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ABSTRACT

In the past few years, numerous explicit and implicit methods have arisen to deal with
the problem of intra-fractional, more specifically, respiration-induced lung tumor
motion. Regardless of the method of choice (explicit, implicit, standard), all planning
computed tomography (CT) data sets, with the exception of breath-hold acquisitions,
are acquired while the target is non-stationary and are thus subject to the presence of
motion artifacts. While the presence of these motion-induced aberrations is generally
acknowledged, there exists a paucity of published literature concerning their
quantification. In the current pursuit to achieve better treatment outcomes in
conformal lung radiotherapy, a better understanding must be gained of the detrimental
effects of respiration-induced tumor motion upon CT imaging. In this doctoral work,
the principles of motion artifacts in CT, the functional dependence of motion artifacts
associated with lung tumor motion and the impact of respiration-induced tumor motion
upon CT image integrity and target delineation were investigated. A filtered
backprojection (FBP) computer mode] developed in MATLAB and experimentally
validated under both static and dynamic conditions served as the main investigational
tool. Overall, it was found that respiration-induced motion projects the reconstructed
object in directions displaced from its velocity vector. This is in contrast to the
smearing of mobile objects in planar radiography which is always along the line of
motion. It was also found that spatial extent of a mobile object is distorted from its

true shape and location and does not accurately reflect the total volume occupied by
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the mobile object during the extent of motion captured. Finally, the presence of
motion during data acquisition leads to density distributions that are altered from their
true physical time-averaged density distributions. A byproduct of this research was the
development of a slice-specific imaging technique which provides direct assessment of
the extent of free-breathing tumor motion without recourse to gating techniques. The
methodology, better known as phase sequence image, was experimentally evaluated
using a three-dimensional lung tumor motion phantom and found to accurately

estimate the internal target volume at a contrast threshold level of about 20 %.
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Figure 2.13 Reconstruction illustrated for a static sphere: (a) Sinogram, (b) Locus of
all line integrals passing through the centroid point of the sphere in
sinogram space, (c) Projections through a specific point, (d) Simple
backprojection (BP) image, (e) Filtered backprojection (FBP) image, and
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line (FBP)) and E-D (dashed gray line (BP), solid gray line
(032330 ) T PSPPIt 59

Figure 2.14 Principles of motion artifacts in CT for a sphere moving within the
imaging plane: (a) Sinogram, (b) Locus of all line integrals passing
through the centroid point of the mobile sphere in sinogram space, (c)
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Figure 2.15 Principles of motion artifacts in CT for a sphere moving perpendicular to
the imaging plane: (a) Sinogram, (b) Simple backprojection (BP) image,
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Graphic representation of three-dimensional motion phantom used in the
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Figure 3.9 (a) Simulation sinograms, and (b) Simulation images of a 6.4 mm POM
cylinder moving along the horizontal axis of the scanner with various
amplitudes of motion [25, 30, 35 mm]. Simulation parameters: (/,y =
Ad2,Lp=0,1Ly=0, A, = variable, 4,=0,4.=0, a=0.5,n=1, ¢ = 0°,
0= 00 et 110

Figure 3.10 (a) Simulation sinograms, and (b) Simulation images of a 6.4 mm
diameter POM cylinder moving along the horizontal axis of the scanner
with various phase of motions [0°, 45°, 90°]. Simulation parameters: (/y
=Ad2, Lp=0,L9p=0,4,=25mm, 4,=0,4.=0, a=05,n=1, ¢ =
variable, ¢ = 0%) .. oun i 111

Figure 3.11 (a) Simulation sinograms, and (b) Simulation images of a 6.4 mm POM
cylinder moving along various angular lines, 8 (¢,), of the scanner [180°,
225°,270°). Simulation parameters: (kg = Ay/2, lyg = A,/2, Ly=0, Ac + A4,
=25mm, 4. = 0, a =05 n =1 ¢4 =0 ¢ =0, ¢ =

Figure 3.12 (a) Simulation sinograms, (b) Simulation images, and (c¢) Central
horizontal profiles (CHPs) of a 6.4 mm diameter POM cylinder moving
along the horizontal axis of the scanner with various asymmetry
parameters [1, 2, 3]. Simulation parameters: (I,p = 4,/2, Ly =0, L.y =0, A,
=25 mm, 4, =0, 4. = 0, ¢ = 0.5, n = variable, ¢, = 0°, ¢, =
00 e, 113

Figure 3.13 The angular dependence of motion artifact pattern upon beta (5 ), an
angle which defines the angular difference between the orientation of
motion in the imaging plane, & (¢,), and the initial projection angle, ¢,.
() Simulation images for various beta values [180°, 135°, 90°] and a 25
mm motion along the horizontal axis of the scanner (8 (@) = 0°). (b)
Simulation images for various initial projection angles [0°, 45°, 90°] and
a constant beta value of 180°. Simulation parameters: (/g = 4./2, L=
Af2,lp=0,4: + A, =25mm, =05, . =0°% ¢,=0n=1, g, =
VATADIE). .- e e, 114

Figure 3.14 (a) Simulation sinograms, (b) Simulation images using infinitesimal slice
width, (c) Experimental CT images, and (d) Simulation images using
finite slice width of a 25 mm POM sphere moving along the z-axis of the
scanner (orthogonal to image plane) and scanned under various alpha
conditions [0, 0.25, 0.5, 0.75, 1]. Simulation parameters: (/x» =0, /iy = 0,
lg=A2,4,=0, 4, =0, 4- = 25 mm, o = variable, n =1, ¢- = 45°, ¢, =
00 ettt e e 115
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Experiment (2) and simulation (b) target delineation results for a 25 mm
diameter sphere scanned at z = 0 mm where partial volume effects are
minimal. Three gray-level threshold contours are shown, I (dotted
line), Isp (dashed line) and Igp (solid lin€)......cccvvieiniiiiiinia.... 157

Experiment (a) and simulation (b) target delineation results for a 25 mm
diameter sphere scanned at z = 9 mm where partial volume effects are
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Figure 4.14 Time-averaged and CT reconstructed images for the medium sphere
(diameter = 30 mm) undergoing a small SHM (4, = 4z = 5 mm) and
imaged with a rapid 1 second acquisition time (alpha = 0.25). Also
shown are the percent density difference maps within the TXO and
within a 10 mm region surrounding the TXO along with their
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Figure 4.15 Time-averaged and CT reconstructed images for the medium sphere
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(diameter = 10 mm) undergoing a small SHM (4, = 4z = 5 mm) and
imaged with a rapid 1 second acquisition time (alpha = 0.25). Also
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Figure 4.18 Time-averaged and CT reconstructed images for the small sphere
(diameter = 10 mm) undergoing an intermediate SHM (4, = 4z = 15 mm)
and imaged with a rapid 1 second acquisition time (alpha = 0.25). Also
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Figure 4.20 Time-averaged and CT reconstructed images for the large sphere
(diameter = 50 mm) undergoing a small SHM (4, = 4z = 5 mm) and
imaged with a ‘slow’ 4 second acquisition time (alpha =1). Also shown
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mm region surrounding the TXO along with their corresponding
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Figure 4.21 Time-averaged and CT reconstructed images for the large sphere
(diameter = 50 mm) undergoing an intermediate SHM (4, = 4z = 15 mm)
and imaged with a ‘slow’ 4 second acquisition time (alpha = 1). Also
shown are the percent density difference maps within the TXO and
within a2 10 mm region surrounding the TXO along with their
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Figure 4.22 Time-averaged and CT reconstructed images for the large sphere
(diameter = 50 mm) undergoing a large SHM (4, = 4z = 25 mm) and
imaged with a ‘slow’ 4 second acquisition time (alpha = 1). Also shown
are the percent density difference maps within the TXO and within a 10
mm region surrounding the TXO along with their corresponding
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Figure 4.23 Time-averaged and CT reconstructed images for the medium sphere
(diameter = 30 mm) undergoing a small SHM (4, = 4z = 5 mm) and
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Figure 4.24 Time-averaged and CT reconstructed images for the medium sphere
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LIST OF ABBREVIATIONS

AP Anterior-posterior

ART Algebraic reconstructive technique
BP Backprojection

CAD Cumulative absolute difference

CC Cranial-caudal

CCTV Composite clinical target volume
CHP Central horizontal profile

CT Computerized tomography

CTvV Clinical target volume

FBP Filtered backprojection

FOM Field of measurement

FOV Field of view

FWHM Full width at half maximum
FWTM Full width at tenth maximum

GTV Gross tumor volume

HU Hounsfield unit

ICRU Internal Commission on Radiation Units and Measurements
M Internal margin

IMRT Intensity modulated radiation therapy
ITV Internal target volume

LR Left-right

MITV Minimum internal target volume
MTF Modulated transfer function

NCIC National Cancer Institute of Canada
NSCLC Non-small cell lung cancer

PET Positron emission tomography
POM Polyoxymethylene

PSF Point spread function
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PSI
PTV
ROI
RTRT
SCLC
SHM
SI
SSP
TXO
TVO
UFCT

Phase sequence imaging

Planning target volume

Region of interest

Real-time tumor tracking radiotherapy

Small cell lung cancer

Simple harmonic motion

Superior-inferior

Slice sensitivity profile

Total cross-sectional area occupied by the mobile object
Total volume occupied by the mobile object

Ultra-fast computerized tomography

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Chapter 1: Introduction to the problem of intra-fractional tumor

motion in lung radiotherapy
1.1 Lung cancer and radiotherapy

Lung cancer remains the leading cause of cancer death in Canada. Roughly
one-third of cancer deaths in men (29.6%) and one-quarter of cancer deaths in women
(25.5%) are due to lung cancer alone. With an estimated 9,800 new cases in women
and 11,900 new cases in men, lung cancer is the second leading form of cancer in
Canada. On average, 417 Canadians will be diagnosed with lung cancer every week

and 363 Canadians will succumb weekly from this disease [NCIC 2004].

Two histological types describe the majority of primary lung cancers, small-
cell lung cancer (SCLC) and non-small-cell lung cancer NSCLC). SCLC accounts for
20 percent of all lung cancers and is defined as a malignant transformation of the
neuroendocrine cells [Mo 2001]. NSCLC, the most prominent type of lung cancer, is
of epithelial origin and includes such cell types as adenocarcinoma, squamous cell

carcinoma and large-cell carcincoma [Kh 1999, Mo 2001].

The prognosis for lung cancer remains dismal, with a 15 % overall five-year
relative survival rate [Ke 2004a). Surgical resection, the treatment of choice for
patients with clinical Stage I and II NSCLC, yields a disappointing 30 % five-year
survival rate and is limited in applicability to only 20 % of all cases [An 2000]. For
those patients with medically inoperable stage 1 and II lung cancer, radical
radiotherapy may be administered.  Unfortunately, radiotherapy alone, or in
combination with chemotherapy, has to date proven inadequate in curing the vast
majority of lung cancer patients treated with radical intent. Local control rates with
conventional radiotherapy as low as 6 — 32 % at five years have been reported in the
literature [S1 1998]. Efforts at improving treatment outcome through dose escalation

are currently underway. Unfortunately, tumor recurrence at the primary disease site is
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still observed when doses are elevated by 50 % over levels previously deemed

necessary [Me 2001].

One highly plausible explanation for the current noted failure to achieve local
tumor control in lung radiotherapy is inadequate coverage of the tumor with treatment
portals (geometric failure). Improper management of geometrical uncertainties, such
as inaccuracies in the delineation of the gross tumor volume (GTV), unknown extent
of microscopic tumor involvement, variations in tumor size, shape and position due to
external and internal motion and finally patient set-up disparities, can readily result in
geometric failure. In cancer sites such as the lung, where tumors can move
significantly during the course of radiotherapy planning and treatment [Ro 1990, Ek
1998, Ha 1999, Ba 2001, Ch 2001, Si 2003], it is strongly believed that improper
management of intra-fractional tumor motion is the largest contributing factor to
geographic failure [Yu 1998, Ke 2001, Ma 2001, Bo 2002, Ch 2003, Ji 2003, Bo
2004].

1.2 Lung radiotherapy planning

The standard approach to account for planning and treatment uncertainties in
lung radiotherapy is to construct a planning target volume (PTV), which is to receive
the prescribed dose, through the application of safety margins. The PTV is a static,
geometric concept specific to radiotherapy for dose planning and specification [[CRU
1993, ICRU 1999]. Figure 1.1 illustrates the PTV and other tumor-related volumes
involved in radiotherapy treatment planning: the gross tumor volume (GTV), the

clinical target volume (CTV), and the internal target volume (ITV).

Generally, for CT-planned lung cancer radiotherapy, the gross tumor volume
(the visible extent of the malignant disease), is outlined on a slice by slice basis. In
view of the fact that microscopic involvements of the tumor are not visible in CT

images, a margin is then added to the gross tumor volume (GTV) to include suspected

o

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



microscopic spread, creating the clinical target volume (CTV). Using the latest
International Commission on Radiation Measurements and Units (ICRU)
nomenclature [ICRU 1999], to obtain the PTV requires the application of two distinct
margins, an intermal margin and a setup uncertainty margin. While the internal
margin, used in the definition of the internal target volume (ITV), must account for
variations in size, shape and position of the CTV in reference to the patient’s
coordinate system, the set-up margin must account for variations in patient-beam

positioning in reference to the treatment machine coordinate system [ICRU 1999].

Regardless of the nomenclature used to define the PTV, the overall safety
margin specified by the radiation oncologist, in consultation with the medical
physicist, must be sufficient in size to account for all possible planning and treatment
geometrical variations while concomitantly minimizing the volume of healthy tissues

which will receive the prescribed dose.

1.2.1 Management of intra-fractional tumor motion

Many centers currently evaluate the magnitude of intra-fractional lung tumor
motion present by direct observation under fluoroscopic examination using a
radiotherapy simulator [Ch 2001]. At best, this method provides only a limited
number of planar projections, usually just an anterior-posterior and medio-lateral, from
which to assess the limits of motion. The accuracy of determining internal margins by
this method is further impaired when fluoroscopy fails, as is often the case, to yield
reliable tumor edge delineation. Lacking reliable direct information, one is then forced
to make certain population-based assumptions about the size and shape of margins to

be applied.

Even if accurate motion ranges could be determined, their correct application is
problematic. The common approach to treatment planning for mobile lung tumors

utilizes a single CT scan acquired during quiet respiration. Without knowledge of the

w
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specific point or phase in the trajectory captured at each slice location, one must
assume that each CT image reveals in some manner the mean size, shape and position
of the gross tumor. The validity of this assumption was examined by Shimizu et al.
using sequential CT scanning at the same table position [Sh 2000a]. Their study
revealed that breathing motion could cause considerable changes in the area and
location of the tumor and suggested that conventional CT alone under quiet respiration

was inadequate to determine the PTV in small-field treatments for lung cancer.

In the past few years, numerous explicit and implicit methods to the problem of
dealing with respiration-induced tumor motion in radiotherapy have arisen in response

to the shortcomings associated with the preceding standard approach.

1.2.1.1 Explicit techniques

Methods that explicitly account for respiration-induced tumor motion in
radiation therapy may be broadly classified as breath-hold, forced shallow breathing,
respiratory gating and real-time tumor tracking techniques. Breath-hold techniques
significantly reduce respiration-induced tumor motion. In breath-hold radiotherapy,
respiration is altered either voluntarily through patient coaching [Ba 1998, Ha 1999,
Ma 2000, Ro 2000, Ki 2001, Ba 2001, Yo 2002, On 2003] or controlled by means of
mechanical devices such as occlusion valves [Wo 1999, Da 2001, Re 2003a, Re
2003b]. Forced shallow breathing techniques employ a stereotactic frame with an
attached pressure plate to limit intra-fractional tumor motion [Ne 2000]. Respiratory
gating techniques limit the radiation delivery, both for imaging purposes and
treatment, to a specific phase of the patient’s breathing cycle. The position and width
of the gate is determined by monitoring patient breathing using either external [Ku
1996, Ku 2000, Ma 2001, Ve 20032, Ve 2003b] or internal [Sh 2000b, Sh 2000c, Sh
2001, Ha 2002, Se 2002, Sh 2003] markers. Real-time tumor tracking radiotherapy

(RTRT) is an extension of gated radiotherapy currently under development. The
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ultimate goal of RTRT is to move the radiation beam in space so as to follow the

tumor’s changing position during the respiratory cycle [Ke 2004a, Ke 2004b].

For the most part, the above explicit methods require the implementation of
gating equipment and software not widely available in clinical environments. Even
when available, these methods are not always well tolerated by every patient.
Furthermore, recent studies have suggested that some forms of gating are not effective

and might even be counterproductive for some patients [Oz 2002].

1.2.1.2 Implicit techniques

In the absence of explicit methods, implicit techniques can be used to account
for respiration-induced tumor motion in imaging and treatment planning. The most
common implicit imaging techniques used to define the internal target volume are
‘slow’ CT scanning, positron emission tomography (PET) and four-dimensional CT.
Long acquisition times, on the order of the respiration cycle, are employed in the
‘slow’ CT scanning method to capture the full extent of tumor motion during quiet
respiration [La 2001, va 2001, de 2003]. Even though more reproducible tumor
volumes are realized with this “slow” scan method, a greater amount of motion-
induced distortions must be admitted in the images. The potential of PET to provide
patient-specific internal target volumes has recently been established under ideal
conditions [Ca 2003]. However, important clinical parameters such as edge detection
threshold values must be investigated further before this technique can be implemented
clinically [Ca 2003]. Four-dimensional computed tomography (4-D CT), employ
either gated data acquisition [Ke 2004b] or the post processing of images acquired
during free breathing [Ri 2003,Ve 2003a, Ke 2004a], to properly account for intra-
fractional tumor motion. In 4-D CT, each image corresponds to a specific phase of
motion, the entire set of which may be used to determine the mean tumor position, the

range of tumor motion and its trajectory to a specified level of accuracy.

W
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1.3 Motivation

With the exception of motion arresting (breath-hold) schemes, all planning CT
images are acquired while the target is non-stationary and as such are subject to the
presence of motion artifacts. The effective elimination of respiration-induced motion
artifacts requires scan times much shorter than possible with current clinical scanners
[Ri 1992, Mc 2000]. Correcting for the presence of motion during imaging has been
investigated [Dh 2001a, Dh 2001b, Lu 2002]. These correction techniques, however,
all require either specialized software, and or hardware (e.g. dual head CT), or invasive
patient interventions (e.g. gold seed implants), not readily available to most centers.
Hence, motion artifacts remain an integral component of all current non-motion

arresting CT planning images.

While the presence of these motion-induced aberrations is generally
acknowledged [Ch 2004, Mc 2000], there exists a paucity of published literature
concerning their quantification. The detrimental effect of motion-induced artifacts on
image quality cannot be ignored in the pursuit of improved treatment outcome [Bo
2004].

It is therefore the main goal of this doctoral work to investigate the
fundamental nature of CT image artifacts associated with motion characteristic
of lung tumors and the implications for target delineation. It will be shown that

the net effect of these motion-induced image distortions/artifacts is threefold:
@) The spatial extent of a mobile object is distorted from its true shape and
location and does not accurately reflect the total volume occupied

(TVO) during the extent of motion captured;

(@) The density of the reconstructed mobile object is altered from its true

physical time-averaged density; and
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3) The densities of the surrounding structures are also altered from their

true values.

A byproduct of this research was the development of a slice-specific imaging
technique which provides direct assessment of the extent of free-breathing tumor
motion without recourse to gating techniques. This methodology, called the phase
sequence imaging (PSI) technique, is presented in the later portion of this thesis and is
applicable in the numerous facilities which currently do not have access to methods

that explicitly account for intra-fractional tumor motion during radiotherapy.

1.4 Original contributions

While motion artifacts arising from physiological functions such as respiration
and cardiac contraction have long been acknowledged as a problem in CT, very little
quantitative material has appeared in the literature concerning the origin, nature, and
effects of these image artifacts. To the best knowledge of the author of this thesis,
having conducted an extensive review of the available literature, this work presents the
first in depth analysis of respiration-induced motion artifacts in CT. Specifically, the

following contributions of new knowledge are presented:

< IHdentification of the parameters that govern both the pattern and magnitude

of artifacts associated with continuous (periodic) motion;

< An analysis of the functional dependence of respiration-induced motion

artifact patterns;

< An analysis of the impact of respiration-induced motion upon CT image

integrity and contour delineation of the mobile object; and
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< A novel approach (the PSI technique) to contour delineation of mobile lung

tumors

1.5 Thesis outline

The remainder of this thesis is organized into five chapters. Chapter 2
presents the basic principles of image artifacts generation in CT associated with
continuous tumor motion. In addition, a detailed section is provided on the
benchmarking of the CT simulation filtered backprojection algorithm used in Chapters
2, 3 and 4. Chapter 3 provides an investigation of the functional dependence of
motion artifacts associated with respiration-induced lung tumor motion. Chapter 4
examines the impact of respiration-induced tumor motion on CT image integrity and
target delineation. Chapter 5 presents a slice-specific CT imaging technique to reveal
the total volume occupied by mobile tumors for non-gated lung radiotherapy. Finally,

Chapter 6 provides a summary, general conclusions and future perspectives.
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GTV - Gross tumor volume
E CTV - Clinical target volume
1 1TV -Internal target volume

PTV - Planning target volume

Figure 1.1 Planning target volume and other relevant target related volumes

encountered in radiotherapy.
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Chapter 2: Basic principles of motion artifactin CT

2.1 Introduction

Three-dimensional conformal radiotherapy (CRT) techniques, such as
conventional 3D-CRT and intensity modulated radiotherapy (IMRT), rely heavily upon
the anatomical information provided by computed tomography for target volume
delineation and dose calculations. One implicit assumption in current CT image
reconstruction algorithms is the spatial invariance of objects during data acquisition.

When movement is present during data acquisition, motion artifacts arise.

There are numerous sources of motion that can be encountered during CT
scanning, each with its own detrimental effect. One such source of motion is patient
movement, often referred to in radiotherapy planning as external motion. Numerous
approaches are commonly employed during CT scanning to reduce patient motion,
including rapid scan times, immobilization techniques and patient education [Bo 2000].
Another source of motion is respiration and cardiac function. Unfortunately, even with
the relatively fast acquisition times possible with today’s scanners, internal tumor
motion associated with these physiological events can still be problematic [Bu 1994].
As indicated in the previous chapter, numerous investigators have examined the
problem of internal tumor motion associated with respiration in CT imaging. As a
result, new CT imaging techniques have been developed, including breath-hold, ‘slow’
spiral, gated and very recently four-dimensional CT scanning [Ku 1996, Ba 1998, Ha
1999, Wo 1999, Ku 2000, Ba 2001, Da 2001, Se 2002, La 2001, va 2001, Sh 2003, On
2003, Ri 2003, Ke 2004a, Ke 2004b].

With the exception of breath-hold imaging schemes, all current approaches
acquire images while the target is non-stationary and, as such, are subject to the

presence of motion artifacts. Because the outcome of modern radiotherapy is highly

governed by the accuracy of target volume dclineation, it is important to understand
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how these motion artifacts arise in CT imaging and their effects on the images
produced. It is thus the main objective of this chapter to describe the basic principles
which govern the artifacts that arise in CT images due to continuous internal tumor

motion of the form associated with free-breathing respiration.

2.2 Background

2.2.1 Historical overview of CT

Even though computed tomography (CT) surfaced in the early 1970s, the
mathematical ideas on which it is based were developed by Radon in 1917 [Ka 1988,
Bu 1994]. Radon revealed that the distribution of a material property in an object layer
could be derived if the integral values along any number of lines passing through that
layer were known [Bu 1994]. Radon’s central slice theorem, which is the key to
tomographic imaging, wasn’t exploited for medical purposes until 1963 [Ka 2000]. In
an effort to improve radiotherapy planning, A.M. Cormack, a physicist at Tufts
University, developed, without knowledge of Radon’s work, a method of determining
linear absorption coefficient distributions based on transmission measurements [Co
1963a, Co 1963b, Ka 2000]. Cormack carried out experiments using gamma-rays and

reported his results but never carried them any further {[Bu 1981].

It took roughly another ten years before tomographic imaging became available
clinically. In 1971, G.N. Hounsfield, an engineer at EMI Ltd, built a prototype
machine (EMI Mark I scanner) after successfully reconstructing images of a phantom
using a well-collimated gamma source and a sodium iodide scintillation detector [Bu
1981, Ka 2000]. The above experimental set-up used by Hounsfield is commonly
known today as “first generation” CT scanner geometry. In this geometry, parallel
transmission measurements are acquired by first translating a well-collimated source-
detector pair across the field of measurement and then rotating to a new angular

position before repeating the above measurement procedure (see Figure 2.1a). Because
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of its simplicity, this scanning configuration is often adopted for computer simulations
[Ka 1988].

Similar to his experimental set-up, the CT prototype machine built by
Hounsfield acquired transmission measurements by means of a translation/rotation
sequence. However to speed the acquisition process, the single detector and pencil
beam arrangement was replaced by a linear array of detectors and a small fan beam as
illustrated in Figure 2.1b [Bu 1994, Ka 2000]. Even though it took several minutes to
acquire the transmission data with this “second generation” scanner geometry, the
potential of computed tomography to provide high contrast soft-tissue images was
clearly established and enthusiastically welcomed by the medical community [Bu
1981, Mc 1998].

At this point in time, only brain imaging was possible. Whole body scanning
became feasible with the advent of fan beam scanning in the mid-seventies. In 1976,
the first whole body scanner with a rotating fan beam and detector arc assembly
emerged on the market (see Figure 2.1¢) [Bu 1994, Ka 2000]. Because translation was
completely eliminated in these so-called “third geometry” scanners, scan times were
reduced to about 20 seconds. In 1978, ‘fourth-generation” CT scanners, with a ring of
stationary detectors fully encircling the patient, surfaced, leaving only the source to

rotate (see Figure 2.1d) [Ka 2000].

2.2.2 Modern CT scanners

Most modern CT scanners are based on either third or fourth generation scanner
geometry [Ka 2000]. Compared to early models, however, today’s machines are
capable of much shorter acquisition times due, in part, to the development of
continuous rotation and data acquisition systems based on slip ring technology [Ka
2000]. The introduction of slip ring technology in the late eighties also provided a

platform for the development of spiral CT in 1990 [Ka 1990, Ka 1991]. In comparison
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to conventional axial CT systems where the x-ray tube and detector assembly rotates
completely around the patient before shifting the table to a new position, attenuation
measurements in spiral CT are performed in non-planar geometry and then converted
to planar geometry via interpolation [Ka 1990, Ka 1991]. Spiral scanning offers many
advantages over conventional scanning including shorter overall scan times and the
flexibility of reconstructing transverse images at any point along the patient’s

longitudinal axis [Ka 2000].

