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Abstract

This thesis retrospectively analyzes prostate’ s daily motion provided by
three-dimensional US localization and investigates its dosimetric impacts based
on XVMC calculation which takes into account patient geometry, heterogeneity
and prostate motion correction.

The retrospective analysis on 32 prostate patients shows that the mean = SD
displacements of prostate in the AP, SI, and RL directions are -3.3 £ 7.9 mm, -1.1
+ 6.4 mm, -0.2 £5.6 mm, respectively. The largest rotation occurs about lateral
axis with mean + SD of -0.9° £ 4.6°, ranging between -6.7° and 8.0° from a
preliminary study including three patients.

To assess the dosimetric impacts of prostate motion, five motion scenarios
including with and without prostate translation and correction, with translation
and rotation but no correction or only having translation correction are
simulated. Analysis based on dose-volume histograms and isodose curves shows
that prostate motion (translation and rotation) will deteriorate the dose delivered
to patient target and OARs. With translation correction method, the degraded
patient dose could be recovered nearly completely. For the scenarios with both
translation and rotation, translation correction method could dramatically improve
the degraded patient dose, but could not completely eliminate the dosimetric
impact of prostate motion.

Besides, the dosimetric impact of metal prosthesis in three patients has been
analysed as well. Up to 5% discrepancies in their Dogg, Dosg,, Voog, and Desg, for

PTV have been observed.



Abrégé
Le mouvement de la prostate est un probleme critique dans le traitement conforme
du cancer de la prostate, le plus commun cancer parmi les hommes au Canada. La
radiothérapie guidée par l'image (IGRT) utilisant les images ultrasons (US)
quotidiennes est une technique largement utilisée pour régler ce probleme. Une
nouvelle technique de localisation ultrasons en trois dimensions, basée sur une
méthode de vérification intra modalités, a été testée a 1’HoOpital General de
Montreal en 2005. L’objectif principal de cette these a été de mieux quantifier
I’amplitude du mouvement de la prostate a travers une analyse rétrospective de 32
patients et d’évaluer son impacte dans la dosimétrie des traitements de la prostate
avec et sans localisation US. L’analyse rétrospective a montré que la moyenne *
écart-type des mouvements de la prostate dans les directions AP, SI et DG est de -
33+ 7.9 mm, -1.1 £ 6.4 mm et -0.2 = 5.6 mm, respectivement. La plus grande
rotation survient autour de 1’axe latérale, avec une moyenne * écart-type de -0.9°
t+ 4.6°, s’échelonnant entre -6.7° et 8.0°. Pour estimer I’impacte dosimétrique du
mouvement rigide de la prostate, la dose a été calculée en utilisant la méthode
XVMC, qui prend en considération la géométrie du patient, les hétérogénéités et
les corrections pour le mouvement. Une déviation moyenne de la Dosq, de jusqu'a
-11.9% a été observe pour le PTV, -5.1% pour le CTV et -4.2% pour le GTV. Le
Vosq, du PTV a été réduit par un facteur de -22.2% lorsque la translation
quotidienne de la prostate était présente mais aucune correction n’a été appliquée.
La dégradation de la dose a la cible a pu étre corrige presque completement en
appliquant une correction du mouvement de translation, cependant lorsque la
rotation a été prise en compte, le recouvrement de la dose a ét€ moins adéquat.
L’effet des protheses métalliques présentes dans trois patients dans le calcul de la
dose a aussi été analysé. L’ impacte dosimétrique significatif des mouvements non
négligeable de la prostate a révélé I'importance et la valeur clinique du IGRT

dans le traitement par radiation du cancer de la prostate.
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Chapter 1 Introduction

1.1 Radiotherapy Treatment for Prostate Cancer

Prostate cancer is the most common cancer among Canadian men. It is estimated that
24,700 men will be diagnosed with prostate cancer and 4,300 will die of it in 2008. In
general, 1 in 7 men will develop prostate cancer during his lifetime and 1 in 27 will die of
it [1].

Several treatment options can be used alone or in combination to treat malignant
prostate cancer, based on the stage of the cancer and other case-specific considerations.
These options include radiation therapy, brachytherapy, radical prostatectomy, hormonal
therapy, and chemotherapy. Among them, radiation therapy has been used to treat the
majority of prostate cases [2].

In general, a radiation therapy prescription calls for delivering as large a dose as
possible to the tumour in order to kill all tumour cells while limiting the dose to the
surrounding normal sensitive tissues as much as possible [3].

External (photon) beam radiotherapy (EBRT) is the common choice, accounting for
approximately 90% of all radiotherapy treatments while the remainder are treated with
other approaches including brachytherapy [4]. In recent years, EBRT has advanced
greatly, especially in clinical applications of emerging techniques such as 3D Conformal
Radiation Therapy (CRT), Intensity-Modulated Radiation Therapy (IMRT) and Image-
Guided Radiation Therapy (IGRT) like TomoTherapy® [5-7]. IGRT adopts imaging
technology to guide the localization of radiation target during RT treatment. Computed
Tomography (CT), KV or MV portal imaging, and ultrasound imaging (US) have been
employed as image guidance. With the help of guidance imaging, modern RT techniques
have the potential advantages of further reducing the treatment margin by more
accurately positioning the target. A more highly conformal dose can be delivered to the
target tissue while lower dose is delivered to the surrounding normal tissue and Organs-
At-Risk (OARs). Conforming is the main advantage of the emerging techniques over
conventional radiotherapy and helps to deliver a higher fraction dose to lesions with

fewer complications and relatively low morbidity [8, 9].



1.2 Prostate motion in Radiotherapy Treatment

The prostate usually translates, rotates, and alters its shape and volume during the
course of radiotherapy. Generally, these changes are defined as “motion” which can be
divided into interfraction motion (between fractions) and intrafraction motion (during one
fraction). Intrafraction motion is mainly due to filling of bladder and rectum, rectum gas,
and respiratory. At the MGH, the entire prostate is set as the treatment target in EBRT.
Since the target is located far from the lungs and surrounded by pelvic bone, its
deformation and intrafraction motion are negligible [10]. However in some cases,
especially those treated in combination with hormone therapy, up to 20% reduction in
prostate volume had been reported [11].

The prostate’s interfraction motion, including rigid translation and rotation, mainly
comes from variation in the filling of the rectum and bladder as well as leg rotation
between fractions. Previous studies [11-13] show that prostate interfraction translation is
most significant in the anterior-posterior (A/P) direction with a maximum magnitude of 1
- 2 cm, followed by the superior-inferior (S/I) and right-left (R/L) directions. The
majority of rotation occurs along the R/L axis. Small rotation may occur along the S/I and
A/P axes, respectively [14, 15].

1.3 Challenges imposed by prostate motion

The existence of interfraction motion imposes a challenge for conformal EBRT of
prostate cancer [16-19]. To achieve the maximum radiobiological effects, high radiation
dose should be delivered to the target volume in accordance with the treatment plan and
fractionation [20]. Because a treatment plan is developed before the first fraction, based
on pre-treatment images, fractionation unavoidably produces intrafraction geometric
discrepancies between the planning stage and the treatment stage due to the uncontrolled
motion of the position, orientation, shape, and size of the patient body, target and internal
organs. At the same time, conformal delivery techniques shape the beam to fit the target
with very sharp dose gradients in the transition region between the target and normal
tissue. Therefore, the conformal dose plan would easily lose its advantages if a large
intrafraction or interfraction geometric discrepancy exists, because the relation between

the patient target and the beams will differ considerably from what was planned [19, 21].



EBRT planning utilizes large margins to account for the motion of the target, as
addressed by ICRU Reports 50 and 62 (34, ICRU 1993, 1999). These reports define the
relevant terminology. First, the gross tumour volume (GTV) is defined as the volume
containing demonstrated tumour. Second, the clinical target volume (CTV) is defined to
enclose the GTV plus a margin to account for possible sub-clinical disease. The planning
target volume (PTV) is defined by the CTV plus an “appropriate” margin to allow for
geometrical variations such as patient movement, setup uncertainty and organ motion.
Typically, up to 1.5 - 2 cm margins would be added to the CTV to define the PTV for
prostate cancer treatment. Although adding large margins increases the likelihood of
target coverage, it also exposes larger volumes of surrounding tissue to a higher radiation
dose thus increasing the risk of complication. Conformal EBRT has the potential to
produce sharper dose gradients at the edge of the PTV, enabling an escalation of the
tumour dose without increasing the risk of complications. However, a highly conformal
EBRT plan is inherently more sensitive to (prostate) target motion which could lead to
delivering a dose to the tumour significantly lower than the prescribed dose thus resulting
in failure of tumour control. Therefore, considering the potential risk of patient and organ
motion, the benefit of conformal radiotherapy for prostate cancer could become
negligible or even negative if we do not correct for motion of the target.

1.4 Potential solutions for prostate motion

IGRT has been investigated in the last decade and is widely considered as the best
solution to correct for interfraction motion of the prostate. Various imaging modalities
have been used in IGRT for prostate cancer. Portal Imaging was originally used for daily
prostate target localization by implanting radio-opaque/gold markers into the prostate
[22, 23]. By realigning the patient prior to each fraction, prostate motion could be
compensated, allowing for the use of tighter margins around the CTV. Computed
Tomography-guided EBRT has also been implemented in some institutions in which
integrated CT/linac systems were used [7, 13, 24-27]. For example, the recently
developed TomoTherapy device which incorporates an on-board imager (MV and kV
CT) is a potentially ideal candidate for IGRT to treat prostate cancer. However, some
pitfalls of these CT-guided techniques include their low soft-tissue contrast and

additional radiation dose to the patient. An alternative with high intrinsic soft tissue



contrast without any ionizing radiation is found to be the ultrasound (US) imaging. US
imaging has been used for interfraction guidance for motion correction during prostate
cancer treatment as early as 1999 [28], and is anticipated to play an important role in
future IGRT of prostate cancer.

To address the intra-fraction prostate motion, which is significant in the cases of
radio-surgery and escalation of dose, real-time tracking and correcting techniques such as
an infra-red (IR) optical camera system combined with a stereoscopic kV x-ray imaging
system in ExacTrac X-ray 6D (BrainLab AG, Heimstetten, Germany), continual on-line
fluoroscopy x-ray imaging in Cyberknife (Accuray Inc., Sunnyvale CA), and 4D US
localization system utilizing implanted electromagnetic transponders in Calypso System
(Calypso Medical, Seattle, WA) have been developed and studied recently [24, 86, 87].
1.5 US localization in Conformal Radiotherapy

With the advantages of high soft-tissue contrast, a non-invasive technique, high
resolution and no radiation hazards, US imaging is not only widely used for the diagnosis
of various diseases, but also used to visually and quantitatively localize tumour targets for
IGRT, surgery, and brachytherapy seed-implantation. B-mode Acquisition and Targeting
(BAT) ultrasound localization system was developed and introduced into radiotherapy in
the late 1990s. The BAT system (NOMOS, Sewickley, PA) commercialized in 1999 is
now widely used in more than 300 treatment centers in the United States and Canada
[29]. Since then, several advanced 3D US imaging localization systems have been
developed and applied in clinical practice. All these US localization techniques have the
capability of further improving EBRT of prostate cancer [30-32].

The Restitu™ 3D US localization system (Resonant Medical, Montreal, Canada)
takes 3D US images at both the planning and treatment stages, and utilizes intra-modality
image comparison methods for prostate target localization. Its accuracy, reproducibility,
and inter-observer variability have been investigated and verified by many published
studies by comparing it with a BAT system, CT, and implanted seed marker localization
methods (SM method) [4, 33-38]. The displacement effect due to probe compression was
investigated by Ding er al 2007 [39]. His group found the displacement of the prostate
due to probe pressure was non-negligible when the depression exceeded 20 mm on the

patient’s abdomen. Conversely, Johnston et al 2008 [40] had claimed that the Restitu™



system can not produce localization as well as those obtained with the SM method, thus
providing no significant clinical advantages in prostate IGRT.
1.6 Potential use provided by Restitu™ System

Besides its designated function, the Restitu™ system provides physicians with a
potential opportunity to measure daily rotation of the prostate. Currently, Restitu™
system only provides the translation parameters for clinicians to correct daily prostate
motion. However, the prostate can rotate a large amount if the patient rotates their body
or changes their posture [15]. Intra- and inter-fraction rotations change the orientation of
the prostate, thus affecting the distribution of the dose actually deposited even if the
displacement effects have been fully corrected. This effect is most significant when the
prostate has an irregular shape. Consequently, providing rotation parameters for prostate
cancer treatments may be therapeutically useful, at least when it comes to accurately
assessing the actual dose delivered to the prostate tumour [41, 42].

Fortunately, the positioning reference volume (PRV) which is obtained by US scan at
the CT-scan stage and the daily Positioning Guidance Volume (PGV) which is obtained
pre-treatment can be extracted from the Restitu™ system. Rigid body co-registration
between the PRV and the PGV provides six transformation parameters: 3 for translation
and 3 for rotation. Therefore, daily rotation of the prostate can be derived by these
transformation parameters.

1.7 Purpose of this thesis

Restitu™ is a newly-developed 3D US localization system and has been utilized in
the clinic since 2005. Its clinical outcomes and dosimetric effects have been investigated
and published by several authors [43-46]. The purpose of this thesis is to further evaluate
the clinical value of this innovative system. Based on patient data collected at the
Department of Radiation Oncology in the Montreal General Hospital (Montreal, Quebec,
Canada) since 2006, five distinct, but related, topics will be addressed in this thesis.

1.7.1 A Statistical analysis of prostate daily displacement

2D US localization of the prostate has long been suspected of being problematic due
to misidentification target structures, probe pressure, and inter-observer variability.
Further investigation on these factors is crucial to understanding the limits of its clinical

application. This is also true for the Restitu™ 3D system. Making a retrospective



statistical analysis on the data set of prostate daily displacements can provide a measure
of the mean displacement along with the systematic and random uncertainties of an
average prostate position. The statistical results of prostate displacement provided by
Restitu™ can be used to compare with those obtained from other localization systems
such as the BAT system, implanted seed marker and CT imaging. Comparisons of these
results would provide a measure of typical prostate motion. The statistical results could
be also used to establish an optimal CTV-to-PTV margin for prostate CRT when a
prostate motion correction method has not been adopted.

