes the
detector to greater amounts of scatter radiation. Compared to kV photon beams, MV
scattered photons are much less abundant and have a more predictable behavior [46].
To a first approximation, the scatter contribution to a MV projection image will be
a smooth dome-shaped signal roughly centered on the imager [28, 47]. Conventional

detector gain correction procedures also tend to boost the signal in the center of the
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detector to try compensate for a lower detector response measured when there is no
object in the beam [48]. This becomes an overcorrection once the patient is placed
in the beam, changing the beams energy spectrum. The end result of the amplified
signal in the center of the projection images is a cupping artifact, an underestimation

of the CT# in the center versus the periphery of the reconstructed MVCBCT image.

3.5.1 Uniformity and Cupping Artifact

A head-size water cylinder was used to characterize and correct the cupping ar-
tifact occurring for a typical head and neck MVCBCT acquisition. The cylinder
diameter and length were 16 cm and 24 c¢m respectively. The nonuniformity (NU)
of MVCBCT was obtained by measuring (with ROIs) the mean signal at the pe-
riphery (Meanperiphery) and in the center (Meanceper) of the water cylinder. The
nonuniformity normalized for the mean reconstruction intensity of the water cylinder
(Mean yiindger) and in air (Meang;, ) was calculated using the following equation:

Mea'nperiphery - Meancenter

NU =100 x (3.1)

eaNeylinder — Meanqi
The nonuniformity was measured for acquisitions with different craniocaudal imaging
lengths and gain calibration types. We compared the nonuniformity from the typical
gain calibration acquired in air with a gain calibration using a 1.27-cm lead plate
[48] placed in the accessory tray of the linac (Fig. 2.8, 1i). The purpose of the lead
plate was to modify the beam on-axis (a nonattenuated beam is harder on-axis due

to the preferential attenuation of low-energy x-ray in the flattening filter) to obtain a
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Table 3.6: Uniformity performance for different craniocaudal imaging lengths (CCIL)
and gain types.

Full CCIL 15 cm CCIL 5 ecm CCIL 2 em CCIL Full CCIL

Air Gain Air Gain Air Gain Air Gain  Lead Plate Gain

Axial 18.8% 16.3% 14.3% 14.2% 7.0%
Sagittal 24.6% 21.9% 17.1% - 4.3%

more uniform energy fluence during gain calibration. The lead-plate would therefore
remove any kind of beam energy spectrum compensation normally captured during
gain calibration.

The results are presented in Table 3.6. The nonuniformity of the noncorrected
MVCBCT images reaches 19% and 25% in axial and sagittal midsections respectively.
The nonuniformity decreased with smaller craniocaudal imaging length but rapidly
reached a plateau at lengths of approximately 15 cm. The use of gain calibration
acquired with a lead plate greatly reduces nonuniformity, suggesting that the cupping
artifact occurring with MVCBCT is mostly (/~ 2/3) due to panel response instead of
x-ray scatter. As expected, the nonuniformity did not vary with dose, slice thickness,
or reconstruction size. The uniformity correction method presented next improves

uniformity performance obtained with a lead plate for gain calibration.

Simple uniformity correction method

A simple postprocessing empirical model was developed to reduce the cupping
artifact occurring with MVCBCT. The average reconstructed CT# of a head-size

water cylinder was used to assess uniformity obtained across the entire phantom after
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correction. A geometrical model of correction factors was defined to characterize
the cupping artifact. A basic ellipsoid shape (semiaxes; r,, 7,, r,) centered on the
cylinder (z., y., z.) was defined. As described in Eq. (3.2), each voxel of the water
cylinder MVCBCT (zy, yy, zf) falls onto the surface of an ellipsoid a. Using the
water cylinder images, correction factors (C'F,) were determined for eight values of
«. Linear interpolation or extrapolation was used to determine the correction factors

for values of o that lie between or beyond the tabulated values.

_ 2 _ 2 _ 2
<If Ic) +<yf yc) +<Zf ZC) :Oz2:>CFa (32)

Tz Ty T,

Figure 3.5a shows uncorrected MVCBCT images in the axial and sagittal central
planes of the water cylinder. Figure 3.5¢ displays intensity profiles for this image
taken along the directions defined by dotted white lines on the images of Fig. 3.5a.
The magnitude of cupping artifact presented in these images is approximately 19%
and 25% of the cylinder mean value for axial and longitudinal profiles respectively. As
illustrated on Fig. 3.5a, a given CT# value approximately falls onto the surface of an
ellipsoid centered in the cylinder. Several ellipsoid contours, defined by Eq. (3.2), are
displayed on Fig. 3.5a along with their associated correction factors. The correction
factors for the profiles of the phantom are also displayed using a dashed line (scale
shown on the right of the plots of Fig. 3.5¢c. The uniformity correction method greatly
reduced the cupping artifact as seen in the images (Fig. 3.5b) and profiles (Fig. 3.5d)
for the corrected MVCBCT. Figure 3.6 shows the improvement in uniformity obtained

with the correction factors applied to the images of a head and neck patient. The
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Figure 3.5: MVCBCT acquisitions and intensity profiles for a head-size water cylinder.
The uncorrected images (a) contain a strong cupping artifact. Axial and sagittal
profiles (c), taken along directions defined by white dashed lines in (a), display the
magnitude of the cupping. Derived correction factors are overlaid on images in (a).
Dashed lines in (c) plot the correction factors derived from the data. Corrected images
(b and d) are much more uniform. Both sets of MVCBCT images are displayed with
the same window and level.
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remaining cupping artifact, estimated using the soft-tissue intensity along selected
profiles, was less than 5% in any direction.

Although there are limitations inherent to this uniformity correction method, es-
pecially with respect to where the patient needs to be placed for imaging (roughly
centered as in the case of the water cylinder), this simple correction greatly reduces the
nonuniformity in the MVCBCT images. Other more robust preprocessing methods
to correct projection images for x-ray scatter and other effects (e.g. beam harden-

ing) have also been proposed [28, 47]. These methods would likely further reduce the
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Uncorrected 5.5 Corrected

Figure 3.6: Improvement in image uniformity for a head and neck acquisition using
a simple geometrical (ellipsoid) model of correction factors. (left) Uncorrected image
with correction factors overlaid. (right) Corrected image. The images are displayed
using the same window and level.
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cupping artifact. However, the results of this study suggest that a first order correc-
tion of the MVCBCT cupping artifact may already be sufficient for dose calculation

applications presented in Chap. 8.

3.5.2 Spatial Resolution

The ability to visualize small high-contrast objects is governed by the spatial
resolution of an imaging system. In general, diagnostic applications such as mam-
mography require better spatial resolution performance than in-room image-guidance
in RT simply because of the task and the object-of-interest size. Advance diagnostic
system can easily identify object size of a few millimeters, whereas mammography can
identify objects having a size of a few hundred microns. The objective of this section
is to quantify the spatial resolution of MVCBCT for different imaging protocols.

Several methods have been developed to evaluate the spatial resolution of an
imaging system. Subjective methods using line pair patterns are commonly used
but have limited accuracy and repeatability. More quantitative methods include
an indirect approach using line pair patterns [49] (this approach is used for quality
assurance in Chap. 4) and direct methods using point source [50] or edges [51]. For
the purpose of optimizing image quality, we used an iterative edge blurring technique
[52] to calculate the point-spread function (PSF) of our MVCBCT system. The PSF
describes the response of an imaging system to a point-stimulus, and it theoretically

is a thorough description of the system’s spatial resolution. For some imaging system,
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however, it is difficult to experimentally design a point-stimulus. The iterative edge
blurring method avoid this difficult by using a priori knowledge of the object size
used as input to the imaging system. Figure 3.7 illustrates the main steps of the

method.

Iterative edge blurring technique for PSF calculation (illustrated in Fig. 3.7):

1. Use MVCBCT to image a ball or a wire having a diameter larger than but close

to the spatial resolution of the MVCBCT system.

2. Measure the wire diameter precisely (with micrometer). An object having this

diameter theoretically represents the ideal input to the system.

3. Extract a transverse image slice.

4. Draw several profiles in the image across the center of the wire.

5. Average all the profiles (this correspond to the response of the MVCBCT system

to the ideal input of a specific size).

6. Iteratively blur (with Gaussian functions of different standard deviation ” width”
o) the ideal input to minimize the different between the profile average and the

blurred ideal input.

7. The best Gaussian function (described with o causing the least error) corre-

sponds to the PSF of the system.
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Figure 3.7: Summary of the method used to measure the spatial resolution
(PSFpw ) of MVCBCT. (a) Represents a cross-section of the brass wire imaged at
isocenter with MVCBCT. (b) Several profiles were drawn passing through the center
of mass of the wire. (c¢) Shows the ideal input (red) measured with the micrometer
and the true input (blue) obtained by averaging all the profiles from b. (d) The ideal
input is convoluted with Gaussian functions to maximize the similarities with the true
input. (e) Shows the optimization of the Gaussian function (trying different standard
deviation ¢) minimizing the error between the blurred ideal input and the true input.
(f) Plots the best Gaussian function representing the point-spread function (PSF) of
the imaging system.
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A brass wire located at isocenter along the longitudinal axis was imaged with
MVCBCT. The raw images were used to test different reconstruction protocols on
the PSF. Only one component of the acquisition or reconstruction was varied per
protocol to compare with the baseline (Table 3.1).

The full-width at half maximum (FWHM) of the PSF is summarized in Table 3.7.
The FWHM of the point spread function (PSF gy gas) varied only between 1.50 and
2.11 mm for all the reconstruction protocols tested. Such a small difference has very
little impact on the possible clinical applications with MVCBCT compared to the
contrast-to-noise ratio improvement observed in the next section. For this reason, the
contrast-to-noise ratio was used as leading component to optimize image quality. The
primary blurring sources for MVCBCT are believed to be the x-ray source size (~1-2
mm), the reconstruction program (smoothing filters), the intrinsic spatial resolution
of the scintillator and flat panel detector, and the image magnification. In addition,
positions in space away from the central transverse plane would likely have lower
spatial resolution than reported due to the approximation occurring with the FDK

algorithm.

3.5.3 Contrast-to-Noise Ratio

The visibility of large low-contrast structures with cone-beam CT is mostly gov-
erned by the contrast-to-noise ratio (CNR). This is a key image quality component

for all the clinical applications that requires the resolution of soft-tissue structures.
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Table 3.7: Spatial resolution performance for different reconstruction protocols. The
full-width at half maximum of the point spread function (PSF gy ga) is reported.
Only the specified protocol component is changed compared to the baseline specified

in Table 3.1.

Reconstruction PSFrwun % PSFrwmm
Protocol Component (mm) Improvement
from baseline
Baseline (Table 3.1) 1.96 —
bin = 1 1.67 -14.8
projfilt = none 1.82 -7.2
projfilt = Avg. 3x3 1.91 -2.6
projfilt = Avg. 7x7 2.02 3.1
projfilt = no Avg., Diffusion 2.06 5.2
projfilt = Avg. 5x5, Diffusion 2.11 7.9
bckprojfilt = Edge Enhancing 1.50 -23.6
bcekprojfilt = Edge Preserving 1.53 -21.7
bckprojfilt = Smoothing 2 1.60 -18.3
nvox = 128x128 2.01 2.7
nvox = 512x512 1.92 -2.1
slicethick = 1mm 1.96 0
slicethick = 5mm 1.97 0.4
Ing = Mean Igper frame 1.94 -0.8
Ing = Mean Loper frame 5% high 2.00 2.2
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In theory, assuming a Gaussian distribution for the noise of the imaging system, a
structure should be visible if its CNR is greater than 2, that is, the contrast between
the structure and its background is twice as big as the local noise distribution. In
reality, defining what is visible on clinical images is highly subjective. In addition, it
practically is impossible to design a phantom that contain the tissue complexity of
the human anatomy, although animal studies remain an option. This section aims at
quantifying the CNR performance on phantoms for different MVCBCT acquisition
and reconstruction protocols in order to optimize soft-tissue resolution in the clinic.

A head-size water cylinder implanted with CT inserts was used to measure the
CNR performance of MVCBCT. The following CT inserts with relative electron den-
sities to HoO (rED) were implanted in the water cylinder: ROI;: dense bone (51.3%),
ROIy: lung inhale (-81.0%), ROI3: liver (5.3%), ROI,: trabecular bone (11.7%),
ROI;: adipose (-4.8%), ROlg: lung exhale (-51.1%) and ROI;: muscle (4.3%). ROIs
were drawn for all inserts and their respective background signal in water. Figure 3.8
shows the water cylinder with the ROIs drawn for CNR calculation. A MVCBCT of
60 MU was acquired to precisely draw the ROIs. MVCBCT of different exposures and
craniocaudal imaging lengths were then acquired with the phantom in the same posi-
tion. The MVCBCT reconstructions were corrected for uniformity using the method
presented in Sec. 3.5.1. Finally, the ROIs drawn on the 60 MU MVCBCT were copied
on each MVCBCT to extract statistics and calculate the CNR.

The CNR of insert i (CNR;) was calculated using the mean ROI pixel value
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Figure 3.8: Phantom designed for measurements of contrast-to-noise ratio. Inserts
mimicking bodily tissues were implanted in a head-size water cylinder. The image on
the left is a transverse slice of the MVCBCT reconstruction and shows the regions-
of-interest that were defined for CNR measurements.

of insert i (mean(ROI;)) with the mean and standard deviation of the ROI pixel
values in background regions (mean(Water;), Stdev(Water;), mean(Water; ;) and
Stdev(Water; 1)) defined in water on both sides of insert i. As illustrated in Fig. 3.8,
the index i ranges from 1 to 7 for the inserts and from 1 to 8 for the background
regions in water. The CNR of insert i was calculated using the following equation:

Mean(ROI;) — 1/2 - (Mean(Water;) + Mean(W ater; 1))

CNR; = 1/2 - (Stdev(Water;) + Stdev(Water;y1))

(3.3)

The results are summarized in Table 3.8. Only one component of the acquisition
or reconstruction was varied per protocol compared to the baseline. Reconstruction
protocols combinations that resulted in clear suboptimal CNR performance (e.g. bin
=1, projfilt = none, bckprojfilt = edge enhancing) were removed from the table.
Averaging or diffusion filtering of the raw projections greatly improves CNR. The

smoothing backprojection filter with strong removal of high frequency components
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Table 3.8: Contrast-to-noise ratio (CNR) performance for different reconstruction
protocols. Only the specified protocol component is changed compared to the baseline
defined in Table 3.1. The CNR performances are reported for three electron density
differences relative to water (rED).

Reconstruction CNR for different rED  Mean % CNR
Protocol Component 51.3% 11.7% 4.3% CNR improvement
from baseline
Baseline (Table 3.1) 18.0 5.7 2.0 8.5 -
bin = 1 10.8 3.3 1.1 5.1 -40.9
projfilt = none 12.5 3.8 1.3 5.9 -31.5
projfilt = Avg. 3x3 14.5 4.5 1.5 6.8 -20.3
projfilt = Avg. 7x7 21.2 7.4 2.2 10.3 19.9
projfilt = no Avg., Diffusion 30.8 11.0 3.8 15.2 77.8
projfilt = Avg. 5x5, Diffusion 34.2 12.5 4.4 17.0 99.3
bckprojfilt = Edge Enhancing 8.1 2.3 0.8 3.7 -56.2
bcekprojfilt = Edge Preserving 8.6 2.5 0.9 4.0 -53.4
bckprojfilt = Smoothing low 9.0 2.8 0.8 4.2 -50.8
nvox = 128x128 13.6 4.6 1.5 6.6 -23.1
nvox = 512x512 25.0 8.2 2.5 11.9 39.4
slicethick = 1 mm 10.0 3.3 1.1 4.8 -43.7
slicethick = 5 mm 23.1 7.2 2.3 10.9 27.5
Ing = Mean Loper frame 17.8 5.8 1.8 8.5 -1.0
Ing = Mean Igper frame 5% high  17.3 5.7 1.7 8.2 -3.8

provided the best CNR. Because the reconstruction is voxel-based, it is optimal to
reconstruct with a size of 512 x 512 with 1 mm slice thickness and resample images
to 3 or 5 mm slices. Smaller voxel size or a larger number of voxels (nvox) during
reconstruction results in a larger number of sampling on the detector thus improving
CNR.

Finally, compared the CNR produced by the best two reconstruction protocols
and from the baseline protocol as a function of exposure. The results are illustrated
in Fig. 3.9 and plotted in Fig. 3.10.

The CNR varied with the square root of exposure (v MU) for the baseline recon-
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Figure 3.9: Axial images of the phantom Fig. 3.8 showing the CNR performance as
a function of MVCBCT exposure (MU) for three different reconstruction protocols:
baseline, projfilt = diffusion and projfilt = Average and diffusion.

structions. Diffusion filtering at 9 MU produced a similar CNR improvement as using
5 times more dose versus the baseline protocol. This is a significant improvement for
clinical applications that requires soft-tissue visualization. Despite the improvement
in imaging performance provided by diffusion filtering, the calculation time for fil-
tering increases the total reconstruction time by a factor of 2 to 3. However, faster
computer and possible optimization of the diffusion algorithm has the potential to
improve CNR with the ultimate goal of achieving rapid online applications. Until
then, the diffusion filter should only be used for applications that do not impose any

practical or clinical time constraint.
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Figure 3.10: CNR performance as a function of MVCBCT exposure (MU) for three
different imaging protocols identified: baseline, projfilt = diffusion and projfilt =
Avg. and diffusion. The CNR performances are reported for three electron densities
relative to water (rED = 51.3% (dense bone), 11.7% (trabecular bone) and 4.3%
(muscle)). Error bars represent the standard deviation of the CNR for axial images
analyzed over a length of 2 cm.
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3.6 Electron Density Calibration

Electron density calibration of MVCBCT images is a requirements for several
clinical applications. For example, 3D alignment could use a specific intensity of the
reconstruction for image registration and MVCBCT images calibrated for electron
density then could be used for dose calculation (Chap. 8).

Electron density calibration is derived by converting the CT# in each voxel of
the reconstruction into relative electron density. This is usually done empirically by
scanning a tissue equivalent phantom (CIRS model 062, Norfolk, VG) with inserts of
known electron density. For the calibration of MVCBCT however, this small phantom
could not be used as is because it did not reproduce the scatter environment of the
water cylinder used to define the uniformity correction factors in Sec. 3.5.1. Instead,
we utilized the head-size water cylinder phantom with inserts used for CNR calcu-
lation in Sec. 3.5.3. MVCBCT were acquired at three exposures (4.5, 9.0 and 18.0
MU). The CT inserts were placed in 4 different configurations in the water cylinder.
The MVCBCT nonuniformity was reduced using the ellipsoid model of correction
factors described in Sec. 3.5.1. The water phantom was also imaged 3 cm away from
the isocenter in the lateral direction to investigate the efficacy of the uniformity cor-
rection method on patient images acquired with an imaging isocenter away from the
anatomical midplanes. ROIs were drawn on the inserts of both CT scans to extract
the mean intensities.

Figure 3.11a presents the CT# calibration for different MU acquisitions. The
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calibrations were not adjusted to obtain a CT# of 0 in air. The linearity of the
MVCBCT reconstruction intensity with electron density was excellent. This result
is expected for MV imaging where Compton interaction dominates [53]. The CT#
calibrations for the 9.0 and 18.0 MU acquisitions were nearly identical. There was
a small systematic difference (~ 20 CT#) for the 4.5 MU acquisition. Figure 3.11b
shows the CT calibration for different insert configurations and phantom positions.
The mean absolute difference in CT# was only 1.3%. The maximum difference in
CT# was 5.1%. The maximum difference in CT# for the phantom placed 3 cm away

from the isocenter laterally was 4.2%.
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Figure 3.11: Electron density calibration of MVCBCT for different a) exposures (4.5,
9.0 and 18.0 MU) and b) CT insert configurations and phantom positions.
A small gradient in CT# (< 6%) was observed on the MVCBCT reconstruction
in the anterior-posterior direction. The reason for this small error may be the due to

the higher dose delivered in the anterior portion or the Parker weighting of the recon-
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struction which cannot perfectly accounts for redundant angles of the reconstruction.
Finally, the small variation of the CT# calibration with MU and insert configura-
tions and phantom position may facilitate the development of dose re-calculation

applications (Chap. 8).

3.7 Dose Delivered to Patients

In radiation therapy, the patient dose from IGRT is generally small compared to
the treatment dose. However, the increasing frequency of CT imaging may result in
clinically significant dose to normal tissue. For the patients safety and to optimize
the benefits of IGRT, the additional dose delivered from in-room CT imaging systems
should be understood and controlled. The objectives of this section are to evaluate
the image acquisition dose delivered to patients for MVCBCT and to develop a simple
method to reduce the additional dose resulting from routine MVCBCT imaging. The

content of this section has been recently published [54].

3.7.1 Measurements vs. Simulations

The first objective of this study was to demonstrate that a commercial treatment
planning system (TPS: Pinnacle v7.6, Philips, Bothell, WA) can accurately calculate
the patient dose for an MVCBCT acquisition. This is possible because MVCBCT uses

the linac treatment beam, which has already been characterized in the TPS for dose



79

calculation on CT images. A water-equivalent cylindrical phantom made for IMRT
quality assurance displayed in Fig. 3.12 was used to validate the MVCBCT dose
simulated in our TPS. First, the phantom was imaged with conventional CT, with
the resulting CT images then imported in to the TPS. The position of the phantom
on the CT table was marked with fiducials. An arc treatment (270° to 110°) using
a 27.4 x 27.4 cm? field-size was simulated. The phantom was then aligned on the
treatment couch using the fiducials and a MVCBCT acquisition was delivered. The
radiation dose was measured with metal-oxide-semiconductor field-effect transistor
(MOSFET) detectors placed at 10 different locations in the cylindrical phantom.
An ion chamber was placed in the center of the phantom to measure the delivered
radiation exposure as well. The calculated dose and measurements were compared.
The delivered MVCBCT dose to the IMRT quality assurance cylinder was calcu-
lated in the TPS and compared with measurements performed with MOSFET detec-
tors and an ion chamber. Figure 3.12 shows the comparison of simulated/calculated
versus measured dose. The calculated MVCBCT dose formed a slight posterior-
anterior gradient ranging from 0.8 to 1.1 ¢Gy per MVCBCT MU. The dose percent-
age differences between the calculation and the measurement points are displayed on
Fig. 3.12. The dose percentage differences between the calculation and the MOSFET
points were all better than 3%. The dose percentage difference for the ion chamber
placed in the center of the phantom was only 0.2%. These results confirm that a TPS

can be used to calculated the full imaging dose distribution delivered to patients.
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Figure 3.12: Comparison of dose measurements and the simulation of an MVCBCT
acquisition performed on an IMRT quality assurance phantom. Dose measurements
were performed with an ion chamber (center point) and MOSFET detectors (other
points) as depicted in the left image. The simulation of the MVCBCT was done in
our commercial TPS. Percent differences between calculated and measured doses are
overlayed on the dose distribution displayed on the right.

3.7.2 Patient Dose

Conventional CT scans of patients already imported in the TPS were used to sim-
ulate the delivered dose for MVCBCT and portal imaging. The treatment isocenter
location as well as the target and critical structures were already specified on the
patients C'T image. Having this information in the TPS results in minimal additional
work to obtain a complete assessment of the MVCBCT dose. A MVCBCT imaging
plan was simulated as an arc treatment using a specific arc range, total number of MU
and a desired field-size. MVCBCT dose simulations were performed on CT images of
two prostate patients and one head and neck patient. Simulations were done using
the arc acquisition currently allowed by the MVCBCT system (arc: 270° to 110°) the

current maximum field-size of 27.4x27.4 cm?, and assuming a total delivery of 1 MU
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to obtain the dose per MU.

The dose delivered for portal imaging or film was also simulated with an anterior-
posterior beam added to a lateral beam. The field-size for portal imaging was the
same as for MVCBCT (27.4 cm). For a relative comparison with the MVCBCT dose,
the calculations were performed assuming a total delivery of 1 MU (0.5 MU for each
portal image) to obtain the total dose per MU. Dose-volume histograms were obtained
for all patients. Finally, the absolute doses to the main pelvic and head and neck
structures delivered at our institution for setup using MVCBCT, CR film and portal
imaging were compared. An average of 6 MU (2x3 MU) is currently used to align
prostate patients with implanted gold seeds using daily portal imaging. As for head
and neck patients, verification of position and bony anatomy is done weekly using

CR film (2x4 MU = 8 MU) or the flat panel detector (2x2 MU = 4 MU).

Prostate patient

Relative dose distributions per MU for MVCBCT and portal imaging on an aver-
age size pelvis patient are displayed in Fig. 3.13. Isodose lines are displayed on the
axial, coronal and sagittal planes crossing the treatment isocenter, which was located
in the prostate. For MVCBCT acquisition (top row), the dose formed a posterior-
anterior gradient ranging from 0.4 to 1.2 cGy per MVCBCT MU. The DVHs analysis
revealed that the dose received by the main pelvic structures for MVCBCT using the

current arc acquisition ranges between 0.6 and 1.2 ¢cGy per MVCBCT MU. The dose
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a) MVCBCT dose, arc: (270°to 110°)

cGy per MU

& 0 \ j 1.1

b) Portal Imaging or Film, average of 1 AP plus 1 LAT

Figure 3.13: Dose delivered per MU to an average size pelvis patient for MVCBCT and
portal imaging. On the top row, the current MVCBCT arc acquisition (270° to 110°)
using a total of 1 MU was simulated. The bottom row shows the dose distribution
per MU for electronic portal imaging or film. An anterior-posterior beam of 0.5 MU
was added to a lateral beam of 0.5 MU.
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Table 3.9: Dose delivered to a prostate patient for daily alignment verification.
MVCBCT (9 MU) and portal imaging (2x3 MU = 6 MU).

Anatomical MVCBCT Portal Imaging
Structures (cGy) (cGy)

Min Mean Max Min Mean Max
Prostate 6.4 6.9 7.6 4.1 4.6 5.0
Seminal Vesicles 6.3 6.4 6.8 4.1 4.4 4.7
Nodes 5.2 6.8 10.1 3.3 4.6 7.5
Rectum 5.3 5.9 6.8 3.6 4.1 4.7
Bladder 6.7 7.8 9.5 44 5.1 6.2
Penile Bulb 6.5 6.9 76 44 4.7 5.0
Left Femoral 6.4 7.8 89 4.7 6.2 6.8
Small Bowel 2.7 8.3 11.2 2.3 5.4 8.1
Spinal Cord 0.9 3.9 52 0.6 2.6 3.8

distribution per MU observed with portal imaging or film in Fig. 3.13 (bottom row)
was similar to current MVCBCT imaging. Table 3.9 compares the absolute dose for
a 9 MU MVCBCT to what is currently delivered to prostate patients at our institu-
tion for daily verification of setup using portal imaging. On average, the main pelvic
structures receive 6.8 and 4.6 cGy for MVCBCT and portal imaging respectively.
The maximum doses to the rectum were 6.8 and 4.7 ¢cGy for MVCBCT and portal

imaging respectively.

Head and neck patient

The patient dose for a typical head and neck patient formed a posterior-anterior
gradient ranging from 0.4 to 1.1 ¢cGy per MVCBCT MU. The dose distribution per
MU observed with portal imaging was very similar to MVCBCT imaging. Table 3.10

compares the absolute dose delivered to a head and neck patient for a 5 MU MVCBCT
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Table 3.10: Dose delivered to a typical head and neck patient for weekly verification
of alignment and anatomy. MVCBCT (5 MU), CR film (2x4 MU = 8 MU) and
portal imaging (2x2 MU = 4 MU).

Anatomical MVCBCT CR Film Portal Imaging
Structures (cGy) (cGy) (cGy)

Min Mean Max Min Mean Max Min Mean Max
GTV 4.8 5.2 58 6.6 8.1 95 24 4.0 4.8
CTV1 2.7 5.0 58 38 78 96 20 38 4.8
CTV2 4.5 4.8 51 6.6 7.6 8.6 32 38 4.2

Esophagus 3.9 4.5 5.0 6.1 6.6 7.1 3.0 3.4 3.6
Mandible 3.5 5.4 6.0 5.5 8.6 9.7 28 4.2 4.8
Spinal Cord 3.3 4.2 4.8 5.1 6.5 75 26 3.2 3.8
Left Parotid 2.4 4.9 53 4.2 8.8 94 2.0 4.4 4.8
Brain Stem 4.2 4.4 46 6.6 7.2 79 3.2 3.6 4.0

Brain 0.9 4.1 5.6 1.3 6.5 9.3 0.6 3.2 4.6
Skin 0.0 4.4 5.7 0.0 7.0 94 0.0 3.6 4.6
Left Eye 1.6 2.5 5.8 2.5 9.2 98 12 4.6 5.0

Right Lens 3.6 5.1 5.5 54 7.5 80 26 3.8 4.0

with what is currently delivered at our institution for weekly verification of setup and
anatomy using CR film and portal imaging. On average, the main head and neck
structures received 4.8, 7.6 and 3.8 cGy for MVCBCT, CR film and portal imaging
respectively. The maximum doses to the right lens were 5.5, 8.0 and 4.0 cGy for
MVCBCT, CR film and portal imaging respectively. Methods to further reduce or
eliminate the dose to critical structures with low radiation tolerance, such as the eyes,

will be described next.

3.7.3 Plan Compensation for Routine MVCBCT Imaging

To investigate the possible clinical impact of the additional MVCBCT imaging

dose to the patient and a method to compensate for it, several dose calculations were
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compared. In addition to the treatment plan alone, two composite plans were de-
fined. The uncompensated plan consisted of the treatment plan plus daily MVCBCT
imaging. For the compensated plan, the treatment plan MUs were reduced by a com-
pensation factor (percentage less than 100%) and added to the MVCBCT imaging
dose such that the mean dose to the target remained the same as with the treatment

plan dose alone. Equation (3.4) describes how the compensation factor is calculated.

Tre = CFyveser - Trs + Tyuveser - v - ny (3-4)

The left side of Eq. (3.4) is the target mean dose for the original treatment plan
alone (Tr,). The right side of Eq. (3.4) is the mean target dose reduced by the
compensation factor (C'Fyyvepor) plus the mean target dose received during the
MVCBCT imaging. The imaging dose is calculated by multiplying the mean target
MVCBCT dose (Tyveper) times the number of MVCBCT MU per fraction (ny)
and the number of fractions (ny) where MVCBCT imaging is performed. The doses
Tr, and Tyveper are calculated from the TPS, and Eq. (3.4) can be solved to find
CFyveser, the compensation factor that keeps the mean target dose the same in
the compensated plan as in the original treatment plan. The compensation factor
reduces the number of MU per treatment beam per fraction. Both the number of
fractions and the beam arrangement are kept unchanged. This compensation method
was tested on the plans of two prostate patients and one head and neck patient.
Dose distributions and DVHs for the plans (treatment alone, uncompensated and

compensated) were compared. The compensation method described was applied on
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the plans of three patients.

Prostate patient treated with 4-field box plus conformal boost

Figures 3.14 and 3.15 show dose distributions and DVHs for uncompensated and
compensated plans for daily 9 MU MVCBCT imaging on a pelvis patient treated
with a 4-field box plus conformal boost. As seen with Fig. 3.14 (middle column) and
Fig. 3.15 (left) simply adding daily 9 MU MVCBCT to the treatment dose results
in a uniform dose increase of approximately 2.7 Gy (40 fractions x 6.8 ¢Gy). The
volume of tissue receiving more than 77 Gy between the left and middle column of
Fig. 3.14 is clearly increased. The compensation factor of the first compensated plan
was 96%. As observed in Fig. 3.14 (right column), the compensation method reduces
the dose in the high-dose region such that the amount of tissue receiving a high dose
(~50 Gy or more) remained the same. Despite the compensation method, the volume
of tissue receiving doses less than 50 Gy in the compensated plan was still slightly

greater than with the treatment plan alone.

Prostate patient treated with IMRT

Figure 3.16 presents DVHs of uncompensated and compensated plans for daily
9 MU MVCBCT imaging on a pelvis patient treated with IMRT. Similarly to the
previous case, a uniform increase in dose was observed for all structures for the un-

compensated plan (top). The mean increase in structure mean dose was 2.1 Gy (33
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fractions x 6.5 cGy). The compensation factor found using Eq. (3.4) was 96.8%. As
observed in Fig. 3.16 (right), the compensated plan showed no increase in the high

dose region and a small increase in the low dose region.

Head and neck patient treated with IMRT

Figures 3.17 and 3.18 show dose distributions and DVHs of uncompensated and
compensated plans for daily 5 MU MVCBCT imaging on a head and neck patient
treated with IMRT. As seen with Fig. 3.17 (middle column) and Fig. 3.18 (left)
simply adding daily 5 MU MVCBCT to the treatment dose results in a uniform dose
increase of 1.8 Gy (33 fractionsx5.5 ¢Gy). The volume of tissue receiving more than
74 Gy between the left and middle column of Fig. 3.17 is slightly increased. The
compensation factor of the compensated plan using only the current arc was 97.7%.
As observed in Fig. 3.18 (right), the compensation method reduces the dose in the
high-dose region such that the amount of tissue receiving a high dose (~40 Gy or
more) remained the same. Despite the compensation method, the volume of tissue
receiving less than 40 Gy in the compensated plan was still slightly greater than with
the treatment plan alone. The mean difference in structure mean dose between the
treatment alone and the compensated treatment plus imaging plan was 0.6 Gy. A
simple method to completely eliminate the imaging dose delivered to the lenses will

be presented next.
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Tx + daily 9 MU MVCBCT Tx + daily 9 MU MVCBCT
Uncompensated Plan Compensated Plan

Tx Plan Alone

Figure 3.14: Dose distributions calculated on a pelvis patient for different plans com-
bining treatment and MVCBCT imaging dose. This prostate patient was treated with
a 4 field box (25 fractions) to the whole pelvis followed by two boosts; the first one
including seminal vesicles and prostate (5 fractions), and the second including only
the prostate (10 fractions). The treatment plan alone (treatment dose alone) (left)
is compared with an uncompensated plan (treatment dose + 40 x 9 MU MVCBCT)
(middle) and a compensated plan (96% treatment dose + 40 x 9 MU MVCBCT)
(right).
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Figure 3.15: DVHs for the prostate patient plans presented in Fig. 3.14. DVHs
for the treatment dose alone (solid) were compared with different combinations of
treatment and imaging dose (dashed). The treatment plan alone (treatment dose
alone) was compared with left - an uncompensated plan (treatment dose + 40 X
9 MU MVCBCT), right - a compensated plan (96% treatment dose + 40 x 9 MU
MVCBCT).
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Figure 3.16: DVHs for a prostate patient treated with IMRT. DVHs for the treatment
dose alone (solid) were compared with left - the treatment dose added to daily 9 MU
MVCBCT (dashed) and right - a compensated treatment dose added to daily 9 MU
MVCBCT (dashed).
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Tx Plan Alone Tx + daily 5 MU MVCBCT Tx + daily 5 MU MVCBCT
Uncompensated Plan Compensated Plan

Figure 3.17: Dose distributions simulated on a head and neck patient for different
combinations of treatment and MVCBCT imaging dose. The patient was treated
with IMRT. The treatment plan alone (treatment dose alone) (left) is compared with
an uncompensated plan (treatment dose + 33 x 5 MU MVCBCT) (middle) and a
compensated plan (97.7% treatment dose + 33 x 5 MU MVCBCT) (right).
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Figure 3.18: Dose volume histograms (DVHs) for the head and neck patient plans
presented in Fig. 3.17. DVHs for the treatment dose alone (solid) were compared
with left - the treatment dose added to daily 5 MU MVCBCT (dashed) and right - a
compensated treatment dose added to daily 5 MU MVCBCT (dashed).

