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Abstract 

In the last 15 years, a great deal of effort has been expended on developing and 

investigating various aspects of image-guided radiotherapy (IGRT). IGRT of the 

prostate gland is of particular interest due to the highly mobile nature of the organ and 

its proximity to radiosensitive organs. This thesis sets out to quantify some uncertainties 

that may impact IGRT processes for the specific case of prostate targeting using fiducial 

markers. Methods inspired by Statistical Process Control (SPC) for improving existing 

techniques and setup correction strategies in IGRT of the prostate are also 

demonstrated.  

 A number of uncertainties that may affect the accuracy of fiducial tracking using 

an electronic portal imaging device (EPID) were investigated. The impacts of beam-

collimation device errors, inter- and intra-observer variability and the subtended angles 

for stereoscopic registration using the radiation field-edge detection method were first 

quantified experimentally via a phantom study. This study was extended to evaluate the 

impact of errors of the beam-collimation device on treatment plans for intensity-

modulated radiotherapy (IMRT) of the prostate. Results showed that errors in beam-

collimation devices affect the accuracy of localization measurements as well as the dose 

distribution of IMRT plans for prostate treatment. However, assuming good practices in 

machine quality assurance are applied, the clinical impacts of these geometric 
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collimation errors are dwarfed by the potential magnitude of the patient-related 

displacment of the prostate. 

 The above study was followed by an investigation of the uncertainty of tracking 

and registering fiducial markers. It was demonstrated that this type of uncertainty is 

related to potential changes in the IGRT process, which may compromise the quality of 

radiation treatment delivery. In selected cases, this uncertainty was shown to be related 

to the presence of unusually large rotational displacements and uniform shrinkage of the 

prostate during radiotherapy. 

 The use of EPID for tracking fiducial markers to correct patient setup is well 

established. However, EPID images do not provide information about soft tissue.. A 

dose-reduced imaging protocol using kilovoltage cone-beam computed tomography 

(kV-CBCT) and fiducial markers was proposed to overcome this limitation. The scan 

angle for this protocol is 200o and so scans deliver a relatively low imaging dose, 

typically 3.7 mGy per fraction, or 0.2% of the typical treatment delivery dose per 

fraction. The comprehensive comparison study in this thesis demonstrated that low-dose 

CBCT is equivalent to the present standard of care in IGRT for localization using 

fiducial markers. 

 This thesis has also explored the use of SPC methods for two applications in 

IGRT of the prostate. Firstly, the SPC method was used to track uncertainties in point-

based rigid-body stereoscopic registration over time. The Fiducial Registration Error 

(FRE) was used as a quantitative metric to represent residual errors in registration. The 

SPC method using an x-chart was shown to correctly indentify individual cases with 

significant and/or systematic changes in FRE over time, indicating that rigid-body 

registration may not remain valid at all points throughout a course of treatment. 

Secondly, the concept of SPC was applied to the adaptation of treatment based on 

changes in the localization components within a correction strategy with a non-zero 
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action level. The cumulative-sum (CUSUM) method in SPC was demonstrated to be 

feasible for the identification and correction of systematic changes in the localization 

offsets across a wide range of non-zero thresholds that may be used in a clinical setting. 

The applications of SPC methods described above were demonstrated through 

retrospective studies using IGRT data acquired from real patients. 
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Chapter 1  

Introduction 

1.1 General introduction to cancer and radiation therapy 

Every time a cell duplicates its deoxyribonucleic acid (DNA) in order to 

proliferate (mitosis) there is the potential for imperfect copying of DNA (mutation). 

Genetic mutation is also produced by exposure to natural background radiation and 

other mutagenic agents, such as environmental carcinogens, some of which are man-

made such as cigarette smoke. This exposure results in genetic damage accumulating 

over time. Some of these mutations confer on a cell the ability to bypass apoptosis, 

avoid detection by the host’s immune system and consume the nutrients in the host to 

proliferate, thus leading to cancer. Cumulative mutations make cancer more likely as the 

individual gets older, so increasing life expectancy is generally increasing overall cancer 

incidence.  

Cells which turn cancerous occur in two forms; some cancers such as leukaemia 

(cancer of the white blood cells) are diffuse and circulate throughout the body. Other 

cancerous growths originate in cells of a particular type within an organ (for example, 
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breast or prostate) and hence take a solid or semi-solid form. The latter type of cancer is 

usually manually palpable if accessible, and is known as a “tumour”. 

Tumour cells therefore proliferate in an uncontrolled manner. They can displace 

healthy cells, resulting in swollen or distorted organs (invasive tumours). Other kinds of 

cancer cells grow in the filament-like fashion between healthy cells, leading to almost 

no superficial change in the diseased organ (infiltrative tumours). 

Since cancers arise due to genetic damage, they can also be controlled by 

inducing more genetic damage so as to trigger apoptosis. The basis of radiation therapy 

for cancer using highly-ionizing electromagnetic radiation or highly energetic charged 

particles is therefore to produce a high concentration of chemically reactive species 

(free radicals) in close proximity to the tumour cell DNA. The amount of energy (in 

units of Joules) from the incident radiation that is absorbed by a unit mass of tissue (in 

units of kilograms) is given a particular SI unit in radiation dosimetry, the gray (Gy). 

If excessive damage is produced in cells, the cellular machinery becomes so 

badly compromised that uncontrolled cell death occurs in a process called necrosis. 

Necrosis is intentionally induced in certain forms of brain radio-surgery where a single 

application of high radiation dose is used to “ablate” a small volume of tissue in lieu of 

applying a surgeon’s scalpel. 

The manner by which a cell responds to radiation-induced damage is governed 

by the propensity of DNA strand breaks to lead to tumour apoptosis, its intrinsic 

radiosensitivity. Almost all modern radiotherapy is delivered in a fractionated manner, 

where a large tumouricidal total dose is given as a number of consecutive identical 

radiation delivery sub-doses (typically one per day). Fractionation takes advantage of 

the differential rates of DNA self-repair between healthy cells (typically fast) and cancer 

cells (typically slow), in order to accentuate the killing of tumour cells while allowing 

healthy cells to recover. 
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DNA strand breaks induced by free radicals clearly depend on the presence of 

elements that can form such ions. One of the most essential of these elements is oxygen. 

Lack of oxygen (hypoxia) in the tumour micro-environment is known to correlate with 

increased radioresistance. Fractionation therefore also allows more time for oxygen to 

diffuse through a layer of dead tumour cells towards a (potentially) hypoxic core, thus 

improving radiotherapy outcomes. 

The ionizing radiation or energetic particles may be delivered into a solid 

tumour by two methods. Brachytherapy involves the insertion of sealed radioisotopes 

directly into the core of the tumour. External beam radiotherapy (EBRT) requires high 

energy x-rays or accelerated charged particles to be generated outside the body and then 

directed in a geometrically constrained manner into the diseased volume. External 

radiation can also be delivered to the whole body, as is sometimes done to treat certain 

forms of leukaemia. 

 

1.2 Relevance of image-guided radiotherapy of the prostate 

Prostate cancer is the second most frequently diagnosed cancer and the sixth 

leading cause of cancer death in men globally, accounting for 14% (903,500) of the total 

new cancer cases and 6% (258,400) of the total cancer deaths in men in 2008 (Jemal et 

al 2011). According to the Prostate Cancer Foundation of Australia, around 20,000 new 

cases are diagnosed annually and close to 3,300 men died of prostate cancer each year 

in Australia. This makes prostate cancer the most commonly diagnosed cancer and the 

second most common cause of cancer deaths among Australian men (source: 

www.prostate.org.au, accessed on 6th December, 2011). 

Several types of intervention are available for the treatment of prostate cancer. 

Surgical prostatectomy involves surgical removal of the prostate gland and seminal 

vesicles and also the tissues immediately surrounding them. Brachytherapy is a 
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technique of treating prostate cancer that has not spread beyond the prostate gland. Two 

methods of prostate brachytherapy are available; the permanent implant method, where 

radioactive seeds are implanted in the prostate gland and high-dose rate (HDR) 

brachytherapy, where a single high-intensity radiation source on the end of a thin cable 

is inserted temporarily via close-ended catheters into and around the prostate. As 

described in the previous section, EBRT involves the delivery of radiation from outside 

the body to the prostate. Options for EBRT include the use of high-energy x-rays and 

proton beam. While both options aim to deposit energy in the tumour, proton beam 

therapy possesses the advantage of delivering a relatively low radiation dose to the 

surrounding normal tissues. However, proton beam therapy requires a relatively larger 

and expensive facility for the generations of high-energy protons.  

Hormonal therapy may be given to lower the level of testosterone, which has 

been associated with the progression of cancer cells in the prostate. It can be used by 

itself or with prostatectomy or radiation therapy to treat prostate cancer. Other emerging 

modalities for treatment of prostate cancer include high-intensity focused ultrasound 

(HIFU) (Poissonnier et al 2007, Blana et al 2004), radio-frequency ablation (Shariat et 

al 2005, Zlotta et al 1997) and robotically-guided surgery (Patel et al 2005, Patel et al 

2007). 

EBRT using x-rays is an efficacious and cost-efficient modality for curative 

intervention in prostate cancer. Recent advancements in EBRT including three-

dimensional conformal radiotherapy (3D-CRT), intensity-modulated radiotherapy 

(IMRT), image-guided radiotherapy (IGRT) and molecular imaging-guided biological 

treatment planning optimization have led to disease-specific survival rates becoming 

comparable to those for invasive surgical prostatectomy. The main reason for the 

improvement in outcome over the past two decades has been the increasing 
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sophistication in adapting a dose distribution of acute radiation to the diseased organ 

while limiting the incidental exposure of healthy organs. 

IGRT is a novel technique in radiotherapy developed to increase precision and 

accuracy in radiation delivery. Van Herk defined IGRT as increasing the treatment 

precision by frequently imaging the target and/or healthy tissues just before treatment 

and acting on these images to adapt the treatment (van Herk 2007). IGRT provides 

information on the location of the target during the treatment and this increases the 

probability of successfully delivering the radiation dose to the intended target. An 

essential component of any image-guided system is an image-acquisition system that 

provides soft tissue contrast and/or adequate imaging of the used surrogate. By applying 

tracking and registration mathematics/algorithms, the localization image is compared to 

the reference image, and the differences of the treatment geometry can be determined 

and translated to the necessary corrections of treatment setup.  

IGRT of the prostate has been an active area of research over the recent years 

based on the vast amount of recent publications on this topic in the literature. The 

localization, displacement and deformation of the prostate have been characterized with 

different image-guidance modalities and techniques. IGRT techniques have evolved 

from the use of conventional film to more sophisticated systems such as electronic 

portal imaging device (EPID), cone-beam computed tomography (CBCT) and 

radiofrequency (RF) tracking system. IGRT procedures can now be automated with the 

introduction of computer-controlled image registration and couch intervention 

processes.  

Positional verification for the treatment of prostate cancer is particularly 

important due to the mobile nature of the prostate gland. Prostate-implanted fiducial 

markers have been used as surrogates for the prostate gland during IGRT and studies 

have shown that this technique is a significantly better surrogate for the true position of 
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the prostate gland compared to bony landmarks (Schallenkamp et al 2005, Herman et al 

2003). Fiducial markers have been widely used in conjunction with the electronic portal 

EPID as the image-guidance modality, where stereoscopic rigid-body registration based 

on two images is adopted as the tracking algorithm. 

An ultimate image-guidance strategy should be able to manage the systematic 

and random components of inter-fraction displacement, as well as handle the effects of 

intra-fraction displacement through real-time imaging during treatment beam delivery. 

In addition, an image-guidance strategy should ideally be able to provide soft tissue 

information about the target and surrounding normal structures without delivering a 

large extraneous imaging dose to patient. Appropriate clinical protocols for IGRT have 

been investigated, with various imaging techniques reported in the literature. Currently, 

an ideal image-guidance strategy does not exist as each technique proposed has 

advantages and disadvantages. Therefore, more studies are desired to overcome the 

current limitations of image-guidance strategies and to fill in the gaps in the literature in 

the area of IGRT.  

Various factors have to be considered for the design of an IGRT strategy, such 

as the treatment site, choice of imaging modality, imaging dose, cost and workload. 

There has been substantial research of imaging modalities and strategies for position 

correction in the treatment of prostate cancer. Among other findings, these studies have 

illustrated that: 

• The prostate is a highly mobile and deformable organ and so positional 

verification is crucial to ensure the accuracy of treatment delivery. 

• Fiducial markers are a good surrogate for the position of the prostate gland in the 

translational direction, with accuracy reported to be within 1 to 2 mm. 

• The prostate gland and the surrounding organs-at-risk, i.e., the rectum and 

bladder, are not easily identifiable on mega-voltage portal images. 
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• CBCT provides soft-tissue information about the pelvis, but the associated 

imaging dose, which is higher than that for EPID, is delivered to the entire pelvis 

and is difficult to incorporate into the treatment prescription. 

• Different correction strategies have been shown to be more effective at 

addressing different kinds of error, e.g. No action level (NAL) offline correction 

(de Boer et al 2005) addresses systematic inter-fraction errors at the start of 

treatment, but does not account for the change in systematic position over a 

course of a treatment, nor the random component of day-to-day positioning on 

the treatment surface. 

 

1.3 Research questions and aims of study 

In this thesis, IGRT is viewed as a process control problem. That is, IGRT is 

studied as a feedback-driven control process, where localization imaging while patient 

is in the nominal treatment position is used to minimize the divergence between the 

actual and planned treatment geometries. An ideal IGRT feedback control process is 

able to locate and correct for the position of target volume perfectly, but in reality this 

may not be the case because this feedback control process, like many other control 

systems, is subjected to ‘noise’. This noise is associated with various forms of 

uncertainties which can be machine-, process- or patient-related. Studies of the 

significance of these uncertainties on localization measurement are scarce in the 

literature and it is the goal of this thesis to bridge some gaps of knowledge in this area 

of IGRT. 

This research is intended to answer two questions; firstly, how do the 

uncertainties in the IGRT procedure itself affect localization measurement, and what are 

the appropriate ways to monitor these uncertainties? Secondly, considering IGRT as a 

feedback control process, how can the ‘noise’ in this feedback control process be 
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identified and corrected? This study intends to address these questions focusing on the 

following specific topics: 

 

• There are geometric and dosimetric uncertainties associated with a linear 

accelerator, along with its image-guidance modalities. There are further 

uncertainties of the accuracy of the registration algorithm used in conjunction 

with an EPID as the imaging modality. How do machine-related uncertainties 

affect the accuracy of localization using this technique, and what are the 

implications of these uncertainties for treatment planning? 