1.7.2 Patient dose recalculation using a BEAMnrc-XVMC method

The key to assessing the dosimetric impact of daily displacement corrections in
EBRT is to calculate the total dose from the sum of the dose delivered at each fraction,
which should include the actual measured motion and the corresponding beam
parameters from individual sessions. Commercial treatment planning systems (TPS) can
be used to recalculate the fraction dose and then to evaluate the dose in terms of the dose
volume histogram (DVH), the tumour control probability (TCP), and the normal tissue
complication probability (NTCP) [43, 44]. However, their results are somewhat
controversial since current commercial TPSs normally wuse pencil beam
convolution/superimposition algorithms to calculate the patient dose distribution. These
algorithms are based on the assumption of a homogenous patient phantom and neglect the
complex details of organ and tissue variations. Prior studies reported that these
assumptions may produce a difference of up 10% between the calculated and measured
doses at interfaces between soft tissue and high density organs [45, 46]. Even after
applying heterogeneity corrections, the dose distributions calculated by different methods
such as analytical algorithm and Monte Carlo (MC) method, show a significant
difference in patient DVH analysis [45, 47-49].

MC methods are currently recognized to be the most accurate dose calculation
method in accounting for complex geometries and patient heterogeneities. Mark et al
2005 adopted the McGill Monte Carlo Treatment Planning system (MMCTP) to
recalculate the dose delivered at each treatment fraction, taking into account the changes

of prostate position and volume [4]. The DVH analysis in her study was based on the



fraction dose distribution instead of the total dose distributions which would account for
all the patient’s sessions.

In this thesis, a fast MC method called XVMC (VMC method for X-ray beam) will be
employed to calculate the patient’s fraction dose [50]. In order to obtain total dose
distributions of prostate patients, the fraction doses are summed by adding doses in the
matrices with taking into account their daily shifts.

1.7.3 Prostate rotation measurements

As mentioned above, prostate rotation may be very important in clinical applications.
When the prostate rotates too much, the dose actually delivered may be affected. In these
cases, changing the posture of the patient’s body may be necessary to reduce their
rotation. Theoretically, by the PGV-to-PRV registration process, the daily prostate
rotation can be determined.

In this thesis, an algorithm based on Mutual Information (MI) registration has been
developed to detect the prostate rotation along three axes. The rotation parameters will be
used to assess its dosimetric effect on the patient treatment.

1.7.4 Dosimetric impact of prostate motion and metal hip prosthesis

The dosimetric effect of prostate motion has long been recognized although its
significance remains uncertain. With the help of the XVMC method, patient’s fraction
and total dose distributions can be more accurately calculated for the cases with and
without prostate motions, with and without metal artifact, as well as the case with
prostate motion correction. This thesis will compare their differences with regard to DVH
analysis and statistical measures. Their results are expected to display the extent of
influence by prostate daily motion and metal hip prosthesis to appreciate the value of US
localization system.

1.8 Structure of this thesis

The structure of this thesis is as follows:

Chapter 2 describes the retrospective statistical method and MI registration on daily
prostate volume.

Chapter 3 describes the XVMC dose calculation and DVH analysis method including

linac modeling, calibration and verification.



Chapter 4 presents the retrospective analysis on daily displacements of prostate
patients.

Chapter 5 gives the DVH analysis results of 32 simulated patients with and without
motion correction under five hypothesized scenarios.

Chapter 6 presents the dosimetric impact of metal artefacts in three prostate patients.

Chapter 7 makes an overall conclusion and discusses some future works.



Chapter 2 Methods and Materials (1)

A Retrospective Analysis and Rotation Measurement

Prostate cancer is the second most common cancer among males, only outnumbered
by lung cancer. At the Montreal General Hospital (MGH) we treat approximately 100
prostate cancer patients every year of which more than 60% chose conformal EBRT, 10%
chose brachytherapy, and the rest chose non-radiation treatment like chemotherapy and
prostatectomy.

US localization for prostate radiotherapy has been incorporated into clinical routine
at the MGH since 2001 when a 2D US BAT (B-mode Acquisition and Targeting, North
American Scientific, Chatsworth, CA) system was introduced. In 2006, the MGH began
using Restitu™ US system which utilizes an intra-modality verification method (IMVM)
to monitor the prostate displacement based on 3D images [4]. Interfraction daily
displacement (translation) data for 890 fractions between July 1%, 2006 and January 28",
2008 has been collected and analyzed from 32 patients. In addition to displacement,
organ rotation is also considered for 3 specifically-chosen patients as a preliminary study.
2.1 Method for retrospective analysis on prostate daily displacement

A descriptive statistics (see section 2.1.1) were used for the retrospective analysis on
clinically treated patients. Its results can be used to determine the amount of prostate
motion, which is essential for oncologist to determine the internal CTV-to-PTV margin.
Our analysis will examine 3D US localized prostate motion in terms of the three major
axes (anterior-posterior, lateral, and superior-inferior), including the mean displacement
(systematic error) and standard deviation (random error), in addition to deriving
corresponding PTV margin in each axis direction. These results will be compared to 2D
US system, CT and portal imaging. By utilizing the same statistical measures as
employed in prior studies, the statistical results from 3D US system can be comparable to
published data. This comparison will add useful information about prostate displacement
into the existing data set while, simultaneously, verifying the accuracy and effectiveness

of the 3D Restitu™ system.



2.1.1 Data acquisition

Data from 32 patients with a total of 890 treatment fractions of conformal EBRT with
Restitu™ localization have been acquired. All patients involved in this study gave their
written consent to participate. In a typical treatment cycle a patient has a simulation CT
scan and a reference US scan before treatment planning. A localization US scan
immediately before treatment normally indicates a need for repositioning the patient
before treatment delivery takes place. The prostate volume and 3D daily displacements
measured via the US localization procedure were then extracted from the US workstation.
US Localization System

The 3D Restitu™ US localization system which includes the tracking camera, US

probe, calibration phantom, workstation and their functional interconnections is shown in

Figure 1.
CT Room Treatment Room
Camera |
Calibration
Phantom
TPS workstation US workstation
Figure 1: The scheme of 3D Restitu™ US localization system [Courtesy of Resonant
Medical Inc]

Restitu™ uses B-mode 2D US probes and optical tracking to arrange images into a
3D US volume as shown in Figure 1. Usually high frequency probe C5-2 probe is chosen
to scan the patient prostate. The working frequency of US probe ranges between 3.5 MHz
to 13 MHz, determined by the chosen image depth. The image depth can be set as 13 cm,
15 cm, or 18 cm, based on patient’s size (small, medium, or large). The US probe is
placed on the patient’s abdomen with an infrared light emitting diode array (IRLED) to

send infra-red signals that get detected in space by two tracking cameras. As the probe is

-10 -



swept through an arc, approximately 200 2D US images are acquired and sent to the US
workstation. Each 2D US image has a typical size of 640 x 405 or 640 x 473 pixels. The
US scan for one patient can be completed within 5 minutes by therapists with help of
oncologists, radiologists and medical physicists.

Simulation CT and US scan

Patients were positioned in a supine position without any special immobilization
devices and tattooed at their skin for laser aligning in the simulation CT room. Three
bead balls (BBs) were attached on the anterior and lateral tattoos to define the isocenter
of the original CT images. These tattoos were not changed throughout treatment courses,
providing a fixed reference system. Once the patients were positioned, the therapists
performed a 3D US scan over patient pelvis with Restitu™ prior to its CT scan. US
images then are transmitted into the US workstation and are reconstructed to produce 3D
image. Prostate contouring is manually or automatically made on US images by an
oncologist. Based on the outlined contours, a prostate volume known as positioning
reference volume (PRV) is calculated.

After US scanning, a Philips AcQSim CT scanner (Philips Medical Systems, Andover,
MA) is used to obtain CT images for treatment planning. A technique of 120 kV, 300 mA
was adopted to obtain 2.5 mm thick slices through the pelvis for all 32 patients. Patients
were contoured based on CT images on the AcQSim Software (Phillips Medical Systems,
MA). The CADPlan treatment planning system (Varian Oncology System, CA) was used
to make conformal treatment planning for these patients. Conventional prescribed doses
of around 72 Gy in total were given to the prostate in 20-40 fractions. Before each
fraction treatment, the isocenter position of patient target and treatment parameters were
uploaded to the treatment machine while prostate contours based on CT images were
uploaded to the Restitu™ US workstation for US-CT registration. After daily US
localization, treatments were delivered with 18 MV X-ray beams on a Varian 2300 C/D
linear accelerator using a conformal prostate technique of five beams.

US scan before treatment

Patients in this study took supine position on the treatment couch. To immobilize the

patient, first step is to move patient and couch so that their tattoos would align with

treatment room lasers. Second, patient is shifted according its treatment plan to locate the
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treatment target at the machine isocenter, then new reference marks indicating target
position are tattooed onto patient skin or immobilization devices. These new tattoos are
used to align the target with the machine isocenter for all successive treatment fractions.

After patient has been immobilized, a 3D US scan for localizing the prostate is
performed using the same Restitu™ system. Similar to obtaining PRV in CT room, a
daily prostate volume called positioning guidance volume (PGV) can be produced and
calculated based on the US scan just before each fraction treatment. The PGV is in the
same coordinate space of the PRV. Mutual Referencing™ technology which
automatically compares the PRV acquired at planning simulation to the PGV acquired
prior to each treatment delivery is then employed by Restitu™ to derive three orthogonal
axial displacements between the PGV and PRV, based on rigid body model.

To correct these displacements, repositioning patient is used at the MGH. This is
realized by inversely moving the patient couch according to the daily displacement. The
movement directions and distance of couch will be provided by Restitu™ system and
displayed on its monitor, as shown in Figure 2. The couch movement is then monitored
and fed back to the Restitu™ system to ensure that the proper shift had been made. After
repositioning the patient, the treatment was delivered and the displacement data was
recorded.
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Figure 2: A display of couch movement parameters from Restitu™ system

Measurements
Daily displacement is obtained by using Mutual Referencing™ technology provided by
the Restitu™ system. To do so, it is necessary to ensure that both PRV and PGV have a
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same coordinate space. This is realized by a procedure called as room calibration, as

shown in Figure 3.

Phantom

2008/08/28

Figure 3: (a) Probe calibration and (b) Room calibration by aligning laser to the reference
point on surface of the calibration phantom

The spatial relationship between the images and the isocenter in the CT room or
treatment room is derived using a calibration phantom with known external reflectors and
known internal structures. With the phantom aligned to the CT or treatment room lasers,
the infrared camera determines the room coordinate system by measuring the distance to
the external reflectors.

Restitu'™ derives the actual couch movement based on the daily prostate
displacement. The direction and distance of couch movements for all patients have been
saved in the US workstation. The displacement data for 32 patients were obtained by
retrieving these couch movements and then reversing their directions.

Criteria for selecting patient data

From July of 2006 to January of 2008, 43 patients were treated with prostate
localization using the Restitu™ system at the MGH, however only data of 32 patients
among them are included in this study. The reasons for excluding eleven patients were:
incomplete images, partial fraction using US localization technique, setup errors existed
thereby invalidating the collected data, or a lack of consent given by the patient for the
purpose of this study. Therefore, the selection criteria for including a patient are set as
follows:

1. The patient was treated with conformal external beam radiotherapy;

2. The Restitu™ system was used to localize the prostate for more than 4 fractions;
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3. No known setup errors existed in the CT simulation and treatment procedure;
4. A signed written consent was obtained from the patient to allow their information
to be used for this research.
2.1.2 Data analysis
A descriptive statistics (including the mean and the standard deviation) is used in the
analysis of daily prostate displacements. 32 prostate patients in this study have a total
sample size of 890 localizations. Daily prostate displacement is presented in three spatial
directions: Ant/Post, lateral, and Sup/Inf. Majority of collected data also includes daily
volume changes for their prostates.

Statistical analysis is performed on data from each patient. The data is used to

compute the individual mean displacements ( Ax;,Ay,,Az;) and standard deviations
(O-xi’o-yi’o-z, ). Note that the mean displacement and standard deviation include both

systematic and random interfraction uncertainties in the treatment planning and patient
setup procedures [51]. The sample population systematic and random uncertainties were
computed for the entire data set from the individual patient means and uncertainties as
equation (2.1) [52] for lateral, Ant/Pos, and Sup/Inf directions:

RT/LT direction:

1 ’N — = 1< o
Zx_ﬁ ;(sz_m) s O, = N;Gm’ 2.1)

Where, X represents the standard deviation of systematic uncertainties of all samples;
o, represents the standard deviation of random uncertainties; N is the total number of
sampled patients.

Another statistical analysis is performed on the entire data set, which does not
distinguish patients individually, to investigate the statistical distribution of daily prostate
displacement. A typical frequency histogram based on fractions of a chosen patient was

shown in Figure 4.
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Figure 4: Ant/Post directional histogram of displacement for one patient with 37 fractions

Based on coverage probability, the contributions to the PTV margin attributable to
systematic effects are assessed to be about three times as large as the contributions due to
purely random deviations [53]. Therefore, systematic and random uncertainties for the
entire sample could be used as a measure of realistic PTV margins along each axis [54,
55] to quantitatively evaluate the internal PTV. A margin recipe proposed by Stroom et al
[54] is adopted in this study, shown as equation 2.2:

D =2%Y +0.70 (2.2)

The main reason to choose Stroom’s margin recipe is that it combines the systematic
and random uncertainties of prostate daily motion to work out a PTV margin, thus helpful
to make a quantitative comparison between different proposed methods. The authors used
clinically shaped CTVs and clinical distributions in its derivation to ensure more than

99% of the CTV could get at least 95% of the prescribed dose.