Plan to minimize the dose to patients

Our approach to minimize the dose delivered from routine MVCBCT imaging has
been to incorporate the imaging and the treatment dose in a composite plan. This
can be done because MVCBCT uses the same beam for treatment and imaging. Using
the treatment and imaging plans simulated in the TPS, a compensation factor was
introduced to keep the target mean dose unchanged. This compensation factor can
be obtained in less than 10 minutes for all patients. The method was tested on two
prostate patients and one head and neck patient. All compensated plans compared to
the initial plan without imaging showed no increase in the high dose region and small
increases at low dose. For the cases examined, the additional dose in the low-dose

region for the compensated plan is considered clinically insignificant. For the head-
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and-neck case presented, the maximum doses to the spinal cord for the treatment plan
alone and the compensated plan were 44.0 and 44.4 Gy respectively. However, the
question whether the compensation method should be applied is still open. Most of
our physicians feel no need to compensate for routine MVCBCT because the delivered
dose is similar to portal imaging or film, neither of which have been compensated for
in the past. However, given the ease of use of the method presented, the additional
dose from IGRT could be greatly reduced or documented. Another direct method
to reduce the dose to normal tissue, which has been used in our clinic, is to reduce
the amount of tissue imaged in the craniocaudal direction. All simulations performed
were done using the maximum field size. Closing the Y jaw for imaging can be
used to focus on a specific target, such as prostate or to completely avoid dose to
critical structures such as the eyes. In addition, collimating the beam reduces the
amount of scatter radiation reaching the detector, which slightly improves the image
quality. Finally, the most direct method to reduce the MVCBCT dose is to use
fewer MU per acquisition. This will become possible with the development of more
sensitive detectors for MV imaging [42]. Preliminary investigations also suggest that
an optimized beamline for MVCBCT imaging will provide significant improvement

in CNR thus allowing a significant reduction of the MVCBCT imaging exposure [55].
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Chapter 4

Quality Assurance

MVCBCT is now widely used in the community of radiation oncology. The objec-
tive of the work presented in this chapter was to evaluate the stability of MVCBCT
in order to define a quality assurance (QA) protocol. The criteria used to design the
QA protocol included (a) can be done in the radiation oncology clinic, (b) can be
performed quickly so that the MVCBCT is not taken out of clinical use, (c¢) can be
performed by therapists or physics staff members, (d) does not require any elaborate
equipment and (e) produces quantifiable results that can be documented and followed
in time.

This paragraph gives an overview of the method and materials used to assess
stability of a MVCBCT imaging system. Our two MVCBCT systems (linac 1 & 2)
were followed for a period of 8 months. The systems were fully calibrated (geometry,

CT+# normalization factor and flat panel corrections) and analyzed daily on the first
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week, weekly for a month and monthly thereafter. We specifically investigated the
MVCBCT system stability with respect to the beam output, the absolute positioning
and the image quality. To investigate how frequently calibration of the MVCBCT sys-
tem is needed, phantom images were reconstructed on each day of QA using freshly
acquired calibrations and only the initial calibration of the system. This chapter
establishes a system performance baseline for MVCBCT QA. Our QA recommen-
dations are summarized in Sec. 4.5. Based on the development of the last 5 years,
a practical list of possible artifacts occurring with the MVCBCT system was also
generated (Sec. 4.4). The library gives insights on how to identify, understand and

possibly resolve image artifacts that can occur with the MVCBCT imaging system.

4.1 Beam output in MVCBCT mode

The x-ray beam intensity output in MVCBCT mode needs to be characterized and
stable for patient safety and to conserve CT# calibration as discussed in Sec. 3.4.
Differences in patient dose resulting from a given exposure in MVCBCT and standard
treatment mode may occur over time since the dose delivery modes use different
tuning parameters in the control console of the linac.

We used a Framer chamber (Model BC 2581 A (0.6 cc), CNMC Company Inc.,
TN), to verify that the exposure in MVCBCT mode is equivalent to the exposure
in standard treatment mode (1 MU MVCBCT = 1 MU treatment) under normal

treatment conditions (1 MU = 1 ¢Gy at dyuq, = 1.5 cm for a 10 x 10 cm? field size).
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Farmer chamber readings in MVCBCT and treatment mode were acquired on each
day of QA using the same field size and exposure.

The results showed that the treatment and MVCBCT exposures remained within
3% of each other for a period of 8 months. The maximum variation in exposure
for ten consecutive MVCBCT acquisitions was 2%. Therefore, we conclude that the

stability of the linac output in MVCBCT mode is excellent.

4.2 Absolute Positioning

As discussed in Sec. 3.3, the absolute positioning accuracy and stability of MVCBCT
is based on the geometrical relationship between the x-ray source and the EPID in ro-
tation. This relationship is captured in a geometrical calibration procedure described
in Sec. 2.1.3. The phantom used for geometric calibration is showed on the left side of
Fig. 4.1. The phantom is described in details in Sec. 2.1.3. The geometry must then
only be reproducible for the geometrical calibration and the position of the MVCBCT
reconstruction volume to remain accurate in the radiation field. The stability of the
system geometry was previously demonstrated to be better than 1 mm over a period
of 8 months.

To further investigate absolute positioning accuracy, system stability and a simple
method for positioning QA, we routinely acquired MVCBCT projection images of a
gold seed placed at isocenter with the room lasers. We used an exposure of 20

MU for MVCBCT acquisition to minimize the noise near the reconstructed gold
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Geometric Calibration Phantom Image Quality Phantom

Figure 4.1: Geometric calibration and image quality assurance phantom.

seed. For each day of QA we compared the reconstructed position of the seed using
either the initial geometric calibration (acquired on Nov. 4" 2006) or newly acquired
geometric calibration. The position of the gold seed relative to the central voxel of
the reconstruction can be obtained using the computer workstation (Fig. 2.7).

The reconstructed gold seed positions of linac 1 are presented in Fig. 4.2. The
results show great accuracy and stability of the system absolute positioning. The re-
constructed seed position remained within 1 mm of the laser point (treatment isocen-
ter) for a duration of 8 months (dates not all showed in the figure). Using only the
initial geometric calibration of the system did not cause noticeable reduction in ab-
solute positioning accuracy or image quality. Similar results were observed for linac
2. Therefore, the absolute positioning accuracy and stability of both of our systems

was better than 1 mm over a period of 8 months.
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Figure 4.2: Reconstruction position (lateral, longitudinal and vertical) of a gold seed
placed at isocenter. For each day of QA, the gold seed was reconstructed using the
geometric calibration of the day (top) and the initial geometric calibration (middle)
to investigate the required frequency of geometric calibration. The plot at the bottom
is the difference between the first two plots. It shows that the geometry stability is
excellent (better than 0.5 mm).
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4.3 Image Quality

Image quality plays an important role in all the clinical applications of MVCBCT.
For positioning, the clinical decision often depends on the visualization of a particular
bone in the MVCBCT image. It is predictable that components in the MVCBCT
system, such as the flat panel detector, will degrade over time thus reducing the
MVCBCT image quality. Establishing an imaging performance baseline and a quality
assurance protocol are key to define when components of the system are no longer
performing optimally.

To assess imaging performance over time we acquired routine images of an image
quality phantom (EMMA) provided by Siemens (Siemens Oncology Care Systems,
Concord, CA) as part of the MVision™ product. EMMA (displayed on the right of
Fig. 4.1) was specifically designed for imaging QA. We developed a graphical user
interface (called MVCBCT4) with Matlab (The Mathworks, Inc., Natick, MA) to
semiautomatically analyze EMMA. The graphical user interface illustrated in Fig. 4.3
automatically extracts the sections of interest in the MVCBCT image of the phantom,
lets the user adjust the position of predrawn (or predefined) regions-of-interest (ROI)
and finally produces quantitative assessment on the main image quality components.

The phantom contains 4 sections: high-contrast, low-contrast, spatial resolution
and uniformity & noise. A complete description of the phantom specifications is
provided in Fig. 4.3. EMMA is a cylindrical phantom measuring 20 cm in diameter

and 60 cm in length. The phantom is made of special plastic mimicking the electron
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Figure 4.3: Graphical user interface developed to automatically analyze EMMA im-

ages.

density of water. Such plastic is often called a solid water material.

The high-contrast section contains inserts of varying size (20, 10, 7, 5, 3 mm)

and electron density relative to solid water (rED = 80%, 48%, 17% and 9%), which

were used to assess stability of the reconstructed CT# and the contrast-to-noise ratio

(CNR). The reconstructed CT# for a rED is simply the mean signal of the largest

ROI. The CNR of insert i (CNR;) was calculated using the mean ROI pixel value of

insert i (mean(ROI;)) with the mean and standard deviation of the ROI pixel values
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in a background region (mean(ROIy), std(ROI,)) drawn in solid water near insert i.

The CNR of insert i was calculated using

mean(ROI;) — mean(ROI,)

N P
¢ RZ Std(ROIb)

x 100 (4.1)

The low-contrast section has inserts of smaller differences in electron density rel-
ative to solid water (rED = 7%, 5%, 3% and 1%). Performances in the low-contrast
section were not reported due to high subjectivity in assessing the inserts’ positions.
The section could have been used to define the smallest low-contrast insert that can
be visualized on MVCBCT images for each rED. Such task is highly user and display
condition dependent and therefore we decided not to report those results.

The spatial resolution section contains line pairs of different spatial frequencies
(0.067, 0.10, 0.15, 0.20, 0.25, 0.30, 0.40, 0.50, 0.60, 0.80, 1.00 line pairs per mm or
Ip/mm). To assess the spatial resolution of the system quantitatively, we calculated
the modulation transfer function (MTF) using the method developed by Droege et al
[49]. We report the MTF at 50% (MTF5p) and 10% (MTF) of the maximum.

The uniformity and noise section is simply a large circular slab of solid water.
It can not only be used to measure the noise and uniformity but also to potentially
observe image artifact. ROIs were drawn at the periphery and in the center of the
section. The noise (expressed in % of the mean signal) was calculated using the
average mean and standard deviation (stdev) values of all the ROI (ROIs) in the

section which include ROIyottom, ROljepr, ROLyyp, ROLigh: and ROIcense,. The noise
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was calculated with the following equation.

stdev(RO1s)

Noise = 100 x 2ERT/25)
oise = 100 x mean(ROIs)

(4.2)

The nonuniformity (NU) (expressed in % of the mean signal) was calculated with
the mean ROI pixel value at the periphery of the phantom (ROL,eiphery consists of
the average mean and standard deviation from the following ROI: ROIystom, ROIje s,
ROI,,, and ROL,45¢) with the mean ROI pixel value in the center (ROL.epter). The

NU was obtained with the following equation.

mean(ROIpmpheTy) — mean(ROIcenter)

NU = 100
% mean(RO1s)

(4.3)

EMMA was imaged over a period of 8 months using an exposure of 9 MU, a
reconstruction size of (512 x 512) for transverse images and a slice thickness of 0.5
mm. Transverse slices were combined with a Gaussian averaging filter to obtain a new
slice thickness of 5 mm. Images were obtained using the initial calibrations and fresh
calibrations acquired at the day of QA. All images were imported in MVCBCTg4 to
extract the imaging performance over time. The image quality results were exported
to Microsoft Excel for further data analysis.

Tables 4.1, 4.2 and 4.3 summarize the imaging performance results of our 2 linacs
over a period of 8 months. For linac 1, the results on the image quality compo-
nents (CT#, CNR, MTF, uniformity and noise) were nearly identical whether an
old calibration of the system or daily recalibration were used. Linac 2 showed more

variability (larger standard deviation) in the CT# values than linac 1 for images
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Table 4.1: Contrast-to-noise ratio (CNR) quality assurance performance for inserts
of different electron density relative to water (rED).

Using fresh calibrations | Using only the initial calibration

Linac 1

rED Mean CNR Mean CNR

48% 1216.2+ 75 187+15| 12176 +6.4 182+1.4

17% 969.7+58 6.1+£04 | 9709473 5.8+ 0.4

9% 957.64+59 3.1+£03 | 959.24+7.1 3.14+0.2
Linac 2

rED Mean CNR Mean CNR

48% 1173.9+7.6 19.1+26 | 1163.2 +23.1 17.5£2.1

17% 9486+ 7.0 57+£06 | 938.44+24.6 6.6 + 0.6

9% 926.44+85 3.5+£04 | 916.8+25.9 3.7+ 0.3

acquired using only the initial calibration of the system. These results indicate that
linac 2 may require the CT# to be calibrated more often (probably once a month).
The other components of image quality for linac 2 showed similar stability than linac
1. Only small performance differences were observed between linacs. For example,
the percentage differences in CNR, MTF, uniformity, and noise were all better than
3%. The noise and nonuniformity were smaller than 2%.

Overall, both system showed excellent stability over a period of 8 months. Monthly
acquisition of images with EMMA will continue to be acquired to follow the long-term

(> 2 years) imaging performance stability of MVCBCT.
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Table 4.2: Spatial resolution quality assurance perfomance. The modulation transfer
function (MTF in line pairs per mm) is reported at 50% (MTF5) and 10% (MTFy0)
of the maximum value.

Using fresh calibrations | Using only the initial calibration
Linac 1
MTF5 0.16 = 0.00 0.16 4+ 0.00
MTFy 0.29 £0.01 0.29 £+ 0.01
Linac 2
MTF5 0.16 = 0.00 0.16 £ 0.01
MTFy 0.29 £0.01 0.29 £ 0.02

Table 4.3: Uniformity and noise quality assurance perfomance.

Using fresh calibrations | Using only the initial calibration
Linac 1
ROI positions Mean Std Mean Std
Top 9404+ 3.6 17.24+0.8 | 941.0 + 3.6 17.54+0.9
Right 916.8+4.1 16.34+0.9 | 917.9+4.2 15.8+£0.5
Center 940.4+4.2 21.74+0.9 | 940.1 +£4.2 21.6 +0.3
Uniformity (%) 1.6 £ 0.1 1.5+0.2
Noise (%) 1.9+0.0 1.8+0.0
Linac 2
ROI positions Mean Std Mean Std
Top 902.5+8.2 1544+0.6 | 889.3 &+ 26.0 15.9+0.8
Right 891.9+5.6 14.34+0.7 | 882.7 +23.6 14.0£0.8
Center 910.8+4.8 19.24+1.1 | 900.8 +22.9 19.1+0.8
Uniformity (%) 1.84+0.2 1.84+0.3
Noise (%) 1.7£0.0 1.7+0.1
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4.4 Practical Artifact Library

Over the last 4-5 years of development, image artifacts and their causes were doc-
umented. This section summarizes the possible artifacts occurring with MVCBCT.
For each artifact, we describe the imaging deffect, explain the possible causes, eval-
uate its severity and likelihood of occurring in the clinic and give possible remedies.
The artifacts are illustrated in Figs. 4.4 and 4.5.

A) Truncation

Description: As illustrated in Fig. 4.4a, truncations in the projection data and there-
fore in the MVCBCT reconstruction cause an overestimation of the CT# near the
truncated anatomy and an underestimation of the CT# in the center of transverse
slices for longitudinal positions affected by truncation of anatomy. The reconstruction
noise is also increased in the affected transverse slices. Images may be reconstructed
having streaks near truncated bony structures. Cause(s): The patient body extends
beyond the field-of-view of the imaging system. Parts of the anatomy are therefore
missing on some projections of the acquisitions. i.e. the attenuation occurring in the
shoulders and pelvis are not completely represented for image reconstruction (incom-
plete Fourier domain). The truncation causes addition of high frequency components
(noise) in the reconstruction. Likelihood: Occurs longitudinally when the anatomy
extends the current field-of-view of 27 cm. In the clinic, truncation artifacts will
occur in the shoulders, the thorax and pelvis. Severity: Dependent on anatomical

site and strongly reduce image quality. Remedy: None. An extrapolation technique
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is currently used in the reconstruction but does not eliminate the artifact.

B) Bad gain

Description: As illustrated in Fig. 4.4b, improper gain calibration creates rings
with discontinuous CT#. The central point of transverse slices show a clear under-
estimation of the CT#. Cause(s): The gain calibration of the flat panel detector is
no longer valid. Simulations performed by mathematically imposing gain calibration
errors demonstrated that the gain needs to be off by at least 20% to see this artifact.
A difficulty of obtaining a gain calibration may be a sign of detector aging causing
unstable amplification of the detector sections. Electrical noise in the wire has also
been identified (observed by changing a stretched power cable connected to the flat
panel detector) as a cause of difficult gain calibration. Likelihood: Extremely rare but
should increase over the life-span of the detector. Severity: Strongly reduce image
quality, which may hinder the ability to see anatomical structures. Reacquirying the
image on a patient would likely not help due to errors in gain calibration. Remedy:
Recalibrate the flat panel gain and verify the stability of the panel sensitivity after
several deployment of the flat panel positioner. Deployment of the positioner may be
used to diagnose a difficulty to acquire gain calibration due to a stretched or damaged
cable.

C) Offset

Description: As illustrated in Fig. 4.4c, offset artifacts are characterized by an under-

estimation of the CT# along the longitudinal axis at isocenter. The artifact may
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be discontinuous along the longitudinal axis. Cause(s): The dark current of the
flat panel not being properly removed before backprojection. Likelihood: Extremely
rare. Severity: This artifact can significantly complicate the process of identifying
anatomical structure at and around the isocenter (e.g. prostate, bladder and rectum
wall). Remedy: Wait 5-10 minutes with the x-ray beam off to let the flat panel refresh
its offset for all integration time. This calibration is updated automatically when the
beam is off. Contact vendor, the system may not acquire the offset for the full range
of integration times needed during MVCBCT imaging.

D) Dead pixels

Description: As illustrated in Fig. 4.4d, dead pixels result in streaking and faint
ring artifacts concentric to isocenter. Cause(s): Transient cluster of dead pixels.
Likelihood: Extremely rare. Severity: The median filter applied to the projections
makes this a rare event. Remedy: Reacquire dead pixel map.

E) Missing projection(s)

Description: As illustrated in Fig. 4.4e, a missing projection artifact is characterized
with lines visible along strong anatomical features. Cause(s): Linac and/or hardware
failure. The systems allows up to ten missing projections. Likelihood: Extremely
rare. Simulations of removing projection images on purpose have indicated that the
artifact is only visible if three or more subsequent projections are missing. Severity:
Increase image noise and reduce soft-tissue resolution. Remedy: Reduce speed of the

gantry and verify acquisition card of flat panel.
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Figure 4.4: Library of image artifacts possibly occurring with MVCBCT imaging.
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F) Table Chessboard

Description: As illustrated in Fig. 4.4f, the current patient table causes a faint fine
mesh (3 x 3 mm?) with generally 2 specific angles for the mesh lines. Cause(s): This
artifact is related to truncation since it is caused by the fact that the table is only
seen on some projections of the acquisition. Likelihood: Always present. Less severe
for table causing a more uniform attenuation. Severity: Increase image noise and
reduce soft-tissue resolution. Remedy: None. Future tabletop should attenuate the
x-ray beam more uniformly thus causing less artifact.

G) Flat panel shifts

Description: As illustrated in Fig. 4.5g, shifts in the position of the flat panel cause
artifacts that are difficult to visualize. Longitudinal shift of the flat panel out of
calibration will cause positioning error and are practically invisible. A lateral shift
will cause crescent-shaped shadow and streakes around regions with strong contrast.
Cause(s): Mechanical failure of the flat panel positioner potentially caused by physical
contact. The geometric calibration of the system becomes no longer valid. Likelthood:
Rare. Severity: Warning. Longitudinal shift will result in positioning error of the
same magnitude as the flat panel shift. Remedy: Recalibrate the flat panel position
and the MVCBCT system geometry. Perform the proposed daily or weekly QA with
gold seed to capture this possible problem.

H) Cupping

Description: As illustrated in Fig. 4.5h, the cupping artifact is characterized by an
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Figure 4.5: Library of image artifacts possibly occurring with MVCBCT imaging

-continued.
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overestimation of the CT# at the periphery of transverse slices and an underesti-
mation of the CT# in the center of the reconstruction. Such artifact reduces the
uniformity of MVCBCT. In 3D the cupping has an elliptical profile as previously
illustrated in Fig. 3.5. Cause(s): The panel response with energy added to x-ray
scattered photons accumulating on the center of projections. The gain calibration
done in air compensates for the harder beam on-axis which in turns amplifies the
presence of scatter during image acquisition. Likelihood: Always present. Severity:
Makes the window/level adjustment difficult and therefore the simultaneous visual-
ization of anatomy at the periphery and in the center of transverse images is strongly
reduced. Remedy: Reducing the craniocaudal field size for imaging slightly reduces
the artifact (Sec. 3.5.1). The user can also acquire the gain calibration with a 1.27
cm lead plate in the accessory tray. Finally, this artifact can be nearly eliminated by
choosing proper postprocessing uniformity correction filter (head and neck or pelvis).
I) Tire Track (s)

Description: As illustrated in Fig. 4.5i, tire tracks consist of oblique alternating white
and dark lines affecting the CT+# for the specific projection angles affected by the
problem. The lines are best seen in axial images. Cause(s): One or several projections
were not perfectly synchronized with the beam output. Subsequent projections have
pulse artifact in the center of the projection image. Likelthood: Small. Severity:
Strong artifact that can hinder the ability to align anatomical structure close to

target. Remedy: Reduce speed factor of the gantry for MVCBCT acquisition.
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J) Motion

Description: As illustrated in Fig. 4.5j, patient or anatomical motion occurring during
image acquisition result in a lost of sharpness around high-contrast anatomical struc-
tures (bone and air cavities). Cause(s): Patient or internal organ motion. Likelihood:
Patient-specific but rare. Severity: Difficult to rely on the image due to uncertainty
in patient position. May need to repeat acquisition. Remedy: None. Communicate

with patient to notify the start of imaging and treatment.

4.5 Recommendations for Quality Assurance

Our recommendations for quality assurance are summarized in Table 4.4. The
recommended tasks for daily, monthly and binannual QA are specified with an ap-

proximation of the time required for the tasks.

Beam output

The beam output should be verified as part of the linac monthly QA or anytime
the treatment beam is adjusted. We use a Farmer chamber (or an ion chamber) to
measure the beam output in both the MVCBCT and treatment mode. Our tolerance
is currently fairly loose (5%) in the allowable difference in beam output between the
two modes since 5% error in MVCBCT exposure has nearly no effect on the patient

dose even for routine MVCBCT imaging (Sec. 3.7).
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Table 4.4: Recommendations for quality assurance of MVCBCT. Daily, monthly and
binannual QA tasks are specified with an approximation of the total time required
for the tasks.

Daily Monthly Every 6 months
Task -EPID positioning -Absolute positioning (seed) -System calibrations
with x-reticule -Image quality (EMMA) -MVCBCT dose
Time 3-5 minutes 5-10 minutes 2-3 hours

Absolute positioning

The geometric calibration of MVCBCT should be done twice a year or anytime
the flat panel detector position is adjusted. We still recommend that the position of
the flat panel detector (EPID) should be verified daily using an accessory (x-reticule)
imaged at gantry position 0° and 90° to prevent geometric misalignments caused
by sudden mechanical failures. We also recommend imaging a fiducial (gold seed)
with MVCBCT on a monthly basis to verify absolute positioning with the MVCBCT

system.

Image quality

Given the current lack of tool provided by Siemens OCS to perform QA imaging
with EMMA, it is difficult to give recommendations to nonacademic institutions.
Assuming that an image quality application will be provided in a near future, we
recommend acquiring and analyzing monthly images of EMMA to establish a baseline
of QA performance for the main components of image quality (CT#, CNR, MTF,
uniformity, noise). More than one image of EMMA should be acquired every month

to assure a proper analysis of the system imaging performance. At our institution,
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we currently acquire two images of EMMA per MVCBCT system each month. These
two images can than be analyzed and compared to the performance baseline of a
typical imaging protocol used in the clinic. Flat panel calibrations (gain and dead
pixel map) should be acquired twice a year unless clear image quality degradation is

observed in data monthly acquired with EMMA.
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Part 11

Clinical Applications
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Chapter 5

Overview

The clinical applications of in-room volumetric imaging are increasingly advanc-
ing the speciality of radiation oncology. For the first time, these methods allow
radiotherapy to have direct use of the wealth of information from 3D imaging for
diagnostic, treatment planning and patient anatomy verification. Changes in tumor
position, size, and shape that take place during radiotherapy can now be measured
and accounted for each particular patient to fully benefit from the highly conformal
treatment provided by 3SDCRT and IMRT.

In advances over the last 10 years, institutions have started exposing numerous
cases of clinically significant organ motion, anatomy changes and positioning errors
that simply could not be corrected using conventional methods. Although the tech-
nological advances in IGRT have potential to improve clinical outcomes, no one of the

six IGRT technology presented in the introduction is appropriate for all clinical sce-
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narios. This dissertation illustrates the potential uses of MVCBCT through selected
clinical examples.

Our simple system presented in Fig. 2.7 opens the possibility for new mecha-
nisms of verification and feedback into the clinical processes or radiation oncology.
Figure 5.1 outlines different IGRT strategies made possible by the system. One pos-
sibility is the monitoring of intra-fraction motion of high-contrast features or fiducial
markers using the flat panel in ciné mode [5]. This could be used to continually mod-
ify (gate) treatments for anatomical sites where motion may be problematic during
the course of a single treatment session.. This application is not yet possible with
current technology, but remains a goal for future research. With the same system,
portal imaging can be used to ensure setup based on bony anatomy or gold seeds.
Finally, with the introduction of an MVCBCT acquisition mode, it is possible to per-
form 3D setup based on bony anatomy and soft tissues to determine patient specific
anatomical variation using images. This new information can be used to tailor the
treatment plan for future fractions to account for the individuals variation.

The following chapters describe the work that has been done to introduce MVCBCT
in the clinic. Chapter 6 compares two positioning methods using phantom and head
and neck data. We also show the use of MVCBCT to locate and position stationary
tumor in the lung. Finally, the use of MVCBCT to align particular patients with
pelvis and spinal tumor is investigated. Chapter 7 evaluates the capability of mon-

itoring changing anatomy over the course of treatment with MVCBCT. Chapter 8
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Figure 5.1: An overview of various image-guided radiation therapy schemes using
only a conventional linac and a flat-panel EPID. The large grey arrow represents the
conventional flow of treatment with the main radiotherapy processes, and the small
arrows indicate the possible points of feedback into the processes.

aims at validating MVCBCT for dosimetric applications. Chapter 9 describes other

possible applications with MVCBCT.

5.1 Examples of Clinical Images

Since the first patient imaged with MVCBCT in 2003 at our institution, 400
acquisitions have been performed on a total 95 patients. The anatomical sites im-
aged include head and neck, lung, pelvis, breast and spine. The exposure used for
MVCBCT imaging ranges from 2 and 15 MU for patient alignment and 10 and 20
MU for planning purpose. Figure 5.2 shows side-by-side views of conventional CT
and MVCBCT for typical pelvis (right) and head and neck (left) patients. For exam-

ple, soft tissue structures such as the trapezius, the obturator internus, the gluteus
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Figure 5.2: Typical MVCBCT images for head and neck (5MU) and prostate (9 MU)
patients compared to conventional CT. The image quality of MVCBCT is sufficient
to perform a 3D alignment based on bony anatomy and soft tissue. Several muscles
and the prostate can be identified on both the CT and MVCBCT images. CT and
MVCBCT images are not displayed with the same window and level.

maximus and the prostate gland are identified on both the CT and MVCBCT images
of Fig. 5.2. MVCBCTs with exposure as low as 2 MU and 10 cm imaging length in
the craniocaudal direction have been used in the clinic for simpler setup cases such
as prostate patients with implanted gold seeds. The next section summarizes the

MVCBCT imaging protocols used in the clinic for specific applications and body site.
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5.2 Proposed Imaging Protocols

The explored clinical applications of MVCBCT presented in the next sections have
different requirements for imaging performance. Patient setup generally necessitates
the best image quality within the usual tight time constraint while using MVCBCT
for off-line treatment planning can be performed over more extended periods of time.
Using the work presented in Chap. 3 and our clinical experience of the last 4-5 years,
we summarized the imaging protocol to use for a specific application and body site.
The main factors affecting the image quality of MVCBCT are the radiation exposure,
the voxel size, the final slice thickness and the body site imaged. Table 5.1 specifies
the exposure, the reconstruction size, the slice thickness, the longitudinal FOV and
the reconstruction kernel that provide the best imaging performance. Because the
reconstruction algorithm is voxel-based, it is always better to reconstruct using 1 mm
slice thickness but in a way that allows the slices to to be averaged over 3 or 5 mm
for planning applications. In our clinic, we use Matlab and MeVisLab to combine
the numerous slices (up to 274) obtained from computer workstation. Averaging
slices improves the CNR and reduces the number of slices to import in the treatment
planning system. Finally, the future availability of diffusion filtering also should

reduce the exposure needed to perform a clinical task.
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Table 5.1: MVCBCT acquisition protocol recommendations for a specific clinical
application and body site. The radiation exposure used in our clinic is slightly lower
than reported since all reconstructions are processed with diffusion filtering. The
right arrow (=) signifies that the user should resample or combine transverse slices

before analysis.

Patient Setup
Daily or weekly imaging

Planning or DGRT
Imaging once or twice

Head & neck Exposure (MU): 5-10 (bone)
Recon Size: 256 %256
Slice Thickness: 1 = 3 mm
FOVz: exclude eyes if possible
Kernel: Smoothing - H&N

Exposure: 10-20 MU
Recon Size: 512x512
Slice Thickness: 1 = 5 mm

FOVz: exclude eyes if possible

Kernel: Smoothing - H&N

Chest or breast  Exposure (MU): 5-10 (bone)
Recon Size: 256 x256
Slice Thickness: 1 = 3 mm
FOVz: full length
Kernel: Smoothing - Pelvis

Exposure: 15-20 MU
Recon Size: 512x512
Slice Thickness: 1 = 5 mm
FOVz: full length
Kernel: Smoothing - Pelvis

Pelvis Exposure (MU): 3-5 (seeds)
5-10 (bone), 10-15 (soft-tissue)
Recon Size: 256256
Slice Thickness: 1 = 3 mm
FOVz: full length
Kernel: Smoothing - Pelvis

Exposure: 15-20 MU
Recons Size: 512x512
Slice Thickness: 1 = 5 mm
FOVz: full length
Kernel: Smoothing - Pelvis
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Chapter 6

Patient Positioning

Patient immobilization and control of target position still remain critical problems
in the radiotherapy processes. As a consequence, fairly large security margin (1 cm or
more) are used around the tumor during treatment planning but which can increase
dose delivery to normal tissues and compromise the potential sparing capabilities of
modern conformal radiation delivery techniques. Poor tumor position control on a
daily basis and the lack of confidence for tumor delineation are now clearly recognized
as the two main sources of error that limit the implementation of new dose escalation
protocols which could improve cure rates and/or reduce normal tissue complications.

This chapter compares the performance of the gold standard method for patient
alignment with a new method using MVCBCT imaging. Phantom measurements
are used to compare the absolute positioning accuracy at which a given setup error is

measured. The setup methods are also compared using patient data. Finally, selected
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clinical examples are used to show the clinical advantage of 3D imaging over current

methods for patient positioning.

6.1 Patient Positioning Methods

For decades, patients have been positioned with simple immobilization devices
(masks, head holder, knee cushion, etc) and by inferring the location of internal
anatomy from surface landmarks (temporary tattoos). Points are aligned to a set of
laser-defined crosshairs, which indicate the machine isocenter. It has been demon-
strated that external marks limit gross setup error but may not properly represent the
internal anatomy [56]. Radiographic 2D images produced on film by the treatment
beam have been the standard method to look at the internal anatomy. The dose per
image and the time required to develop the films have limited the frequency of setup
verification. For these reasons, most radiation oncology departments still continue to
verify the position of their patients only once a week using films. The development
of digital EPID system based on video-camera or flat panel detectors has improved
the efficiency of setup verification. A complete assessment of patient alignment with
2D portal images can now be performed in less than 5 minutes with a fraction of
the dose required for films. Bony anatomy, which is the most visible structure on
portal images is examined for alignment. For cases such as prostate, it has been
documented that bony anatomy may not be a suitable structure to assure tumor

localization [56]. The prostate may shift by more than 1 cm relative to the pelvis
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bone due to bladder and rectum filling. For this reason, fiducial markers (gold seeds)
implanted through a minimally invasive procedure have also been used as surrogate
to locate prostate, lung, liver, pancreatic, and paraspinal cancers [57, 58, 59, 60]. To
avoid such procedure soft-tissue structures must be available in the image used for
setup. For head and neck however, alignment based on bony anatomy (maxilla, base
of skull and spinal vertebrae) may be adequate for most situations.

The system presented in Fig. 2.7 gives two options to complement the initial align-
ment performed using external markings. The two positioning methods are illustrated

in Fig. 6.1.

2D Method: Portal Imaging with Digital Radiographs

The first is a 2D method that compares digitally reconstructed radiographs (DRR)
and portal images acquired with the EPID. DRRs are generated with the treatment
planning system using the CT image and at the location of the treatment isocenter
using a realistic source-detector-distance to artificially create 2D radiographs of the
anatomy. Every 2D image localizes the patient anatomy in two dimensions and esti-
mating the setup errors in 3D requires two or more image comparisons. Usually, image
comparisons are done at gantry positions 0°(anterior-posterior) and 90°(lateral). The
exposure required for a portal image ranges between 1 and 5 MU. The 3D shift is
obtained using the treatment verification application available in the Syngo Station

(Fig. 2.7) of the system. Due to the nature of the portal images, alignment can only
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be based on projection of bony anatomy or fiducial markers.

3D Method: MVCBCT with CT

The 3D setup technique consists of comparing the diagnostic CT image used as
reference for planning with a MVCBCT image acquired with the patient in treatment
position. Automatic 3D image registration can be performed using a maximization
of mutual information algorithm. Manual adjustment of the images is generally re-
quired. Anatomical contours and points-of-interest are also available in the adaptive
targeting application of the computer workstation (Fig. 2.7) to guide the 3D align-
ment procedure. Bony anatomy and soft-tissue can be used for setup. More advanced
registration technique have been implemented by others and are discussed in the con-

cluding chapter (Sec. 10.3).

6.2 Patient Alignment: 2D vs. 3D

The objective of this work was to compare the 2D and 3D setup methods. The
alignment methods were compared in terms of absolute positioning accuracy as well
as capability to measure a setup error based on phantom data. The two methods

were also compared for positioning of head and neck patients undergoing treatment.
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Figure 6.1: Comparison of the patient alignment methods using only a linac equipped
with an EPID.
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6.2.1 Absolute Positioning Accuracy

A gold seed was placed at the laser position and imaged with portal imaging and
MVCBCT once a week for a period of 8 months (Sec. 3.3). The distances (in 3D) away
from the calibrated image center were recorded. The mean and standard deviation
of the measurements were (0.2 + 0.8) and (—0.1 £ 0.4) mm for portal imaging and
MVCBCT respectively. These results indicate that both the 2D and the 3D method

can achieve absolute positioning with an accuracy better than 1 mm.