• Stereoscopic rigid-body registration using fiducial markers assumes a perfect 

match of the localization and reference images on every treatment fraction 

throughout a course of radiotherapy. However, the prostate is a highly 

deformable organ, and so the assumption of rigid-body transformation of the 

prostate position is not true. How should the uncertainties of rigid-body 

registration due to the deformable nature of the prostate be quantified and 

monitored? 

• How can the changes in the underlying components of localization offsets be 

adapted within a setup correction strategy during IGRT? 

• An imaging protocol using CBCT is a useful alternative to EPID as it provides 

day-to-day soft tissue visualization. What is the localization accuracy of using an 

online protocol in conjunction with fiducial-based CBCT instead of EPID? How 

can a daily setup correction protocol using CBCT be implemented with a lower 

imaging dose than the doses reported in the literature? 
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In summary, the aims of this research are: 

• To elucidate the limits of accuracy achievable in EPID-based IGRT using 

fiducial markers, with and without the presence of uncertainties associated with 

mechanical and user factors. 

• To investigate and implement statistical process control (SPC) tools for the 

monitoring of uncertainty in point-based rigid-body registration and adaptation 

for changes in the underlying components of localization offset within a setup 

correction strategy.  

• To apply and investigate an imaging protocol that is able to provide soft tissue 

visualization with reduced imaging dose as well as acceptable accuracy for 

correction of setup uncertainty during prostate IGRT using fiducial markers. 

 

1.4 Thesis outline 

Following the brief introduction to the motivation of this study presented in this 

chapter, Chapter 2 reviews the types and characteristics of uncertainties related to the 

set-up of patient during radiotherapy. Published estimates of displacement and 

deformation, as well as their implications for radiotherapy of the prostate, are presented. 

Descriptions of various methods of margin generation and current image-guidance 

strategies are also provided. 

The processes of prostate radiotherapy adopted by the institution where this 

study was carried out are detailed in Chapter 3. This includes descriptions of simulation, 

planning and plan evaluation tools. The linear accelerators, as well as the image-

guidance modalities and image registration techniques, used in this study are also 

described in this chapter. 

Chapter 4 marks the start of the experimental section of this thesis. The impact 

of positional errors of the beam collimation device on stereoscopic rigid-body 
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registration and IMRT of the prostate is investigated. Intentional offsets of the beam 

collimation device were simulated, and the impact these errors is presented in terms of 

errors of localization and changes to defined dose endpoints in the IMRT plans.  

In Chapter 5, the uncertainty associated with point-based rigid-body registration 

during radiotherapy of the prostate is evaluated and quantified in terms of the fiducial 

registration error (FRE). An SPC tool, the x-chart, is proposed to identify potential 

problems with a rigid-body registration algorithm during a course of radiotherapy.  The 

effectiveness of this method is demonstrated in a retrospective study of FRE histories 

for a cohort of prostate cancer patients who were implanted with fiducial markers.  

The feasibility of using a half-rotation CBCT scan based on fiducial markers for 

IGRT of the prostate is investigated in Chapter 6. This chapter first quantifies the 

imaging dose and image quality obtained using this technique. The localization 

performance of this technique is then demonstrated through a clinical study. This 

technique is compared with a more established image-guidance strategy using EPID. 

The half-rotation CBCT technique presented in this chapter is particularly relevant to 

IGRT of the prostate as it allows the visualization of soft tissues with a reduced imaging 

dose. 

Chapter 7 describes the implementation of another tool in SPC, the CUSUM 

method, within a daily setup correction protocol with a non-zero fixed action level for 

detection and adaptation to changes in the systematic localization offset during a course 

of radiotherapy of the prostate. The effectiveness of this method for minimizing 

systematic localization errors as well as reducing the frequency of random errors greater 

than the action level is tested retrospectively on localization histories of a cohort of 

prostate cancer patients implanted with fiducial markers. 

Chapter 8 discusses the final conclusions made in the thesis, presents a summary 

of contributions and outlines possible future research stemming from the project. 
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Chapter 2  

Review of patient setup errors and 

image-guidance strategies for EBRT of 

prostate cancer 

2.1 Introduction 

Over the past decades, linear accelerators have evolved to become a complex 

and sophisticated modality in precisely targeted radiation delivery for treatment of 

cancer in humans. Accurate verification of the position of the target volume at the time 

of treatment using an appropriate image-guidance modality is critical to the efficacy of 

radiotherapy. Various types of image-guidance modalities have been introduced to 

assist with verification process during radiotherapy. The selection of a suitable image-

guidance modality depends on factors such as the achievable accuracy of positioning, 

treatment site, imaging dose and impact on workload. Numerous protocols for 
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positioning correction have also been introduced in conjunction with the availability of 

image-guidance modalities, each with its own advantages and disadvantages.  

The prostate is a particularly challenging site for radiotherapy due to the mobile 

and deformable nature of the organ itself and the surrounding tissue. It is a challenge to 

control day-to-day variability in the position of the prostate gland as well as the 

limitations in treatment setup accuracy. With the introduction of advanced beam 

shaping and modulation systems, conformal radiation fields are now delivered with 

smaller margins through treatment techniques such as 3D-CRT and IMRT. However, 

the reduction of treatment margins also makes these techniques more susceptible to the 

consequences of treatment uncertainties such as displacement of the prostate and errors 

in patient setup. 

This chapter reviews the errors in patient setup during prostate radiotherapy and 

the various image-guidance strategies available to compensate for these errors. First, the 

anatomy of human male pelvis will be described to show the target organ and critical 

normal structures during prostate radiotherapy. The types and components of errors 

associated with patient setup during the radiotherapy in general are then defined. The 

magnitude of setup errors and the translational and rotational variability of the prostate 

position are reviewed. Various methods used to generate treatment margins to account 

for errors in patient setup will be explained. A review of the image-guidance modalities 

and positioning correction protocols most commonly used in the clinic, with some 

examples specific to radiotherapy of the prostate, is also included. 

 

2.2 Anatomy of human male pelvis 

Figure 2.1 illustrates the anatomy of human male pelvis showing the position of 

the prostate gland and seminal vesicles as well as other organs surrounding it. The 
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bladder and rectum are located adjacent to the prostate gland, to the anterior and 

posterior of the prostate gland respectively. 

During the EBRT of the prostate, the target of the high-energy radiation is the 

prostate gland and may or may not include the seminal vesicles. The challenge in this 

case is to minimize the radiation dose delivered to the surrounding normal organs, 

particularly the rectum and bladder. This precaution is to reduce the risk of acute and 

late normal-tissues toxicities due to radiation, such as acute urinary symptoms, bleeding 

and proctitis (inflammation of the lining of the rectum or the lower end of the large 

intestine leading to the anus).  

 

 

 

 

 

 

 

 

 

 

 

With the emergence of conformal radiotherapy techniques such as 3D-CRT and 

IMRT, it has become possible to reliably reduce the volume of normal tissues exposed 

to higher radiation doses. However, accurate patient setup during the day-to-day 

delivery of radiation also plays a crucial role in ensuring the correct dose is delivered to 

the prostate gland and avoiding excessive dose to the normal tissues.  

 

Figure 2.1. Anatomy of the human male pelvis, showing the location of prostate gland and other 
organs surrounding it. (Picture taken from The Library of Cancer, 
http://www.yourcancertoday.com/Cancers/Prostate-Cancer/78 assessed on 11th January, 2012.) 
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2.3 Setup errors during radiotherapy 

Before delivery of each radiotherapy treatment, a patient is setup (positioned) on 

the couch based on the prescribed offset obtained during the simulation process. This 

offset is normally based on skin tattoos or other anatomical landmarks. Here, the 

challenge is to reproduce exactly the position of the target volume obtained during 

simulation, when images are acquired for treatment planning for every treatment 

fraction. The discrepancy between the intended and actual treatment position is known 

as the setup error. 

A setup error can be computed by comparing the images acquired at the time of 

treatment with the reference images obtained during simulation. Depending on the 

image registration software and couch support system, the setup error is usually 

presented as three translational and three rotational offsets.  

According to the report by the Royal College of Radiologists, the Institute of 

Physics and Engineering in Medicine and the Society and College of Radiographers 

(The Royal College of Radiologists 2008), the setup error can be categorized into three 

components; the gross error, the systematic error and random error. The gross error is 

regarded as ‘mistreatment’ or ‘mis-administration’ of radiation beams and is a 

reportable radiological incident to the legal authorities. Systematic and random errors on 

the other hand are not ‘mistreatment’ but rather unavoidable non-zero differences 

between planned and intended patient setup positions, which are represented in the 

statistical sense of the distribution of displacement from the intended patient position. 

These categories of errors are described further in sections 2.3.1 to 2.3.3. 

 

2.3.1 Gross error 

A gross error is any large error that significantly deteriorates the quality of 

radiotherapy by causing unacceptably large under-dosage of the clinical target volume 
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(CTV) or over-dosage the organs at risk (OAR). Examples of gross setup errors include 

delivery of treatment to the incorrect patient or treatment site, or incorrect orientation of 

the patient on the couch. The margin added to the CTV to generate the planning target 

volume (PTV) does not accommodate this type of error so it is essential that all 

necessary steps are taken to avoid gross errors. In this thesis, it is recognized that a gross 

setup error can be easily detected and eliminated through clinical quality assurance 

procedures. Discussion of these procedures lies outside the scope of this study and so 

gross setup errors will not be addressed here.  

 

2.3.2 Systematic error 

Systematic errors are biases in the localization that cause the mean localization 

of all fractionated treatment to be significantly different from zero. This type of error is 

consistent and repeatable; that is, the magnitude and direction of systematic error is 

identical for each treatment fraction. A significant systematic error can affect all 

treatment sessions as it displaces the entire cumulative dose distribution from the 

intended volume and may therefore affect the treatment outcome.  

Sources of systematic setup errors include: 

• Uncertainty in the delineation/contouring of target volume. 

• Patient setup error: persistent changes in a patient’s anatomical landmark used 

for setup. 

• Geometric inaccuracies in machine parameters: inaccuracies in the geometric 

calibration of the linear accelerators and/or ancillary modalities such as the 

lasers, couch, beam collimation device, the gantry and collimators.  

• Changes in organs: displacement and deformation of target and surroundings 

organs during radiotherapy. 
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2.3.3 Random error 

Random setup errors are biases in the localization that differ in magnitude and/or 

direction for every treatment fraction. This type of error is inconsistent and 

irreproducible and, in contrast with systematic setup errors, causes blurring in the 

cumulative dose distribution. 

Sources of random setup errors include: 

• Patient setup error: variability of the day-to-day setup by the radiation therapist 

due to unpredictable changes of the patient’s anatomical landmark(s), and of 

machine parameters, as well as user variability. 

• Changes in organs: day-to-day variability of the target and surrounding organs, 

which may be due to inherent changes or noncompliance with treatment 

protocols such as a bowel and bladder preparation protocol. 

 

2.3.4 Illustration of systematic and random setup errors 

Figure 2.2 illustrates the difference between systematic and random setup errors 

two-dimensionally. Each circle in the figure represents a target localization 

displacement for a single fraction in two arbitrary directions. Figure 2.2(a) shows a 

perfect distribution of patient setups with zero random and systematic errors, which is 

difficult to achieve in reality. Figure 2.2(b) shows a distribution of localization 

displacements for a patient clustered around zero, showing non-zero random error but  a 

systematic error of zero. Figure 2.2(c) shows localization displacements of a patient 

where both systematic and random errors are non-zero. Finally, figure 2.2(d) shows the 

difference between three individual patient distributions (represented by three different 

colours) and a margin to account for the cohort distribution (represented by dashed 

line). 
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Localization displacements (in mm) 

 (a)  (b) 

 (c) 

 (d) 

Figure 2.2. Examples of localization displacements during radiotherapy. (a) A perfect 
distribution of patient setups with zero random and systematic errors. (b) Distribution of 
localization displacements clustered around zero, showing non-zero random error but a 
systematic error of zero. (c) Both systematic and random errors are non-zero. (d) Difference 
between individual patient distributions (represented by different colours) and a margin 
(dashed line) to account for the cohort distribution.  
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2.3.5 Characterization of setup errors 

The early model of setup variation was based on populations of patients and is 

known as the two-parameter model. Two statistical parameters are used to describe the 

characteristics of the inter-fractional setup variation;  the mean ( pM ) and the standard 

deviation ( pΣ ) of all displacements for a given group of patients. The parameter pM  

describes the global bias of the displacement of the target volume between simulation 

and actual treatment for the entire patient cohort. Inaccuracies in machine parameters 

and procedures can produce a value of pM  that differs significantly from zero. The 

parameter pΣ  describes the random component of the displacement of the target volume 

for the entire patient population. 

The two-parameter model provides a simple description of the variability of 

patient setup for a group of patients. However, it does not provide information about 

setup variability for individual patients. A four-parameter model was introduced to 

address the limitations of two-parameter model (Yan et al 1997, Bijhold et al 1992). As 

the name suggests, four parameters are used in this model to describe variations in 

individual patient setup. The setup error for an individual patient i is characterised in 

terms of the mean ( ( )i
M µ ) and standard deviation ( ( )iµΣ ) of the individual mean setup 

error, and the root mean square )( )( i
RMS σ and the standard deviation )( )( iσΣ of the 

individual standard deviation of the setup error. The individual mean and standard 

deviation can be respectively interpreted as the systematic and random components of 

the setup error of individual patients. The parameter ( )i
M µ  provides the same 

information as pM  and is the global bias (systematic error) for the patient group. The 

parameter ( )iµΣ  (also referred to in the literature as σp) is the standard deviation of all 

individual means and represents the variation of the systematic error. The parameter 

)( i
RMS σ quantifies the mean random component of the setup error (σ) of the group and 
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is simply the root-mean-square of the standard deviation of the setup error of all 

individual patients. When the number of measurements for calculation of individual 

mean and standard deviation is large, it has been shown that the parameters derived 

from the two-parameter model and the four-parameter model are related by 

( )i
MM p µ= and ( )

22

)( ii
RMSp σ

+Σ=Σ µ (Yan et al 1997). Both the two- and four- 

parameter models can be used to characterize the inter-fractional setup errors. The 

choice of model depends very much on the objective or intention of characterization of 

setup variation. A two-parameter model is suitable if a study is intended to describe 

setup characteristics for an entire patient group. In this case, an appropriate margin can 

be used to account for the setup errors for the patient group. Alternatively, the four-

parameter model allows the treatment margin to be adapted to individual patients 

according to the characteristics of the individual setup errors. The four-parameter model 

therefore enables reduction of treatment margins for dose-escalated radiotherapy. 