Further reductions in volume scanning time were made possible with the
introduction of multi-row detector systems in 1994. In its infancy stage, multi-slice
scanners could acquire 2 tomographic slices in a single rotation [Ka 2000]. Nowadays,
multi-slice CT scanners can reconstruct up to 40 images per second [Philips]. Most CT
scanners available on the market today offer multi-slice imaging capabilities and are

based on “third generation” geometry [Ka 2000].

2.2.3 Basic principles of CT imaging

The fundamental principles of image reconstruction in CT can be readily
understood by considering a first generation CT scanner geometry where multiple
parallel-beam x-ray transmission measurements are obtained by first translating a well
collimated source-detector pair across the object, and then rotating it about the scanner
isocenter by small angular increments, and repeating this procedure until all
transmission measurements are acquired (see Figure 2.1a). Assuming, for simplicity,
that one has a very narrow pencil beam of mono-energetic photons and that no scatter
radiation reaches the detector, then the transmission intensity, /, (x.), is given by the

following extension of Beer’s law [Ka 2000, We 1990]

= Iu [.\'..\'}ly,
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where ¢ is the angular position of the rotated frame [x,, y,] with respect to the
stationary frame [x, y], also known as the projection angle, /, is the incident photon
intensity, u [x, y] is the two-dimensional distribution of the linear attenuation
coefficient and 4B is the source to detector line. If we further assume that Compton
scattering is the only interaction, the linear attenuation coefficient distribution may be
identified with the density distribution p [x, y] of the medium [We 1990].

Mathematically, a single projection of the object, 4, (x,), can be defined as

ﬂ»¢<x,)=1r{ L, }= [ule. vy, 2.2)

L(x)) s

or

I
iw(x,)=1n(7;r)) =k [plx, yldy, 2.3)

AB

where £ 1s a proportionality constant. For parallel beam geometry, the projection is
simply a collection of numerous parallel line integrals measured at a given projection
angle. The task of image reconstruction is to recover the linear attenuation coefficient

or density distribution from a set of projection measurements, A(x,, ¢) [Ka 2000].

There are two major categories of CT image reconstruction algorithms, namely
filtered backprojection (or corresponding Fourier) and iterative reconstruction. The
algebraic reconstruction technique (ART), one of a variety of iterative reconstruction
algorithms, is an intuitive approach to image reconstruction that was used in the first
commercial EMI scanner [Ka 2000]. In essence, ART is a mathematical “trial and
error” process in which an estimated image is iteratively corrected to approach the
“correct” image using measured transmission data [Za 1981]. Figure 2.2 illustrates the
basic principles of ART. The object in the simplified example is a 2 x 2 non-uniform

density distribution (see Figure 2.2b). The initial estimated image is a 2 x 2 uniform

[
w
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density distribution (see Figure 2.2¢). In the first pass of the reconstruction process,
the horizontal projection values (6, 6) of the estimated image are compared to those
obtained from the real object (8, 8) and the differences are equally distributed between
the corresponding pixels to generate a new estimated image (see Figure 2.2d). The
process is repeated at other projection angles until the estimated image yields the
correct projection values. Iterative techniques require that all transmission data be

collected before image reconstruction can begin and are vulnerable to noise [Za 1981].

Filtered backprojection is the reconstruction method adopted by most of the
current CT scanners as it is comparatively less susceptible to noise and is inherently
faster [Ka 2000, Za 1981]. In filtered backprojection, each measured projection is first
convolved with a kernel and then back projected along the lines of the original
projection paths (see Figure 2.3) [Ka 2000]. The type of convolution kernel used to
remove the radial blurring inherent in the simple backprojection (e.g. smoothing,

standard or edge enhancement) depends on the image characteristics sought.

Computed tomography images are displayed using CT numbers which are

related to attenuation coefficients according to the following linear scale [Ka 2000]:

CT value = ¥ =) 1000 HU (2.4)
ﬂwater

where ur and ... are the linear attenuation coefficients of tissues and water,
respectively. In honor of the inventor of computed tomography, CT numbers are
specified in Hounsfield units (HU). On the Hounsfield scale, water has a CT number
of 0 HU, air a value of — 1000 HU and soft-tissue values between roughly 20 HU and
70 HU.

The attenuation information collected during the scanning process can be

represented in a Cartesian coordinate system. better known as sinogram space [We
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1990], where the axes are given by x, and ¢, respectively. In this coordinate system,
each point corresponds to a distinct line integral in the object space [We 1990].
Conversely, the locus of all line integrals passing through a point, P, of a stationary

object traces out a cosine curve in the sinogram space [We 1990].

2.2.4 Image quality

The ability to visualize and outline internal anatomic structures in computed
tomography depends on the overall quality of the image [Bu 1994, Sp 1994]. Image
quality, however, is an intricate feature which is shaped by five main factors: spatial
resolution, contrast resolution, noise, distortions and artifacts [Sp 1994]. Here, a brief

description of each will be presented.

2.2.4.1 Spatial resolution — resolution at high contrast

Conceptually, spatial resolution describes the capability of an imaging system
to differentiate small objects that are adjacent to one another [Ha 1991]. Spatial
resolution can be measured directly with hole patterns and bar tests or indirectly from
the point spread function (PSF) and modulation transfer function (MTF) [Mc 2003]. In
a perfect imaging system, every point in the object would correspond to a point in the
image [Sp 1994]. However, in real systems, image blur is an unavoidable reality.
Numerous factors contribute to the blurring process in computed tomography systems,
including focal spot size, detector width, ray sampling, pixel size and choice of

convolution kernel [Mo 1983].

Since computed tomography can, to some extent, be modeled as a space-
invariant, linear imaging system, any image, / [x, v], at a given slice location [z = zy;,]
can, to a first approximation, be mathematically computed in advance according to [Ka

2000]:

S
(9]
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I[x,y]= Olx, y]® PSF|x,y] (2.5)

where O[x,y] is the object’s two-dimensional density distribution and PSF[x,y] is the

blurring function of the imaging system.

2.2.4.2 Contrast resolution — resolution at low contrast

Contrast resolution describes the system’s ability to distinguish detail at low
contrast [Ka 2000, Ha 1991]. Numerous factors, including object size, contrast between
object and background, image noise and the system’s MTF [Wa 1997] influence the
low-contrast resolution of a computed tomography imaging system. Low-contrast
resolution can be determined subjectively using specialized low-contrast phantoms.
However, a more quantitative descriptor of contrast resolution is the contrast-detail
curve, which reveals the impact of the system’s quantum noise and spatial resolution

on the detectability of object detail [Ka 2000].

2.2.4.3 Noise

Pixel noise in computed tomography results chiefly from statistical variations in
the primary and attenuated intensity measurements due to quantum noise in the
detected number of x-ray quanta [Ka 2000]. Other sources of noise, such as electronic
noise, contribute to the overall CT image noise but their input is generally minimal in
today’s modemn CT scanners [Ka 2000]. Pixel notse, o, is determined by computing
the standard deviation of image intensities from their mean value within a uniform
region of interest. Measurements for pixel noise determination are often performed

using cylindrical water phantoms.
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2.2.4.4 Distortions

Geometric image distortions present as inaccurate representations of an object’s
size, shape and location and can occur in CT as a result of mechanical misalignment of
the scanner unit during image acquisition [Ke 1991]. The most common sources of
geometric distortions are related to improper recording of gantry tilt angles and CT
couch velocity vectors, both of which lead to shearing distortions [Zy 1996]. Table
speed inaccuracies as well as errors in the enlargement or reduction of the field of view
(FOV) also lead to geometric distortions, referred to as scaling distortions [Zy 1996].
The magnitude of geometrical distortions that result during a specific image acquisition

can be assessed through the use of specialized calibration devices [Zy 1996].

2.2.4.5 Artifacts

Artifacts are simply distortions or errors in the image that are unrelated to the
object being imaged [Mo 1983]. The most common sources of artifacts are motion, the
presence of metallic objects, beam hardening, scattered radiation, partial volume
effects, sampling errors and out-of field measurements [Ka 2000, Lu 2003]. Artifacts
can appear in the image as geometrical inconsistencies, blurring, streaks or inaccurate
CT numbers [Lu 2003]. In order to improve image quality, many schemes aimed at
eliminating or minimizing these artifacts have been devised [Hs 1995, Ka 2000]. As
far as motion artifacts are concerned, many techniques have been proposed to reduce
the corresponding streaking or blurring which results. Most are, however, either
limited in their applicability or require sophisticated software/hardware not readily

available in most centers [Lu 2002, Dh 2001a, Dh 2001b, Li 2001, Cr 1996].

2.3 Computer simulations

This investigation into the effects of lung tumor motion upon CT imaging for

radiotherapy application was conducted using both experimental and computer
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modeling techniques. While experimental measurement remains the final arbiter,
computer simulations provide a powerful investigational tool with which to explore

this subject.
2.3.1 Motivation for computer simulations

Computer modeling was employed as an integral component of this
investigation because it allows better control over motion and scanning parameters
which dictate the image reconstruction process. Furthermore, since experimental CT
reconstruction is a mathematical process carried out by a computerized system,
computer modeling provides a natural avenue with which to investigate the impact of
motion upon this imaging modality. In addition, experimental images entail the
superposition of numerous processes which can confound the identification of
individual effects. For example, an object of variable cross-section moving in
directions perpendicular to the image plane may produce experimental images which
contain both orthogonal motion artifacts and partial volume effects. A method by
which one might experimentally separate these two distinct contributions is not known.
Computer modeling, on the other hand, allows the reproduction of each of these
processes separately or in combination so that the proper contribution of each may be
evaluated. Finally and most importantly, it was not possible to construct a physical
phantom replicating all the essential features of tumors in lung tissue. While lung
tumors exhibit densities typical of soft tissue (0.9 — 1.0 g/em®), and thus can easily be
constructed from tissue-equivalent materials such as wax and polystyrene [Na 2002,
Mi 2001], lung tissues, on the other hand, have a typical density range of
approximately 0.2 to 0.35 g/cm3 [Kh 2000]. Construction of a physical lung tumor
phantom with which to study motion artifacts requires the free movement of the mass
representing the tumor within the “lung tissue™ material. Practically speaking, this
requires the use of either a gaseous or liquid medium to serve as lung tissue equivalent
material. Employing a gaseous medium requires the use of a pressure vessel in order

to achieve the physical densities required which, in turn, raises numerous engineering
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difficulties with regard to ease and safety of use. With regards the use of a liquid
medium, none could be identified with a density falling within the required range. The
only common liquid which even approaches these physical requirements is hexane with
a density of 0.66 g/cm’. The generally volatile nature of low density liquids rules out
this approach. Finding an adequate physical medium within the correct density range
and which also allows free movement of macroscopic objects within it is thus highly
problematic, and hence the utility of computer modeling which is unbound by these

practical constraints.

The ability of computer simulation to accurately reproduce experimental results
under both static and dynamic conditions was assessed using high and low contrast
geometries. High contrast arrangements were provided by imaging solid test objects,
machined from Polyoxymethylene or POM material (p = 1.41 g/cms) [Dupont product
information data sheet, DuPont Company], in air (p = 0.001 g/cm3). Low contrast
geometries were achieved using the same test objects in a 20 ¢cm diameter cylindrical
water phantom (o = 1.0 g/cm?). Application to the intermediate contrast dynamic
situation more representative of real lung tumors was achieved by extrapolation
between these two bounding conditions. It is reasonable to assume that the accuracy
achieved in both the high and low contrast geometries extends to the intermediate

tumor-lung tissue contrast situation as well.
2.3.2 Description of FBP algorithm

A parallel-beam filtered backprojection (FBP) algorithm was developed in
MATLAB ([Version 6.5, Release 13, Mathworks Inc., June 2002] to compute
infinitesimally thin transverse images of static and mobile three-dimensional digital
phantoms. FBP was used throughout this research as it is the predominant
reconstruction method used in clinical settings and is the only algorithm available
experimentally for this investigation. For the purpose of modeling, all digital

phantoms were created by the superposition of circular objects of various uniform

29

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



densities [Ka 1988]. Figure 2.4 depicts a cross-sectional view of one digital phantom
used in the investigation (static 25 mm diameter POM sphere centered in a 200 mm

diameter water medium) and some of the important imaging parameters.

To reconstruct transverse CT images at a given slice location, 800 evenly
spaced parallel projections were acquired over 360° of rotation by summing the parallel
projection of each individual ellipse present in the infinitesimally thin slice. The
parallel projections were determined by computing 512 line integral values within a
circular field of measurement (FOM) using the following analytical expression [Ka
1988]

2

2,(x,)= 2@) JZ (@)= () 2.6)

where p is the density of the circular cross-section, r is the radius of the circle,
a*(p)=r*cos*(p)+r?sin’*(p) and x(p)=xcos(p)+ysin(p). Before being
backprojected onto a 512 x 512 image matrix using a linear interpolation scheme, each
parallel projection was convolved with a digital Shepp-Logan reconstruction kernel

(modified ramp filter) to minimize the radial blurring inherent to the backprojection
process [Ka 2000, Ka 1988].

2.3.3 Benchmarking of simulation program

2.3.3.1 Object density

Figure 2.5 illustrates the cylindrical step phantom, machined from a single
piece of POM, used to benchmark the simulation program. Figure 2.6 illustrates a
subset (diameters = 50, 30, 10 mm) of experimental images of this phantom acquired in
air and in water using a modified oncology medium thorax axial technique (120 kVp,

200 mA, 3 mm slice thickness, 300 mm FOV) and their corresponding central
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horizontal profiles (i.e. profile along the horizontal midline of the images). Two
distinctive features are characteristic of the experimental results. Overall, the water
images and their corresponding central horizontal profiles exhibit a greater degree of
noise than do their in air counterparts due to a significant decrease in x-ray quanta
reaching the detectors. Second, image statistics (mean intensity within a circular
region of interest and standard deviation) vary with object diameter. The latter is small
for objects scanned in a water background but substantial for objects imaged in air.
The observed variations in mean intensity and standard deviation with object diameter
are deemed to arise as a result of an improper application of beam hardening software
corrections during image reconstruction when small phantoms are imaged using full
body protocols. To test this hypothesis, the cylindrical step phantom was scanned in
air using full and half water calibration protocols. A greater degree of variation in
reconstructed density as a function of cylinder diameter was observed with the full
water calibration protocol as compared to the half water protocol. Results of these
measurements, shown in Table 2.1, are consistent with the above inference. The exact
nature of the reconstruction algorithms employed by the Picker 5000 CT scanner are,
however, proprietary, and without a complete description of the scanner’s
reconstruction algorithms, this hypothesis can not be validated with absolute certainty.
The proprietary nature of the reconstruction algorithms employed by the Picker 5000
CT scanner thus dictates that experimental image intensities must be used to calibrate
the simulation model. Density calibration data was measured using the cylindrical step
phantom with static in air and in water scans. Results obtained with the investigational
modified oncology medium thorax axial technique, used for all experimental imaging
throughout this thesis, are shown in Figure 2.7 along with their polynomial fits. Good
correlation exists as demonstrated by the resultant R values of 0.9942 (water) and
0.9968 (air), respectively. [Note: The DICOMREAD program used in MATLAB to
import and read CT data results in the rescaling of all pixel intensities (CT numbers)
within the experimental images to values between 0 and 4096. On this new scale,

water corresponds to 1000 HU while air has a value of 0 HU].
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Simulation images were generated using uniform object density values derived
from experimental CT values, as detailed above, under the general assumption that

object physical density, p,, is linearly related to CT number

CT number*p,,
= + pw
1000

P, (2.7)

where P is the water density (1 gcm3). Again, because DICOMREAD was used to
import experimental CT data into MATLAB, object densities for the simulations were

defined using the following modified equation

_L—1000) 29

Po = "1000

where I, is the mean image intensity within the selected region of interest (ROI) after

image import.

Simulation images of the cylindrical step phantom were generated using
densities derived from the above calibration curves. The accuracy of the simulation
code to reproduce experimental image detail was evaluated by comparing the

simulation central horizontal profiles with their experimental counterparts. The

normalized profiles (normalized with respect to fo) for the in air scans are depicted in
Figure 2.8. Overall, good agreement between experiment and simulation exists. A
small gradual lateral shift between experimental and simulation profiles was noticed
indicating that the cylindrical step phantom was slightly misaligned with respect to the

Z-axis.
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2.3.3.2 Unsharpness in the imaging plane

In physical CT imaging systems, many factors influence in-plane spatial
resolution, including focus size, detector size, and element spacing [Ka 2000].
However, as illustrated in Figure 2.8, the blurring contribution from these geometrical
variables is minimal. Since no significant differences are observed between the
normalized experimental and simulated profiles of cylindrical objects ranging in
diameter from a maximum of 50 mm to a minimum of 10 mm, no attempts were made

to incorporate this type of unsharpness in the computer modeling.

2.3.3.3 Partial volume effects

Experimental images of static objects whose cross-sections vary in the z-
dimension exhibit partial volume effects due to scanner finite slice data acquisition
widths. The magnitude of these effects depends upon both object geometry and the
slice sensitivity profile (SSP) of the CT scanner. Figure 2.9 presents experimental
images of a 25 mm diameter POM sphere which was imaged at various distances from
its center (z = 0 mm) using the modified oncology medium thorax axial technique
(slice width = 3 mm) with a bed index of 3 mm. Greater partial volume effects are
observed towards the periphery of the sphere where large variations in cross-section
occur. This phenomenon is readily visualized by examining profiles (see Figure 2.11a)
through the center of each image which reveal increased edge broadening as slice

location approaches the radius of the sphere.

In order to incorporate partial volume effects into the simulation model, the
SSP was measured for the 3 mm nominal slice width used throughout for experimental
investigations. SSP measurements were obtained according to the impulse method [Da
1995] using a 0.5 mm diameter steel ball bearing fastened to a styrofoam block and
scanned every 0.5 millimeters in both forward (+ z) and reverse (- z) directions.

Maximum CT numbers within the ROl immediately surrounding the steel ball were

|93
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summed from both scan directions and averaged to account for positioning errors. The
experimental SSP for the 3 mm nominal slice thickness is presented in Figure 2.10. It
can be observed that the full width at half maximum (FWHM) is 3 mm while the full
width at tenth maximum (FWTM) is 5 mm.

When no attempt is made to incorporate partial volume effects in the computer
simulation, various degrees of deviation between simulation and experiment result, as
shown in Figure 2.11b for a 25 mm diameter POM sphere in air. At slice locations,
where minimal changes in cross-sectional areas occur (z = 0), there are no
distinguishable discrepancies between the simulation and experimental central
horizontal profiles. However, at slice locations near the edge of the sphere where large
variations in cross-section take place (z = 9 and z =12 mm), deviations between

simulation and experiment are readily evident.

In order to model partial volume effects, simulation images are generated at
every 0.5 mm within the experimental SSP FWTM range (z =-2.5to z = + 2.5 mm).
The measured SSP is used to properly weight each individual image prior to
summation and renormalization. The central horizontal profiles depicted in Figures
2.12a-b indicate the utility of this approach. Good agreement between experiment and
simulation is observed at z =9 mm as a result of the partial volume modeling. Small
deviations are still observed at z = 12 mm in association with the 0.5 mm sampling
scheme. Much improved agreement is observed when a 0.25 mm sampling distance is
adopted. In this thesis, however, a 0.5 mm sampling width is used to model partial

volume effects.

The proprietary nature of the experimental reconstruction algorithm sets a
fundamental limit with regard to the accuracy expected with the computer modeling.
Subtle differences between experiment and simulation can be expected with regards to
beam compensation, reconstruction filter. partial volume effects, etc... Despite these

limitations, the agreement between experiment and simulation is very good, therefore,
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allowing this computer model to be used with confidence as an investigational tool in

future sections.
2.4 Principles of motion artifacts in CT

CT imaging presumes the temporal invariance of the object or objects under
investigation during data acquisition. When this requirement is not met, the
projections obtained form an inconsistent data set upon which to base image
reconstruction and motion artifacts result. Regarding the nature of these artifacts, a
distinction may be identified between the effects of in-plane and orthogonal motion. A
rigid object, for example, constrained solely to motion in the image plane presents the
same physical cross-section but displaced in spatial location as a function of projection
angle. By contrast, a rigid object constrained solely to motion orthogonal to the image
plane will, in general, present a cross-section which varies not only in spatial location
but also in size, shape and density distribution as a function of projection angle. The
impact of orthogonal motion upon image reconstruction is thus inherently more
complicated that that arising from in-plane motion. If deformability of objects is
allowed, the complexity of the impact of motion upon image reconstruction is further
increased. Realistic physiological motions are, of course, composed of both in-plane
and orthogonal elements and apply to deformable objects of heterogeneous
construction. For clarity and simplicity, the confounding effects of deformability and
heterogeneity will be eliminated by limiting this investigation to the consideration of
rigid homogeneous objects. As dynamics constrained to the imaging plane represent
the simplest form of motion in terms of their impact upon image reconstruction, they
will be considered separately from orthogonal movement. Finally, the effects of

motion consisting of both in-plane and orthogonal components will be examined.

The formation of motion artifacts in tomographic imaging are examined in this
section by means of computer simulation and mathematical analysis. This approach is

taken here for clarity of presentation. The validity of modeling to reproduce the
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essential features of motion artifacts in experimentally generated images will be
demonstrated later in this chapter and also in chapters 3 and 4 of this thesis. In order
to comprehend how motion artifacts arise in CT, the investigation begins by reviewing
the FBP reconstruction process of a stationary spherical object. The manner in which
motion perturbs this process is then examined. In order to clearly elucidate the physics
behind the formation of motion artifacts, the confounding presence of partial volume

effects is eliminated by using simulation images of infinitesimal slice thickness.
2.4.1 Stationary object

Let the object to be imaged be a unit density spherical object, O[x,y.z] of radius
R, centered at [x; = x, y. = 0, z. = zy.] in the imaging plane and surrounded by air
(density ~ 0 gcm3 ). Numerous projections, each consisting of 512 line integrals, are
obtained of this static object during image acquisition. This data may be represented
graphically in sinogram format as shown in Figure 2.13a. Since the object in question
is spherical, each projection in the sinogram is identical. Furthermore, the locus of all
line integrals passing through a specific point within the object’s cross-section (see
Figure 2.13b for the centroid point [x., y.]) traces out the fundamental cosine curve in

sinogram space given by:
x,(p) =r-cos(d - p) (2.9)

where r is the radial position of the point from the origin, § represents the angular
position and ¢ is the projection angle. In image space, the backprojections for this
spherical object all intersect at [x, y] (see Figure 2.13c). Because simple
backprojection (BP) is a linear process that results in a (1/#) blurred image (see Figures
2.13d & 2.13f), a specialized kernel (e.g. Shepp-Logan, as is used throughout this
work) must be convolved with each individual projection prior to reconstruction to
correct for this effect. The net result of filtered backprojection (FBP) is an image that

preserves the object’s attenuation and geometric properties (see Figures 2.13e-f).
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Under these conditions the cross-section of the imaged sphere exhibits a uniform unit
density while the surrounding area displays a corresponding constant density of zero.
Profiles along lines C-D and E-F through the centroid of the reconstructed sphere with
(solid lines) and without filtering (dashed lines) are shown in Figure 2.13f. These

profiles exhibit radial symmetry as expected.

2.4.2 Linear motion

For the purpose of this investigation, the following constant linear motion will

be imparted to the above unit density spherical object:

A.
O=0,2(0=z,,+ =00,
7T

-9,

{x(t) = %—% } (2.10)

where ¢ is the projection angle, g, is the initial projection angle and A4, and 4- are the
amplitudes of in-plane and orthogonal motions, respectively. These rather simplified
motions serve to demonstrate, in a highly visible manner, the inconsistencies which
arise in motion-impacted projection data sets. An examination of the individual
impacts of in-plane and orthogonal motion upon CT image reconstruction precedes a

treatment of more general motion consisting of both components.

2.4.2.1 In-plane

X X

. . A
Let the above unit density sphere now move from - to — 5

in a linear

fashion along the horizontal axis of the imaging plane during data acquisition. Here A,
is greater than R in order to provide better visualization of the effect of in-plane motion
upon the reconstruction process. Because motion is constrained to the imaging plane,
each projection in sinogram space retains its original profile but is now shifted in
position (compared to the static case) as the object projects to different detector

positions (see Figure 2.14a). Furthermore, the locus of all line integrals passing
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through a specific point within the object’s cross-section no longer corresponds to the
fundamental cosine curve characteristic of the static object (see Figure 2.14b for
centroid point [x.y.]). For this solitary moving object, the observed departure from the
fundamental cosine curve characteristic of the static situation renders the motion-
induced inconsistency in the projection data set readily visible. In general the shape of
the resultant curve is dependent upon both the form and extent of motion captured
during acquisition. For in-plane motion, the locus of all line integrals passing through

a point within the object’s cross-section may be described as follows:
x, (@) =r(p)- COS(H(@ -9) 2.11)

where (@) and &¢) are the radial and angular positions of the mobile point at
projection angle ¢. The inconsistencies in the projection data set, as evidenced by the
positional shifts observed in the sinogram, lead to multiple intersection points during
backprojection (see Figure 2.14c), the spatial distribution which dictates the essential
shape or pattern of the motion artifact. Significant deviations from the true path of
motion are indicated. In particular, positions displaced from to the true path of motion
are created. The (1/r) blurred image density associated with a static object is now
redistributed over a larger area of the image matrix in a pattern which no longer
preserves radial symmetry (see Figures 2.14d & 2.14f-g). Due to the linear nature of
this BP process, the resultant image may be mathematically described as a convolution
between the object O[x,y] and the linear system’s response hm[X,y] to a mobile input

delta function according to:

where

f L5, ()0 (v, (v, dp 2.13)
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The impact of filtering the motion-encoded projection data upon the reconstructed
image is illustrated in Figure 2.14e. Because in-plane motion leads to a redistribution
of the blur pattern, it also results in a redistribution of the filter. The overall effect of
filtering when in-plane motion is present during acquisition is an incomplete reduction
of radial blurring and a partial sharpening of the resultant motion artifact pattern (see
Figures 2.14f and 2.14g). The reconstruction pattern, which emerges at this slice
location, deviates markedly from the corresponding TXO contour depicted by the
white line in Figure 2.14e. The TXO contour delineates the total cross-sectional area
occupied by the mobile object at this specific slice location during the imaging process.
Significant density variations, ranging from - 0.75 g/cm3 to 0.56 g/crn3 (mean = 0.17
g/cm®) characterize the cross-sectional area encompassed by the TXO contour. Image
densities which occur along the line defining the TXO contour, beginning at ¢ = 0° (3
o’clock position) and proceeding counterclockwise to ¢ = 360°, are shown in Figure
2.14h. Clearly, no single density value characterizes the TXO contour or any other
physically meaningful area associated with this mobile object. Density values within a
10 mm radial area surrounding the TXO contour also deviate from that under static

conditions ranging, in this case, from — 0.75 g/em® to 0.37 g/cm3 .