2.2 Rotation measurement

The Restitu™ system only provides a measure of the daily displacement of the prostate
for therapists to realign the patient. An in-house code was developed in this study to
derive the daily rotation of prostate based on the PRV and PGV which structures were
exported from Restitu™ in terms of DICOM files. The code can recalculate the
translation and rotation of the prostate by registering PGV to PRV with the maximum

mutual information (MI) registration algorithm.
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2.2.1 Extracting 3D prostate contours

The PRV and PGV are defined by contours at the CT and treatment stages using pre-
treatment US images. In-house software, BrachyGUI [56], was used to extract prostate
contours from their US DICOM images. These extracted contours are expressed in
absolute coordinates and saved as separate 3-by-N matrices whose columns are the x, y, z
coordinates of the points at the surface of the volume. The 3D PRV and PGV images can
be reconstructed by setting a weight of 1 for all points on the contour surface and a
weight of O for all other points.
2.2.2 MI registration method based on 3D contour

The purpose of applying the MI registration method in the study is to derive the daily
translation and rotation of the prostate. The conventional MI registration algorithm
originally based on image contrast was modified to base on prostate contour surface.
Assuming that the prostate is a rigid body over the entire course of treatment, the
maximum MI will exist between the daily PGV and PRV (from the CT simulation stage).
Therefore, the object of registration is to find a rigid transformation matrix, A = [R, ¢],
that transforms the PGV data set and ensures that maximum MI will exist between the
PRV and the transformed PGV. Where, A is a 4 by 4 translation matrix, R is a 3 by 3
rotation matrix with the constraint of RR" = I = identity matrix, and ¢ is a 3 by 1
translation vector.

The translation vector is obtained directly from the Restitu™ translation parameters: ¢

= (Ax Ay Az)'. R was decomposed into three orthogonal rotations Rx, Ry, Rz, so that
R = Rx(@) Ry(p) R«( 2.3)
Equation 2.3 represents a rotation about the z axis through an angle of v, followed by a
rotation about the y axis through an angle of 3, and followed by a rotation about the x
axis through an angle of a. The definitions of a, B, y are illustrated in Figure 5.

The normalized MI used in our method is defined as [57]:

P, )) .. .
iPA(i)PB(j) /ZPAB(l, NlogP,, (i, j) (2.4)

Where i, j are the intensity levels (0 or 1 for our cases) of images A and B; A is the PRV

MI ==Y P, (i, j)log

image and B is the PGV image; P (..) is the probability distribution of the corresponding

intensity levels.
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Figure 5: Coordinate systems for three rotations
The larger the value of MI, the better is the registration. Finding the rotation R is then
simply a problem of maximizing the MI subject to the constraint that RR"= I. A global
search method has been used to solve the problem which benefited from the limited range
of prostate rotation. The algorithm developed for maximum MI registration method is

listed in Scheme 1.

Let A denote the rigid transformation matrix, R denote rotation matrix, and ¢
denote the translation matrix.

1. Initialization: R(0,0,0),t = (Ax Ay Az)";
Construct A from R and #: A = [R, ¢].
Transform the PGV image using the transformation matrix A;

Calculate the normalized MI between the transformed PGV and PRV;

A

Use iteration step size of 0.1° for all angular variables, and 0.1 mm for all

translation variables;

6. Ranges of variables are limited to: -10.0°- - 10.0° for Rx; -5.0° - 5.0° for Ry
and Rz ; -1 mm -1 mm for translation;

7. Loop from step 1 to 5, use all possible values for the above variable ranges to

search one set of R and ¢ which corresponds to the maximum value of the M1,

and then record the set.

Scheme 1: Algorithm for maximum MI registration method
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2.2.3 Implementation of detecting prostate rotation

A software program, MI-Registration, based on MATALAB 7.0 has been developed
by the author to implement the maximum MI registration algorithm outlined in Scheme 1.
It takes PRV contours, PGV contours, and the daily displacement data as its inputs. The
registration process is completely automated; however, the results could be evaluated
manually. Registering a PRV with a PGV by using a Pentium 1.73 GHz processor
requires approximately twenty minutes. Figure 6 shows that there is a good match
between the PGV and PRV after registration. The rigid body transformation matrix A is
uniquely determined by finding the Maximum MI value. The required translation and

rotation parameters then could be directly derived from A.
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Figure 6: PRV surface (in blue) and PGV surface (in red) after MI-registration
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Chapter 3 Methods and Materials (2)

Patient Dose Calculation and Evaluation

3.1 Introduction

Prostate motion produces a different dose distribution delivered compared to the
initial treatment plan, resulting in a loss of TCP and a high NTCP. Interfraction prostate
motion which is up to 2 cm in many statistical studies [41, 58] represents a target
localization problem in prostate EBRT. 3D US localization system could be employed to
localize and realign the target at the beam isocenter by repositioning patient on the
treatment couch [59, 60].

Another crucial issue then arises: what is the dosimetric consequence of repositioning
the patient based on daily US localization? Wertz et al 2007 [60] reported that
translational corrections based on image guidance methods can improve the dose
distribution and target coverage in most cases. But his analyses are just based on single
treatment fraction dose distribution re-calculated by using Eclipse TPS and MC methods
with taking into account the daily displacement of prostate. In addition, the prostate may
have a non-negligible deformation and rotation (when the prostate base and apex do not
move rigidly) impact on the dose distribution [61, 62]. However, up to now, it is not clear
whether a 3D translation correction really improves target coverage, or whether it is also
necessary to correct for rotation by accordingly rotating the treatment couch or changing
patient posture [63-65].

To answer these questions, the key is to recalculate the patient total dose based on
actual treatment setups and delivery parameters, and to make a dosimetric analysis based
on the real target volume which may move or alter during treatment. In this chapter, the
BEAMnrcmp/EGSnremp and XVMC Monte Carlo codes (NRC, Ottawa, Canada) [66]
are used to recalculate the fraction dose to the patient. After patient fraction doses were
calculated, they are summed to suggest a total dose distribution. A program was
developed to sum the fraction dose by taking all daily shits into account. Finally, the dose
distribution to target and OARs are evaluated in terms of isodose curves and DVH

analysis. This experimental process is shown in diagram 1 as following:
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Diagram 1: Experimental process for assessing the dosimetric impacts of prostate motion

In this analysis, five hypothetical scenarios have been simulated, as shown in Table 1.

Scenario No. Prostate Motion Correction Methods
1 No translation No correction
2 Translation No correction
3 Translation Translation-correction
4 Translation and rotation No correction
5 Translation and rotation Translation-correction only

Table 1: Five hypothesized scenarios with considering translation and rotation

3.2 XVYMC - afast MC Method

By compromising between computation speed and accuracy, the
EGSnrcmp/BEAMnrc [67] was used to model the 18MV Varian 2300C linac. Its
components are simulated separately to obtain a patient-specific phase space (ph-sp) file
at the lower surface of the exit window. The XVMC code [68] is then used to calculate
the fraction dose distribution to the patient CT matrix. Compared to the
BEAMnrc/DOSXYZnrc approach (NRC, Ottawa, Canada) which generally takes eight
hours to complete a simulation for one fraction dose, the BEAMnrc/XVMC simulation
speed can be improved dramatically. The time for one simulation could be reduced to less

than one hour on the McGill Blade cluster with a clinically acceptable statistical
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uncertainty (£2%). The McGill Blade cluster is consists of 20 dual CPU, a PIIT 500 GHz
master server, and two slave computers (a PIIT 900 GHz, P4 3.4GHz and an AMD 1800

processors).

3.2.1 Linac simulation

The BEAMnrc code (NRC, Ottawa, Canada) has been proven to be an accurate
method for linac simulation in many prior studies [66-71]. The MC group in McGill has
established a set of component modules for the Varian 2300C linac which was used to
treat the prostate patients in this study [72]. To speed up the simulation for linac head
components, the established modules have been simplified. The simplification of these
modules is verified by comparing simulated dose distributions with those measured in a
water phantom.
3.2.1.1 Physics models for a Varian 2300C linac

All prostate patients involved in this study were treated with 18 MV photon beams
from a Varian linac 2300 C/D at the MGH. Two main factors have been considered to
simplify the linac modules for this study: (1) to focus on the dose to the prostate target
and OARs, and neglect the patient’s surface dose and whole-body dose; (2) to neglect
Compton scattered electron, photo-electron, pair production products incident on the
linac multi-leaf collimator (MLC) leaves for they contribute less than 0.05% to the open
field dose for all field sizes by comparing to the dose with fully simulation those particle
transportations [73] This means that we can reduce the outer boundaries of the linac
components, and neglect the tongue-groove effect of MLC. With considering the above-
mentioned factors, we established the linac model in BEAMnrc code as shown in Figure
7. In Figure 7, CL2300 Linac is modeled as ten components, encompassed by vacuum.

Their parameters for BEAMnrc simulation are listed in Table 2.
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Figure 7: Physic Models of Varian CL 2300 Linac [74]

Target modules (TMs) are defined as those modules labelled 1-6 in Table 2 including
the target, primary collimator, flattening filter. The rest modules including jaws, MLC,
wedges and PMMA window are defined as the beam modification modules (BMMs).
TMs are fixed and specific for CL2300C linac while BMMs are patient-specific for their
opening and outside boundaries change with each patient treatment plan. To reduce the
simulation time on BMMs, their outer boundaries are set only 3 cm larger than the
planned primary beam. The PMMA window is specifically set to eliminate low energy
electrons. The ph-sp file is collected immediately after the PMMA window. The

materials around TMs and BMMS are set to vacuum and air, respectively.
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No. Components Materials | Thickness (cm) Distance to
Target (cm)
W 0.0635 0
1 Target
Cu 0.51 1.016
2 Primary Collimator W 6.2 1.6
3 Exit window Be 0.0254 9
4 Flattening filter* Cu, Fe 5.0 9.27
5 Monitor chamber Kapton 2.018 14.2
6 Mylar Mirror MICA 0.00508 17
; Upper Jaw A\ 7.8 28
Lower Jaw W 7.8 36.7
8 MLC (McGill) W 5.94 48.25
9 Static Wedge Steel 8 57
10 PMMA window PMMA 0.03 65

Note: * The flattening filter is comprised of 13 layers [74]
Table 2: Simulation parameters for the CL2300 linac components
Among the BMMs, the MLC is modeled as VARMLC provided by the BEAMnrc
code, and the static wedge is modeled as SWDG proposed by van der Zee and
Welleweerd (2002) [75]. Both were modified in our group to fit an 18 MV beam from the
CL2300C [76, 77]. The kinetic electron and photon cut off energies (ECUT and PCUT)
are set as 0.521 MeV and 0.01 MeV for all components except MLC where Ecut was set
to 18.3 MeV to ensure that all electrons were stopped if they incident on the MLC. The
total number of histories was set to 50 million to reach a statistical uncertainty of less
than 2% at the beam center. Using the above simplified model, the simulation time for
one setup can be significantly reduced from 3 hours to 20 minutes.

3.2.1.2 Strategy for the acquisition of ph-sp file
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The ph-sp file collected at the lower PMMA window surface is used as the virtual
linac for patient dose calculations. The ph-sp file is a binary file that contains the energy,
charge, position, direction, and previous history of millions of particles (including photon,
electron and positron). It can be scored at any plane, and can be used as the input (virtual
source) for further particle transport in the rest of linac geometry. This method has been
used in our study to increase the simulation speed for patient specific beam geometry,
because the TMs need only be simulated once. As shown in Figure 7, two ph-sp files are
collected at the plane of AA” and BB’ in the BEAMnrc simulation. The level AA” is
situated at the upper surface of the jaw module. Beyond this level, a complete simulation
is carried out to acquire the first ph-sp file. The ph-sp file scored at plane AA’ is called as
the target ph-sp file. One target ph-sp file is collected for the 18 MV beam of the
CL2300C linac by projecting one billion primary histories on the target, producing
approximately 50 million particles with a statistical accuracy less than 1%.

The plane BB’ is situated at the lower surface of the PMMA exit window which is 70
cm from the target. Then the ph-sp file collected at the plane BB’is called as the virtual
beam ph-sp file. The virtual beam ph-sp file is patient specified and is used as virtual
linac by XVMC or DOSXYZnrc to calculate the dose distribution to the patent phantom
or water phantom. The total number of particle histories for XVMC simulation is set to
50 million, reaching a statistical accuracy less than 2% in the dose matrix calculated. In
our study, five virtual beam ph-sp files are independently simulated for one patient,
because a five field isocentric beam technique was used at the MGH for 3D conformal
EBRT. Each field may have a different field size, gantry angle, collimator angle, MLC

shape, and wedge angle in order to conform the beam to each patient’s target.

3.2.2 Patient dose simulation with XVMC code

The XVMC code is a fast MC algorithm for 3D photon dose calculation in radiation
therapy. It is based on the Voxel Monte Carlo (VMC) code for electron beams developed
by Kawrakow et al [69, 70]. XVMC was developed by Fippel et al [71]. It was verified
by comparing the dose distributions calculated with XVMC to those with the EGS code.
The main difference between the two codes is that a fast electron transport algorithm and
an initial ray tracing technique have been used in XVMC code in order to reduce the

electron transportation time. Fippel et al presented that XVMC is more efficient than
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EGS4/PRESTA photon dose calculations by a factor of more than 15 [71]. XVMC can
complete a simulation of photon beam for one field in about 20 minutes on a typical
personal computer.

3.2.2.1 Patient treatment planning parameters

The CADPlan TPS (Varian Oncology System, CA) was used to make five- field 3D-
CRT prostate treatment plans for all studied patients. The fields were manually optimized
based on the contours of target and organs-at-risk (OARs) drawn on the 5 mm slice
thickness CT image sets. The total prescribed dose was given as about 72 Gy, delivered
in 2 Gy per fraction, varied with patient individual situation.

Patient treatment parameters were extracted from the database in the CADPlan™
system and transferred into our research network for the MC calculation. The extracted
parameters for one patient include: (1) the patient planning CT images, (2) the contours
of body surface, PTV, CTV, GTV and OARs (bladder, rectum, and femoral heads), (3)
the coordinates of the isocenter, (4) the field sizes, (5) the beam weights, (6) the couch,
collimator and gantry angles, (7) the wedge angles and positions, (8) the MLC leaf
positions, and (9) the prescribed total and fraction dose values.
3.2.2.2 Transferring between CADPlan™ and XVMC coordinate systems

To do the patient dose calculation, it is important to keep the constancy in transferring
patient data from the CADPlan™ system to XVMC system. Figure 8 illustrates the
coordinate systems of CADPlan™ and XVMC.