6.2.2 Phantom Positioning Studies

To compare the setup methods, orthogonal portal images and MVCBCT images
of a phantom with 3 embedded gold seeds were obtained with the phantom positioned
at 30 different known locations in the treatment field. The initial alignment of the
seeds served as the reference position. Similar measurements were performed using
an anthropomorphic head phantom (Rando). A CT scan was first acquired of Rando.
The CT room laser alignment was marked on Rando using three small fiducials. The
image was imported into the planning system and a simple 2-field plan was created
using the fiducials to define the treatment isocenter. DRRs were generated at 0° and
90° gantry position. Finally, the plan, the CT scan, the treatment isocenter point and
the DRRs were transferred to the treatment unit. Portal images and MVCBCT were
acquired with the phantom placed at 16 positions. Only the automatic registration

was used to align the MVCBCT acquisitions with the CT scans.
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The mean and standard deviation of the differences between the applied shift and
the measured shift using the phantom with gold seeds were 0.0 mm and 0.3 mm,
respectively for both setup methods. Figure 6.2 compares the positioning method
using the head phantom. The shift measured with the 2D method (EPI Shift) is
plotted versus the shift measured with the 3D method (MVCBCT Shift) for the
longitudinal, lateral and vertical directions. The standard deviations of the differences
between the applied shift and the measured shift measured with the head phantom
were 0.9 mm and 0.4 mm for the 2D method and the 3D method respectively. The
mean differences of the differences obtained from the head phantom between the
applied and measured shifts were close to zero for both methods. A linear fit of all
the measurement points showed a unit slope (intercept close to zero) with a high
correlation coefficient (R? > 0.96) in all directions.

Both techniques (2D and 3D) were capable to measure positioning shifts with
sub-millimeter precision when performed with a anthropomorphic head phantom.
Because the phantom is stationary and rigid, the registration can be based entirely
on bony anatomy. It therefore is not surprising that there was no difference in the

setup accuracy using the 2D or 3D method.

6.2.3 Patient Positioning Study

A total of 18 MVCBCT acquisitions (2-10 MU) and orthogonal pairs of portal

images (2 MU) were acquired on 8 patients undergoing treatment for head and neck
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Figure 6.2: Setup method comparison using an anthropomorphic head phantom
(Rando). A shift measured with a 2D method (EPI Shift) is plotted against the
shift measured with the 3D method (MVCBCT Shift) in the a) longitudinal, b) lat-
eral and c) vertical directions. The treatment couch was moved to image Rando at 16
different locations around the isocenter. A linear fit on all the points was performed
for each direction. The goodness of the linear fit is displayed with the correlation

factor R2.
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cancers. The slice thickness of the CT and MVCBCT were 3 and 1 mm respectively.
Patients were immobilized using aquaplast head and shoulder masks. Automatic
registration and manual fine tuning were used to align the MVCBCT acquisitions
with the CT scans.

Bony anatomy and overall soft tissue were visualized on the MVCBCT's while only
bony structures could be used for alignment on portal images. Figure 6.3 summa-
rizes the positioning error assessments. The shift measurements made with the two
methods were within 2 mm of each other in 76% of all cases. Portal imaging resulted
in shifts up to 3 mm whereas MVCBCT positioning resulted in shifts up to 4.3 mm
in a single direction. The plots shows that more shift would have been applied using
MVCBCT suggesting better sensitivity to positioning error. The differences in the
shifts measured (2D vs. 3D) on patients may be due to the capability of MVCBCT
to perform local alignment accounting for rotations, distortions and weight loss. In
one case (Sec. 6.3), the portal imaging did not match with the DRRs, and no shift
could be determined that would make the films align satisfactorily. The correspond-
ing MVCBCT showed that there was an alignment issue with respect to head tilt
which was not clear on portal imaging. In two other cases, large variations in neck
position (up to 6 mm) were observed once the bony anatomy was aligned with the
planning CT. In these cases, local alignments were performed based on the anatomy
in proximity to the treatment isocenter. The following sections describe specific cases

where a 3D setup method has clear advantage.
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Figure 6.3: Setup method comparison for head and neck patients. A shift measured
with a 2D method (EPI Shift) is plotted against the shift measured with the 3D
method (MVCBCT Shift) in the a) longitudinal and b) vertical directions. The line
represents the relationship that was observed with a solid phantom. Clearly head and
neck patients present a more complex problem for setup.
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6.3 Evaluating Complex Spinal Cord Displacement

During Setup

In this example, a patient with a T2N2b squamous cell carcinoma of the hypophar-
ynx was imaged during radiation treatment using MVCBCT. The patient was posi-
tioned using an aquaplast head and shoulder mask indexed to the treatment couch.
Originally, a TIMO-C head holder was used, which provided a more pronounced angle
of neck flexion during treatment. A set of standard CT scans were used to obtain
images for IMRT treatment planning. MVCBCT images were acquired at various
times during treatment. Orthogonal pairs of 2D portal images were also obtained at
the time of MVCBCT acquisition in order to compare the two modalities.

Figure 6.4a displays a DRR of the patient as initially simulated and planned.
Easily visible structures such as the posterior vertebral bodies, base of skull, ante-
rior maxilla, and aquaplast mask are outlined. Several weeks into the treatment,
an MVCBCT image and a corresponding set of portal images were acquired for this
patient. Figure 6.4b shows the outlines from Fig. 6.4a superimposed on this portal
image. Although the base of skull and mask line up well, the line of the anterior max-
illa is not aligned with the current position of the anterior maxilla. Additionally, the
line of the posterior vertebral bodies is difficult to compare with the spinal anatomy.
Figure 6.4c displays a sagittal image from MVCBCT (gray scale) overlaid on the

planning CT images (color). The two sets of images have been registered to obtain
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an overall alignment based on the anatomy of the skull and face, as was similarly
done using the 2D technique.

As seen in Fig. 6.4c, the patient alignment using the MVCBCT and planning CT
images allows for further assessment of not only global position, but also the relative
positions of internal anatomical structures. Although the base of the skull is well
aligned, a 6 mm difference in the position of the anterior vertebral bodies between
the planning CT images and the MVCBCT data is clearly visible. The patient was
subsequently resimulated using a neck holder with less flexion (TIMO B) in order
to place the patient in a robust and more comfortable position. Once this plan was
complete, an additional MVCBCT was obtained, as seen overlying the new planning
CT images in Fig. 6.4d. Comparison of the new MVCBCT and planning CT image
data indicates that overall alignment, from the base of skull and along the vertebral
bodies, was significantly improved using the new set up.

In this case, MVCBCT provided clear, informative images that allowed a more
complete evaluation of the patient set up in comparison to 2D portal imaging. The 2D
portal images did show some variation in patient positioning, but did not reveal the
origin and the full magnitude of the misalignment. Using MVCBCT images, we were
able to measure the magnitude of the misalignment, identify its source (a distortion
of the neck), and confirm the correction of the problem. MVCBCT was a critical tool

that led to replanning for more accurate treatments for this patient.
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Figure 6.4: Assessment and correction of a complex neck distortion using MVCBCT.
On the same day, a head and neck patient positioned with a TIMO C head holder
was imaged using portal imaging (b) and MV CBCT (c). A difference in the arching
of the neck is difficult to detect using the lateral digitally reconstructed radiograph
(DRR) (a) overlaid on to the portal image (b). Registration of the patient MVCBCT
(gray scale) with the kV CT (color) in (c) revealed a complex distortion of the lower
neck region which creates a 6 mm misalignment of the vertebral bodies and spinal
cord. A new MVCBCT (color) compared with the new CT (gray) in (d) showed
improvement in the 3D alignment.
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6.4 Performing Setup of a Patient with a Lung

Tumor

An MVCBCT was used to position a patient with a T2NOMO squamous cell car-
cinoma of the lung. The patient had refused surgery, and, therefore, was treated with
definitive radiation therapy. At the time of fluoroscopic simulation, the tumor was
noted to be immobile. This is obviously not the case for most lung tumors [4]. The
isocenter was placed within the tumor volume and planning CT images were obtained
without respiratory gating.

A hypofractionated course of radiation was prescribed, and it was therefore ex-
ceedingly important to ensure accurate set up of the tumor within the field. For this
reason, and because of the reduced number of fractions, MVCBCT was used for daily
set up.

On the first day of treatment, a pair of orthogonal portal images and an MVCBCT
were acquired. The MVCBCT images were aligned with the planning CT using the
soft tissue mass itself in order to ensure adequate tumor dose. On the first treatment
day, two additional MVCBCTSs were obtained to verify this positioning method; the
first following the applied shift, and the second after treatment delivery to evaluate
any intrafraction motion during the 20 minutes of IMRT treatment. The post shift
MVCBCT showed excellent alignment with the planning CT, and the post treatment

MVCBCT remained well aligned. On subsequent days a single MVCBCT procedure
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was performed for positioning.

To illustrate the potential pitfalls associated with relying on portal imaging for
patient positioning, the measured shift that could have been made using only 2D
portal images for positioning was applied to the MVCBCT and reference CT images.
As can be seen in Fig. 6.5, if the sternum is aligned (6.5¢), the tumor in the right lung
is not (6.5a and 6.5b), and would have been underdosed. A similar misalignment of
tumor happens when the MVCBCT and the planning CT images are aligned based

on vertebral body position, a common way to verify the position of thoracic patients.

6.5 Setup of Patient with Paraspinous Tumor in

the Presence of Orthopedic Hardware

With conventional CT or MR imaging in the setting of paraspinous metallic hard-
ware, artifact and image degradation create obstacles to the accurate delivery of high
doses of radiation without compromising spinal cord tolerance. A new technique
was developed using MVCBCT images to direct IGRT for treatment of paraspinous
tumors in the presence of orthopedic hardware.

A patient with a resected paraspinous high-grade sarcoma was treated to 58 Gy
in 29 fractions with an IMRT plan. Due to the steep isodose lines in close proximity
to the spinal cord, daily MVCBCT imaging was used to ensure accurate patient po-

sitioning before each treatment. The MVCBCT and planning CT images (illustrated
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Bony Alignment:
a)

Figure 6.5: Images comparing the use of MVCBCT and portal imaging for setup of
a hypo fractionated lung patient with a large and relatively immobile tumor. On the
first fraction, the shift assessment was done using the sternum on portal images. This
shift was then applied to a MVCBCT acquired the same day. Three views of the
CT (gray scale) fused with the MVCBCT (color) are shown. While the sternum is
well aligned on (c) the tumor is not on (a) and (b). For this reason, the patient was
aligned using the soft-tissue information on the MVCBCT images.
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in Fig. 6.6) were automatically registered and fine-tuned by physicians, and the dis-
placement between the image sets was applied remotely to the table. To estimate
the impact of the daily MVCBCT shifts on dosimetry, the dose-volume histograms of
the original IMRT plan and a hybrid IMRT plan (created by shifting the isocenter of
the original IMRT plan by the mean absolute shifts in the lateral, longitudinal, and
vertical directions) were compared.

The mean absolute daily table shifts obtained on the basis of the MVCBCT in
the lateral, longitudinal, and vertical directions were 3.6 mm (95% C.I., 2.6-4.6 mm),
4.1 mm (95% C.I., 3.2-5.0 mm), and 1.0 mm (95% C.I., 0.6-1.3 mm), respectively.
When comparing the original IMRT plan to the hybrid IMRT plan, the dose to 0.1
cc of the spinal cord increased from 51.5 Gy to 60.9 Gy; and, the doses to 95% of
clinical target volumes 1 and 2 were reduced from 51.6 Gy to 47.6 Gy and 49.5 Gy
to 44.7 Gy, respectively.

MVCBCT greatly reduces technical problems associated with the treatment of
paraspinous tumors in the presence of orthopedic hardware. MVCBCT provides 3D
anatomical information in the treatment position with clear imaging of metallic ob-
jects without compromising soft-tissue information, thereby allowing accurate deliv-
ery of high doses of radiation. MVCBCT played a key role in this example of IGRT,
where optimal setup was achieved for a patient who might otherwise be treated with

doses unlikely to provide long-term local control or not be treated at all.
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Figure 6.6: Example of daily 3D image registration of MVCBCT (orange) with plan-
ning CT (grayscale) in axial, coronal, and sagittal planes. Inset demonstrates 3D
MVCBCT reconstruction of hardware, without artifact typically associated with kV
CT.
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6.6 Alignment of Prostate Patients

Daily portal imaging on patients with implanted gold markers in the prostate
can locate the gland with 1-2 mm accuracy [61, 62, 63]. However, this 2D position-
ing method cannot be used for all cases. For example, the gold markers are often
not visible on the lateral portal image of patient with a hip prothesis. It has been
demonstrated that the lateral portal image contains information relative to the most
frequent setup error of prostate patient [64]. In addition, the presence of surgical clips
for patients undergoing prostatectomy also can hide the location of gold markers im-
planted in the prostate bed and make them difficult to identify. For these reasons,
physicians in our clinic have started requesting that specific patients undergoing ra-
diation therapy for prostate cancer are aligned with MVCBCT rather than portal
imaging.

A positioning method using MVCBCT was developed to solve these problems. The
method is illustrated in Fig. 6.7. With MVCBCT, gold markers are easily identified
on all patients with an exposure as low as 2 MU. The corresponding CT image is
displayed in grayscale color map to display the seeds in white while the MVCBCT
is displayed using an inverse grayscale color map to render the seeds in black. Using
a 50% CT, 50% MVCBCT transparency level, the gold seeds visualized in the axial,
sagittal and coronal planes can easily be superimposed with each each other. Even at
low MVCBCT exposure, patient specific variables potentially causing poor coverage

of the target have been identified, including the level of rectum and bladder filling
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A

Sagittal

Figure 6.7: Example of prostate patient alignment using gold markers. The CT image
is displayed in grayscale color map (seeds shown in white) while the MVCBCT image
is displayed using an inverse grayscale color map with the seeds shown in black. Using
a 50% CT, 50% MVCBCT transparency level, the gold seeds visualized in the axial,
sagittal and coronal planes can easily be superimposed with each other in a combined
displays. Gold markers can easily be identified on MVCBCT using only 2 MU of
patient exposure.
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that now can be assessed on a daily basis. The use of higher MVCBCT exposure
to better visualize the prostate is under study and could allow soft-tissue alignment

without the need of the invasive procedure of gold marker implantation.



142

Chapter 7

Monitoring Patient Anatomy Over

Time

The use of routine 3D imaging before treatment exposes the dynamic nature of
patient anatomy. Measuring such variation is the first step towards implementing
more dynamic RT processes. This chapter describes two cases of anatomical variation
that can be quantified with MVCBCT imaging. Other cases of anatomical variation
that were observed in the clinic include daily rectal distention of prostate patient and

the evolution of the size of a lung tumor.

7.1 Soft-Tissue Variation in the Nasal Cavity

In this next example, a patient with a T4bN1 squamous cell carcinoma of the

nasal cavity was imaged using MVCBCT at various times while under treatment with
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external radiation therapy. The tumor involved the right nasal cavity and extended
anterolaterally into the maxillary sinus and posteriorly to the nasopharynx. Prior
to treatment, the extent of tumor was only evaluable on CT or MRI examination.
The tumor was unresectable, and the patient was treated definitively with concurrent
chemoradiation. A conventional noncontrast CT was used to obtain base images for
treatment planning. Four MVCBCTs were obtained during the course of radiation
treatment in an effort to assess tumor anatomy variation that could not otherwise be
easily visualized.

Representative images of the planning CT and 2 subsequent MVCBCT's are shown
in Fig. 7.1. The point indicated by T, represents the start of radiation treatment.
Examination of the MVCBCT images revealed an obvious soft tissue density within
the right maxillary sinus. The air interface present anteriorly provided excellent
contrast with this soft tissue density. In comparison, the left maxillary sinus was
completely air filled, as seen on the planning CT and subsequent MVCBCT images.
These images show that there is more soft tissue density within the right maxillary
sinus on the first MVCBCT evaluation (T + 6 days) as compared to the original
planning CT (T, - 14 days). This may indicate that there was tumor growth between
the time of treatment planning and start of treatment. A comparison of the first (T
+ 6 days) and second (Ty + 14 days) MVCBCT images shows some decrease in the
amount of soft tissue in the cavity.

The amount of air filling for each side of the maxillary sinus at the given time-



144

MVEBCT 1 MVEBCT 2

L

Pe

i
7

22 |
' S —a
= 1
20 f !
I
18 b : —o— Uninvolved Sinus
| —o— Tumor Affected Sinus
1
16 | !
1
1
1

14

>

12| 1 Tx Starts

-
o
T

I
I
I
|
I
8 | ! )
Tp- 14 days To To + 6 days To + 14 days

Air Volume in the Maxillary Sinuses [cms]

Time

Figure 7.1: Tumor size variation during the course of radiotherapy. The planning
CT (left) of a patient affected by a right maxillary sinus tumor was acquired 14 days
before the beginning of the treatment fractions To. Two MVCBCTSs (middle and
right) were acquired 6 days and 14 days after Ty. The evolution of the tumor size is
visible on the axial (top) and sagittal (middle) views. The bottom plot presents the
air volume in the cavities as a function of time.
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points was calculated with automatic contouring. This is plotted for the right (tumor
affected sinus) and the left maxillary sinus (uninvolved sinus) in Fig. 7.1. If we were to
assume that the soft tissue density within the affected sinus were exclusively tumor,
rather that a combination of tumor and secretions, this quantitative assessment of
air volume within the sinuses may serve as a surrogate for tumor response. This
example demonstrates the potential of this imaging modality to monitor changes in
target volume that are not otherwise evaluable using conventional techniques such as

portal imaging.

7.2 Weight Loss for a Head and Neck Patient

Today’s concurrent chemoradiation therapy for head and neck patients are so ag-
gressive that patients frequently suffer from side effects that alter normal nutrition.
It is fairly common (~33%) for head and neck patients to observe weight loss of up
to 58% of pretreatment body weight [65] over the course of radiotherapy. Figure 7.2
presents a case of weight loss observed for a patient treated for a base of tongue car-
cinoma with IMRT. The initial CT image (grayscale) is compared with an MVCBCT
image (color) acquired 22 days after the beginning of therapy. The patient lost up
to 4 cm of soft tissue on the side of the neck after only half of the total number of
treatment fractions.

Despite the frequent occurrence of such variation, it is currently difficult to de-

fine when these patients need to be reimaged with conventional CT and replanned.
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Weight Loss and Tumor Shrinkage
Observed after
Two Weeks of Therapy

o=

Figure 7.2: Example of weight loss for a patient treated for a base of tongue tumor
with IMRT.

The following chapter explores the possibility of using MVCBCT to quantify the

dosimetric impact of such variation in anatomy.
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Chapter 8

Dose Calculation

Variations in target volume and anatomy presented in the last chapter may have
dosimetric consequences that require re-planning. At what point during treatment a
patient needs to be re-planned is currently difficult to determine. Commonly, treat-
ment plans are revised only when the set up is no longer reproducible, the mask used
to positioning the patient no longer fits, or significant weight loss is noted. Weekly
physical examination and total body weight measurements are performed but are
unable to quantify changes that occur locally at the target or along the treatment
beams. Most importantly, these methods do not quantify the dosimetric impact of
the changing anatomy or patient positioning inaccuracies.

While MVCBCT was primarily developed to provide accurate 3D positioning of
the patient moments before dose delivery, the images obtained could also be used to

perform dose calculation. This would open the possibility to monitor the dosimetric
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impact of changes in anatomy or position as compared to the reference CT by applying
the initial treatment plan on the MVCBCT images.

The objective of this chapter is to demonstrate the feasibility of performing dose
calculation using MVCBCT. A complete article describing the work done in this
chapter has recently been published [66]. Because of the current limitations in the
MVCBCT imaging volume, this study focused on dose calculations performed in the
head and neck region. First, phantom experiments were performed to investigate the
effect of MVCBCT cupping artifacts on dose calculation accuracy and to develop a
method to reduce this effect. We then calibrated the corrected MVCBCT images for
electron density and entered the calibration data into a commercial planning system.
To test the dosimetric accuracy of using MVCBCT for a clinical case, we compared
the doses calculated using MVCBCT and using a conventional CT for a patient who
exhibited minimal anatomical changes between the two image acquisitions. Finally,
we used two sets of CT and MVCBCT images to track the changes in delivered dose

distributions for a patient who lost considerable weight during the course of IMRT.

Requirements for dose calculation

A 3D image data set has to fulfill two requirements before being used for dose
calculation. First, the image volume has to include all the patient tissue along the
treatment beams. Second, the treatment planning system requires the image to be

calibrated for electron density, which is a radiological parameter related to dose de-
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position in radiotherapy. Prior to image calibration, any artifact inherent to the
imaging modality must be minimized. Calibration of CT images for electron density
has been robustly demonstrated on kV and MV CT systems using fan-beam geometry
(67, 53]. Only recently have groups begun investigating the possibility of calibrating

cone-beam images. The calibration of MVCBCT is presented in Sec. 3.6.

8.1 Effect of Cupping Artifact

A head size water cylinder phantom was used to investigate the impact of the
MVCBCT cupping artifact on the accuracy of dose calculation. The water cylinder
was first imaged with the conventional CT scanner. The phantom alignment in the
CT room was marked with three small fiducials. MVCBCT images of the cylinder
then were acquired in the treatment room using the fiducials for alignment. The
kVCT, the MVCBCT with cupping artifact and a MVCBCT corrected for nonunifor-
mity (correction method presented in Sec. 3.5.1) were all imported to the treatment
planning system. The CT voxel intensities of each scan were converted to relative
electron density to water using the calibration curves. A plan with a single anterior-
posterior 10 x 10 cm? square beam was applied on all three image sets. The three
dose distributions were obtained using identical dose grid positions and a resolution
of 2 mm. Finally, the dose distributions obtained using the two MVCBCT scans
(with and without uniformity correction) were compared with the reference dose dis-

tribution calculated using the conventional CT. To obtain a complete quantitative
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evaluation of dose distributions in both the low and high dose gradient regions, we
computed dose percentage differences and a gamma index [68]. We used typical ac-
ceptance criteria of 3% in dose and 3 mm in distance-to-agreement for the gamma
index.

Figure 8.1 presents a quantitative analysis of the effect of the cupping artifact on
the dose calculation accuracy for a cylindrical water phantom. As seen in Fig. 8.1
(top), the dose percentage differences between the doses calculated on the CT and on
the uncorrected MVCBCT scans (left) showed a systematic deviation, which increased
with depth. The nonuniformity caused the dose calculated in the in-field region (field
edge reduced by 4 mm) to be less on average by 0.95% and by a maximum of 4.5%.
Differences larger than £10% were observed at the field penumbra and along the
phantom edge. These differences were likely due to slight error in the setup (< 2
mm) of the phantom or in the placement of the treatment isocenter in the treatment
planning system. The calculation of the gamma index on the uncorrected water
cylinder (Fig. 8.1 bottom) showed that despite the large cupping artifact only 1% of
the whole dose distribution did not meet the acceptance criteria of 3% and 3 mm.
When the water cylinder was corrected for nonuniformity, 98% of the in-field region
was within 1% difference in dose and 92% of the entire dose distribution, including
phantom edges and penumbra, was within 2% in dose and 2 mm in distance-to-

agreement.



151

Uncorrected Corrected

% Dose Differénce
(CT - MV CBCT)

¥
o

Gamma Index
3:> 3% and 3mm
2: < 3% and 3mm
1: < 2% and 2mm
0: < 1% and 1mm

Figure 8.1: Dose percentage differences (CT - MVCBCT) (top) and gamma indices
(bottom) for the head-size water cylinder uncorrected (left) and corrected (right) for

uniformity.
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8.2 Validation of MVCBCT

To assess the dose calculation accuracy achieved with MVCBCT on a patient, a
head and neck patient treated with IMRT for a recurrent nasopharyngeal carcinoma
was selected. This patient was imaged in the first week of therapy and no major
change or deformation in anatomy from the time of the reference CT was seen. This
observation was also verified with the 3D registration of the MVCBCT image with the
CT results . Manual registration was performed until the best match was achieved by
visual comparison. The MVCBCT image was corrected for nonuniformity using the
ellipsoid correction factors previously described. The IMRT treatment plan (isocen-
ter, beams and contours) defined on the kVCT image was applied to the MVCBCT
image. None of the beam passed through the patients shoulders, parts of which ex-
tended beyond the MVCBCT field of view. The dose distributions calculated with
the conventional CT and the MVCBCT images were compared using dose percentage
difference and gamma index distributions. Because the anatomy and position of the
patient was nearly identical on both images after 3D registration, contours drawn
on the conventional CT images (spinal cord, left parotid, right eye, brain stem and
gross tumor volume, etc.) were directly copied on to the MVCBCT images. The
dose-volume histograms (DVH) of the structures were compared.

Figure 8.2 displays isodose lines produced using conventional CT (left) and MVCBCT
(right) for the first test patient. There is good qualitative agreement between the two

dose distributions. For doses higher than 10 Gy (14% of the prescription dose) the
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maximum percent difference in dose was 8%. More than 90% of the volume had a
percent difference of 5% or less. Percent differences between 5-8% were observed in
the left air cavity and are believed to be due to slight misalignment or local anatomic
variation. Reviewing the gamma index, 98% of the complete volume was within 3%
and 3 mm, and 88% of the volume was within 2% and 2 mm. Overall, as seen in
Fig. 8.2, the DVHs calculated from conventional CT and from MVCBCT were also

in excellent agreement.

8.3 Dosimetrical Impact of Anatomical Changes

A patient treated with IMRT for a base of tongue carcinoma was selected to eval-
uate the capability of MVCBCT to monitor the dosimetric impact of weight loss.
The patient was first imaged with conventional CT (CT1) for planning. The treat-
ment plan created for this patient contained beams passing partly through the patient
shoulders to cover the cervical lymph nodes. Parts of these beams extended beyond
the MVCBCT field of view. A MVCBCT (MVCBCT1) was acquired during the
first week of therapy, twelve days after CT1. Additional CT (CT2) and MVCBCT
(MVCBCT2) images were acquired on week 3 (22 days after MVCBCT1) of treat-
ment. The patient was displaced by 2 c¢m in the vertical direction for MVCBCT
imaging to obtain better uniformity correction from the method presented in this
paper. MVCBCT images were corrected for nonuniformity and transferred to the

treatment planning system. As with the previous test case, the MVCBCT images
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Figure 8.2: Dose calculation on a patient treated for a recurrent nasopharyngeal car-
cinoma with IMRT. No weight loss or anatomical deformation was observed between
CT and MVCBCT images. Isodose lines at the treatment isocenter planes on the
conventional CT and MVCBCT are presented (above). Good qualitative agreement
is observed with DVHs (below) obtained from dose calculations performed using CT
(solid lines) and MVCBCT (dashed lines).
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were aligned precisely with their corresponding reference CT images (MVCBCT1 with
CT1 and MVCBCT?2 with CT2) using 3D registration. A dosimetrist and a physician
contoured the target and critical structures on CT1 and CT2. These contours were
copied to the corresponding MVCBCT images. For comparison, critical structures
(parotids, spinal cord, brain stem, larynx and right temporomandibular joint (TMJ))
were also drawn directly on the images from MVCBCT2 by the dosimetrist. CT1
but not CT2 was used as a visual reference to guide the contouring on MVCBCT?2.
To compensate for parts of the patients shoulders and chest that extended outside
the MVCBCT field of view, tissue and lung contours were drawn on CT1 and copied
onto MVCBCT1 and MVCBCT?2 after 3D registration. The missing tissue and lungs
were assigned a density relative to water of 1 and 0.4 respectively. Dose distribu-
tions were then obtained by applying the initial treatment plan to data from CT1,
MVCBCT1, CT2, and MVCBCT2. The four dose distributions were produced using
identical dose grid positions and a resolution of 3 mm. Dose percentage difference and
gamma index distributions were computed for different combinations of dose distri-
butions (CT1-MVCBCT1, CT2-MVCBCT?2, CT1-CT2, MVCBCT1-MVCBCT?2, and
CT1-MVCBCT2). Dose volume histograms were obtained for several structures (left
TMJ, parotids, spinal cord, larynx, clinical target volume (CTV) and gross tumor
volume (GTV)).

For the second patient, the weight loss between week 1 and week 3 of therapy

can easily be seen on the axial images of Figs. 7.2 and 8.3. The patient lost up
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to 4 cm of soft tissue on both sides of the neck between CT1 and CT2. First, we
compared dose calculation on MVCBCT images versus their respective CT images.
Minor anatomical changes were observed on the posterior aspect of the neck between
CT1 and MVCBCT1 (see axial images Fig. 8.3). No observable anatomical changes
were observed between CT2 and MVCBCT2. Isodose lines displayed on the axial and
sagittal central planes of the conventional CTs and MVCBCTs (Fig. 8.3) show good
qualitative agreement between the dose distributions obtained from images acquired
closely in time (CT1 with MVCBCT1 and CT2 with MVCBCT2). For doses greater
than 20 Gy (29% of the prescription dose), 78% and 84% of the dose calculation
performed on MVCBCT1 compared with CT1 and MVCBCT2 compared with CT2
respectively fell within the acceptance criteria of 3% in dose and 3 mm in distance-to-
agreement. The portion that failed the criteria was almost entirely located posteriorly
below the fifth cervical vertebrae (C5) where the MVCBCT images were acquired
with missing tissue. This will be addressed in more detail in the Discussion section.
The percentages passing the acceptance criteria increase to 96% and 97% when the
anatomy below C5 is excluded. Figure 8.4 (top) displays the percentage difference
in dose for CT1-MVCBCT1 (a) and CT2-MVCBCT2 (b). The majority of the dose
distributions were within 3% in dose. The dose in the shoulder area was on average
6.3% higher on the MVCBCTs. The DVHs calculated on CTs and their corresponding
MVCBCT are compared on Fig. 8.4 (below). Overall, the agreement was excellent

because the anatomical structures in the head and neck area are mostly situated
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MVCBCT1 MVCBCT2

Figure 8.3: Dose calculation on a patient treated for a base of tongue tumor with
IMRT. The initial plan defined on the initial CT (CT1) was applied on a MVCBCT
acquired in the first week of treatment (MVCBCT1) and additional CT (CT2) and
MVCBCT (MVCBCT?2) acquired 22 days after the beginning of therapy. Axial and
sagittal images crossing the isocenter show good qualitative agreement between the
isodose lines (CT1 with MVCBCT1 and CT2 with MVCBCT2).

above C5.

Figure 8.5 (top) displays the percentage difference in dose for CT1-CT2 (a) and
MVCBCT1-MVCBCT2 (b). A comparison of CT1 with MVCBCT2 was also per-
formed and yielded very similar results to those presented in Fig. 8.5. Both the CT
and the MVCBCT data sets show a large volume of tissue receiving more than a
3% increase in dose due to the patient weight loss. In the CT data set, the mean
percentage increase in dose between week 1 and week 3 was 5.2%. Approximately
20% of the dose distribution did not fall within the passing criteria of 3% in dose

and 3 mm in distance-to-agreement. In the MVCBCT data set, the mean percentage
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Figure 8.4: Top- Axial and sagittal images crossing the isocenter showing dose per-
centage difference distributions for CT1 compared to MVCBCT1 (left) and CT2
compared with MVCBCT?2 (right). Most of the dose calculation on MVCBCT was
within 3% of the dose calculation on CT. The shoulder area, where MVCBCT suffers
from missing tissue was, on average 6.3% higher in dose with MVCBCT. Below DVH
comparisons showing excellent agreement for CT (solid) and MVCBCT (dashed) ac-
quired closely in time. All contours producing the DVHs were drawn on the CT
images and applied on MVCBCT after registration
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increase in dose between week 1 and week 3 was 4.6%. There was good qualitative
agreement between CT1-CT2 (Fig. 8.5a) and MVCBCT1-MVCBCT2 (Fig. 8.5b) in
the anatomical locations receiving more than a 5% increase in dose. Fig. 8.5 (below)
shows the dosimetric impact of weight loss assessed using DVH comparisons between
CT1-CT2 (left) and MVCBCT1-MVCBCT?2 (right). Again, contours on MVCBCT
were transferred from the corresponding CT data. All critical structures and target
volumes showed similar increases in dose using CT (left) or MVCBCT (right). For
example, the maximum dose to the spinal cord increased from 42.9 to 48.3 Gy using
CT1-CT?2 (left) while increasing from 44.1 to 48.9 Gy using MVCBCT1-MVCBCT2.
Similarly, the left parotid mean dose increased from 26.2 to 41.8 Gy using CT data
while increasing from 26.0 to 42.1 Gy using data from MVCBCT. The largest qual-
itative DVH difference was observed with the right parotid, which was located in a
high-dose gradient region.

Figure 8.6 evaluates the possibility of contouring critical structures directly on
the MVCBCT image. The DVHs shown were obtained from two independent sets of
contours (Fig. 8.6 top). One set was obtained from contouring on CT2 and copying
the contours on MVCBCT?2 after 3D registration (blue contours), and the other set by
direct contouring on MVCBCT?2 (white contours). Overall, the agreement between
the two sets of contours and DVHs was good. Again, the largest difference was
observed with the right parotid. Contouring the right parotid directly on MVCBCT2

improved the DVH agreement with CT2 (see Fig. 8.4a).
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Figure 8.5: Top- Axial and sagittal images crossing the isocenter showing dose per-
centage difference distributions for CT1 compared to CT2 (left) and MVCBCT1
compared with MVCBCT?2 (right). There are large anatomical areas where the dose
increased by 5% or more. The locations of these areas are in good agreement between
CT (left) and MVCBCT (right). Bellow DVH comparisons. All contours producing
the DVH were drawn on the CT images and applied on to the MVCBCT after regis-
tration. The impact of weight loss on the DVHs is very similar when calculated using
either C'T or MVCBCT.
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MVCBCT2 contours from CT2 (solid)
MVCBCT2 contours from MVCBCT2 (dashed)
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Figure 8.6: Evaluating the feasibility of contouring critical structures on MVCBCT.
Top - One set of DVH was obtained from contours drawn on CT2 and copied to
MVCBCT?2 (blue contours) while the other set was obtained by direct contouring
on MVCBCT?2 (white contours). Below- The largest DVH difference was observed
within the right parotid, which was located in a high-dose gradient region. Contouring
directly on MVCBCT improved the DVH qualitative agreement compared to the right

parotid on CT2 (Fig. 8.5). The overall good agreement in DVHs demonstrates the
contouring capability of many head and neck structures on MVCBCT.
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8.4 Discussion

8.4.1 Dose calculation accuracy achieved with MVCBCT

Calibration of CT images for physical or electron density is the main factor influ-
encing dose calculation accuracy [69]. Because of a large cupping artifact produced
by scatter radiation and beam hardening, the calibration of cone-beam CT images is
more complex than calibration for conventional fan-beam CT. Fortunately, the lower
amounts of scatter and the reduced energy dependence of the photon interactions
in the MeV versus the keV range produce a cupping artifact that is somewhat pre-
dictable. In this work, a simple empirical method was used as a first order correction
to improve the uniformity of MVCBCT reconstructions for the head and neck region.
Although there are limitations inherent to the method with respect to where the
patient needs to be placed for imaging (roughly centered as in the case of the wa-
ter cylinders), this simple correction greatly reduces the nonuniformity in the CBCT
images. Other more robust preprocessing methods to correct projection images for
scatter have also been proposed [28, 47]. These methods would likely further reduce
the cupping artifact. However, the results of this study suggest that a first order
correction of the MVCBCT cupping artifact may already be sufficient for clinically
useful dosimetric accuracy. The simulations performed with the head-sized water
cylinder demonstrated that the dosimetric error caused by the MVCBCT cupping ar-

tifact is much less than the cupping artifact itself. This trend has also been observed
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using a pelvis-sized water cylinder [70]. For multiple beam configurations, dosimetric
errors would be further reduced due to averaging over different beam angles. With
the uniformity-correction method that we have developed (see Sec. 3.5.1), dose cal-
culation accuracy better than 3% in dose and 3 mm in distance-to-agreement was

demonstrated for a head and neck patient treated with IMRT.