However, it can also be used to derive a generic margin for a patient population. It has 

been shown that generic formula for calculating margins derived using the four-

parameter model is equivalent to the simple formula derived using the two-parameter 

model at about the 97% confidence level (Yan et al 2005). 

 

2.3.6 Quantification of setup errors in prostate radiotherapy 

Knowledge of the characteristics and magnitudes of setup errors in prostate 

radiotherapy is essential for determining the optimum margin and correction protocol 

for IGRT. Numerous groups have quantified the setup errors in prostate radiotherapy, 

from a variety of imaging methods and corresponding target surrogates. Table 2.1 

summarizes the magnitudes of translational setup errors in prostate radiotherapy in three 

translational directions, i.e. the Anterior-Posterior (AP), Left-Right (LR) and Superior-

Inferior (SI) directions, based on eight recent reports in the literature, each with their 
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own method of localization. In the table, setup errors were quantified by the three 

parameters, i.e., the mean, M , which is the global bias (systematic error) for the patient 

group, the standard deviation of all individual means, Σ , which represents the spread of 

the systematic error, and the root mean square of the standard deviation, σ , which 

quantifies the random component of the setup error of the group. Rotational setup errors 

are not reported by the majority of the groups as most patient support systems used do 

not have the facility to correct for rotations and thus are omitted from the table.  

 

Table 2.1. Comparison of the magnitudes of translational setup errors in prostate radiotherapy. 

Trial 

Imaging 
modality 
(No. of 

subjects) 

Target 
surrogate 

M (mm) Σ (mm) σ (mm) 

AP SI LR AP SI LR AP SI LR 

Su et al 
2011 

RF array (17) 
Implanted 

transponders 
2.7 0.5 0.6 4.7 3.4 2.3 3.5 2.7 3.7 

Graf et 

al 2009 
EPID  
(23) 

Fiducial 
markers 

-0.8 0.9 0.5 2.6 2.7 2.0 2.7 2.7 2.3 

Osei et 

al 2009 
EPID  
(118) 

Fiducial 
markers 

2.1 1.0 -0.5 2.7 1.9 1.7 3.2 2.1 1.9 

Bylund 

et al 
2008 

MV-CBCT 
(24) 

Organ 
contours 

0.6 -1.0 0.3 4.9 1.6 2.6 4.5 4.7 2.8 

Gayou 
and 
Miften 
2008 

Ultrasound 
(19) 

Organ 
contours 

-1.0 -2.8 -1.2 5.9 5.1 6.8 - - - 

MV-CBCT 
(17) 

Organ 
contours 

-0.3 -1.3 1.0 3.9 2.5 3.9 - - - 

EPID 
(12) 

Fiducial 
markers 

0.5 0.0 -1.0 4.1 3.4 3.4 - - - 

van der 
Heide et 

al 2007 

EPID 
(453) 

Fiducial 
markers 

2.8 0.0 -0.3 4.8 2.9 2.2 3.5 2.3 2.0 

Vetterli 
et al 
2006 

EPID 
(25) 

Fiducial 
markers 

-1.7 -1.3 1.4 5.1 3.8 3.8 - - - 

Chandra 

et al 
2003 

Ultrasound 
(147) 

Organ 
contours 

0.6 0.9 -0.5 3.4 3.2 1.9 3.3 2.7 2.3 

 

The standard deviation of the setup errors is discussed more extensively than the 

mean value in the literature as the standard deviation is used in designing treatment 
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margins for radiotherapy. As shown in table 2.1, reported values of the standard 

deviation differ greatly between groups. The reported standard deviations range 

between 2.6 and 5.9 mm in the AP direction, between 1.6 and 5.1 mm in the SI 

direction, and between 1.7 and 6.8 mm in the LR direction.   

The variation between these values of setup error is unlikely to be attributable to 

the variation in size of the patient groups. Instead, it may be caused by a number of 

factors such as variation of the bowel preparation protocol, accuracy of machine 

parameters, method of patient setup and immobilization technique, treatment position 

(prone or supine), imaging method and protocol. Because of the differences in treatment 

protocols and parameters, it is difficult to perform a direct comparison of these studies. 

However, most groups reported that the standard deviation was greatest in the AP 

direction. This is likely because of the influence of variation in bowel filling.  

 

2.4 Prostate displacement and deformation 

As discussed in sections 2.3.2 and 2.3.3, systematic and random setup errors in 

radiotherapy of the prostate can be due to the day-to-day variability in the geometry of 

the prostate. The displacement and deformation of prostate vary significantly during the 

course of radiotherapy for prostate cancer and contribute to the setup error during 

radiotherapy. The change of position and deformation of the prostate during 

radiotherapy have been studied by various groups and are well documented. Sections 

2.4.1 to 2.4.3 review the extent of prostate displacement and deformation as well as the 

effects of geometric variability on the dose distributions to the prostate and organs at 

risk. 
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2.4.1 Translational displacement of the prostate 

Displacement of the prostate is a well-known phenomenon and it has been 

shown that the direction and magnitude of prostate displacement is influenced by the 

relative filling of the rectum and bladder (Schild et al 1993, Ten Haken et al 1991). The 

inter-fractional translational displacement of the prostate is the variability in the position 

of the prostate from the planned position with respect to the three translational axes of 

the room coordinate system on every treatment fraction. Numerous groups have 

attempted to quantify the extent of translational displacement of prostate using various 

methods. One of the more frequently used methods is measuring the daily deviations of 

the prostate (via organ contours) with respect to the bony landmarks on the computed 

tomography (CT) images (Snir et al 2011, Bylund et al 2008, Frank et al 2008, Wong et 

al 2008, Melian et al 1997). Other techniques involve the computation of the daily 

differences between the distance of the centre of mass of the configuration of the 

fiducial markers with bony landmarks (Osei et al 2009, Graf et al 2009, Wu et al 2001).   

Prostate displacement can be characterized by using the two-parameter and four-

parameter models described in section 2.3.6. Table 2.2 summarizes data from five 

studies that quantified the inter-fractional translational displacement of the prostate 

using the two-parameter model, where the means, M , and standard deviations, Σ , of 

the translational displacement of the prostate were derived from the pooled data of all 

patients.  

Most studies reported the largest standard deviation of the translational 

displacement in the AP direction, with values ranging from 2.3 mm to 4.1 mm. The 

smallest standard deviations were reported in the LR direction, with values ranging 

from 0.8 mm to 1.2 mm. 
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Table 2.2. Inter-fraction translational displacements of prostate during radiotherapy, 

characterized using two-parameter model. 

Trial 
Imaging modality  

(No. of subjects) 

Target 

surrogate 

M (mm) Σ (mm) 

AP SI LR AP SI LR 

Frank et al 

2008 

CT on rail 

(15) 

Organ 

contours 
0.1 -0.5 0.2 4.1 2.9 0.9 

Wong et al 

2008 

CT on rail 

(16) 

Organ 

contours 
0.3 0.0 0.5 4.1 0.4 4.1 

Wu et al 

2001 

Port film 

(13) 

Fiducial 

markers 
0.7 0.6 - 2.3 2.1 - 

Zelefsky et 

al 1999 

CR 

(50) 

Organ 

contours 
-1.2 -0.5 -0.6 2.9 3.3 0.8 

Melian et al 

1997 

CT  

(13) 

Organ 

contours 
-0.7 4.0 0.4 3.1 0.3 1.2 

 

  Table 2.3 summarizes the results of seven studies quantifying the inter-fraction 

translational motion using a four-parameter model. In this table, three parameters are 

reported; the mean, M , the standard deviation of all individual means Σ  and the root-

mean-square of the standard deviation σ , which quantifies the random component of 

the errors of the group. It should be noted that the standard deviation in this model 

describes the variability of the systematic error for individual patients, in contrast with 

the representation of the random error for the entire patient population in the two-

parameter model. 

The maximum reported value of the standard deviation of the systematic errors 

was 3.1 mm, with the random errors varying in the range of 0.5 mm to 5.2 mm. Again, 

most studies showed that the greatest variability of the prostate displacement was in the 

AP direction. The majority of the reports (5 out of 7) also reported the smallest prostate 

displacement in the LR direction.  
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Table 2.3. Inter-fractional translational displacement of the prostate translational over a course 

of radiotherapy, characterized using four-parameter model. 

Trial 

Imaging 

modality 

(No. of 

subjects) 

Target 

surrogate 

M (mm) Σ (mm) σ (mm) 

AP SI LR AP SI LR AP SI LR 

Snir et al 

2011 

kV-CBCT 

(17) 
Soft tissue -0.2 0.3 0.1 0.7 0.6 0.4 2.0 1.1 0.5 

Tanyi et al 

2010 

CBCT 

(14) 

Implanted 

transponders 
0.5 0.3 -0.1 0.5 0.6 0.6 1.5 1.4 1.4 

Osei et al 

2009 

EPID 

(20) 

Fiducial 

markers 
0.0 -0.2 0.0 1.4 2.4 1.1 1.5 1.4 0.9 

Graf et al 

2009 

EPID 

(23) 

Fiducial 

markers 
0.3 0.9 -0.3 2.3 1.9 1.1 2.7 2.3 1.4 

Bylund et 

al 2008 

MV-CBCT 

(24) 

Organs 

contour 
-0.5 0.0 0.7 2.0 1.0 0.7 2.9 2.1 2.0 

Litzenberg 

et al 2006 

EPID 

(11) 

Fiducial 

markers 
0.6 -0.1 0.1 1.5 3.1 2.2 5.2 3.3 3.4 

Hoogeman 

et al 2005 

CT 

(19) 

Organs 

contour 
-0.6 -0.3 0.0 2.7 2.1 0.3 2.4 2.1 0.4 

 

 The results in both table 2.2 and table 2.3 show that translational displacement 

of the prostate is largest in the AP direction. The variation is likely due to the influence 

of rectal and bladder fillings. It has also been reported that the superior portion of the 

prostate and the seminal vesicles tend to move more freely in the AP direction than the 

rest of the prostate (Melian et al 1997). Therefore, it is crucial for patients to follow the 

bowel preparation protocol on every treatment fraction. Improved compliance will 

likely reduce, but not eliminate, the frequency of large translational displacements of the 

prostate (Langen et al 2008). 

The dosimetric impact of the translational displacements of the prostate has been 

investigated by several authors and the degradation of treatment plans with uncorrected 

translational displacement has been reported (Wu et al 2006, Bos et al 2005, Wong et al 
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2005, Melian et al 1997). Wu et al reported that the translational displacement of the 

prostate degrades the target coverage and reduces the dose to the rectum. Bos et al 

performed dosimetric calculations for typical prostate IMRT treatments with the PTV 

defined by a 5 mm margin around the CTV, and concluded that with a posterior shift of 

10 mm of the prostate, the dose coverage dropped from 95-107% to 71-100% (Bos et al 

2005). However, it should be noted here that the dosimetric consequences of prostate 

displacement also depend on treatment parameters such as the number and direction of 

fields, delivery technique and the magnitude of the margins used to define treatment 

volumes. 

 The intra-fractional translational displacement of the prostate is the variability in 

the position of the prostate from the planned position with respect to the three 

translational axes of the room coordinate system during patient setup and delivery of 

each treatment fraction. The measurement of intra-fraction displacement is more 

challenging than the measurement of inter-fractional displacements. However, with the 

recent introduction of more advanced imaging and tracking modalities, there has been 

greater interest in assessment of intra-fractional displacements. 

 Various approaches have been used for the measurement of intra-fractional 

translational displacements of the prostate. One method involves measurement of the 

target location whilst the patient is in the treatment position, just before and straight 

after irradiation. This method does not track the target location during irradiation (Kron 

et al 2010, Aubry et al 2004, Madsen et al 2003, Huang et al 2002). Other methods 

involve the acquisition of one (Schallenkamp et al 2005) or several frames of images 

(Adamson and Wu 2008) during treatment delivery to estimate the intra-fractional 

displacement.  Mah et al assessed inter-fractional displacement using cine-magnetic 

resonance imaging (MRI) by taking twenty sequential slices through the centre of the 

prostate (Mah et al 2002). A recent method of assessing translational intra-fractional 
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displacements is by monitoring the position of prostate-implanted electromagnetic 

transponders during treatment (Su et al 2011, Tanyi et al 2010, Litzenberg et al 2006). 

This method offers the advantages of tracking the real-time position of the prostate 

without delivering an extra imaging dose. Further, it has been shown that implanted 

transponders demonstrate the same long-term stability characteristics as implanted 

fiducial markers (Litzenberg et al 2007). However, this technique requires an extra 

measurement system independent of the linear accelerator. Table 2.4 summarizes the 

results of eight studies of the intra-fractional translational displacement of the prostate 

as characterized by a two-parameter model.  

 

Table 2.4. Intra-fractional translational displacement of the prostate during radiotherapy, 

characterized using a two-parameter model. 

Trial 
Imaging modality  

(No. of subjects) 

Target 

surrogate 

M (mm) Σ (mm) 

AP SI LR AP SI LR 

Adamson and 

Wu 2010 

kV-fluoroscopy 

(30) 

Fiducial 

markers 
0.4 -0.5 -0.1 2.2 2.2 1.0 

Kron et al 

2010 

On-board kV-

imaging (184) 

Fiducial 

markers 
-0.4 0.0 0.2 1.6 1.5 1.1 

Britton et al 

2005 

Fluoroscopy/flat 

panel system (8) 

Fiducial 

markers 
1.5 1.1 0.5 1.7 1.4 0.7 

Schallenkamp 

et al 2005 

EPI 

(20) 

Fiducial 

markers 
0.1 0.4 0.1 0.7 0.2 0.3 

Aubry et al 

2004 

Video EPID 

(18) 

Fiducial 

markers 
0.2 0.0 0.2 1.6 1.1 0.8 

Madsen et al 

2003 

EPI 

(16) 

Fiducial 

markers 
1.9 2.0 1.4 2.0 1.8 1.5 

Huang et al 

2002 

Ultrasound 

(20) 

Organs 

contour  
0.2 0.1 0.0 1.3 1.0 0.4 

Mah et al 

2002 

Cine-MRI 

(42) 

Organs 

contour 
0.2 0.0 0.0 2.9 3.4 1.5 
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The random errors of the translational displacement range from 0.7 mm to 2.9 mm in 

the AP direction, 0.2 mm to 3.4 mm in the SI direction and 0.3 mm to 1.5 mm in the LR 

direction. These values are generally smaller than the inter-fractional displacements 

reported in table 2.2.  