() +Y (Ant) (b) -Z {Ant)
-Z (Inf)- Y (Inf)
X (LT) +X (RT)- >
_— = X (RT) +X (L)
+Z {(Sup) ¥ -Y (Post)
+Y¥ (Sup)e ¥ +Z (Post)

Figure 8: (a) CADPlan™ coordinate system and (b) XVMC coordinate system

The origin in a CADPlan™ system is defined by patient skin markers, at the center of
marker slice, while the original points for XVMC locates at the left-up corner of first CT

slice. The coordinate transformation equations are given as follow:
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X(VMC) = (dlmenS’O”(CT)jx pixel _size+ x(CADPlan) 3.1)
Y(VMC) = z(CADPlan)— z( first _CT _slice) (3.2)
Z(VMC) = (dzmenszon(CT) jx pixel _ size — y(CADPlan) (3.3)

3.2.2.3 Introducing the daily shift of prostate

Restitu™ US system gives the couch movements which are opposite to the prostate
shifts in order to realign the target at the isocenter during patient treatment. To simulate
this, these daily shifts of prostate have been introduced into the dose calculation for the
corrected cases in two manners: a) in the input vmc file for XVMC simulation, the beam
isocenter was shifted according to the prostate daily shifts to produce corresponding
fraction dose distributions or matrices, and then b) all fraction dose matrices of one
patient are pinned back to a reference matrix ( the original patient matrix from CT
images) to obtain the patient’s total dose distribution.

The coordinates of new isocenter in .vmc file can be calculated with following

equations:
Xpieaiso (XVMC) = x5, (XVMC) — Ax(US) (3.4)
Ysusrearso (XVMC) = v, (XVMC) + Az(US) (3.5)
Zypearso (XVMC) = 2,0, (XVMC) — Ay(US) (3.6)

Where, x“(XVMC) , y,_(XVMC) and Z_,(XVMC) are the coordinates in

XVMC coordinate system; AX(U S ) , A))(U S ) and Az (U S ) are the daily shifts of

prostate provided by Restitu™™ 3D US localization.

3.2.2.4 Fraction dose calculation procedure

The fraction dose is calculated by including the prostate displacement or not. It is
simulated by using BEAMnrc/XVMC approach. The first step is to obtain the beam ph-sp
file which is collected at the lower surface of the PMMA exit window. The treatment
parameters extracted from CADPlan™ are used to set up the jaws and wedge. The

VARMLC component module, which describes the position coordinates of 25 leaf-pairs,
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was derived from the CADPlan MLC sequence file [76]. The SWDG and VARMLC
component modules were used in the BEAMnrc input file. Then, the patient-specific
beam ph-sp file can be created using BEAMnrc, which takes the CL2300 target ph-sp file
as its input source. Each beam has one independent beam ph-sp file which contains
approximately 20 million particles.

The second step is to create a patient phantom from the planning CT images. Unlike
DOSXYZ using the electronic density, XVMC directly use the material properties
including collision and radiation stopping power and scattering power, as well as
attenuation coefficients to simulate photon-electron effect and Compton scattering in
particle transportation [71]. An in-house routine is used to convert the Hounsfield
numbers of patient CT images into a 3D data matrix of physical properties including the
geometry and tissue properties of the patient [76, 77].

The third step is to create the .vmc file for XVMC. Prostate daily displacement data
has been included to obtain the repositioned target isocenter for corrected cases. The
original plan (without prostate motion) is calculated as well. Other simulation parameters
such as beam ph-sp file, angle, energy, and total particle number are also edited in
the .vmc file.

The fourth step is to run the XVMC code to calculate the dose deposited in the patient
phantom. The simulation task was submitted to a Blade cluster computer. One simulation
takes less than 20 minutes. The dose distribution and its statistical uncertainties are stored
in .d3d file for further analysis.

3.3 Patient total dose calculation

Patient dose distributions are computed by summing up all fraction doses. A patient
may have up to 40 fractions, and hence 40 fraction dose calculations. A dose calculation
obtained from XVMC is expressed in terms of dose per incident particle (Gy/particle). It
is necessary to convert this unit to dose per monitor unit (MU). This procedure is called
as the calibration of the XVMC simulation.

3.3.1 Calibration of XVMC simulation

Similar to the calibration of the linac machine, we create a 30 cm cubic water

phantom with voxel dimensions of 0.5 cm x 0.5 cm x 0.5 cm. The water phantom is set

up at a source-to-surface distance (SSD) of 100 cm. A 10 cm X 10 cm open field was
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used. To realize a statistical uncertainty of less than 0.5%, one billion histories were
simulated using particle recycling of the target ph-sp file, with a factor of twenty, which
contained approximately 50 million particles. This simulation could give the dose at the
reference point which is located at a depth of 3 cm (dmax for an 18 MV photon beam) in
water phantom.

The dose at reference point for 18 MV photon beam was obtained as 0.398996
through our XVMC simulation by giving 100 MU with Varian CL2300 linac, based on a
30 cm® water phantom under the above-mentioned standard calibration conditions. The
value of 0.398996 a.u. should be calibrated to 100 cGy at the reference point. Therefore,
calculate the calibration factor (CF) as following:

a 100cGy
0.398996 a.u. x 100 MU

=2.5063¢Gy/(au.-MU) (3.7)
The patient absolute dose can be calculated with Equation 3.8:

D" (x,y,2)=CF xD*"™ (x, y,2)x MU (beam) (3.8)

Where, Dot (X, Y, Z) represents the calibrated dose in a pixel with x, y and z

coordinates; DX (X, y,z) represents the dose calculated by XVMC in the same

pixel; and MU (beam) is the monitor units given to that beam according to the patient

treatment plan.
After calibration, the patient dose for fraction m can be calculated by summing each

field i as follows:

(x, ¥,z :ZSZD (x, ¥,z
i=l1
5

:Z CFx D, (x,y,2)xMU (beam,) (3.9)

3.3.2 Dose calculation considering daily prostate motion
Daily prostate motion induces changes in its position, shape, and volume. By
repositioning the patient, the treatment geometry of the delivery beams is changed. These

factors make it difficult and complicated to accurately sum the fraction dose distributions.
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In order to obtain some results of clinical value, the following hypothesis has been made
to simplify the real situation in the calculation of patient total doses:

a) Prostate motion includes only translation and rotation as a rigid body.

b) The shape and volume of the prostate do not change during treatment.

¢) OARs including the bladder and rectum translate with the prostate, but do not

rotate, or change their shape or volume.

Under the above hypothesis, five scenarios listed in Table 1 and illustrated in Figure 9
have been simulated. Since prostate motion exists in scenarios 2 through 5, we set the
CT-derived patient phantom in scenario 1 as the reference phantom (3D matrix). The
dose matrix in the other 4 scenarios will be referred back to the reference one.

According to Figure 9, two beam geometries (one with shifted target isocenter and

beams geometry, another without shift) have been simulated to obtain two sets of patient

fraction dose distribution, called the original dose distribution (DZ”) and correction dose

distribution (D" ), respectively. Based on the two sets of fraction dose, the patient total

doses for the five scenarios are calculated by using equations shown in Table 3, in which

Drarger ) ) ) DOARs
ol (4:3:2) presents the total dose distribution for prostate target, and — (%.3:2)

(XT’yT’ZT) (xTR’yTR’ZTR)
and

for OARs including bladder and rectum. are the translated

(x,.2)

coordinates and translated-plus-rotated coordinates for a certain point in the

reference phantom, respectively.
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Scenario Fraction dose DIt (x,y, ) D2 (1, y,z)

total total

1 D M ' M '
" > DY (x,y,2) > DY (x,y,2)
m=1 m=1
2 D M ' M )
" ZDZH(XT’)’T’ZT) ZDZ”(XT’yT’ZT)
m=1 m=1
3 DCorrr M M
m Z D]i‘lorrl (xT Vi 2y ) Z D]i‘lorrz (xT Vs 2 )
m=1 m=1
4 D" M ) M )
" ZDZH(XTR’yTR’ZTR) ZDZ”(XT’yT’ZT)
m=1 m=1
5 DCorrt M M
" ZDZOM(XTR’)’TR’ZTR) ZD?W(XT’)’T’ZT)
m=1 m=1

Table 3: Formulae for calculating patient total dose

Assuming thatAx, (US),Ay, (US) and Az, (US) represent the prostate translations for
m-th treatment fraction, o,, P., Y. are the rotation angles about the x, y, z axis,

respectively, the (x,, y,,z, ) can be calculated as Equation 3.10:

Xy X Ax, (US)
yr [=|y|—| Ay, US) (3.10)
Zr Z Az, (US)

The (XTR s YR Z1R ) can be calculated as Equation 3.11:

Xrp x Ax, (US)
Ym |=R,| ¥ |=| Ay, US) (3.11)
Zrr z Az, (US)

Where, R, is a rigid body rotation matrix, which can be expressed as Equation 3.12.
R, =R (¢,)R (5)R.(7,) (3.12)

And R (,), R (B,), R (7,) can be expressed as follows:
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1 0 0 cosff, 0 sinf3
R, (@,)=|0 cosa, sing,|, R (B,)=| O 10 |

0 -sina, cosa, —sinf, 0 cosp,
cosy, —siny, O
R (7,)=|siny, cosy, O
0 0 1

After a translation or a translation-plus-rotation transformation, the new data point
(X575 27) OF (X5 Yir> 2 ) Usually do not locate exactly at the sampling points of the

fraction dose matrix. For this situation, a double spline interpolation function has been
employed to get a good guess of the dose to that point.

The total dose distributions of 32 patients for first 3 scenarios were calculated using
in-house Matlab program called CombineDose. Only three patients were available for
scenarios 4 and 5 since the absence of actual daily prostate volume for the rest of patients

disallow deriving the daily rotation of prostate.

3.4 Evaluation methods

A DVH analysis on dose distributions and a comparison of isodose curves has been
employed to evaluate the dosimetric impact of prostate motion. Based on the results of
individual DVHs, a descriptive statistical method has been employed to analyze

dosimetric values in terms of Dgss,, Dgos,, and Vg, for the studied group.

3.4.1 DVH analysis and comparison of isodose curves

DVH analysis is a well accepted method to evaluate patient treatment plan by
calculating the cumulative or differential volumetric information on a 3D dose
distribution. By quantitatively comparing the cumulative DVH between correction and
un-correction scenarios, we evaluate the dosimetric consequence of motion correction
with US localization system. Since the DVH analysis loses spatial information of the
dose distribution, it may lose some dose information of clinical importance, such as “hot”
and “cold” spots inside the volumes of interest. To compensate this drawback,
comparisons of isodose curves are made based on an axial slice.

An in-house program called BrachyGUI [56] was used to make the DVH analysis and

comparison of isodose curves. Our DVH calculation is based on the XVMC patient
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phantom derived from patient planning CT images. The voxel size was determined by the
planning CT images. Two voxel sizes: (1) 2.15 mm x 2.15 mm x 3 mm; (2) 1.83 mm x
1.83 mm x 3 mm are used in the studied group. The contours of ROIs are input into
BrachyGUI and imposed on the phantom images slice by slice. In the contour edge
region, the voxel is considered belonging to a ROI if the contour covers two-thirds of the
voxel volume. To calculate the percentage of volume covered by the percent dose such as
Vo and Vs, the dose at the target isocenter in scenario 1 has been chosen as the
normalization dose (corresponding to the prescribed dose in CADPLAN™),

According to motion characteristics, five scenarios can be divided into three groups:
ideal group, translation group and translation-plus-rotation group. The scenario 1 is the
ideal case with exactly the same treatment setup and geometry as designed by the original
treatment plan. We take its dose distribution, isodose curve and DVH analysis as the
reference (baselines for comparison). Scenario 2 and 3 belong to translation group, and
scenario 4 and 5 the translation-plus-rotation group. For each group, two comparisons
have been made: (1) between uncorrected scenario and scenario 1 (original plan); (2)
between corrected scenario and scenario 1. The first comparison could illustrate how the
daily prostate motion degrades the dosimetric consequence of the treatment plan. The
second comparison could reveal how much the motion-correction by US localization
system could improve the degraded treatment.

To make the dosimetric analysis, first step is to input BrachyGUI the patient phantom
and contours of ROIs including PTV, CTV, bladder and Rectum, then the dose matrixes
for scenario 1 and the compared scenario (one of scenario 2 to 5). The second step is to
normalize both dose matrixes to the dose at isocenter from the original plan. After
normalization, a comparison of isodose curves for selected phantom slice is displayed.
The next step is to calculate the DVH indices such as Dgse,, Dooos, Dsossy D10y Vass, Voo
and Vs, and output them to a .zxt file. The last step is to calculate the percent change of
the DVH indices relative to their reference values which are computed from reference

dose matrix, using the following equations:

AD##%*** (%) — (D##%*** )Compared_scenarin - (D##%*** )Scenario_l XIOO

(3.13)
( Dref )Scenario_l
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% ) _ (V )
AV ( % ) = ( o Compared _ scenario #H#Gp _E
H##p =

Vo)
( % Scenario _1

Scenario _1 % 100 (3 14)

Where, ##% represents one of specific percentages: 95%, 90%, 50%, and 10%; ***
represents one of ROIs: PTV, CTV, GTV, bladder, or rectum; compared scenario is one
of scenario 2 to scenario 5.

3.4.2 Statistical Analysis

The standard statistical method described in section 2.5 has been employed here to
analyse the percent change of DVH indices for scenario 2 to scenario 3, based on data
sets of 32 patients. The mean value and standard deviation are drawn and compared, so
that the clinical values of motion correction method could be evaluated.

Frequency histogram, scatter plot, and bar diagram are also used to display the
statistical results and enhance the conclusions drawn from quantitative analysis.

For the translation-plus-rotation group, the available data sets are only from 3 patients
due to the absence of actual daily prostate volumes for the rest of studied patients. For
these patients, copying PRV contours to PGV, instead of drawing the PGV contours
based on daily US images, was used to perform the daily localization.

An analysis is also made on the translation-plus-rotation group. From the statistical
results, a primary conclusion about whether the translation-correction approach is
adequate to address the translation-plus-rotation problem for prostate EBRT can be
drawn. Due to the limited sample number, further study is required to give a sound

conclusion.
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Chapter 4 Results and Discussion (1)

Retrospective analysis of prostate daily displacements

A total of 32 patients were included in this study. All patients received daily Restitu™
3D US localization for their treatment courses, producing 890 localizations and 2670
shifts (AP, SI, and RL). On average, each patient underwent 28 localizations, ranging
from 9 to 40.
4.1 Fraction-based statistical results for individual patient

A patient who underwent 39 fractions of treatment with US localization has been
chosen as a typical patient for the presentation of its statistical results. The statistical
analysis is based on all the daily displacement data obtained in the treatment course.