8.4.2 Expanding dose calculation to more clinical sites

The other factor that determines dosimetric accuracy is the size and location of
field of view of the MVCBCT images. Using the current MVCBCT system, only the
head and neck region can be fully imaged. One option to compensate for the limited
field of view of MVCBCT is to merge the images from the kVCT and MVCBCT [53]
in order to supplement truncated image data. In this study, tissue contours from the
kVCT were used to compensate for using missing tissue in the MVCBCT images of
the second patient. However there was still a 5 to 10% dosimetric over estimation
related to missing data artifact, the assumption of rigid body deformation and the
lack of heterogeneity correction in the missing data region. Despite this problem, the
fact that most critical structures in the head and neck area are situated above the
shoulders allowed the use of MVCBCT to accurately monitor the dosimetric impact of
weight loss on clinically important structures. A dosimetric accuracy better than 3%
in dose and 3 mm in distance-to-agreement was demonstrated above the shoulders. As

larger detectors are manufactured or new image acquisition schemes developed, CBCT
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should become capable of completely imaging the anatomy along the beams. Simply
allowing a lateral shift of the detector for acquisition would increase the field of view
to image shoulders or an average sized pelvis [43]. The good imaging performance
and calibration possibility of MVCBCT in the presence of metallic objects could also
be used to obtain better dose calculations in areas near a hip prosthesis or tooth

fillings [71].

8.4.3 MVCBCT to monitor the dosimetric impact of weight
loss

During the course of external beam radiation treatment, many head and neck
patients develop significant anatomic changes that may be related to multiple factors,
including shrinkage of the tumor and/or nodal masses, weight loss, and resolution of
postoperative changes [8]. For these cases, it has been demonstrated that repeat
CT imaging and replanning is essential to ensure adequate doses to target volumes
and safe doses to critical normal tissues [7]. One goal of this study was to learn if
MVCBCT imaging could be used to detect when replanning becomes necessary. With
MVCBCT already in use for patient setup, the user performing the CT-MVCBCT
alignment may more readily notice when a change in anatomy has become potentially
significant clinically. As this study demonstrates, dose recalculation on MVCBCT is
also possible and can be used to estimate the percentage in dose differences within the

target volume or normal tissues. Structures such as spinal cord, brain stem, larynx
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and all of the bony structures can be contoured directly with MVCBCT. Although
soft-tissue contouring is more difficult, nevertheless it was found to be feasible even
in structures such as the parotids. Using the initial reference CT (CT1) as a guide,
the dosimetrist was able to contour the parotids with MVCBCT with reasonable
confidence. Using these contours, it was possible to estimate a mean dose increase
from 26 to 42 Gy in the left parotid of the second patient. Although weight loss
occurred throughout treatment, if the patient’s anatomy from week 3 was assumed
to represent the anatomy for the remaining treatment fractions (18 of 33 fractions),
the right and left parotid mean doses would be increased by 7 and 9 Gy respectively.
These estimates are in good agreement with the mean dose increase calculated using
the conventional CT images. Although weight loss may be expected in these patients
[65], many continue to be treated with the original treatment plan since the dosimetric
impact of the weight loss is rarely assessed.

Several head and neck patients are now being imaged weekly with CT and MVCBCT
to monitor the dose to critical structures and further study the dose calculation ac-
curacy achieved with MVCBCT. Despite the fact that dose calculation can be per-
formed on MVCBCT, repeating the kVCT is now still required for replanning. Cur-
rently MVCBCT does provide some soft-tissue information but conventional CT is
preferred for recontouring the target volumes (GTV and CTV). Precise soft-tissue
contouring on MVCBCT should become feasible as image quality continues to im-

prove [55], which combined with a larger reconstructed volume may eliminate the need
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for repeat kVCT scans on the patient undergoing radiation treatment procedures.
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Chapter 9

Other Applications

Other applications using MVCBCT have been studied or implemented in the
clinic. The following sections briefly describe some of the work performed by members
of our group that extend the application of MVCBCT beyond those already discussed

in this thesis.

9.1 Organ Delineation in Presence of Metallic Im-

plants

Metal artifacts cause a significant problem for identifying structures when images
are acquired with conventional diagnostic CT techniques. Several postprocessing
algorithms have been developed to reduce the image degradation [72]. However, the

level of artifact reduction is still only adequate on images affected by small metal
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objects, such as gold seeds, and cannot resolve artifacts that accompany the use of
larger metallic structures such as femoral and spinal implants, dental fillings, and
arterial stents. In comparison to the keV energy range, the presence of high atomic
number (Z) material has relatively little impact on the image quality of MVCBCT.
Therefore, MVCBCT images can be used to complement missing information during
planning or patient position verification.

Figure 9.1 demonstrates the superiority of MVCBCT over conventional diagnostic
CT in the presence of metal objects. An MVCBCT was performed on a patient that
underwent major reconstruction of the left portion of the pelvis. Figure 9.1a and
Fig. 9.1b compare the same sagittal and axial slices on the diagnostic CT (left) and
the MVCBCT (right). Figure 9.1c shows that only the MV cone-beam image, which
was displayed (with appropriate window and level settings) to show the metal pieces,
can render the 3D object correctly.

The presence of metal artifacts in CT makes it impossible to use the CT numbers
quantitatively for dose calculations. For these cases the treated volume is usually
assumed to be water-equivalent in the treatment plan calculations. Treating the
volume as water and ignoring the presence of metal may cause severe deviations
between the planned dose distribution and the real dose delivered. Ongoing research
is being performed to calibrate the MVCBCT for direct use in dose calculations,
thus with the goal of achieving more accurate dose calculations using inhomogeneity

corrections. Currently at UCSF, most prostate patients with hip prosthesis undergo a
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MVCBCT acquisition to complement the CT procedure during the contouring process
in the planning system [71]. Other cases where MVCBCT could be used include
patients with dental amalgam or implants, orthopedic implants or prostheses, and

high-dose rate brachytherapy catheters.

9.2 Tomosynthesis

Megavoltage Cone-Beam Digital Tomosynthesis (MVCB DT) is an in-room imag-
ing technique, which enables the reconstruction of several 2D slices from a set of
projection images acquired over an arc of 20° to 40°. The limited angular range
reduces the acquisition time and the dose delivered to the patient, but affects the im-
age quality of the reconstructed tomograms. A recent technical note describing some
imaging characteristics of MVCB DT was published by our group [73]. The image
obtained with MVCB DT are somewhere between MVCBCT and portal imaging in
terms of image quality and dose to the patient. While it is not clear at this point what
role MVCB DT will play in RT, potential clinical applications include lung patient

setup and the development of breath holding techniques for gated imaging.

9.3 High-Dose Rate Brachytherapy

MVCBCT has recently been used to identify catheters and to complement the reg-

ular CT for target definition for high dose rate (HDR) brachytherapy in patients with
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CT MVCBCT

Figure 9.1: Images showing the superior performance of MVCBCT (right) over CT
(left) in the presence of dense metal objects. All metal pieces used for this hip
reconstruction are clearly visible on the MVCBCT 3D rendering (bottom).
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implanted metallic objects. A method was developed for prostate patient in which
routine transrectal ultrasound guided catheter implant and recovery, MVCBCT, and
regular CT acquisitions were performed within few minutes. Metallic wires were in-
serted in the catheters during the MVCBCT image acquisition. A series of filters
(averaging and diffusion) were applied on the MVCBCT image to maximise spatial
resolution and image quality. The MVCBCT and CT images were registered with
the Anatomy Modelling module of the planning system using the catheters as land-
marks. The fused images were used to delineate the target and organs at risk. Then,
the MVCBCT and the volumes of interest were transferred to the brachytherapy
planning system where catheters were identified solely from the MVCBCT image.
The dose distribution was optimized by following our standard technique using the
inverse planning. Fused MVCBCT-CT images greatly facilitated target delineation.
The registration precision was better than 1.5 mm in the prostate and catheter ar-
eas. Catheters were easily visible and accurately defined on the MVCBCT images.
The same dosimetric criteria used for regular HDR prostate planning were used and
achieved on this patient.

HDR treatment based only on CT is not possible for patients with bilateral hip
replacements. For these reasons, the use of MVCBCT for planning offers prostate and
other pelvic patients with hip prosthesis an advanced form of HDR brachytherapy

that is not possible using existing conventional techniques.
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Chapter 10

Conclusion and Future Directions

10.1 Clinical Significance of Thesis

The end goal of this research is an in-room 3D imaging system for image-guidance
of external beam radiation therapy. The work presented in this thesis has accom-
plished many of the key steps towards achieving this end goal. In the last 5 to 6
years, the first clinical MVCBCT imaging system has been developed, studied and
integrated in the clinic. Such fast implementation of a new technology can largely be
attributed to a conjoint effort between academia (UCSF) and the industry (Siemens
OCS). In only 4 years, our group has published nine peer-reviewed articles with three
more under preparation and at least 50 abstracts presented at meetings of interna-
tional caliber. To the best of our knowledge, this is the first thesis to report on a

clinical MVCBCT imaging system used in radiation oncology. In this section, I give
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my personal opinion on the significance of the thesis scientific contributions described
in this thesis. These contributions are described in the same chronological order
in which the work was performed. This dissertation describes new contributions in
MVCBCT with respect to system development, the description and optimization of
the system physical performance, clinical applications, and clinical implementation.
My first year on this project was mostly dedicated to learning the basics of the
imaging system and to understanding the clinical motivation to develop in-room im-
age guidance techniques. There were several late evenings with incremental progress.
As a student, it was a wonderful experience to be surrounded by such good scientists
and clinicians. I was able to tackle small projects that motivated the development
of software tools for image reconstruction and analysis. During that time, image
acquisitions were done in a purely manual fashion which allowed testing of different
acquisition modes, image calibrations and flat panel detectors. My role was to re-
construct images offline using a primitive set of applications developed at Siemens
(Siemens Oncology Care Systems, Concord, CA). This experience truly solidified my
understanding of the system and helped me establish the basic software tools to
perform research. One of my image analysis application written with Matlab (The
Mathworks, Inc., Natick, MA) is still used by members of our team. In addition, this
experience was key to understand the final implementation of MVCBCT as part of
a commercial product. Being able to view and extract relevant information from the

system is monumental for research and clinical work.
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In the second year, switch boxes were installed on one linac to change the control
console software version so that the rapid and safe acquisition of MVCBCT images
could be performed. Patients were enrolled in different clinical studies under ap-
proval of the UCSF Institutional Review Board. My role was to prepare the patients’
reference images, run the MVCBCT image acquisitions, assist in the setup decision
making and review images offline. Most of the clinical cases presented in part II of
the dissertation were obtained during that time. The first experience with a clini-
cal MVCBCT system was published in a dedicated issue of the Medical Dosimetry
journal on IGRT [74]. The paper is included in the Appendix B. It briefly discussed
several aspects of MVCBCT including the system hardware and software, the image
quality, and the dose delivered to patients but clearly focused on what can be done
in the clinic with MVCBCT imaging. For the first time at our institution, patients
were followed with in-room 3D imaging for both positioning errors (Chap. 6) and
changes in anatomy (Chap. 7) occurring over the course of therapy. Prostate patients
implanted with hip prostheses were imaged with MVCBCT for planning purposes
(Sec. 9.1). These applications are becoming the new standard for clinical practice at
our institution and elsewhere.

During the same period, we started to evaluate the possibility of using MVCBCT
images for dose calculation. The first requirement for such application was to cali-
brate MVCBCT for electron density. Any artifact occurring with the imaging system

had to be eliminated or reduced. Using the water-filled cylindrical phantom, we iden-



175

tified the flat panel energy response and scattered x-ray photons as main sources of
a cupping artifact in MVCBCT images. A simple post-processing method based on
an elliptical model of nouniformity was developed to improve image uniformity. The
dose calculation accuracy achieved with MVCBCT was evaluated on phantoms and
with patient data representing a simple head and neck case. Finally, we demonstrated
the feasibility of quantifying the dosimetric impact of anatomical variations. Another
important technical contribution to our group has been to develop a method to import
MVCBCT images in a treatment planning system, apply a reference plan, review the
dose grids, and compare dose-volume histograms. Programs were written to compare
dose distributions and evaluate the accuracy of dose calculation on MVCBCT. The
work presented at the American Society for Therapeutic Radiology and Oncology
meeting and published in the International Journal of Radiation Oncology, Biology,
Physics (i.e., ”The Red Journal”) [66] clearly showed the feasibility and the current
limitations of dose calculation using MVCBCT. This paper is also included in Ap-
pendix B. A larger study is under way to identify patients that would benefit the
most from such application.

The dose delivered to patients from imaging has always been a sensitive subject.
Even though the imaging dose from IGRT is generally small compared to the treat-
ment dose, the increasing frequency of CT imaging may result in clinically significant
dose to normal tissue. For the patients safety and to optimize the benefits of IGRT,

the additional dose delivered from MVCBCT imaging was studied. Using the same



176

beam for treatment and imaging offers clear advantages in assessing patient dose.
The treatment planning system was first validated as a tool to evaluate patient dose
by comparing phantom measurements and simulations. We developed a method to
quickly assess the dose received by any patient undergoing MVCBCT imaging. We
also proposed in a recent paper [54] (included in Appendix B) methods to compensate
the treatment plan to account for the dose received from routine MVCBCT imaging.
This topic of MVCBCT imaging is also presented in Sec. 3.7. The paper demonstrates
that dose from both treatment and imaging can be administered effectively and safely
for patients treated with MVCBCT image guidance.

The physical performance of the system was characterized and optimized for image
quality. While the work presented in the dissertation comes from recent measurements
(phantom images acquired in the last year), and describes the experience gained from
several measurements performed over the last 4-5 years. The most significant contri-
bution is identifying the system settings (summarized in Table 5.1) that provide the
best image quality for specific clinical applications and body sites. We also specified
the MVCBCT exposure to use for alignment based on fiducials, bony anatomy or
soft-tissue. Diffusion filtering on raw projections before reconstruction demonstrated
substantial improvement in soft-tissue resolution and allows reduction of the radiation
exposure. All this work was presented at the 2007 American Association of Physicists
in Medicine meeting [75] and will be the subject of a scientific paper.

Finally, we evaluated the stability of the imaging system and developed a complete
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QA procedure [76]. The system demonstrated superb stability which indicates that
minimal work is needed for QA. Positioning accuracy should ideally be verified daily
while other aspects such as geometry, radiation exposure, and system calibrations
can be verified only twice a year. A future paper on the subject will greatly help the

community to maintain the performance of the system with minimal workload.

10.2 Management of New Technology

I had the opportunity to study the management of technology at UC Berkeley Haas
School of Business during the PhD. This section discusses both the opportunities and
the challenges facing Siemens OCS in promoting and marketing MVCBCT.

The market of radiation oncology worldwide is divided between four major players:
Varian/GE, Siemens, Elekta/Philips and Tomotherapy. All vendors offer a treatment
machine potentially equipped with an in-room 3D imaging system ready for IGRT
applications. From the different IGRT scientific events that I participated interna-
tionally, I have been able to observe the fierce competition of the industry and also
have grasped the general community’s opinion on the technologies available for IGRT.

Siemens has faced difficult challenges in marketing MVCBCT to the radiation
oncology field. Varian, as the incontestable industry leader, has been able to take
advantage of excellent development on kVCBCT imaging conducted by Elekta and
collaborators two years prior to the release of MVCBCT. Both Elekta and Varian

offer kVCBCT as main technology for IGRT. Siemens with MVCBCT has two strong
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competitive industry leaders to face in promoting MVCBCT. While the simplicity
and robustness of MVCBCT have always been strong features, the competitors and
the general community have had doubts about the image quality and the dose deliv-
ered to patients. For image quality, it is becoming obvious that the kVCBCT and
MVCBCT technologies complement each other. While kVCBCT performs well for
small regularly-shaped objects, MVCBCT shows advantages for large objects and can
be calibrated for electron density, a mandatory feature for dose calculation. The soft-
tissue resolution of kVCBCT is generally superior than MVCBCT but the kVCBCT
images exhibit large local variations of CT# due to strong scatter contamination to
the detector’s signal. In general, the community expectations have been high for the
development of new imaging system systems that are integrated with radiation ther-
apy machines. To the exception of CT-on-rail, all in-room CT systems have lower
performance than modern conventional CT. It is important to keep in mind that the
goal is not to replace conventional CT but to obtain 3D representations of the patient
in treatment position to assure accurate administration of the treatment plan. With
that said, all IGRT options are young technologies and will continue to improve. As
for the imaging dose, our group has recently reported on this subject for MVCBCT.
Not only can it be in the same order of magnitude than kVCBCT for alignment
purpose, but a complete imaging dose distribution can be simulated in the planning
system to create a composite plan. What once was a weakness for MVCBCT is now

becoming an asset. Only publications and presentations at meetings will help educate
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the community.

MVCBCT has several characteristics of a disruptive technology. Contrary to a
sustaining technology, a disruptive technology is generally less attractive due to lower
performance on certain aspects of the system and therefore it provides lower profit
margin than competitors. However, they often offer a new set of attributes that even-
tually becomes of great value to mainstream customers. Historical examples include
the compact disc, digital photography and semiconductors. Dose calculation and dose
guided radiation therapy, discussed next, may represent competitive advantages for
Siemens in the future. The business potential of disruptive technology are usually dif-
ficult to define and lower investment is generally attributed. For many years, Siemens
generally has followed rather than led innovation in the radiation oncology field. The
company has been the first to offer MVCBCT and should continue to invest in the
development of new imaging systems and features. Only time will tell if their current
portfolio approach of multiple investments will result in a sustainable competitive

advantage.

10.3 Future Development

MVCBCT imaging, through the development of IGRT protocols, is increasingly
personalizing the administration of radiotherapy. Patients showing more variations
in positioning and anatomy are now better followed throughout the treatment course.

This allow treatment plans with reduced margins and new dose escalation protocols,
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with the goal of developing procedures in which the patients will directly benefit
from higher cure rates and fewer side effects. Some institutions, especially those that
are smaller or are community based, must decide whether the clinical benefits are
worth the investment and the current additional workload associated with in-room
3D imaging.

In this last section, I describe ways to improve the imaging system and discuss
future developments.

The time required for patient set-up could easily be reduced by 1 to 2 minutes
with proper tools for 3D image registration. The current automatic registration based
on maximization of mutual information using the whole image is inefficient and inap-
propriate for most clinical cases. One immediate improvement would be to allow the
user to specify a 3D region-of-interest that allows the automatic registration to con-
verge faster and that localizes the alignment produced around the target. Head and
neck patients showing anatomical distortion would clearly benefit from such capabil-
ity. Another registration option should be to have the automatic registration only
use a specified range of CT#. With such functionality, alignment of prostate patients
implanted with gold seeds could be performed in few seconds with little or no human
assistance. Finally, more options for simultaneous viewing two 3D images must be
developed. Magnifying glass and chess board viewing tools would complement well
the current image fusion with level of transparency.

There are currently several active areas of research aimed at improving the image
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quality of MVCBCT. One direct method would be to use a more sensitive detector in
MYV imaging. Very little investment in the past have been made for MV imaging due
to the much higher demand of kV flat panel detectors. In fact, the detector currently
used for MVCBCT is a kV flat panel detector slightly modified for MV imaging.
With the large number of MVCBCT system sold, there is now increasing level of
incentive to invest in research and development of new detectors designed specifically
for MV imaging. New detectors have already showed substantial improvement for
MV imaging [42]. Another possible avenue for improving the imaging performance
of MVCBCT is to modify the beam line in order to slightly increase the low-energy
component of the x-ray beam. Preliminary investigations using a lower energy beam
with no flattening filter and a carbon target suggest a factor of 3.5 improvement in
CNR thus allowing a significant reduction of the exposure to obtain a given MVCBCT
image quality [55]. Routine MVCBCT image acquisition on patients using this new
imaging beam line and a new detector is currently underway at our institution.
Considerable research focuses on developing adaptive methods to fully personalize
the administration of radiotherapy. The main issue with the current clinical practice
is that the planned dose differs from the actual delivered dose due to errors in target
position, anatomical changes and machine delivery. While the response of specific
human cells to radiation has been well documented, there is currently no means to
assure that the dose has been delivered as planned. The long term goal of our group

is to link radiobiology studies and human cell response from functional imaging with
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an accurate quantification of the true delivered dose during treatment. More ag-
gressive and definitve treatment (dose escalation) could be prescribed with improved
confidence thus bringing complete information to understand treatment outcomes.
Since 2003, our group has been working on dose-guided radiation therapy (DGRT),
an extension of adaptive radiation therapy where dosimetric considerations constitute
the basis of treatment modification [77]. The main component of this strategy is a
procedure to reconstruct the dose delivered to the patient based on treatment-time
portal images [78] and pre-treatment MVCBCT images of the patient to obtain in-
situ 3D dose distribution. The status of our research on DGRT has been recently
published in a special issue of the British Journal of Radiology [79]. DGRT enabled
by MVCBCT and exit-dosimetry combined with functional imaging may bring a new
level of customized treatment and verification leading to improved cure rates and

lower morbidity in patients receiving radiation therapy for cancer.
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Abbreviations
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Table A.1: Summary of Terms and Abbreviations.

Term or Abbreviation Description

3DCRT
CCIL
CNR

CT

DRR
DVH
EBRT
EPID
FOV
FWHM
IGRT
IMRT
kVCBCT
Linac
MOSFET
MRI
MTF
MU
MVCBCT
NU

PET
PRF
PSF

QA

ROI

RT

STD
TFT
TPS
UCSF

3-Dimensional Conformal Radiation Therapy
Craniocaudal Imaging Length
Contrast-to-noise ratio

Computerized Tomography

Digitally Reconstructed Radiograph
Dose-Volume Histogram
External-Beam Radiation Therapy
Electronic Portal Imaging Device
Field-of-view

Full Width at Half Maximum
Image-Guided Radiation Therapy
Intensity Modulated Radiation Therapy
kiloVoltage Cone-Beam CT

Linear Accelerator
Metal-Oxide-Semiconductor Field-Effect Transistor
Magnetic Resonance Imaging
Modulation transfer function

Monitor Unit

Megavoltage Cone-Beam CT

Non Uniformity

Photon-Emission Tomography

Pulse Rate Frequency

Point Spread Function

Quality Assurance

Region Of Interest

Radiation Therapy

Standard deviation

Thin Film Transistor

Treatment Planning System

University of California San Francisco
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Abstract—In this article, we describe a clinical mega-voltage cone-beam computed tomography (MV CBCT)
system, present the image acquisition and patient setup procedure, discuss the positioning accuracy and image
quality, and illustrate its potential use for image-guided radiation therapy (IGRT) through selected clinical
examples. The MV CBCT system consists of a standard linear accelerator equipped with an amorphous-silicon
flat panel electronic portal-imaging device adapted for mega-electron volt (MeV) photons. An integrated
computer workspace provides automated acquisition of projection images, image reconstruction, CT to CBCT
image registration, and couch shift calculation. The system demonstrates submillimeter localization precision and
sufficient soft-tissue resolution to visualize structures such as the prostate. In our clinic, we have used the MV
CBCT system to detect nonrigid spinal cord distortions, monitor tumor growth and shrinkage, and locate and
position stationary tumors in the lung. MV CBCT has also greatly improved the delineation of structures in CT
images that suffer from metal artifacts. MV CBCT has undergone significant development in the last few years.
Current image quality has already proven sufficient for many IGRT applications. Moreover, we expect the range

of clinical applications for MV CBCT to grow as imaging technology continues to improve.
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INTRODUCTION

Image-guided radiation therapy (IGRT) refers to the use
of patient imaging in the treatment room to increase the
conformality of the radiation dose to the tumor, improv-
ing tumor control, and reducing normal tissue complica-
tions.

The development of image-guidance tools and tech-
niques in radiotherapy has been greatly motivated by the
continual advances in external beam radiation delivery.
With 3-dimensional (3D) conformal radiotherapy and
intensity-modulated radiotherapy (IMRT), it is now pos-
sible to deliver radiation doses that conform tightly to the
tumor volume. Many clinical studies and simulations
indicate that these more conformal, higher dose treat-
ments can decrease both the spread of disease and nor-
mal tissue complicaltions."5 However, as the planned
dose distributions conform more closely to the pre-
treatment planning computed tomography (CT), the pre-
cision of dose delivery becomes limited by the validity of
using the planning CT to represent the patient on the
treatment table throughout an extended course of treat-
ment. Organs may change in size, shape, and position

Reprint requests to: Jean Pouliot, UCSF Comprehensive Cancer
Center, Department of Radiation Oncology, 1600 Divisadero
Street, Suite H1031, San Francisco, CA 94143. E-mail: Pouliot@
radonc17.ucsf.edu
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from day to day and week to week due to normal ana-
tomical variability, as well as due to the patient’s reac-
tion to radiation therapy, such as tumor shrinkage or
weight loss.®~' Therefore, patient anatomical and posi-
tional information that can be obtained immediately be-
fore treatment is extremely valuable.

Imaging has long played a key role in assuring the
accuracy of radiation therapy treatment. Recent imple-
mentation of highly sensitive and automated on-board
electronic portal imaging devices (EPIDs) now enables
daily low-dose portal imaging to visualize and adjust the
patient position before each treatment. However, the
utility of portal imaging to adjust the patient position is
limited by reduced soft-tissue and 3D geometrical visu-
alization caused by projection onto a 2-dimensional (2D)
plane. This has motivated the development of 3D imag-
ing of the patient while lying on the treatment table.
Because CT is the current standard for localization of
soft-tissue organs and target in treatment planning, there
is a growing interest in CT imaging in the treatment
room. Several systems have been developed including
(1) a “CT on rails” system'"'? requiring an additional
diagnostic (CT) machine in the treatment room; (2) a
kilovoltage cone-beam CT (kV CBCT) system'>'* con-
sisting of an additional kV x-ray source and detector
attached to the treatment gantry; (3) a mobile C-arm
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kilovoltage imager'”; (4) a megavoltage cone-beam CT
(MV CBCT) system '®'7 using the pre-existing treat-
ment machine and EPID for imaging; (5) an MV CT
system'®1? using the pre-existing treatment machine
with an attached change arc of detectors; and (6) a
tomotherapy system® replacing the traditional treatment
machine (beam) with a CT ring and an MV beam source.
The potential clinical applications of these IGRT tech-
nologies will depend on imaging performance, which
continues to improve for many of the systems. As we
learn more about patient anatomical variability using
in-room 3D imaging, more clinical applications will also
become apparent. In general, the goal is to provide more
accurate and reproducible patient setup. The possibility
of delivered dose verification combined with in-room
imaging is also being explored and should provide an
extra level of verification in the radiotherapy processes.

We present the recent developments in MV CBCT,
describe an MV CBCT system, including the time re-
quired for acquisition and setup, the positioning accu-
racy, and the image quality. Then, a few chosen clinical
examples are presented to illustrate how MV CBCT can
be used for patient setup based on bony anatomy and/or
soft tissue, to identify non-rigid deformation of the pa-
tient anatomy on the treatment couch and to monitor
anatomical changes due to weight loss or tumor re-
sponse. The superiority of MV volumetric imaging in
presence of metallic objects is also demonstrated. Fi-
nally, ongoing research to improve image quality is
discussed, as well as research to combine image guid-
ance with dose verification.

BASICS OF MEGAVOLTAGE CONE-BEAM CT

A cone-beam CT image is reconstructed from a set
of open-field projection images acquired at different po-
sitions around the patient. The process is similar to
conventional CT, which uses the signal from a single row
of detectors to reconstruct a slice. For conventional CT,
the 3D image is formed by translating the patient and
imaging several slices. For CBCT, a 2D detector array is
used and the reconstructed data set is a direct 3D image
without multiple gantry rotations, table movement, or
slice artifact. For MV CBCT, projection images are
acquired using a radiotherapy linear accelerator (linac)
with photons primarily in the mega-electron volt (MeV)
energy range.

Historical perspective of 3D MV imaging
Approximately 20 years ago, researchers in radia-
tion oncology first used a linac beam for 3D imaging.
These early systems reconstructed 2D slices using a
fan-beam geometry.?'** Recently, MV fan-beam CT has
been integrated into the helical tomotherapy system (To-
motherapy Inc., Madison, WI).2>** As the technology of
2D x-ray detectors has advanced,** cone-beam recon-
struction systems have become increasingly feasible.
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Several researchers have acquired MV CBCT images
using standard linacs with liquid-filled ionization cham-
ber detectors,” video-based EPIDs,*>?® and amorphous
silicon (a-Si) flat panel detectors>’® In much of the
early work, signal was maximized by applying high
doses (50-200 cGy). Strategies such as the development
of more sensitive detectors®®>® and the restriction of the
imaging volume to the treatment volume®'? have re-
duced these doses to clinically acceptable values and will
continue to decrease imaging doses. Other developments
include the adaptation of MV CBCT for lung tumor
visualization by synchronizing image acquisition with
respiration.'®

The University of California San Francisco (UCSF),
in collaboration with Siemens Oncology Care Systems,
has been working on the clinical implementation of MV
CBCT for the last 5 years. Our first MV CBCT imaging
system has been previously described.'” During this
times, we have reduced exposure and improved image
quality using a special triggered acquisition,® reduced
the acquisition time, demonstrated soft-tissue contrast™
and, recently, initiated a clinical patient setup study com-
paring portal imaging to MV CBCT.

Soft-tissue visualization using kV and MV imaging

The shared use of the linac beam for treatment and
imaging is inexpensive and convenient. However, the
use of MeV photons for imaging is a departure from the
general preference for kilo-electron volt (keV) beams in
diagnostic imaging. The basic physics of x-ray interac-
tion with matter can be used to explain the tradeoffs
between using keV or MeV beams for imaging in radio-
therapy. The visibility of large low-contrast objects in
tomographic images, for example the prostate, depends
on the contrast-to-noise ratio. Contrast is determined by
the differential attenuation of the beam through different
bodily tissues. In the MeV range, Compton scattering
provides the majority of the beam attenuation. Due to the
small energy dependence of Compton interaction, the
contrast in MeV imaging is thus relatively constant over
a large energy range. However, the greater dose per
photon deposited by MeV photons reduces the imaging
beam intensity that may be applied given patient dose
constraints, thus reducing the signal. Moreover, the at-
tenuation coefficient differences between bodily tissues
are smaller for MeV energies, diminishing image con-
trast. The other important parameter, noise, includes the
statistical fluctuation of photon detection as well as any
source of unwanted radiation (i.e., radiation containing
no imaging information). In transmission imaging, the
x-rays reaching the detector consist of unscattered (pri-
mary) and scattered (secondary) components. The pri-
mary fluence produces the signal in the resulting image,
while the secondary fluence introduces noise and image
artifacts and produces quantitative inaccuracies in the
reconstructed CT numbers. The magnitude of scatter
reaching the detector depends on the photon energy, the
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field size, the object (size and composition), and the
object-to-detector distance. The fan beam geometry re-
jects a considerable amount of scattered radiation, while
the cone-beam geometry exposes the detector to scatter
radiation. For a typical kV CBCT pelvic image (cone
angle ~10°) acquired with the optimal air gap, the scat-
ter-to-primary ratio (SPR) is greater than 170%, leading
to CT number inaccuracies on the order of 40%.>> Meth-
ods of reducing the effects of scatter include changing
the acquisition parameters (dose, field-of-view, voxel
size, etc.), using an antiscatter grid, performing prepro-
cessing of the 2D projection raw images, and applying
post-processing on the 3D reconstruction. Antiscatter
grids have been studied for kV images but, so far, have
not greatly improved the contrast-to-noise ratio for high-
scatter acquisitions.*® For an MV projection image of a
pelvis (cone angle ~14°), the SPR is much smaller, on
the order of 20—40%.>” The small energy dependence of
MeV photon interaction also makes the scatter fluence
less dependent on the patient internal anatomy. The
reduced effect of scatter for MeV images greatly narrows
the difference in kV and MV cone-beam imaging quality.
The lower dependence of the scatter on the exact patient
anatomy may also make it easier to correct MV CBCT
for scatter and allows for the accurate calibration of the
voxel intensities into electron or physical density. Simple
MYV CBCTs of 2 water cylinders (pelvis and head-size
cylinders) have been used with good results to develop
geometric models of correction factors that reverse the
spatially-induced cupping artifact. This correction of the
nonuniformity caused by scatter allows dose calculation
to be performed directly on the MV CBCT image.

Imaging system

Our clinic has 2 in-room MV imaging systems
capable of portal imaging and cone-beam CT. Both sys-
tems consist of a standard treatment unit, one Primus™
and one ONCOR™ linear accelerator (Siemens Medical
Solutions, Concord, CA) equipped with an amorphous
silicon (a-Si) flat-panel adapted for MV photons. The 41
X 41 cm?® flat-panel x-ray detector (AG9-ES,
PerkinElmer, Optoelectronics) consists of a 1-mm cop-
per plate and a Kodak Lanex Fast scintillator plate
(Gd,0,S:Tb) overlaid on top of light-sensing and
charge-integrating thin-film transistor (TFT) array. The
flat panel has 1024 X 1024 TFT detector elements with
a pitch of 0.4 mm. The detector is mounted on a retract-
able support, which deploys in less than 10 seconds with
a positional reproducibility of 1 mm in any direction.*®
The entire imaging system, presented in Fig. 1, operates
under a prototype SYNGO™-based COHERENCE™
therapist workspace, which communicates to the control
console, the linac, and a local patient database. The
workspace contains applications allowing for the auto-
matic acquisition of projection images, image recon-
struction, CT-to-CBCT image registration, and couch
position adjustment. Each projection of the CBCT acqui-

Fig. 1. MV CBCT imaging system using a conventional linac

and a flat-panel EPID adapted for the detection of MeV pho-

tons. In 45 seconds, the gantry rotates 200° around the patient

acquiring one image per degree. The shift required to register

the daily MV CBCT with the reference planning CT is avail-

able approximately 3 minutes after the beginning of the image
acquisition.

sition is corrected for defective pixels, as well as
for pixel-to-pixel offset and gain variations before 3D
reconstruction.

Imaging geometry

In conventional CT, the relative source and de-
tector positions are constant during rotation, and ana-
lytical equations can be used to describe the geometry
of the reconstruction. The linac x-ray source and an
EPID positioner, however, often lose their ideal iso-
centric positions as the gantry rotates, due to sagging
of the mechanical supports. A geometric calibra-
tion'”% is performed to correct for this effect and
conserve image quality. The position of the EPID must
then only be reproducible for the calibration to remain
geometrically accurate. The absolute position of the
reconstruction volume isocenter is determined by the
placement of the calibration phantom during geomet-
ric calibration. The room lasers are used to accurately
place the phantom at the isocenter. The validity of the
calibration method was verified by reconstructing a
gold seed placed at isocenter with the room lasers. The
center of the seed was located at the central voxel of
the reconstruction, as expected. Simulations indicate
that lateral deviations from the calibration geometry as
small as 1 mm cause streaking artifact around high-
contrast regions, while longitudinal deviations create
shifts in the reconstruction volume, potentially intro-
ducing setup errors.*® Our system was found to be
reproducible to better than 1 mm in both directions
over several months.*® Routine geometrical calibra-
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tions are conducted to assure image quality and will
be used to track the system long-term geometrical
stability.

Imaging procedure

An MV CBCT acquisition is similar to an arc treat-
ment. The user first creates imaging template protocols
by specifying the total dose for a CBCT acquisition
(2—-60 monitor units [MU]), the reconstruction size (128,
256, or 512), and the slice interval (1, 2, or 3 mm). A
CBCT acquisition field is added to the existing patient
treatment field list using one of the pre-defined CBCT
protocols, which contain all the information needed by
the system to perform the acquisition (field size, start and
end angle, total dose, flat panel distance, etc.). The field
parameters are directly transferred to the control console
of the linac and the user can rapidly place the system in
position for imaging. The linac gantry then rotates in a
continuous 200° arc (270° to 110°, clockwise), acquiring
one portal image for each angle. This acquisition proce-
dure lasts 45 seconds. The image reconstruction starts
immediately after the acquisition of the first portal im-
age, and a typical 256 X 256 X 274 reconstruction
volume (1.1 X 1.1 X 1.0 mm® voxel size) is completed
in 110 seconds. The reconstructed MV CBCT and the
raw projection images are saved in the patient database
as DICOM images.