Table 2.5 summarizes the results of three studies of intra-fractional translational 

motion of the prostate using a four-parameter model. All studies used a radiofrequency 

(RF) array to monitor the real-time motion of prostate implanted with transponders (Su 

et al 2011, Tanyi et al 2010, Litzenberg et al 2006). The standard deviation of 

systematic errors ranged from 0.3 to 2.6 mm in all directions.  

 

Table 2.5. Intra-fractional translational displacement of the prostate during radiotherapy, 

characterized using a four-parameter model. 

Trial 

Imaging 

modality 

(No. of 

subjects) 

Target 

surrogate 

M (mm) Σ (mm) σ (mm) 

AP SI LR AP SI LR AP SI LR 

Su et al 

2011 

RF array 

(17) 

Implanted 

transponders 
-0.4 -0.1 0.0 0.6 0.5 0.3 1.9 1.4 0.7 

Tanyi et al 

2010 

RF array 

(14) 

Implanted 

transponders 
-0.2 -0.3 0.1 0.5 0.7 0.3 1.4 1.3 0.8 

Litzenberg 

et al 2006 

RF array 

(11) 

Implanted 

transponders 
-0.1 -0.4 0.2 2.2 2.6 0.7 0.8 1.2 0.2 

 

Kron et al characterized the inter-fractional displacement of the prostate at three 

intervals between acquisition of the pre- and post-treatment images. The images showed 

that the mean displacement of the prostate from the initial location increased over time 

as illustrated in figure 2.3. The study also concluded that the images acquired in the first 

five fractions of treatment could be used to predict displacement patterns for individual 

patients (Kron et al 2010). 
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Nederveen et al reported that the overall effect of intra-fractional displacement 

of the prostate is up to one order of magnitude smaller than the inter-fractional 

displacement. The same study reported that margins of only 1 mm around the CTV 

would be required to account for geometric uncertainties due to intra-fractional 

displacements, provided that position verification is performed at time intervals of 2 to 3 

min before treatment (Nederveen et al 2002). A study by Enmark et al also concluded 

that a margin of 1 mm is required to account for intra-fractional displacements during 

prostate radiotherapy (Enmark et al 2006). However, it is also possible that some 

patients will have more intra-fractional variability than others due to diet and 

physiology. This variation is observed in the study by Litzenberg et al where two out of 

eleven patients benefited from continuous tracking due to the displacement of the 

prostate of up to 10 mm in the AP and SI directions (Litzenberg et al 2006). 

 

 

  The dosimetric consequences of intra-fractional translational displacements of 

the prostate are small. It has been shown that for prostate PTV margins of 2 mm or 

greater, intra-fractional translational displacements did not compromise the dose 

Figure 2.3. Mean displacement of the prostate, with upper and lower quartiles,  as a function 
of time between pre- and post- treatment imaging. The straight line and the curve represent a 
linear regression and a quadratic fit to the data respectively (Kron et al 2010) 
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coverage to the prostate over a typical 30- to 40-fraction course of radiotherapy (Li et al 

2008). The mean change to the dose delivered to 95% of the target volume associated 

with intra-fractional translational displacements was reported to be less than 1% 

averaged over all fractions (Langen et al 2009). Continuous monitoring and automated 

correction of intra-fraction displacement has also been shown to reduce the prostate 

margins to 2-3 mm, while ensuring a higher percentage of patient (99% versus 90%) 

receive a greater percentage (99% versus 95%) of the prescription dose (Litzenberg et al 

2012). 

 

2.4.2 Rotational displacements of the prostate 

The first generation of IGRT systems could only calculate and apply 

translational corrections of the patient setup. It is more challenging to correct for 

rotational errors in the patient setup as these rotations may be too large to be 

compensated with a tilt-and-roll treatment couch. One study showed that the rotational 

components of setup errors could be compensated with adaptive methods (Yan et al 

2000) that require re-planning of treatment plans. Other methods compensate for the 

rotational errors by changing treatment parameters such as positions and angles of the 

multileaf collimators, gantry, collimator and treatment couch for each beam (Rijkhorst 

et al 2007, Yue et al 2006). With the advent of the robotic couch, rotational setup errors 

can be corrected more automatically up to a maximum correction angle of 3o (van 

Herten et al 2008). Since the introduction of various techniques for the compensation of 

rotational setup errors, more groups have attempted to quantify the extent of rotation of 

the prostate during radiotherapy, with the aim of reducing the treatment margins further, 

especially for highly conformal treatments such as prostate IMRT. 

Table 2.6 summarizes five the results of studies of inter-fractional rotational 

displacements of the prostate about the AP, SI and LR axes. The systematic and random 
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errors of rotational displacements are largest about the LR axis and smallest about the 

AP axis. Relatively large rotational displacements (up to 7.7º about the SI axis) were 

reported in a study by Owen et al when using CT on rail and fiducial markers for 

prostate localization (Owen et al 2011). 

 

Table 2.6. Inter-fractional rotational displacements of the prostate about AP, SI and LR axes 

during radiotherapy 

Trial 

Imaging 

modality 

(No. of 

subjects) 

Target 

surrogate 

M (º) Σ (º) σ (º) 

AP SI LR AP SI LR AP SI LR 

Owen et al 

2011 

CT on rails 

(10) 

Fiducial 

markers 
- - - 5.0 7.7 7.6 6.5 15.8 10.2 

CT on rails 

(10) 

Organ 

contours 
- - - - - 10.1 - - 7.7 

Hoogeman 

et al 2005 

CT 

(19) 

Organ 

contours 
0.4 0.4 0.1 1.3 2.2 5.1 1.6 2.0 3.6 

Aubry et al 

2004 

EPID 

(18) 

Fiducial 

markers 
-0.2 -0.8 0.0 2.2 2.4 5.6 2.0 2.8 6.1 

Dehnad et 

al 2003 

EPID & 

CT 

(10) 

Fiducial 

markers & 

organ 

contours 

-0.5 -1.0 0.5 2.0 2.7 4.7 1.7 1.9 3.6 

Van Herk 

et al 1995 

CT 

(11) 

Organs 

contour 
- - - - - - 1.3 2.1 4.0 

   

The intra-fractional rotational displacement of the prostate has not been studied 

as extensively as inter-fraction rotational displacement. Aubry et al investigated the 

extent of intra-fractional displacement of the prostate for 7 patients by comparing two 

reconstructions of the configuration of radio-opaque markers in the prostate obtained 

during the same treatment fraction. The mean values recorded for the intra-fractional 

rotations were 0.4o, 0.5o and -0.5o about the AP, SI and LR axes respectively, and the 
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systematic standard deviations were 0.3o, 0.8o and 1.0o about the AP, SI and LR axes 

respectively (Aubry et al 2004). These values, compared with those in table 2.6, suggest 

that intra-fractional rotations are smaller than inter-fractional rotations. 

The dosimetric consequences of prostate rotation have been examined. Some 

studies have concluded that correcting for prostate rotation during radiotherapy does not 

significantly improve the dosimetric quality of the treatment (Mutanga et al 2010, van 

Herten et al 2008, Fu et al 2006). Fu et al investigated the impact of systematic 

rotational errors of patient setup during a three-phase treatment of sequential boost 

IMRT and found that the equivalent uniform dose of the prostate varied by no more 

than 1.5% and the tumour control probability decreased by only 1% for a rotational 

error of 3o (Fu et al 2006). A study by van Herten et al on online correction of rotation 

was shown to provide only a modest improvement of 1.6% to the target volume 

receiving 95% of the prescribed dose and it was concluded that this was because the 

target volume is approximately spherical. The same study by van Herten et al also 

reported an improvement of 3.3% to the volume of seminal vesicles receiving 95% of 

the prescribed dose through online correction of rotation (van Herten et al 2008). 

However, a study examining rotational errors of target volumes comprising both the 

prostate and seminal vesicles showed that there can be a significant improvement of the 

accuracy of the dose distribution to the target volume when corrections for rotations 

were applied (Rijkhorst et al 2007).  

 

2.4.3 Deformation of the prostate 

In addition to the translational and rotational motions of prostate, deformation of 

the prostate is also an important consideration for prostate IGRT. However, there are 

fewer published studies of prostate deformation. Deformation of the prostate can be 

defined as a change of the shape or volume of the prostate relative to the planned 
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shape/volume throughout the course of treatment. In most clinical practice, prostate 

deformation is neither fully corrected for nor incorporated in the treatment margin. 

 Deurloo et al quantified variations of the shape and volume of the prostate and 

seminal vesicles of 19 patients by performing 8-12 repeat CT scans during the course of 

radiotherapy. Perpendicular distances between the average gross tumour volume (GTV) 

and the individual GTVs for each scan were calculated for each point of the average 

GTV. No significant variations of the GTV volumes were observed. It was concluded 

that it is sufficient to correct only for setup errors and organ motion as deformation of 

the prostate and seminal vesicles can be considered second-order effects (Deurloo et al 

2005). 

Kupelian et al studied the stability of configurations of fiducial markers for 

prostate radiotherapy of 56 patients treated with IMRT. The inter-marker distances of 

the three fiducial markers implanted in each prostate were measured on high-resolution 

x-ray images recorded before each treatment. A significant change of the inter-marker 

distances of only one pair of markers was observed and it was concluded that implanted 

fiducial markers are a reliable surrogate for prostate radiotherapy, even in the presence 

of organ deformation (Kupelian et al 2005). 

An MRI study performed by Nichol et al examined deformation of the prostate 

during radiotherapy of 25 patients. A finite element model was implemented on the MR 

images and it was reported that the standard deviation of random inter-fractional 

deformation of the prostate was 1.5 mm. Deformation was observed to be significantly 

increased in patients who had previously undergone a trans-urethral prostatectomy 

(TURP) (Nichol et al 2007). 

A more recent study by Peng et al quantitatively characterized the inter-

fractional variations, as measured by CT, of 20 prostate patients. It was reported that the 

daily variation in the prostate volume throughout treatment sessions was in the range of 
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5-10%, and around half of this variation might be attributable to delineation uncertainty 

(Peng et al 2011). 

It can be concluded that deformation of the prostate geometry over a course of 

radiotherapy is usually smaller than inter- and intra-fractional displacement of the 

prostate. Many studies concluded that prostate deformation is caused by the differential 

filling of the bladder and bowel as well as the changes in physiologic rectal filling 

(Deurloo et al 2005, Kupelian et al 2005, Peng et al 2011). 

Kupelian et al investigated the dosimetric consequences of deformation of the 

prostate during radiotherapy by contouring and calculating doses to the prostate, rectum 

and bladder on daily CT images. The study concluded that the dose coverage to the 

prostate was largely unaffected by prostate deformation, but the doses to the rectum and 

bladder varied greatly among patients (Kupelian et al 2006). A study also reported that 

the dose to the rectum can be increased by up to 15% due to prostate deformation and 

that the total dose increase depends on the shape and volume of the rectum (Kerkhof et 

al 2008). 

 

2.5 Margins to account for setup uncertainties  

Radiotherapy treatments account for the uncertainties discussed in sections 2.3 

and 2.4 by including a margin around the volume to which the prescribed dose must be 

delivered in order to ensure that the volume is adequately covered by the treatment 

beams. Some of the methods proposed for the generation of treatment margins are 

reviewed in this section. 

The International Commission on Radiation Units and Measurements (ICRU) 

produced two reports (ICRU 50 and 62) proposing definitions of target volumes and 

describing some considerations and techniques for treatment planning. Several 

definitions of target volumes related to treatment planning have been defined; the GTV, 
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clinical target volume (CTV), internal target volume (ITV) and planning target volume 

(PTV). Two types of margins are described; the internal margin (IM), which accounts 

for the potential changes in the position and/or size and shape of the CTV, and the setup 

margin (SM), which is added to compensate for uncertainties in the patient position. 

The PTV is calculated as CTV + IM + SM, but there are occasions where 

straightforward addition of the two margins may not be appropriate.  

The schematic representations of the relations between the different volumes in 

different clinical scenarios, i.e., scenarios A, B, and C, as illustrated in ICRU 62, are 

shown in figure 2.4. The arrow illustrates the influence of the OAR on delineation of the 

PTV (thick, full line). In scenario A, the IM and SM are added to the CTV to form the 

PTV. Without the presence of an OAR, the margin can be designed to be relatively 

large. In scenario B, a compromise is sought in the design of the IM and SM to avoid 

creating an excessively large PTV, which is incompatible with the tolerance of the 

surrounding normal tissues. In scenario C, the presence of critical OAR such as the 

spinal cord and optic nerve dramatically reduces the width of the acceptable safety 

margin. Readers are referred to ICRU 50 and 62 reports for further information on 

margin generation.  

The conventional way of determining the treatment margin for each particular 

treatment site and method is based on clinical experience. That is, a ‘fixed margin’ 

around the CTV is usually added by the clinician based on his/her knowledge (from 

training and literature) to generate a PTV. This margin is deemed to be sufficient to 

account for various uncertainties during treatment. For radiotherapy of the prostate, the 

fixed margin usually ranges from 5 mm to 15 mm and may vary along each coordinate 

axis. The margin in the posterior direction is usually smaller than the other directions to 

reduce the overlapping volume of high dose in the rectum. Also, different fixed margins 

may be applied for different phases of the treatment. 



37 

 

 

 

As described in section 2.3, the uncertainties in the patient setup can be 

categorized as systematic and random errors. For a course of radiotherapy, which 

usually comprises at least 25 fractions, random errors can be incorporated into the dose 

distribution itself via convolution (Leong 1987, Bel et al 1996a). The general form of 

the convolution integral is given by:  

 ∫ ⋅−= ')()'()(' dxxgxxfxf  (2.1)  

 

where f is the planned dose distribution, g is the probability distribution function 

describing the treatment uncertainty and )(' xf is the mean delivered dose distribution. 