Table 4 displays the statistical shift results with respect to the PRV position, and
percent volume changes relative to the volume of the PRV obtained during the CT scan
stage. The largest mean shift is in the AP direction, 4.2 mm posterior, with a SD of 5.4
mm. A mean shift of 3.9 mm superior with a SD of 3.1 mm is found in the SI direction,
and a mean shift of 0.1 mm to the left with a SD of 2.9 mm on the lateral axis. The mean
prostate percent volume change based on US contours is found to be -0.8% with a SD of

2.8 and a maximum value of -7.6%.

Axis of Motion Ant(+) /Post(-) Sup(+)/Inf(-) RT(+)/LT(-) Percent Volume
Displacement Displacement Displacement Change (%)
Mean (mm) -4.2 3.9 -0.1 -0.8
Median (mm) -4.9 3.8 -0.5 -0.2
SD (6) (mm) 5.4 3.1 29 2.7
Range (mm) -142-6.3 -1.8-11.1 -5.1-64 -7.6-4.1

Table 4: Statistical results from a typical patient with 39 ultrasound localizations. All
shifts are relative to target isocenter. Ant = anterior; Post = posterior; Sup = superior; Inf
= inferior; RT =right; LT= left
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Figure 10 presents the histograms of shifts for each fraction along the AP, SI, and RL
axes, and the prostate volume change. For volume changes, the distribution fits well to a

normal distribution with a very narrow standard deviation of 2.75%.
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Figure 10: Frequency histograms of daily prostate displacement calculated for each
direction (a) anterior-posterior, (b) superior-inferior, (c) right-left, and (d) volume
changes for a typical patient
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Figure 11 shows the scatter plots of prostate daily displacements for the patient for
the axial, coronal, and sagittal planes. In the axial plane, the data points distribute
approximately around the isocenter (0, 0). In the coronal and sagittal planes, the data

points locate in one or two quadrants of the coordinate system, showing a systematic

deviation from the isocenter.
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Figure 11: Scatter plots illustrating the daily displacements of 39 fractions for a patient in
the axial, coronal, and sagittal planes.
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Figure 12 plots the daily displacement in three directions as a function of time

volume tends to shrink during treatment.

POSTERIOR - ANTERIOR

-20
0 5 10 5 20 25 30 35 40 4!
FRACTION NUMBER
LATERAL
20
15
10
°
5 o_ 0 o 000
° %
0 ° ° o E—— o
hd — ° ° A
.
5 ¢ M o...
-10
-15
-20
0 5 10 5 20 25 30 35 40 45

FRACTION NUMBER

4.2 Statistical Analysis on all patients

o » AN O M A O 0 B

L
=}

INFERIOR - SUPERIOR

(represented by fraction number) for evaluating the trend of change during the course of
treatment. For this patient, the prostate tends to increase the motion to posterior and right

directions, and keep almost the same displacement in inferior direction. The prostate

0 5 10 B 20 25 30 35 40

FRACTION NUMBER

VOLUME CHANGE

45

0 5 0 15 20 25 30 35 40
FRACTION NUMBER

45

Figure 12: Plots of daily displacements for the three major axes and volume change vs.
fraction (trends with time)

Two methods are used for population statistics. The first method is to take all

fractions from 32 patients as one sampling group and make a descriptive statistical
analysis. The second is to calculate the mean displacement and standard deviation for

each patient, and then make a statistical analysis based on patient mean values and SDs.
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4.2.1 Statistical results based on all fractions

32 patients treated with EBRT at the MGH between July 1%, 2006 and January 28",
2008 have been included in this analysis. To make sense of the statistical analysis,
fraction volume changes are normalized to the PRV volume of the corresponding patient

to obtain the percent volume changes. The results are shown in Table 5.

Axis of Motion Ant(+) /Post(-) Sup(+)/Inf(-) RT(+)/LT(-) Percent Volume
Measurement Displacement Displacement Displacement Change (%)
Mean (mm) -3.3 -1.1 -0.2 -1.4
Median (mm) -2.8 -0.9 -0.6 -0.8
SD (6) (mm) 7.9 6.4 5.6 3.0
Range (mm) -33.5-19.1 -39-21.5 -16.6 - 22.3 -10.4 - 8.8

Table 5: Statistical results on 890 ultrasound localizations from 32 patients

These displacements are computed with respect to the target isocenter. The mean
value and SDs of the prostate motion in the AP, SI, and lateral directions are -3.3 mm
(SD 7.9 mm), -1.1 mm (SD 6.4mm), and -0.2 mm (SD 5.6 mm), respectively, while
maximum displacements observed in the AP, SI, and lateral directions are 33.5 mm
posterior, 39 mm inferior, and 22.3 mm right. The mean value and SDs of the percent
volume change of prostate are -1.4% (SD 3.0%) with a maximum change of -10.4% for

the sample population.

Figure 13 presents the frequency histograms of prostate displacement calculated for
each axis of translation. The displacement data were tested for normal distribution with a
95% CI using the Lilliefors Test for Normality [78]. Figure 13(d) shows there are a large
number of data points having zero prostate volume change. These data are not corrected
because therapist had copied the PRV as daily PGV to make the daily localization of
prostate. Therefore, these data points should be excluded for statistical analysis. With
excluding these incorrect data points, a mean percent volume change of prostate is

derived as -2.5 %.
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Figure 13: Frequency histograms of prostate displacements calculated for each direction
(a) anterior-posterior, (b) superior-inferior, (c) right-left) and (d) volume changes from
890 US localizations of 32 patients

Scatter plots of the daily displacements for the axial, coronal, and sagittal planes are
shown in Figure 14. Figure 15 plots the displacement data in three orthogonal directions

and percent volume changes versus fraction number.
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Figure 14: Scatter plots illustrating the daily displacements in the axial, coronal, and
sagittal planes for 890 US localizations of 32 patients.
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Figure 15: Plots of 890 daily displacements for the three major axes and percent volume
change vs. fraction number.

4.2.2 Statistical results based on individual patient

Table 6 presents the statistical analysis on the mean displacement of each patient with
respect to direction, and mean volume changes for 32 patients. The largest mean shift is
observed in the AP direction, 3.6 mm posterior with an SD of 6.4 mm, ranging between
20.4 mm posterior and 7.5 mm anterior. The following is mean shift of 1.4 mm inferior
with an SD of 4.8mm in the SI direction. The mean shift in lateral direction is close to
zero with a SD of 4.8mm. The mean percent volume change is -1.4% with an SD of 3.0%.
The frequency histograms of the mean displacements in AP, SI and LAT direction and a

histogram of percent volume changes are shown in Figure 16.
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Axis of

Ant(+) /Post(-)

Sup(+)/Inf(-)

RT(+)/LT(-)

Percent Volume

Motion Displacement Displacement Displacement Change (%)
Measurement
Mean (mm) -3.6 -1.4 -0.0 -1.4
Median
(mm) -2.6 -0.7 -0.9 -0.8
SD (6)(mm) 6.7 4.8 4.8 3.0
Range (mm) -20.4-17.5 -10.3-7.6 -7.0-124 -10.4 - 8.8

Table 6: Statistical results on mean values of displacements and percent volume changes

for 32 patients
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Figure 16: Frequency histograms of prostate displacements based on the mean shifts in
three major directions: (a) AP, (b) SI, (c) LAT, and (d) percent volume changes for 32

patients.
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4.3 Primary assessment of the PTV margin

Equation 2.2 is used to assess the PTV margin which requires encompassing the
prostate for 95% of all displacements (if US localization was not available). The
population systematic and random errors are computed based on the mean displacement
and standard deviation using Equation 2.1.

Table 7 shows the results of population statistics and directional margins based on
daily US localization for 32 patients. Without considering the patient systematic
deviation, a PTV margin of 16.8 mm is required to cover 95% of the CTV volume. When
the population mean displacement is considered, margins of 13.2 mm anterior and 20.4

mm posterior, 11.4 mm superior and 14.2 mm inferior, and 12.1 mm lateral are required.

Directions | Mean* (mm) Y (mm) G (mm) Margin (mm)
AP -3.6 6.7 4.8 16.8
SI -1.4 4.8 4.5 12.8
RL -0.0 4.8 3.6 12.1

Table 7: Population statistics and margins calculated using equation 2.2. Mean*
represents the mean value from mean displacements for each patient, ¥ represents the
population systematic uncertainty, and ¢ is the population random uncertainty.

4.4 Daily Rotation Measurement

Daily rotation measurement is a primary study for 3D US localization by using an in-
house program based on a modified maximum MI registration method. Three patients
who have 36, 20, and 22 treatment fractions with US images, respectively, are included.
Their prostate contours were extracted from the Restitu™ workstation and used to derive
daily rotations about the lateral, AP, and SI axes. Table 8 shows the statistical results for
daily rotations in terms of the mean rotation, standard deviation, and range. The largest

rotation occurred along the lateral axis with a mean rotation of -0.9° with a SD of 4.6° ,

ranging from -6.7° to 8.0° .
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Patient No. Rotation Axis Mean Rotation (°) SD (°) Range (°)
Lateral -0.3 1.9 -34-49

1 AP 0.1 0.3 -0.2-0.8

SI 0.0 0.2 -04-04

Lateral -0.3 3.6 -5.4-4.7

2 AP 0.2 1.1 -1.8-19

SI 0.4 1.1 -1.7-1.8

Lateral -0.9 4.6 -6.7-8.0

3 AP 0.2 1.6 -3.1-2.5

SI 0.5 1.2 -1.7-2.3

Table 8: Statistical results of prostate daily rotations for 3 patients
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Figure 17: Frequency histograms of daily rotation along three main axes: (a) along lateral
axis, (b) along AP axis, (c) along SI axis for three patients (78 fractions in total)

Since only 3 patients were studied (78 fractions in total) for prostate rotation study,

the data is not suitable for population statistics. Figure 17 gives frequency histograms of

daily rotation for all studied fractions. Figure 18 plots diagrams of daily rotation angles

vs. patient number along three axes for the three patients studied. The mean rotation of
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around zero degree is observed in Figures 17 and 18; however, the rotation along the

lateral axis has a much larger variation range than the other two directions.
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Figure 18: Plots of daily rotation angles vs. patient number for three patients studied: (a)
rotation along lateral axis, (b) rotation along AP axis, (c) rotation along SI axis

4.5 Discussion

Two statistical methods (on all population fractions and on individual fractions) are

used for the retrospective analysis on 3D US daily localizations of prostate, obtaining

similar results shown in Tables 4 and 5. An examination on them shows that the largest

mean displacement occurs in the anterior-posterior direction with the largest SD (-3.3 +

7.9 mm vs. -3.6 £ 6.7 mm), followed by the superior-inferior direction (-1.1 = 6.4 mm vs.

-1.4 4.8 mm) and the lateral direction (-0.2 £ 5.6 mm vs. -0.0 = 4.8 mm).
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The overall results of our study are comparable with those found in the literature by
using various localization systems and study sample size as shown in Table 9. The means
of this study are within the range observed by other authors. Our results for interfraction
SD (7.9 mm AP, 6.4mm SI, 5.6 mm RL) agree well with the results of Cury et al (2003)
[33] (7.7 mm AP, 5.6 mm SI, 3.7 mm RL), and a little larger than the results from Poli et
al (2007) [79] (4.4 mm AP, 4.5 mm SI, 3.60mm RL) which was derived from a data set
of 387 patients with 10327 2D localizations. The difference may come from different

imaging modalities used for localization and different study sample sizes.

Mean Displacement (mm) Imaging
RT(+)/LT(-) | ANT(+)/POST(-) | SUP(+)/INF(-) Modality
Present work -0.2 -3.3 -1.1 3D US
Cury et al [33] 0.9 -3.8 1.4 3D US
Nigel et al [31] -0.2 1.1 -1.0 3D US
Scarbrough et al [30] 1.9 0.8 -3.5 3D US
Poli et al [79] 0.5 -6.1 2.1 2D US
Little et al [82] 0.8 1.4 1.7 2D US
Little et al [82] 0.0 -0.2 0.0 Portal Film
Djemil et al [14] 0.9 -2.7 1.7 EM
Scarbrough et al [30] 0.8 -1.1 0 Seed Marker
John et al [40] 0.8 -2.7 -1.3 Fiducial Marker

Table 9: Mean displacements with respected to three main directions from several
author’s studies. EM= Electromagnetic Transponders.

Frequency histograms shown in Figure 13 illustrate that the daily prostate
displacements in the AP, SI and lateral directions are normally distributed. This agrees
with the results from Poli et al 2007 [79].

The prostate volume changes are computed by comparing US-based PGV volume to
the PRV volume which is contoured at the CT stage. As shown in Table 10, the prostate
volume varies with different imaging modalities. Due to this reason, the results of
prostate volume changes shown in Tables 5 and 6 would be only used as a reference for

prostate daily variation.
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CT/MRI | US/MRI CT/US CT/Pathologic

Average volume ratio 1.16 0.9 1.3-2.0 1.46

Table 10: Average prostate volume ratios computed for different imaging modalities [80].
MRI= Magnetic Resonance Imaging

As for individual prostate patients, the mean displacement and SD may vary, as
shown in Tables 4 and 5. Although the population mean displacement is less than 5 mm,
the daily displacements of the prostate from its intended treatment position is detected to
be up to 33.5 mm posterior, 39 mm inferior, and 22.3 mm right. This difference among
individual patients may come from the filling of the bladder and rectum, treatment setup
uncertainty, and inter-user variability for US localization. A decreasing trend has been
observed in the prostate volume change with one patient’s treatment proceeding as shown
in Figure 12.

Table 8 shows the mean rotation, SD, and range for three patients. The largest
rotation from the intended position is observed along the lateral axis by as much as 8.0°,
though its mean rotation is less than 1° for the whole treatment courses. Even if statistical
analysis based on population has not been done due to a small patient sample size, the
data from three patients also show that the preliminary study on rotation agrees with the
results reported by Padhani et al [81] who concluded that the mean rotations over a
population were close to zero but large outliers existed. Frequency histograms shown in
Figure 17 clearly illustrate that rotation about the lateral axis has a much larger standard
deviation than rotation about the other two axes. No trend with time is found in Figure 18
for daily prostate rotation.