3D setup method

The MV CBCT imaging procedure is well inte-
grated in the clinical workflow for patient alignment.
Upon start of the MV CBCT acquisition, the reference
planning CT of the patient is automatically loaded into
the COHERENCE™ Adaptive Targeting registration
software, with the anatomical contours and the points of
interest (Fig. 2a) defined in the planning system. Imme-
diately after reconstruction, the software automatically
registers the MV CBCT with the reference CT using a
maximization of mutual information algorithm. Further
manual adjustment of the registration in any of the typ-
ical planes (axial, coronal, and sagittal) is possible. In the
current software version, rotations have been disabled
from the registration. The system can display each CT
with different color scheme, and the transparency levels
can be adjusted to visualize either CT or the MV CBCT
image sets. The table shift correction is constantly up-
dated as the user fine-tunes the registration. The shift
represents the distance between the planned treatment
isocenter as specified on the CT image during planning
and the true treatment isocenter, which corresponds in-
trinsically to the center voxel of the MV CBCT recon-
struction. The table shift needed to align the treatment
image with the diagnostic CT is typically available 3
minutes after the start of the MV CBCT acquisition.
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Fig. 2. A comparison of (a) a reference planning CT (gray) of
a prostate patient, (b) an MV CBCT of the patient lying on the
treatment table (color), and (c) a fusion of the 2 images. With
an MV CBCT of 14.4 MUs, structures such as the prostate,
rectum, fat, muscles, bone, and gold seeds are visible. Regis-
tration can be done automatically or manually using the 3
typical views (axial, sagittal, and coronal). The planning con-
tours and the points of interest can be displayed on the MV
CBCT to facilitate the registration.

System validation

To validate the new setup method, MV CBCT im-
ages (1 mm? voxel size) and orthogonal portal images of
a phantom with 3 embedded gold seeds were obtained
with the phantom positioned at 30 different known loca-
tions in the treatment field. The initial alignment of the
seeds served as the reference position. The Syngo-based
COHERENCE™ therapist workspace was used to mea-
sure the applied translations using the Portal Imaging
(2D-2D) and the Adaptive Targeting (3D-3D) registra-
tion applications. The mean and standard deviation of the
differences between the applied shift and the measured
shift were 0.0 mm and 0.25 mm, respectively, for both
data sets. This indicates that MV CBCT used with the
Adaptive Targeting tool has the potential to verify pa-
tient shifts with submillimeter precision. Portal imaging
was also demonstrated to be highly accurate in identify-
ing translations of gold seeds.

Similar measurements were performed using an an-
thropomorphic head phantom (Rando) to compare a 2D
setup technique using digitally-reconstructed radio-
graphs (DRR) and portal images with a 3D setup tech-
nique using a diagnostic CT and MV CBCT images. Two
CT scans were acquired on Rando using (A) a typical
spiral 3-mm slice thickness, and (B) a fine sequential
1-mm slice thickness. The CT room laser alignment was
marked on Rando using 3 small fiducials. The images
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Diagnosis Dose Treatment Patient Setup Dose Delivery
Prescription Planning
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adjustmentof fields
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for anatomical changes

and variation
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for moving tumors
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. (3D) MV CBCT
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Fig. 3. An overview of various image-guided radiation therapy schemes using only a conventional linac and a flat-panel
EPID. The large gray arrow represents the conventional flow of treatment with the main radiotherapy processes, and the
small arrows indicate the possible points of feedback into the processes.

were imported into the planning system and a simple
2-field plan was created using the fiducials to define the
treatment isocenter. Two pairs of orthogonal DRRs were
created using CT scans (A) and (B). Finally, the plan, the
CT scans, the treatment isocenter points, and the DRRs
were transferred to the treatment unit. The Rando head
was then aligned on the treatment table and translated to
30 different locations in the treatment field. For each
position, a pair of orthogonal portal images was acquired
to compare with the coarse (A) and fine (B) DRR refer-
ences. MV CBCT images were also acquired at each
position to compare with CT scans (A) and (B) in the
Adaptive Targeting application. Only the automatic reg-
istration was used to align the MV CBCT acquisitions
with the CT scans. The standard deviation of the differ-
ences between the applied shift and the measured shift
was 0.4 mm and 0.9 mm for the 3D registration using the
fine and the typical CT scans, respectively. This suggests
that finer CT scans are more accurate for patient posi-
tioning using 3D alignment. Because the registration was
almost entirely based on bony anatomy, there was no
difference in the setup accuracy using the 2D or 3D
method. However, the possibility of verifying setup in
every plane in 3D greatly facilitated the process of ob-
taining the shift. Three-dimensional alignment should
also provide an added benefit in the case of object
rotation, which was excluded in the 2 described studies.
Future work will include small rotations to study how
they affect the shift assessments made using the 2D and
3D methods.

CLINICAL APPLICATIONS

The MV CBCT system described above offers sev-
eral image-guided techniques outlined in Fig. 3. One
possibility is the monitoring of intrafraction motion of
high-contrast features or fiducial markers using the flat
panel in ciné mode.” This could be used to gate treat-
ments for anatomical sites where in-treatment motion

may be problematic. With the same system, portal im-
aging can be used to ensure setup based on bony anat-
omy or gold seeds. Finally, with the introduction of an
MYV CBCT acquisition mode, it is possible to perform 3D
setup based on bony anatomy and soft tissues to deter-
mine patient specific anatomical variation using images.
This new information can be used to tailor the treatment
plan for future fractions to account for the individual’s
variation. The application of this technique to different
anatomical sites will depend on the ability to visualize
the relevant organs.

The following sections describe the work that has
been done to introduce MV CBCT in the clinic. Our
IGRT objectives are to improve target positioning and to
monitor anatomical changes as the treatment progresses.
The patient acquisitions performed so far have demon-
strated that MV CBCT provides information about the
patients that was not available with portal imaging. Sev-
eral studies are underway to determine the best usage of
these new images.

Patient acquisitions

To date, 90 acquisitions have been performed on a
total of 45 patients. The anatomical sites imaged include
head and neck, lung, and pelvis. All patients imaged with
MV CBCT are required to give informed consent, and
the image acquisitions are performed in accordance with
the institutional review board’s ethical standards. The
patients enrolled in our setup study are positioned on the
table using traditional immobilization devices and mark-
ings and are aligned with the room lasers. Both an MV
CBCT and an orthogonal pair of 2D portal images are
acquired in this initial position. The patients are then
aligned using the orthogonal portal images compared
with the reference DRRs. The applied shift is recorded
and compared offline with the shift that would have been
applied using MV CBCT. The dose used for MV CBCT
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CT MV CBCT

Fig. 4. Comparison of a diagnostic CT (left) with a 7-MU MV

CBCT (right) for a typical head-and-neck patient. The window

level of both sets of images was adjusted to provide the best
soft-tissue contrast.

images ranges from 2 to 15 MUs depending on the
frequency of the acquisition and on the anatomical site.

Figure 4 provides a comparison of a diagnostic CT
(left) with the MV CBCT (right) performed on the first
day of treatment for a typical head-and-neck patient. The
window level of both sets of images was adjusted to
allow the best soft-tissue contrast. Only 7 MU was de-
livered for the MV CBCT.

Patient dose in MV CBCT

The dose delivered to the patient during the MV
CBCT was estimated using a commercial treatment plan-
ning software (Philips Pinnacle, Bothell, WA). An arc
treatment was simulated on typical prostate and head-
and-neck patients. With our current acquisition settings
(projection angles and field size), the dose at the centers
of the head and prostate were 0.9 and 0.75 ¢Gy per MU,
respectively. The maximum dose reached 1.24 cGy/MU
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in a small anterior portion of the field of view. Although
the dose delivered during MV CBCT imaging is gener-
ally negligible compared to the therapy dose, this extra
dose could easily be taken into account in the patient’s
treatment plan.

MYV CBCT for prostate patient setup

The prostate can shift daily up to 1 cm relative to
pelvic bones due to gas and variations in rectal/bladder
filling.” The variability in rectal distension can decrease
the probability of biochemical control, local control, and
rectal toxicity in patients who are treated without daily
image-guided prostate localization.® At UCSF, most
prostate patients treated by external beam radiotherapy
have 3 gold markers implanted in the prostate, which are
visualized daily on orthogonal portal images for align-
ment.*! Gold seeds are implanted via a minor invasive
procedure, usually well tolerated; however, this may not
be feasible or appropriate in all circumstances. Patients
are asked to have their bladder full and an empty rectum
at the time of treatment to place the gland at the most
inferior and posterior position in the body. In the exam-
ple we present below, a typical prostate patient was
aligned using the 3 markers on portal images. After setup
but prior to treatment, the patient was imaged with MV
CBCT. A total dose of 10.8 cGy (in the center of the
prostate) was used to obtain the MV CBCT image. A
large portion of the nonuniformity effect caused by scat-
tered radiation was removed from the MV CBCT recon-
struction using a gain calibration performed with solid
water in the field of view. This had the effect of com-
pensating for the additional signal in the center of the
panel caused by scattered radiation on a given projection.
The axial and coronal views of the patient diagnostic CT
with anatomical contours are presented on Figs. 2a. Fig-
ure 2b shows that MV CBCT is capable of volumetric
imaging with a good amount of soft-tissue information.
Structures such as the prostate, the rectum, muscles, fat,
air cavities, and gold seeds can be seen. It is clear by
comparing the gold seeds on Fig. 2a and 2b that MV
imaging performs better in the presence of metal objects.
Figure 2c represents the patient anatomy prior to treat-
ment fused with the reference anatomy and the anatom-
ical contours of the planning. Despite some minor
change in the rectum filling, the prostate shape and
position at the time of treatment matches well with the
anatomy on the diagnostic CT. In the presence of gold
seeds, we have found that MV CBCT acquisitions of less
than 2 MU can be used for direct 3D alignment. Figure
2c, however, shows the potential of using MV CBCT to
align the patient based on soft tissue without the need of
gold seeds. MV CBCT acquisitions of approximately 9
MU are currently required on typical pelvic patients for
consistent prostate visualization without the need of gold
seeds. By superimposing the anatomical contours on the
CBCT image, the user may verify the impact of daily
changes in rectum filling on the definition of the gross
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Fig. 5. Assessment and correction of a complex neck distortion
using MV CBCT. On the same day, a head-and-neck patient
positioned with a TIMO-C head holder was imaged using
portal imaging (b) and MV CBCT (c). A difference in the
arching of the neck is difficult to detect using the lateral DRR
(a) overlaid onto the portal image (b). Registration of the
patient MV CBCT (gray scale) with the kV CT (color) in (c)
revealed a complex distortion of the lower neck region, which
creates a 6-mm misalignment of the vertebral bodies and spinal
cord. A new MV CBCT (color) compared with the new CT
(gray) in (d) showed improvement in the 3D alignment.

tumor volume (GTV). More accurate treatment schemes
using MV CBCT images could be studied by displaying
anatomical contours and isodose lines from the treatment
plan on the MV CBCT. Therapists could ensure, for
example, that the rectal wall would not receive more than
a limit dose on a given day of treatment.

MYV CBCT for evaluating complex spinal cord displace-
ment during setup

In this example, a patient with a T2N2b squamous
cell carcinoma of the hypopharynx was imaged during
radiation treatment using MV CBCT. The patient was
positioned using an aquaplast head-and-shoulder mask
indexed to the treatment couch. Originally, a TIMO-C
head holder was used, which provided a more pro-
nounced angle of neck flexion during treatment. A stan-
dard CT was used to obtain images for IMRT treatment
planning. MV CBCT images were acquired at various
times during treatment. Orthogonal pairs of 2D portal
images were also obtained at the time of MV CBCT
acquisition to compare the 2 modalities.

Figure 5a displays a DRR of the patient as initially
simulated and planned. Easily visible structures such as
the posterior vertebral bodies, base of skull, anterior
maxilla, and aquaplast mask are outlined. Several weeks
into the treatment, an MV CBCT and a corresponding set

of portal images were acquired for this patient. Figure 5b
shows the outlines from Fig. 5a superimposed on this
portal image. Although the base of skull and mask line
up well, the line of the anterior maxilla is not aligned
with the current position of the anterior maxilla. Addi-
tionally, the line of the posterior vertebral bodies is
difficult to compare with the spinal anatomy. Figure 5¢
displays a sagittal image from the MV CBCT (gray
scale) overlaid on the planning CT (color). The 2 sets of
images have been registered to obtain an overall align-
ment based on the anatomy of the skull and face, as was
similarly done using the 2D technique.

As seen in Fig. Sc, the patient alignment using the
MYV CBCT and planning CT allows for further assess-
ment of not only global position, but also the relative
positions of structures. Although the base of the skull is
well aligned, a 6-mm difference in the position of the
anterior vertebral bodies between the planning CT and
the MV CBCT is clearly visible. The patient was subse-
quently resimulated using a head holder with less flexion
(TIMO-B) to place the patient in a robust and more
comfortable position. Once this plan was complete, an
additional MV CBCT was obtained, as seen overlying
the new planning CT in Fig. 5d. Comparison of the new
MYV CBCT and planning CT indicates that overall align-
ment, from the base of skull and along the vertebral
bodies, was significantly improved using the new setup.

In this case, MV CBCT provided clear, informative
images that allowed a more complete evaluation of pa-
tient setup. The 2D portal images did show some varia-
tion in patient positioning, but did not reveal the origin
and the full magnitude of the misalignment. Using MV
CBCT images, we were able to measure the magnitude
of the misalignment, identify its source (a distortion of
the neck), and confirm the correction of the problem. MV
CBCT was a critical tool that led to replanning for more
accurate treatments.

MV CBCT to monitor anatomical changes

In this next example, a patient with a T4bN1 squa-
mous cell carcinoma of the nasal cavity was imaged
using MV CBCT at various times while under treatment
with external radiation therapy. The tumor involved the
right nasal cavity and extended anterolaterally into the
maxillary sinus and posteriorly to the nasopharynx. Prior
to treatment, the extent of tumor was only evaluable on
CT or magnetic resonance imaging examination. The
tumor was unresectable, and the patient was treated
definitively with concurrent chemoradiation. A conven-
tional noncontrast CT was used to obtain base images for
treatment planning. Four MV CBCTs were obtained
during the course of radiation treatment in an effort to
assess tumor anatomy variation that could not otherwise
be easily visualized.

Representative images of the planning CT and 2
subsequent MV CBCTs are shown in Fig. 6. T, repre-
sents the start of radiation treatment. Examination of the
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Fig. 6. Tumor size variation during the course of radiotherapy.
The planning CT (left) of a patient affected by a right maxillary
sinus tumor was acquired 14 days before the beginning of the
treatment fractions T,. Two MV CBCTs (middle and right)
were acquired 6 days and 14 days after T,,. The evolution of the
tumor size is visible on the axial (top) and sagittal (middle)
views. The bottom plot presents the air volume in the cavities
as a function of time.

MV CBCTs revealed an obvious soft-tissue density
within the right maxillary sinus. The air interface present
anteriorly provided excellent contrast with the soft-tissue
density. In comparison, the left maxillary sinus was
completely air filled, as seen on the planning CT and
subsequent MV CBCTs. These images show that there is
more soft-tissue density within the right maxillary sinus
on the first MV CBCT (T, + 6 days) as compared to the
original planning CT (T, — 14 days). This may indicate
that there was tumor growth between planning and start
of treatment. A comparison of the first (T, + 6 days) and
second (T, + 14 days) MV CBCT shows some decrease
in the amount of soft tissue in the cavity.

The amount of air filling for each side of the max-
illary sinus at the given timepoints was calculated. This
is plotted for the right (tumor affected sinus) and the left
maxillary sinus (uninvolved sinus) in Fig. 6. If we were
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to assume that the soft-tissue density within the affected
sinus were exclusively tumor, rather than a combination
of tumor and secretions, this quantitative assessment of
air volume within the sinuses may serve as a surrogate
for tumor response. This example demonstrates the po-
tential of this imaging modality to monitor changes in
target volume that are not otherwise evaluable.

The variation in target volume over a course of
treatment may have important dosimetric consequences
that require replanning. At what point during treatment a
patient needs to be replanned is currently difficult to
define. Because the MV CBCT images are obtained in
the treatment position, it is possible to project the radi-
ation treatment plan onto these images to assess the exact
daily delivered dose.*?

Dose calculation using MV CBCT

A recent validation study of dose calculation using
MV CBCT in a commercial planning system was per-
formed to assess the dose calculation accuracy.*? An
IMRT plan for a nasopharyngeal carcinoma was first
defined using a conventional CT. On the first day of
treatment, an MV CBCT acquisition was acquired. The
patient anatomy and position on the MV CBCT was in
good agreement with the initial CT. The same plan
(isocenter, contours, and beams) was applied to the MV
CBCT image, which had been corrected for nonunifor-
mity and calibrated for electron density. The isodoses
and the dose-volume histograms from the regular CT and
the MV CBCT were in very good agreement. A gamma
function*® was computed to compare quantitatively the 2
dose distributions. The dose calculation accuracy using
MV CBCT was better than 3% or 3 mm everywhere.
This result opens the possibility of using MV CBCT to
monitor the dosimetrical impact of setup errors, local
deformations, weight loss, and soft-tissue shrinkage/
swelling.

MYV CBCT to perform setup for lung tumor

An MV CBCT was used to position a patient with a
T2NOMO squamous cell carcinoma of the lung. The
patient had refused surgery and, therefore, was treated
with definitive radiation therapy. At the time of fluoro-
scopic simulation, the tumor was noted to be immobile.
This is obviously not the case for most lung tumors.® The
isocenter was placed within the tumor volume and a
nongated planning CT was obtained.

A hypofractionated course of radiation was pre-
scribed, and it was therefore exceedingly important to
ensure accurate set up of the tumor within the field. For
this reason, and because of the reduced number of frac-
tions, MV CBCT was used for daily setup.

On the first day of treatment, a pair of orthogonal
portal images and an MV CBCT was acquired. The MV
CBCT images were aligned with the planning CT using
the soft-tissue mass itself to ensure adequate tumor dose.
On the first treatment day, 2 additional MV CBCTs were
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Fig. 7. Images comparing the use of MV CBCT and portal
imaging for setup of a hypofractionated lung patient with a
large and relatively immobile tumor. On the first fraction, the
shift assessment was done using the sternum on portal images.
This shift was then applied to an MV CBCT acquired the same
day. Three views of the CT (gray scale) fused with the MV
CBCT (color) are shown. While the sternum is well aligned on
(c) the tumor is not on (a) and (b). For this reason, the patient
was aligned using the soft-tissue information on the MV CBCT
images.

obtained to verify this positioning method; the first fol-
lowing the applied shift, and the second after treatment
delivery to evaluate any intrafraction motion during the
20 minutes of IMRT treatment. The post-shift MV
CBCT showed excellent alignment with the planning
CT, and the post-treatment MV CBCT remained well
aligned. On subsequent days, a single MV CBCT was
performed for positioning.

As an academic exercise, the measured shift that
could have been made using only 2D portal images for
positioning was applied to the MV CBCT and reference
CT images. As can be seen in Fig. 7, if the sternum is
aligned (Fig. 7¢), the tumor in the right lung is not (Figs.
7a and 7b), and would be underdosed. A similar mis-
alignment of tumor happens when the MV CBCT and the
planning CT are aligned based on vertebral body posi-
tion, a common way to verify the position of thoracic
patients.

MV CBCT to complement planning for patient with
dense metal objects

Metal artifacts on diagnostic CT images cause a
significant problem for identifying structures. Several
post-processing algorithms have been developed to re-
duce the image degradation.** However, the level of
artifact reduction is still only adequate on images af-
fected by small metal objects, such as gold seeds. In
comparison to the keV energy range, the presence of
high atomic number (Z) material has relatively little
impact on the image quality of MV CBCT. Therefore,
MYV CBCT images can be used to complement missing
information during planning or patient position verifica-
tion. Figure 8 demonstrates the superiority of MV CBCT
in the presence of metal objects. An MV CBCT was
performed on a patient who underwent major reconstruc-
tion of the left portion of the pelvis. Figures 8a and 8b
compare the same sagittal and axial slices on the diag-
nostic CT (left) and the MV CBCT (right). Figure 8c
shows that only the MV cone-beam image, which was

window leveled to show the metal pieces, can render the
3D object correctly.

The presence of metal artifacts in CT makes it
impossible to use the CT numbers quantitatively for dose
calculations. For these cases the treated volume is usu-
ally assumed to be water-equivalent in the treatment plan
calculations. Treating the volume as water and ignoring
the presence of metal may cause severe deviations be-
tween the planned dose distribution and the real dose
delivered. Ongoing research is being performed to cali-
brate the MV CBCT for direct use in dose calculations,
thus allowing for more accurate dose calculations using
inhomogeneity corrections. Currently at UCSF, most
prostate patients with hip prosthesis undergo an MV
CBCT acquisition to complement the CT during the
contouring process in the planning system.** Other cases
where MV CBCT could be used include patients with
dental amalgam or implants, orthopedic implants or pros-
theses, and high-dose-rate brachytherapy catheters.

FUTURE DIRECTIONS

We have described the performance of a clinical
MV CBCT system and discussed some of its possible

CT MV CBCT

Fig. 8. Images showing the superior performance of MV CBCT

(right) over CT (left) in the presence of dense metal objects. All

metal pieces used for this hip reconstruction are clearly visible
on the MV CBCT 3D rendering (bottom).
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uses in IGRT. Despite the simplicity of the system,
which consists of a conventional linac with an attached
EPID, we have been able to locate objects with millime-
ter accuracy and visualize a variety of organs, including
the prostate. Clinically, MV CBCT has already proven
useful to evaluate the alignment of the spinal cord, locate
and position immobile lung tumors, track the evolution
of tumors in the sinus, and improve the delineation of
structures in CT images that suffer from metal artifacts.
These examples demonstrate the potential for MV CBCT
to increase our understanding of the patient position on
the treatment table and improve tumor targeting.

Soft-tissue resolution is key for in-room 3D imag-
ing to complement the offering of portal imaging. Using
our current MV CBCT system, we are able to visualize
the prostate using approximately 9 MU. Ongoing re-
search to improve image quality will further increase
soft-tissue resolution. Monte Carlo simulations and ex-
periments have demonstrated that using a lower-Z target
generates more low-energy photons and enhances the
contrast of portal images significantly.***” In fact, sim-
ply removing the flattening filter causes contrast im-
provement in the order of 200%.*® Combinations of
target and flattener have been studied to optimize the
combined applications of therapy and high-contrast
megavoltage imaging.”” Recent acquisitions of MV
CBCT on a sheep head and on a CT contrast phantom
using a carbon target and no flattening filter showed
contrast resolution on the order of 0.5% for a dose of 3.5
cGy. The difference in density between the prostate and
the surrounding tissues is in the order of 1-4%. With the
improved beam line, one could project the resolution of
the prostate and optic nerve with 1-2 c¢Gy. Clinical
images will soon be acquired with the new beam line to
determine the extent of soft-tissue resolution.

New adaptive filtering schemes for MV imaging
have also been developed and showed important noise
reduction on projection images.>® Finally, the biggest
improvement in image quality might come from the
detector itself, using denser and new scintillation mate-
rials, which would push the detection efficiency peak
toward the photon energies of the treatment beam. The
net result of all these efforts is that the contrast-to-noise
ratio can still be significantly improved, which will allow
MV CBCT to become a routine option for a wider range
of clinical applications.

While the use of 3D imaging to account for the
patient anatomy at treatment time is a great advance in
assuring radiotherapy accuracy, the true determining fac-
tor for treatment outcomes is the dose delivered to the
patient. MV CBCT may also play a key role in tracking
the dose distributions delivered to the patient. As previ-
ously mentioned, we are currently researching the cor-
rection of MV CBCT image artifacts and the calibration
of MV CBCT for electron or physical density. The
calibrated MV CBCT images could be used to recalcu-
late the dose delivered by the treatment plan to obtain a

195

Volume 31, Number 1, 2006

more accurate estimate of the true delivered dose.*?
Another possibility under investigation is the additional
use of the EPID during treatment to measure the energy
fluence delivered by the linac. The measured fluence and
the MV CBCT of the patient would be used together to
estimate the delivered dose.* ™! In this case, the effect
of both patient anatomical changes as well as linac de-
livery errors could be assessed. These dosimetric verifi-
cations may provide additional information, which can
be used to further optimize and improve radiation ther-
apy treatments.
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Purpose: To demonstrate the feasibility of performing dose calculation on megavoltage cone-beam CT
(MVCBCT) of head-and-neck patients in order to track the dosimetric errors produced by anatomic changes.
Methods and Materials: A simple geometric model was developed using a head-size water cylinder to correct an
observed cupping artifact occurring with MVCBCT. The uniformity-corrected MVCBCT was calibrated for
physical density. Beam arrangements and weights from the initial treatment plans defined using the conventional
CT were applied to the MVCBCT image, and the dose distribution was recalculated. The dosimetric inaccuracies
caused by the cupping artifact were evaluated on the water phantom images. An ideal test patient with no
observable anatomic changes and a patient imaged with both CT and MVCBCT before and after considerable
weight loss were used to clinically validate MVCBCT for dose calculation and to determine the dosimetric impact
of large anatomic changes.

Results: The nonuniformity of a head-size water phantom (~30%) causes a dosimetric error of less than 5%. The
uniformity correction method developed greatly reduces the cupping artifact, resulting in dosimetric inaccuracies
of less than 1%. For the clinical cases, the agreement between the dose distributions calculated using MVCBCT
and CT was better than 3% and 3 mm where all tissue was encompassed within the MVCBCT. Dose-volume
histograms from the dose calculations on CT and MVCBCT were in excellent agreement.

Conclusion: MVCBCT can be used to estimate the dosimetric impact of changing anatomy on several structures

in the head-and-neck region. © 2007 Elsevier Inc.

Dose calculation, Cone-beam CT, Planning with megavoltage cone-beam CT, Anatomic changes, Weight loss.

INTRODUCTION

Image-based treatment planning has become the gold stan-
dard in radiotherapy (RT). In current practice, a kilovoltage
CT (kVCT) scanner is used to acquire a three-dimensional
(3D) snapshot of the patient anatomy before the beginning
of therapy. This 3D image is imported, as a reference, to a
treatment planning system to define the treatment isocenter,
contour anatomic structures (target and organs at risk), and
choose a beam arrangement to deliver a dose distribution
that conforms to the given dose prescriptions and limita-
tions. Ideally, the dose delivered upon completion of RT
would be identical to the planned dose. In reality, sources of

error exist related to patient positioning, anatomic variations
over time, the dose calculation engine, and the treatment
machine output that will make the dose delivered differ
from what was intended. These variables may potentially
reduce the probability of tumor control and increase the
severity of any side effects. Numerous investigators have
reported that organs may shift in size, shape, and position
from day to day and week to week because of normal
anatomic variability, as well as clinical changes over time,
such as tumor shrinkage, edema, or weight loss (1-3). It is
fairly common (~33%) for head-and-neck cancer patients
to have severe weight loss of up to 58% of their pretreat-
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ment body weight (4). Such variations in target volume
during the treatment course have dosimetric consequences
that require repeat treatment planning. At what point during
treatment a patient needs to undergo repeat planning is
difficult to determine. Commonly, treatment plans are re-
vised only when the setup is no longer reproducible, the
mask used to position the patient no longer fits, or signifi-
cant weight loss has been noted. Weekly physical examina-
tions and total body weight measurements are performed
but are unable to quantify changes that occur locally at the
target or along the treatment beams. Most importantly, these
methods do not quantify the dosimetric impact of the chang-
ing anatomy or patient positioning inaccuracies.

Several in-room CT systems have recently been devel-
oped, including (/) “CT on rails” (5), (2) a kilovoltage
cone-beam CT system (6), (3) a mobile C-arm kilovoltage
imager (7), (4) a megavoltage (MV) cone-beam (CB) CT
(MVCBCT) system (8), and (5) a tomotherapy system (9).
This study used a MVCBCT image, which utilizes the
treatment beam from a conventional linear accelerator and
an electronic portal imager to obtain an accurate 3D repre-
sentation of the patient in the treatment position. Although
this new imaging technology was primarily developed to
provide accurate 3D positioning of the patient moments
before dose delivery, the images obtained could also be used
to perform dose calculations. This would open the possibil-
ity to monitor the dosimetric affect of changes in anatomy
or position compared with the reference CT by applying the
initial treatment plan to the MVCBCT images.

Dose calculation requirements

A 3D image data set must fulfill two requirements before
being used for dose calculation. First, the image volume
must include all the patient tissue along the treatment
beams. Second, the treatment planning system requires the
image to be calibrated for electron density, a radiologic
parameter related to dose deposition in RT. Before image
calibration, any artifact inherent to the imaging modality
must be minimized. The calibration of CT images for elec-
tron density has been robustly demonstrated on kV and MV
CT systems using fan-beam geometry (10, 11). Only re-
cently have groups begun investigating the possibility of
calibrating cone-beam images.

Using a large, open field for CBCT acquisition is an
efficient way to obtain a 3D image without the need for
multiple gantry rotations and couch movements. However,
it exposes the detector to scattered radiation. In transmission
imaging, the unscattered (primary) photons produce the
image, and the scattered (secondary) photons introduce
noise and image artifacts. Consequently, quantitative inac-
curacies can be present in the reconstructed CT numbers.
Although the problem caused by scatter to CBCT images is
not new (12-14), the method to correct its effect is still an
active area of research. Several authors have studied cor-
recting KVCBCT images for scatter (15-17). The methods
of reducing the artifacts include changing the acquisition
parameters (e.g., dose, field-of-view, voxel size), using an
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anti-scatter grid and performing preprocessing of the two-
dimensional projection images. All these methods have
shown promising results for specific cases. Compared with
kV photon beams, MV scattered photons are much less
abundant and have more predictable behavior (12). To a first
approximation, the scatter contribution to a MV projection
image will be a smooth dome-shaped signal roughly cen-
tered on the imager (18, 19). Conventional detector gain
correction procedures also tend to boost the signal in the
center of the detector to try to compensate for a lower
detector response measured when no object is present in the
beam (20). This becomes an overcorrection once the patient
has been placed in the beam, changing the beam’s energy
spectrum. The end result of the amplified signal in the center
of the projection images is a cupping artifact, an underes-
timation of the CT values in the center of the reconstructed
MVCBCT image. The magnitude of the cupping artifact
increases with object size, and the location of the cupping is
also dependent on the object’s position relative to the iso-
center. Before electron density calibration and dose calcu-
lation, MVCBCT images need to be corrected for this
nonuniformity.

The objective of this research was to demonstrate the
feasibility of performing dose calculations using MVCBCT.
Because of the current limitations in the MVCBCT imaging
volume, we focused this study on the dose calculations
performed in the head-and-neck region. First, we performed
phantom experiments to investigate the effect of MVCBCT
cupping artifacts on dose calculation accuracy and to de-
velop a method to reduce this effect. We then calibrated the
corrected MVCBCT images for electron density and entered
the calibration data into a commercial planning system. To
test the dosimetric accuracy of using MVCBCT for a clin-
ical case, we compared the doses calculated using
MVCBCT and using a conventional CT for a patient who
exhibited minimal anatomic changes between the two image
acquisitions. Finally, we used two sets of CT and MVCBCT
images to track the changes in the delivered dose distribu-
tions for a patient who had lost considerable weight during
the course of intensity-modulated RT (IMRT).

METHODS AND MATERIALS

Imaging and planning equipment

Our clinic has two in-room MV imaging systems capable of
CBCT (MVison, Siemens Medical Solutions, Concord, CA). Both
systems consist of a standard medical linear accelerator equipped
with an amorphous silicon flat panel detector adapted for MV
photons. Details on the imaging system have been described pre-
viously (21). The relatively small contribution of scatter in the
mega-electron volt energy range, compared with the kiloelectron
volt range, allows the full use of the detector longitudinally (su-
perior to inferior) without significant reductions in image quality.
Therefore, with the current size of the detector (41 X 41 cm?), a
volume of approximately 27 X 27 X 27 cm? can be imaged. The
MVCBCT acquisition is similar to an arc treatment. The linear
accelerator gantry rotates in a continuous 200° arc (270° to 110°,
clockwise) acquiring one portal image for each angle. This acqui-
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sition procedure lasts 45 s. The image reconstruction starts imme-
diately after the acquisition of the first portal image and is com-
pleted in 110 s. All the MVCBCT acquisitions presented in this
report were performed using a total exposure of 7.2 monitor units.

For treatment planning purposes, patients undergoing external
beam RT at our hospital are imaged using a CT SOMATOM
Emotions scanner (Siemens Medical Solutions, Malvern, PA).
Predefined imaging protocols are used to tune the X-ray beam
characteristics for the best image quality for specific body regions.
Quality assurance tests are done to ensure accurate calibration of
the reconstructed CT numbers for electron density. The obtained
calibration look-up table is entered in Pinnacle version 7.6 (Phil-
lips Medical Solutions, Bothell, WA), the treatment planning sys-
tem used by the department.

Uniformity correction

The predictability of scatter in the MV range allows for the use
of a simple postprocessing method to improve the uniformity of
MVCBCT. For this study, we first imaged a head-size water
cylinder to characterize and correct the artifact produced during a
typical head-and-neck MVCBCT acquisition. The cylinder diam-
eter and length was 16 cm and 24 cm, respectively. The average
CT number of the whole cylinder was used as the CT value desired
after correction. A geometric model of correction factors was
defined to characterize the cupping artifact. A basic ellipsoid shape
(semiaxes; t,, 1, 1,) centered on the cylinder (x, y., z.) was
defined. As described in Eq. 1, each voxel of the water cylinder
MVCBCT (x,y,z) falls onto the surface of an ellipsoid . Using the
water cylinder images, correction factors (CF,) were determined
for eight values of «. Linear interpolation or extrapolation was
used to determine the correction factors for values of « that lie
between, or beyond, the tabulated values.

2 2 2
X=X, )= Ve =27 5
( ) (u) +(_) —dch, ()
r.\ r\' ri’

Electron density calibration

Tissue inhomogeneity is derived by converting the CT value in
each voxel of the reconstruction into relative electron density or
physical density, depending on the treatment planning system.
This is usually done empirically by scanning a tissue equivalent
phantom (CIRS model 062, Norfolk, VA) with inserts of known
electron density. For the calibration of MVCBCT, however, this
small phantom could not be used as is, because it did not reproduce
the scatter environment of the water cylinder used to define the
uniformity correction factors. Instead, electron density inserts (i.e.,
air, lung inhale, lung exhale, adipose, water, trabecular bone, and
dense bone) were placed in the same water cylinder used to define
the uniformity correction factors. The water cylinder with inserts
was imaged using both conventional CT and MVCBCT. The
MVCBCT nonuniformity was reduced using the ellipsoid model of
correction factors described. Regions of interest were drawn on the
inserts of both CT scans to extract the mean intensities.

Estimating the dosimetric inaccuracies produced
by MVCBCT nonuniformity

The water cylinder phantom was used to investigate the impact
of the MVCBCT cupping artifact on the accuracy of dose calcu-
lation. The water cylinder was first imaged with the conventional
CT scanner. The phantom alignment in the CT room was marked

with three small fiducials. A MVCBCT of the cylinder was ac-
quired in the treatment room using the fiducials for alignment. The
kVCT, MVCBCT with cupping artifact, and MVCBCT corrected
for nonuniformity were all imported into the treatment planning
system. The CT voxel intensities of each scan were converted to
relative electron density to water using the calibration curves. A
plan with a single anterior-posterior 10 X 10-cm? square beam was
applied on all three image sets. The three dose distributions were
obtained using identical dose grid positions and a resolution of 2
mm. Finally, the dose distributions obtained using the two
MVCBCT scans (with and without uniformity correction) were
compared with the reference dose distribution calculated using the
conventional CT. To obtain a complete quantitative evaluation of
dose distributions in the low- and high-dose gradient regions, we
computed dose percentage differences and a vy index (22). We used
typical acceptance criteria of 3% in dose and 3 mm in the distance-
to-agreement for the vy index.