The use of the convolution method for the derivation of a treatment margin has been 

described by several authors (Li and Xing 2000, Lujan et al 1999, Bel et al 1996b, Lind 

et al 1993). Bel et al have showed that, by using this method, a margin for random 

errors of 0.7 times the standard deviation is adequate to maintain a 95% dose coverage 

of the PTV for radiotherapy of the prostate (Bel et al 1996b). The errors in convolution 

Figure 2.4. Schematic representations of the relations between the different volumes in 
different clinical scenarios (ICRU Report No. 62).  
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have been shown to follow a Gaussian distribution with a width equal to the standard 

deviation of the random error divided by the square root of the number of fractions, 

N , which is the same error that is reflected in the estimate of the standard deviation 

of the systematic error (van Herk et al 2003, McCarter and Beckham 2000). However, 

the disadvantage of the convolution method for margin generation relates to its 

assumption that the organ does not deform during treatment, which is untrue for certain 

cancer sites such as the prostate and the lung. 

 Simpler techniques for margin generation based on statistics have been 

proposed. These techniques do not compromise the aim of delivering adequate dose to 

the target while sparing the OAR. Methods have been described for deriving margins 

that can account for all positioning uncertainties such that the target receives a dose no 

less than a pre-specified endpoint dose, such as 95% of the prescribed dose. 

 Stroom et al derived a formula for margin generation based on the coverage 

probability, which is defined as the probability of each point to be covered by the CTV. 

A CTV-to-PTV margin generation formula has been proposed: 

 σ+Σ= 7.02M  (2.2)  

 

where M is the margin, and Σ and σ  are the standard deviations of the systematic and 

random errors of the patient group respectively. This margin generation formula ensures 

that at least 95% of the prescribed dose is delivered to, on average, 99% of the CTV 

(Stroom et al 1999). 

Antolak and Rosen also used a method to derive margins that would achieve a 

specified coverage probability for radiotherapy of the prostate. The study recommended 

a CTV-to-PTV margin of 1.65Σ in each translational axis to ensure a minimum CTV 

dose of at least 95% of the minimum PTV dose (Antolak and Rosen 1999). 
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A widely used formula for margin generation was derived by van Herk et al (van 

Herk et al 2000). In this work, the minimum cumulative CTV dose was used as a cut-off 

indicator for a geometric miss. A probability histogram of the minimum cumulative 

CTV dose was derived based on the systematic and random errors of a patient 

population. This type of histogram was called the dose-population histogram.  Dose-

population histograms based on the realistic values of systematic and random errors of 

prostate treatment are shown in figure 2.5.  A CTV-to-PTV margin has been proposed: 

 σ+Σ= 7.05.2M . (2.3)  

 

This margin ensures that 90% of the patients in a population receive a minimum 

cumulative dose to the CTV of at least 95% of the prescription dose.   

 

 

 

 These three methods of margin derivation based on statistics enable the 

treatment institution/personnel to calculate margins based on data that will be specific 

for the treatment site, and the accuracy and reproducibility of the protocols and 

Figure 2.5. Minimum dose-population histograms for ‘realistic’ prostate irradiation 
uncertainties, excluding rotations. The four curves describe the probability that the CTV 
receives a given minimum dose or higher for PTV margins of 8, 10, 12 and 14 mm (van Herk 
et al 2000).  
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processes used for patient setup and IGRT. However, these methods are based on some 

assumptions: : 

• The errors associated with patient setup are normally distributed. 

• The tumour has an ellipsoidal shape and rigid body motion. 

• The standard deviation of the systematic errors is always larger than the standard 

deviation of the random errors. 

• Treatments are planned to deliver a reasonably uniform dose distribution to the 

PTV.  

These assumptions may not be entirely valid for all treatment sites and techniques. 

 The Monte Carlo (MC) technique has also been used to derive treatment 

margins.  Killoran et al used a Monte Carlo approach to simulate the cumulative effects 

of variation in overall tumour position, for individual treatment fractions, relative to a 

fixed distribution of dose. The concept of Probability of Prescription Dose, which 

directly relates to the margin size, was introduced for treatment plan optimization 

(Killoran et al 1997). Mageras et al used statistics previously obtained for positions of 

the organs to calculate a confidence-limited dose volume histogram (CL-DVH), which 

provides a margin for possible organ movement (Mageras et al 1996). The Monte Carlo 

methods for the generation of treatment margins are complicated and time consuming, 

which can be the limiting factors for application in most clinical settings. 

With the rapid development of image-guidance technologies, radiotherapy 

treatment can be designed and customized to suit an individual patient’s condition and 

requirements. Adaption of radiation therapy, based on the accumulated information for 

each treatment, may then be used to monitor and optimize the planning and delivery of 

treatments. Information about the distributions of patient setup and organ positions 

enables the treatment margins to be adjusted accordingly. Adaptation therefore allows 

compensation for anatomic changes through adjustment of the incident beam 
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parameters. The earliest model of adaptive radiation therapy was proposed by Yan et al 

in a study that used the daily setup variation measured via EPID to re-optimize each 

patient’s treatment during the course of radiotherapy (Yan et al 1997). This model 

begins the treatment with population-based estimates of the setup variation to determine 

the treatment margins. As patient-specific data become available, the population data 

are given progressively less weight in the estimation of the patient’s systematic and 

random setup errors, and so the treatment margins for each patient become based more 

on information specific to that patient. Other studies of adaptive radiation therapy have 

been conducted for different treatment sites and image-guidance techniques (Li et al 

2011, Ahunbay et al 2010, Nijkamp et al 2008, Martinez et al 2001). 

 

2.6 Image-guidance strategies for prostate radiotherapy 

Section 2.5 has described various methods in the generation of margin to 

account for the day-to-day variability in the position of the prostate gland and 

surrounding tissues. To ensure a high probability of delivering the intended radiation 

dose to the prostate over a seven- or eight-week course of high dose conformal 

radiotherapy, a generous prostate margin must be applied. The methods of margin 

generation described in section 2.5 are intended to ensure a high probability of 

delivering the prescribed dose to the target volume. However, a competing 

consideration is the risk of treatment-related complications due to irradiation of adjacent 

OAR, such as the bladder and the rectum. The proximity and radiation sensitivity of 

these OAR limit the dose that can safely be prescribed to the target volume. Hence, 

accurate position verification of the prostate at the time of treatment using an 

appropriate image-guidance modality will reduce the uncertainty, and therefore the 

component of the margin, associated with prostate position. The reduction of the margin 

around the CTV enables safe delivery of a dose to the target volume that would 
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otherwise exceed dose thresholds to the OAR. The following sections review image-

guidance strategies, including modalities, and the use of fiducial markers and correction 

protocols. Some of the image-guidance strategies described in these sections is 

applicable to treatment sites other than the prostate. 

 

2.6.1 Image-guidance modalities 

A range of image-guidance modalities have been developed for localizing the 

target volume and OAR. This section reviews five of the more frequently used image-

guidance solutions for radiotherapy of the prostate: EPID, in-room kV imaging systems, 

computed tomography (CT) systems, ultrasound and the electromagnetic localization 

system.  

Before the advent of in-room CT systems, EPIDs were probably the most widely 

used image-guidance modality in radiotherapy. This is because EPID systems are 

available on most modern linear accelerators and therefore require no additional 

hardware. The only auxiliary equipment for this system is the flat panel ion-chamber 

array or, more commonly, amorphous silicon detector for the acquisition of portal 

images. The portal images are acquired with the patient in the treatment position and the 

imaging dose can be incorporated into the treatment dose. EPIDs have been widely used 

for pre-treatment verification for radiotherapy of the prostate. Many studies have also 

investigated the potential for using EPIDs for dosimetric verification (van Elmpt et al 

2009, McDermott et al 2008, Nijsten et al 2007, Wendling et al 2006, Siebers et al 

2004, Warkentin et al 2003). The primary disadvantage of using an EPID for IGRT of 

the prostate is the poor contrast of soft tissue. The dominant interaction between 

megavoltage photons and the patient is Compton scattering, so the probability of an 

interaction depends on the electron density of the tissue. Soft tissues cannot be 

visualized clearly from the portal images and thus bony landmarks or implanted fiducial 
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markers are usually used as surrogates for the prostate. Portal images also do not 

provide volumetric information about the prostate and surrounding tissues. 

A more detailed view of the bony structure and soft tissue can be achieved by 

imaging with photons of lower energy. Two types of 2D kV imaging systems are 

available for IGRT; the on-board and ceiling/floor-mounted kV-imaging systems. The 

on-board kV imaging system comprises a kV x-ray generator and a flat panel 

amorphous silicon detector panel, which are installed orthogonally to the treatment 

head-EPID configuration as shown in figure 2.6.  

 

 

This system can also be used to perform full volumetric CBCT, which will be described 

later. The ceiling/floor mounted kV imaging system comprises two kV x-ray tubes 

inserted into the floor together with two ceiling mounted flat panel detectors, or with x-

ray tubes and panels in the reverse configuration. An example of floor-mounted kV 

imaging system is shown in figure 2.7. 

Figure 2.6. Photo of kV x-ray imaging and EPID systems on an Elekta Synergy                    
linear accelerator. 
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Although 2D kV imaging systems are able to produce verification images of 

diagnostic quality, they do not provide volumetric information or three-dimensional 

image datasets. CT systems have been incorporated in the treatment rooms for the 

acquisition of volumetric images for pre-treatment setup verification. Two types of CT 

systems are available for IGRT for conventional linacs; the CT-on-rails and on-board 

CBCT. A CT-on-rails system consists of a CT unit that is installed in the treatment 

room and shares a treatment couch with the linear accelerator. The couch can be 

translated between the CT and linear accelerator for the verification and treatment 

procedures respectively. An example of CT-on-rail system is shown in figure 2.8. Two 

types of on-board CBCT are available; the MV-CBCT, which uses the treatment beam 

for imaging, and the kV-CBCT previously described. CBCT volumes are reconstructed 

from multiple projections of the patient.  

 

Figure 2.7. A Novalis ExacTrac floor-mounted kV imaging system. (Picture taken from 
AAPM Report No. 104, p.16) 



45 

 

 

The advantage of an on-board CBCT system is that the patient can be imaged in 

the treatment position. There is a lot of interest in the use of CBCT for radiotherapy, as 

evidenced by the number of publications on this subject over the past ten years. CBCT 

has been shown to be feasible as an image-guidance modality for radiotherapy of the 

prostate (Snir et al 2011, Fu et al 2009, Guckenberger et al 2006). However, the main 

concern of using CBCT for pre-treatment verification is the large imaging dose (Kan et 

al 2008, Perks et al 2008, Walter et al 2007, Islam et al 2006). Strategies have been 

developed to reduce this dose through techniques such a half-rotation CBCT scan 

(Sykes et al 2005) and limited-angle digital tomosynthesis, which uses a partial CBCT 

scan for image reconstruction (Yoo et al 2009, Pang et al 2008, Godfrey et al 2006). 

Trans-abdominal ultrasound has also been used for pre-treatment verification for 

radiotherapy of the prostate. Ultrasound images acquired pre-treatment are 

superimposed or registered with reference images (usually from CT), based on organ 

contours, for the computation of misalignment of patient setup. This method offers the 

advantages of image acquisition without using ionizing radiation. It also provides spatial 

information about nearby OAR. However, trans-abdominal ultrasound shows large 

inter-user variability, with reports of the acceptable alignments ranging from 68% to 

Figure 2.8. A CT on rail system which consists of a GE Exact CT system and a Varian 
linear accelerator. (Picture taken from AAPM Report No. 104, p.11) 
 



46 

 

97% (Chandra et al 2003, Morr et al 2002, Serago et al 2002). A few studies comparing 

IG methods have questioned the accuracy of trans-abdominal ultrasound (Gayou and 

Miften 2008, Fuller et al 2006, Scarbrough et al 2006, Langen et al 2003).   

Localization of the target volume using an electromagnetic system is a more 

recent image-guidance method. This method involves implantation of the transponders 

into the patient as surrogates for the target. As this technique does not involve ionizing 

radiation, tracking of the target can be performed continuously by monitoring the 

positions of the transponders using electromagnetic signals, thus providing temporo-

spatial information about the target. This method has been shown to have an accuracy of 

1 mm (Wang et al 2009) and has been used clinically for localization of the prostate 

(Litzenberg et al 2012, Su et al 2011, Hsi et al 2008, Langen et al 2008, Burch et al 

2005). An example of electromagnetic tracking system is shown in figure 2.9. 

 

 

 

2.6.2 IGRT using fiducial markers 

Studies have shown that there is significant day-to-day variability of the position 

of the prostate during radiotherapy. Hence, it is not safe to deliver high-dose and 

conformal radiotherapy to the prostate without proper localization imaging for 

verification of the patient setup. Setting up a patient based on skin tattoos to the room 

Figure 2.9. A Calypso electromagnetic tracking system (Picture taken from 
http://www.calypsomedical.com accessed on 2 December, 2011) 
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lasers or bony landmarks is insufficiently accurate as external markers and bony 

anatomy are not appropriate surrogates for the position of the prostate. It has been 

reported that if a patient is positioned based on skin markers alone a margin as large as 

2 cm would be required to account for uncertainty of the prostate position (Poli et al 

2007). Schallenkamp et al reported that the prostate and pelvic bony anatomy move 

independently and so bony landmarks should not be used as a surrogate for prostate 

motion (Schallenkamp et al 2005). The use of skin marks or bony landmarks as 

surrogates for the prostate can impede the goal of conformal radiotherapy, where 

preserving the OAR is as important as eradicating the tumour.  

Implanted fiducial markers have become widely used in radiotherapy of the 

prostate. Localization based on fiducal markers reduces uncertainty of the prostate 

position compared with localization based on skin tattoos, and therefore reduces the 

margin around the CTV required to account for variability of the prostate position 

(Beltran et al 2008). Fiducial markers are small radio-opaque objects that are implanted 

in the prostate under the guidance of transrectal ultrasound. This procedure is invasive 

and usually requires a time gap between implantation and simulation to resolve swelling 

of the tissue and to stabilize the positions of the markers within the tissue. The markers 

can be localized from images acquired with either two-dimensional or volumetric 

imaging modalities. Fiducial markers in the prostate have been used for image guidance 

in conjunction with the EPID (Kron et al 2010, Graf et al 2009, van Haaren et al 2009, 

Greer et al 2008, Chen et al 2007, van der Heide et al 2007, Vetterli et al 2006, Chung 

et al 2004), CT-on-rails (Owen et al 2009) and on-board CBCT (Létourneau et al 2005).  