2.4.2.2 Orthogonal motion

The consequences of orthogonal motion upon the CT image reconstruction
process may be examined by letting the unit density sphere now move perpendicularly
through the infinitesimal imaging plane during data acquisition in a linear fashion from
its initial position centered on the imaging plane at [x, = x, y. = ¥, 2 = Zgice ] 10 2 final
location at [x; = x, y. = 0. z = zg;ee + R]. Because the object’s cross-section present in
the imaging plane varies during image acquisition, both the width and intensity of the
sinogram projections change accordingly (see Figure 2.152) but follow a similar curve
to that associated with a stationary object centered at {x, = x, v. = 0,z = Zy. ] as a
result of the object’s geometric properties. In this case the motion-induced

inconsistencies in the projection data set are manifested in terms of the width and
39
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intensity variations observed in the sinogram rather than a departure from the
fundamental cosine shape as seen with the in-plane motion above. It is these variations
in the width and intensity of the projections that are responsible for the motion artifacts
observed in the unfiltered image shown in Figure 2.15b. In clinical situations,
however, where tumor geometry is more complex, orthogonal motion will, in general,
result in variations in both the width and intensity of projections as well as in positional
shifts leading to more complex motion artifacts. As with in-plane motion, the blur
pattern of the reconstructed object no longer displays radial symmetry. Similarly,
filtering the motion-encoded projection data, results in an incomplete reduction of
radial blur and a partial sharpening of the pattern of distortion (see Figures 2.15¢ and
2.15d). As with in-plane motion, profiles (lines B-C and D-E) through the mean
position of the object in the imaging plane no longer retain the radial symmetry
associated with the static object (see Figure 2.15d). While the true TXO contour
associated with this motion coincides with that of the static sphere, once again no
single density value can be identified with this contour (see Figure 2.15¢). Overall, the
density heterogeneities observed are much less severe than seen with in-plane motion,
but nevertheless they are sufficient to confound TXO delineation. Densities within the
TXO contour range, in this case, from — 0.08 g/cm’ to 1.00 g/em’ (mean = 0.66 g/cm’)
while outside this contour (within 10 mm radial area) the density heterogeneity extends

from — 0.19 g/em’ to 0.22 g/em’.

2.4.2.3 Combined motion

Combining the preceding in-plane and orthogonal motions yields the sinogram
of Figure 2.16a. Inconsistencies in this motion impacted projection data set are now
evidenced by the positional shifts observed in this sinogram, which arise due to the in-
plane component of motion, in combination with the width and intensity variations
resulting from the orthogonal component. Figures 2.16b-c demonstrate the resulting
unfiltered and filtered reconstructions which now lack the pattern symmetry observed

with the individual components of motion. The TXO associated with this motion is
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indicated by the white contour in Figure 2.16¢c. The edge enhancement that emerges
from filter application may be seen by comparing profiles (lines B-C and D-E) through
the mean position of mobile object in the imaging plane [x = 0, y = 0] as shown in
Figure 2.16d. As with the individual motion components, significant density
heterogeneity is observed throughout the image. Within the TXO contour, image
densities range from — 0.49 g/cm’ to 0.54 g/cm’ (mean = 0.16 g/cm®) while external to
this contour (within 10 mm radius)the density heterogeneity extends from — 0.72 g/cm’
to 0.38 g/em’. As with the individual motion components, isodensity contours do not

correspond to physically meaningful quantities (see Figure 2.16e).
2.5 Experimental verification

The results presented in section 2.4.2 above were generated by computer
simulation for the purpose of demonstrating the basic principles which give rise to
motion-induced artifacts and were offered without supporting experimental validation.
In order to verify the accuracy of simulation to reproduce experimental results when
motion is introduced during the imaging process, a motion phantom was constructed.
As illustrated in Figure 2.17, the phantom contains three independent motion plates
defining horizontal, vertical and orthogonal motions. A separate cam and cam follower
apparatus provides each plate with periodic motion. All three plates are coupled to a
common variable speed electric motor. The phase of motion imparted to any one plate
in relation to that of the others is dictated by the relative orientation of the cams. For
the purpose of validating the simulation software, only the horizontal (x) and

orthogonal (z) axis of motion were utilized.

Experiments were performed using simple harmonic motion (SHM) of the form

x(t) =~4,cos(a(0-0,)-8,). ¥1)=0, z()=~4.coslalp~0,)-¢.)] (2.14)
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where « depicts the acquisition time to motion period ratio, and ¢, and ¢. are the x and
z components of the phase of motion. Cam sets defining various amplitudes of motion
(Ay = A- = 2.5, 7.5, 12.5 mm) were machined and used to impart SHM to various
cylindrical (diameters = 1C, 30, 50 mm) and spherical (diameters = 10, 25, 50 mm)
POM test objects. For each orthogonal and horizontal SHM, experimental images
were acquired, in air and water, using a modified oncology medium thorax axial
technique (120 kVp, 200 mA, 3 mm slice thickness, 300 mm FOV). Since the extent
of motion captured during a single scan depends upon the initial phase of motion (as
will be demonstrated in the following chapter), a trigger apparatus was developed and
temporarily installed on the CT scanner to gate the motion at a constant phase (g, = ¢.
= 0°). Furthermore, to eliminate possible scanner angular dependence, the initial
projection angle was set to zero. Simulation images were then generated for each

motion and compared with their experimental counterparts.
2.5.1 Horizontal SHM

Figures 2.18 — 2.19 show experimental and simulation images obtained for
three POM cylinders (diameters = 10, 30, 50 mm) undergoing a specific simple
horizontal harmonic motion (4, =5, 7.5, 12.5 mm) in air and water mediums. Since a
trigger system was used to gate motion at ¢ = 0 = 5°, each experimental image
displays the same motion artifact pattern. Simulation images were generated for these
experimental conditions (¢ = 0°, ¢, = 0°) using physical densities derived from the
appropriate experimental calibration curves. Good agreement is seen between
experimental and simulated motion impacted images. Figure 2.20 illustrates the
normalized image intensity profiles measured along the horizontal midline of both
experimental and simulated images. Normalization was performed with respect to the
mean intensity measured under static conditions. Good agreement is seen to exist
between experiment and simulation, further validating the accuracy of the simulation
technique. The slight discrepancics discernable between experiment and simulation in

some of the images and profiles are attributable to experimental gating uncertainties.

42

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



An analysis of image intensity profiles from repeated measurements of the same

motion revealed the accuracy of the gating system to be £ 5°.

2.5.2 Orthogonal SHM

Experimental and simulation images obtained for three spherical POM spheres
(diameters = 10, 25, 50 mm) initially centered in the scanner at mid-trajectory position
and then scanned while undergoing SHM (4- = 5, 7.5, 12.5 mm) orthogonal to the
imaging plane in both air and water are depicted in Figures 2.21 — 2.22. In view of the
fact that partial volume effects can not be ignored when spherical test objects are
imaged using a finite slice thickness, they were included in the orthogonal SHM
simulations for comparison to experimental images. Good agreement is seen between
experimental and simulated motion-impacted images. Figure 2.23 shows the central
horizontal profiles measured from both the experimental and simulated finite slice
width images. Again, good agreement between experiment and simulation is observed
validating the accuracy of the computer model to properly incorporate partial volume

effects in the reconstructed CT images.

2.6 Summary and Conclusions

A filtered backprojection (FBP) algorithm, based on parallel-beam geometry,
was developed in MATLAB to reconstruct axial CT images of stationary and dynamic
objects. The ability of the computer model to reproduce experimental results under
static conditions was evaluated using stationary POM cylinders and spheres. Based
upon these evaluations, modifications were made to the main program to account for
partial voluming effects and the dependence of CT number upon object diameter
observed experimentally. Good agreement between computer model and experimental

results was observed with the modified FBP algorithm.
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The motion of objects during image acquisition produces inconsistencies in the
projection data set which, upon reconstruction, result in the generation of artifacts. The
formation of these motion artifacts was investigated, through the use of computer
simulation, by examining a uniform density sphere subject to three forms of linear
motion and comparing the results to that obtained under static conditions. Imaging of
the sphere under static conditions produces a sinogram which presents with the
fundamental cosine curve characteristic of a consistent projection data set. Filtered and
unfiltered CT reconstructions, along with their respective intensity profiles, derived
from this projection data were examined for comparison with motion-impacted images.
The same sphere was then imaged while it underwent a linear in-plane motion along
the horizontal axis. The inconsistencies in the projection data set which result due to
the presence of this form of motion were clearly evident in the departure from the
fundamental cosine curve observed in sinogram space. CT image reconstructions
formed from this motion impacted data set were compared to those of the static case.
Here the inconsistencies introduced into the projection data set resulted in multiple
intersection points which dictate the essential shape of the resultant image artifact. CT
reconstruction based on this motion-encoded projection data set yielded images and
intensity profiles which were significantly divergent from those of the static case. The
large density variations associated with regions both within and surrounding the TXO

render contour delineation highly problematic.

The impact of linear motion orthogonal to the image plane was examined next
and found to produce an artifact pattern quite distinct from that associated with in-
plane movement. Unlike the alterations observed with in-plane movement, this motion
impacted data set retained the fundamental cosine shape associated with static objects.
Here the inconsistencies introduced into the projection data set due to the presence of
this form of motion were evident as variations in both the size and intensity of the
object curve in sinogram space. As with in-plane motion, the substantial density
variations both within and surrounding the TXO render contour delineation highly

problematic.
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When the preceding linear motions were combined, the resultant object curve in
sinogram space clearly demonstrated both in-plane and orthogonal components with a
departure from the fundamental cosine shape and the inclusion of size and intensity
variations. As with the individual component motions, substantive density variations
both within and external to the TXO were produced in the reconstructed image which

again were of sufficient a magnitude to render contour delineation highly problematic.

Finally, the validity of computer simulation as a tool with which to investigate
the impact of motion upon CT image reconstruction was evaluated by comparison with
experimental data. The ability of simulation to accurately reproduce experimental
results associated with in-plane and orthogonal simple harmonic motion was
established using uniform POM density cylinders and spheres respectively. Good
agreement, as established by comparing both reconstructed images and intensity
profiles, was obtained for all cases examined, lending confidence to the use of
computer modeling as a valid investigational tool into the effects of motion on the

reconstruction of CT images.
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Table 2.1

Measurements of mean object CT number as a function of object diameter resulting
from various imaging protocols. Column A — Modified oncology medium thorax,

Column B — Full water calibration, and Column C — Half water calibration.

Mean CT number (Standard deviation)

Object Column A Column B Column C
diameter Modified oncology Full water scan Half water scan

(mm) medium thorax
50 318.5(18.1) 326.0 (15.8) 338.6 (1.4)
40 309.1 (17.6) 317.1(16.7) 337.8 (3.2)
30 295.3 (10.0) 301.7 (9.7) 336.1 (5.2)
20 271.6 (3.5) 275.1(3.2) 327.0(5.7)
15 259.0 (3.3) 261.0(1.9) 318.1 (6.7)
10 2493 (2.3) 253.1(2.2) 300.0 (7.6)
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Figure 2.1 Historical development of CT scanner configurations. (a) First generation.

(b) Second generation, (¢) Third generation and (d) Fourth generation.
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Figure 2.2 Simplified example of an iterative reconstruction. (a) Ten integral values
are obtained from the object and used to correct the (b) estimated image. For the
purpose of illustration, a non-zero matrix is used as the first estimate. The number

three was chosen arbitrarily. This process is repeated (c-g) until the estimate image

converges with the image of the actual object.
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(a) (b)

(d) (e)

Figure 2.3 Simplified example of a filtered backprojection reconstruction. Ten
projections (only 6 are shown) of a circular object (a) are convolved with a kernel in
the spatial domain (b) prior to backprojection (¢) to remove the radial blur inherent to
the backprojection process (d). (e) Filtered backprojection image of the object with

400 projections.
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Parallel
projection
Do)

(x,y) = Stationary coordinate system
(x..y,) = Rotated coordinate system
@ = Projection angle

¢, = Initial projection angle

@ = Angular position of point (x.y)
r = Radial position of point (x.,y)

p = Physical density of individual ellipse [g/cm?]

Figure 2.4 A schematic of the parallel-beam geometry adopted for CT image
reconstruction. At each sampled projection angle, ¢, a parallel projection is obtained
by computing 512 parallel line integrals as per Equation (2.6). In total, 800 parallel
projections are used to reconstruct a 512 x 512 image. For the purpose of modeling, all
digital phantoms were created by superposing elliptical objects of various densities.
(Shown in the above figure is a cross-sectional view of a static 25 mm diameter POM

sphere centered in a 200 mm diameter water medium.)
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Figure 2.5 Schematic of cylindrical step Delrin phantom used to benchmark simulation

program.
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Figure 2.6 Three experimental images of a step-cylindrical Delrin phantom positioned
(a) in air and (b) in water. (c) Image intensity values along a horizontal line passing
through the center of each cross-section (diameters = 50, 30, 10 mm). These profiles

are also termed central horizontal profiles in this work.
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Figure 2.7 Calibration curve used to derive the simulation density of POM objects
embedded in an air or water medium. The errors bars represent the standard deviation

within the region of interest (ROI).
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Figure 2.8 Experimental and simulation central horizontal profiles for a cylindrical

step phantom of various diameters: (a) 50 mm, (b) 40 mm, (¢) 30 mm, (d) 20 mm, (e)

15 mm and (f) 10 mm.
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Figure 2.9 Experimental images of a 25 mm POM sphere depicting various partial
volume effects. The slice location of each 3 mm CT image is indicated in the

schematic. (a) z=0mm, (b) z=3 mm, (¢) z=6 mm, (d) z= 9 mm, and (e) z = 12 mm.
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Figure 2.10 Slice sensitivity profile measured for a 3 mm nominal slice thickness

using the impulse method.
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Figure 2.11 Central horizontal profiles for a 25 mm POM sphere surrounded by an air
medium as measured from (a) experiment and (b) simulation using an infinitesimal
slice width only. The slight drop in the middle of the experimental profiles results

from the small air cavity present in the center of the POM sphere.
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Figure 2.12 Central horizontal profiles for a 25 mm POM sphere at (a) z = 9 mm and
(b) z = 12 mm. The solid line represents the experimental result while the dashed and
dotted lines correspond to the simulation results achieved using a 0.5 mm and 0.25 mm

SSP sampling distance.
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Figure 2.13 Reconstruction illustrated for a static sphere: (a) Sinogram, (b) Locus of
all line integrals passing through the centroid point of the sphere in sinogram space, (¢)
Projections through a specific point, (d) Simple backprojection (BP) image, (e) Filtered
backprojection (FBP) image, and (f) Intensity profiles along lines B-C (dashed black
line (BP), solid black line (FBP)) and E-D (dashed gray line (BP), solid gray line

(FBP)).
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Figure 2.14 Principles of motion artifacts in CT for a sphere moving within the
imaging plane: (a) Sinogram, (b) Locus of all line integrals passing through the
centroid point of the mobile sphere in sinogram space, (c¢) Projections through a
specific point blurred due to motion, (d) Simple backprojection (BP) image, (e)
Filtered backprojection (FBP) image with TXO contour (dashed white line), (f)
Intensity profiles along line B-C (dashed black line (BP), solid black line (FBP)), (g)
Intensity profiles along line E-D (dashed gray line (BP), solid gray line (FBP)), and (h)

Intensity profile along TVO contour.
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Figure 2.15 Principles of motion artifacts in CT for a sphere moving perpendicular to
the imaging plane: (a) Sinogram, (b) Simple backprojection (BP) image, (c) Filtered
backprojection (FBP) image with TXO contour (dashed white line), (d) Intensity
profiles along lines B-C (dashed black line (BP), solid black line (FBP)) and E-D
(dashed gray line (BP), solid gray line (FBP)), and (e) Intensity profile along TXO

contour.
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Figure 2.16 Principles of motion artifacts for a sphere moving both within and
perpendicular to the imaging plane: (a) Sinogram, (b) Simple backprojection (BP)
image, (c) Filtered backprojection (FBP) image with TXO contour (dashed white line),
(d) Intensity profiles along lines B-C (dashed black line (BP), solid black line (FBP))
and E-D (dashed gray line (BP), solid gray line (FBP)), and (e) Intensity profile along
TXO contour.
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Figure 2.17 Graphic representation of three-dimensional motion phantom used in the
investigation of motion artifacts in CT. Three cam actuated plates are used to define
the motion along the horizontal (x), vertical (y) and orthogonal (z) directions. An
adjustable electric motor is employed to control the motion period of a test object
attached to a removable attachment arm. For clarity only the horizontal and orthogonal

motion plates and their respective eccentric driver cams are shown.
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(c)

Figure 2.18 Experimental and simulation images of three POM cylinders undergoing a
simple harmonic motion along the horizontal axis in a water background. (a) 10 mm
diameter cylinder — 25 mm SHM. (b) 30 mm diameter cylinder — 15 mm SHM, and (c)

50 mm diameter cylinder — 5 mm SHM.
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Figure 2.19 Experimental and simulation images of three POM cylinders undergoing
a simple harmonic motion along the horizontal axis in an air background. (a) 10 mm
diameter cylinder - 5 mm SHM., (b) 30 mm diameter cylinder — 15 mm SHM. and (c)

50 mm diameter cylinder — 25 mm SHM.
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Figure 2.20 Experimental and simulation central horizontal profiles for the cylinders

and horizontal SHMs shown in Figures 2.18 — 2.19.
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Figure 2.21 Experimental and simulation images of three POM spheres undergoing a
simple harmonic motion along the z-axis of the scanner in a water background. (a) 10
mm diameter sphere — 25 mm SHM, (b) 25 mm diameter sphere — 15 mm SHM, and

(¢) 50 mm diameter sphere — 5 mm SHM.
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Figure 2.22 Experimental and simulation images of three POM spheres undergoing a
simple harmonic motion along the z-axis of the scanner in an air background. (a) 10
mm diameter sphere — 5 mm SHM, (b) 25 mm diameter sphere — 15 mm SHM, and (c)

50 mm diameter sphere — 25 mm SHM.
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Figure 2.23 Experimental and simulation central horizontal profiles for the spheres and

orthogonal SHMs shown in Figures 2.21 — 2.22.
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Chapter 3: Characterization of motion artifacts associated

with lung tumor motion

3.1 Introduction

In Chapter 2, the basic principles of motion-induced image artifact formation
were presented. The investigation was carried out using a FBP algorithm developed
in MATLAB and experimentally validated for both static and dymamic imaging
conditions. In this chapter, the same simulation program is used %o characterize
respiration-induced motion artifacts associated with lung tumor motion. The
respiration-induced lung tumor motion model used for these simulations and
experimental verifications is described in Section 3.2.1 and is validated in Section

3.2.2 with clinical data.

In an attempt to better account for tumor motion in lung radiotherapy
planning, findings are presented of an investigation into the functional nature of
motion artifacts associated with axial scanning of mobile lung tumors. The
understanding of these effects is crucial to any detailed analysis of planning CT
images acquired of structures in motion. This is especially pertinent to the CT
image artifacts that result from respiratory and cardiac motions which can contribute
to inaccurate gross tumor volume delineation. It will be shown that the image
artifacts produced by tumor motion are dependent not only upon the trajectory, scan
time and relative size of the tumor with respect to its displacement, but also on the

direction of the imaging beam at the time of acquisition initiation.
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3.2 Background

3.2.1 Motion of lung tumors

In the past few years, several investigators have characterized lung tumor
movements using a real-time tumor-tracking (RTRT) svstem [Sh 2001, Se 2002].
They reveal that the position of a lung lesion as a function of time during free-

breathing in supine position may be described by the follawing sinusoidal function:

I(6)=1,- Acosz"[z_ﬂ— ¢J G.1)

m

where 7 is a positive integer describing the shape of the sinusoidal function, /is the

position of the tumor at the end of expiration, 4 is the amplitude of motion, z, is the

period of motion (breath cycle) and ¢ is the initial phase ¢f motion [Lu 1999].

In the above studies [Sh 2001, Se 2002], the lung tumor movements were
tracked using what is considered the most precise metisod currently available [Sh
2004]. Prior to initial treatment, a small 2 mm gold marker was inserted in or near
the tumor. The x, y, z coordinates of the marker were recorded using the RTRT
system 30 times a second over at least 10 minutes. For the majority of patients in
the Seppendwoole et al. study (17/21), the general shape of the average breathing
cycle could be well fitted with an asymmetry parameter, », of either 1 (9/21) or 2
(8/21) [Se 2002]. Furthermore, inter-patient breathing cxcles varied from 2.7 to 6.6
seconds and averaged 3.6 £ 0.8 seconds [Se 2002]. The amplitude of motion was
reasonably constant over the course of the treatment altliough small intra-fractional
variations were observed [Se 2002]. The mean amplitude of motion was the greatest
in the cranial-caudal (CC) direction with a median of 12 + 2 mm (range, 0.2 — 24.6
mm) [Se 2002]. Mean amplitudes in the left-right (LR) and anterior-posterior (AP)
directions ranged from 0.2 — 2.8 mm and 0.2 — 8.2 mm, respectively [Se 2002]. In

general, the mean amplitude of motion in the CC direction was larger for tumors in
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the lower lobes and not attached to the chest wall (12 = 6 mm) than for tumors in the
upper lobes and fixed to rigid structures (2 = 2 mm). Four lung cancer patients were
tracked using the RTRT system by Shimuzu et al. during both treatrmnent beam-on
and beam-off periods [Sh 2001]. The range of marker movement observed by this
group during beam-off (i.e. normal tidal breathing) was 5.5 — 10.0 mm in the LR
direction, 6.9 — 15.9 mm in the CC direction and 8.1 — 14.6 mm in the AP direction
[Sh 2001].

The magnitude of lung tumor motion due to respiration has also been widely
investigated using computed tomography and fluoroscopy [Ro 1990, Ek 1998, Sh
2000, Ba 2001, Ch 2001]. Ross et al. analyzed the intrathoracic movement of lung
lesions using an ultrafast computerized tomography (UFCT) scanner and found that
unrestricted lower lobe lung tumors can move an average of 10.5 mm qrange, 5 — 22
rﬁ%rn) in the LR direction and 9.8 mm anteroposteriorly (5 — 19 mm) due to
réépiration and cardiac function [Ro 1990]. They attributed, howeves, most of the
apparent LR and AP movements seen in the transverse images to cranial-caudal
1r§otion [Ro 1990]. Shimizu et al. also studied the impact of resptration on CT
iﬁ_l.ages of small lung tumors [Sh 2000]. Their study revealed tumor displacement
rahges of 5.5 — 10.0 mm in the LR direction, 6.8 — 15.9 mm in the CC direction and
8.1 — 14.6 mm in the AP direction [Sh 2000]. Consecutive sequential CT images
recently acquired at the same table position during quiet respiratiom for several
patients with peripheral NSCLC lesions at this institute revealed intra-slice GTV
centroid displacement due to internal motions as high as 13.2 mm. Ebkerg er al.
uéed fluoroscopy to determine the extent of clinical target volume (CEV) motion in
lung cancer patients [Ek 1998]. In their study, twenty tumors were observed via
fluoroscopy and found to move an average of 2.4 mm, 2.4 mm and 3.9 mm in the
LR, AP and CC directions. Maximum displacements of 5 mm, 5 mrm and 12 mm
were also reported in these directions. Barmes ez al. found that tumor motion in the

CC direction under free-breathing could be as large as 31.9 mm [Ba 2001]. Finally.
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Chen et al. reported in their paper that lung lesions can move as much as 50

millimeters due to breathing [Ch 2001].

In general, lateral displacements are greatest for tumors near the heart or
aorta and the largest craniocaudal movements are related to the action of the
diaphragm [Ro 1990, Gi 2001]. Overall mean displacements on the order of 5 mm
in all directions characterize tumors of the upper lobe while 12 mm and 15 mm are
typical of average anterior-posterior and lateral average movements respectively in

the middle and lower lobes [Gi 2001].
3.2.2 Verification of lung tumor motion mode/

Prior to this research a study was conducted at this institute in which a
number of patients (5) slated to receive fadical 3-D conformal radiotherapy for non-
small cell lung cancer (NSCLC) consented to fluoroscopic examination during
which the movements of their lung tumors were observed and video recorded.
Currently, most radiotherapy centers tise conventional fluoroscopy, provided by a
radiotherapy simulator, to assess the physiologic extent of tumor motion for
treatment planning purposes. The aim of this particular study was to examine the
accuracy of fluoroscopy in identifying the superior and inferior extremes of GTV
physiologic motion. Eligibility was restricted to patients with intraparenchymal
tumors fully circumscribed by lung.  All five patients presented with parenchymal
lung tumors below the level of the top of the aortic arch. According to current
institute clinical practice, each patient was initially examined using fluoroscopy in
treatment position while undergoing quiet respiration in order to estimate the
superior-inferior (SI) boundaries of tumor motion. The location of these boundaries,
as indicated by fluoroscopy, was marked on the patient’s skin using external
markers. Definitive superior-inferior tumor motion boundaries were then identified
by first acquiring ten axial CT images in rapid succession (Picker PQ5000, 2 mm

slice thickness, 1 sec/rotation) at each boundary location as indicated by the skin
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markers. If any of the images acquired revealed evidence of tumor, additional sets
of 10 sequential images were acquired every 2 mm, moving outward from tumor
center, until tumor was absent in all 10 scans. In cases where tumor was absent in
the initial set of CT images, the above procedure was carried out in an inward

moving fashion.

The results of this study revealed a distance from fluoroscopy marker to CT
determined gross tumor edge ranging from 0 to 8 mm. In 4 of the five patients, at
least one of the motion limits determined through fluoroscopy proved incorrect.
Both superior and inferior limits were incorrectly identified in two of these five
patients. From this limited study it was concluded that conventional fluoroscopic
evaluation of the physiological motion associated with respiration was inadequate to
accurately determine superior and inferior tumor extents. Radiotherapy fields
designed using fluoroscopic data would most likely provide inadequate tumor

coverage, thus compromising curative intent.

During the course of this investigation the large degree of tumor motion
observed between consecutive CT images at the same physical location was noted.
This observation served in large part as the motivation behind the research
undertaken in this thesis. While not specifically a part of this research, the data
gathered from this previous investigation serves to revalidate the utility of
characterizing lung tumor motion according to the approximation of harmonic
motion as specified by Equation 3.1 above. Unfortunately the accuracy of the data
gathered was limited as implantation of marker seeds was mot possible.
Observations were limited to a single anterior-posterior view and thus revealed only
the superior-inferior and lateral projections of motion. Lacking definitive marker
seeds, measurements relied upon tracking the location of an identifiable radio-
opaque feature of the imaged tumor mass during the course of motion captured.
While such a limited number of measurements of do not yicld statistics sufficient to

draw conclusions with regard to the frequency of the values of 7 in Equation 3.1.
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they do provide a window into the degree of accuracy (and/or the lack thereof) to

which Equation 3.1 models real clinical data.