Clinical test case for validation

To assess the dose calculation accuracy achieved with
MVCBCT on a patient, a head-and-neck patient treated with IMRT
for recurrent nasopharyngeal carcinoma was selected. This patient
was imaged in the first week of therapy and no major change or
deformation in the anatomy from the time of the reference CT was
seen. This observation was also verified with 3D registration of the
MVCBCT image with the CT. Manual registration was performed
until the best match was achieved by visual comparison. The
MVCBCT was corrected for nonuniformity using the ellipsoid
correction factors previously described. The IMRT plan (isocenter,
beams, and contours) defined on the kVCT image was applied to
the MVCBCT image. None of the beam passed through the pa-
tient’s shoulders, parts of which extended beyond the MVCBCT
field of view. The dose distributions calculated with the conven-
tional CT and MVCBCT were compared using the dose percentage
differences and vy index distributions. Because the anatomy and
position of the patient was nearly identical on both images after 3D
registration, contours drawn on the conventional CT (e.g., spinal
cord, left parotid, right eye, brainstem, and gross tumor volume)
were directly copied onto the MVCBCT. The dose—volume histo-
grams (DVH) of the structures were compared.

Testing the ability of MVCBCT to determine dosimetric
changes caused by weight loss

One patient treated with IMRT for a base of tongue carcinoma
was selected to evaluate the capability of MVCBCT to monitor the
dosimetric affect of weight loss. The patient was first imaged with
conventional CT (CT1) for planning. The treatment plan created
for this patient contained beams passing partly through the pa-
tient’s shoulders to cover the cervical lymph nodes. Parts of these
beams extended beyond the MVCBCT field of view. A MVCBCT
(MVCBCT1) was acquired during the first week of therapy, 12
days after CT1. Additional CT (CT2) and MVCBCT (MVCBCT2)
images were acquired on Week 3 (22 days after MVCBCT1) of
treatment. The patient was displaced by 2 cm in the vertical
direction for MVCBCT imaging to obtain better uniformity cor-
rection from the method presented in this report. MVCBCTSs were
corrected for nonuniformity and transferred to the treatment plan-
ning system. As with the previous test case, the MVCBCTs were
aligned precisely with their corresponding reference CT
(MVCBCT!1 with CT1 and MVCBCT2 with CT2) using 3D reg-
istration. A dosimetrist and physician contoured the target and
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Fig. 1. Megavoltage cone-beam CT (MVCBCT) acquisitions and
intensity profiles for a head-size water cylinder. Uncorrected im-
ages (a) contain strong cupping artifact. Axial and sagittal profiles
(c), taken along directions defined by white dashed lines in (a),
display magnitude of cupping. Derived correction factors are over-
laid on images in (a). Dashed lines in (c) plot correction factors
derived from data. Corrected images (b,d) are much more uniform.
Both sets of MVCBCT images displayed with same window and
level.

critical structures on CT1 and CT2. These contours were copied
onto the corresponding MVCBCTs. For comparison, critical struc-
tures (i.e., parotid glands, spinal cord, brainstem, larynx, and right
temporomandibular joint) were also drawn directly on MVCBCT2
by the dosimetrist. CT1, but not CT2, was used as a visual
reference to guide the contouring on MVCBCT?2. To compensate
for parts of the patient’s shoulders and chest that extended outside
the MVCBCT field of view, tissue and lung contours were drawn
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on CTI and copied onto MVCBCT1 and MVCBCT?2 after 3D
registration. The missing tissue and lungs were assigned a density
relative to water of 1 and 0.4, respectively. Dose distributions were
then obtained by applying the initial treatment plan onto CT1,
MVCBCTI1, CT2, and MVCBCT2. The four dose distributions
were produced using identical dose grid positions and a resolution
of 3 mm. The dose percentage differences and vy index distribu-
tions were computed for different combinations of dose distribu-
tions (CT1-MVCBCT1, CT2-MVCBCT?2, CT1-CT2, MVCBCT1-
MVCBCT2, and CT1-MVCBCT2). Dose-volume histograms
were obtained for several structures (i.e., left temporomandibular
joint, parotid glands, spinal cord, larynx, clinical target volume,
and gross tumor volume).

RESULTS

Uniformity correction

Figure 1a shows the uncorrected MVCBCT images in the
axial and sagittal central planes of the water cylinder. Figure
Ic displays the intensity profiles for this image taken along
the directions defined by the dotted white lines on the
images of Fig. 1a. The magnitude of cupping artifact present
in these images was approximately 28% and 32% of the
cylinder mean value for the axial (left) and longitudinal
(right) profiles, respectively. As illustrated in Fig. la, a
given gray value falls approximately onto the surface of an
ellipsoid centered in the cylinder. Several ellipsoid con-
tours, defined by Eq. 1, are displayed in Fig. 1a, along with
their associated correction factors. The correction factors for
the profiles of the phantom are also displayed using a
dashed line (scale shown on the right of the plots of Fig. 1c).
The uniformity correction method greatly reduced the cup-
ping artifact, as seen in the images (Fig. 1b) and profiles
(Fig. 1d) for the corrected MVCBCT. Figure 2 shows the
improvement in uniformity obtained with the correction
factors applied to the images of a head-and-neck patient.
The remaining cupping artifact, estimated using the soft-

Corrected

Fig. 2. Improvement in image uniformity for head-and-neck ac-
quisition using simple geometric (ellipsoid) model of correction
factors. (Left) Uncorrected image with correction factors overlaid.
(Right) Corrected image. Images displayed using same window
and level.
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Fig. 3. Physical density calibration of conventional CT (solid line)
and megavoltage cone-beam CT (MVCBCT) (dashed line). Rep-
resentative cross-sectional images of phantom used for calibration
shown for each modality.

tissue intensity along selected profiles, was <5% in any
direction.

Image calibration

Figure 3 shows the physical density calibration of the
conventional CT and MVCBCT. These two calibration
curves were entered in the treatment planning system. The
curves were used with their respective image data set for all
the dose calculations performed in this study.

Dosimetric inaccuracies produced by
MVCBCT nonuniformity

Figure 4 presents a quantitative analysis of the effect of
the cupping artifact on the dose calculation accuracy for a
cylindrical water phantom. As seen in Fig. 4 (top), the dose
percentage differences between the doses calculated on the
CT and on the uncorrected MVCBCT (Fig. 4, left) showed
a systematic deviation, which increased with depth. The
nonuniformity caused the dose calculated in the in-field
region (field edge reduced by 4 mm) to be less, on average,
by 0.95% and by a maximum of 4.5%. Differences larger
than *+10% were observed at the field penumbra and along
the phantom edge. These differences were likely to be due
to a slight error in the setup (<2 mm) of the phantom or
in the placement of the treatment isocenter in the treatment
planning system. The calculation of the y index on the
uncorrected water cylinder (Fig. 4, bottom) showed that
despite the large cupping artifact only 1% of the whole dose
distribution did not meet the acceptance criteria of 3% and
3 mm. When the water cylinder was corrected for nonuni-
formity, 98% of the in-field region was within 1% differ-
ence in dose, and 92% of the entire dose distribution,
including phantom edges and penumbra, was within 2% in
dose and 2 mm in distance-to-agreement.

Clinical test case

Figure 5 displays the isodose lines produced using the
conventional CT and MVCBCT for the first test patient.
Good qualitative agreement was found between the two
dose distributions. For doses >10 Gy (14% of the prescrip-
tion dose), the maximal percentage difference in the dose
was 8%. More than 90% of the volume had a percentage
difference of =5%. Percentage differences of 5-8% were
observed in the left air cavity and are believed to be due to
slight misalignments or local anatomic variations. Review-
ing the y index, 98% of the complete volume was within 3%
and 3 mm and 88% of the volume was within 2% and 2 mm.
Overall, as seen in Fig. 5, the DVHs calculated on the
conventional CT and on the MVCBCT were also in excel-
lent agreement.

Estimating the dosimetric effect of weight loss using
MVCBCT

For the second patient, the weight loss between Weeks 1
and 3 of therapy can be easily seen on the axial images of
Fig. 6. The patient lost up to 4 cm of soft tissue on both
sides of the neck between CT1 and CT2. First, we compared
the dose calculation on the MVCBCTs with their respective
CTs. Minor anatomic changes were observed in the poste-
rior aspect of the neck between CT1 and MVCBCT1 (Fig.
6, axial images). No observable anatomic changes were
observed between CT2 and MVCBCT?2. Isodose lines dis-
played on the axial and sagittal central planes of the con-
ventional CT and MVCBCT scans (Fig. 6) showed good
qualitative agreement between the dose distributions ob-
tained from images acquired closely in time (CT1 with
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Fig. 4. (Top) Dose percentage differences (CT-megavoltage cone-
beam CT [MVCBCT]) and (Bottom) vy indexes for head-size water
cylinder (Left) uncorrected and (Right) corrected for uniformity.
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Fig. 5. Dose calculation on patient treated for recurrent nasopha-
ryngeal carcinoma with intensity-modulated radiotherapy. No
weight loss or anatomy deformation observed between CT and
megavoltage cone-beam CT (MVCBCT). (Above) Isodose lines at
treatment isocenter planes on conventional CT and MVCBCT.
(Below) Good qualitative agreement observed with dose—volume
histograms obtained from dose calculations performed using CT
(solid lines) and MVCBCT (dashed lines).

MVCBCT1 and CT2 with MVCBCT?2). For doses >20 Gy
(29% of the prescription dose), 78% and 84% of the dose
calculation performed on MVCBCT1 compared with CT1
and MVCBCT2 compared with CT2, respectively, fell
within the acceptance criteria of 3% in dose and 3 mm in the
distance-to-agreement. The portion that failed the criteria
was almost entirely located posteriorly below the fifth cer-
vical vertebrae (C5), where the MVCBCT had missing
tissue. This has been addressed in more detail in the “Dis-
cussion” section. The percentages passing the acceptance
criteria increased to 96% and 97% when the anatomy below
C5 was excluded. Figure 7 displays the percentage differ-
ence in dose for CT1-MVCBCT! and CT2-MVCBCT2.
Most of the dose distributions were within 3% in dose. The
dose in the shoulder area was, on average, 6.3% greater on
the MVCBCTs. The DVHs calculated on the CT and their
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corresponding MVCBCT images are compared in Fig. 7.
Overall, the agreement was excellent because the anatomic
structures in the head-and-neck area are mostly situated
above C5.

Figure 8 displays the percentage difference in dose for
CT1-CT2 and MVCBCT1-MVCBCT2. A comparison of
CT1 with MVCBCT2 was also performed and yielded very
similar results to those presented in Fig. 8. The CT and
MVCBCT data sets both showed a large volume of tissue
receiving more than a 3% increase in dose because of
patient weight loss. In the CT data set, the mean percentage
increase in dose between Weeks 1 and 3 was 5.2%. Ap-
proximately 20% of the dose distribution was not within the
passing criteria of 3% in dose and 3 mm in distance-to-
agreement. In the MVCBCT data set, the mean percentage
increase in dose between Weeks 1 and 3 was 4.6%. Good
qualitative agreement was found between CT1-CT2 (Fig.
8a) and MVCBCT1-MVCBCT2 (Fig. 8b) in the anatomic
locations receiving more than a 5% increase in dose. Figure
8 also shows the dosimetric effect of weight loss, as as-
sessed using DVH comparisons between CT1-CT2 and
MVCBCT1-MVCBCT?2. Again, the contours on MVCBCT
images were transferred from the corresponding CT images.
All critical structures and target volumes showed similar
increases in dose using CT and MVCBCT. For example, the
maximal dose to the spinal cord increased from 42.9 to 48.3
Gy using CT1-CT2 and increased from 44.1 to 48.9 Gy
using MVCBCT1-MVCBCT2. Similarly, the left parotid
mean dose increased from 26.2 to 41.8 Gy using CT and
increased from 26.0 to 42.1 Gy using MVCBCT. The larg-
est qualitative DVH difference was observed with the right
parotid, which was located in a high-dose gradient region.

Figure 9 shows the evaluation of the possibility of con-
touring critical structures directly on the MVCBCT image.
The DVHs shown were obtained from two independent sets
of contours (Fig. 9, top). One set was obtained from con-
touring on CT2 and copying the contours on MVCBCT2
after 3D registration and the other set by direct contouring
on MVCBCT2. Overall, the agreement between the two sets
of contours and DVHs was good. Again, the largest differ-
ence was observed with the right parotid. Contouring the
right parotid directly on MVCBCT2 improved the DVH
agreement with CT2 (Fig. 7a).

DISCUSSION

Dose calculation accuracy achieved with MVCBCT
Calibration of the CT images for physical or electron
density is the main factor influencing dose calculation ac-
curacy (23). Because of a large cupping artifact produced by
scatter radiation and beam hardening, the calibration of
cone-beam CT images is more complex than calibration for
conventional fan-beam CT. The lower amounts of scatter
and the reduced energy dependence of the photon interac-
tions in the mega-electron voltage range produce a cupping
artifact that is somewhat predictable. In this study, a simple
empirical method was developed as a first-order correction
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MVCBCT1 MVCBCT2

Fig. 6. Dose calculation for patient treated for base-of-tongue tumor with intensity-modulated radiotherapy. Initial plan
defined on initial CT (CT1) applied on megavoltage cone-beam CT (MVCBCT) acquired in first week of treatment
(MVCBCT1) and additional CT (CT2) and MVCBCT (MVCBCT?) acquired 22 days after beginning of therapy. Axial
and sagittal images crossing isocenter show good qualitative agreement between isodose lines (CT1 with MVCBCT1
and CT2 with MVCBCT2).

to improve the uniformity of MVCBCT reconstructions for to this method with respect to where the patient needs to be
the head-and-neck region. Although limitations are inherent placed for imaging (roughly centered, as in the case of the

a) CT1-MVCBCT1 b) CT2-MVCBCT2

100

90
80
70
60
50
40
30

Normalized Volume

20

Y 0 S A :
o] 10 20 30 40 50 60 70 80 90 0 10 20 90
Absolute Dose (Gy)

Fig. 7. (Top) Axial and sagittal images crossing isocenter showing dose percentage difference distributions for (a) CT1
compared with megavoltage cone-beam CT (MVCBCTI) and (b) CT2 compared with MVCBCT2. Most dose
calculation on MVCBCT was within 3% of dose calculation on CT. Shoulder area, where MVCBCT had missing tissue
was, on average, 6.3% greater in dose with MVCBCT. (Below) Dose—volume histogram comparisons showing excellent
agreement for CT (solid line) and MVCBCT (dashed line) acquired closely in time. All contours producing dose—
volume histograms drawn on CT images and applied on MVCBCT after registration. CTV = clinical target volume;
GTV = gross target volume.
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Fig. 8. (Top) Axial and sagittal images crossing isocenter showing dose percentage difference distributions for (a) CT1
compared with CT2 and (b) MVCBCT1 compared with MVCBCT?2. Large anatomic areas had the dose increased by =5%.
These areas’ locations were in good agreement between (Left) CT and (Right) MVCBCT. (Below) Dose—volume histogram
(DVH) comparisons. All contours producing DVHs were drawn on CT images and applied to MVCBCT images after
registration. Effect of weight loss on DVHs was very similar when calculated on either CT or MVCBCT.

water cylinders), this simple correction greatly reduces the
nonuniformity in the CBCT images. Other more robust
preprocessing methods to correct projection images for scat-
ter have also been proposed (18, 19). These methods would
likely further reduce the cupping artifact. However, the
results of this study have suggested that a first-order cor-
rection of the MVCBCT cupping artifact may already be
sufficient for clinically useful dosimetric accuracy. The
simulations performed with the head-size water cylinder
demonstrated that the dosimetric error caused by the
MVCBCT cupping artifact was much less than the cupping
artifact itself. This trend has also been observed using a
pelvis-size water cylinder (24). For multiple beam config-
urations, dosimetric errors would be further reduced be-
cause of averaging over different beam angles. With the
uniformity-correction method presented in this report, a
dose calculation accuracy better than 3% in dose and 3 mm
in distance-to-agreement was demonstrated for a head-and-
neck patient treated with IMRT.

Expanding dose calculation to more clinical sites

The other factor that determines dosimetric accuracy is
the field of view of the MVCBCT images. Using the current
MVCBCT system, only the head-and-neck region can be
fully imaged. One option to compensate for the limited field
of view of MVCBCT is to merge the images from the kVCT
and MVCBCT (10) to supplement the truncated image data.
In this study, tissue contours from the kVCT were used to

compensate for using missing tissue in the MVCBCT im-
ages of the second patient. However, a 5-10% dosimetric
overestimation still occurred related to missing data artifact,
the assumption of rigid body deformation, and the lack of
heterogeneity correction in the missing data region. Despite
this problem, the fact that most critical structures in the
head-and-neck area are situated above the shoulders al-
lowed the use of MVCBCT to accurately monitor the dosi-
metric effect of weight loss on clinically important struc-
tures. A dosimetric accuracy better than 3% in dose and 3
mm in distance-to-agreement was demonstrated above the
shoulders. As larger detectors are manufactured or new
image acquisition schemes are developed, CBCT should
become capable of completely imaging the anatomy along
the beams. Simply allowing a lateral shift of the detector for
acquisition would increase the field of view to image the
shoulders or an average size pelvis (25). The good imaging
performance and calibration possibility of MVCBCT in the
presence of metallic objects could also be used to obtain better
dose calculations in areas near a hip prosthesis or tooth fillings
(26).

MVCBCT to monitor dosimetric effect of weight loss
During the course of external beam RT, many head-and-
neck patients develop significant anatomic changes that may
be related to multiple factors, including shrinkage of the
tumor and/or nodal masses, weight loss, and resolution of
postoperative changes (1). For these cases, it has been
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MVCBCT2 contours from CT2 (solid)
MVCBCT2 contours from MVCBCT2 (dashed)
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Fig. 9. Evaluating the feasibility of contouring critical structures
on MVCBCT. (Top) One set of dose—volume histograms (DVHs)
obtained from contours drawn on CT2 and copied to MVCBCT2
(blue contours); other set obtained by direct contouring on
MVCBCT2 (white contours). (Below) Largest DVH difference
observed within right parotid, located in high-dose gradient region.
Contouring directly on MVCBCT improved DVH qualitative
agreement compared with right parotid on CT2 (Fig. 8). Overall
good agreement in DVHs demonstrated contouring capability of
many head-and-neck structures on MVCBCT.

demonstrated that repeat CT imaging and repeat planning is
essential to ensure adequate doses to the target volumes and
safe doses to critical normal tissues (3). One goal of this
study was to determine whether MVCBCT imaging could
be used to detect when repeat planning becomes necessary.
With MVCBCT already in use for patient setup, the user
performing the CT-MVCBCT alignment may more readily
notice when a change in anatomy has become potentially
clinically significant. As the results of this study have dem-
onstrated, dose recalculation on MVCBCT is also possible
and can be used to estimate the percentage dose differences
in the target volume or normal tissues. Structures such as
spinal cord, brainstem, larynx, and all the bony structures
can be contoured directly on MVCBCT. Although soft-
tissue contouring is more difficult, it was feasible even in

structures such as the parotids. Using the initial reference
CT (CT1) as a guide, the dosimetrist was able to contour the
parotids in the MVCBCT with reasonable confidence. Us-
ing these contours, it was possible to estimate a mean dose
increase from 26 to 42 Gy in the left parotid of the second
patient. Although weight loss occurred throughout treat-
ment, if the anatomy from Week 3 was assumed to represent
the anatomy for the remaining treatment fractions (18 of 33
fractions), the right and left parotid mean doses would be
increased by 7 and 9 Gy, respectively. These estimates
match well the mean dose increase calculated using the
conventional CT images. Although weight loss may be
expected in these patients (4), many continue to be treated
with the original treatment plan because the dosimetric
affect of the weight loss is rarely assessed.

Several head-and-neck patients now undergo imaging
weekly with CT and MVCBCT to monitor the dose to
critical structures and further study the dose calculation
accuracy achieved with MVCBCT. Even though dose cal-
culation can be performed on MVCBCT, repeating the
kVCT is still required for repeat planning. Currently,
MVCBCT can provide some soft-tissue information, but
conventional CT is preferred for recontouring the target
volumes (gross tumor volume and clinical target volume).
Precise soft-tissue contouring on MVCBCT should become
feasible as the image quality continues to improve (27) and,
combined with a larger reconstructed volume, may elimi-
nate the need for repeat kVCT.

CONCLUSION

In this study, we have demonstrated the clinically appli-
cable dosimetric accuracy of MVCBCT using a simple
calibration technique. With the current reconstruction vol-
ume, it is possible to obtain accurate dose calculation on
MVCBCT acquisitions of head-and-neck patients, provided
no anatomy is missing along the treatment beams. A dosi-
metric accuracy better than 3% in dose and 3 mm in
distance-to-agreement was demonstrated above the
shoulders. Using MVCBCT, it is now possible to monitor
the dosimetric effect of anatomic variations, including
weight loss and tumor shrinkage for head-and-neck pa-
tients. This is a critical step in adapting RT to anatomic
changes during treatment. Several head-and-neck pa-
tients have now been selected for a study aimed at
monitoring the dose to critical structures and further
defining the dose calculation accuracy achieved with
MVCBCT. The future availability of a larger MVCBCT
field of view will allow MVCBCT to be used for dose
calculations on other body sites.
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Megavoltage cone-beam CT (MVCBCT), the recent addition to the family of in-room CT imaging
systems for image-guided radiation therapy (IGRT), uses a conventional treatment unit equipped
with a flat panel detector to obtain a three-dimensional representation of the patient in treatment
position. MVCBCT has been used for more than two years in our clinic for anatomy verification
and to improve patient alignment prior to dose delivery. The objective of this research is to evaluate
the image acquisition dose delivered to patients for MVCBCT and to develop a simple method to
reduce the additional dose resulting from routine MVCBCT imaging. Conventional CT scans of
phantoms and patients were imported into a commercial treatment planning system (TPS: Phillips,
Pinnacle) and an arc treatment mimicking the MVCBCT acquisition process was generated to
compute the delivered acquisition dose. To validate the dose obtained from the TPS, a simple
water-equivalent cylindrical phantom with spaces for MOSFETSs and an ion chamber was used to
measure the MVCBCT image acquisition dose. Absolute dose distributions were obtained by simu-
lating MVCBCTs of 9 and 5 monitor units (MU) on pelvis and head and neck patients, respectively.
A compensation factor was introduced to generate composite plans of treatment and MVCBCT
imaging dose. The article provides a simple equation to compute the compensation factor. The
developed imaging compensation method was tested on routinely used clinical plans for prostate
and head and neck patients. The quantitative comparison between the calculated dose by the TPS
and measurement points on the cylindrical phantom were all within 3%. The dose percentage
difference for the ion chamber placed in the center of the phantom was only 0.2%. For a typical
MVCBCT, the dose delivered to patients forms a small anterior-posterior gradient ranging from
0.6 to 1.2 cGy per MVCBCT MU. MVCBCT acquisitions in the pelvis and head and neck areas
deliver slightly more dose than current portal imaging but render soft tissue information for posi-
tioning. Overall, the additional dose from daily 9 MU MVCBCTSs of prostate patients is small
compared to the treatment dose (<4 % ). Dose-volume histograms of compensated plans for pelvis
and head and neck patients imaged daily with MVCBCT showed no additional dose to the target
and small increases at low doses. The results indicate that the dose delivered for MVCBCT imaging
can be precisely calculated in the TPS and therefore included in the treatment plan. This allows
simple plan compensations, such as slightly reducing the treatment dose, to minimize the total dose
received by critical structures from daily positioning with MVCBCT. The proposed compensation
factor reduces the number of MU per treatment beam per fraction. Both the number of fractions and
the beam arrangement are kept unchanged. Reducing the imaging volume in the cranio-caudal
direction can further reduce the dose delivered for MVCBCT. This is a useful feature to eliminate
the imaging dose to the eyes or to focus on a specific region of interest for alignment. © 2007
American Association of Physicists in Medicine. [DOI: 10.1118/1.2722470]
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I. INTRODUCTION

Several computed tomography (CT) imaging systems have
been developed in external beam radiation therapy to im-
prove patient positioning and monitor anatomical changes.
Clinical evidence suggests that both prostate and head and
neck patients would benefit from treatment supported with
three-dimensional (3D) image-guided radiation therapy
(IGRT) techniques. Prostate patients undergoing treatment
with IGRT are likely to have higher probability of local
control.! Obtaining weekly 3D images of head and neck pa-
tients not only provides verification of positioning® but also
opens the possibility of adapting the treatment course for
anatomical changes such as weight loss and/or tumor
shrinkage.’%’4 Even though the imaging dose from IGRT is
generally small compared to the treatment dose, the increas-
ing frequency of CT imaging may result in clinically signifi-
cant dose to normal tissue. For the patients’ safety and to
optimize the benefits of IGRT, the additional dose delivered
from in-room CT imaging systems should be understood and
controlled.

For many decades, imaging inside the treatment room has
played a role in verifying radiation therapy treatment. Portal
images, projection images of the patient using the treatment
aperture, have been used to confirm the patient position
based on bony anatomy or gold markers implanted in or near
the tumor. The use of radiographic film for portal imaging
has limited the frequency of this verification due to the time
required to process the films and a dose of more than 10 cGy
to the patient.5 However, recent implementation of electronic
portal imaging devices allows a digital image to be acquired
in a few seconds with doses ranging from 2 to 8 cGy.° The
use of portal imaging to adjust patient position before treat-
ment is limited, however, because soft tissue cannot be visu-
alized and the full 3D geometry is obscured by the projection
onto a two-dimensional (2D) plane. Therefore, considerable
research of the last years has focused on developing 3D im-
aging of the patient on the treatment table. Several clinical
CT imaging systems are now available including (i) a “CT
on rails”’ system requiring a conventional diagnostic CT ma-
chine in the treatment room, (ii) a kilovoltage cone-beam CT
(kVCBCT) system® consisting of an additional kV x-ray
source and detector attached to the treatment gantry, (iii) a
tomotherapy systemg’10 replacing the traditional treatment
machine (beam) with a MV beam source on a ring gantry
equipped with a xenon ion chamber array, and (iv) a mega-
voltage cone-beam CT (MVCBCT) system'""' using the pre-
existing treatment machine and an electronic portal imaging
device.

The dose delivered by most of these in-room CT imaging
systems has been recently reported in the literature. Point
measurements have been obtained on phantom as well as
skin measurements on patients using the most frequently
used imaging protocols. For valid comparison, the absorbed
doses summarized here from technologies using diagnostic x
rays (CT and kVCBCT) have been adjusted for the variation
in photon radiobiological efficiency (RBE) as a function of
energy. A typical kV beam (120 kVp) is between 1.8 and 4
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times more efficient at creating cell damage than a MV
beam.'® The reported values represent, therefore, maximum
equivalent dose delivered by a given technology. With this in
mind, a conventional CT is estimated to deliver up to ap-
proximately 5.4 ¢Sv (3 ¢Gy X 1.8) per scan."*'’ Recent do-
simetric studies done with kVCBCT systems showed maxi-
mum delivered doses ranging between 5.4 and 16 cSv
(3-9 ¢Gy X 1.8) depending on the manufacturers,'®'” which
use different imaging settings (beam and grid) and number of
raw 2D projections. The tomotherapy MVCT system has also
been studied and a recent article reported a multiple-scan
average dose in the center of a 20 cm cylindrical phantom of
only 1.1 cSv." For comparison, four-dimensional CT scans
increase the CT maximum delivered dose by a factor ranging
between 10 and 15." The patient dose from nonclinical
MVCBCT imaging systems has previously been
simulated.'****! Our group presented last year a preliminary
study on the dose delivered by a clinical MVCBCT system.22
Recently, point dose measurements and dose distributions on
phantoms were reported for the same MVCBCT system.23
This article follows with a complete characterization of the
delivered dose on patients from MVCBCT. The objective of
this work is to evaluate how the MVCBCT system exposure
translates into patient dose. Given this information, we in-
vestigated a simple plan compensation method to eliminate
or minimize the additional dose delivered from routine
MVCBCT imaging.

Il. MATERIALS AND METHODS
IlLA. Basics of megavoltage cone-beam CT

Our clinic has two in-room MV imaging systems capable
of portal imaging and cone-beam CT (MVision™, Siemens
Medical Solutions, Concord, CA). The imaging systems con-
sist of a standard linear accelerator 6 MV beam and an amor-
phous silicon flat panel detector (Perkin Elmer Optoelectron-
ics, Wiesbaden, Germany) adapted for MV photons. Our two
MVCBCT systems have been previously described." The
MVCBCT acquisition is similar to an arc treatment. The lin-
ear accelerator gantry rotates in a continuous 200° arc (270°
to 110°, clockwise) acquiring one low-dose (<<0.05 MU)
MYV portal image per degree. This acquisition procedure lasts
45 s. The image reconstruction starts immediately after the
acquisition of the first portal image and is completed in less
than 2 min. The total number of monitor units (MU) used for
MVCBCT imaging is specified upon the creation of an
MVCBCT acquisition field at the therapist station. Any num-
ber between 2 and 60 MU can be specified. Depending on
the amount of soft tissue resolution required, we are cur-
rently using a total exposure ranging between 2 and 10 MU
for daily setup imaging. MVCBCTs of higher exposures (up
to 20 MU) have been used during the treatment planning
process to complement conventional CT or magnetic reso-
nance images for patients with implanted high atomic num-
ber material (spinal rods and hip prostheses).24 With the cur-
rent size of the detector (41 X41 cm?) and a source-detector-
distance of 145 cm, an open field of 27.4 X 27.4 cm? can be
used for MVCBCT imaging, which yields a maximum re-
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construction volume of approximately 27 X 27 X 27 cm?. The
linear accelerator Y jaws can also be moved independently to
reduce the amount of tissue being irradiated in the cranio-
caudal direction. The longitudinal reconstructed length can
be anything between ~5 and 27 cm anywhere within a
27 cm window centered at the isocenter.

11.B. Comparison of calculated and measured
MVCBCT dose

The first objective of this study was to demonstrate that a
commercial treatment planning system (TPS: Pinnacle v7.6,
Phillips) can accurately calculate the patient dose for a
MVCBCT acquisition. This is possible because MVCBCT
uses the linear accelerator treatment beam, which has already
been characterized in the TPS for dose calculation on CT
images. A water-equivalent cylindrical phantom made for
intensity-modulated radiation therapy (IMRT) quality assur-
ance was used to validate the MVCBCT dose simulated in
our TPS. First, the phantom was imaged with conventional
CT and imported into the TPS. The position of the phantom
on the CT table was marked with fiducials. An arc treatment
(270° to 110°) using a 27.4 X 27.4 cm? field-size was simu-
lated. The phantom was then aligned on the treatment couch
using the fiducials and a MVCBCT acquisition was deliv-
ered. Dose measurements were performed with metal-oxide-
semiconductor field-effect transistor (MOSFET) detectors
placed at ten different locations in the cylindrical phantom.
An ion chamber was placed in the center of the phantom as
well. The calculated dose and measurements were compared.

I.C. MVCBCT exposure and soft-tissue
information

The absolute dose comparisons presented in this paper
assume 9 and 5 MU MVCBCTs are used to image pelvis and
head and neck patients, respectively. Although increasing the
number of MU for MVCBCT imaging provides a higher
contrast-to-noise ratio and thus more soft tissue information,
our clinical experience of the last 3 years with MVCBCT
suggests that using 9 and 5 MU for pelvis and head and neck
patients provides sufficient soft tissue information to guide
3D positioning. Figure 1 shows side-by-side views of con-
ventional CT and MVCBCT for typical pelvis (right) and
head and neck (left) patients. For example, soft tissue struc-
tures such as the trapezius, the obturator internus, the gluteus
maximus, and the prostate gland are identified on both the
CT and MVCBCT images of Fig. 1. MVCBCTs with expo-
sure as low as 2 MU and 10 cm reconstruction length in the
cranio-caudal direction have been used in the clinic for sim-
pler setup cases such as prostate patients with implanted gold
seeds.

1.D. Dose delivered to patients

Conventional CT scans of patients already imported in the
TPS were used to simulate the delivered dose for MVCBCT
and portal imaging. The treatment isocenter location as well
as the target and critical structures were already specified on
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Head and Neck
MVCBCT (5MU)

Pelvis
MVCBCT (9MU)

3. Gluteus maximus
4. Prostate

1. Trapezius
2. Obturator internus

FiG. 1. Typical MVCBCT images for head and neck (5 MU) and prostate
(9 MU) patients compared to conventional CT. The image quality of
MVCBCT is sufficient to perform a 3D alignment based on bony anatomy
and soft tissue. Several muscles and the prostate can be identified on both
the CT and MVCBCT images. CT and MVCBCT images are not displayed
with the same window and level.

the patients’ CT image. Having this information in the TPS
results in minimal additional work to obtain a complete as-
sessment of the MVCBCT dose. A MVCBCT imaging plan
was simulated as an arc treatment using a specific arc range,
total number of MU, and a desired field-size. MVCBCT dose
simulations were performed on CT images of two prostate
patients and one head and neck patient. Simulations were
done using the arc acquisition currently allowed by the
MVCBCT system (arc 1: 270° to 110°) the current maximum
field-size of 27.4 X27.4 cm?, and assuming a total delivery
of 1 MU to obtain the dose per MU. In addition, an opposed
arc acquisition (arc 2: 90° to 290°) was simulated on the first
prostate patient to investigate the benefits of more than one
MVCBCT arc acquisition on the imaging dose distribution.
The hypothesis was that a more uniform dose distribution
could be obtained by alternating arc 1 and arc 2 over the
course of treatment. The dose delivered for portal imaging or
film was also simulated with an anterior-posterior beam
added to a lateral beam. The field-size for portal imaging was
the same as for MVCBCT (27.4 c¢m). For a relative compari-
son with the MVCBCT dose, the calculations were per-
formed assuming a total delivery of 1 MU (0.5 MU for each
portal image) to obtain the total dose per MU. Dose-volume
histograms were obtained for the first prostate patient using
only arc 1 or a combination of arc 1 and arc 2. Finally, the
absolute doses to the main pelvic and head and neck struc-
tures delivered at our institution for setup using MVCBCT,
CR film, and portal imaging were compared. An average of
6 MU (2 X3 MU) is currently used to align prostate patients
with implanted gold seeds using daily portal imaging. As for
head and neck patients, verification of position and bony
anatomy is done weekly using CR film (2 X4 MU=8 MU)
or the flat panel detector (2 X2 MU=4 MU).