The implanted fiducial markers are assumed to be in the same position with 

respect to the prostate from simulation through the course of treatment. However, there 

is a concern about migration of the markers during the treatment. Several studies 

examined this concern in the case of prostate radiotherapy and reported that migration 
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of the markers is insignificant. Marker movements of approximately 1 mm (Kitamura et 

al 2002) but less than 2 mm (Poggi et al 2003) have been reported. Litzenberg et al 

reported average differences of relative distances between markers from the planning 

CT and those measured from daily imaging of 0.7 to 1.7 mm (Litzenberg et al 2002).  

Kupelian et al found only 2 out 168 markers showed significant and consistent changes 

in their relative position due to migration throughout a course of prostate radiotherapy 

(Kupelian et al 2005).   

The accuracy of fiducial markers for localization in the presence of deformation 

of the prostate has also been questioned. Van Der Wielen et al assessed deformation of 

the prostate and seminal vesicles relative to fiducial markers and concluded that 

deformation of the prostate with respect to markers was small (standard deviation ≤ 1 

mm) (van der Wielen et al 2008). Kudchadker et al recommended that at least three 

fiducial markers be used for accurate and reproducible alignment of the target volume 

during radiotherapy of the prostate in the presence of organ deformation (Kudchadker et 

al 2009).  

Fiducial markers have also been used to study prostate rotation (Owen et al 

2011, Greer et al 2008, Aubry et al 2004, Dehnad et al 2003). Logadottir et al reported 

that estimation of inter-fractional rotation of the prostate based on fiducial markers is 

not as accurate as estimating rotation from soft tissue comparisons (Logadóttir et al) 

However, as described in section 2.4.2, with the exclusion of seminal vesicles in the 

PTV, the dosimetric impact of rotation motion of prostate is minimal. 

 

2.6.3 Offline correction strategies 

A strategy for repositioning the patient or correcting the setup is implemented 

during IGRT to improve localization accuracy and is particularly important for a highly 

mobile target such as the prostate. A correction strategy should ideally be able to 
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account for both systematic and random errors of target localization without increasing 

the time and effort expended by therapists/clinicians and/or increasing the imaging dose. 

There are two types of correction strategies; the offline and online correction strategies.  

An offline correction protocol aims to reduce the treatment margins with limited 

additional workload and imaging dose. The protocols involve acquisition of localization 

images on treatment days, but these images are reviewed, analysed and a course of 

action taken at a later time. Such protocols can correct only systematic errors and so 

random errors are not compensated. A few variants of offline correction protocols have 

been reported in the literature. Generally, these protocols estimate the systematic error 

from the localization data of the first few fractions and apply a correction to subsequent 

fractions. The frequency of imaging is then reduced substantially throughout the 

remaining course of treatment. The optimal frequency of imaging is considered to be 

approximately 10% of all fractions based on biologic modelling and physical 

considerations (Amer et al 2001). 

Denham et al introduced the Newcastle Model of offline correction by applying 

an analytic technique using multiple analyses of variance based on Hotelling’s T2 

statistics. The Newcastle Model first determines whether a systematic error is present 

for the treatment based on a sample of treated positions for the first five fractions. A 2D 

ellipse is derived on a scatter plot of setup errors that incorporates the patient’s 

systematic error within a 95% confidence interval. A non-zero systematic error exists if 

the ellipse does not include the origin of the coordinate system. In this case, the average 

position from the first five fractions is used as the correction shift applied to all 

subsequent treatment fractions (Denham et al 1993).  

Bel et al introduced the Shrinking Action Level (SAL) offline correction 

protocol to reduce the systematic errors in individual patient setup (Bel et al 1993). 

Setup errors are measured during the first N consecutive fractions. A correction is 
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executed if the deviation averaged over these measurements is larger than the N-

dependent action level, which is specified by α/ N , where α is a variable initial action 

level parameter. After the start of the treatment or after each correction, a number of 

measurements (Nmax) are made to evaluate whether future correction is necessary. This 

protocol takes advantage of the increasing statistical certainty in the estimation of the 

systematic error with each localization measurement. A multi-institutional study has 

shown that it is feasible to use this protocol in the specific case of radiotherapy of the 

prostate (Bel et al 1996b). Nederveen et al reported a reduction of the systematic 

component of the error to well within 1 mm by using this protocol during radiotherapy 

of the prostate.  

A simpler protocol for offline correction, the No Action Level (NAL) protocol, 

was proposed by de Boer et al (de Boer and Heijmen 2001). This protocol reduces the 

systematic component of the setup error by simply calculating the mean setup error over 

a fixed number of initial fractions and applying the corresponding correction to all 

remaining fractions. This protocol requires three times fewer images than an SAL 

protocol to obtain the same reduction of the systematic error. It has also been reported 

that the NAL protocol achieves higher localization accuracy than the SAL protocol for a 

similar workload in terms of image acquisition and analysis. A trial of the NAL protocol 

for radiotherapy of the prostate showed that the improvement in accuracy of localization 

achievable using only three imaged fractions per patient under the NAL protocol 

enabled a significant reduction of treatment margins (de Boer et al 2005). An extended 

version of the NAL protocol, the eNAL protocol, has been proposed to adapt the 

protocol in the case of a change of the systematic component of the localization error at 

any stage over the course of treatment (de Boer and Heijmen 2007). 

 Although offline correction protocols provide the advantage of low workload 

and imaging dose, the efficacy of these protocols for localization has been questioned. 
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Litzenberg et al evaluated the efficacy of these protocols by applying them 

retrospectively to localization data for 10 prostate patients with implanted fiducial 

markers. The results showed that setup errors were significantly reduced for only 3 to 5 

patients under these offline protocols, and the remaining patients showed no significant 

improvement or showed significantly larger setup errors (Litzenberg et al 2005). The 

main reason for the failure of these protocols was  violation of the assumption in the 

offline correction models of a Gaussian distribution of setup errors.  Furthermore, the 

inter-fractional random components in localization, which are prevalent in prostate 

radiotherapy, cannot be compensated for with offline correction protocols. 

 

2.6.4 Online correction strategies 

Online correction strategies are intended to reduce both the systematic and 

random components of the errors in target localization during radiotherapy. These 

protocols involve acquisition of localization images, determination of the setup error 

and, if necessary, correction of the setup before each treatment fraction. The rationale 

for online correction is that the localization errors for each fraction result in a 

considerable contribution to the overall uncertainty of the target position. 

The application of online correction protocols to radiotherapy of the prostate has 

been extensively studied (Li et al 2011, Graf et al 2009, Osei et al 2009, van der Vight 

et al 2009, Greer et al 2008, Rijkhorst et al 2007, Chung et al 2004, Ghilezan et al 

2004, Herman et al 2003, Alasti et al 2001, Balter et al 1993) and the majority of these 

studies have concluded that use of these protocols can reduce both the systematic and 

random components of localization errors. Studies had reported that a reduction of these 

errors to less than 1 mm was possible (van der Vight et al 2009, McNair et al 2008). A 

theoretical assessment by Ghilezan et al reported that with ideal imaging and 
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performance of online corrections before each treatment fraction, the dose to the 

prostate could safely be escalated by an average of 13% (Ghilezan et al 2004).   

 Although online correction protocols can reduce both the systematic and random 

components of the localization error, there are practical considerations. Firstly, these 

protocols require the acquisition of daily localization images and therefore have a 

potentially large associated workload. The additional imaging and analysis time may 

affect the overall throughput of a busy radiotherapy department. Further, depending on 

the specific regulatory or medico-legal context, each position intervention could 

potentially trigger other workload-related impacts that may not directly manifest as 

longer treatment time (for example, re-imaging in the new position, offline independent 

review, physician approval). Automation of image registration procedures and couch 

correction helps ameliorate the workload. Secondly, these protocols result in significant 

collateral dose to the patients because of the daily imaging. However, various imaging 

techniques and approaches have been developed to reduce the imaging dose without 

compromising the accuracy of localization.  

The potential benefits of online correction protocols are also limited by 

uncertainties such as the accuracy of initial delineation of the target volume, 

deformation of the target volume, and intra-fractional displacements of the target.  Wu 

et al evaluated an online IGRT strategy for conformal treatment of the prostate and 

concluded that although the uncertainties of localization could be significantly reduced, 

a non-zero margin was still required to account for non-rigid deformation and intra-

fractional displacements (Wu et al 2006). McNair et al reported that intra-fractional 

displacements have a greater impact on the effectiveness of online protocols than offline 

protocols (McNair et al 2008).  
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2.7 Chapter summary 

This chapter has reviewed the extent and significance of uncertainties in patient 

setup during radiotherapy of the prostate and the importance of considering these 

uncertainties during the planning and delivery of radiotherapy to the prostate. 

Conventionally, these uncertainties are accounted for by a CTV-to-PTV margin which 

often yields large treatment volumes. This method is no longer appropriate for high-

dose conformal radiotherapy of the prostate, as large treatment volumes increase the 

risk of toxicity to the surrounding OAR. Considerations should be made to utilize the 

appropriate image-guidance modalities and strategies to account and correct for these 

uncertainties. 

Various image-guidance modalities and strategies have been reported to be 

effective in reducing setup-related uncertainties during radiotherapy of the prostate, 

each with its respective advantages and disadvantages. Measures should be taken to 

ensure that the image-guidance modalities are reliable and calibrated as accurately as 

possible before being used clinically as uncertainties in the image-guidance modalities 

will compound the errors in localization. Chapter 4 of this thesis assess the impact of 

mechanical and user factors in the EPID on fiducial marker-based localization, which is 

particularly important for prostate IGRT. 

 The choice of image-guidance modality depends on several factors such as the 

ease of use, treatment sites, imaging dose and the information that can be extracted 

during IGRT. The EPID has been shown to be a feasible image-guidance modality for 

the radiotherapy of prostate, but it lacks of volumetric information of the surrounding 

OAR. CBCT can provide the volumetric information, but with the expense of a large 

imaging dose that is usually distributed over a larger volume than a dose from 2D 

imaging. In Chapter 6, a possible half-rotation kV-CBCT imaging protocol is explored 

for localization of the prostate with the reduction of imaging dose. 
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 Statistical methods have been shown to play important roles in IGRT, 

particularly in the generation of treatment margins and modelling of localization 

correction protocols. Statistical methods are useful because a course of radiotherapy 

comprises a large number of fractions of treatment, usually 35-40 fractions in the case 

of prostate cancer. The localization histories of a patient population or individual 

patients can be used to model treatment margins and correction protocols with certain 

statistical confidence. In Chapters 5 and 7, the industrial-inspired concept of statistical 

process control is explored and applied to the quality assurance technique for fiducial 

marker-based localization and daily setup correction strategy for radiotherapy of the 

prostate. 
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Chapter 3   

Technology and process workflow in 

IGRT 

3.1 General workflow in Image-Guided Radiotherapy 

In the picture we wish to develop, we may consider the patient to be a system 

that is affected by noise; that is, there are uncertainties about the true position of the 

internal target organ to be treated. As previously mentioned, such uncertainties occur on 

timescales ranging from weeks to days to minutes. The origins for such uncertainties 

have been discussed in depth (see Chapter 2). 

A radiotherapy treatment may be understood to be a collection of system states, 

such that each progressive state corresponds to a situation where we are in possession of 

additional information about the patient, for example, the location and shape of the 

internal organ to be treated. A process is therefore a set of actions which act on previous 

information (the preceding state) in order to give rise to substantially new information 

(the new state). 
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In this subsection, we provide a high-level overview of a general radiotherapy 

treatment workflow. In the following subsections, we move on to describing the 

relevant processes and states in detail, including the methods and equipment used to 

obtain the data for this study. 

 

Figure 3.1 shows a typical flow diagram of the processes involved in 

radiotherapy of the prostate. Radiation therapy begins with the presentation of a live 

patient with unique internal anatomy to treat. Here, one is only concerned with the 

general workflow of external beam radiation as mono-therapy for prostate cancer. Other 

treatment options for the treatment of prostate cancer such as surgery and hormonal 

therapy are available and the details of these are the subject of a vast body of medical 

literature to be found elsewhere. 

Simulation is the process of generating a three-dimensional digital 

representation of the real anatomy into a form suitable for computerized treatment 

planning. X-ray fan-beam CT is exclusively used to this purpose. This process shall be 

described in detail in Section 3.2. 

Figure 3.1. A flow diagram of processes in prostate radiotherapy. 
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The limitations of the different types of imaging while the patient is in the 

nominal position have been described in Chapter 2. Fiducial markers may therefore be 

used to assist with localization of internal organs. These are generally implanted 

immediately prior to simulation and hence form part of the digital representation of the 

patient anatomy. The fiducial markers used in this study are described in detail in 

Section 3.3. 

Treatment planning is a process where critical anatomical structures (target 

organs, OAR and fiducial markers) are defined and suitable treatment geometries are 

selected to meet concise dose specifications. Computerized dose calculation algorithms 

use a radiation output model and the digitized patient representation to generate a 

treatment plan. The treatment plan consists of a set of execution commands (such as 

beam orientation, patient position and radiation output) that the treatment machine and 

human operators must faithfully reproduce on each episode of treatment. Details of 

treatment planning and dosimetry relevant to prostate radiotherapy shall be presented in 

Section 3.4. A discussion of the use of the dose volume histogram (DVH) as a tool for 

treatment plan evaluation is also provided. 

Prior to delivering the radiation to the patient for the first time, dosimetry 

verification and quality assurance are performed on the medical linear accelerator where 

the patient will be treated. Details of the linear accelerator platform, include the image-

guidance hardware, are provided in Section 3.5.  

Assuming no changes in preceding steps were made as a result of the 

verification checks, the plan is deemed ready to be delivered to the patient. Radiation 

treatments are typically given in repeated daily episodes, known as fractions. The 

treatment delivery and image-guided assessment steps are intended to ensure (as much 

as is feasible) that each fraction of delivery faithfully reproduces the geometry 

prescribed in the treatment plan. To achieve this, an integrated treatment management 
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system that includes determining the patient position immediately prior to switching on 

the beam, comparing this against the geometry defined in the treatment plan using 

image registration and hence calculating a patient position correction, is implemented. 