For brevity sake only the superior-inferior tumor motions for patients 1, 3
and 5 will be presented here. Goodness of fit of Equation 3.1 to clinical data was
determined by minimizing the cumulative absolute difference (CAD) between

clinical data and Equation 3.1 according to

=0 m

CAD(n,¢) = t?:“ measured displacement(z) - [lo — Acos™ (—72 - ¢Hl (3.2)

The motion captured for patient 1 is presented in Figure 1. Here the motions
of both the tumor and diaphragm are shown. Tumor and diaphragm motions are
clearly seen to be correlated, but disproportionately so. Each exhibits roughly the
same variable periodicity but with markedly different patterns and scaling factors
over successive repetitive segments. Both motion trajectories may be best classified
as a quasi-periodic irregular cyclical series and are reasonably well, but not exactly,
synchronized with one another. Amplitudes of displacement in the superior-inferior
direction for the diaphragm and tumor range from 35 to 62 mm and from 19 to 25
mm respectively. Over the data span captured, the period of motion varies from 2.2
to 3.6 (mean = 3.0) seconds corresponding to respirations rates of 27.3 to 16.7 (mean
= 20.1) breaths per minute respectively. The best fit of Equation 3.1 to the clinical
data for this patient was achieved for n = 2 and ¢ = 70.95"as shown in Figures 3.2

and 3.3.

The tumor displacement measured for patient 3 is presented in Figure 3.4
along with the best fit by Equation 3.1 for » = 2 and ¢ = 71.25°. The most
significant feature of this patient’s data (and the reason for presentation here) is the
breathing irregularity captured at the beginning of data acquisition which is

highlighted by the box in Figure 3.4. This anomaly clearly illustrates the limitations
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of modeling this form of clinical data by a simple function such as Equation 3.1.
Over the data span captured the amplitude of displacement for this tumor ranges
from 6.8 to 25.4 mm and the period of motion varies from 2.9 to 4.6 (mean = 3.7)
seconds corresponding to respirations rates from 20.7 to 13.0 (mean = 16.2) breaths

per minute.

Finally, the data from patient 5 is presented in Figure 3.5 and is
representative of breathing-induced motion with a pronounced rest or dwell phase at
expiration. Here the best fit by Equation 3.1 is provided by n =3 and ¢=40.1". For
this patient the amplitude of tumor displacement ranged from 8.2 to 8.6 mm and the
period of motion varied from 2.3 to 3.1 (mean = 2.7) seconds, corresponding to
respirations rates from 26.1 to 19.4 (mean = 22.2) breaths per minute over the data

span captured.

The motions for all five patients were clearly seen to be distinct from one
another. From the data presented here it is immediately obvious that Equation 3.1
provides a good first order approximation of the gross features of motion but fails to
represent the finer details of tumor dynamics (on a time scale less than the breath
period). Equation 3.1 is thus an adequate model of tumor dynamics for this thesis
work as it is the large scale structure of motion-induced distortions that is the focus
of this investigation. The finer scale details of tumor motion are clearly patient

specific and beyond the scope of this work.

3.2.3 The functional parameters upon which motion artifacts are dependent

Due to CT scanner geometry, a natural division exists between motions
which are constrained to the imaging plane (in-plane motions) and those orthogonal
to it (orthogonal motions). Realistic motions including the natural dynamics
associated with respiration and cardiac function, as well as other physiologic

processes, exhibit components of varying magnitude of both in-plane and orthogonal
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motions. The functional parameters upon which motion artifacts are dependent may
be readily deduced by considering dynamics constrained to the imaging plane and
imaged with an infinitesimal slice width. It will be shown in Section 3.4.2 that the
functional parameters identified for in-plane motion also apply to orthogonal
movement. In reality, finite slice width adds partial volume effects to further
compound these motion-induced image artifacts. The presence of partial volume
effects due to finite slice width will be dealt with in future sections as required. For
the time being, infinitesimal slice width will be assumed as this allows for a
simplification of analysis without a loss in generality. Proceeding in this manner,
the functional parameters which govern the form of motion-induced artifact patterns
may be identified by considering a point like object moving with a constant velocity

along a line in the imaging plane.

Consider first a point like object embedded within a uniform density
background (see Figure 3.6a). Under static conditions all back projections intersect
at a single point forming a reconstruction of the original point like object (see Figure
3.6b). Now let this same object move with a constant velocity V along a line in the
imaging plane at an angle S to the x-axis as shown in Figure 3.6¢c. The form of the
motion artifact produced will be dominated by the intersections of consecutive back
projections. Thus consider the intersection of back projections from projection
angles ¢ and ¢ + &, where J'is the angular increment between consecutive projection
angles (see Figure 3.6d). If the distance from the center of reconstruction to the
focal spot of the CT x-ray tube is R then the x and y coordinates of the focal spot

(X5,Y®) as a function of projection angle are

X5 =R cos(p)
. (3.3)
Y*® =R sin(p)
33
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If the rotational speed of the CT is @, then the projection angle ¢ at time t is given

by
p=9p,+tot (3.4)
where ¢, is the projection angle at t = 0.

Thus one may write

where

@ =

5

(3.6)

2n
S

and 7, is the rotation period of the CT. Here a full rotation acquisition, and thus an

image acquisition time equal to 7, will be assumed.

Now if the object displaces a distance 2A in time AT then its speed V is

given by
V=—ro (3.7
and the position of the mobile point like object along the line of motion is

84

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



I=1,+Vt=1 +v(ﬂ°—j=§-a(¢-¢o+¢) (3.8)
(9] 7

s

where « is the ratio of image acquisition time (7, ) to the time which characterizes

the motion of the object (AT ) and ¢ is the phase of motion.

The x and y coordinates (X°, Y°) of the mobile object are given by

X=x,+ lcos(ﬁ) = %a(qp—goo + ¢)cos(/3’)
(3.9)
0 . A .
Y* =y, +1sin(6)=—alp-g, +¢)sin(5)
If the following identifications are made
g= A a cos()
T
A
h= ;a(yﬁ -0, )cos(,B)
(3.10)
j=2asin(8)
T
A .
=2 alp— g, )in(p)
then one may write
X°=gp+h
(3.11)
Y°=jo+k
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The line describing the back projection from x-ray focal spot to object at

projection angle ¢ is given in its standard form of

y=mXx+b, (3.12)

where m, is the slope of the projection line and b, is the y-intercept.

Here,
o S : _ .
m, =Y -YS _ jo+k Rsm((p) (3.13)
X°-X gg0+h—Rcos((p)
and
0 o - jq7+k—Rsin((p)
b,=Y°-mX°= k- gp+h
1 m, Jp+ g(p+h—RCOS(¢)(D¢+ )
=jp+k-m(gp+h) (3.14)
=(j-m1g)¢+k-m1h
or
b, = ¢[gR sm(go)— jR cos((p)]+ R[h sm(go)~kR cos(go)]. (.15)

gp+h—Rcos(p)

Now if the next projection is acquired at a projection angle of @ + & , then the

slope and y-intercept of this line from focal spot to object is

o __‘Y"-YS= (@ +8)+k-Rsin(p+3)
PX0-XY g(p+8)+h-Rcos(p+8)

(3.16)
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and
b, = (j-m,g @ +8)+k-m,h (3.17)
or

: o|eR sin(p +8)— jR cos(p +8)]+ R[hsin(p+ 5)— kR cos{p + )]

b, . 3.18
: g(p+8)+h—Rcos(p+35) ©.18)
The intersection between these two consecutive projection lines occurs at
y= mlxim +bl = m.’lxint +b2
K =2 (3.19)
m, —m,
Yinl =m1xim +b1
More specifically,
o NG-mg)p+8)+k-mh]-[(j-mg)p+k-mh]
™ | jo+k—Rsin(p) _ jl@+38)+k —Rsin(p+3)
gp+h—Recos(p)| | gle+8)+h—-Rcos(p+3)
_ Jp+k-Rsinlp) [-me)p+8)+k-mh]-[-mglprk-mp] .

Vi = g p+h-Rcos()| jo+k-Rsin(g) [ ilp+8)+k-Rsin(p+5) |’
gp+h-Reos(e)| | glp+8)+h—Rcos(p+5)

+(j-m,g)p +k—mh
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These rather lengthy expressions reveal the functional parameters which determine
the essential form of the artifact patterns produced by objects in motion in the image
plane during CT image acquisition. For a single scanner the distance R from x-ray
focal spot to rotation center is fixed. Thus the functional parameters which define

the form of the artifact pattern are

o the ratio of image acquisition time to the time which characterizes the

motion of the object (a =7, /AT),

Po the initial projection angle,

A the amplitude of object motion,

ASS

the phase of object motion, and

the orientation of the motion in the image plane.

It is instructive to constrain the line of object motion to the positive x-axis ( 8 = 0°).

In this case one has

g=éacos(,5 =0)=éa
T T

alp-9,)c0s(8 =0)=-Zalp~g,)
'=%asin(,8 =0)=0

k=2 (g g, Jsin(p =0)=0

h=

al»

(3.21)

and Equation (3.20) above reduces to
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= [(mlg)¢+mxh]-[(ng)(¢+5)+ mzh]
) l: Rsin(p) } _|: Rssin(p +3) J
Reos(p)-gp—h| | Rcos(p+5)-g(p+8)-h

y. = Rsin((p) [(m.g)¢+mx§1]—[(m:g)(¢+5)+mzh] (
" Rcos((o)-g(p—h[ R sin(p) _[ Rsin(p +8) }
Reos(p)-g¢—h; |Reos(p+8)-g(p+3)-h
~(m,g)p ~m,h

[93)
[N
o
Nt

where

h=-2a(4-0,)
T

3 R san(p)
R cos()-g¢-h

m,

o = R sim(p + )
* Rcos(p+8)—g(@+8)-h

From the above one can see that even though object motion is, in this case, restricted
to the x-axis, the motion artifact patterm has non-zero components in the y
dimension. Thus motion during CT acquisiion projects the reconstructed object in
directions displaced from its velocity vector. This is in contrast to the smearing of
mobile objects in planar radiography which &s always along the line of motion. That
the reconstructed object is displaced from its in-plane trajectory path is perhaps the

most striking feature of motion- induced CT artifacts.
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3.3 Methods and Materials

3.3.1 Computer simulations

The filtered backprojection (FBP) computer simulation program, described in
Chapter 2, is used to investigate the functional dependence of lung tumor motion
artifacts associated with respiration. Since the CT projection angle is a function of
time, the time-dependent lung tumor motion function described in Equation (3.1)

may be parameterized in terms of projection angle

1(¢>=10—A-cos2"[,,'f'; (co—%)—«fJ

m

(3-24)
where ¢ is the projection angle, z; the scanner rotation time, and ¢, the initial
projection angle. An investigation into the essential nature of motion artifacts

associated with the dynamics of mobile lung tumors should entail an analysis of

objects undergoing motion of the following form:

L(p)=lo~4, '0052"(%((!’ P )—a&) (3.25)
L(p)=l,—4, .cosz"(§(¢ —<oo)—¢y) (3.26)
L(p)=1,-4, -COSZ”(%(«J ~0,)- ¢=) : (3.27)

where « is the ratio 1/, of the acquisition time to the motion period, 4., 4,. 4- are
the amplitudes of motion in the medio-lateral (LR), antero-posterior (AP), and

cranio-caudal (CC) directions, /v, /i, Lo are the three-dimensional coordinates of the
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tumor at the end of expiration, and ¢, ¢,, ¢- are the initial LR, AP, and CC phases of

motion.

In view of the fact that a natural division exists in CT between in-plane and
orthogonal motions, all investigations regarding the functional dependence of
respiration-induced motion artifacts were carried out by restricting the object
movement to either one of these planes. Most investigations were conducted with
computer simulations using a 300 mm FOM, an infinitesimal slice thickness and a
digital phantom consisting of either a 6.4 mm diameter POM cylinder (in-plane
motion) or a 25 mm diameter POM sphere (orthogonal motion) situated inside a 200

mm diameter cylinder filled with water.

Since motion-induced artifacts patterns are most readily discerned when
motion amplitudes are large in relation to the object size, the degree of motion
imparted to the above-mentioned cylindrical and spherical objects was chosen near
the upper limit of clinical experience. All objects were modeled to move according
to Equations 3.25 — 3.27. The functional dependence of the respiration-induced
artifact patterns was explored by individually varying alpha « (note: kept period of
motion to 4 seconds and varied the rotation time from 1 to 4 seconds), the amplitude
A, the initial phase ¢ , the asymmetry value n, and the initial projection angle ¢,.
The impact of varying the orientation of motion within the imaging plane was also
addressed. For the purpose of investigation, orientation of motion in the scan plane
was defined as the angular position of the object at image initiation, = 6 (¢,) (see

Figure 3.7).
The functional dependence of the motion artifacts associated with lung tumor

motion is illustrated using both reconstruction images and sinograms. For

visualization purposes, only the central 201 x 201 pixels of the reconstructed images

and the central portion [- 75 mm < x, (go)z 75 mm)] of the sinograms are presented.
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Finally, all images and sinograms are displayed using a gray colormap defined

according to the minimum and maximum pixel intensities.

3.3.2 Experimental verification

Measurements for experimental verification were carried out on a Picker
5000 CT scanner. Images were reconstructed from projection data acquired using a
full 360° tube rotation. All axial scans were acquired at 120 kVp, with a tube
current of 200 mA using a nominal slice thickness of 3 mm and a 300 mm FOV.
For consistency, all data sets were reconstructed using a vendor designated
“standard filter” and a 512 x 512 image matrix. As the vendor regards as
proprietary a great many details regarding the exact working of the scanner, a
detailed description of the algorithms of reconstruction (including filter design)
cannot be supplied. The phantom used to evaluate the functional dependence of
motion artifacts was constructed in-house and designed to reproduce the essential
motions of real lung tumors according to Equations 3.25 — 3.27. For a detailed
description of the phantom, please refer to Chapter 2, Section 2.5. Spherical
(diameter = 25 mm) and cylindrical (diameter = 6.4 mm) objects made out of POM
were used as imaging targets. All experiments were carried out in a water filled

cylinder, 200 mm in diameter.

All experimental images were imported into MATLAB for analysis and
direct comparison with modeling results. In order to properly demonstrate the
functional dependence of respiration-induced motion artifacts, only the central 201 x
201 pixels of the experimental images are presented. For visualization purposes, all
experimental images are displayed using a gray colormap defined according to the

minimum and maximum pixel intensities.
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3.4 Results and Discussion

3.4.1 In-plane motion

3.4.1.1 Scan time to motion period ratio (alpha)

Simulation sinograms for various values of alpha (ranging from 0 to 1)
typical of radiotherapy planning scans (both current and proposed) are shown in
Figure 3.8a. An alpha value of 1, for example, corresponds to a 4 second image
acquisition and a motion period of 4 second. The motion imparted to the cylindrical
object was a 25 mm sinusoidal motion along the horizontal axis of the imaging plane
as per Equation 3.25. As alpha increases from a minimum of 0 to a maximum of 1,
the sinogram deviates further and further from the fundamental cosine curve
associated with a static object and more complex image reconstruction artifacts
result accordingly. The impact of these deviations upon image reconstruction is
illustrated in Figure 3.8b. Positions of both the mobile object and CT x-ray tube
become synchronized when acquisition times are integer multiples of the motion
period and closed reconstruction patterns occur. Furthermore, it is noted that the
spatial distribution of the motion artifact, and thus the spread of the object’s contrast,
is always beyond the spatial extent of the motion captured during data acquisition.
Since image artifacts associated with in-plane motion are the result of a convolution
between the object and the mobile blur functions, #,,, the sum intensity of the full
(512 x 512) image must remain the same. Table 3.1 summarizes the sum of all pixel
values for each alpha value simulated. It can be observed from the statistics and the
overall standard deviation (x 0.06 HU) that image contrast is conserved when
motion is restricted to the imaging plane. The validity of the simulated
reconstructions presented is confirmed by the experimental images shown in Figure

3.8c.
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3.4.1.2 Amplitude, phase, orientation & asymmetry

The simulation sinograms and images in Figures 3.9 — 3.12 illustrate how
changes in the amplitude, phase, orientation and asymmetry affect the spatial extent,
intensity, and orientation of the motion artifact. It can be seen from Figure 3.9 that
as the amplitude of motion increases, the spatial extent of the motion artifact
expands accordingly, but the shape of the pattern remains unaffected. Moreover, it
was found that the reconstructed densities decreased with increasing amplitude.
Variations in the amplitude of motion correspond directly to changes in the radial
position, » (¢), of the object in sinogram space. Variations in the initial phase of
motion at the start of acquisition from 0° to 90°, however, result in changes to both
the radial, » (¢), and angular, & (¢), positions of the object in sinogram space and
thus create distinct motion artifacts (see Figure 3.10). Similarly, alterations to the
orientation of motion from 180° to 270° also lead to different motion artifact patterns
(see Figure 3.11). It is observed that the shape of the motion artifact is less affected
by a change in orientation than by a change in phase. Figures 3.12a — b illustrate the
impact of varying the asymmetry parameter, », upon both the sinogram and image
spaces. As n increases, a more accurate representation of the object at the end of
expiration results due to the increased number of projections acquired while the
object is quasi-stationary. Since, however, a portion of the sinogram space still
contains motion-encoded information, motion artifacts remain as » increases but

their intensity is reduced (see Figure 3.12c).

3.4.1.3 Angular position of scanner at initiation

The simulation images in Figure 3.13 demonstrate the dependence of the motion
artifact pattern upon beta (f ), an angle which defines the angular difference
between orientation of motion in the imaging plane, 8 (¢,), and the initial projection
angle, ¢,. It can be seen from Figure 3.13a, that as beta decreases from 180° to 90°

for a motion along the horizontal axis (8 (¢,) = 180°), the shape of the motion
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artifact varies from a bow tie to a hypercycloid pattem. On the other hand, when
beta is maintained, indicating a synchronization between the initial scanner and the
object angular positions, the shape of the motion artifact remains unaltered from one
acquisition to the next but its orientation varies according to the difference between

initial scanner positions (see Figure 3.13b).

3.4.2 Orthogonal motion

3.4.2.1 Scan time to motion period ratio (alpha)

The simulation sinograms which result for a 25 mm diameter spherical test
object undergoing a 25 mm orthogonal SHM along the z-axis of the scanner are
shown in Figure 3.14a for alpha values ranging from 0 to 1. As alpha increases, the
sinogram departs by ever greater amounts from that of the static sphere as a result of
alterations to both the intensity and width of the projections. The impact of these
alterations upon image reconstruction is illustrated in Figure 3.14b. As alpha
increases, the severity of the motion artifact increases accordingly. Experimental
reconstructions for the same motions are shown 1m Figure 3.13c and are seen to
agree well with the results generated by simulation. Slight differences between the
simulation and experimental images are observed. Experimental images incorporate
the effects of partial voluming and thus appear mwore blurred than the simulation
images which are based upon infinitesimal slice width analysis. The rotational
differences observed arise due to experimental setup errors as well as uncertainties
in the phase synchronization between object and scanner motions. As discussed in
Chapter 2, partial volume effects can be integrated im the computer modeling process
using experimental slice sensitivity profiles. Figure 3.14d illustrates the
corresponding simulation results generated using a finite slice width of 3 mm. As
expected, blurring is observed in these finite slice width CT simulation images

which better agree with their experimental counterpauts.
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3.4.2.2 Amplitude, phase & asymmetry

Figures 3.15 — 3.17 illustrate the effects of varying the amplitude, phase and
asymmetry parameter upon the sinogram and its corresponding simulation image. It
can be seen from the sinograms in Figure 3.15a that as the amplitude of the
orthogonal motion increases from 20 to 30 mm, the number of projections
containing information about the mobile object decreases. The resultant images are
shown in Figure 3.15b. For motions where a cross-section of the object is always
present in the imaging plane, the motion artifact appears as two identical circles
separated in space. The dimension of the circles and the spatial distance between
them are dependant upon the amplitude of motion. The sinograms of Figure 3.16a
illustrate the impact of increasing the initial phase of motion for a 20 mm orthogonal
SHM from an initial value of 45° to 90° by an increment of 22.5°. It can be observed
from these sinograms that as the initial phase of motion is increased by 22.5° the
projection data are displaced by 90°. In image space, this shift results in an
equivalent rotation of the motion artifact pattern (see Figure 3.16b). Finally, it can
be discerned from the sinograms in Figure 3.17a that as the asymmetry parameter »,
of the orthogonal motion increases, from 1 to 3, a greater amount of motion is
captured during data acquisition. In image space, the increased amount of motion
captured with increasing asymmetry parameter results in motion artifacts that are

present more distally in the image matrix (see Figure 3.17b).
3.4.2.3 Angular position of scanner at initiation

Figure 3.18 illustrates the impact of initiating the imaging sequence at
various angular positions. It can be seen from the reconstructed images, that as the
initial projection angle, @, is increased from 0° to 90° for a 20 mm orthogonal SHM,

the shape of the motion artifact pattern remains invariant but its orientation changes

according to the difference between the two initial projection angles.
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3.5 Summary and Conclusion

Numerous studies have reported on the magnitude of tumor motion
associated with free breathing and cardiac function. While displacements as large as
50 mm have been reported, typical values of 5 mm in all directions characterize
tumors of the upper lobe while 12 mm anterior-posterior and 15 mm laterally are
associated with middle and lower lobe lesions. The functional dependence of the
image artifacts which arise due to target dynamics were investigated using simple
geometric objects undergoing well defined trajectories approximating real lung
tumor motions. The ability of computer modeling to accurately reproduce
experimental results was demonstrated. While artifact pattems associated with
movement constrained to either the imaging plane or orthogonal to it are quite
distinctive from one another, the parameters upon which they depend are the same.
These functional parameters are the ratio a of scan time to motion period. the
amplitude, phase and asymmetry of motion and the angular position of the x-ray

tube at the initiation of image acquisition.

With the exception of breath-hold techniques, all current CT scans for lung
radiotherapy are acquired while the tumor is non-stationary and as such are subject
to the presence of motion artifacts. From an imaging standpoint the mobile object is
subject to a wide ranging degree of distortion from its true shape depending on
object size, extent of motion, and scan time. Mild and even barely detectable
distensions are associated with rapid scans of objects whose range of motion is small
in comparison to their physical size. In contrast, highly contorted images can result
when object size is small in comparison to the extent of motion. These effects are
exacerbated by long scan times in comparison to more rapid image acquisition
schemes. These contortions can be so severe as to render the reconstructed image

unrecognizable in relation to its static counterpart.
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TABLE 3.1

Sum of all pixel values from simulation images generated using alpha values

encountered in lung radiotherapy planning CT scans

Alpha value Sum intensity
(HU)
0 44.9310
0.25 44.9230
0.50 44.8956
0.75 45.0327
1 44.8844
Mean £+ SD 44.93 +0.06
98

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



T T T T T T
o o o o (o] o
O ('e] < (42] N -~

(ww) yuswaoe|dsiq aAlle|ay

00 10 20 3.0 40 50 6.0 7.0 80 9.0 10.0 11.0 120 13.0 14.0 15.0

Time (s)

.1 Measured superior-inferior displacements of both tumor (solid)

ure 3

o
(=4

i

F

and diaphragm (dashed) for patient 1.

99

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



(ww) yusweoe|dsiq Jown] Jousjuj-louadng

15

Time (s)

3.2 Superior-inferior tumor displacement for patient 1 comparing

Figure

experimental data (solid) with modeling (dashed) according to Equation 3.1 with n

70.95°.

2, 9=

100

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



-3
=}
||||||||||
——
-
-
_/
~
T,
llllllllllll
llllll -
N
‘\‘\\ -
||||||||
e
-
\\\\\ -
!
[}
,,
it SN
lllllll [~
llllll
-
\\\4
llllllllll -
llllllllllllll
T
/ -
!
1
~
~
Ikl S
ST
-~
-
e
{
~
~
-~
llllllllll -
‘II‘\\
lllllllll
“‘
ﬂ -
/I
ke T
T T T T T T
o (@] (@] (o] (@] o o
o w <r (42} N Al

(ww) yuswaoe|dsig weiydelq Jouajul-loadng

9 10 11 12 13 14 15

8
Time (s)

(o4
>

ure 3.3 Superior-inferior diaphragm displacement for patient 1 comparin

o
D

i

F

experimental data (solid) with modeling (dashed) according to Equation 3.1 with »

2, ¢="70.95".