Margin recipe proposed by Stroom et al [54] is used to derive PTV margins by taking
the systematic and random errors into account. This recipe can ensure = 95% prescription
dose coverage > 99% of the clinical target volume (CTV) or gross tumour. Population
systematic and random uncertainties for prostate displacement are assessed from the
mean values and SDs of each patient, as shown in Table 7. A non-uniform PTV margin
across the major axes (16.8 mm AP, 12.8 mm SI, and 12.1 mm RL) has been derived in
our retrospective study. These results are similar to those found by Poli et al (2007) [79]
who suggested a PTV margin of 9-15 mm.
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Chapter 5 Results and Discussion (2)

Dosimetric Impacts of daily motion on prostate EBRT

This chapter presents the MC calculated dose distribution and DVH analysis for 5
scenarios defined in chapter 3.5. Dosimetric comparisons between original plan
(scenarios 1) and one of 4 clinical actual scenarios has been made in terms of DVH
analysis. Statistics on percent variations of DVH indices has been done in order to
investigate the dosimetric impacts of daily motion on prostate EBRT.

Patient total dose distributions are computed by summing all fraction doses which are
simulated by BEAMnrc/XVMC approach under 5 hypothesized scenarios. They are
presented in this thesis in terms of isodose curves and DVH curves. Comparisons of
isodose curves and DVH curves have been made relative to the XVMC-calculated dose
of original plan, not the dose originally calculated by CADPlan™.

Fraser et al (2008) [45] pointed out that there exists a significant difference between
CADPlan™ and MC calculated patient dose distribution. Comparison of investigated dose
relative to MC-calculated total dose from initial plan can effectively eliminate the
influence from dose calculation algorithm, and protrude the impacts of daily prostate
motion.

A typical patient (called patient No. 1) who was treated with 36 fractions using
conformal EBRT is selected for in-detail investigation because his case is involved in

both translation and translation-plus-rotation studies.

5.1 Dose distributions of original plans

Patient original treatment plan was made by dosimetrists using CADPlan™ TPS and
approved by medical physicists at the MGH. A 7mm margin was added to patient CTV to
obtain PTV. The isocentric 5-beam technique had been employed to give a conformal
dose distribution to PTV target. The total dose was given by fractions, 1.8 Gy, 2 Gy, or 3
Gy per fraction, 5 fractions per week, based on individual situation and clinical
considerations. The prescription dose is given to target isocenter or 95% isodose curve to

derive the MU numbers required for each beam.
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5.1.1 Isodose curves
The patient dose distribution is normalized to the XVMC-calculated isocenter dose to

work out the percent isodose curves.

] 10 18 20 25 30 35 40 45

Figure 19: 2D axial isodose curves calculated by XVMC based on the original treatment
plan for patient No.1.

Figure 19 displays five isodose curves for patient No.1 in an axial plane which passes
through the PTV isocenter. The normalization dose is set as the XVMC-calculated
isocenter dose. The figure shows that the 95% isodose curve covers the whole PTV, and
matches well the shape of PTV. Only about one quarter of the nearby rectum volume is
covered by the 90% isocurve.

5.1.3 DVH evaluation

Figure 20 displays the DVH curves of patient No. 1 derived from MC calculated total
dose for its original plan. The 95% line (in blue) illustrates that approximately 100% of
the CTV received 95% of the isocenter dose, and the 90% line (in red) shows that
approximately 100% of the PTV received 90% of the isocenter dose.

Figure 21 displays the Dgsy, and Vgso, of PTV, CTV and GTV for 32 patients based on
their original plans. Their total doses are calculated by BEAMnrc-XVMC method and
normalized to their isocenter doses. Although three Vs, of as low as 80% for PTV are

observed in Figure 21, all Vgse, and Dgsy, for CTV and GTV exceeds 90%.
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Figure 20: DVH curves of MC-calculated total dose from original plan for patient No. 1.
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Figure 21: Dysq, and Vysq, of PTV, CTV and GTV (in % of prescribed dose) for 32 patients
based on their original plans, calculated by the BEAMnrc/XVMC method
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5.2 Dosimetric comparison: scenario 2 vs. scenario 1
5.2.1 Comparison of Isodose curves for patient No. 1

Figure 22 compares the isodose curves derived from scenario 2 (daily translation
without correction) to scenario 1 (original plan, no motion). Scenario 2 simulates the

actual patient treatment situation when daily localization is not used to account for
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prostate daily motion. Obvious differences in all isodose curves were observed in Figure
22, especially the 90% isodose curve.
Investigation on isodose-curve comparisons for the rest of the patients observes a

similar difference. Among them, the difference of patient No. 1 shown in Figure 22 is the

Figure 22: Comparison of isodose curves between scenario 2 (daily translation without
correction) and scenario 1 (original plan, no motion) at the isocentric axial plane

5.2.2 Comparison of DVH curves for patient No. 1

Figure 23 displays the comparison of DVH curves for PTV, CTV, bladder as well as
rectum between scenario 2 and scenario 1. “UnCrt” here means the scenario 2 in which
prostate has daily translation but is treated without adopting the translation correction
technique. The 90% and 95% lines are relative to the XVMC-calculated isocenter dose
from the original plan (this definition is fixed in this thesis). An obvious change of DVH
curves for PTV, CTV, bladder and rectum are observed. Dgs, for PTV decreases from
59.1 Gy in scenario 1 to 57.0 Gy in scenario 2 while Dgs,, for CTV decreases from 60.8
Gy to 60.2 Gy. For the OARs, the Dsy, for bladder slightly increases from 23.8 Gy to
26.8 Gy while the Dsg, for rectum slightly decreases from 22.4 Gy to 21.4 Gy. This
shows that daily prostate translations of patient No. 1 bring up a non-negligible

dosimetric impact on the PTV, CTV, bladder and rectum.
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Figure 23: Comparison of DVH curves for PTV, CTV, bladder and rectum between
scenario 2 (daily translation without correction) and scenario 1 (original plan, no motion).

5.2.3 Statistics on percent variations of DVH indices

To assess the dosimetric impact of prostate translation, percent variations of DVH
indices have been computed for all 32 patients using equations 3.13 and 3.14. These
DVH indices include Dmean, Doows Doseny Voo, and Vgse, for PTV, CTV and GTV. Their
results are shown in Table 11 which shows that, without daily translation correction, up
to -11.9% mean variation of Dgss, and -22.2% of Vgs,, may happen for the PTV. For CTV
and GTV, the variations of Dgsy, (-5.1 for CTV and -4.2% for GTV) due to daily

translation are also significant.

PTV CTV GTV
Mean = SD Mean = SD Mean = SD
AD ean/Dimean o (%) -3.5+43 23147 -1.5x2.1
ADgge,/Dooer, oii (%) 9.1x11.3 -4.8+9.6 -32+52
ADgse./Dgsy, o (%) -11.9+13.7 -5.1+10.0 -42+73
AV 90/ Vo9, o (%) -14.1 £ 20.1 -6.7+16.1 -7.4+1204
AVgso./Voso, o (%) -22.2121.2 -11.7£21.6 -9.5+15.7

Table 11: Statistical results of percent variations of DVH indices for PTV, CTV and GTV
between scenario 2 and scenario 1 for 32 patients

Figure 24 plOtS ADgs%/D95%_ori and AV95%/V95%_ori of PTV, CTV and GTV for 32
patients. 39 treatment plans (some patients have more than one treatment plan) in total
have been included. Several data points with more than -40% of ADgse,/Dose, o and more

than 70% of AVgsy/Vgse, oi for PTV have been observed. These results show that, for an
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individual prostate patient, the dosimetric change due to daily translation could be quite

large.
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Figure 24: Diagrams plotting (a) ADgse,/Desy, or and (b) AVesy/Vose, o for PTV, CTV and
GTYV between scenario 2 and scenario 1 vs. plan numbers for 32 patients

Statistics on bladder and rectum between scenario 2 and scenario 1 has been
presented in Table 12 and Figure 25. Table 12 displays the mean and SD of percent
variation Of Drean, Dsos, and Vg, for bladder and rectum. An increase in mean
AVs00./Vsp9, oi for bladder (9.0%) and a decrease for rectum (-15.8%) are observed. Figure
25 plots ADspe/Dsgs, o and AVsge/Vsge, o Of bladder and rectum as a function of plan

numbers.
Bladder Rectum
Mean = SD Mean = SD
AD nean/Dimean oi (%) 3.7+17.5 -9.7+119.3
ADs9./Dsoes, i (%) 6.5+41.7 -3.9+26.9
AVspo/ Vs, o (%) 9.0+25.3 -15.8+35.8

Table 12: Statistical results of percent variations of DVH indices for bladder and rectum
between scenario 2 and scenario 1 for 32 patients
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Figure 25: Diagrams plotting ADsge/Dsgs, o and AVse/Vsee, oi Of bladder and rectum
between scenario 2 and scenario 1 vs. plan numbers for 32 patients

5.3 Dosimetric comparison: scenario 3 vs. scenario 1

5.3.1 Comparison of Isodose curves

Figure 26 compares the isodose curves derived from scenario 3 to scenario 1 for the
selected patient No. 1. Scenario 3 simulates the actual patient treatment situation when
US localization is used to address daily translations of prostate. With translation
correction, a very good agreement in isodose curves of 15%, 50%, 90%, 95%, and 100%
between scenario 3 and scenario 1 has been observed in Figure 26 when compared to the

corresponding one in Figure 22.
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Figure 26: Comparison of isodose curves between scenario 3 (daily translation with
correction) and scenario 1 at the isocentric axial plane

5.3.2 Comparison of DVH curves

Figure 27 compares the DVH curves for PTV, CTV, bladder and rectum between
scenario 3 and scenario 1. “Crt” here is the abbreviation of correction, representing the
scenario 3 in which prostate daily translations are localized by 3D US system and
corrected by repositioning patient before each treatment. Figure 27 shows a very good
agreement between the DVH curves derived from scenario 3 and scenario 1 for PTV,
CTV, bladder and rectum. Percent variation of Dgse, for PTV and CTV are 0.2% (-3.5 %
for translation-uncorrected) and 0.5% (- 1.0% for translation-uncorrected), respectively.
Percent variation of Dsg, is about -0.8% (12.5% for translation-uncorrected) for bladder,
and 0.6% (-4.4% for translation-uncorrected) for rectum. This shows that with translation
correction the total dose distribution delivered to patient No. 1 has been effectively

corrected for the organ motion impact.
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Figure 27: Comparison of DVH curves for PTV, CTV, bladder and rectum between
scenario 3 (daily translation with correction) and scenario 1

5.3.3 Statistics on DVH variations

Similar to section 5.2.3, a statistical analysis on percent variations of DVH indices is
made for all 32 patients. Table 13 displays the results of percent variations of DVH
indices for PTV, CTV and GTV between scenario 3 and scenario 1. Except AVgse./Vase, oris
mean values for percent variation of DVH indices are close to zero with relative small
SDs. This shows translation correction method has effectively improved or eliminated the
dosimetric impact of daily prostate motion (assuming only translation is happened and is

accurately detected by the US localization system).

PTV CTV GTV
Mean = SD Mean = SD Mean = SD
ADmean/Dimean o (%) 0.5+1.8 -0.2+0.6 04422
ADggo./Doges, i (%) -0.5t2.1 -0.1£0.8 -02+23
ADgse./Dosy, oi (%) -0.6+2.5 -0.1+£1.0 -02+24
AV g0/ Voos,, o (%) -1.8+6.0 -02+0.5 -0.1+0.7
AVgso/Voso, o (%) -5.5+17.0 -1.5+39 -4.9+19.8

Table 13: Statistical result of percent variations of DVH indices for PTV, CTV, and GTV
between scenario 3 and scenario 1 for 32 patients

for PTV, CTV and GTV, their AVgse, /Vgso, o are -5.5 + 17.0 (Mean + SD), -1.5
3.9, and -4.9 + 19.8, respectively, compared to -22.2 £ 21.2, -11.7 £ 21.6, and -9.5 + 15.7

for translation-uncorrected scenario. Again, a significant improvement is observed. This
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improvement in mean AVgsy, /Vosy, o verifies the effectiveness of the translation
correction method. However, the relative large absolute values of AVgsy, /Vgs9 o and
SDs for PTV, CTV and GTV show that the daily changes of patient geometry relative to
the original plan still have kind of influence on patient total dose distribution even if
translation correction method has been adopted.

Figure 28 plots ADgse/Doss, o and AVgse/Vesy, oi of PTV, CTV and GTV for 32
patients as a function of treatment plan number. The largest ADgs,/Dgsq, oi is about -8%
for PTV, -4 % for CTV, and 6% for GTV while the largest AVgse,/Vgso, oi for PTV, CTV
and GTV are -28%, -13%, and -15%, respectively. Compared to those counterparts from
scenario 2 (-45%, - 40%, and -22% of ADgs/Desy, oi, and -61%, -75% and -51% of
AVgso/Vgs9, o for PTV, CTV, and GTV, respectively), the improvement is obvious.
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Figure 28: Diagrams plotting (a) ADgss/Dgse, oi and (b) AVesy/Vose, oi for PTV, CTV and
GTYV between scenario 3 and scenario 1 vs. plan numbers for 32 patients

Table 14 displays the mean and SD of percent variation of Diean, Dsoo, and Vg, for
bladder and rectum for 32 patients. Mean ADspo/Dsgs, o and AVsge/Vsee, o have been
observed to be close to zero with small SDs. This trend is also clearly observed in Figure
29 which plots ADsge/Dso, o and AVsge/Vsey, on for bladder and rectum as a function of
treatment plan numbers. Although an increase in mean AD yean/Dimean oii (3.7%) has been
found for bladder, a decrease (-9.7%) has been found for rectum at the same time, these
small changes in mean AD ean/Diean ori might not produce significant negative outcomes

for bladder and rectum in clinic.
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Bladder Rectum
Mean = SD Mean + SD
ADmean/Dimean_ori (0/0) 37£17.5 907+193
ADsos/Dsoss, ori (%) -02+6.3 -0.0+3.6
AVsp0/Vso3, oi (%0) -1.0£5.0 04+1.8

Table 14: Statistical results of percent variations of DVH indices for bladder and rectum
between scenario 3 and scenario 1 for 32 patients
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Figure 29: Diagrams plotting ADsgo/Dsos, oi and AVsge/Vsee, o for bladder and rectum
between scenario 3 and scenario 1 vs. plan numbers for 32 patients

5.4 Dosimetric comparison: scenario 4 vs. scenario 1

5.4.1 Comparison of Isodose curves for patient No. 1

Scenario 4 considers the case in which daily prostate translation and rotation would
co-occur while assuming OARs (bladder and rectum) would translate along with prostate.
Three patient total doses have been calculated with an in-house MATLAB program and
normalized to their XVMC-calculated isocenter doses from scenario 1.