Various protocols for performing localization and correction have been discussed in 

detail in Chapter 2. In Section 3.6, the methods and equipment required to perform 

image-guidance immediately prior to beam delivery in this study will be described. 

The aim of Chapters 2 and 3 is to develop a view of IGRT as a process control 

problem. Specifically, IGRT is studied as a feedback-driven control process, where 

localization imaging while patient is in the nominal treatment position is used to 

minimize the divergence between the actual and planned treatment geometries. 

This chapter concludes with a brief summary (see Section 3.7) of the key 

concepts that need to be clearly understood before proceeding into Chapter 4, where the 

uncertainties inherently within the processes in IGRT will be discussed. 

 

3.2 Simulation 

The purpose of the simulation process is to generate a digital representation of a 

patient’s internal structure so that it can be used for computerized treatment planning. 

Modern treatment planning requires the dose distribution to be calculated, voxel by 

voxel, throughout the entire part of the body where radiotherapy will be delivered. The 

method for doing so is by x-ray computed tomography. 

 

3.2.1 Computed tomography 

CT usually uses fan beams of kV x-rays that pass through a desired volume of 

patient from multiple angles. On the opposite side of the volume is an array of detectors, 

each of which records the quantity of  ionising radiation incident on it. Figure 3.2 shows 

a schematic diagram of a CT with a fan-beam source and a ring configuration of 
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stationary detectors. The beam is rotated around the patient. Each planar images is 

reconstructed from data provided by the detectors, which are used to calculate linear 

attenuation coefficients of the x-ray beam . The linear attenuation coefficient is 

determined by the composition and density of the tissue inside each voxel in the patient.  

 

 

  

After CT reconstruction, each pixel in the image is represented by floating point 

number known as the CT number. The CT number characterises the physical properties 

of tissue that influence Compton scatter such as the electron or physical densities, which 

are correlated linearly with the linear attenuation coefficient of the each voxel. A 

volumetric scan consists of a number of cross-sectional planes, which are simply three-

dimensional maps of CT numbers across a volume of patient.  

The use of fan-beam instead of cone-beam geometry for scanning allows the 

production of diagnostic-quality images and generation of accurate CT numbers due to 

the lower fraction of scattered radiation produced. Diagnostic-quality CT images allow 

operators to better identify and delineate structures of interest. The CT number, 

generated from interactions of kilovoltage x-rays, is used to calculate the dose delivered 

to tissue from the megavoltage therapy beams, so the accuracy of the CT numbers of the 

Figure 3.2. A schematic diagram of a CT with fan-beam geometry and a stationary 
detector ring (Goldman 2007). 
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tissue volumes in the path of the therapy beams will directly influence the accuracy of 

dose calculations.   

Accurate information about the electron/physical density is particularly critical 

for dose calculations when significant inhomogeneities (tissues with physical and/or 

electron densities significantly different from that of water) are present. The CT 

numbers are used for inhomogeneity corrections, as described in Section 3.4. Other 

imaging modalities such as MRI and positron emission tomography (PET) are not 

suitable for direct dose calculation for radiotherapy as the contrast of the images from 

these modalities is not directly related to the physical/electron density of the tissue. 

 

3.2.2 Other tomographic modalities 

Magnetic resonance (MR) images offer superior soft tissue contrast to those 

from CT, which allows small lesions to be identified with greater ease. Further, the 

contrast between tissues in MR images is based on the molecular structure of the 

tissues, so tissues with similar physical density but different molecular structure can be 

more easily distinguished in MR images. PET images provide physiologic information 

of organs/tissues of interest, which is not available from CT images. Although both MR 

and PET images cannot be used for treatment planning as described in Section 3.2.1, 

many modern virtual simulation and treatment planning systems allows them to be 

combined with simulation CT images through a process known as ‘image fusion’. The 

fused CT-MR or CT-PET dataset allows accurate volume definition from MR or PET 

combined with accurate spatial and density information from the CT images. 

A disadvantage of diagnostic CT for prostate radiotherapy simulation is related 

to the image artefacts produced in patient with hip prostheses. These artefacts can be a 

significant problem in the definition of volumes of interest, dose calculation and patient 

set-up. A better modality in this case is the fan-beam MV-CT such as a tomotherapy 
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unit, which has shown to reduce scatter artefacts with the use of megavoltage x-rays for 

scanning (Alongi et al 2011).  

 

3.2.3 Patient preparation and scan parameters 

In the institution where this study was undertaken, all prostate patients were 

simulated using a Siemens Somatom Definition 64-slice CT scanner (Siemens Medical, 

Erlangen, Germany). Patients were instructed to drink 375 ml of water an hour before 

simulation and to void the bowel before simulation. The patients were also advised to 

strictly adhere to the bowel preparation procedures on every treatment fractions, 

maintain a low-residue diet and were pre-emptively supplied with mild laxatives. 

During simulation, the patient was set up in a supine position with the aid of knee and 

foot blocks for immobilization. Both bowel preparation and immobilization procedures 

are extremely important because the intention was to reliably reproduce the internal 

geometry as closely as possible for each and every fraction during treatment. CT scans 

were acquired from lumbar number 5 to 3 cm below ischial tuberosities as shown in 

figure 3.3. Skin tattoos were marked for alignment of patients during the actual 

treatment day. A slice thickness of 2 mm was used and scan parameters were set at 120 

kVp and 200 mAs. 

 

3.3 Implantation of fiducial markers 

The prostate patients considered in this thesis were implanted with fiducial 

markers for image-guidance purposes during radiotherapy. The fiducial markers for 

each patient consisted of three Acculoc implant 99% pure gold cylinders (Civco 

Medical Systems, IA, USA) measuring 3 mm length by 1.2 mm diameter with rough 

surfaces to avoid migration. The fiducial markers were inserted into the prostate gland 

by urology specialists under trans-rectal ultrasound guidance and local anaesthetic, 7-10 
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days prior to CT simulation to allow swelling to subside. The markers were implanted 

into the base, apex and lateral mid-gland of the prostate at least 1 cm apart from each 

other.  Figure 3.4 shows the fiducial markers used in this study and their positions in the 

prostate. 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

  

 

Lumbar 5 

Ischial 
tuberosities 

Figure 3.3. A diagram showing the locations of lumbar number 5 and ischial tuberosities 
which were used as landmarks for scanning during CT simulation (Picture from Emergencies 
in Clinical Surgery Online, http://emclsurg.oxfordmedicine.com assessed on 19th December, 
2011) 

Figure 3.4. Pictures showing (a) the Acculoc fiducial markers used in this study and (b) 
schematic of fiducial markers positions in the prostate (Grey cylinders represent fiducial 
markers).  
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3.4 Treatment planning 

All prostate treatment planning was performed using a Pinnacle 8.0 treatment 

planning system (TPS) (Philips Medical Systems, Eindhoven, The Netherlands). The 

Pinnacle TPS consists of a Sun UNIX workstation that runs the Solaris operating system 

and software (Oracle Corporation, CA, USA), and a UNIX terminal emulation package 

on a personal computer. The Pinnacle TPS allows users to enter patient data and images 

into the system, construction of a radiotherapy treatment plan as well as plan evaluation. 

In our institution, the Pinnacle TPS is networked to the Mosaiq 1.6 electronic patient 

management system (Elekta/Impac Medical Systems, Sunnyvale, CA, USA) for the 

transfer of planning parameters for treatment verification, delivery and recording.  

The Pinnacle TPS was commissioned based on the van Dyk criteria (van Dyk et 

al 1993), which defines a set of tolerances for acceptability of the TPS, accounting for 

different regions within the radiation beams such as the build-up region, penumbra and 

regions of tissue density variation. The CT number–to-density map was calibrated in 

conjunction with the CT scanner used for the acquisition of patient data. In the Pinnacle 

TPS, CT numbers were converted into physical densities and presented as a look-up 

table with densities classification such as bone-like and water-like densities for dose 

calculation. The physical densities are approximately proportional to the relative 

electron densities, which are relevant to the Compton interactions, which are the 

dominant interaction between MV x-rays and tissue.  

The choice of photon beam energy is largely determined by the penetration 

depth required to deliver a high dose to a deep-seated tumour. A nominal energy of 6 

MV or 10 MV has been shown to be optimal and was used for the treatment of prostate 

cancer in our institution. The ‘MV’ designation indicates the equivalent accelerating 

field potential resulting in the same kinetic energy of electrons arriving at an x-ray 

target. Hence, this designates the maximum photon energy in the bremsstrahlung 
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emission spectrum. However, the fluence-weighted mean energy of the beam is much 

lower, approximately two-thirds of the maximum energy. 

Beam energies below 6 MV require a large number of radiation beams 

intersecting at the deep-seated target such as the prostate. The tomotherapy approach 

uses an unfiltered 6 MV beam, which is comparable to a 4-5 MV beam from a 

conventional filtered linear accelerator, but is effective because the helical tomotherapy 

method uses a continuously rotating beam delivery mode, equivalent to the use of a 

much larger number of individual beams. Photon beams with mean energy much less 

than this are not suitable for deep-seated targets, since the penetration depth is too low 

and will result in excessive dose to normal tissue outside the prostate. Stray neutron 

activation becomes an increasing problem for energies in excess of 10 MV, which 

contributes to whole-body dose and complicates the design of radiation shielding. 

Collapsed-cone convolution superposition (CCCS) (Mackie et al 1985, Mackie 

et al 1987) was used for dose calculation during treatment planning for prostate 

radiotherapy in this study. This algorithm expresses the dose at any point in the patient 

as the sum of the primary and scatter components. It is able to account for dose 

distributions in areas where electronic equilibrium is perturbed, such as tissue-bone and 

tissue-air interfaces which are commonly encountered in prostate radiotherapy. This 

algorithm has been observed to be superior to the pencil beam algorithm in handling 

dose calculations with heterogeneities (Fotina et al 2009, Krieger and Saucer 2005). The 

performance of CCCS algorithm for dose calculations of prostate plans had been 

reported to be comparable to the Monte Carlo method (Francescon et al 2003) which is 

well known as the most accurate algorithm in the presence of heterogeneous media. The 

Monte Carlo method is not available in the version of the Pinnacle TPS used in this 

study. 
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We now provide a brief description of the key features of the CCCS algorithm 

for dose calculation. The CCCS algorithm first requires the modelling of incident 

energy fluence as it exits the accelerator head, which primarily involves the acquisition 

of physics data in a water tank at a reference source-to-surface distance (SSD).  The 

fluence model is then modified to account for various beam-modifying factors such as 

the flattening filter, blocks, wedges, compensators and also the penumbra effect. The 

incident energy fluence is projected through the CT patient representation and 

attenuated as a function of electron/physical density, radiological depth and off-axis 

angle to compute Total Energy Released per unit Mass (TERMA). The TERMA 

contained two parts; the primary and scatter parts. The dose in each voxel of the 

irradiated volume is then determined by convolving the Monte Carlo-calculated dose 

kernel with the TERMA distribution. Heterogeneities are corrected through 

superposition, where the dose-kernel is scaled to account for different tissue densities. 

The scaling factor for the kernel is quantified through the CT numbers to 

electron/physical density calibration.  

 

3.4.1 Three-dimensional conformal radiotherapy (3D-CRT) planning of the 

prostate 

3D-CRT is a technique where radiation beams are designed to follow the shape 

of the target closely with the aid of a multi-component beam-limiting device. This 

technique allows radiation beams to be delivered only to the confined area of the target 

and therefore minimizes radiation doses to surrounding normal tissues located 

adjacently to the target. In the case of prostate radiotherapy, 3D-CRT aims to conform 

the radiation beams to the prostate gland (sometimes including seminal vesicles), and 

minimize the radiation dose to surrounding normal structures; the rectum, bladder and 

femoral heads. 
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3D-CRT treatment planning for prostate cancer starts with the delineation of the 

GTV and OAR on CT images, which were imported as standard DICOM-compliant 

images into the Pinnacle TPS. The GTV included the prostate gland but may include the 

seminal vesicles for more advanced diseases (T3A/B). The OAR were the rectum, 

bladder and femoral heads. A 10 mm margin was given to the GTV to form the PTV, 

except in the posterior direction where the margin varied from 5 to 10 mm.   

Depending on the treating radiation oncologist, a one-or two-phase treatment 

was adopted for prostate 3D-CRT in our institution. A one-phase treatment employed 

fixed field sizes for all beams throughout the course of treatment, whereas a two-phase 

treatment used reduced field sizes for all or a number of beams in the second part of 

treatment to minimize the dose to the OAR. All prostate patients included in this study 

were prescribed to 74 Gy delivered in 37 fractions or 76 Gy delivered in 38 fractions.  

Four to seven isocentric and coplanar beam distribution were used for 3D-CRT. 

The multileaf collimator (MLC), a multi-component beam-limiting device that is able to 

generate arbitrary field shapes by moving each component (leaf) independently, was 

used to define the shape of radiation fields. An example of an Elekta MLC system is 

shown in figure 3.5.  A description of the MLC as beam-limiting device is provided  in 

section 3.5.1.  

 

 

 

 

 

 

 

 
Figure 3.5. Elekta MLCi multileaf collimator system. (Picture from Elekta image gallery, 
http://gallery.elekta.com accessed on 23rd December, 2011.  
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 The aim of the treatment was to deliver at least 95% of the prescribed dose to 

95% of the PTV without exceeding the cumulative dose constraints to OAR. Dose 

constraints to OAR were described in terms of the volume of the structures receiving a 

specific dose level. The dose constraints for prostate radiotherapy used in our institution 

are tabulated in table 3.1. Absolute dose distributions (in cGy) were calculated using the 

collapsed-cone convolution algorithm as described earlier, with the superposition 

approximation to account for tissue density variations inside the patient. 

For post-prostatectomy radiotherapy, only a single-phase treatment was given. 

The GTV was defined as the prostate bed and may include seminal vesicles if visible on 

the CT scan. A margin of 10 mm to the GTV, except for a 5 to 10 mm posterior margin, 

was given to form PTV. Four isocentric and coplanar fields were used for treatment 

with a total prescribed dose of 70 Gy, which was delivered in 35 daily fractions. The 

same dose constraints to the OAR shown in table 3.1 were used for planning.  

 

Table 3.1 Dose constraints used for the quantitative evaluation of prostate plans for 3D-CRT. 