101

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



N
(3]
)

N
o
1

15 -+

10 -

Superior-Inferior Tumor Displacement (mm)

Figure 3.4 Superior-inferior tumor displacement for patient 3 comparing
experimental data (solid) with modeling (dashed) according to Equation 3.1 with n =

2, ¢=71.25". The presence of an irregularity in the breathing pattern is indicated by

the boxed area.
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Figure 3.5 Superior-inferior tumor displacement for patient 5 comparing
experimental data (solid) with modeling (dashed) according to Equation 3.1 withn =

3, ¢ =40.1°. The presence of a conspicuous rest or dwell phase at expiration is

clearly evident.
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Figure 3.6a Stationary point like objectin the CT 1maging plane.
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Figure 3.6b Simple backprojection to reconstruct an image of a stationary point like

object.
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Figure 3.6¢ Point like object moving along a strait line in the CT imaging plane.
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Figure 3.6d Simple back projection to reconstruct an image of a point like object

moving along a straight line in the CT image plane. For clarity, only one half of full

rotation reconstruction shown.
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(x,y) = Stationary coordinate system
(x.y,) = Rotated coordinate system
@ = Projection angle

@, = Initial projection angle

6 (¢ ) = Angular position of point P at projection angle ¢
r (¢ )= Radial position of point P at projection angle ¢
T, = Rotation time

Figure 3.7 Imaging and object parameters governing motion artifacts in computed

tomography.
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Figure 3.8 (a) Simulation sinograms, (b) Simulation images, and (c¢) Experimental

CT images of a 6.4 mm diameter POM cylinder moving along the horizontal axis of
the scanner and imaged under various alpha conditions [0, 0.25. 0.5, 0.75, 1].
Simulation parameters: (/v =Ax/2, [,y=0,19=0,4,=25mm, 4,=0.4-=0,n=1,

8. =0° @, = 0.
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(b)

Figure 3.9 (a) Simulation sinograms, and (b) Simulation images of a 6.4 mm POM

cylinder moving along the horizontal axis of the scanner with various amplitudes of
motion [25, 30, 35 mm]. Simulation parameters: (/g = 42, L,y =0, .o = 0, A, =

variable, 4,=0,4.=0, a=0.5,n=1, ¢.=0°, @, = Q°).
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(b)

Figure 3.10 (a) Simulation sinograms, and (b) Simulation images of a 6.4 mm
diameter POM cylinder moving along the horizontal axis of the scanner with various
phase of motions [0°, 45°, 90°]. Simulation parameters: (v = Ay/2, Ly =0, L.y =0, A,

=25mm, 4,=0,4:=0, «=0.5,n=1, ¢, = variable, ¢, = 0°).
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Figure 3.11 (a) Simulation sinograms, and (b) Simulation images of a 6.4 mm POM
cylinder moving along various angular lines, 8 (¢,), of the scanner [180° 225°
270°]. Simulation parameters: (Lo=AJ2, Lp=A)2,1.p=0,A4, + A, =25mm, 4. =

0, a=0.5,n=1, =0 ¢,=0°, g, = 0°).
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Figure 3.12 (a) Simulation sinograms, (b) Simulation images, and (c¢) Central
horizontal profiles (CHPs) of a 6.4 mm diameter POM cylinder moving along the
horizontal axis of the scanner with various asymmetry parameters (1, 2, 3].
Simulation parameters: (/v = 4v/2, Ly =0,1Lp=0,4,=25mm, 4,=0,4-=0, a =

0.5, n = variable, ¢, = 0°, @, = 0°).
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(b)

Figure 3.13 The angular dependence of motion artifact pattern upon beta (8 ), an
angle which defines the angular difference between the orientation of motion in the
imaging plane, @ (¢,), and the initial projection angle, ¢,. (a) Simulation images
for various beta values [180° 135° 90°] and a 25 mm motion along the horizontal
axis of the scanner (& (¢,) = 0°). (b) Simulation images for various initial
projection angles [0°, 45° 90°] and a constant beta value of 180°. Simulation
parameters: (I = A2, by = 4,/2, l-p= 0, A + 4, =25 mm, a= 0.5, ¢, = 0°, ¢, =0°,

n =1, @, = variable).
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(c)

Figure 3.14 (a) Simulation sinograms, (b) Simulation images using infinitesimal

slice width, (¢) Experimental CT images, and (d) Simulation images using finite
slice width of a 25 mm POM sphere moving along the z-axis of the scanner
(orthogonal to image plane) and scanned under various alpha conditions [0, 0.25,
0.5, 0.75. 1]. Simulation parameters: (L9 =0, Ly =0, Lo =A/2. A, =0.4,=0,4. =

25 mm, a = variable, n = 1, ¢. = 45°, ¢, = 0°).
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(b)

Figure 3.15 (a) Simulation sinograms, and (b) Simulation images of a 25 mm
diameter POM sphere moving along the z-axis of the scanner with various amplitude
of motions [20, 25, 30 mm]. Simulation parameters: (/9= 0, /=0, Ly=A./2, A, =

0, 4, =0, A. = variable, 2= 0.5, n =1, ¢. = 45°, @, = 0°).

116

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



(b)

Figure 3.16 (a) Simulation sinograms, and (b) Simulation images of a 25 mm
diameter POM sphere moving along the z-axis of the scanner with various phase of
motions [45°, 67.5°, 90°). Simulation parameters: (/y =0, Lo = 0, Lo = A-/2, A, = 0,
A,=0,4.=20mm, a=0.5,n=1, ¢ = variable, ¢, = 0°).
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(b)

Figure 3.17 (a) Simulation sinograms, and (b) Simulation images of a 25 mm
diameter POM sphere moving along the z-axis of the scanner with various
asymmetry parameters [1, 2, 3]. Simulation parameters: (g = 0, Ly = 0, Ly = A4./2,

A.\' = Oa Ay = 07 A: = 20 mm, a= 0'55 n= Variable, ¢.‘ = 007 (00 = 00)'
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Figure 3.18 The impact upon the motion artifact pattern of initiating the imaging
sequence at various angular positions [0°, 45°, 90°]. Simulation parameters: (/) = 0,

Z.Vo =0,L0=A4:/2,4,=0, A,v =0,4.=20mm, =05, n=1, ¢. = 4SO, @, = variable).
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Chapter 4: The impact of lung tumor motion upon CT image

integrity and target delineation
4.1 Introduction

In Chapter 2 the principles behind the generation of motion-induced CT image
artifacts were presented. The presence of motion was clearly seen to cause the
reconstructed image to deviate from that which might be intuitively expected from the
dynamics involved.  The properties of the artifacts associated with motion
characteristic of respiration were explored in Chapter 3. In this chapter, the impact of
motion upon image integrity in terms of the ability of CT reconstruction to accurately
reproduce the physical density distributions which result under dynamic conditions is
investigated. The implications of motion for target delineation are also examined.
Target volume delineation is a crucial step in conformal radiotherapy. Any
uncertainties introduced at this early stage of planning will lead to improper selection
of beam portals and thus result in one of two undesirable consequences, both of which
jeopardize the curative outcome of the treatment. The first, and most serious of these
two, is an under dosage of the tumor as a consequence of geometric failure. The
second is the irradiation of an unnecessary volume of healthy tissue bringing about

excessive normal tissue complication probabilities.
4.2 Methods and Materials

As previously demonstrated in Chapter 3, experimental CT images incorporate
a superposition of the individual effects arising solely from motion and also those
which result from finite slice width. While it is not readily possible to separate these
two contributions experimentally, this feat may be easily accomplished with computer
simulation. Thus, the computer reconstruction model developed and presented in
Chapter 2 is used extensively in this chapter to explore the effects of respiration-

induced tumor motion upon CT image integrity and target delineation.
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This investigation into the effects of motion upon image integrity and target
delineation is conducted with geometries representative of the intermediate densities
associated with real lung tumors. Spheres with diameters of 10, 30 and 50 mm (all
with a uniform density of 0.90 g/cm3) representing small, medium and large size lung
tumors are simulated to move in a homogeneous lung tissue background (density =
0.25 g/cm3) during image acquisition according to the respiration-induced lung tumor
motion model described in the previous chapter. For the purpose of investigation, only
one specific motion is imparted to the spheres, namely a simple harmonic motion

(SHM) with medio-lateral (LR) and superior-inferior (SI) components:

2n o
lv(¢) = l.tO - Ax - Cos” ('; ((0 _¢0)—¢xj (41)
[(p)=1,—4, 'Coszn(% ((0 —¢o)—¢:) (4.2)
here [y = A = = °
where /g = > Lo = 7‘, n=1, p,=0"and ¢, =¢. = 45°. Three clinically relevant

motion amplitudes are investigated, a small upper lobe motion (Ax = A, = 5 mm), an
intermediate motion (Ax = A, = 15 mm) and a large lower lobe motion (A, = A, = 25
mm). As mentioned in earlier chapters, many scanning techniques are currently
available for lung radiotherapy planning. These techniques result in a wide range of
alpha values. For the purpose of investigation, alpha values of 0, 0.25 and 1 are
contemplated. These alpha values are representative of breath-hold, fast (1 second
image acquisition with 4 second period of motion) and ‘slow’ (4 second image
acquisition with 4 second period of motion) CT scans, respectively. To clearly
elucidate the effects associated purely with motion without the obscuring contributions
due to the presence of finite slice width, all simulated CT image reconstructions are

carried out using an infinitesimal slice thickness.
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4.2.1 Impact of motion upon image integrity and target delineation

4.2.1.1 Image integrity

In CT, a determination of image quality usually involves an evaluation of a
number of quantities (including spatial resolution, contrast resolution, noise, distortions
and artifacts) which have been identified and expounded upon by numerous authors [Bl
1981, Mo 1983, Ha 1991, Ke 1991, Sp 1994, Ka 2000, Lu 2003]. Clearly, quantities
such as high and low contrast resolution will be degraded within the TXO in direct
relation to the magnitude of motion. The inconsistencies introduced by the presence of
motion into the projection data set will clearly affect the entire reconstructed image as
well. For example, in Chapters 2 and 3 of this thesis, it was shown that motion during
CT image acquisition projects the reconstructed object in directions displaced from its
velocity vector. This particular feature of motion-induced CT artifacts results in errors
in the reconstructed image over regions which extend not only within but also beyond
the physical area traced out by the mobile object during the course of image
acquisition. Thus, both the image of the mobile object and its surrounding background
are altered in the CT reconstruction process. The breakdown in overall image integrity

which results has significant implications for target identification and delineation.

The presence of motion in combination with finite image acquisition time
dictates an assessment of image integrity based upon time-averaged quantities which
physically result due to the dynamics involved. A full investigation of the effects of
motion on image quantities such as high and low contrast resolution, and image noise
is beyond the scope of this thesis. The evaluation of image integrity presented here
will be based on the ability of CT image reconstruction to faithfully reproduce the
time-averaged density distributions which physically result due the presence of motion.
This investigation will be carried out using simulated reconstruction images for which
the presence of noise is not a factor. The standard measurement of quantities, such as

low contrast resolution and CT number uniformity, are conducted under static
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conditions and thus do not strictly apply to the dynamic case. Never the less, the
general expectations of that which such tests should yield under static conditions serve
to provide reasonable benchmarks for an evaluation of the detrimental effects of
motion on image integrity. Cross-field uniformity, for example, as measured with a
static homogeneous water phantom is expected to yield a maximum deviation in mean
CT number of no larger than = 4 HU [Ka 2000]. A deviation of 4 HU translates into a
density difference of 0.4 %. A standard deviation in CT number for water of between 3
to 10 (0.3 % to 1.0 % density variations) is typically expected for measurements
derived from a homogeneous 20 cm phantom reconstructed using a standard
convolution kernel [Ka 2000]. The expected CT number for air is — 1000 = 5 HU
which corresponds to a 0.5 % variance in density. Contrast resolution can be expressed
in terms of the ability to resolve small objects (of the order of 2 to 3 mm in diameter)
that vary slightly in density from their surrounding background. A modem well
calibrated CT scanner is expected to resolve density differences in the order of 0.25 %
to 0.5 %. The contrast resolution of the PQ 5000 CT scanner used experimentally in
this thesis work is quoted by the manufacturer as being able to resolve tissue
differences as small as 2 mm at 0.3 % contrast [Picker PQ 5000 CT specifications
sheet]. From such quantitative evaluations obtained under static conditions it would
seem reasonable to expect that a good reconstruction should reproduce the physical
densities resultant under dynamic conditions to within at least 1 % of their true values,
and in what follows this will serve as a benchmark against which to gauge the fidelity

of CT reconstruction when motion is involved.

Physically, a uniform density distribution equal to that of the background is to
be expected external to the TXO, the total cross-section occupied by the mobile object
during image acquisition, due to the absence of motion in this region. Within the TXO,
the combination of finite image acquisition time and target motion results in the
generation of time-averaged density distributions. Consider motion which produces, at

a given (x, v) location, densities of p, and p. in 60 % and 40 % of the total number of

125

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



projection acquisitions respectively. The physical time-averaged density

P s (%, y) Over the entire image acquisition at this location will be

ﬁphys (x’ y)= O'6pl + 0'4p2 ° (4‘3)

Extension to the general case in which density may assume a different value for each
projection angle yields the physical time-averaged density distribution, 5, (x,y), at

location (x, y) in the image plane according to

1 n
Pows ()=~ 0,(5) (4.4)

i=]
where p(x.y) is the density at point (x, y) at the time of the projection acquisition at the
i projection angle and » is the total number of projections. Subtraction of CT

reconstructed densities p,,,,(x,y) from time-averaged densities 5,,,.(x,y) results in

the generation of a density difference distribution which may also be referred to as a
density difference image or map. Density difference images reveal both the magnitude
and location of discrepancies between physically expected and CT reconstructed
densities. The ability of image reconstruction to faithfully reproduce the physical
time-averaged density distribution associated with the motion captured will serve as a
measure of image integrity. Histograms and image statistics such as the mean,
minimum and maximum densities within the TXO and within a 10 mm margin
surrounding the TXO will be employed to evaluate the breakdown of image integrity
associated with CT scanning of mobile objects. Density difference maps are calculated

as percentage differences according to

ﬁ recon C\'._V) - i)- pins (x'y)
/_)- ph,\*s(x'y)

diff(x.v)= x100 % . (4.3)
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4.2.1.2 Target delineation

The process of defining an object (or objects) of interest within an image is
generally referred to as segmentation or delineation. While numerous image
segmentation techniques for lung radiotherapy planning abound [Go 1985, Ch 1992, Pe
1992, Tr 1994, Ch 1998], it is not the purpose of this thesis to explore their various
virtues and short comings. This investigation into the effects of motion upon image
integrity and the consequences for object delineation is conducted using a simple gray-
level threshold image segmentation technique, in which any portion of the image with
intensities greater than or equal to a predefined value, I, is deemed to be associated
with the object and those of lesser value define the background. Individual target

contours (I,) are defined according to static contrast threshold levels, xx

Is _IS —
L =te e D] (4.6)

where I} is the mean object intensity/density measured under static conditions at the

widest target cross-section and I} is the mean background intensity/density. A contrast

threshold level of 100 % corresponds to the static lung tumor density (0.90 g/cm3)
while a contrast level of 0 % corresponds to the surrounding lung medium density
(0.25 g/em’).

It is well known that CT scanning of mobile objects results in distorted volumes
[Ba 1996, Ba 1998, Ch 2004, Ke 2004]. What has not yet appeared in the literature is
a quantitative assessment of the effect of motion on target contour delineation. In this
section, the ability of iso-intensity target contours to properly represent the total cross-
section occupied by a mobile target, TXO, during image acquisition is assessed. Two
quantities are used to evaluate the impact of respiration-induced tumor motion on
target delineation. The first of these is the TXO coverage which is the ratio (expressed
in percent) of the common overlapping area to that of the TXO. The common

overlapping area is defined as the intersection between the area delineated by the iso-
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intensity contour and that of the TXO. The second evaluation quantity is the
unnecessary coverage, defined as the area delineated by the iso-intensity contour which
extends beyond the bounds of the TXO and is also expressed as a percentage of the
TXO.

4.2.2 Benchmarking of computer model in high and low contrast levels

Implicit in the ability of computer modeling to reproduce both static and
dynamic experimental results, as established in Chapters 2 and 3, is its ability to
faithfully generate image contours. Nevertheless, this capability is explicitly

demonstrated in this chapter.

Experimental and simulation CT data (images) previously collected, many of
which were presented in Chapters 2 and 3 are used to benchmark the computer model.

For the sake of brevity, only two static and two dynamic scenarios are contemplated:

1. A static 25 mm diameter POM sphere scanned in air and in water at z = 0

mm, where partial volume effects are minimal.

o

A static 25 mm diameter POM sphere scanned in air and in water at z = 9

mm, where partial volume effects are more substantive.

A 30 mm diameter POM cylinder scanned in air and in water at z = 0 mm,

(U3

while undergoing SHM along the horizontal axis of the scanner.

4. A 25 mm diameter POM sphere scanned in air and in water at z = 0 mm,

while undergoing SHM along the z-axis of the scanner.

The ability of computer modeling to reproduce experimental segmentation

results in both high (air) and low (water) contrast levels is confirmed by comparing
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cross-sectional areas and evaluating the deviation (distance) between simulation and
experiment target contour centroids. Nine equidistant target contours [I;o, Ioo, I30, Lo,

Iso, Iso, 170, Is0, Igo] are used for the analysis.
4.3 Results and Discussion
4.3.1 Benchmarking of computer simulation

4.3.1.1 Stationary test objects

Figures 4.1 and 4.2 show a partial set of experimental and simulation target
segmentation contours (I;0, Iso, Iog) Which result for the 25 mm diameter static POM
sphere at slice locations z = 0 mm and z = 9 mm. Upon visual inspection, good
agreement is seen to exist between computer modeling and experimental segmentation
results at both slice locations. Deviations less than £ 1 mm between experiment and
modeling contours are measured. In general, target contours obtained for the
experimental scans conducted in water (low contrast level) are noisier than their in air
(high contrast level) counterparts due to the lower number of quanta available for
image reconstruction. Target contours obtained for the simulation scans are all smooth

and circular as computer modeling is devoid of experimental noise.

Tables 4.1 (z = 0 mm) and 4.2 (z = 9 mm) list the experimental and simulation
target contour areas corresponding to all nine contrast threshold levels investigated [10,
20, 30, 40, 50, 60, 70, 80, 90 %]. Also included in these tables are the deviations
between the experiment and simulation target contour centroids. In general, only small
discrepancies between simulation and experimental contour areas are observed,
confirming the ability of the computer model to reproduce experimental results under
static conditions with reasonable accuracy. At z = 0 mm, where partial volume effects
are minimal, the mean percentage discrepancy between the simulation and experiment

cross-sectional areas is 1.3 = 0.5 % for the high contrast (air) scans and 1.3 £ 0.2 % for
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the low contrast (water) scans. At z = 9 mm, where partial volume effects are more
pronounced, the mean percentage discrepancy between simulation and experimental
cross-sectional areas is 2.7 = 1.1 % for the in-air scans and 3.1 £ 2.1 % for the in-water
scans. For each slice location, the ratios of cross-sectional areas A, between low (I;0)
and high (Igo) iso-intensity target contours [Ajo/Ag] are comparable. Finally, the
deviations between simulation and experimental target contour centroid positions are,

in all instances, less than 0.5 mm.

No significant differences are observed in the segmentation results between the
high (air) and low (water) contrast experimental results. The mean of the absolute
difference between the static experimental target contour areas obtained in air and in
water is 1.9 = 3.0 mm® at z = 0 mm and 1.7 = 1.6 mm’ at z = 9 mm, respectively.
These correspond to differences of 0.4 % and 0.9 % respectively. Moreover, the mean
deviation between centroid positions derived from high and low experimental contrast
situations is 0.63 + 0.01 mm (0.6 %) at z = 0 mm and 0.64 = 0.05 mm (0.6 %) at z =

mim.
4.3.1.2 Dynamic test objects

Figure 4.3 depicts a partial set of experimental and simulation target
segmentation contours (I, Iso, Iso) which result for the 30 mm diameter POM cylinder
undergoing in-plane SHM (4, = 15 mm, a = 0.5, ¢, = 0°, 4. = 0°) along the horizontal
axis of the scanner. Figure 4.4 illustrates target segmentation results at the same
contrast threshold levels (10, 50, 90 %) for the 25 mm diameter static POM sphere
undergoing orthogonal SHM (4. = 15 mm, &= 0.5, ¢, = 0°, ¢- = 0°) along the z-axis of
the scanner. Upon visual inspection, no significant differences (apart from noise) are
discerned between the computer simulation and experimental target contours. The
maximum deviations recorded between these experimental and simulation contours are

less than = Imm.
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Table 4.3 and 4.4 summarize the target contour areas [experimental and
simulation] and centroid deviations corresponding to at all nine contrast threshold
levels for the above dynamic scans conducted in air and water mediums. Slightly
larger disagreements are observed for the dynamic case (overall mean percentage
discrepancy = 3.1 £ 2.1 %) between simulation and experimental target contour areas
as compared to the static situation (overall mean percentage discrepancy = 2.7 + 1.1
%). Furthermore, larger deviations between computer simulation and experimental
target contour centroid positions are also recorded in the dynamic case as (overall mean
deviation = 0.81 = 0.46 mm) compared to the static situation (overall mean deviation =
0.33 = 0.08 mm). These larger discrepancies are reasonable given the highly contorted

shapes of these contours.

Once again, no significant differences are observed between the high (in-air)
and low (in-water) contrast experimental segmentation results. The mean absolute
difference between the dynamic experimental target contour areas obtained in air and
in water is 6.6 = 4.4 mm® (mobile cylinder) and 5.7 £ 4.1 mm? (mobile sphere),
respectively. These correspond to differences of 1.1 % and 1.5 % respectively.
Moreover, the mean deviation between centroid positions derived from high and low
experimental contrast situations is 2.00 £ 0.59 mm (2.0 %) for the mobile cylinder and
0.78 £ 0.14 mm (0.8 %) for the mobile sphere.

On the whole, only small discrepancies are observed between the simulation
and experimental static and dynamic target contours, confirming the ability of the
computer model to accurately reproduce experimental results. Interestingly, no
significant differences were observed between the segmentation results obtained in
high (air) and low (water) contrast situations, entailing that the above threshold
segmentation technique should yield comparably accurate results in simulated

intermediate density situations which more closely related to lung tumors.
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4.3.2 Impact of tumor motion upon image integrity and target delineation

In the previous section, the ability of computer modeling to correctly reproduce
experimental results was demonstrated. In this section, the impact of respiration-
induced tumor motion upon CT image integrity and target delineation is assessed using
the computer model presented in Chapter 2 with densities more representative of lung
tumors (lung density = 0.25 g/cm’, tumor density = 0.90 g/crn3). To single out the
effects associated purely with motion, all image reconstructions are carried out using

an infinitesimal slice thickness.

Throughout this section, time-averaged and density difference distributions (CT
— time-averaged) are used to assess the breakdown of CT image integrity that results
when mobile targets are imaged. To determine the effects of motion on target
delineation, quantities such as the TXO coverage and excess TXO coverage are
evaluated. Two alpha values are examined and compared, (& = 0.25) corresponding to
a typical rapid CT scan and (« = 1) representing a ‘slow’ CT scan. Sphere diameters
and motion amplitudes typical of those which may be clinically observed in lung
cancer radiotherapy are chosen for this analysis. A static or breath-hold (a = 0)
scanning scenario is also presented to expose the limitations of CT in ideal (non-

dynamic) imaging conditions.
4.3.2.1 Static case

As stated in Chapter 2, an infinite number of continuous projections are
necessary for perfectly accurate reconstruction of the density distribution of a static
object. However, because a finite number of discrete projections are used in practical
CT to reconstruct the object density distribution, exact object representation is not
feasible. The limitations of CT to yield accurate densities in ideal conditions (& = 0)
are assessed for three clinically relevant lung tumor sizes (diameters = 50, 30, 10 mm)

by comparing the reconstructed CT densities to the true physical object density
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distributions. For comparison purposes, all object density distributions were defined
using the CT simulation image matrix [512 x 512]. Figure 4.5 illustrates the object, CT
reconstructed and percent density difference (CT reconstructed — true physical) images
of the static spheres at z = 0 mm. For maximum visualization, all images are scaled
according to the minimum and maximum pixel intensities within the cropped 201 x
201 image matrix. Moreover, all images pertaining to the 10 mm diameter sphere are
magnified by a factor of two. Significant deviations between the true object and CT
reconstructed densities are observed in the percent density difference image. These
deviations are, however, mostly concentrated in the vicinity of the TXO boundary,
which, in this specific imaging condition (& = 0), corresponds to the edge of the

spherical cross-section imaged.

Figure 4.6 depicts a section of the central horizontal density profiles (CHPs)
through the object and CT reconstructed images. Also displayed are the density
difference (CT reconstructed — true object) frequency distributions within a 2 mm ring
centered on the TXO contour. Unlike the true physical object density profiles, the CT
reconstructed profiles exhibit a penumbral region. The width of the penumbra and the
magnitude of discrepancies between object and CT reconstructed densities are found to
increase with decreasing object diameter. The presence of a penumbra in CT
reconstruction of static objects affects the integrity of the image both within and
outside the TXO. Statistics for 1, 3, 5 and 10 % levels of agreement within the TXO
and within a 10 mm region surrounding the TXO for the small, medium and large static
spheres are summarized in Table 4.5. Within the TXO of the 50 mm diameter sphere
almost 5 % of all reconstructed pixel report density values differ by more than 1 %
from their true time-averaged values. This figure increases to approximately 10 %
within the 10 mm margin immediately surrounding the TXO. Seven and a half percent
(7.5 %) of all pixels within both the TXO and the surrounding 10 mm margin region of
the 30 mm diameter sphere disagree by more that 1 % from their physical time-
averaged density values. Within the TXO of the 10 mm diameter sphere, the fraction

of pixels in agreement with their physical time-averaged density values drops to only
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62 % while within the 10 mm margin region the level of agreement raises to more than
95 %.  Excluding the penumbral regions, however, CT reconstruction faithfully

reproduces physical density values to within 1 %.

Even though the width of the penumbra was found to be relatively small (< 2
mm in all cases), its presence must nonetheless impact target delineation accuracy. To
assess this impact, target contours were defined at the following contrast threshold
levels [10, 20, 30, 40, 50, 60, 70, 80, 90 %]. As implied in Section 4.2.1, a contrast
level of 100 % corresponds to the static lung tumor density (0.90 g/cm3) while a
contrast level of 0 % corresponds to the surrounding lung medium density (0.25
g/cm:’). Furthermore, three quantities were measured at each individual contrast
threshold level: (1) ratio of target cross-section to TXO, (2) TXO coverage, and (3)
unnecessary TXO coverage. Figure 4.7 illustrates the segmentation results for the
static spheres along with the TXO contour, which defines the edge of the physical
spherical cross-section. For visualization purposes, only five of the nine target
contours are presented [I1q, Ino, I0, I70, Ioo]. Figures 4.8 — 4.10 depict the target contour
to TXO area ratios, TXO coverage and excess TXO coverage at each individual
contrast threshold level. On the whole, larger delineation uncertainties are observed
with decreasing object size as a result of increasing penumbra in the reconstructed CT
images. However, for the full range of contrast threshold levels and sphere sizes
investigated, the spatial deviation between physical and CT reconstructed contours are
less than 1 mm. Consequently, it is safe to conclude that CT reconstruction of well-

defined, stationary objects yields reliable target contour delineation.
4.3.2.2 Dynamic case

So far it has been shown that respiration leads to a multitude of motion artifacts
in CT images. How severely these motion artifacts affect image integrity and the

subsequent effect this has on target delineation have not yet been addressed.

Consequently, the impact of respiration-induced tumor motion upon CT image
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integrity and target delineation is presented in this section. As mentioned earlier, two
imaging protocols for lung radiotherapy planning are examined and compared, a

typical rapid CT scan (= 0.25) and a ‘slow’ CT scan (a=1).

Figures 4.11 ~ 4.28 illustrate the physical time-averaged and CT reconstructed
images at z = 0 mm (a slice corresponding to the mid-orthogonal trajectory position)
for the complete set of sphere diameter and motion amplitude combinations scanned
with rapid (o = 0.25) and ‘slow’ (a = 1.0) acquisition times. Also shown are the
percent density difference maps within the TXO and within a 10 mm region
surrounding the TXO and their respective frequency histograms. The TXO for each
motion is delineated by the dashed contour line in both the time-averaged and CT
reconstructed images. Fox; small motions, both time-averaged and CT reconstructed
images appear visually similar. As the magnitude of motion increases the degree of
similarity between time-averaged and CT reconstructed images diverges with respect to
their respective morphologies. In general, the divergence between the time-averaged
and CT reconstructed images increases as the sphere diameter to motion amplitude
ratio (identified in the remainder of this chapter by the Greek letter kappa, x) decreases
and is greater for the ‘slow’ scans (a = 1) as compared to the rapid scans (a = 0.25).
As expected, similar patterns are observed for sphere size and motion amplitude
combinations that yield equal k values. As with the static cases, density differences
between the CT reconstructed and time-averaged images are seen in the dynamic cases,
but the spatial extent of these deviations is, however, much more complex. Whereas
density variations occur in the immediate vicinity of the TXO boundary in the static

cases, they arise over a much larger area in the dynamic cases.