Figure 30 displays the comparison of isodose curves between scenario 4 (daily
translation plus rotation without correction) and scenario 1 at the isocentric axial plane

for patient No. 1. Compared with Figure 22, larger differences are observed for 90% and
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95% isodose curves in Figure 30. This shows that daily prostate rotation further

deteriorates the patient total dose distribution.

Figure 30: Comparison of isodose curves between scenario 4 (daily translation plus
rotation without correction) and scenario 1 at the isocentric axial plane for patient No. 1.

5.4.2 Comparison of DVH curves with scenario 1

Figure 31 plots the comparison of DVH curves for PTV, CTV, bladder and rectum
between scenario 4 (daily translation plus rotation without correction) and scenario 1 for
patient No. 1. In the figure, “UnCrtTR” is the abbreviation of uncorrected translation and
rotation, representing scenario 4. In the regions around 90% and 95% lines, an obvious
large discrepancy in DVH curves have been observed for PTV and CTV. ADgse./Dgse, o
for PTV and CTV are -6.5% and -2.6%, respectively, compared to -3.5% and -0.95%
from scenario 2 which has only daily prostate translation. DVH curves for bladder and
rectum are the same as in Figure 27 since we assume they would only translate with

prostate.
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Figure 31: Comparison of DVH curves for PTV, CTV, bladder and rectum between

scenario 4 (daily translation plus rotation without correction) and scenario 1 for patient
No. 1

5.4.3 Statistics on DVH variations

As mentioned before, there are only three patients who are available for the study on
translation-plus-rotation impact among 32 patients. Among them, patient No. 1 has no
contours for GTV. Table 15 shows their Dgso/Dese, o and AVgse,/Vese, oi for PTV, CTV
and GTV, compared with scenario 1. Means and SDs might have no statistical meaning
since the sample number is only 3. Up to -28.6% of ADgsy/Dgse, oi and up to -52.6% of
AVgso/V 52, o have been found for the patient No. 3 who has non-spherical shapes of PTV,
CTV and GTV. When there was only daily translation, the corresponding largest percent
variations are -14% for ADgse,/Dose, o and 23.1% for AVgse/Vesy, oi- This shows that daily

prostate rotation further deteriorate the dose distribution patient actually received.

Patient 1 Patient 2 Patient 3 Mean + SD
PTV -6.5 3.1 -28.6 -12.7+£138
ADgse./Dgses, oi| CTV -2.6 -0.5 -13.8 5.6+£72

(%)

GTV -0.1 -14.6 -7.4+10.2

PTV -23.7 -8.1 -52.6 -28.1 £22.6

AVess/Veso oi | CTV -6.6 1.4 -40.9 -163+21.4
(%)

GTV 0.0 -38.7 -19.3+£27.3

Table 15: AD95%/D95%70H and AV95%/V95%70H for PTV, CTV and GTV between scenario 4
and scenario 1 for 3 patients
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5.5 Dosimetric comparison: scenario S vs. scenario 1
5.5.1 Comparison of Isodose curves for patient No. 1

In clinical practice at the MGH, only prostate translation has been corrected even if
prostate rotation may happen during the treatment. Scenario 5 is designed to simulate this
situation. Patient fraction doses are calculated with the BEAMnrc/XVMC method and
summed by taking daily translation and rotation into account to calculate patient total
dose.

Figure 32 plots both isodose curves for scenario 5 (daily translation-plus-rotation with
translation correction) and scenario 1 at the isocentric axial plane for patient No. 1.
Although a great improvement has been observed, the discrepancy is still clearly
identified. It implies that translation correction can improve the total dose the patient

received, but can not thoroughly eliminate the influence of prostate rotation.

Figure 32: Comparison of isodose curves between scenario 5 (daily translation-plus-
rotation with translation correction) and scenario 1 (original plan) at the isocentric axial

plane for patient No. 1.
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5.5.2 Comparison of DVH curves

Figure 33 plots DVH curves for PTV, CTV, bladder and rectum between scenario 5
and scenario 1 for patient No. 1. In the figure, CrtT_NonR is the abbreviation of
corrected translation and non-corrected rotation, representing scenario 5. In the region
around 90% and 95% lines, DVH curves for PTV and CTV have been improved
significantly, compared to those in Figure 31. ADgss/Dgso, oi for PTV and CTV are -4.2%
and -1.8%, respectively, compared to -6.5% and -2.6% from scenario 4 in which no
correction is done for both translation and rotation. DVH curves for bladder and rectum
are almost completely corrected by the translation correction method under the

assumption of no rotation for them.
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Figure 33: Comparison of DVH curves for PTV, CTV, bladder and rectum between
scenario 5 (daily translation plus rotation with translation correction and no rotation
correction) and scenario 1 for patient No. 1.

5.5.3 Statistics on DVH variations

Table 16 Shows Dgse./pse, oriand AVgse/vess, oi for PTV, CTV and GTV from scenario
5 by compared them to scenario 1 for 3 patients. For patient No. 2, ADgse/Dose, o and
AVgso/V 959, ori are close to zero, meaning the patient total dose actually-delivered is almost
the same as planned in the original plan when the translation correction method has been
adopted. For patient No. 1 and patient No. 3, especially for patient No. 3, it still has a
relative large ADgso/Doso, o and AVoss/Vesy, o, although ADgse/Dgse, o for PTV s
improved from -28.6% to -15.3%, and AVgsy/Vgse, o for PTV almost keeps the same
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(about -53%). These results disclose a fact that only having translation correction may not
be enough to eliminate the dosimetric impact of prostate rotation for some patients,

especially when large daily prostate rotations had happened.

Patient 1 Patient 2 Patient 3 Mean + SD
PTV 4.2 0.2 -15.3 6.4 +8.0
ADgs./Des, o | CTV -1.8 0.6 -7.6 29 +42
(%)
GTV - -0.5 4.2 -19 £33
PTV -15.1 1.8 -52.8 22.0 £27.9
AVgso/Vosw, o | CTV -39 0.5 -29.1 -10.8 +16.0
(%)
GTV - 0.0 233 116 £16.4

Table 16: ADgs/Dgs i and AVgs/Vgs oi for PTV, CTV and GTV compared scenario 5 to
scenario 1 for 3 patients

5.6 Discussion

It has become common clinical practice to overcome daily prostate motion by
repositioning the patient according to localization with US, EPID or other imaging
techniques. Since patient dose is not daily recalculated and optimized after the patient has
been repositioned, a thorough understanding of the dosimetric impacts of translation,
rotation, and geometrical changes is crucial.

Orton et al (2004) [83] studied the dosimetric effects of the translational isocenter
correction with a rectal balloon for an IMRT treatment of the prostate with seven beams.
Three scenarios: (1) the initial preplan; (2) a postplan with daily actual shifts; and (3) a
postplan with daily actual shifts and correction had been simulated using the ADAC
Pinnacle™ TPS in the study. Their results show that when daily shifts are done, doses to
the target, rectal wall, and bladder wall are nearly identical to those in the preplan;
however, when no shifts were made, the dose distributions are degraded, and the
computed target EUD and TCP are lower for all involved five patients.

Wertz et al (2007) [44] analyzed the dosimetric consequences (with and without
correction) for seven prostate cancer patients with empty and distended rectums in their
conformal IMRT treatment. Dosimetric comparison for a single treatment fraction
between two extreme situations had been made. Their studies revealed that organ motion

decreased the Vs, for target by up to —24% and increased the mean rectum dose by up to
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41% while linear translational correction increased Vs, of the prostate by up to 17%, and
reduced the mean rectum dose by up to —23% compared to the uncorrected setup.

However, their studies did not cover a whole treatment course of daily prostate
motion. For a whole treatment which may have more than thirty fractions, the random
daily translation of prostate may compensate each other to reduce their dosimetric
impacts in the total dose. Therefore, the dosimetric impacts of prostate motion may not be
as significant as shown in the single fraction dose.

To investigate in detail the dosimetric impact of prostate motion, we make a statistical
analysis on five hypothesized scenarios for conformal EBRT of the prostate in terms of
isodose curves, DVH curves, and DVH indices, based on patient total dose calculated by
the BEAMnrc/XVMC method. 39 treatment plans from 32 prostate patients have been
recalculated for those scenarios covering cases with or without daily translation
correction. All patient total dose distributions are computed by summing each fraction
dose with taking daily prostate motion (translation and rotation) into account and
normalized to their XVMC-calculated isocenter dose from their original plans.

Dosimetric comparison in section 5.2 shows that DVH indices for PTV, CTV and
GTV can decrease significantly when daily translation is present and no correction is
performed. In Figure 22 and Figure 23, a degradation of total dose distribution and a
degradation of DVH curves for PTV and CTV have been observed clearly. Statistical
results on 32 patients shown in Table 11 also indicate DVH indices for PTV, CTV and
GTV are degraded significantly. Figure 24 shows the differences in DVH indices like
Dose, Vs and Vsge, are considerably high for individual cases, showing a high patient
dependence. For OARs, the rectum Dsy, reduces by up to 15.7% on average while the
bladder D5y, increases by up to 9.0%. Our findings agree with the findings from Wertz
(2007) [44], Schaly (2005) [84] and Orton (2004) [83] in the same order of magnitude.

For scenario 4 where both translation and rotation are present and no correction
method is performed, the degradation of dose distribution is more serious than for
scenario 2 which has only translation as shown in Figures 30 and 31. For the typical
patient, up to -28.6% of ADgsy/Dess, oi and up to -52.6% of AVgsy/Vgse, oi have been
observed for PTV, as shown in Table 15. Though only 3 patients are available for the

rotation study, it still clearly indicates that daily prostate rotation further deteriorates the
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patient dose distribution. The dosimetric effects of rotation on the bladder and rectum are
not investigated here since we assume bladder and rectum were not to rotate with prostate.

Our analysis between scenario 3 and scenario 5 shows that translation correction
method effectively improves the delivered patient dose. If only translation is present and
the translation correction method is adopted (scenario 3), the isodose curves and DVH
curves for PTV, CTV, GTV as well as bladder and rectum are nearly identical to those
from the original plan (scenario 1), as shown in Figures 27 and 28. Statistical analysis
shown in Table 13 also proves that translation correction method could almost
completely eliminate the dosimetric impact of prostate motion if only daily translation is
present. These findings agree with the results provided by Wertz et al (2007) [44] and
Orton et al (2004) [83].

If both translation and rotation are daily present and only translation correction
method is performed (scenario 5), our simulation shows that the isodose curves and DVH
curves for PTV, CTV, and GTV are improved dramatically compared to those from the
scenario 4 in which no correction adopted, as shown in Figures 33 and 34. Nonetheless,
compared to the original plan, the percent variation of Dgse, and Vgse for PTV are
relatively high for some patients, e.g. -15.3% and -52.8% for patient No. 3 in Table 16.
These large discrepancies show that the translation correction method alone may not be
enough to eliminate the dosimetric impacts of translation and rotation, largely depending
on individual patient anatomy and the shape of clinical targets. Large margins for PTV or
rotation correction method may be necessary for those treatments. This claim may need
further consolidation by future study.

In our study, we considered interfraction motion (translation and rotation) of the
prostate as a rigid body. The actual motion may include intrafraction motion, deformation,
and volume change due to prostate shrinking and extending (radiation effect or hormone
therapy). These kinds of motion would also influence the actual dose delivered to the
clinical target. Besides, the 3D US localization system has a potential to provide the daily
volume information. The daily volume of PTV, which is derived from daily GTV of
prostate cancer, is of clinical significance since different PTV volume may lead to

different results of DVH analysis.
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Chapter 6 Results and Discussion (3)
Dosimetric Impacts of Metal Prostheses on Prostate EBRT

Chapter 6 summarizes a preliminary study on the dosimetric impact of prostate PTVs
derived from artefact-degraded CT images with or without 3D US aiding. These metal
streaking artefacts are come from metal hip prostheses in prostate cancer patients. The
artefact influences 1) the accuracy of target and OAR delineation, and 2) the accuracy of
dose calculations due to an incorrect Hounsfield number to density conversion.

6.1 Introduction

The impact of metal objects in patients on MC dose calculations has been
investigated by many authors, most recently by Bazalova et al [85]. She reported that the
dose bias in 6 MV photon dose calculations with the DOSXYZnrc code decreased from
25% for CT images with artifacts to less than 2% for CT artifact-corrected images,
compared to the dose calculated based on the actual phantom geometry. Besides, these
CT images with artifact correction allow identifying and delineating organ structures that
are initially invisible in the original images containing artifacts.

In this chapter, we apply Bazalova’s artifact-correction algorithm on three prostate
patients with metal hip prosthesis. Patients A and B have metal prostheses in both hips,
and patient C has a metal prosthesis in only his right hip. Besides, patient A has two sub-
plans in his original treatment planning, and patient C only has four beams planned for
his treatment.

6.2 Comparison of PTVs from artifact-degraded, artifact-corrected and US-aided
CT images

Figure 34 displays an axial CT image from patient C. Figure 34a, 34b and 34c show
the same axial slice image from artifact-degraded, artifact-corrected, and US-aided CT
images, respectively.

Figure 34a shows that, even for patient C with a metal prosthesis, the metal streaking
artifact is severe enough to cause ambiguity in identifying the prostate behind the metal
prosthesis. As shown in Fig. 34b, the correction algorithm employed by Bazalova et al.
(85) removed most of the streaking artifacts but the improved CT image is still not good

enough to clearly identify the prostate target. Figure 34c shows that the prostate on US-
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aided CT images (Fig.34d) can be clearly identified and delineated, demonstrating that
US, which can image a select portion of the pelvic region and be unaffected by objects
outside the transducer range, may help in organ delineation on images that suffer from
metal artifacts.