ILLE. Plan compensation method for routine MVCBCT
imaging

To investigate the possible clinical impact of the addi-
tional MVCBCT imaging dose to the patient and a method to
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Dose (cGy/MVCBCT MU)

28% 14 %
-0.9%
26%

16 cm

FiG. 2. Comparison of dose measurements and the simulation of an
MVCBCT acquisition performed on an IMRT quality assurance phantom.
Dose measurements were performed with an ion chamber (center point) and
MOSFET detectors (other points) as depicted in the left image. The simu-
lation of the MVCBCT was done in our commercial TPS. Percent differ-
ences between calculated and measured doses are overlaid on the dose dis-
tribution displayed on the right. The dose percentage differences between
the calculation and the MOSFET points were all better than 3%.

compensate for it, several dose calculations were compared.
In addition to the treatment plan alone, two “composite”
plans were defined. The uncompensated plan consisted of the
treatment plan plus daily MVCBCT imaging. For the com-
pensated plan, the treatment plan MUs were reduced by a
compensation factor (percentage less than 100%) and added
to the MVCBCT imaging dose such that the mean dose to
the target remained the same as with the treatment plan dose
alone. Equation (1) describes how the compensation factor is
calculated. The left side of Eq. (1) is the target mean dose for
the original treatment plan alone (Ty,). The right side of Eq.
(1) is the mean target dose reduced by the compensation
factor (CFycper) plus the mean target dose received during
the MVCBCT imaging. The imaging dose is calculated by
multiplying the mean target MVCBCT dose (Tyycpcr) times
the number of MVCBCT MU per fraction (n),;,) and the
number of fractions (1;) where MVCBCT imaging is per-
formed. The doses T, and T)ycper are calculated from the
TPS, and Eq. (1) can be solved to find CFycper the com-
pensation factor that keeps the mean target dose the same in
the compensated plan as in the original treatment plan:

Tre=CFyveser Tre+ Tuveser 'y 1y (1)

The compensation factor reduces the number of MU per
treatment beam per fraction. Both the number of fractions
and the beam arrangement are kept unchanged. This com-
pensation method was tested on the plans of two prostate
patients and one head and neck patient. Dose distributions
and DVHs for the plans (treatment alone, uncompensated,
and compensated) were compared.

lll. RESULTS

lll.LA. Comparison of calculated and measured
MVCBCT dose

The delivered MVCBCT dose to the IMRT QA cylinder
was calculated in the TPS and compared with measurements
performed with MOSFET detectors and an ion chamber (see
Fig. 2). The calculated MVCBCT dose formed a slight
posterior-anterior gradient ranging from 0.8 to 1.1 cGy per

Medical Physics, Vol. 34, No. 5, May 2007

MVCBCT
Average of Arc 1 plus
Arc 2 (90° to 290°)

Portal Imaging or Film
Average of 1 AP plus 1 LAT

Arc1(2

FiG. 3. Dose delivered per MU to an average size pelvis patient for
MVCBCT and portal imaging. On the left column, only the current
MVCBCT arc acquisition (270° to 110°) using a total of 1 MU was simu-
lated. For the middle column, the dose distribution was obtained from the
addition of two opposed MVCBCT arcs: arc 1 (270° to 110°) and arc 2 (90°
to 290°) using a total of 0.5 MU each. The right column shows the dose
distribution per MU for electronic portal imaging or film. An anterior-
posterior beam of 0.5 MU was added to a lateral beam of 0.5 MU.

MVCBCT MU. The dose percentage differences between the
calculation and the measurement points are displayed in Fig.
2 (right). The dose percentage differences between the cal-
culation and the MOSFET points were all better than 3%.
The dose percentage difference for the ion chamber placed in
the center of the phantom was only 0.2%.

lll.B. Dose delivered for MVCBCT imaging
111.B.1. Prostate patient

Relative dose distributions per MU for MVCBCT and
portal imaging on an average size pelvis patient are dis-
played in Fig. 3. Isodose lines are displayed on the axial,
coronal, and sagittal planes crossing the treatment isocenter,
which was located in the prostate. Two types of MVCBCT
acquisitions were simulated. For MVCBCT using the current
arc acquisition (left column), the dose formed a posterior-
anterior gradient ranging from 0.4 to 1.2 ¢cGy per MVCBCT
MU. The DVHs analysis revealed that the dose received by
the main pelvic structures for MVCBCT using the current
arc acquisition ranges between 0.6 and 1.2 cGy per
MVCBCT MU. In comparison to the MVCBCT dose using
only arc 1, the MVCBCT dose per MU for the average of arc
1 and arc 2 in Fig. 3 (middle column) was more uniform, as
expected. The DVH showed that by employing those two
arcs for MVCBCT imaging, the pelvic structures would uni-
formly receive 0.8 cGy per MVCBCT MU. The maximum
dose for MVCBCT imaging using the two arcs would also be
reduced to 0.91 ¢cGy per MVCBCT MU. The dose distribu-
tion per MU observed with portal imaging or film in Fig. 3
(right column) was similar to current MVCBCT imaging us-
ing only arc 1 (left column). Table I compares the absolute
dose for a 9 MU MVCBCT to what is currently delivered to
prostate patients at our institution for daily verification of
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TaBLE I. Dose delivered to a prostate patient for daily alignment verifica-
tion. MVCBCT (9 MU) and portal imaging (2 X3 MU=6 MU).

MVCBT Portal Imaging
(cGy) (cGy)
Min Mean Max Min Mean Max

Prostate 6.4 6.9 7.6 4.1 4.6 5.0
Seminal vesicles 6.3 6.4 6.8 4.1 44 4.7
Nodes 52 6.8 10.1 33 4.6 7.5
Rectum 53 59 6.8 3.6 4.1 4.7
Bladder 6.7 7.8 9.5 44 5.1 6.2
Penile bulb 6.5 6.9 7.6 44 4.7 5.0
Left femoral 6.4 7.8 8.9 4.7 6.2 6.8
Small bowel 2.7 8.3 11.2 23 54 8.1
Spinal cord 0.9 39 5.2 0.6 2.6 3.8

setup using portal imaging. On average, the main pelvic
structures receive 6.8 and 4.6 cGy for MVCBCT and portal
imaging, respectively. The maximum doses to the rectum
were 6.8 and 4.7 cGy for MVCBCT and portal imaging, re-
spectively.

IIl.B.2. Head and neck patient

Relative dose distributions per MU for MVCBCT and
portal imaging on a head and neck patient are displayed in
Fig. 4. Isodose lines are displayed on the axial, coronal, and
sagittal planes crossing the isocenter, which was located in
the upper neck area. For MVCBCT using the current arc

MVCBCT
Arc 1 only

Portal Imaging or Film
Average of 1 AP + 1 LAT

Fic. 4. Dose delivered per MU to a head and neck patient for MVCBCT and
portal imaging. For the left column the current MVCBCT acquisition arc
(270° to 110°) of 1 MU was simulated. The right column was the result of
a 0.5 MU anterior-posterior portal image added to a 0.5 MU lateral portal
image.
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acquisition (left column), the dose formed a posterior-
anterior gradient ranging from 0.4 to 1.1 ¢cGy per MVCBCT
MU. The dose distribution per MU observed with portal im-
aging (right column) was very similar to MVCBCT imaging.
Table II compares the absolute dose delivered to a head and
neck patient for a 5 MU MVCBCT with what is currently
delivered at our institution for weekly verification of setup
and anatomy using CR film and portal imaging. On average,
the main head and neck structures received 4.8, 7.6, and
3.8 ¢cGy for MVCBCT, CR film, and portal imaging, respec-
tively. The maximum doses to the right lens were 5.5, 8.0,
and 4.0 cGy for MVCBCT, CR film, and portal imaging,
respectively. Methods to further reduce or eliminate the dose
to critical structures with low radiation tolerance, such as the
eyes, will be described in the Discussion.

Ill.C. Compensating the plan to account for MVCBCT
imaging dose

The compensation method described in this paper was
applied on the plans of three patients.

IIl.C.1. Prostate patient treated with four-field box
plus conformal boost

Figures 5 and 6 show dose distributions and DVHs for
uncompensated and compensated plans for daily 9 MU
MVCBCT imaging on a pelvis patient treated with a four-
field box plus conformal boost. As seen with Fig. 5 (middle
column) and Fig. 6 (top), simply adding daily 9 MU
MVCBCT to the treatment dose results in a uniform dose
increase of approximately 2.7 Gy (40 fractions X 6.8 cGy).
The volume of tissue receiving more than 77 Gy between the
left and middle columns of Fig. 5 is clearly increased. The
compensation factor of the first compensated plan using only
arc 1 was 96%. As observed in Fig. 5 (right column), the
compensation method reduces the dose in the high-dose re-
gion such that the amount of tissue receiving a high dose
(~50 Gy or more) remained the same. Despite the compen-
sation method, the volume of tissue receiving doses less than
50 Gy in the compensated plan was still slightly greater than
with the treatment plan alone. The compensation factor of
the second compensated plan using arc 1 and arc 2 for
MVCBCT imaging was 96.4%. As observed with DVHs in
Fig. 6, using two MVCBCT acquisition arcs (below) pro-
vided similar compensation results as using only the current
MVCBCT arc acquisition (middle). The need for two
MVCBCT arcs will be discussed in the next section.

IIl.C.2. Prostate patient treated with IMRT

Figure 7 presents DVHs of uncompensated and compen-
sated plans for daily 9 MU MVCBCT imaging on a pelvis
patient treated with IMRT. Similarly to the previous case, a
uniform increase in dose was observed for all structures for
the uncompensated plan (top). The mean increase in struc-
ture mean dose was 2.1 Gy (33 fractions X 6.5 cGy). The
compensation factor found using Eq. (1) was 96.8%. As ob-
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TaBLE II. Dose delivered to a typical head and neck patient for weekly verification of alignment and anatomy. MVCBCT (5 MU), CR film (2 X4 MU

=8 MU) and portal imaging (2 X2 MU=4 MU)

MVCBCT CR Film Portal Imaging
(cGy) (cGy) (cGy)

Min Mean Max Min Mean Max Min Mean Max
GTV 48 52 5.8 6.6 8.1 9.5 24 4.0 4.8
CTV1 2.7 5.0 5.8 3.8 78 9.6 2.0 3.8 4.8
CTV2 4.5 4.8 5.1 6.6 7.6 8.6 32 3.8 42
Esophagus 39 4.5 5.0 6.1 6.6 7.1 3.0 34 3.6
Mandible 35 54 6.0 5.5 8.6 9.7 2.8 4.2 4.8
Spinal cord 33 4.2 4.8 5.1 6.5 7.5 2.6 32 3.8
Left parotid 24 4.9 53 42 8.8 9.4 2.0 44 4.8
Brain-stem 42 44 4.6 6.6 7.2 7.9 32 3.6 4.0
Brain 0.9 4.1 5.6 1.3 6.5 9.3 0.6 32 4.6
Skin 0.0 4.4 5.7 0.0 7.0 9.4 0.0 3.6 4.6
Left eye 1.6 5.5 5.8 2.5 9.2 9.8 1.2 4.6 5.0
Right lens 3.6 51 5.5 54 7.5 8.0 2.6 3.8 4.0

served in Fig. 7 (below), the compensated plan showed no
increase in the high dose region and a small increase in the
low dose region.

IIl.C.3. Head and neck patient treated with IMRT

Figures 8 and Fig. 9 show dose distributions and DVHs of
uncompensated and compensated plans for daily 5 MU
MVCBCT imaging on a head and neck patient treated with
IMRT. As seen with Fig. 8 (middle column) and Fig. 9 (top),
simply adding daily 5 MU MVCBCT to the treatment dose
results in a uniform dose increase of 1.8 Gy (33 fractions
X 5.5 cGy). The volume of tissue receiving more than 74 Gy
between the left and middle columns of Fig. 8 is slightly
increased. The compensation factor of the compensated plan
using only the current arc was 97.7%. As observed in Fig. 9

Tx + daily 9 MU MVCBCT
Uncompensated Plan

Tx + daily 9 MU MVCBCT

Tx Plan Alone Compensated Plan

FiG. 5. Dose distributions calculated on a pelvis patient for different plans
combining treatment and MVCBCT imaging dose. This prostate patient was
treated with a four-field box (25 fractions) to the whole pelvis followed by
two boosts; the first one including seminal vesicles and prostate (5 fractions)
and the second including only the prostate (10 fractions). The treatment plan
alone (treatment dose alone) (left) is compared with an uncompensated plan
(treatment dose+40X9 MU MVCBCT) (middle) and a compensated plan
(96% treatment dose+40 X9 MU MVCBCT) (right).
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(below), the compensation method reduces the dose in the
high-dose region such that the amount of tissue receiving a
high dose (~40 Gy or more) remained the same. Despite the
compensation method, the volume of tissue receiving less
than 40 Gy in the compensated plan was still slightly greater
than with the treatment plan alone. The mean difference in
structure mean dose between the treatment alone and the
compensated treatment plus imaging plan was 0.6 Gy. A
simple method to completely eliminate the imaging dose de-
livered to the lenses will be presented in the Discussion.

IV. DISCUSSION

In this article, we first validated the use of a commercial
TPS to simulate the delivered dose from MVCBCT imaging.
This is a beneficial feature of MVCBCT because complete
imaging dose distributions can be obtained on patient images
as opposed to only few points on the skin or in phantom with
available detectors. In addition, simulating the MVCBCT
dose on patients requires minimal work since most of the
steps needed (CT imaging, image import, contouring) are
already performed for regular treatment planning. MVCBCT
is simply an arc treatment with a specific isocenter position,
acquisition range, field size, and total number of MU.
Monthly quality assurance is currently performed using a
Farmer ion chamber to assure reproducibility in the beam
output for MVCBCT imaging.

The MVCBCT dose delivered to a prostate and a head
and neck patient was compared to what is currently used in
our department for portal imaging and film. In general,
MVCBCT delivers more dose than portal imaging but less
than CR film. For similar or less dose than conventional
films, MVCBCT provides a 3D image with soft tissue infor-
mation to guide patient positioning and assess anatomical
changes. Portal imaging is generally faster than MVCBCT
but provides no soft tissue information. It has recently been
shown that aligning simple objects such as seeds with portal
imaging is just as accurate as with MVCBCT." However,
MVCBCT has a clear advantage to provide volumetric infor-
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Fic. 6. DVHs for the prostate patient plans presented in Fig. 6. DVHs for
the treatment dose alone (solid) were compared with different combinations
of treatment and imaging dose (dashed). The treatment plan alone (treatment
dose alone) was compared with (top) an uncompensated plan (treatment
dose+40X 9 MU MVCBCT), (middle) a compensated plan (96% treatment
dose+40x9 MU MVCBCT), and (below) a compensated plan, alternating
arc 1 (270° to 110°) and arc 2 (90° to 290°) (96.4% treatment dose+20
X9 MU MVCBCT1+20 X9 MU MVCBCT?2).

mation, identify rotation, distortion, and anatomical changes.
From our clinical experience with the current MVCBCT sys-
tem, alignment based on soft tissue and bony anatomy can
readily be performed with less than 12 and 6 cGy for the
pelvic and head and neck patients, respectively. Preliminary
results have also suggested that a given applied shift does not
need to be verified with a second MVCBCT.

Medical Physics, Vol. 34, No. 5, May 2007

Tx (solid), Tx+MVCBCT (dashed)

0 10 20 30 40 50 60 70 80 90

Tx (solid), 96.8% Tx+MVCBCT (dashed)

Normalized Volume

Dose (Gy)

FIG. 7. DVH:s for a prostate patient treated with IMRT. DVHs for the treat-
ment dose alone (solid) were compared with (top) the treatment dose added
to daily 9 MU MVCBCT (dashed) and (below) a compensated treatment
dose added to daily 9 MU MVCBCT (dashed).

The MVCBCT dose obtained in this study can be com-
pared to reported delivered dose by other IGRT technologies.
The current in-room CT imaging systems deliver a maximum
dose ranging between 1 and 16 cGy. Taking the RBE into
account, one of the kVCBCT systems commercially avail-
able and MVCBCT delivered the most dose equivalent for
imaging. While it is interesting to compare the delivered
dose from the initial clinical product of the available in-room
CT technologies, the systems likely differ in other important
physical performance such as the image quality and the time
required for imaging. Overall, studies on the dose delivered
by IGRT technologies showed that the imaging dose for
IGRT is small compared to the treatment dose (<4% of the
prescription). However, higher dose to normal tissue may
increase the risk of side effects and radiation induced
cancer.” For this reason groups are studying ways to further
reduce the imaging dose delivered by their system.%’27

In this article, our approach to minimize the dose deliv-
ered from routine MVCBCT imaging has been to incorporate
the imaging and the treatment dose in a composite plan. This
can be done because MVCBCT uses the same beam for treat-
ment and imaging. Using the treatment and imaging plans
simulated in the TPS, a compensation factor was introduced
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ily 5 MU MVCBCT
Uncompensated Plan

Tx + daily 5 MU MVCBCT
Compensated Plan

Tx Plan Alone

Fic. 8. Dose distributions simulated on a head and neck patient for different
combinations of treatment and MVCBCT imaging dose. The patient was
treated with IMRT. The treatment plan alone (treatment dose alone) (left) is
compared with an uncompensated plan (treatment dose+33X5 MU
MVCBCT) (middle) and a compensated plan (97.7% treatment dose+33
X5 MU MVCBCT) (right).

to keep the target mean dose unchanged. This compensation
factor can be obtained in less than 10 min for all patients.
The method was tested on two prostate patients and one head
and neck patient. All compensated plans compared to the
initial plan without imaging showed no increase in the high
dose region and small increases at low dose. For the cases
examined, the additional dose in the low-dose region for the
compensated plan is considered clinically insignificant. For
the head and neck case presented, the maximum doses to the
spinal cord for the treatment plan alone and the compensated
plan were 44.0 and 44.4 Gy, respectively. However, the
question whether the compensation method should be ap-
plied is still open. Most of our physicians feel no need to
compensate for routine MVCBCT because the delivered
dose is similar to portal imaging or film, neither of which
have been compensated for in the past. However, given the
ease of use of the method presented, the additional dose from
IGRT could be greatly reduced or documented. The use of an
opposed MVCBCT arc acquisition to reduce the imaging
dose showed only a marginal additional reduction in dose
when using the compensation method. The opposed arc
could have its greatest benefit to image anterior sensitive
structures, such as the eye lenses, while minimizing the dose
delivered. Another direct method to reduce the dose to nor-
mal tissue, which has been used in our clinic, is to reduce the
amount of tissue imaged in the cranio-caudal direction. All
simulations performed in this paper were done using the
maximum field size. Closing the Y jaw for imaging can be
used to focus on a specific target, such as prostate, or to
completely avoid dose to critical structures, such as the eyes.
In addition, collimating the beam reduces the amount of scat-
ter radiation reaching the detector, which improves the image
quality. Finally, the most direct method to reduce the
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FIiG. 9. Dose volume histograms (DVHs) for the head and neck patient plans
presented in Fig. 8. DVHs for the treatment dose alone (solid) were com-
pared with (top) the treatment dose added to daily 5 MU MVCBCT
(dashed) and (below) a compensated treatment dose added to daily 5 MU
MVCBCT (dashed).

MVCBCT dose is to use fewer MU per acquisition. This will
become possible with the development of more sensitive de-
tectors for MV imaging.28 Preliminary investigations also
suggest that an optimized beamline for MVCBCT imaging
will provide a factor of 3.5 improvement in contrast-to-noise
ratio, thus allowing a significant reduction of the exposure to
obtain a given MVCBCT image quality.29

V. CONCLUSION

A commercial TPS can be used to evaluate the dose de-
livered by MVCBCT. For a typical MVCBCT, the delivered
dose forms a small anterior-posterior gradient roughly rang-
ing from 0.6 to 1.2 ¢cGy per MVCBCT MU. A MVCBCT
acquisition of 9 MU in the pelvis area delivers slightly more
dose than what is currently delivered by portal imaging in
our department but renders some soft tissue information for
positioning. A MVCBCT acquisition of 5 MU in the head
and neck area delivers less dose than CR film. Overall, the
additional dose from daily 9 MU MVCBCTs is small com-
pared to the treatment dose (<4 %). A simple and rapid plan
compensation method for routine MVCBCT shows good re-
sults to reduce the total dose to critical structures for daily
MVCBCT positioning. DVHs of compensated plans for pel-
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vis and head and neck patients imaged daily with MVCBCT
shows no additional dose to the target and small increases in
low doses regions. Reducing the imaging volume in the
cranio-caudal direction can further reduce the dose delivered
for MVCBCT. This is a useful feature to eliminate the imag-
ing dose to the eyes or to focus on a specific region of inter-
est for alignment.
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ABSTRACT. Recent advances in fractionated external beam radiation therapy have

increased our ability to deliver radiation doses that conform more tightly to the tumour

volume. The steeper dose gradients delivered in these treatments make it increasingly

important to set precisely the positions of the patient and the internal organs. For this

reason, considerable research now focuses on methods using three-dimensional images

of the patient on the treatment table to adapt either the patient position or the

treatment plan, to account for variable organ locations. In this article, we briefly review

the different adaptive methods being explored and discuss a proposed dose-guided

radiation therapy strategy that adapts the treatment for future fractions to

compensate for dosimetric errors from past fractions. The main component of this

strategy is a procedure to reconstruct the dose delivered to the patient based on

treatment-time portal images and pre-treatment megavoltage cone-beam computed Received 30 June 2005
tomography (MV CBCT) images of the patient. We describe the work to date performed  gayised 8 August 2005
to develop our dose reconstruction procedure, including the implementation of a MV Accepted 7 September
CBCT system for clinical use, experiments performed to calibrate MV CBCT for electron 2005

density and to use the calibrated MV CBCT for dose calculations, and the dosimetric
calibration of the portal imager. We also present an example of a reconstructed patient
dose using a preliminary reconstruction program and discuss the technical challenges : 506 The British Institute of
that remain to full implementation of dose reconstruction and dose-guided therapy. Radiology

DOI: 10.1259/bjr/60612178

The rationale for adaptive radiation therapy can shrink and the patient can lose significant weight,
and dose-guided radiation therapy resulting in dosimetric errors as large as 40% [9, 10]. For
this reason, imaging tools in the treatment room and
Recent advances in fractionated external beam radia- methods of adapting treatments to match the patient
tion therapy, such as three-dimensional conformal and anatomy on the treatment table are the keys to realising
intensity-modulated radiation therapy (IMRT), have the full benefit of conformal therapy.
increased our ability to deliver radiation doses that g many decades, imaging inside the treatment room
conform more tightly to the tumour volume. Clinical ph3s played a role in verifying radiation therapy
studies and simulations indicate that these more con-treatment. Portal images, projection images of the patient
formal, higher dose treatments can decrease both the using the treatment aperture, are used to confirm the
spread of disease and normal tissue complications [1-5]. patient position and verify coverage of the tumour. The
Increasing use of functional imaging will also motivate ;se of radiographic film for portal imaging has limited
further complexity in radiation treatment plans to the frequency of this verification due to the required time
include concurrent boosts in regions of high cancerous and dose to the patient. However, recent implementation
growth [6, 7]. As these dose distributions conform more of electronic portal imaging devices (EPIDs) allows a
tightly to the patient anatomy, dose gradients necessarily digital image to be acquired in a few seconds with low
become steeper inside the irradiated volume. Using doses. This has allowed the use of daily portal imaging to
IMRT, a dose gradient of 10% mf" can be achieved  yisualize and adjust the patient position before each
easily. Thus, it is increasingly important to set precisely treatment. For example, using implanted gold markers to
the positions of the patient and the internal organs. |ocate the prostate, daily portal imaging has been used to
Currently, external markers and patient immobilizing position the prostate with 1-2 mm accuracy [11-13]. The
masks and casts are used to reproduce the skeletal yse of portal imaging to adjust patient position before
position of the patient with about 3 mm accuracy over treatment is limited, however, because soft tissue cannot
several weeks of treatment [8]. However, the effective- pe visualized without implanted markers and the full
ness of these alignment and immobilization techniques three-dimensional (3D) geometry is obscured by the
are limited by changes in the internal organ locations projection onto a two-dimensional (2D) plane. Therefore,
relative to bony and external markers. For example, the considerable research now focuses on developing three-
prostate can shift up to 1 cm relative to the pelvic bones dimensional imaging of the patient on the treatment
due to variations in rectal/bladder filling. During the table. Several systems have been developed including
course of head and neck cancer treatment, the tumour (1) a “CT on rails” system, requiring an additional
diagnostic CT machine in the treatment room [14]; (2) a
This research was supported by Siemens Oncology Care Systems. kilovoltage cone-beam CT (kV CBCT) system, consisting

The British Journal of Radiology, Special Issue 2006 S87
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of an additional kV X-ray source and detector attached to The development of dosimetric verification
the treatment gantry [15,16] (these systems are describedand reconstruction
more fully in this issue in papers by Thieke et al and
Moore et al, respectively); (3) a megavoltage cone-beam Currently, few methods are used to track the dose
CT (MV CBCT) system using the pre-existing treatment delivered during treatment. Standard techniques involve
machine and EPID for imaging [17-19]; (4) a MV CT Mmeasuring doses on the patient surface using diodes or
system, using the pre-existing treatment machine with thermoluminescent dosemeters. However, these techni-
an attached arc of detectors [20]; and (5) a tomotherapy dues provide only point dose measurements, and the
system, replacing the traditional treatment machine time and effort to place the dosemeters on the patient
(beam) with a CT ring and a MV beam source [21-23]. and process the data limit their clinical use.
These imaging systems continue to improve and recent Consequently, few institutions use these methods reg-
results indicate that 1-2% soft-tissue contrast resolutionularly for treatment verification. A new implantable
is possible [15, 17, 18, 21] as well as accurate localizatioMOSFET dosemeter has also been developed [36]. This
of various tumours [14, 16, 19, 20, 22, 23]. dosemeter directly measures the dose in critical internal
In the above examples of image-guided radiation Structures, butagain provides only a point measurement
therapy (IGRT), treatment room imaging modalities are and is an invasive technique with limited application.
used to translate and rotate the patient to better matchWhat is needed to verify conformal therapies is an
the patient position used for treatment planning. automated method to reconstruct the full 3D dose
Another potentially more powerful use of these images distribution.
is to modify the delivered treatment fields to account for ~ Several researchers have suggested methods to recon-
the variable patient position. This type of adaptive struct the delivered patient dose during treatment. Most
radiation therapy could adjust for the changing relative methods propose using on-board EPIDs to quickly and
positions of the internal organs and the changing shape €asily acquire a two-dimensional array of digitized X-ray
of the organs. This is particularly important for organs measurements in a precisely positioned plane in the
that move significantly during the course of treatment. treatment exit beam. A few formulae have been derived
For these sites, techniques under current development to estimate the dose to the exit surface, midplane, or centre
include gated treatments (halting irradiation when the point of the patient based solely on EPID measurements
target is out of a certain acceptable region) [24-27] or[37-40]. To find a 3D patient dose distribution, however,
target tracking during irradiation using specially requires additional information about the patient position
designed mobile linear accelerators [28, 29]. For someand attenuation of the beam. For breast treatments, a
sites, however, the most important anatomical changes simple patient contour may give sufficient information
occur between treatment fractions. In this case, a pre-[41]. However, in general, information on tissue inhomo-
treatment image may be used to adjust the treatment geneity is also necessary. Several years ago, it was
fields immediately before irradiation [30, 31]. Another suggested that the planning CT could be used for this
possibility is to determine patient-specific anatomical purpose [42, 43], but this method would fail to detect
variation using images from the first week of treatment dosimetric errors produced by the variable patient and
and to tailor the treatment plan for future fractions to organ positions and shapes. The 3D imaging modalities
account for the individual’s variation [32-34]. Finally, if that are being developed for IGRT provide an obvious
the dose that was delivered in previous fractions can be opportunity to simultaneously obtain the patient geometry
estimated, the treatment plan for future fractions may be for reconstructing dose. Currently, there is active devel-
re-optimized to compensate for dosimetric errors [35].0pment of dose reconstruction procedures for tomother-
This dose-guided therapy could correct for both errors apy systems, and 3% accuracy in low-gradient regions has
due to patient anatomical changes as well as machine been demonstrated [44]. A pilot study using MV CBCT on
delivery errors, thus providing the most accurate dose a traditional treatment machine also found good relative
delivery. The various adaptive radiation therapy agreement with measurements, but a systematic absolute
schemes are depicted in Figure 1. deviation [45].

Adaptive radiation therapy

iy Treatment planning Patient
Dose prascription Beams, angles, apertures pasitioning e
Online/offline adjustment of
fields or margins to account for Image-guided Gating, target tracking
anatomical changes and vaniation therapy for moving tumors
A
Pre-treatment E Treatment-time
images h images
,
!
(2D) portal images ~ ----- ﬂuhc:;);:.:‘)zy.
Figure 1. A general view of adap-
(30) GBCT or CT portal images tive radiation therapy. The large
grey arrow represents the conven-
reconstructed dose tional flow of treatment, and the
J small arrows indicate the possible
Dose-guided therapies: all aspects of treatment setup may be adjusted, including dose prescription, points of feedback into the process.
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Dose-guided radiation therapy using MV CBCT Step 2A: During the treatment, acquire portal images
and treatment-time portal images of the treatment beam as it exits the patient. This portal

] image is acquired using the same EPID used for the
In 2003 [46], we began developing a procedure to CBCT jmaging.

reconstruct the dose delivered to the patient based on
treatment-time portal images and pre-treatment MV
CBCT. Our procedure follows the steps described below
and depicted in Figure 2.

Step 1A: Prior to treatment, with the patient in the
treatment setup position, acquire a MV CBCT image.
This image can be used to align the patient as closely as
possible to the planned position and also provides the

photon attenuation information necessary to reconstruct fluence must be de.rlved from the portal image.
the delivered dose. Step 3: Back-project the energy fluence measured at the

Step 1B: Convert the MV CBCT image to effective detector plane through the CBCT of the patient, accounting
photon attenuation coefficient. Generally, this can be for the ”2 falloff of radiation from a point source and
accomplished by calibrating the MV CBCT system using attenuation through the patient. This calculation is easily
a calibration phantom composed of materials with accomplished if the position of the detector plane relative
known electron densities. However, imaging artefacts tO the patientand source is accurately known.
in the MV CBCT image may need to be corrected to Step 4: Calculate the 3D dose distribution delivered to
improve the calibration accuracy. the patient using a dose calculation engine. This type of

Step 2B: Convert the portal images to a 2D map of
treatment beam energy fluence. The acquired portal image
signal is a convolution of the energy fluence incident on
the detector with the detector response to radiation.
Moreover, the energy fluence consists of both the primary
beam and radiation scattered from the patient. To use the
portal image for dose calculations, the primary energy

Step 1A Acquire MV CBCT Step 2A Deliver treatment, acquire
treatment-time portal images

Step 1B Convert MV CBCT to Step 2B Convert portal image to
attenuation coefficient energy fluence

Step 3 Back-project energy
fluence through volume

Step 4 Calculate dose
to the volume

Figure 2. Overview of proposed
dose reconstruction procedure using

reconstructed dose MV CBCT imaging and treatment-
overlaid on CBCT image time portal imaging

a-3
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dose calculation is the same as that performed for In the radiation oncology context, the imaging beam is
treatment planning purposes, and all the techniques that produced by the conventional linear accelerator used for
have been developed for treatment planning may be treatment, and the projection images are detected using
used. on-board EPIDs. The imaging photons, therefore, are
The reconstruction procedure described above pro- primarily in the mega-electron volt energy range. In this
vides an estimate of the 3D dose distribution deposited configuration, the patient can be positioned once on the
in the patient as represented by the MV CBCT. Several treatment table and need not be repositioned between
uses of the reconstructed dose distribution to guide imaging and treatment.
future treatments can be envisaged. Scenario 1: The most  As the linear accelerator gantry and the EPID rotate
basic use of the reconstructed dose is to provide a about the patient, the EPID and beam source positions
dosimetric verification that the treatment delivery gen- will shift from their ideal isocentric locations due to
erally provides the desired dose distribution and that no sagging of the mechanical supports. To correct for this
gross errors exist. This verification could be performed effect, we perform a geometric calibration of the system,
during the first treatment and repeated weekly through- illustrated in Figure 3 [48, 49]. This calibration provides a
out treatment. This simple approach would effectively unique relationship between the position of a voxel in
reduce gross dosimetric errors, but would not otherwise the reconstruction volume and a pixel on the detector
increase the precision of the delivered dose. Scenario 2: If plane for each angle. Because the EPID used for imaging
the patient dose is reconstructed for the first week of js also used to detect the exit beam fluence, the same
treatment, the variation in the delivered dose may also calibration information can be employed during the dose

be evaluated. If_the MV CBCT for_ each treatment is  reconstruction procedure to back-project the energy
contoured to delineate the various important structures,

the variation in dosimetric indices, such as the maximum
dose to sensitive normal structures or the dose to 95% of
the tumour volume, can be calculated. General systema-
tic trends such as the under or over dosing of particular
extremities of a structure may also be detected by
examining the dose distributions over the first week.
Based on this information, the treatment plan can be
modified, for example, to increase or decrease margins of
the tumour in particular directions. In this manner, the
treatment plan can be tailored to each individual patient. .
Scenario 3: Finally, a complete dose-guided therapy Ruw = Pg ﬁxvz
system would be able to integrate the dose over previous
fractions. This would require the ability to deform the
daily MV CBCT images to map identical points in
the patient before the integral dose is calculated [47]. The
cumulative dose distribution can be used to adjust
the treatment plan to compensate for deviations from
the desired distribution, thus improving the accuracy
and conformality of the overall treatment.

The dose reconstruction procedure and the dose-
guided therapy described above continue to be devel-
oped and researched. This article summarizes the work
to date and comments on the remaining challenges. First,
we present a description of a MV CBCT system that has
been implemented on a linear accelerator for clinical use.
We then describe experiments performed to calibrate the
MV CBCT for electron density and to use the calibrated
MV CBCT for dose calculations. We also briefly describe
the dosimetric calibration of an EPID for dose recon-
struction. Finally, we present an example of a recon-
structed patient dose using a preliminary reconstruction
program and discuss the technical challenges that
remain to full implementation of dose reconstruction
and dose-guided therapy.

MV cone-beam CT imaging

. . . . Figure 3. Depiction of the geometric calibration of the
MV cone-beam CT imaging is a 3D reconstruction linear accelerator/electronic portal imaging device (EPID)

proFedF're similar to conyenti_onal CT. A seri_es of system for cone beam CT (CBCT) imaging and for dose
projection measurements, in this case 2D portal images, reconstruction. The result of the calibration is a set of

are acquired at many angles around the patient. The projection matrices P) that map a point in space Rxyz) to the
image reconstructed is a 3D image without slice artefacts. projected point on the detector plane Ry,).
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currently done with kV CT. A table is formed mapping
CT signal intensity to electron or physical density which
can then be converted to photon attenuation coefficient
for a known beam spectrum. Figure 6 shows the results
previously described [19]. Briefly, it consists of an of performing this simple calibration on our MV CBCT
amorphous-silicon flat panel EPID integrated with a system using the following inserts of relative electron
clinical linear accelerator. The total exposure of the CBCT density with respect to water: lung inhale (0.190), lung
acquisition can be varied from 1 to 60 monitor units. Upon exhale (0.489), adipose (0.952), breast (0.976), water (1),
patient selection, a reference CT is automatically loaded muscle (1.043), liver (1.052), trabecular bone (1.117) and
into the software. The linear accelerator gantry then rotates dense bone (1.512). The relationship between MV CBCT
in a continuous 20@rc acquiring images at’Increments. signal and electron density is linear. These results are
This acquisition procedure lasts about 45 s. The image similar to previous work with MV fan-beam CT
reconstruction starts immediately after the acquisition of performed on a tomotherapy unit at 6 MV [50].
the first portal image, and a 26@5® 256 reconstruction Although the above calibration works well for the
volume is completed in 110 s. The software automatically narrow CT calibration phantom, the MV CBCT images of
registers the MV CBCT with the reference CT and extended objects exhibit cupping artefacts due to the
calculates table shifts for patient alignment. influence of scattered radiation reaching the EPID.
To date, 38 patient MV CBCT images have been Figure 7 illustrates this cupping effect on the MV CBCT
acquired in our clinic. All patients have given informed of a large cylinder of water. If uncorrected, this cupping
consent, and the patient image acquisitions are per-artefact will also appear in the image converted to
formed in accordance with the institutional review photon attenuation coefficient, leading to errors in the
board’s ethical standards. Depending on the frequency calculated dose. However, a simulation study using the
of the acquisitions, the dose used for MV CBCT ranges large cylinder of water pictured in Figure 7 indicates that
from approximately 1.5 cGy to 12 cGy delivered at the the dosimetric errors in a homogeneous medium
point of rotation (the isocentre). The dose at the entranceproduced by such severe cupping artefacts remain
surface of the arc reaches about 160% of the isocentrerelatively small, approximately 4% for a single open
dose for an imaged pelvis and 133% for the head and field [51]. This suggests that a crude correction of the
neck region. The dose at the exit surface falls to about cupping artefact in MV CBCT images may be sufficient
66% of the isocentre dose for a pelvis and 55% for the to obtain acceptable dosimetric accuracy. To test this
head and neck region. Figure 4 presents four MV CBCT hypothesis, the MV CBCT of a water cylinder was used
images acquired weekly on the same patient to study to model the spatial dependence of the cupping artefact.
tumour evolution. At each new acquisition, the dose was A spatially dependent correction function was derived
lowered. The last CBCT of the series was acquired with from this cupping model. This correction function was
approximately 2.9 cGy delivered at the isocentre, still then applied to the MV CBCT of an anthropomorphic
presenting enough soft-tissue information to assess thehead phantom as a rough correction for the cupping
tumour size and perform patient alignment. artefact in the image. After conversion to density using
Three-dimensional imaging of the patient in the the MV CBCT calibration curve, this image was imported
treatment position exposes the difficulties created byinto a commercial treatment planning system (Philips
distortion of patient anatomy. Figure 5 displays the Pinnacle, Bothell, WA). The dose calculated using the
fusion of a MV CBCT image (grey) with the planning MV CBCT compared well with the dose calculated using
CT (colour). In this case, a physician has manually a kV CT of the same phantom. Using a gamma index
registered the two sets of images by aligning the base of comparison with a 3% dose and 3 mm distance-to-
the skull. A considerable shift, up to 6 mm, can be agreement criterion, 98% of calculated dose points fell
observed in the positions of the spinal cord between the within the acceptance criteria.

fluence through the MV CBCT volume. This prevents
any possibility of misregistration between the EPID
measurements and the MV CBCT volume.