Table 4.6 summarizes, for all sphere-motion combinations, the mean and
standard deviation of the percent differences observed within the TXO between CT
reconstructed and time-averaged densities. In all cases, the reconstructed density
distributions exhibit mean densities greater than their true physical time-averaged

values. Mean differences range from a minimum of 0.5 % to a maximum of 9.6 %.
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The standard deviation of the percent density difference values is greater than 1 % in
all cases, ranging from a minimum of 7.1 % to a maximum of 23.8 %. These large
standard deviations are indicative of the widespread discrepancy between reconstructed
and true time-averaged density values. Examination of the histograms presented in
Figures 4.11 — 4.28 reveals that even when the mean difference values are less than 1
% they are not the outcome of prevalent agreement between reconstructed and true
physical time-averaged density distributions but rather the product of a relatively
equivalent spread of reconstructed densities both above and below their true time-
averaged values. Pixel statistics for deviations within the TXO of greater than or equal
to 1, 3, 5 and 10 % are summarized in Table 4.7. In the best case (50 mm diameter
sphere, 5 mm motion, rapid scan) more than 13 % of all reconstructed pixel densities
deviate from their true time-averaged values by more than 1 %. Indeed, for the same
situation 11 % of all pixels deviate from their physical time averaged values by more
than 3 % and almost 7 % by more than 10 %. For the intermediate case of the 30 mm
diameter sphere with 15 mm motion and imaged with a rapid scan, almost one half of
all reconstructed pixels deviate by more than 1 % from their true time-averaged density
values while a deviation of 5 % is seen in 38.5 % of all pixels and almost one quarter
of all pixels deviate by more than 10 %. In the worst case scenario, almost 99 % of all
CT reconstructed pixels deviate from their true physical time-averaged density values
by more than 1 % (10 mm diameter sphere, 15 mm motion, ‘slow’ scan) and deviations
of greater than 10 % are seen in 63.6 % of all pixels for the 30 mm sphere, 25 mm

motion, slow scan combination.

Within the 10 mm margin external to the TXO, where a physical uniform
background density of 0.25 g/em’ exists, the discrepancies observed between
reconstructed and true physical density distributions are even more dramatic. The mean
and standard deviation of the percent differences observed between CT reconstructed
and time-averaged densities within the 10 mm region surrounding the TXO are listed
for all sphere-motion combinations in Table 4.8. In all cases, the mean difference is

less than 2 %. However, the standard deviation of the percent density difference values
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is greater than 1 % in all cases, ranging from a minimum of 4.5 % to a maximum of
38.6 %. These large standard deviations are indicative of the magnitude of image
integrity breakdown that results outside the TXO in CT scanning of mobile targets.
Pixel statistics for deviations within the 10 mm margin extemnal to the TXO of greater
than or equal to 1, 3, 5 and 10 % are summarized in Table 4.9. Within this region the
number of pixels which agree to within 1 % of their physical time-averaged values
never exceeds 40 % (50 mm sphere, 5 mm motion, ‘slow’ scan). Here, deviations of 3
% and 5 % are observed in more than 18 % and 9 % of all reconstructed pixels
respectively. For the 30 mm diameter sphere with 15 mm motion, the number of
reconstructed pixels which agree to within 1 % of their physical time-averaged density
values is less than 6 % for both the rapid, and 3 % for the ‘slow’ scan scenarios. For
this sphere size and motion amplitude combination the number of reconstructed pixels
which agree to within 10 % of their true time-averaged density values drops to less
than 45 % for the rapid scan and less than 58 % for the ‘slow’ scan acquisitions. In the
worst case (30 mm diameter sphere, 25mm motion, ‘slow’ scan) more than 99 % of all
reconstructed pixels deviate from their true physical time-averaged density values by
more than 1 %. In this case, almost 98 % of all reconstructed pixels deviate by more
than 3 %, about 97.5 % differ by more than 5 %, and nearly 93 % are in error by more
than 10 % from their physical time-averaged values. Clearly evident both within the
TXO and the 10 mm surrounding margin is the wide spread departure from true time-

averaged density values in these motion-impacted CT reconstructed images.

Tables 4.10 — 4.11 summarize the time-averaged and CT reconstructed absolute
density statistics (minimum, maximum, mean) within the TXO for all rapid and ‘slow’
scans. The most striking feature revealed by this data is the generation of reconstructed
densities below that of the surrounding background. The existence of CT densities
below background density in the TXO is a direct result of the application of the filter
designed for static reconstruction but applied under dynamic conditions. Here. the
negative portions of the filter, which are intended to mitigate the radial blur

characteristic of static images, are misapplied. This misapplication results in a limited
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or partial reduction of radial blur in some regions and the erroneous decrease in
reconstructed densities in other areas. Indeed, in all dynamic cases, the minimum CT
reconstructed density within the TXO was always less than the physical background
density of 0.25 g/cm’ and in one instance (30 mm sphere, 15 mm motion, ‘slow’ scan)

the generation of negative densities occurred.

While the improper application of the filter accounts for some of the observed
discrepancies between time-averaged and CT reconstructed densities (densities below
background and below time-averaged densities), it does not account for all density
deviations observed within the TXO. The largest portion of deviations between the CT
reconstructed and time-averaged densities results from the projection of object density
away from the path of motion as seen in both Chapters 2 and 3. The net effect of this
projection is the displacement of density from one region of the image to another, thus
artificially lowering values in one area while elevating them in others. Figure 4.29
summarizes, for all dynamic cases explored, the fraction of CT pixels within the TXO
that are in agreement with the time-averaged pixels. Agreement, in these dynamic
situations, is deemed to exist when CT pixel densities fall within 1.0 % of their
corresponding time-averaged pixel densities. As expected, the loss of density integrity
within the TXO is greatest for the smallest sphere undergoing the largest motion (kx =
0.4) and scanned with the longest acquisition time (& = 1) and least for the largest
sphere undergoing the smallest motion (x = 10) and scanned with the shortest

acquisition time (= 0.25).

External to the TXO, where partial volume effects are physically non-existent,
accurate CT reconstruction should yield densities equal to the uniform background
value of 0.25 g/cm’. Tables 4.12 summarizes the CT reconstructed image absolute
density statistics (minimum, maximum, mean) outside the TXO contour but within a
10 mm margin for both rapid and ‘slow’ scans at z =0 mm. The minimum, maximum
and mean densities outside the TXO in the time-averaged images were, as expected,

0.25 g/cm’ for all sphere diameter and motion amplitude combinations. Even though
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the mean reconstructed image density outside the TXO is found to be in the vicinity of
0.25 g/cm’ for all sphere size and motion amplitude combinations, values as low as —
0.341 g/crn3 and as high as 0.762 g/om’® are recorded. Densities in excess of the
expected background value result from the distension of the reconstructed object in
directions displaced from the path of motion while their unphysical suppression below

background is solely due to inappropriate filter application.

Since motion disturbs the integrity of the CT images, it must also impact
target delineation. Figures 4.30 through 4.32 depict the rapid and ‘slow’ CT scans
object segmentation results at z = 0 mm for all sphere diameter and motion amplitude
combinations. For visualization purposes, only five intensity levels [119, Iz0, Iso, I70, I50]
are presented corresponding to 10, 30, 50, 70, and 90 percent of the static image
contrast above background. Also shown in these figures are the corresponding TXO
contours. Compared to the breath-hold target contours (see Figure 4.7), which are
virtually indistinguishable from one another and congruent with the surface of each
immobile sphere (TXO), the dynamic target contours are clearly divergent, by varying
degrees, from one another and from physically meaningful volumes which might be
associated with these mobile objects. As expected, the divergence is greatest for the
smallest sphere undergoing the largest motion and scanned with the longest acquisition
time (o = 1), and least for the largest sphere undergoing the smallest motion and
scanned using the shortest acquisition time (o = 0.25). In all cases presented, none of
the dynamic iso-intensity contours fully encompass the entire TXO contour. The
percent TXO coverage achieved by these contours, as well as all other omitted iso-
contours [l2o, Lo, 60, Iso], for the rapid and ‘slow’ scans are shown in Figures 4.33 -
4.35. In all cases the rapid scan yielded better TXO coverage than did the ‘slow’ scan
for the same sphere diameter and motion amplitude combinations at each threshold
level. This result is to be expected with the increased magnitude of motion artifacts
associated with the ‘slow” scan technique due to the larger degree of object movement
incorporated. Furthermore, the ‘slow’ scan TXO coverage decreases in a rather

discontinuous manner as a function of iso-contrast level in comparison to that
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associated with the rapid scan data. With both techniques the decrease in TXO
coverage is particularly dramatic for the small sphere where large motion amplitudes

can completely remove the target from the scan plane a significant portion of the time

In addition to the inability to fully encompass the TXO, areas external to the
TXO may also be incorporated by iso-contrast level defined cross-sections. The most
significant excursions beyond the bounds of the TXO occur with the 10 % and 20 %
1so-contrast contours. The excess areas external to the TXO are listed for these two
iso-contrast levels for all sphere size and motion amplitude combinations investigated.
These excess areas are in general greater for larger motions in combination with the
‘slow’ scan technique and can be seen to range from as little as 0.1 % to as large as 153

%.

The density variations along the TXO contour at the z = 0 slice location for all
sphere diameter and motion amplitude combinations are shown in Figures 4.36 — 4.39.
In all dynamic cases, significant density variations occur along these contour lines.
The degree of heterogeneity observed along each of these contours clearly indicates the
inability to define this or any other physically meaningful cross-sectional area without

knowledge additional to that provided by the images themselves.

4.4 Summary and Conclusion

With the exception of breath-hold techniques, all current CT scans for lung
radiotherapy are acquired while the tumor is non-stationary and as such are subject to
the presence of motion artifacts. From an imaging standpoint, the mobile object is
subject to a wide ranging degree of distortion from its true shape depending on object
size, extent of motion, and scan time. Mild and even barely detectable distensions are
associated with rapid scans of objects whose range of motion is small in comparison to
their physical size. In contrast, highly contorted images can result when object size is

small in comparison to the extent of motion. These effects are exacerbated by long
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scan times in comparison to more rapid image acquisition schemes. These distortions
can be so severe as to render the reconstructed image unrecognizable in relation to its

static counterpart.

For the static case, CT image reconstruction is seen to faithfully reproduce the
physical densities of objects to within 1% accuracy in all regions excluding narrow
regions in the immediate vicinity of density discontinuities. Within the penumbral
regions which result, the integrity of CT reconstruction to accurately reproduce
physical densities is compromised. The departure in image fidelity observed within
these density discontinuity penumbral regions reflects fundamental practical limitations

of CT reconstruction.

The presence of motion during acquisition, on the other hand, produces
inconsistent projection data sets which, upon CT reconstruction, negatively impact
image integrity on a global basis. The degradation in image integrity which results is
due to the combination of improper filter application and the distension of object
density away from the path of motion. The degree to which motion impacts image
integrity was investigated in terms of the ability to reproduce the physical time-
averaged density distributions resultant from the dynamics involved. Two specific
regions within these motion impacted images were investigated with regard to their
adherence to the true distribution of densities. These two areas were the TXO, where
the presence of motion produces time-averaged density distributions divergent from the
static case, and a 10 mm margin immediately surrounding the TXO where static
conditions physically exist. Over the range of all sphere diameter and motion
amplitude combinations investigated, mean differences between physical and
reconstructed densities within the TXO were seen to range from as little as 0.5 % to as
much as 9.6 %. Standard deviations in percent density difference values for the TXO
region were in all cases greater than 1 %, ranging from a minimum of 7.1 % to a
maximum of 23.8 %. Mean density differences of less than 2 % were observed in all

margin regions. The standard deviations in percentage density difference values were.
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as within the TXO, all larger than 1 % and ranged from a minimum of 4.5 % to a
maximum of 38.6 %. In all cases, and in both regions, a wide spread departure in
reconstructed densities from their true physical values was observed as indicated by the
large standard deviations in percentage density difference. In the worst case observed
(30 mm sphere, 25 mm motion, ‘slow’ scan), densities deviations within the TXO of
more than 10 % occurred for almost 63 % of all reconstructed pixels. For this same
case, density deviations of greater than 10 % were observed in nearly 93 % of all
reconstructed pixels within the 10 mm margin region. Even in regions where mean
differences of less than 1 % were observed, the data clearly reveals that this is not the
result of widespread agreement but instead is the product of a rather fortuitous

relatively equivalent spread in reconstructed densities both above and below their true

time- averaged values.

Not surprisingly, the widespread negative impact of motion on CT
reconstructed image integrity has significant concomitant consequences for object
delineation. Simple threshold based contouring proves readily able to locate and
delineate the physical extent of static objects. When applied to motion-impacted
images the same technique is seen to yield results which range from reasonable to
dismal. As is to be expected, the best results are obtained with small motions in
combination with large target sizes while the worst results derive from large motions
coupled with small targets. In all of the dynamic cases investigated, this simple
delineation scheme failed to yield contours which fully encompassed the TXO.
Furthermore, those contours which best enveloped the TXO could, in the case of large
motions and small target sizes, include significant areas external to the TXO. The
widespread failure to accurately identify the TXO is clearly the result of the large
degree of image degradation resultant from the presence of motion-induced image
artifacts and not the simplicity of the delineation technique employed. This is perhaps
most readily seen by examining the density variations which characterize the contour
of the TXO in all dynamic cases. The magnitude of heterogeneity observed along

these contour lines, and within these motion-impacted images as a whole, clearly
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indicates the inability of any simple strait forward delineation scheme to define this or
any other physically meaningful cross-sectional area associated with mobile objects

without knowledge additional to that provided by the images themselves.
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TABLE 4.1

Target contour areas for experimental and simulation scans of a 25 mm diameter POM
sphere in air and in water at z = 0 mm, where partial volume effects are minimal. Also
included in the table are the deviations between experimental and simulation target

contour centroids.

Gray- Air Water
threshold Area Area Centroid Area Area Centroid
level experiment simulation deviation experiment simulation deviation
@ ) @md) @m) @) ) m)
10 520.5 528.3 0.24 521.2 528.2 0.40
20 506.4 5144 0.24 507.3 514.2 0.41
30 495.3 503.9 0.25 495.8 503.6 0.42
40 485.7 4942 0.25 486.2 493.7 0.42
50 4771 484.6 0.26 477.6 484.2 0.42
60 468.3 475.5 0.25 469.0 474.9 0.42
70 463.8 465.5 0.25 459.9 465.0 0.42
80 458.8 4552 0.25 449.3 454.6 0.42
90 435.3 439.5 0.24 435.1 438.5 0.42

Note: Actual area of POM sphere at this slice location is 490. 9 mm".
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TABLE 4.2

Target contour areas for experimental and simulation scans of a 25 mm diameter POM
sphere in air and in water at z = 9 mm, where partial volume effects are prominent.
Also included in the table are the deviations between experimental and simulation

target contour centroids.

Gray- Air Water
threshold Area Area Centroid Area Area Centroid
level experiment simulation deviation experiment simulation deviation
) mm) @e) @m) @) @md) @m)
10 312.2 316.2 0.26 308.1 316.2 0.38
20 283.8 289.3 0.26 283.0 289.0 0.40
30 262.0 267.3 0.25 261.8 267.1 0.40
40 2428 247.6 0.26 243.4 247.2 0.38
50 224.1 229.8 0.26 2255 229.0 0.34
60 2058 211.5 0.25 207.1 211.1 0.37
70 186.2 192.2 0.25 186.4 192.2 0.47
80 163.3 170.1 0.25 161.3 169.7 0.47
90 132.0 137.8 0.25 127.3 137.1 0.36

Note: Actual area of POM sphere at this slice location is 236.4 mm".
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TABLE 4.3

Target contour areas for experimental and simulation scans of a 30 mm diameter POM
cylinder undergoing a SHM along the horizontal axis of the scanner in both air and
water mediums. Also included in the table are the deviations between experimental

and simulation target contour centroids.

Gray- Air Water
threshold Area Area Centroid Area Area Centroid
level experiment simulation deviation experiment simulation deviation
O omd) ) m) @md) mmd) (om)
10 1268.0 1314.6 1.36 1277.0 1315.1 0.48
20 987.2 1037.3 0.95 997.5 1037.5 0.69
30 874.9 910.6 1.41 874.7 910.7 0.81
40 757.6 777.6 1.74 758.8 777.8 0.62
50 680.7 664.7 1.70 663.6 665.0 0.62
60 575.3 581.3 1.94 569.1 581.7 0.83
70 490.9 479.7 1.85 480.9 480.0 1.18
80 411.1 382.7 1.03 409.0 383.1 1.07
90 369.1 327.3 0.71 360.5 327.6 0.89
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TABLE 4.4

Target contour areas for experimental and simulation scans of a 25 mm diameter POM
cylinder undergoing a SHM along the = - axis of the scanner in both air and water
mediums. Also included in the table are the deviations between experimental and

simulation target contour centroids.

Gray- Air Water
threshold Area Area Centroid Area Area Centroid
level experiment simulation deviation experiment simulation deviation
(%) ) @) (mm) () @md)  (mm)
10 482.3 483.8 0.34 483.3 483.9 0.84
20 461.9 463.7 0.35 460.9 463.7 0.79
30 456.7 4473 0.35 443.5 4473 0.78
40 432.3 431.7 0.34 427.1 431.7 0.75
50 416.9 410.5 0.36 407.3 410.7 0.68
60 383.8 376.5 0.37 379.9 376.5 0.57
70 359.5 349.5 0.36 353.6 349.8 0.53
80 3354 322.3 0.39 326.9 3225 0.51
90 295.5 287.2 0.41 2923 288.1 0.54
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TABLE 4.5

Fraction of CT pixels within 1, 3, 5 and 10 % of the expected time-averaged density for

breath-hold scans.

Within TXO Within 10 mm region outside
TXO

Sphere
. 1% 3% 5% 10% 1% 3% 5% 10%
diameter
50 mm 951 971 980 99.1 902 912 914 924
30 mm 925 929 949 975 925 931 934 940
10 mm 620 718 774 872 951 955 958 964
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TABLE 4.6

Comparison of image density breakdown within the TXO between the rapid and ‘slow’
CT scans. For each sphere diameter and motion amplitude combination, the mean and

standard deviation of the percent density differences within the TXO are presented.

Rapid scan ‘Slow’ scan

Kappa Mean Standard Mean Standard

Combination
value deviation deviation
(%) (%) (%) (%)
50 mm sphere —
) ) 10.0 1.4 7.4 1.8 9.8
5 mm motion
50 mm sphere —
) ) 33 1.7 10.3 34 16.6
15 mm motion
50 mm sphere —
) ) 2.0 1.5 12.7 52 18.6
25 mm motion
30 mm sphere —
) 6.0 1.1 7.1 1.7 10.7
5 mm motion
30 mm sphere —
) . 2.0 1.6 11.7 4.9 17.3
15 mm motion
30 mm sphere —
) ) 1.2 2.0 16.3 7.5 23.8
25 mm motion
10 mm sphere —
) ) 2.0 0.5 8.2 1.9 13.9
5 mm motion
10 mm sphere —
) 0.7 29 16.6 9.6 12.8
15 mm motion
10 mm sphere -
) ) 0.4 0.2 20.4 7.8 13.1
25 mm motion
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TABLE 4.7

Fraction of pixels within the TXO that falls within 1, 3, 5 and 10 % of the true time-

averaged density values.

Rapid scan ‘Slow’ scan

Combination  Kappa

1% 3% 5% 10% 1% 3% 5% 10%
value

50 mm sphere—
10.0 86.9 89.0 903 9.

(o]
o
~)
~
o

799 827 893

5 mm motion

30 mm sphere—

6.0 79.1 83.0 854 90.7 640 684 71.8 83.0

5 mm motion
50 mm sphere—
33 68.3 72.1 754 835 442 49,1 534 67.0

15 mm motion

30 mm sphere—

) ) 2.0 503 563 615 758 191 268 342 569
15 mm motion
30 mm sphere— _
1.2 193  26.7 340 54.6 5.8 143 222 374

25 mm motion

10 mm sphere-
0.7 1.7 19.7 284 499 1.1 6.9 176 599

15 mm motion

10 mm sphere—
0.4 4.6 15.0 234 474

)
o
~]
—

14.4

L%
o
(V4]

25 mm motion
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TABLE 4.8

Comparison of image density breakdown outside the TXO but within 2 10 mm region
between the rapid and ‘slow’ CT scans. For each sphere diameter and motion
amplitude combination, the mean and standard deviation of the percent density

differences within a 10 mm region surrounding the TXO are presented.

Rapid scan ‘Slow’ scan

Mean Standard Mean Standard
Combination  Kappa

deviation deviation
value
(%) (%) (%) (%)
50 mm sphere —
) ] 10.0 0.6 8.7 0.4 4.5
5 mm motion
50 mm sphere —
. 33 0.3 14.7 -0.2 11.1
15 mm motion
50 mm sphere —
) 2.0 0.8 18.3 0.9 28.4
25 mm motion
30 mm sphere -
_ . 6.0 1.6 11.2 1.7 11.2
S mm motion
30 mm sphere —
2.0 1.0 16.3 0.7 242
15 mm motion
30 mm sphere —
) ) 1.2 0.7 19.1 1.3 38.6
25 mm motion
10 mm sphere —
) ) 2.0 0.8 9.7 0.7 11.8
S mm motion
10 mm sphere —
) ) 0.7 0.0 14.2 0.2 249
15 mm motion
10 mm sphere —
0.4 0.1 14.9 0.3 20.9

25 mm motion
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TABLE 4.9

Fraction of pixels within a 10 mm region surrounding the TXO that falls within 1, 3, 5

and 10 % of the expected background density of 0.25 g/em’.

Rapid scan ‘Slow’ scan

Combination  Kappa
1% 3% 5% 10% 1% 3% 5% 10%
value

50 mm sphere—

N
3]

10.0 98 410 675 839 400 816 902 9

5 mm motion

30 mm sphere—

W
(9]
(U3)
[o2e]
(¥3)
<
8]
o
[o2e]
~J
(=Y
p—
[o )
=
N

6.0 8.7 276 94.7

5 mm motion

50 mm sphere-
33 3.1 10.1 18.0 593 99 264 40.0 758

15 mm motion
30 mm sphere-
) 2.0 5.9 15.8 240 449 29 114 248 57.8

15 mm motion
30 mm sphere—
25 mm motion
10 mm sphere-
0.7 10.2 36.1 529 76.2 0.7 1.8 3.0 24.1
15 mm motion
10 mm sphere-

) 0.4 4.5 15.2 35.0 679 0.6 2.2 152 382
25 mm motion

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



TABLE 4.10

Pixel statistics (mean, minimum, maximum densities) within the TXO of the rapid

time-averaged and CT reconstructed images.

Time-averaged image CT reconstructed image

o Mean Minimum Maximum Mean Minimum Maximum
Combination Kappa ) ) )
density  density density  density density density
(ge’) (gem’)  (gem’) (gom’) (gor’)  (gom’)

value

50 mm sphere-
) ) 100 0.863 0.263 0.900 0.870 0.211 0.908
5 mm motion

30 mm sphere—
6.0 0.841 0.263 0.900 0.846 0.202 0.906

5 mm motion

50 mm sphere—
3.3 0.796 0.263 0.900 0.803 0.209 0.904
15 mm motion

30 mm sphere—
_ ) 2.0 0.732 0.263 0.900 0.738 0.144 0.901
15 mm motion

30 mm sphere—
1.2 0.606 0.263 0.900 0.612 0.146 0.901
25 mm motion

10 mm sphere-
) 0.7 0.413 0.263 0.546 0.421 0.172 0.550
15 mm motion

10 mm sphere— _
04 0.351 0.263 0.417 0.354 0.117 0.420

25 mm motion

* The minimum density within the TXO should be just above 0.250 g/cm’. However,
due to pixel averaging, the minimum density recorded is 0.263 g/cm’.
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TABLE 4.11

Pixel statistics (mean, minimum, maximum densities) within the TXO of the ‘slow’

time-averaged and CT reconstructed images.

Time-averaged image CT reconstructed image

o Mean Minimum Maximum Mean Minimum Maximum
Combination Kappa

density  density density  density  density density

value 3 3 3 3 3 3
(gem’) (gem’)  (gem') (gem’) (gem’)  (g/em)
50 mm sphere—
_ ) 10.0 0.830 0.263 0.900 0.836 0.232 0.910
5 mm motion
30 mm sphere—
_ . 6.0 0.794 0.263 0.900 0.798 0.243 0.908
5 mm motion
50 mm sphere—
3.3 0.731 0.263 0.900 0.746 0.237 0.905

15 mm motion
30 mm sphere-

~ . 2.0 0.660 0.263 0.900 0.674 -0.228 0.901
15 mm motion

30 mm sphere—

) 1.2 0.551 0.263 0.726 0.577 0.105 0.768
25 mm motion
10 mm sphere—
0.7 0.388 0.263 0.458 0.425 0.097 0.472
15 mm motion
10 mm sphere-
0.4 0.331 0.263 0.367 0.358 0.113 0.398

25 mm motion

* The minimum density within the TXO should be just above 0.250 g/em’. However,
due to pixel averaging, the minimum density recorded is 0.263 g/cm’.
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TABLE 4.12

CT pixel statistics (mean, minimum, maximum densities) within a 10 mm region

outside the TXO.

Rapid CT scan ‘Slow’ CT scan

o Mean Minimum Maximum Mean Minimum Maximum
Combination Kappa i ) ) )
density  density density  density  density density

value . . . . . 5
(gem’)  (gem’)  (gem’) (gem’) (gem’)  (g/em)
50 mm sphere-
) ) 10.0 0.257 0.155 0.762 0.256 0.226 0.718
5 mm motion
30 mm sphere—
_ ) 6.0 0.255 0.149 0.693 0.255 0.194 0.736
5 mm motion
50 mm sphere- o
) 3.3 0.254 0.130 0.653 0.253 0.091 0.625
15 mm motion
30 mm sphere—
2.0 0.253 0.117 0.510 0.252 0.018 0.437

15 mm motion

30 mm sphere-
) 1.2 0.252 0.116 0.621 0.253 -0.341 0.563
25 mm motion

10 mm sphere-
) 0.7 0.250 -0.115 0.402 0.251 -0.153 0.588
15 mm motion

10 mm sphere~
) 0.4 0.250 0.036 0.397 0.251 0.095 0.381
25 mm motion

* Note: Time-averaged minimum, maximurn and mean are all equal to 0.250 g/cm’.