Figure 35 shows the PTV contours delineated from artifact-degraded, artifact-
corrected and US-aided CT images for patient C. Artifact-degraded PTV contours
(original PTV) were drawn by a clinical oncologist and was used as the clinical treatment
target. The artifact-corrected and US-aided PTVs were drawn by the author (Chen Y)
with help from an experienced dosimetrist. Figure 35 shows that the PTV contours from
artifact-degraded, artifact-corrected and US-aided images tend to be similar, but have
small differences in the regions which are close to patient metal prostheses. Among them,
in order of increasing PTV size is the US-aided, artifact-corrected, and artifact-degraded

images.
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(a)

(b)

(©

(d)

Figure 34: Axial CT images of a patient © with one hip prosthesis: a) original CT image
with metal streaking artifacts; b) artifact-corrected CT image; c¢) original CT image fused
with US image; d) prostate contoured on US-aided CT images.
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US-aiding PTV

Figure 35: PTV contours from artifact-degraded, artifact-corrected and US-aided CT
images for patient C at isocenter axial slice.

Table 17 shows the PTV volume and the volume change relative to PTV aritact-degraded
for three patients. On average, the US-aided PTV volume is about 5.2 % smaller than the
artifact-degraded PTV volume.

PTVartitact-degraded | PTVartitact-corrected | PTVUs-aided

Patient Volume cm’ 159.7 158.7 150.6

A Volume change % - -0.6 -5.7
Patient Volume cm’ 147.4 145.8 141.2

B Volume change % - -1.5 -4.2
Patient Volume cm’ 176.7 173.6 166.8

C Volume change % - -1.7 -5.6
Average Volume change % - -1.3 -5.2

Table 17: Volume and percent volume change of PTV relative to artifact-degraded PTV
for three patients.

6.3 DVH comparison: artifact-degraded vs. artifact-corrected scenarios
Dose distributions based on artifact-corrected and artifact-degraded CT images were

calculated with XVMC for all three metal hip prosthesis patients. A DVH analysis in
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terms of Dose,, Dogos, Vose, and Vgge, for PTV and Dsge, Vs, for bladder and rectum is

made based on those calculated dose distributions.

(a)

Isocurve-from-artifact-degraded: solid lines
Isocurve-from-artifact-corrected: dashed lines

(b)

Isocurve-from-artifact-degraded: solid lines
Isocurve-from-artifact-corrected: dashed lines

(©

Isocurve-from-artifact-degraded: solid lines
Isocurve-from-artifact-corrected: dashed lines

Figure 36: Isodose curve comparison at isocenter axial slice for (a) patient A, (b) patient
B, and (c) patient C: artifact-degraded vs. artifact-corrected scenarios.
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Figure 36 displays isodose curves derived from dose distributions calculated based on
artifact-degraded and artifact-corrected CT images for patients A, B and C, respectively.
All dose distributions are normalized to the isocenter. Figure 36 shows the isodose curves
of 50% and 90% for three patients have a good agreement. A large discrepancy is
observed on the 90% and 100% isodose curves.

Patient B’s DVH curves for PTV, bladder and rectum are displayed in Figure 37.
With artifact correction, the DVH curves for PTV, bladder and rectum obviously move to
the right. This shows that the dose calculated based on artifact-corrected CT images is
higher than the original planned dose calculated based on artifact-degraded CT images
for the target, bladder and rectum. It implies that the dose delivered to the target and
OAR may be under-estimated if the dose derived from artifact-degraded CT images was

used for treatment planning.

— PTV_artifact_degraded
=-=== PTV_artifact_correded
—— Bladder_artifact_degraded
-=-=-- Bladder_artifact_corrected
" — Rectum_artifad_degraded

==== Rectum_arifad_corrected

Percent Volume %
or

Percent Dose %

Figure 37: DVH curves for PTV, bladder, and rectum derived from artifact-degraded and
artifact-corrected scenarios for patient B.

Table 18 shows the percent changes of DVH indices on PTV for three metal prosthesis
patients in terms of ADgge, ADgsw, AVgow, and AVgge, which are calculated with
equations 3.13 and 3.14. Compared to the artifact-degraded scenario, artifact correction

increases these DVH indices for patient B and C while decreases DVH indices for patient
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A. The similar trends are observed in the comparison of DVH indices (ADsge, and AVsge,)

for bladder and rectum as shown in Table 19.

Patient A | Patient B | Patient C
ADgge, (%) -11.7 3.9 5.2
ADgsq, (%) -19.9 5.2 10.3
AVgo, (%) -8.0 1.0 6.9
AVgse, (%) -2.8 7.2 14.6

Table 18: Percent change of DVH indices on PTV between artifact-degraded and artifact-

corrected scenarios for three patients

OAR Bladder Rectum
Patient A | Patient B | Patient C | Patient A | Patient B | Patient C
ADsg (%) -41.5 12.9 41.6 -28.6 27.9 1.6
AV5q (%) -10.3 4.0 35.0 -12.1 6.5 3.7

Table 19: Percent change of DVH indices on bladder and rectum between artifact-
degraded and artifact-corrected scenarios for three patients

6.4 DVH comparison: artifact-degraded PTV vs. US-aided PTV

Based on the artifact-degraded and US-aided CT images, two PTVs have been
contoured for each of metal prosthesis patients. The US-aided PTV is smaller than
corresponding artifact-degraded PTV as shown in Table 17. The change of PTV volume
and position result in the change of DVH analysis results for treatment planning as shown
in Table 20.

Table 20 displays the percent changes of DVH indices for artifact-corrected PTV
relative to artifact-degraded PTV for three patients. These DVH indices are computed
with equations 3.13 and 3.14 for four scenarios: artifact-degraded, artifact-degraded with
daily prostate displacements, artifact-degraded with daily displacement correction, and
artifact-corrected. Table 20 shows that adopting US-aided PTV increases ADgge,, ADgs4,
AVgo%, and AVggy, by 1% - 4% on an average for three patients for four above-mentioned

scenarios.
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Scenario Artifact-degraded Artifact-degraded with displacements
Patient A | Patient B |Patient C| Ave. Patient A | Patient B |Patient C| Ave.
ADgge, (%) 1.4 0.5 0.8 0.9 2.1 1.3 3.2 2.2
ADgsq;, (%) 11 13 2.7 1.7 2.7 1.7 6.7 3.7
AV, (%) 2.5 0.8 1.3 1.5 2.9 2.2 2.9 2.7
AVogoy, (%) 3.9 2.9 2.4 3.1 2.4 4.4 53 4.0
Artifact-degraded
Scenario with displacement correction Artifact-corrected
Patient A | Patient B |Patient C| Ave. Patient A | Patient B |Patient C| Ave.
ADgge, (%) 0.7 0.5 1.1 0.8 3.7 0.2 0.7 1.6
ADgse,, (%) 0.7 1.0 3.4 1.7 3.0 0.3 1.0 1.4
AV oo, (%) 1.5 0.5 1.6 1.2 2.0 0.0 0.5 0.8
AVgoy, (%) 2.8 1.5 2.8 2.4 2.5 0.0 2.6 1.7

Table 20: Percent changes of DVH indices for US-aided PTV relative to artifact-
corrected PTV under four scenarios: artifact-degraded, artifact-degraded with
displacements, artifact-degraded with displacement correction, and artifact-corrected
scenarios.

6.5 Discussion

In this study, an investigation on dosimetric impact of metal streaking artifacts in
patient CT images has been carried out by comparing DVH results derived from patient
CT images with and without artifact correction. This study shows that the streaking
artifacts due to metal hip prostheses affect prostate delineation and dose calculations.

Table 17 shows that with US images smaller PTV (CTV from US-aided images plus
7mm margin) volumes could be obtained. This means with US images the prostate target
may be reduced in size thus sparing more normal tissue and the OARs.

Metal prosthesis produces streaking artifacts in patient CT images. These metal
artifacts cause the CT Hounsfield number to be mis-assigned. Since MC dose calculation
methods (VMC and DOSXYZnrc) are based on heterogeneous information, converted
from CT numbers, the accuracy of the dose calculation will be affected. Then the artifact-
corrected images will provide a different dose distribution than the artifact-degraded
images.

For patients B and C, adopting artifact-corrected CT images can improve the DVH
curves of PTV, especially increase the Dgse, and Vgse, for PTV by more than 5% as
shown in Table 18. Dsg9, and V5q9, for rectum and bladder are also raised up to 41.6% as

shown in Table 19. This implies that the dose calculation based on the artifact-degraded
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CT images may under-estimate the dose in the region of target and the OARs in the
vicinity, thus potentially raising the risk of giving higher dose to these organs. For patient
A, however, adopting artifact-corrected CT images decreases the Dgse, and Vgse, for PTV
up to 19.9%, Dsge, and Vsg9, for rectum and bladder up to 41.5%. These conflicting
results may come from beam angles in their treatment plans. In fact, three studied patient
cases are not sufficient to make any solid conclusions.

Table 20 shows the DVH change for PTVs delineated with artifact-degraded and US-
aided CT images. Although the US-aided PTV tends to 5% smaller than the artifact-
degraded PTV, the changes of DVH indices for them are quite small, less than 4% for
four studied scenarios. This may imply that, although using US image to aid delineating
PTV contours may be helpful for oncologists to more clearly identify the prostate, it may
not bring significant clinical benefits for patient treatment planning in terms of DVH

analysis.

-75 -



Chapter 7 Conclusion

7.1 Summary of Retrospective analysis on daily displacements

A retrospective statistical analysis is made on the database of daily displacements
from 32 prostate patients, amounting to 890 pretreatment localizations. Those patients
were treated with prostate localization with Restitu™ at the MGH between July of 2006
and March of 2008.

Our retrospective statistical analysis shows the measured displacements in the AP, SI,
and RL directions are -3.3 = 7.9 mm, -1.1 £ 6.4 mm, -0.2 5.6 mm, respectively. The
largest rotation of prostate occurs about the lateral axis with a mean + SD of -0.9° £ 4.6°,
ranging between -6.7° and 8.0°. The population systematic and random uncertainties
suggest a non-uniform PTV margin across the major axes (16.8 mm AP, 12.8 mm SI, and
12.1 mm RL) when US localization is not accessible.

7.2 Summary of Dosimetric impact of prostate motion

All prostate patient dose were planned and optimized in CADPlan and delivered with
an 18 MV photon beam using a CL2300 Varian linac at the MGH. Daily prostate
translation deteriorates the patient total dose distribution. Our statistics shows that up to -
11.9% mean variation of Dgse, is observed for the PTV, -5.1% for the CTV, and -4.2% for
the GTV while Vs, of the PTV is reduced by a factor of -22.2% when daily prostate
displacement is present and no correction method is performed. Similarly, the bladder
and rectum also display dosimetric variations of AVsp/Vsoy, oi to be 9.0% and -15.8%,
respectively.

Rotation further deteriorates the patient total dose distribution, especially when the
shape of the target (PTV, CTV, or GTV) is not spherical and non-uniform dose
distribution exists in the target region. Up to -28.6% of ADgss/Dgs, oi and up to -52.6% of
AVgso/V 52, o have been observed for patient No. 3 who has non-spherical shapes of PTV,
CTV and GTV. Though our study is only based on 3 patients, it still clearly indicates that
rotation with a mean angle of 0°, ranging from -6.7° to 8° during treatment course, may
produce a non-negligible dosimetric impact.

The translation correction method dramatically improves the actual dose delivered to

the patient target, even if rotation and translation are present at the same time. For the
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case with only daily prostate translation, the correction method which repositions the
patient according to 3D US localization has shown an effective correction in MC-
calculated dose distributions. With correction, the MC-recalculated dose distributions for
scenario 3 have almost the same dose distributions as the baseline (scenario 1), giving
almost identical isodose curves, similarly for Dgse, Vose, for PTV, CTV, and GTV, as
well as similar Dsge, and Vs, for bladder and rectum. For the case with rotation and
translation, translation correction method could reduce ADgsy/Dgse, oi for PTV from -6.5%
to -4.2% and for CTV from -2.6% to -1.8% for one patient. For another patient, the effect
of translation correction method showed a less pronounced improvement. For instance,
ADgse,/Dgsy, o for PTV is improved from -28.6% to -15.3% while AVgse,/Veso, o for PTV
remains the same (about -53%).

In summary, our study shows that prostate motion (translation and rotation) will
deteriorate the total dose delivered to the patient target and OARs. With the translation
correction method, the degraded patient dose could be recovered nearly completely for
the case in which only translation is present. For the case with both translation and
rotation, translation correction method could dramatically improve the degraded patient
dose, but could not completely eliminate the dosimetric impact of rotation.

7.3 Summary of Dosimetric impact of metal prosthesis

Metal prosthesis produce streaking artifacts in patient CT images which affect
prostate delineation and dose calculations. Sometimes the artifacts surrounding metal
hips are too severe for oncologists to makes accurately contouring. At this situation,
expanding the PTV contours based on oncologist’s experience to make a conservative
guess is clinically practical. The study on three prostate patients shows that artifact-
degraded PTV is the largest, about 1.3 % larger than artifact-corrected PTV and 5.2%
larger than US-aided PTV. This implies artifact-correction and US images may be helpful
for accurately delineating prostate target and sparing more normal tissues.

MC calculation based on artifact-corrected and artifact-degraded images provides
different dose distributions for the studied patients with metal hip prosthesis. DVH
analysis is made based on those dose distributions. For patients B and C, adopting
artifact-corrected CT images can improve the DVH curves of PTV and increase the Dgse,

and Vgse, for PTV by more than 5% while Dsgy, and Vsge, for rectum and bladder are
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raised by up to 41.6%. For patient A, however, adopting artifact-corrected patient CT
images decreases the Dgsy, and Vgse, for PTV by around 19.9%, Dsge, and Vsge, for
rectum and bladder by about 41.5%. The beam angles in their treatment plans may
contribute to the conflicting results among patients A, B and C.

DVH analysis on artifact-degraded PTV and US-aided PTV shows a small difference
in the changes of their DVH indices, less than 4% for four studied scenarios. However, a
small study group consisting of only three patients is not sufficient to draw any solid
conclusions. Further investigation on the dosimetric impacts of metal hip prosthesis based

on a larger population needs to be done in the future.
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