The MV CBCT system installed in our clinic has been

two image sets. This misplacement of the spinal cord
could not be corrected by translating or rotating the MV
CBCT image relative to the CT as it was caused by an
increase in the arching of the patient’s neck. Although
several fractions would be needed to assess if this
misplacement occurs regularly, the new anatomy, as
depicted by the MV CBCT image, could be used to
study the dosimetric impact of the patient’s anatomical
distortion.

MV CBCT calibration for dose calculation

To use the MV CBCT image in a dose reconstruction
program, the signal from each voxel must be converted

to effective photon attenuation coefficient for the beam
spectrum (Step 1B of our dose reconstruction procedure).

To perform this conversion, the MV CBCT system can be
calibrated using a CT calibration phantom (CIRS Model
062, Norfolk, VA) with tissue-equivalent inserts, as is

The British Journal of Radiology, Special Issue 2006

The above example demonstrates the potential of
using MV CBCT images for dose calculations. Besides
using these images for dose reconstruction, using patient
MV CBCT images in the treatment planning system, as
performed on the head phantom described above, would
also provide a useful verification. The MV CBCT
provides a more accurate representation of the patient
on the treatment table. Applying the treatment plan to
the MV CBCT would provide a first estimate of the dose
delivered to the patient during treatment. The effects of
modified patient position or anatomy could be evalu-
ated. However, the beam delivery itself could not be
verified without a full dose reconstruction based on
measurements of the treatment beam.

Calibration of EPIDs for exit-plane dose

Besides the patient photon attenuation data, the other
necessary piece of information for dose reconstruction is

591



221

J Chen, O Morin, M Aubin et al

Figure 4. Examples of megavoltage cone beam CT (MV CBCT) images at different exposure levels, from 2.9 cGy to 10 cGy.

the treatment beam energy fluence derived from the be more easily converted to energy fluence due to the
treatment-time portal images (Step 2 of our dose great number of water dose deposition models and
reconstruction procedure). An intermediate step to algorithms that have already been developed.
determining the energy fluence is to convert the EPID  To translate the EPID signal to dose in water, we
image to a measurable form of dose, in our case the dose employ convolution models of dose deposition. The
in water measured in the detector plane and at a depth of lateral spread of the dose in the EPID and in the water is
1.5 cm [52]. The advantage of first calibrating the EPID described by empirically derived kernels. Because the
against dose in water is that it can be accomplished by EPID consists of millions of individual pixels, the dose
experiments since the dose in a water phantom is easily deposited in each pixel is also multiplied by a spatially
measured. The calibration can then be validated by dependent sensitivity factor that accounts for inhomo-
measurements as well. Moreover, the dose in water can geneity in the detector response. Finally, comparisons of
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Figure 5. Registration of a patient megavoltage cone beam

CT (MV CBCT) (grey) with the kV CT (colour) used for
treatment planning. A large difference in the arching of the

neck causes a considerable deviation in the spinal cord
position.

EPID and ion chamber measurements are used to form
conversion tables that translate between the EPID signal
and dose in water.

To test the calibration procedure, EPID images of the
exit beam were acquired through a Rando anthropo-
morphic head phantom (The Phantom Laboratory,
Salem, NY). The calibrated EPID images were compared
with the dose measured using an ion chamber
(Scanditronix-Wellhifer CC13, Bartlett, TN) scanned in
a water tank (Scanditronix-Welllier blue phantom,
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Figure 6. Megavoltage cone beam CT (MV CBCT) intensity as
a function of electron density for tissue-equivalent inserts in
a CT calibration phantom (pictured in above left).
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Bartlett, TN). Figure 8 shows a comparison between the
measured dose at a depth of 1.5 cm of water and the
calibrated EPID signal for a 10 cm square open field.
The EPID signal matches the measured dose to within
2% (2 standard deviations) for the in-field regions
(excluding the penumbra).

A dose reconstruction program

Utilizing some of the work described above, we
performed a preliminary version of the dose reconstruc-
tion procedure on the treatment of a head and neck
patient in our clinic. A MV CBCT image was acquired of
the patient set up on the table as for treatment (Step 1A).
The same day, portal images were acquired (Step 2A)
during the patient’s normal course of treatment (6 MV
beam, 2 opposed lateral wedged fields and an anterior-
inferior oblique open field). To utilize the MV CBCT
image in the dose reconstruction program, it must first
be converted to effective photon attenuation coefficient
(Step 1B). For this test case, the MV CBCT was converted
to attenuation coefficient using a spatially dependent
calibration that utilizes the kV CT patient image as a
reference. This allowed us to reduce the effects of the MV
CBCT calibration on the reconstructed dose, thus high-
lighting the dosimetric impact of the remaining steps of
the procedure.

To convert the portal images to energy fluence (Step
2B), the portal images were first converted to equivalent
dose in water using the calibration procedure described
above. To infer the energy fluence at the detector plane
from the equivalent dose in water, we used an in-house
dose calculation program that predicts the dose at a
depth of 1.5 cm of water given the energy fluence at the
water surface. This energy fluence is then iteratively
corrected until the predicted dose matches the measured
dose. To calculate the dose in water, we used convolu-
tion kernels published in the literature [53], derived
using Monte Carlo calculations and assuming a 6 MV
spectrum. The energy fluence that is derived using this
method is composed of both primary beam as well as
radiation scattered from the patient. For this study, the
contribution of the scattered radiation was neglected.

The two remaining steps to the dose reconstruction
process are (Step 3) the back-projection of the energy
fluence measured at the detector plane through the
CBCT of the patient and (Step 4) the calculation of the 3D
dose distribution delivered to the patient using a dose
calculation engine. To perform the back-projection, we
utilized the geometric information obtained during
calibration of the MV CBCT imaging system (depicted
in Figure 3). The geometric calibration of the system
yields a set of projection matrices that map a point in
space to a pixel in the detector plane. The projection
matrix for each angle accurately accounts for all
geometric factors such as sag in the detector or gantry,
detector rotation, or variation in the detector to source
distance. These projection matrices were used to back-
project the energy fluence from the detector plane
through the CBCT volume while correcting for i/
fall-off and the attenuation of each intersected voxel.

The final step of the reconstruction procedure is to
calculate the dose deposited in the patient from the
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Figure 7. Radial (top row) and axial (bottom row) profiles through the megavoltage cone beam CT (MV CBCT) images of a large
cylinder filled with water. The unmodified CBCT (left) exhibits a large cupping artefact as a result of scattered radiation reaching
the electronic portal imaging device (EPID). Using a simple 3D cupping model effectively reduces the artefact (right). The radial
and axial slices of the MV CBCT images (insets) are displayed using the same windowing level.

energy fluence and the attenuation coefficient for each fluence multiplied by the attenuation coefficient. The
voxel. The total energy released in each voxel that spatial distribution of the deposited energy can then be

interacts with the beam is proportional to the

energy described using a kernel. The kernels we used for this
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purpose were the same kernels used to determine the There also appears to be a slight difference in the
energy fluence at the detector plane from the equivalent alignment of the beams detected by the portal images.
dose in water. The application of the kernels to calculate The doses from the treatment planning system suggest a
the dose was performed using in-house software utiliz- slight gap between the opposed lateral fields and the
ing the collapsed-cone superposition method [53]. In thisanterior field. In contrast, the reconstructed dose

method, the energy deposition calculation is only
performed along a set of rays emanating from each
interaction voxel.

Figure 9 shows the comparison between the planned
dose distribution found using the patient kV CT image
and a commercial treatment planning system (Philips
Pinnacle, Bothell, WA) and the reconstructed dose
distributions found using the MV CBCT, the treatment-

distribution has a high dose band at the intersection of
the fields. Without further verification, it is not clear

whether this slight difference in field alignment was a

real event detected using the treatment-time portal
images. Other possible causes for the differences in the
two dose distributions include differences in the dose
calculation engines, differences in patient position or
anatomy in the two images, as well as persistent cupping

time portal images, and the in-house dose reconstructionartefacts in the MV CBCT.

program. There are some qualitative similarities, butalso As the above example demonstrates, much research
some marked differences. The reconstructed dose dis-remains to be done to increase the dosimetric accuracy of
tribution appears to be approximately 10% higher than our dose reconstruction program. Currently, we continue
the dose predicted by the planning system. It is likely to work toward simple but effective techniques to reduce
that this is in part due to an increase in the portal image cupping artefacts in the MV CBCT images and to
signal from the scattered radiation that was not corrected calibrate the MV CBCT for photon attenuation coeffi-
in this preliminary version of the dose reconstruction. cient. We also continue to refine our EPID dosimetric

Reconstructed isodose lines

Planned isodose lines

Figure 9. Comparisons between planned isodose contours calculated using the patient kV CT image and a commercial
treatment planning system (left) and reconstructed isodose contours calculated using the megavoltage cone beam CT (MV
CBCT), the treatment-time portal images, and an in-house dose reconstruction program (right).
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calibration models described above and to improve the Chris Malfatti, Amy Gillis, Ping Xia, Lynn Verhey. And

conversion of the EPID signal to primary energy fluence.

at Siemens OCS, Ali Bani-Hashemi. This research was

One of the remaining challenges is to implement a supported by Siemens Oncology Care Systems (OCS).
correction for the scatter contribution in the portal One of the authors (OM) wishes to acknowledge a
images. Portal image scatter correction has been inves-doctoral scholarship from NSERC-Canada.

tigated by other researchers, and some good results have

been reported using a scatter-to-primary ratio model andReferences

Monte Carlo-based scatter kernels [54-56]. Finally, once
the individual steps of the dose reconstruction procedure
have been optimized, the dosimetric accuracy of the full
procedure will need to be determined using dose
measurements in phantoms. As discussed below, the
dosimetric accuracy achieved will affect the clinical
application of the dose reconstruction procedure.

Future directions in dose-guided therapy
research

This article has summarized the work performed as
well as the challenges remaining to develop a dose
reconstruction procedure based on MV CBCT images of
the patient on the treatment table and treatment-time
portal images. As described earlier, the ability to
reconstruct the delivered patient dose opens up the
possibility of adapting the patient treatment plan to
improve dose delivery. The accuracy of the dose
reconstruction procedure and the availability of image
processing tools will affect how treatment may be guided
using this new dose information. Our initial goal is to
achieve 5% accuracy for the reconstructed patient dose.
With this level of accuracy, gross dosimetric errors,
which have been demonstrated to be as high as 40% in
cases of considerable patient weight loss [10], could be
detected and corrected. Implementation of more com-
plex dose-guidance strategies, such as scenarios 2 and 3
discussed earlier, will require increased dosimetric
accuracy as well as the ability to precisely locate the
dose distribution in terms of critical structures. It is here
that the rapidly advancing field of 3D image processing
will play a key role. Tools such as automated segmenta-
tion and 3D deformable registration increase our ability
to determine under or over dosed regions as well as track
the cumulative dose to various organs in the patient.

By focusing on the key parameter determining radia-
tion treatment outcomes, dose verification and dose-
guided therapy have the potential to considerably
improve the treatment of cancer. Moreover, they offer
the opportunity to increase our understanding of
treatment effectiveness, improving our knowledge of

the radiation doses and distributions that lead to the 13,

control of cancer or the injury of normal structures.
Although this level of precision has long been a goal in
radiation oncology, the continuing advances in imaging
technology and in imaging processing may soon make
this goal attainable.
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SHORT COMMUNICATION

The use of megavoltage cone-beam CT to complement CT for
target definition in pelvic radiotherapy in the presence of hip
replacement

M AUBIN, msc, O MORIN, Bsc, ] CHEN, phD, A GILLIS, MD, B PICKETT,Msc, J F AUBRY, Msc,
C AKAZAWA, cmp, J SPEIGHT, mp, M ROACH IIl, mp and J POULIOT, phD

Department of Radiation Oncology, University of California San Francisco, Comprehensive Cancer
Center, San Francisco, CA-94143, USA

ABSTRACT.In Europe and the USA combined, over half a million people had a hip joint

replaced in 2005, contributing to the increasing number of radiotherapy patients with

metallic hip prostheses. The treatment plan for external beam radiation therapy is

based on the delineation of the anatomy in the planning CT scan. When implanted Received 20 January 2006
objects of high atomic number (Z) material are present, however, severe image Revised 22 June 2006
artefacts are generated in conventional CT, strongly hindering the ability to delineate Accepted 4 July 2006
some organs. This is particularly the case for the planning of prostate patients with hip ) )
prostheses. This short communication presents the use of a new imaging modality, DOI: 10.1259/bjr/19559792
megavoltage cone-beam CT, to complement the regular CT for target definition of » 2006 The British Institute of
prostate cancer treatment of patients with hip replacements. Radiology

Treatment planning for external beam radiation target organ definition in seven patients treated for
therapy is based on the delineation of the anatomy prostate cancer with external beam radiation therapy. In
visualized in the planning CT scan. However, image this study, we exploited the predominantly Compton
artefacts caused by the presence of a hip replacement scattering of high-energy photons delivered in MV CBCT
often render CT images useless for prostate delineation systems to obtain 3D images of the anatomy in the
(Figure 1, left), and preclude precise dose calculation.  presence of unilateral or bilateral hip replacements and

It was recently suggested that CT-MR image registra- complement the planning CT during the target delinea-
tion could facilitate target definition for a prostate patient tion process.
with hip replacements [1]. Effectively, MR images
provide an accurate definition of the clinical target
volume (CTV) and better visualization of normal Method
structures. A number of factors, however, were found . .
to affect image quality and/or accuracy of target Acone—b_eam CT_|mage is recc_mstructed f_rom a large
definition. The standard MR couch, different from a CT Set of projection images acquired at various angles
or linac treatment couch, might result in different patient around a patient in a process similar to that of
position, and the presence of the metallic implants may conventional CT. In cone—_beam CT, a two—dlme_nsmnal
create significant distortion. Finally, in the presence of a (2D) array of detectors, in our case a portal imager
hip replacement, neither the regular CT nor the MR can 2attached to the linear accelerator (linac), is used to
provide accurate electron density information for hetero- 'econstruct a three-dimensional (3D) image. For MV
geneous dose calculation. Promising artefact reduction BCT'_ Fhe 6 MV treatment t_)eam of the acce_lerator,
techniques on regular CT are being developed to containing photons primarily in the MeV range, is used

minimize the impact of streaking artefacts [2]. At that for the imaging. .

time, they may require manual image post-processing I'A'M\I/ CB_CT syste_m 3, 4] mtegrlated onto an ONCOR

and most CT scanners available in radiation oncology Em'ca q ngac (Slemen(sj Oncology %are_ Systems,

departments are not equipped with these features. oncord, CA) was used to acquire D Images in
We report on the use of megavoltage cone-beam CT treatment position for seven prostate patients with

(MV CBCT) to complement the conventional CT for unilateral or bilateral hip prostheses. MV CBCT acquisi-
tions were performed by rotating the linac in a

continuous 200arc (270 to 110 clockwise) acquiring

Adgress Cg”eslpondence to: Drf {:e""l”f PO””;"Departme"t °f600 one portal image for each degree. Because MV CBCT
Radiation Oncology, University of California San Francisco, 1 .
Divisadero Street, Suite H1031, San Francisco, CA 94941-1708, uses the treatment beam, the treatment planning system

USA. E-mail: pouliot@radoncl7.ucsf.edu. (Pinnacle, Phillips, Best, The Netherlands) was used to
This research was supported by Siemens Oncology Care Systems. evaluate the dose delivered during an MV CBCT
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Figure 1. Comparison of a conven-
tional CT (left) and megavoltage
cone beam CT (MV CBCT) (right).
(A) Axial and (B) coronal views are
shown for a unilateral hip replace-
ment. (C) Axial view for a bilateral
hip replacement.

prostate, bladder and rectum. The artefacts on the tube

at the isocentre was 0.05 Gy and the acquisition lasted voltage CT obscure the border between the prostate and

45 s. The reconstructed image, a typical @26® 274
volume (27.4 ¢ 27.4 crb 27.4 cm), was available less
than 2 min after the acquisition of the first portal image.
A first order scatter correction was applied to facilitate
the adjustment of window/levels. For each patient, the
MV CBCT images were imported into the treatment
planning system and registered with the original plan-
ning CT using bony anatomy contoured on each image
set. The target volumes and organs at risk for prostate
treatment were contoured using both the CT and the MV
CBCT for single hip replacement, and using only the MV
CBCT for bi-lateral hip prostheses.

Results

The MV CBCT images could be used to visualize
clearly the hip prosthesis and bony anatomy and provide

anterior wall of the rectum (Figure 1A, left) and the
interface between the prostate base and the bladder neck
(Figure 1B, left). The MV CBCT images were particularly
useful to help delineate these structures as well as the
lateral extension of the prostate in the axial plane, the
seminal vesicles and the lymph nodes. Also, normal
anatomy such as pelvic bones, penile bulb, bladder,
femoral heads, rectum and small bowel can be deli-
neated with higher accuracy as well.

An example of organ segmentation is presented in
Figure 2. The change of shape of the prostate (red),
bladder (green) and rectum (blue) between the CT (left)
and the MV CBCT (right) can be easily observed. In this
study, the time intervals between the CT and the MV
CBCT ranged from a few hours to 1 week. By itself, this
can explain the change in rectum and bladder volumes
due to different fillings. For the six patients with a single
hip replacement, the posterior limit of the prostate was

sufficient soft-tissue contrast to help delineate thefound to be more anterior, and therefore the prostate

2of 4
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volumes contoured with the help of MV CBCT were
generally smaller than the volumes that would have been
estimated using only the regular CT containing severe
artefacts. These smaller prostate volumes may prevent
overdosage of the rectum. Target delineation for the
patient with bilateral hip prostheses was entirely
performed using the MV CBCT, since the relevant
organs were totally obscured due to the severity of the
artefacts on the conventional CT.

Discussion

Image artefacts (Figures 1 and 2, left) caused by the
presence of hip replacements render regular CT images
difficult to use for prostate delineation. In contrast, the
presence of high-Z material has relatively little impact on
the image quality of MV CBCT.

Tests performed on phantoms [5] showed that the
presence of a metallic object strongly impacts on
Hounsfield numbers (up to 70% error) of a conventional
CT image and therefore disturbs the electron density
even far away from the object, making CT inaccurate for
dose calculation. For this reason, CT treatment plans of
patients with hip replacements are generally produced
without density correction. Similar tests performed with
MV CBCT on a phantom with and without a metallic
object demonstrated that Hounsfield numbers remain
unchanged (within 3%) in the presence of metallic
objects, allowing for significantly more accurate dose
calculation. Thus, the next step after using MV CBCT for
image segmentation will be to use MV CBCT for dose
calculation. Research to develop calibration procedures

The British Journal of Radiology

Figure 2.Segmentation of the
bladder, prostate and rectum using
the conventional CT (left) and the
megavoltage cone beam CT (MV
CBCT) (right) shown on the (A) axial,
(B) sagittal and (C) coronal views.

to use MV CBCT for dose calculations is being
performed. There is also ongoing technical development
to increase the field of view of the current version of MV
CBCT (27 cn® 27 cm) to encompass the entire pelvic
region.

The possibility of considering dose escalation proto-
cols depends on the ability to identify the prostate
volume and critical structures for treatment planning,
and the accuracy of the dose calculation. Because of
degradation of image quality in the presence of high-Z
material, treatment planning and dose calculations are
limited in these settings. Consequently, patients with hip
prostheses may not be candidates for advanced treat-
ment planning like intensity-modulated radiotherapy
(IMRT). With the advance capability of using MV CBCT
in the treatment planning software, it is now possible to
deliver accurately higher doses of radiation to the
prostate in patients with hip prosthesis. While MV
CBCT acquisition dose is two to three times higher than
a conventional CT, it represents only a very small
fraction ( 0.1%) of the treatment dose. With dose
escalation these patients may benefit from a decreased
risk of treatment failure.

MV CBCT in the presence if high-Z material may
improve treatment planning, allowing patients with
pelvic malignancies and hip prostheses the most
advanced form of radiation therapy.

Conclusion

MV CBCT provides 3D anatomical information of the
patient in the treatment position, even in the presence of
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“CT non-compatible” objects. MV CBCT registered with
the planning CT can complement missing information
and facilitate segmentation for planning purposes when
hip prostheses are present.

References

1. Charnley N, Morgan A, Thomas E, Wilson S, Bacon S, Wilson
D, et al. The use of CT-MR image registration to define target
volumes in pelvic radiotherapy in the presence of bilateral
hip replacements. Br J Radiol 2005;78:634-6.

2. Yazdia M, Gingras L, Beaulieu L. An adaptive approach
to metal artifact reduction in helical computed tomography

4 of 4

3. Pouliot J,

5.

231

M Aubin, O Morin, J Chen et al

for radiation therapy treatment planning: experimental
and clinical studies. Int J Radiat Oncol Biol Phys 2005;62:
1224-31.

Bani-Hashemi A, Chen J, et al., Low-dose
megavoltage cone-beam CT for radiation therapy. Int J
Radiat Oncol Biol Phys 2005;61:238-46.

. Morin O, Gillis A, Chen J, Aubin M, Bucci MK, Pouliot J.

Megavoltage cone-beam CT: system description and IGRT
clinical applications. Special issue on image-guided radiation
therapy (IGRT). Med Dosim 2006;31:51-61.

Aubin M, Morin O, Bucci K, Chan A, Chen J, Ghelmansarai

F, et al. Megavoltage conebeam CT to complement prostate
planning CT in presence of hip prosthesis. ESTRO Annual
Meeting (abstract), Lisbon, 2005.

The British Journal of Radiology



232

Int. J. Radiation Oncology Biol. Phys., Vol. 66, No. 2, pp. 323-326, 2006
Copyright © 2006 Elsevier Inc.

Printed in the USA. All rights reserved

0360-3016/06/$—see front matter

ELSEVIE doi:10.1016/j.ijrobp.2006.05.038

RAPID COMMUNICATION

IMAGE-GUIDED RADIOTHERAPY USING MEGAVOLTAGE CONE-BEAM
COMPUTED TOMOGRAPHY FOR TREATMENT OF PARASPINOUS TUMORS
IN THE PRESENCE OF ORTHOPEDIC HARDWARE

Eric K. HANSEN, M.D., Davib A. LaArsoN, M.D., Pu.D., MicHELE AuBIN, M.Sc.E.E.,
JosePHINE CHEN, PH.D., MARTINA DEscovicH, PH.D., Amy M. GiLLis, M.D., OLiviER MoriN, B.Sc.,
PinG Xia, PH.D., anp JEAN PouLioT, PH.D.

Department of Radiation Oncology, University of California San Francisco, San Francisco, CA

Purpose: This report describes a new image-guided radiotherapy (IGRT) technique using megavoltage
cone-beam computed tomography (MV-CBCT) to treat paraspinous tumors in the presence of orthopedic
hardware.

Methods and Materials: A patient with a resected paraspinous high-grade sarcoma was treated to 59.4 Gy with
an IMRT plan. Daily MV-CBCT imaging was used to ensure accurate positioning. The displacement between
MYV-CBCT and planning CT images were determined daily and applied remotely to the treatment couch. The
dose—volume histograms of the original and a hypothetical IMRT plan (shifted by the average daily setup errors)
were compared to estimate the impact on dosimetry.

Results: The mean setup corrections in the lateral, longitudinal, and vertical directions were 3.6 mm (95% CI,
2.6-4.6 mm), 4.1 mm (95% CI, 3.2-5.0 mm), and 1.0 mm (95% CI, 0.6—1.3 mm), respectively. Without corrected
positioning, the dose to 0.1 cc of the spinal cord increased by 9.4 Gy, and the doses to 95% of clinical target
volumes 1 and 2 were reduced by 4 Gy and 4.8 Gy, respectively.

Conclusions: Megavoltage-CBCT provides a new alternative image-guided radiotherapy approach for treatment
of paraspinous tumors in the presence of orthopedic hardware by providing 3D anatomic information in the
treatment position, with clear imaging of metallic objects and without compromising soft-tissue information.
© 2006 Elsevier Inc.

Image-guided radiotherapy, Megavoltage cone-beam computed tomography, Intensity-modulated radiotherapy,
Primary spine tumor, Metastatic spine tumor.

INTRODUCTION out special techniques that allow highly accurate setup and
dose escalation (8—11), some patients who might benefit
from radiotherapy may remain untreated or may be treated
with doses unlikely to provide long-term local control.

Megavoltage cone-beam computed tomography (MV-
CBCT) is a new imaging technique used in image-guided
radiotherapy (IGRT) to correct patient setup immediately
before treatment (12, 13). MV-CBCT allows rapid acquisi-
tion of 3D images that can be registered with the planning
CT with millimeter precision. The artifact and image deg-
radation associated with kilovoltage (kV) CT imaging in the
presence of high atomic number material is greatly reduced
with MV-CBCT.

Each year in the United States, approximately 25,000 indi-
viduals develop metastatic spinal cord compression and an
additional 400 persons develop primary bone/soft tissue
spine sarcomas (1, 2). Surgery plays a primary management
role and permanent metallic hardware is often required (3).
For “radioresistant” histologies and for retreatment of
paraspinous tumors, spinal cord tolerance limits radiother-
apy doses (4-6).

IMRT provides conformal treatments that spare normal
tissues, but sharp dose gradients require accurate delinea-
tion of hardware and anatomy and accurate daily setup.
Unfortunately, postoperative hardware artifact on standard

computed tomgraphy or magnetic resonance imaging may
make image fusion or dosimetry problematic during treat-
ment planning. A 5% to 10% dose reduction to tissues in
regions behind stabilization rods has been noted (7). With-

We provide the first clinical report on the use of MV-
CBCT to aid in treatment of a patient with implanted
hardware after surgery for a paraspinous high-grade sar-
coma.

Reprint requests to: Jean Pouliot, Ph.D., University of California
San Francisco, 1600 Divisadero Street, Suite H-1031, San Fran-
cisco, CA 94115. Tel: (415) 353-7175; Fax: (415) 353-9883; E-mail:
pouliot@radonc17.ucsf.edu
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METHODS AND MATERIALS

Case report

A 62-year-old woman developed progressive mid-back pain and
lower extremity weakness. MRI revealed a T3 pathologic com-
pression fracture secondary to a 3.3-cm mass involving the T3
vertebral body with posterolateral extension, resulting in spinal
stenosis and spinal cord edema (Fig. la). CT of the chest, abdomen,
and pelvis revealed no metastases. The patient underwent urgent
posterior T2 to T4 laminectomy, T3 posterior corpectomy, T1 to T6
posterior spinal fusion and instrumentation, and strut graft with T2 to
T4 humeral ring allograft placement. The tumor involved the T3
vertebra with invasion of adjacent musculature. All gross tumor was
removed in fragments. Pathology revealed a high-grade undifferenti-
ated sarcoma. Postoperative MRI revealed no obvious residual tumor,
but hardware artifact limited interpretation (Fig. 1b). Postoperative
IMRT was recommended to reduce risk of local recurrence.

Treatment planning

The patient underwent spiral CT simulation with 3-mm spacing
with head and shoulder thermoplastic mask immobilization. Target
volumes and normal structures were contoured by physicians. MV-
CBCT imaging was later obtained and fused with the planning CT to
confirm accurate delineation of hardware, normal tissues, and target
volumes. Clinical target volume 1 (CTV1) represented areas at high-
est risk for residual/recurrent disease based on intraoperative findings
and postoperative imaging. Clinical target volume 2 (CTV2) repre-
sented tissues thought to harbor moderate risk of microscopic disease,
and extended 1 to 2 cm in axial dimensions and 2 to 4 c¢cm in
craniocaudad directions beyond CTV 1. Planning volume expansions
were used on the spinal cord (3 mm) and esophagus (2 mm). The
IMRT plan (Fig. 1c). was generated using 9 axial beam angles using
inverse planning (Corvus, Nomos Corporation, Cranberry Township,
PA). Electron density corrections were performed after overriding
areas of artifact on the planning CT that were distinct from the
hardware on optimally windowed planning CT images; this was later
confirmed with fused MV-CBCT images. A dose of 58 Gy was
prescribed to the 72% isodose line in 29 fractions. (The total dose was
59.4 Gy, however, as the patient received an additional 1.4 Gy over
the treatment course related to the verification and daily MV-CBCT
and flat-panel imaging with 6 MV photons: [31 acquisitions (1 veri-
fication MV-CBCT & 30 pre-treatment MVCBCTS, including two on
the day of significant rotational setup error) X (4.5 MU/MV-CBCT
acquisition + 2 MU/pair of flat panel images) X 0.7 cGy/MU = 1.4
Gy]). The spinal cord volume receiving >50.4 Gy was limited to 1 cc,
and that receiving =51.5 Gy was limited to 0.1 cc.

MV-CBCT imaging

Daily MV-CBCT images were obtained with the 6-MV beam of
a clinical Siemens Primus accelerator (Siemens AG, Munich,
Germany) by rotating the gantry in a continuous 200° arc as
previously described (12). Each acquisition procedure (including
image reconstruction) lasted <2 min and required 4.5 MU. Daily
MV-CBCT images were automatically registered with the plan-
ning CT using a maximization of mutual information algorithm,
and fine adjustments were manually performed by physicians to
align anatomic landmarks based on anatomy in axial, coronal, and
sagittal planes in both regions with and without artifact (Fig. 2).
The required table shift to correct patient position was remotely
applied. A significant rotational setup error was identified once,
after which the patient was immediately repositioned and MV-
CBCT image registration repeated. Because MV-CBCT had not
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Fig. 1. (a) Preoperative axial T2 fat spin-echo magnetic resonance
image (MRI) of T3 high-grade sarcoma. (b) Postoperative axial
pure T2 MRI with hardware artifact. (c) Intensity-modulated ra-
diotherapy (IMRT) plan.

previously been used in this setting, daily orthogonal flat-panel
images were obtained after the table shifts to confirm position of
the isocenter using the traditional 2D approach. During the first
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Fig. 2. Three-dimensional (3D) image registration of megavoltage cone-beam computed tomography (MV-CBCT)
(orange) with planning CT (grayscale) in all 3 planes. Inset demonstrates 3D MV-CBCT reconstruction of hardware
without typical artifact.

week, orthogonal flat panel images were acquired at the end of
treatment to confirm that the patient did not move during dose
delivery (range, 0-2.2 mm).

RESULTS

The entire pretreatment daily setup procedure was per-
formed in 6—8 min. The range of required daily table shifts
in the right(—)/left(+), inferior(—)/superior(+), and poste-
rior(—)/anterior(+) directions were —9.4 to 9.4 mm, —9.5
to 4.0 mm, and —3.5 to 1.0 mm, respectively. The mean
magnitude of setup corrections obtained from the daily

MV-CBCT imaging in the lateral, longitudinal, and vertical
directions were 3.6 mm (95% CI = 2.6—-4.6 mm), 4.1 mm
(95% CI = 3.2-5.0 mm), and 1.0 mm (95% CI = 0.6-1.3
mm), respectively.

To estimate the impact of the daily MV-CBCT shifts on
dosimetry, the inverse planning system was used to create a
hypothetical IMRT plan by applying the beam configurations
of the original IMRT plan to the same planning CT with the
isocenter shifted by the mean shifts listed above. The dose—
volume histograms of the original and hypothetical IMRT
plans were then compared. Had daily shifts not been detected
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Table 1. Dosimetric comparisons

Original IMRT Plan
(achieved with daily
MV-CBCT setup

Hypothetical IMRT Plan
(without correcting mean
setup errors obtained via

Location corrections) daily MV-CBCT)

Spinal cord

D 50.3 Gy 58.9 Gy

Dy 1cc 51.5 Gy 60.9 Gy
CTV1

Dyq 479 Gy 42.3 Gy

Dys 51.6 Gy 47.6 Gy

Vs 88.5% 81.7%
CTV2

Dyq 44.7 Gy 38.3 Gy

Dys 49.5 Gy 44.7 Gy

Vos 87.0% 80.0%

Abbreviations: CTV = clinical target volume 1; CTV2 = clin-
ical target volume 2; D, .. = dose to 1 cc of the volume; D, .. =
dose to 0.1 cc of the volume; Dys = dose to 95% of the volume;
Dyo = dose to 99% of the volume; IMRT = intensity-modulated
radiotherapy; MV-CBCT = megavoltage cone beam computed
tomography; Vo3 = percentage of volume receiving =93% of the
prescribed dose.

and corrected, spinal cord dose would have increased, and
target volume coverage would have decreased (Table 1).

The patient developed no acute side effects during treat-
ment, and her lower extremity strength and ambulation
remains stable.

DISCUSSION

There are several obstacles to treating patients with paraspi-
nous tumors with orthopedic hardware using other techniques.
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Metallic implants create image distortion with standard kV CT
and MRI, which can impede image fusion and accurate delin-
eation of hardware and anatomy, thereby limiting subsequent
electron density corrections and dose calculations. Hardware
artifact in standard digitally reconstructed radiographs may
also preclude accurate identification of landmarks during im-
age registration, although the use of digitally composited ra-
diographs is an innovative solution (8). Traditional 2D port
films or flat panel images do not show out-of-plane rotation,
which is easily visualized with MV-CBCT. In the setting of
extensive hardware, implanted fiducial markers and/or small
screws or pins used for tracking with the CyberKnife system
(Accuray Inc., Sunnyvale, CA) (9, 10) sometimes cannot be
adequately imaged. Even with the excellent dose distributions
of protons, without accurate daily setup, spinal cord tolerance
could be at risk.

This rapid communication demonstrates that MV-CBCT
provides a new alternative IGRT approach for the treatment
of paraspinous tumors in the presence of orthopedic hard-
ware. The speed of the MV-CBCT procedure demonstrates
that clinically useful MV-CBCT can be performed on a
daily basis. Ongoing studies will define the role of MV-
CBCT in aiding contouring and improving dose calculations
(12-15). Future investigations will compare MV-CBCT
techniques with other reported methods for treatment of
these patients.

CONCLUSION

Megavoltage-CBCT provides a new alternative IGRT ap-
proach for treatment of paraspinous tumors in the presence of
orthopedic hardware by providing 3D anatomic information in
the treatment position, with clear imaging of metallic objects
and without compromising soft-tissue information.
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