—
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N
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TABLE 4.13

Excess areas outside the TXO for both the rapid and ‘slow’ scans. Excess area is

expressed as a percentage of the TXO area.

Rapid scan ‘Slow’ scan
Sphere
. Gray-level S5mm 15mm 25mm S5mm I15mm 25mm
diameter ) ) ) )
threshold motion motion motion motion motion motion
(mm)
0 Lo 18% 48% 76% 06% 07% 189%
5
Lo 02% 01% 02% 01% 00% 0.0%
30 Lo 33% 80% 136% 12% 187% 71.9%
2
Io 05% 02% 08% 01% 00% 235%
0 Lo 10.0% 22.1% 292% 13.6% 139% 153%
Lo 09% 16% 00% 0.1% 43.7% 0.0%
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Figure 4.1 Experiment (a) and simulation (b) target delineation results for a 25 mm
diameter sphere scanned at z = 0 mm where partial volume effects are minimal. Three
gray-level threshold contours are shown, Ijo (dotted line), Isy (dashed line) and gy

(solid line).
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Figure 4.2 Experiment (a) and simulation (b) target delineation results for a 25 mm
diameter sphere scanned at z =9 mm where partial volume effects are observed. Three

gray-level threshold contours are shown, I)o (dotted line), Iso (dashed line) and Iy
(solid line).
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Figure 4.3 Target delineation results for a 30 mm cylinder undergoing a 15 mm SHM
along horizontal axis. Contours defined using a 10 % (dotted line), 50 % (dashed line)

and 90 % (solid line) threshold percentage value. (a) Experiment and (b) Simulation.
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Figure 4.4 Target delineation results for a 25 mm sphere undergoing a 15 mm SHM

along the z-axis. Contours defined using a 10 % (dotted line), 50 % (dashed line) and

90 % (solid line) threshold percentage value.
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(a) Experiment and (b) Simulation.
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Figure 4.6 Penumbra in CT images of well-defined objects. Section of central
horizontal density profile illustrating the penumbral region and density difference
frequency distribution within a 2 mm ring centered on TXO for the (a) large 50 mm

diameter sphere, (b) intermediate 30 mm diameter sphere and (c) small 10 mm

diameter sphere.
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Figure 4.7 Target segmentation results for the (a) large, (b) intermediate and (c¢) small

static spheres. For visualization purposes, only five target contours are displayed [I;q,

Lo, T30, I70, Iso]. (Note: Ijpo corresponds to the static lung tumor density (0.90 g/cm3)

while Iy corresponds to the background density (0.25 g/cm3 )-
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Figure 4.8 Target cross-section to TXO ratio as a function of contrast threshold level.
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Figure 4.9 TXO coverage as a function of contrast threshold level.

165

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



16.0

| ©10 mm sphere |
14.0 [ 030 mm sphere H

| & 50 mm sphere |

. 12.0
°\°
S o
g 10.0
[++]
>
3 8.0
S &
3
'—
§ 6.0 &
(2]
>
33 ]
4.0 0
2.0 s a .
a a
JaY
0.0 ‘ ’ : g 8 - S gy —
0 10 20 30 40 50 60 70 80 90 100

Iso-contrast threshold (%)

Figure 4.10 Excess TXO coverage as a function of contrast threshold level.
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Figure 4.11 Time-averaged and CT reconstructed images along with TXO contours
(dashed lines) for the large sphere (diameter = 50 mm) undergoing a small SHM (4, =

z =5 mm) and imaged with a rapid 1 second acquisition time (alpha = 0.25). Also
shown are the percent density difference maps within the TXO (% difference map — in)
and within a 10 mm region surrounding the TXO (% difference map — out) along with

their corresponding histograms (histogram — in, histogram - out).
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Figure 4.12 Time-averaged and CT reconstructed images along with TXO contours
(dashed lines) for the large sphere (diameter = 50 mm) undergoing an intermediate
SHM (4, = 4z = 15 mm) and imaged with a rapid 1 second acquisition time (alpha =
0.25). Also shown are the percent density difference maps within the TXO (%
difference map — in) and within a 10 mm region surrounding the TXO (% difference
map — out) along with their corresponding histograms (histogram - in. histogram —

out).

168

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Time-averaged

CT reconstructed
200

150 [RE T y 150 (RN
100 (RS R 100

50 .

oF

50

00150 200 0 50100 50200
% difference map - in % difference map - out
y
" histogram - in . histogram - out
ol Mean = 15127 %) | Mean= 08 || £18.3%]
8 n
6 n

g7 g : 1

$ o} 50.8 —» $°

Ss S4 I

'é 4 g,

C 3 r € 2 l J
1 i 4 1 1
0 .«-M'fﬂrﬂl itan! J ’ H{n-mﬂﬂ’iw nnn”]ﬂ, IL__ 'mhﬂﬁ[hﬂ
-60 40 =20 0 20 40 &0 50 40 -20 ¢ 20 40 60

Density difference (%) Density difference (%)

Figure 4.13 Time-averaged and CT reconstructed images along with TXO contours
(dashed lines) for the large sphere (diameter = 50 mm) undergoing a large SHM (4, =

z =25 mm) and imaged with a rapid 1 second acquisition time (alpha = 0.25). Also
shown are the percent density difference maps within the TXO (% difference map — in)
and within a 10 mm region surrounding the TXO (% difference map — out) along with

their corresponding histograms (histogram — in, histogram — out).
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Figure 4.14 Time-averaged and CT reconstructed images along with TXO contours
(dashed lines) for the medium sphere (diameter = 30 mm) undergoing a small SHM (4,
= Az =5 mm) and imaged with a rapid 1 second acquisition time (alpha = 0.25). Also
shown are the percent density difference maps within the TXO (% difference map — in)
and within a 10 mm region surrounding the TXO (% difference map - out) along with

their corresponding histograms (histogram — in, histogram — out).
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Figure 4.15 Time-averaged and CT reconstructed images along with TXO contours
(dashed lines) for the medium sphere (diameter = 30 mm) undergoing an intermediate
SHM (4, = Az = 15 mm) and imaged with a rapid 1 second acquisition time (alpha =
0.25). Also shown are the percent density difference maps within the TXO (%
difference map — in) and within a 10 mm region surrounding the TXO (% difference
map — out) along with their corresponding histograms (histogram - in, histogram —

out).
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Figure 4.16 Time-averaged and CT reconstructed images along with TXO contours
(dashed lines) for the medium sphere (diameter = 30 mm) undergoing a large SHM (4,
= Az =25 mm) and imaged with a rapid 1 second acquisition time (alpha = 0.25). Also
shown are the percent density difference maps within the TXO (% difference map — in)
and within a 10 mm region surrounding the TXO (% difference map - out) along with

their corresponding histograms (histogram - in, histogram — out).
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Figure 4.17 Time-averaged and CT reconstructed images along with TXO contours
(dashed lines) for the small sphere (diameter = 10 mm) undergoing a small SHM (4, =

z =5 mm) and imaged with a rapid 1 second acquisition time (alpha = 0.25). Also
shown are the percent density difference maps within the TXO (% difference map — in)
and within 2 10 mm region surrounding the TXO (% difference map — out) along with

their corresponding histograms (histogram — in, histogram — out).
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Figure 4.18 Time-averaged and CT reconstructed images along with TXO contours
(dashed lines) for the small sphere (diameter = 10 mm) undergoing an intermediate
SHM (4 = Az = 15 mm) and imaged with a rapid 1 second acquisition time (alpha =
0.25). Also shown are the percent density difference maps within the TXO (%
difference map — in) and within a 10 mm region surrounding the TXO (% difference
map — out) along with their corresponding histograms (histogram — in, histogram —

out).
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Figure 4.19 Time-averaged and CT reconstructed images along with TXO contours
(dashed lines) for the small sphere (diameter = 10 mm) undergoing a large SHM (4, =
Az = 25 mm) and imaged with a rapid 1 second acquisition time (alpha = 0.25). Also
shown are the percent density difference maps within the TXO (% difference map — in)
and within a 10 mm region surrounding the TXO (% difference map — out) along with

their corresponding histograms (histogram — in, histogram — out).
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Figure 4.20 Time-averaged and CT reconstructed images along with TXO contours
(dashed lines) for the large sphere (diameter = 50 mm) undergoing a small SHM (4, =
Az = 5 mm) and imaged with a ‘slow’ 4 second acquisition time (alpha = 1). Also
shown are the percent density difference maps within the TXO (% difference map — in)
and within a 10 mm region surrounding the TXO (% difference map — out) along with

their corresponding histograms (histogram — in, histogram — out).
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Figure 4.21 Time-averaged and CT reconstructed images along with TXO contours
(dashed lines) for the large sphere (diameter = 50 mm) undergoing an intermediate
SHM (4 = 4z = 15 mm) and imaged with a ‘slow’ 4 second acquisition time (alpha =
1). Also shown are the percent density difference maps within the TXO (% difference
map — in) and within a 10 mm region surrounding the TXO (% difference map — out)

along with their corresponding histograms (histogram — in. histogram — out).
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Figure 4.22 Time-averaged and CT reconstructed images along with TXO contours
(dashed lines) for the large sphere (diameter = 50 mm) undergoing a large SHM (4, =
Az = 25 mm) and imaged with a ‘slow’ 4 second acquisition time (alpha = 1). Also
shown are the percent density difference maps within the TXO (% difference map — in)
and within a 10 mm region surrounding the TXO (% difference map — out) along with

their corresponding histograms (histogram — in, histogram — out).
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Figure 4.23 Time-averaged and CT reconstructed images along with TXO contours
(dashed lines) for the medium sphere (diameter = 30 mm) undergoing a small SHM (4,
= Az = 5 mm) and imaged with a ‘slow’ 4 second acquisition time (alpha = 1). Also
shown are the percent density difference maps within the TXO (% difference map — in)
and within a 10 mm region surrounding the TXO (% difference map — out) along with

their corresponding histograms (histogram — in. histogram — out).
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Figure 4.24 Time-averaged and CT reconstructed images along with TXO contours
(dashed lines) for the medium sphere (diameter = 30 mm) undergoing an intermediate
SHM (4, = Az = 15 mm) and imaged with a ‘slow” 4 second acquisition time (alpha =
1). Also shown are the percent density difference maps within the TXO (% difference
map — in) and within a 10 mm region surrounding the TXO (% differcnce map - out)

along with their corresponding histograms (histogram — in, histogram — out).
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Figure 4.25 Time-averaged and CT reconstructed images along with TXO contours
(dashed lines) for the medium sphere (diameter = 30 mm) undergoing a large SHM (4,
= Az = 25 mm) and imaged with a ‘slow” 4 second acquisition time (alpha = 1). Also
shown are the percent density difference maps within the TXO (% difference map — in)

and within a 10 mm region surrounding the TXO (% difference map — out) along with
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Figure 4.26 Time-averaged and CT reconstructed images along with TXO contours
(dashed lines) for the small sphere (diameter = 10 mm) undergoing a small SHM (4, =

z =5 mm) and imaged with a ‘slow’ 4 second acquisition time (alpha = 1). Also
shown are the percent density difference maps within the TXO (% difference map — in)
and within a 10 mm region surrounding the TXO (% difference map - out) along with

their corresponding histograms (histogram — in, histogram — out).
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Figure 4.27 Time-averaged and CT reconstructed images along with TXO contours
(dashed lines) for the small sphere (diameter = 10 mm) undergoing an intermediate
SHM (4, = Az = 15 mm) and imaged with a “slow’ 4 second acquisition time (alpha =
1). Also shown are the percent density difference maps within the TXO (% difference
map — in) and within a 10 mm region surrounding the TXO (% difference map — out)

along with their corresponding histograms (histogram — in, histogram — out).
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Figure 4.28 Time-averaged and CT reconstructed images along with TXO contours
(dashed lines) for the small sphere (diameter = 10 mm) undergoing a large SHM (4, =

z = 25 mm) and imaged with a ‘slow’ 4 second acquisition time (alpha = 1). Also
shown are the percent density difference maps within the TXO (% difference map — in)

and within a 10 mm region surrounding the TXO (% difference map — out) along with
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Figure 4.29 Fraction of pixels within the TXO in agreement. Agreement, in this case,
is deemed to exist when CT pixel densities deviate by no more than 1 % from their

corresponding time-average pixel densities.

185

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Motion
amplitude

5 mm

15 mm

25 mm

Alpha = 0.25 Alpha=1
200 , 200
- 10
— :30
150} 21 1m0
70
— g
: == TXO
100 100
50 50
0 ' 0
0 50 100 150 200 0 50 100 150 200
200 200
150 150
N
I \
100 100 f ]
A !
N ’
50 50
0 . 0 ,
0 50 100 150 200 0 50 100 150 200
200 200
150} 150
-y
4
F 4 \\
100 100} { ;
N\ 4
0 A i 0 i
0 50 100 150 200 0 50 100 150 200

Figure 4.30 Segmentation results for the largest sphere (diameter = 50 mm)

undergoing a SHM of various amplitudes during CT scanning. For visualization

purposes, only five iso-intensity contours [0, Is0, Iso, I70, loo] are presented along with

the TXO contour. (Note: Ijgg corresponds to the static lung tumor density (0.90 g/cm3 )

while Iy corresponds to the background density (0.25 g/em’)).
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Figure 4.31 Segmentation results for the intermediate sphere (diameter = 30 mm)
undergoing a SHM of various amplitudes during CT scanning. For visualization
purposes, only five iso-intensity contours [I;o, I30, Iso, I70, Ioo] are presented along with
the TXO contour. (Note: Ijgo corresponds to the static lung tumor density (0.90 g/cm3 )

while Iy corresponds to the background density (0.25 gcm3 ).
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Figure 4.32 Segmentation results for the small sphere (diameter = 10 mm) undergoing

a SHM of various amplitudes during CT scanning. For visualization purposes. only

five iso-intensity contours [Ijo, I30. Iso. I70, loo] are presented along with the TXO

contour. (Note: Ig) corresponds to the static lung tumor density (0.90 g/cm3) while I

corresponds to the background density (0.25 g/em’)).
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Figure 4.33 Percentage of TXO covered by the iso-intensity contours for the largest
sphere (diameter = 50 mm) undergoing a SHM of various amplitudes during rapid and

‘slow” CT scanning.
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Figure 4.34 Percentage of TXO covered by the iso-intensity contours for the
intermediate sphere (diameter = 30 mm) undergoing a SHM of various amplitudes

during rapid and ‘slow’ CT scanning.
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Figure 4.35 Percentage of TXO covered by the iso-intensity contours for the smallest
sphere (diameter = 10 mm) undergoing a SHM of various amplitudes during rapid and

‘slow’ CT scanning.
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Figure 4.37 Density along the rapid and ‘slow’” TXO contours for the intermediate
sphere (diameter = 30 mm) undergoing a SHM of various amplitudes during CT

scanning: (a) 5 mm, (b) 15 mm. and (c) 25 mm.
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Figure 4.38 Density along the rapid and ‘slow’ TXO contours for the smallest sphere
(diameter = 10 mm) undergoing a SHM of various amplitudes during CT scanning: (a)

5 mm, (b) 15 mm, and (c¢) 25 mm.
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Chapter 5: Phase sequence imaging to reveal the total volume

occupied by mobile lung tumors

5.1 Introduction

As clearly indicated in Chapter 1, there is a pressing need for more accurate
methods of determining field shapes which will provide adequate tumor coverage
while sparing as much as possible surrounding critical structures for situations in which
physiologic motion can neither be eliminated nor discounted and for which gating

techniques are neither available nor applicable.

In this chapter, a slice-specific imaging technique is presented which provides a
direct assessment of the extent of free-breathing tumor motion without recourse to
gating techniques. This is accomplished by acquiring a phase sequence image (PSI)
set, consisting of consecutive rapid CT images, at each slice location throughout the
target volume during free-breathing. Each image constituting a PSI set thus captures
the tumor at a different phase in its motion at a single cranio-caudal position. The
phase relationship between the images of a given PSI set is provided by the duty cycle
of the scanner. Sampling the motion phase space in this manner allows one to
approximate the total volume occupied (TVO) by a tumor during the totality of its
travel according to the following scheme. A clinical target volume (CTV) is defined
for each image of a PSI set. Forming a composite clinical target volume (CCTV)
contour from the union of CTV contours for a given a PSI set estimates the total cross-
sectional area (TXO) presented by the tumor during the course of its motion at that

slice location.
The CCTV approximates the total volume occupied (TVO) by the mobile tumor
during the course of its travel and is constructed from the CCTV contours from all slice

locations at which the tumor is present. By forming the union of contours provided by

each element of a PSI set, the need to define phase relationships between images at
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different slice locations is eliminated. The CCTV defined in this manner yields a slice

by slice determination of the total volume occupied by a mobile tumor.

5.2 Background

Consider an imaging sequence wherein acquisition begins at t = t; and requires
a time interval ot to complete. This is followed by a non-imaging interval of AT prior
to the onset of the next image acquisition. This pattern repeats until all images of the
sequence are acquired. Each image in this PSI set spans a phase interval Ag and is

centered about the phase angle ¢, given by

Ag=222L (5.1)
T

m

and

6. =o(t, )+ %75[%1:-+(n—1)(AT+8t)] (5.2)

m

where n = 1, 2, 3,..., and 1, = motion period of target (tumor). For example, let a
tumor undergoing a simple harmonic motion with a free-breathing period of 4 seconds
be imaged with a scanning sequence consisting of 10 full rotation acquisitions of
duration St = 1 sec, each separated by AT = 1.35 sec (a standard default setting on the
scanner used in this investigation). If the phase angle of the first image is ¢, the
subsequent 9 images of this PSI set will sample the motion phase space at ¢, +22.5", 4,
+85.5°, 4 +108.0°, 4, +148.5°, 4, +171.0°, ¢, +234.0°, ¢, +256.5°, @ +297.0°, and
@ +319.5". Each element of this PSI set will span a phase interval of /2 or 90°. Care
must be taken, however, to avoid sample clustering. For example, the above imaging
sequence in combination with a motion period of 3.52 seconds produces a sampling
yielding only three distinct elements, four of ¢ + 51.064 °, and three each of ¢, +

171.064 ° and @ + 291.064°. This unfortunate circumstance can be easily avoided by
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choosing a different (8t, AT) combination. Patient respiration rate must thus be

determined prior to imaging using fluoroscopy or some other means.

5.3 Methods and materials

5.3.1 Phantom study

The validity of the proposed CCTV approach is demonstrated by means of a
phantom study employing simple geometric objects following well-defined trajectories.
Doing so eliminates the uncertainties associated with a clinical assessment (e.g.
uncertainties in both the physical extent of the tumor and its exact pattern of motion)
and makes possible a rigorous comparison of the experimental CCTV to the actual or
true total volume occupied (TVO) by the mobile target. For illustrative purposes, a
simplified example, in which motion is constrained to the scanning plane, is initially
presented. This is then followed by an assessment of more realistic motions for a more
clinically relevant tumor shape and size. The investigation concludes with a

demonstration of the practical application of the CCTV technique using clinical data.

A uniform cylinder constructed of POM (polyoxymethylene, an acetal
homopolymer), with a 10 mm diameter, was used to illustrate the concept of the CCTV
technique. The cylinder was oriented with its long axis orthogonal to the imaging
plane and subjected to simple harmonic motion with a 25 mm amplitude along the

horizontal x-axis.

In clinical situations, a large range of respiration-induced tumor motions is
observed for tumors varying in size from the miniscule to the very large. For the
purposes of this investigation, a 25 mm diameter POM sphere, representative of a
medium sized tumor, served as a mobile target for the assessment of the CCTV
technique.  Three respiration-induced tumor motions were considered: small.
intermediatc and large simulating good, moderate and poor clinical scenarios.

respectively. Simple harmonic motion along the x- (horizontal) and z- (longitudinal)
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axes, each with a period of 4 seconds and amplitudes of either 35, 15 or 25 mm, define

the small, intermediate and large trajectories of the spherical test object.

Ten element PSI sets, obtained using full rotation acquisitions of 8t = 1 s

duration, each separated by AT = 1.35 s, were acquired for each of the above (target,
motion) combinations using a Picker PQ5000 CT scanner (Philips Medical Systems).
Physical motion was provided by a set of tri-axial translation plates each actuated by
cam follower drive mechanisms. Motion along each axis is governed by a separate
cam. All three cams are driven by a single variable speed electric motor. The phase of
motion along each axis is governed by the orientation of the individual cams with

respect to one another.

All phantom studies are carried out in air for maximum contrast between
mobile object and surrounding background. Individual CTV contours are defined
according to iso-contrast threshold levels. A contrast level of 100 % corresponds to the
density difference between the surrounding air medium and the static POM sphere or
cylinder. All CT images are displayed using a level of =350 HU and a window of 1300
HU to reflect what one might expect to see under clinical viewing conditions. To aid

visibility, all CT images are cropped to the central 201 X 201 pixels.
5.1.2 Clinical application

One patient was recruited and did consent to take part in a study of the clinical
application of the CCTV technique. This patient presented with an intraparenchymal
tumor fully circumscribed by lung. According to current institute clinical practice, this
patient was initially examined using fluoroscopy in treatment position in order to
estimate the superior-inferior (SI) boundaries of tumor motion. The location of these
boundaries, as indicated by fluoroscopy, was marked on the patient’s skin using
external markers (wires). Definitive superior-inferior tumor motion boundaries were

then identified using CT by first acquiring ten axial images in rapid succession (1
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sec/rot, 2 mm slice thickness) at each boundary location as indicated by the skin
markers. If any of the images revealed evidence of tumor, additional sets of 10
sequential images were acquired every 2 mm, moving outward from tumor center, until
tumor was absent in all 10 scans. If the tumor was found to be absent in the initial set
of CT images, the above procedure was carried out in an inward moving fashion.
These boundary positions also serve to define the superior and inferior extents of the
volume of interest. Once the superior and inferior tumor motion boundaries were
accurately determined, the impact of internal tumor motion was evaluated by acquiring
10 element PSI sets (1 sec/rot, 4 mm slice thickness) for CCTV generation at every 4

mm throughout the volume of interest.

All CT images were transferred to a simulation workstation (AcQsim, Philips
Medical System) and the gross tumor volume (GTV) was contoured on all images by a
single clinician during a single session using a preset lung window setting according to
standard clinical practice at this institute. GTV contour vertices were then extracted for
further analysis using an in-house developed MATLAB (The MathWorks, Inc., version
6.5) program. It is common practice in radiotherapy planning to define a clinical target
volume (CTV) by adding a safety margin around the GTV to account for subclinical
involvement. For the purpose of this study, the CTV was equated to the GTV as per
the RTOG 93-11 lung dose escalation protocol, which is also common practice in
many centers, thus assuming the best case scenario for this investigation of internal
tumor motion. CCTV contours were generated at each slice location throughout the
volume of interest. Each cross-sectional area was then multiplied by the slice width to
yield the CCTV. As the exact shape and path of motion of this tumor is not known, an
accurate determination of the TVO is not possible. In the absence of a proper TVO, the
CCTV is taken as the volume against which to compare for this clinical case. The use
of uniform safety margins to account for tumor motion is contrasted with the CCTV
technique by examining the following volumes at each slice location: (1) minimum
internal target volume (MITV), defined as an individual CTV plus the minimum

uniform internal margin (IM) required to ensure 100 % CCTV coverage at that slice
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location, and (2) internal target volume (ITV), generated by the addition of uniform
internal motion margins to the CTV. For the purpose of this study, these volumes were
defined for two distinct CTV cross-sections (the smallest and the largest) under the
assumption that these cross-sections represent the worst and best case scenarios that

may be encountered in radiotherapy planning.

5.4 Results and Discussion

5.4.1 Phantom Results

5.4.1.1 Cylindrical test object

The CCTV technique can best be demonstrated by considering a thin uniformly
dense cylinder moving along the horizontal x-axis in a simple harmonic fashion, with
amplitude greater than its diameter (see Figure 5.1). Experimentally, this is provided
by the uniform 10 mm diameter POM cylinder, with its axis of rotation orientated
orthogonal to the axis of motion, oscillating between x = — 12.5 mm and x = + 12.5
mm. This geometry insures that the cross-sectional area occupied by the mobile
cylinder is, apart from end effects, invariant with slice location. Therefore, only one
PSI set needs to be considered. Figure 5.2 illustrates the individual images of the PSI
set for this experimental situation. The motion artifacts that distort these reconstructed

images are clearly evident.

The cigar shaped area defined by the mobile cylinder during its entire course of
travel is shown in Figure 5.3. The area delineated by the heavy black line represents
the total cross-section occupied (TXO) by the mobile target and hence the contour of
the TVO at that slice location. Adequate radiotherapy treatment of such a mobile
target would require that the TVO be encompassed by the prescription dose if
geometric miss is to be avoided. Individual images with acquisition times less than the
period of motion cannot, by definition, represent the entire TVO. Increasing scan time

in order to capture the full extent of the motion will result in images with a greater

o
O
o
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degree of motion related image distortion, the presence of which will further impede

accurate TVO delineation [Ga 2004].

The effect of motion during image acquisition upon target delineation may be
assessed by examining contours generated according to different contrast threshold
levels. Figure 5.3 illustrates the contours for image #4, chosen at random from the 10
member PSI set. These contours correspond to contrast threshold levels of 10, 20, 30,
40, 50, 60, 70 and 80 % respectively. The TXO, resulting from the 90° phase interval
captured in this image, is indicated by the dashed contour line. Significant sections of
the 10 % and 20 % iso-contrast contours extend beyond the TXO boundary. The
remaining iso-contours all reside within the TXO*® and thus fail to represent the TXO®
with any degree of accuracy. Evidently, no single iso-contrast contour can be
associated with the TXO®°. Deriving the TX0O*, or any other clinically significant
cross-sectional area such as that of the TXO, from a single image is clearly highly
problematic. Clinical practice routinely includes the use of uniform margins to
envelope the TVO. Unfortunately, this approach will result in either significant
geographic miss or the inclusion of a substantial amount of uninvolved surrounding
area. For example, 7.0 mm and 11.4 mm uniform margins are required with the 20 %
and 50 % iso-contrast contours respectively to completely encompass the TXO at this
slice location. Doing so, as seen in Figure 5.3, results in cross-sectional areas 2.0 and

3.0 times greater than the TXO.

CCTV cross-sectional areas formed by the union of iso-contrast contours from
each individual image in the above PSI set are shown in Figure 5.4. Significant
portions of the 10 % iso-contrast CCTV contour extend beyond the TXO. On the other
hand, the 20 % iso-contrast CCTV cross-section presents only three small excursions
beyond the TXO boundary. The remaining CCTV contours all reside within the TXO
contour and encompass progressively less of the TXO as a function of increasing iso-
contrast value. Of the nine iso-contrast contours. the 20 % iso-contrast CCTV best

conforms to the TXO. Excluding excursions. this CCTV contour encompasses 92 % of
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the TXO cross-section. The contour defining this CCTV deviates by no more than —1
mm (interior) and +0.5 mm (exterior) from that of the TXO at any point. The
excursions of this CCTV contour encompass an area external to the TXO which is only
0.8 % of the entire TXO. The information provided by this PSI set, in combination
with a judicious choice of contour threshold, allows the TXO contour to be closely
approximated. The addition of a small uniform margin is sufficient to completely
encompass the TXO with a minimal involvement of external volumes. For this
particular experimental situation, the addition of a 1 mm uniform margin to the 20 %
CCTV contour is adequate to completely encompass the entire TXO cross-section and
results in an area that is 1.2 times larger than the TXO. The CCTV approach thus
yields a highly conformal match to the TVO while minimizing the inclusion of

surrounding volumes.
5.4.1.2 Spherical test object

Now consider more realistic motions with components both in the imaging
plane (x-axis) and orthogonal to it (z-axis) and to a spherical mobile target (see Figure
5.5). Since motion components along the y-axis serve only to yield more complex
motion patterns but do not add further didactic value, they are left null. Figures 5.6,
5.7 and 5.8 respectively show the 10 element PSI sets for the 25 mm diameter POM
sphere undergoing SHM (n = 1) with a period of 4 seconds and amplitudes of 5, 15 and
25 mm in both the lateral and superior-inferior directions. For each motion
investigated, two PSI sets are shown. The first is located at the center of longitudinal
motion (z = 0 mm). The second is situated 9 mm superior to this location (z = 9 mm).
As one might expect, at each slice location greater image distortions are associated
with increased amplitudes of motion. Furthermore, greater geometric distortions result
at locations displaced from the center of longitudinal motion for a given motion. The
distortions observed reflect the combination of both partial volume and motion artifact
effects. For a constant period of motion, both effects increase with the amplitude of

motion. Finally, partial volume effects are more pronounced near the limits of motion.
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Composite clinical target volumes were constructed for iso-contrast thresholds
ranging from 10 to 80 % at all slice locations throughout the volume of interest.
Contours of these CCTVs at both the z = 0 and z = 9 mm locations for each motion
amplitude are shown in Figures 5.9, 5.10 and 5.11 along with their corresponding TVO
contours. Overall, all CCTV contours at a threshold of 10 % exhibit significant
excursions beyond the TVO. Those derived at thresholds of 30 % and higher
completely reside within it. As with the cylindrical object above, the 20 % iso-contrast
CCTYV contour is seen to conform closest to that of the TVO. Figure 5.12 shows the
fraction (expressed as a percentage of the TVO) of the TVO encompassed by each iso-
contrast CCTV. All iso-contrast CCTVs, with the exception of the 10 % CCTV in
combination with the 5 and 15 mm motions, fall short of fully encompassing the TVO.
As expected, the degree of conformity decreases with both increasing amplitude and
with increasing contour delineation threshold value. The volumes (expressed as a
percentage of the TVO) included within each CCTV which are external to the TVO are
listed in Table 5.1. Iso-contrast CCTVs at thresholds 40 % and lower all extend
outside the TVO. The remainder of CCTVs are completely circumscribed by it. Of
those CCTV contours with excursions beyond the TVO, only the 10 % CCTV

envelopes significant external volumes.

Complete circumscription of the TVO may be achieved by the addition of
uniform margins. The minimum uniform margins required to encompass the TVO
with the lower iso-contrast CCTVs (thresholds = 10, 20,30, 40 and 50 %) are listed in
Table 5.2. As expected, these margins increase both with amplitude of motion and iso-
contrast threshold. Inclusion of volumes external to the TVO always accompanies the
addition of uniform margins which, without additional information, is the only
reasonable approach when clinical application is contemplated. While the smallest
required margins are associated with the 10 % CCTVs, the substantial volumes

external to the TVO which they include renders them a poor choice for this endeavor.
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With only small excursions beyond the TVO, the 20 % iso-contrast CCTVs prove the

best choice for conformation to the TVO through the addition of uniform margins.

The utility of the CCTV approach may best be seen by comparison with
individual CTVs associated with these motions. Iso-contrast CTV contours for image
acquisition #7 (chosen at random) at both the z = 0 and z = 9 mm slice locations are
shown in Figures 5.13, 5.14 and 5.15. While these CTV contours generally exhibit the
same trend observed with CCTV contours of greater distortion at the same slice
location as a function of motion amplitude, the exact pattern and magnitude of the
variances observed is also dependent upon the particular phase of motion captured.

The thick black contour in each image delineates the TXO at that slice location.

For a phantom study such as this, the TVO is well defined both in terms of its
location and geometric extent. In the clinical setting, however, the TVO of a mobile
tumor is rarely well known and, in the absence of gating, the exact phase of motion
captured in any individual image is likewise uncertain. ~ Given the uncertainties of
tumor motion which abound in routine imaging, the prudent course of action is often to
apply uniform margins to the CTV in order to account for the dynamic realities present.
Based on considerations of target dynamics alone, a minimum uniform margin equal to
the full range of motion is then required to ensure complete circumscription of the
TVO for plans based on a single image at each slice location. This situation arises due
to the fact that a single image may capture a mobile target at any position between and
including its extrema of motion. If one uses the 50 % iso-contrast contours to represent
the clinical CTV, then for the target-motion combinations contemplated here, the
addition of such margins would result in cross-sectional areas (indicated by the thick
dashed lines) at these slice locations ranging in size from 1.3 to 3.3 times that of the
TXO. The internal target volume (ITV) contours created by the addition of these
margins encompass areas external to the TVO from 26 % to 229 % that of the TXO at
these slice locations. The minimum uniform margins required with the CCTV

technique are 0.5, 1.5 and 3.1 mm for the 5, 15 and 25 mm motions, respectively. The
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substantially reduced margins required with the CCTV approach translate directly into
increased conformity to the TVO with a concomitant decrease in the amount of

surrounding volume enclosed.
5.4.2 Clinical Application
5.4.2.1 CTV cross-section variations

Significant CTV cross-sectional variations resulting from internal tumor motion
were observed with the clinical data from the study patient at all slice locations
throughout the volume of interest. Consistent with the phantom studies presented
above, the largest variations in CTV contour are observed nearest the superior and
inferior boundaries of tumor motion. Over all, CTV cross-sectional areas were seen to
vary from the mean by less than = 30 % at locations near the center of the volume of
interest while significantly larger variations (range: -70.7 % to +132.0 %), including
the occurrence of CTV absence, characterized the superior and inferior limits of
motion. In addition, the difference between the largest and the smallest CTV cross-

sections at any particular slice location varied by as much as a factor of 8.
5.4.2.2 Geographic failures resulting from application of a single IM

Figure 5.16 shows the CCTV contours generated, along with the smallest and
largest observable CTV contours, at each slice location throughout the volume of
interest. The CCTV generated from this data set has a volume of 57.5 cm’. Lacking a
well defined TVO, the utility of applying uniform margins to account for tumor
mobility was assessed at all slice locations throughout the volume of interest by
comparison to the CCTV. Various uniform internal motion margins ranging from 35
mm to 20 mm in increments of 5 mm were applied to both the smallest and largest
CTV contours and the potential for geographic failure was assessed for these two

limiting cascs. Geographic failure was deemed possible when the internal target
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volume (ITV) contour associated with that margin failed to fully encompass the CCTV
cross-section. Table 5.3 summarizes the occurrence of geographic failure observed
with the use of these uniform internal margins. Since the superior and inferior
boundaries of the tumor have already been well defined, the expansion to ITV was
conducted in the slice plane only. When the smallest CTV contours were chosen
throughout, a uniform margin of 20 mm is required to properly account for internal
motion. A somewhat smaller margin of 15 mm is needed to ensure complete CCTV
coverage when the largest CTV cross-sections were selected. The RTOG 93-11 lung
dose escalation protocol proposed a minimum margin of 10 mm to account for both
internal and external motions and daily patient setup variability. One half of this
minimum RTOG margin may reasonably be assigned to account for patient motion and
daily patient setup reproducibility [Ha 1999], leaving the remaining 5 mm to account
for internal motion.  Application throughout of a 5 mm internal motion margin to
either the smallest or largest CTV cross-sections resulted in geographic failure at 100

% and 60 % of the slice locations, respectively.

5.4.2.3 Minimum IM necessary to encompass CCTV contour

Consider again a CTV composed entirely of either the smallest or largest cross-
sections from each slice location. The ITV and volume of excess irradiated lung which
would result in these two cases from the application of a single uniform margin
throughout the entire volume of interest of a magnitude just sufficient to ensure
complete CCTV coverage is summarized in Table 5.4. A 20 mm margin is required for
the case in which the CTV is composed entirely of the smallest cross-sections at each
slice location and a 15 mm margin must be applied when the largest cross-sections are
used throughout. Application of the 20 mm margin to a CTV composed entirely of the
smallest contours would result in an ITV of 150.3 cm® and the irradiation of 92.8 cm®
excess lung volume corresponding to 5.4 % of total involved lung volume and 5.6 % of
the remaining healthy lung tissue. On the other hand, the volume of excess irradiated

lung associated with the application throughout of a 15 mm IM to a CTV comprised
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entirely of the largest cross-sections is 95.1 cm’

resulting from an ITV which
encompasses 152.6 cm’. This corresponds to 5.6 % of the entire involved lung volume
and 5.8 % of the remaining healthy lung. Overall, the ITVs created through the
application of these single uniform margins throughout are approximately 2.6 times
larger than the CCTV generated using the 10 element PSI CT image sets at each slice
location. An actual planning scan for this patient would consist of a mixture of CTV
contours ranging from the smallest to the largest at any given slice location and hence
the application of a single uniform margin throughout would result in an amount of
excess irradiated lung volume which would lie somewhere in the vicinity of the above
values. The excess lung volumes irradiated would in reality be even larger as the

addition of a small uniform margin to the CCTV is prudent, as evidenced by the

phantom study above, in order to insure full internal motion tumor coverage.
5.4.2.4 Excess normal tissue volume in MITV

If the minimum IM required to fully encompass the CCTV contour could be
clinically determined on a slice by slice basis, the volume of healthy lung tissue that
would be unnecessarily irradiated would be smaller than from the application of a
single uniform margin throughout. Table 5.5 summarizes the minimum IM needed
with both the smallest and largest CTV cross-sections evaluated at each slice location
in order to account for tumor dynamics. Also included is the resulting MITV and
excess lung tissue volume that would be irradiated at each slice location. When the
smallest CTV contours were selected throughout, the minimum internal uniform
margins ranged from as small as 8.2 mm to as large as 19.2 mm and the total excess
lung tissue volume associated with the use of these margins is 55.2 cm®. This excess
lung volume corresponds to an unnecessary irradiation of 3.2 % of the total involved
lung volume and 3.4 % of the remaining healthy lung tissue. When the CT plan was
composed entirely of the largest CTV cross-sections, the minimum uniform IM
required at each slice location to encompass the CCTV ranged from 2.6 mm to 12.1

mm. Application of these minimum uniform IMs resulted in an excess irradiated lung
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volume of 44.5 cm®, constituting 2.6 % of the total involved lung volume and 2.7 % of
the remaining healthy lung tissue. The resulting MITVs are almost twice as large as
the CCTV. Once again, the corresponding volumes for a clinical scan would exist

somewhere in the vicinity of the above values.

5.5 Summary

In the absence of gating techniques, proper management of mobile tumors
requires a slice-specific imaging technique which provides direct assessment of the
motion involved. This may be accomplished by acquiring a phase sequence image
(PSI) set, consisting of consecutive rapid CT images, at each slice location throughout
the target volume during free breathing. Each image constituting a PSI set thus
captures the tumor at a different phase in its motion. By forming a CCTV as the union
of CTVs from each image of a PSI set, the total volume occupied by the tumor during
the course of its travel may be approximated. Data gathered from a phantom study
involving simple geometric objects undergoing well defined motions indicates that a
CCTV constructed from 20 % isocontrast CTV contours provides a very good
approximation to the true total volume occupied by the mobile target. The addition of
small uniform margins to these 20 % isocontrast CCTVs proved sufficient to ensure
complete TVO coverage. These margins ranged from 8 to 10 times smaller than those
required with individual CTV contours such as one might encounter in a standard
clinical CT scan. These smaller margins associated with the CCTV technique result in
greater conformation to the TVO along with a substantial concomitant reduction in the

inclusion of surrounding volumes external to the TVO.

The clinical data presented, even though limited to that from a single patient,
clearly demonstrates the deficiency of a single CT scan to serve as the sole basis of
tumor delineation for the RT planning of mobile lung tumors. The acquisition of PSI
sets at each slice location throughout the VOI provides data essential to correct
accounting for internal tumor motion. Circumventing the acquisition of this additional

information by means of the application of uniform margins of presumed sizes will
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result in one of two undesirable consequences, both of which jeopardize curative
outcome. The first, and most serious of these two, is an underestimation of the extent
of tumor motion leading to inevitable geographic failure which threatens to nullify
curative treatment intent. Alternatively, overestimation or even accurate selection of
the margin required to provide complete tumor coverage will result in the irradiation of

an unnecessary volume of healthy lung tissue which, in turn, limits the tolerablc dose

which may be safely delivered.
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Table 5.1

Volume external to the TVO encompassed by different iso-contrast CCTVs. All

volumes expressed as a percentage of the TVO.

Volume encompassed external to TVO

Iso-contrast (% of the TVO)
CCTV
5 mm motion I5mm motion 25 mm motion
10 % 9.9 255 36.6
20 % 1.4 1.3 3.1
30 % 0.3 0.3 0.9
40 % 0.0 0.1 0.2
50 % 0.0 0.0 0.0
60 % 0.0 0.0 0.0
70 % 0.0 0.0 0.0
80 % 0.0 0.0 0.0
90 % 0.0 0.0 0.0
212
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Table 5.2

Minimum uniform margin (mm) required with iso-contrast CCTVs of 10 % to 50 % to
fully encompass the TVO.

Minimum uniform margin

Iso-contrast (mm)
CCTV
5 mm motion 15 mm motion 25 mm motion

10 % 0.0 0.8 22

20% 0.5 1.5 3.1

30 % 0.8 1.9 4.6

40 % 1.1 2.6 5.7

50 % 1.6 3.1 7.1
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Table 5.3

Number of slice locations where geographic failure would occur from the application

of common uniform margins to either the smallest or largest patient CTV cross-

sections.
Smallest CTV Largest CTV
Uniform
margin 5 10 15 20 5 10 15 20
(mm)
Slices with
geographic 10 7 5 0 6 2 0 0
failure
*Note: Total number of slices =10
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Table 5.4

ITV and excess irradiated lung volume, which would result at each slice location, from

the application of an appropriate single uniform margin to either the smallest or largest

CTV cross-sections. The appropriate margins for the smallest and largest CTV cross-
sections are 15 mm and 20 mm, respectively. Total ITV and excess irradiated lung

volumes are displayed in the last row.

v Excess irradiated lung volume
Slice CCTV (cm?) (cm®)
Location  (cm®) Smallest Largest Smallest Largest
CTvV CTvV CTVv Cc1v
1 35 13.0 11.7 9.6 8.2
2 4.9 10.4 14.1 5.5 9.2
3 8.3 18.2 20.6 9.9 12.3
4 8.7 22.9 20.5 14.2 11.8
5 9.8 24.2 219 14.4 121
6 10.6 24.5 227 13.9 121
7 5.4 15.3 15.5 9.9 10.1
8 3.3 9.5 11.1 6.3 7.8
9 2.7 8.5 11.3 5.8 8.6
10 0.4 3.7 3.3 3.3 29
Total 57.5 150.3 152.6 92.8 95.1
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Table 5.5

The size of the uniform margin required to completely encompass the CCTV for both
the smallest and largest CTV cross-sections at each slice location throughout the

volume of interest.

Minimum uniform MITV Excess irradiated lung
Slice internal margin volume
Location (mm) (cm®) (cm?®)

Smallest Largest Smallest Largest Smallest Largest

CTV cTVv cTv CTVv Cctv CTVv
1 12.5 5.4 7.6 5.4 4.2 1.9
2 19.2 5 9.8 6.7 49 1.8
3 14.9 10.6 18.3 16.1 7.0 7.8
4 11.6 7.8 143 13.3 5.6 4.6
5 12.9 14 16.7 20.8 6.9 11.0
6 14.7 12.1 18.7 19.5 8.1 8.9
7 18.9 7.6 14.4 9.3 8.0 3.9
8 17.5 8.1 7.9 6.4 4.6 3.2
9 17.9 2.9 7.2 3.9 4.5 1.2
10 8.2 2.6 0.9 0.7 0.5 0.3
Mean 148+36 7.6x3.8
Total 112.7 102.0 55.2 44.5

Note: Total involved lung volume = 1701.5 cm’
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Figure 5.1 Experimental setup for cylindrical phantom.
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Figure 5.2 Phase sequence image (PSI) set for 10 mm diameter cylinder undergoing a

simple harmonic motion along the horizontal axis of the scanner (A = 25 mm, rotation

time = 1 sec, period of motion = 4 sec).
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Figure 5.3 TXO, TXO” and individual iso-contrast contours for 10 mm diameter

cylinder undergoing a simple harmonic motion along the horizontal axis of the scanner

(Ax = 25 mm, rotation time = 1 sec, period of motion = 4 sec).
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Figure 5.4 Iso-contrast CCTV contours for lateral cylinder motion in comparison to
the TXO.
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Figure 5.5 Experimental set-up for spherical test phantom.
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Figure 5.6a PSI set at z = 0 mm for 25 mm sphere undergoing a simple harmonic
motion along the x- and z- axis of the scanner (A = A, =5 mm, rotation time = 1 sec

period of motion = 4 sec).

Figure 5.6b PSI set at = = 9 mm for 25 mm sphere undergoing a simple harmonic
motion along the x~ and z- axis of the scanner (A, = A, = 5 mm, rotation time = | sec.

period of motion = 4 sec).

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Figure 5.7a PSI set for 25 mm sphere at z = 0 mm undergoing a simple harmonic
motion along the x- and z- axis of the scanner (Ax= A,= 15 mm, rotation time = 1 sec,

period of motion = 4 sec).

Figure 5.7b PSI set for 25 mm sphere at z = 9 mm undergoing a simple harmonic
motion along the x- and z- axis of the scanner (A= A,= 15 mm, rotation time = 1 sec,

period of motion = 4 sec).
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Figure 5.8a PSI set for 25 mm sphere at z = 0 mm undergoing a simple harmonic
motion along the x- and z- axis of the scanner (A= A,= 25 mm, rotation time = 1 sec,

period of motion = 4 sec).

Figure 5.8b PSI set for 25 mm sphere at z = 9 mm undergoing a simple harmonic
motion along the x- and z- axis of the scanner (Ax= A,= 25 mm, rotation time = 1 sec,

period of motion = 4 sec).
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Figure 5.9 Iso-contrast CCTV contours for 25 mm sphere undergoing a simple
harmonic motion along the x- and z- axis of the scanner (Ax = A, = 5 mm,
rotation time = 1 sec, period of motion =4 sec) at a) z=0mm and b) z =

mm.
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Figure 5.10 Iso-contrast CCTV contours for 25 mm sphere undergoing a simplc
harmonic motion along the x- and z- axis of the scanner (A, = A, =5 mm.
rotation time = 1 scc. period of motion =4 scc) ata)z=0mm and b) - =

mm.
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Figure 5.11 Iso-contrast CCTV contours for 25 mm sphere undergoing a simple
harmonic motion along the x- and z- axis of the scanner (Ax= A, = 5 mm,
rotation time = 1 sec, period of motion =4 sec) ata)z=0mm and b) z=9

mm.
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Figure 5.12 Plot of volume of TVO encompassed by CCTVs of various iso-contrast
threshold levels.
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Figure 5.13 Iso-contrast contours for image #7 of the PSI set for the 25 mm sphere
undergoing a simple harmonic motion along the x- and z- axis of the
scanner (Ax = A, =5 mm, rotation time = 1 sec, period of motion = 4 sec)
at a) z= 0 mm and b) z= 9 mm. TXO is denoted by the thick black
contour and the ITV formed by the addition of a 5 mm uniform margin to

the 50 % contour is revealed by the thick dashed line.
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Figure 5.14 Iso-contrast contours for image #7 of the PSI set for the 25 mm sphere
undergoing a simple harmonic motion along the x- and z- axis of the
scanner (Ax = A, = 15 mm, rotation time = 1 sec, period of motion = 4
sec)ata) z =0 mmand b) =9 mm. TXO is denoted by the thick black
contour and the ITV formed by the addition of a 15 mm uniform margin

to the 50 % contour is revealed by the thick dashed line.
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Figure 5.15 Iso-contrast contours for image #7 of the PSI set for the 25 mm sphere

undergoing a simple harmonic motion along the x- and z- axis of the
scanner (Ax = A,= 5 mm, rotation time = 1 sec, period of motion = 4 sec)
at a) z = 0 mm and b) z = 9 mm. TXO is denoted by the thick black
contour and the ITV formed by the addition of a 25mm uniform margin to

the 50 % contour is revealed by the thick dashed line.
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Figure 5.16 CCTV contours generated, along with the smallest (a) and largest (b) CTV

contours, at each slice location throughout the volume of interest.
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Chapter 6: Conclusion
6.1 Thesis summary

An important factor in the success of conformal radiotherapy of lung tumors is
the proper management of intra-fractional tumor motion. In the past few years,
numerous explicit techniques to deal with the problem of lung tumor motion have
arisen. These include breath-hold, respiratory gating and real-time tumor tracking
[Ku 1996, Ba 1998, Ha 1999, Wo 1999, Ke 2004a, Ke 2004b]. While these
techniques hold much promise, they are neither applicable to all patients nor are they

universally available.

At present, most centers rely on the standard approach of using safety margins
for lung radiotherapy even though numerous studies have shown it to be clearly
inappropriate [Sh 2001, Ga 2004]. Some centers, however, currently employ implicit
techniques such as ‘slow’ spiral, gated and 4-D CT to define patient-specific planning
target volumes [La 2001, va 2001, Ri 2003, Ve 2003, Ke 2004a, Ke 2004b].
Regardless of the method of choice (explicit, implicit, standard), all planning CT data
sets, with the exception of breath-hold acquisitions, are acquired while the target is
non-stationary and are thus susceptible to motion artifacts. In the current pursuit to
achieve better treatment outcomes in conformal lung radiotherapy, a better
understanding must be gained of the detrimental effects of physiologically-induced

tumor motion upon CT imaging [Bo 2004].

The main purpose of this thesis is an investigation into the fundamental
nature of CT image artifacts associated with motion characteristic of lung
tumors and the implications for target delineation. Also presented was an
exploration of the feasibility of phase sequence imaging to reveal the total volume

occupied by mobile tumors for clinical situations in which physiologic motion can
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neither be eliminated nor discounted and for which gating techniques are neither

available nor applicable.

To aid in this investigation, a filtered backprojection algorithm was developed
in MATLAB to reconstruct tomographic images. The ability of the computer model
to properly reproduce experimental results under both static and dynamic conditions
was experimentally established. For object geometries employed in all investigations
(cylinder, sphere), the computer model was found to accurately reproduce
experimental results (see Chapters 2, 3, and 4). Because of its ability to separate
individual effects, computer modeling proved to be a powerful investigational tool
with which to explore the principles of motion artifacts in CT (see Chapter 2), the
functional dependence of motion artifacts associated with lung tumor motion (see
Chapter 3) and the impact of respiration-induced tumor motion upon CT image
integrity and target delineation (see Chapter 4). The investigations conducted using
the computer model shed new light on the detrimental effects of internal tumor motion

on CT imaging. Specifically, the following were observed:

< The presence of motion during data acquisition produces inconsistencies

in the projection data set

< CT reconstruction based upon such motion impacted projection data sets

produces global effects on the resultant images

<> Respiration-induced motion projects the reconstructed object in directions
displaced from its velocity vector. This is in contrast to the smearing of
mobile objects in planar radiography which is always along the line of

motion

< The motion-induced artifact patterns were found to be functionally

dependent upon the following parameters:
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- the ratio of the image acquisition time to the time which
characterizes the motion of the object

- the projection angle at the initiation of data acquisition

- the amplitude of object motion

- the phase of object motion

- the orientation of motion in the image plane

<> The spatial extent of a mobile object is distorted from its true shape and
location and does not accurately reflect the total volume occupied (TVO)

during the extent of motion captured;

< The density distribution of a reconstructed mobile object is altered from its

physical time-averaged density distribution;

< The densities of the surrounding structures (external to the TVO) are also

altered from their true values; and

The ability of phase sequence imaging to reveal the total volume occupied by mobile
targets was investigated in Chapter 5. It was found that phase sequence imaging can
yield accurate estimates of the internal target volume at a contrast threshold level of

about 20 %.

6.2 Original contributions

While motion artifacts arising from physiological functions such as respiration
and cardiac contraction have long been acknowledged as a problem in CT, very little
quantitative material has appeared in the literature concerning the origin, nature, and
effects of these image artifacts. To the best knowledge of the author of this thesis,

having conducted an extensive review of the available literature, this work presents
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the first in depth analysis of respiration-induced motion artifacts in CT. Specifically,

the following contributions of new knowledge are presented:
< Identification of the parameters that govern both the pattern and
magnitude of artifacts associated with continuous (periodic) motion

characteristic of lung tumors

< An analysis of the functional dependence of respiration-induced motion

artifact patterns

< An analysis of the impact of respiration-induced motion upon CT image

integrity and contour delineation of the mobile object

< A4 novel approach (the PSI technique) to contour delineation of mobile

lung tumors
6.3 Future work
All results presented in this thesis relate specifically to axial imaging, a special
form of spiral or helical CT imaging (pitch = 0). Since pitches > 0 are also routinely
used in radiotherapy planning, further investigations are warranted. Some important
questions that should be targeted in the future are:

< What are the underlying principles of motion artifacts in helical imaging?

<> How does varying the pitch affect the resultant reconstructed densities

when motion is present during data acquisition?

< How sensitive aie the reconstructed densities to the z-interpolation

technique?
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< How do object segmentation results in spiral CT compare to the true

cross-section occupied by the mobile (TXO)?

< How does ‘slow’ spiral scanning compare to phase sequence imaging

using rapid data acquisition for internal target volume delineation?

< How does 4D-CT imaging (spiral acquisition mode) compare to phase

sequence imaging for internal target volume delineation?
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