Organs  Goal/constraints 

PTV 95% PD ≤  D95% ≤ 107% PD 

Rectum  V50  ≤ 50% 

 V60  ≤ 35% 

 V70  ≤ 25% 

Bladder  V65 ≤ 50% 

 V70  ≤ 35% 

 V75  ≤ 15% 

Left/right femoral heads V35 ≤ 100% 

PD: Prescribed dose 

 

For patients with fiducial markers, all visible markers were contoured on every 

CT slice for image registration purposes. There were at least two CT slices containing 

contours of each seed. Although the original fiducial marker is 3 mm in length, there 

was an increase in the length of the contoured markers due to the partial volume effect 
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created by the finite slice width of the CT scans. The contoured markers appeared 4 mm 

in length.  

 All plans were approved by radiation oncologists and independently checked 

and verified by one or more radiation therapists and a medical physicist. 

 

3.4.2 Intensity-modulated radiotherapy (IMRT) planning of prostate cancer 

IMRT is a further development of the 3D-CRT technique. In IMRT, the fluence 

profiles across each beam are modulated using variable MLC positions, changing 

through the beam delivery to control the doses at each point of the target volume and 

hence conforming the high dose distribution more precisely to both PTV and OARs. It 

also uses the concept of inverse planning where dose and volume tolerances are defined 

at the beginning of treatment planning and used to drive the optimisation process to 

define the required parameters of the intensity modulated beams, in contrast to the 

essentially trial-and-error approach in forward planning for 3D-CRT. There are two 

main techniques for IMRT; the step–and-shoot and sliding window techniques. In the 

step–and-shoot technique, a sequence of subfields with different MLC shapes is 

delivered from each direction of incidence, and the beam is switched off while the 

leaves are moving. In the sliding window technique, the MLC leaves move continuously 

as the beams are delivered. The step–and-shoot technique was adopted for IMRT of the 

prostate in this study. 

The processes of contouring and margin generation in IMRT were similar to that 

of 3D-CRT, as described in Section 3.4.1. However, additional non-anatomical volumes 

were defined to assist with shaping the dose and forming additional volume tolerances 

as excessive dose may result in any area where there is no dose/volume tolerances 

defined. IMRT prostate planning was performed by assigning dose and volume 

tolerances to the clinical targets defined by the radiation oncologists. These tolerances 
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were then associated with violation penalties (in arbitrary units). Each of these 

tolerances was then used in a mathematical cost function (also known as an objective 

function) for the treatment optimization algorithm. Objective functions for all IMRT 

plans were set and the selected endpoint dose parameters used in our institution, shown 

in table 3.1, were used for quantitative evaluation of the plans. Similar to 3D-CRT, the 

aim of treatment was to deliver at least 95% of the prescribed dose of 74 Gy or 76 Gy to 

95% of the PTV volume without exceeding doses constraints to OAR. 

Step-and-shoot IMRT plans were generated in the Pinnacle TPS using the direct 

machine parameter optimization (DMPO) method, at which the MLC settings are 

produced directly within the optimization process. In this method, the first few iteration 

are used to find an initial set of control points that meets the user- and machine-specific 

requirements. During the remainder of the iterations, the MLC leaf positions and 

segment weights are optimized to minimize the value of the objective function. With 

DMPO, there are additional parameters that can be defined by the user which include 

the maximum number of segments, the minimum segment area and the minimum 

number of monitor units (MU) per segment allowed for the plan.  

A photon energy of 6 MV was used for treatment. A maximum of 40 iterations 

was used for plan optimization, which has been shown to sufficiently minimize the 

cumulative errors in optimization. The number of treatment fields and beam segments 

used ranges from 5 to 7 and 21 to 42 respectively, which were empirical decisions based 

on the trial and error approach to obtain the best possible dose distribution. The 

minimum segment area was set to be no less than 4 cm2 to reduce the dose uncertainty 

contributed from the penumbra. A voxel grid size of 2 mm was used during dose 

calculation as a compromise of dose calculation accuracy (to be not less than 2 mm) and 

time for dose calculation. Plans were calculated using the CCCS algorithm as described 

in Section 3.4. 
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After IMRT plans were approved by radiation oncologists and independently 

checked and verified by at least one other radiation therapist and a medical physicist, 

patient-specific quality assurance (QA) was carried out on the linear accelerator by the 

physicist to ensure that all the planned treatment parameters produced the desired dose 

distributions. The detailed description of patient-specific QA is beyond the scope of this 

study. 

 

3.4.3 Dose-volume histograms (DVH) 

DVHs are useful tools in assisting plan evaluation quantitatively. DVHs provide 

a method of representing 3D dose distributions for selected volumes of interests (e.g., 

the target volume and OAR) in a frequency distribution of dose values. DVHs are 

typically displayed in the form of ‘percent volume of total volume’ on the ordinate 

against the dose on the abscissa. Thus, a DVH curve represents the volume of interest 

that receives at least a reference dose level. Two types of DVHs are available; the 

frequency and cumulative DVHs. 

Error! Reference source not found. shows a typical cumulative DVH for a 

prostate 3D-CRT. Ideally, a DVH curve for target volume would be a single column; 

that is, 100% of the target volume receives the prescribed dose. This is usually not the 

case in a clinical situation due to the dose constraints of the surrounding OAR and the 

geometric penumbra of treatment beams. However, the treatment plan should be 

designed to produce a DVH curve that is as square as possible to ensure that a large 

percentage of the target volume receives the prescribed dose. On the other hand, DVH 

curves for OAR should have rapid fall-off to avoid significant volumes being irradiated 

above the tolerance doses.  
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3.5 Elekta linear accelerators 

All experimental and clinical studies were carried out on Elekta linear 

accelerators (Elekta Limited, Crawley, UK) consisting of three different models; the 

Elekta Precise (1 unit), the Elekta Synergy (1 unit) and the Elekta Axesse (1 unit). All 

linear accelerators were commissioned in compliance with the International 

Electrotechnical Commission (IEC) standards 60601-2-1 and 60976 (IEC Reports 

60601-2-1 and 60976). Three photon energies (4, 6 and 10 MV) were calibrated for all 

linear accelerators except for the Elekta Axesse machine, which was calibrated for a 

single photon energy of 6 MV. All linear accelerators had matched beams for all 

common photon energies and were equipped with MLCs for conformal treatment and 

iViewGT EPIDs for patient positioning verification. In addition, XVI CBCTs were 

Figure 3.6. A typical cumulative DVH for prostate 3D-CRT generated by Pinnacle TPS. 
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available on the Elekta Synergy and Elekta Axesse linear accelerators for volumetric 

imaging.  

 

3.5.1 Multileaf collimator (MLC) 

Two types of MLC systems were available on the Elekta linear accelerators;  the 

MLCi system and the Beam Modulator system (Elekta Limited, Crawley, UK). The 

MLCi systems were installed on the Elekta Precise and Elekta Synergy linear 

accelerators. The MLCi system consists of 40 pairs of 7.5 cm thick tungsten leaves 

mounted between the target and a pair of independent ‘back-up’ diaphragms, both 

mounted above and moving perpendicular to a second pair of diaphragms. Each leaf has 

a nominal projected width of 1 cm at isocentre plane. A ‘back-up’ collimator located 

beneath the leaves and below the lower jaws augments the attenuation provided by the 

individual leaves. The MLC and the diaphragm mounted above the MLC define the 

radiation field size in the X and Y directions respectively according to the clinical 

IEC1217 convention as shown in Error! Reference source not found..  

 

 

Figure 3.7. Clinical IEC1217 convention of MLC at collimator and gantry settings of 0. 
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The Beam Modulator is a fully integrated mini MLC and is installed on the 

Elekta Axesse linear accelerator. This system also consists of 40 pairs of 7.5 cm thick 

tungsten leaves, and each leaf has a nominal projected width of 4 mm at isocentre plane. 

There are no movable backup diaphragms or opposing direction diaphragms and 

therefore the radiation field is defined only by the open leaves (ends and side edges).  

The optical system is adopted in both MLCi and Beam Modulator MLC systems 

for the detection of actual leaf positions. However, the optical system in the Beam 

Modulator system has a short-focal-length lens to enlarge the image and compensate for 

the thinner leaves. Both systems have a rounded leaf end design to make the penumbra 

width relatively independent of the leaf position along the direction of travel. 

Transmission factors for the leaves and each pair of diaphragms were independently 

measured for modelling of the beam collimation system in the TPS.  

The MLC systems were modelled in the Pinnacle 8.0 TPS as per the 

recommendations of the Pinnacle Physics Reference Guide Release 9 (Philips Medical 

Systems, Cleveland, IL). The accuracy of dose calculations was evaluated according to 

the recommendations of the American Association of Physicists in Medicine (AAPM) 

Task Group No. 53, using the Criteria of Acceptability established by van Dyk et al. 

(van Dyk et al 1993). 

Geometric calibration of the linear accelerator diaphragms and MLC was 

performed using in-house software developed using ImageJ (US National Institutes of 

Health, Bethesda, MD, USA) for automated digital image analysis of test patterns 

captured by the EPID, yielding accuracy within 0.5 mm and reproducibility within 0.5 

mm. These tolerances are smaller than the value of 1.0 mm for IMRT machines 

recommended by the AAPM Task Group No. 142 (Klein et al 2009). The 

reproducibility of leaf positioning is less than the width of one pixel of the EPID 

images, which is approximately 0.25 mm. 
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3.5.2 iViewGT electronic portal imaging device (EPID) 

The iViewGT EPID is fitted opposing the gantry head with a fixed SSD of 160 

cm to capture portal images for radiotherapy imaging. The EPID panel is constructed 

from a scintillator plate coupled to an amorphous silicon detector array model XRD 

1640 AL5 (PerkinElmer Optoelectronics, Fremont, CA, USA). It consists of 1024 x 

1024 pixels with a pitch of 400 µm, making up a total active area of 409.6 x 409.6 mm2.  

Portal images are acquired by means of a-Si diodes that transmit the image via a 

digital cable to a computer frame grabber. The images are of 16-bit grey level depth and 

are processed using iViewGT software. The default image processing performed 

includes bad pixel correction, offset (dark current) correction, gain calibration with a 

large uniform field, pixel value renormalization and pulse artefact removal. The final 

portal image generated is the raw panel output minus offset correction where the net 

result times the gain and the pixel intensity is rescaled so that the mean grey value is 

40,000. The minimum and maximum pixel values are zero and 65,535 respectively. 

Images are displayed on high-resolution thin-film transistor monitors and an option of 

hardcopy images printout is available.  

The iViewGT provides image acquisition modes for both non-IMRT and IMRT 

systems. For non-IMRT systems, the three acquisition modes are single-exposure mode, 

double-exposure mode and movie-exposure mode. In single-exposure mode, a single 

image is acquired to verify the patient position either before or after treatment delivery. 

In double-exposure mode, the first exposure is taken at open-field size followed by a 

second exposure acquired with actual treatment field size. The open-field image is 

useful for checking alignment over a large region of the patient’s anatomy, whereas the 

portal image is used for checking that the treatment portal is correctly delimited and 

positioned. The treatment field is then superimposed on the open-field to produce a 

single image. In movie-exposure mode, up to 256 sequential images may be taken in the 
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course of a single radiation field. These images can be viewed as a successive loop or as 

groups of four in tiled form. 

In an IMRT system, the three image acquisition modes are single-exposure 

mode, multiple-exposure mode and movie exposure mode. The single- and movie 

exposure modes are the same for both IMRT and non-IMRT systems, but the multiple-

exposure mode integrates all irradiating segments to form a single image, thereby 

allowing the user to verify the positioning of all field shape steps with respect to each 

other. The iViewGT panel can be controlled by a handheld pendant inside the treatment 

delivery room or a separate console at the treatment control station. The control console 

can mechanically enable and move the imaging arm to its desired position. During 

portal image acquisition, the user will first select the required image acquisition mode. 

The iViewGT software loads the relevant calibration images and waits for radiation to 

commence. The panel detects the radiation beam automatically using the detector 

control board. The software then starts to grab frames which are then combined and 

enhanced to produce verification image for positioning analysis. 

 

3.5.3 XVI cone-beam computed tomography (CBCT) 

The Elekta XVI CBCT consists of a kV x-ray source and an amorphous 

silicon/caesium iodide radiation image detector with a 1024 x 1024 pixel array of 0.4 

mm elements. The array has a pitch of 400 µm with an active area of 409.6 x 409.6 

mm2. The panel has a fixed SSD of 153.6 cm from the kV x-ray source and the plane of 

the panel is oriented orthogonal to the treatment head and iViewGT EPID. The 

incorporation of XVI allows near-diagnostic quality of verification images to be 

acquired in the treatment room, although it is strictly not intended for diagnostic 

applications. The XVI shares a common axis of rotation with MV treatment source.  
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The XVI imaging panel is mounted on a movable arm which can pivot open and 

closed as well as move laterally and longitudinally. It is offset by 115 mm from the 

isocentre towards the treatment head to avoid interference with the middle arm 

touchguard on the iViewGT arm when retracted.  

The panel requires finite time to read out the detector signals, hence the pulses 

from the x-ray sources have to be triggered by the panel controller circuit board. The 

general image frame acquisition look is as follows – the panel controller sends a ‘ready’ 

signal to the x-ray generator, the generator causes the x-ray tube to deliver a radiation 

pulse of fixed duration, the panel controller circuit sends a ‘hold’ command to surpress 

any further radiation while the detector signals are read out, and finally returns to the 

‘ready’ state.  

XVI provides three modes of kV image acquisition; PlanarView, MotionView 

and VolumeView. In PlanarView, a series of image frames are averaged to produce a 

single image. In MotionView, a sequence of planar images is acquired for viewing of 

motion of anatomical structures. In VolumeView, a set of planar images is acquired 

while the gantry rotates through a single acquisition cycle of pre-defined subtended 

angle. All clinical presets used in our institution have a gantry scan angle of 360 (full-

rotation) or 200 (half-rotation) degrees. During the rotation of gantry, a number of 

image frames are acquired and depending on the rotation angle and gantry speed used, 

the scan time ranges from 67 to 120 seconds. XVI software uses each image to 

reconstruct a three-dimensional image of the anatomical volume encompassed by the 

planar image set. In this study, only the VolumeView mode of image acquisition was 

used.  

The XVI CBCT projects kV photons in circular cones onto the flat panel 

detector, unlike diagnostic CT units which use fan-beam projections. The uncollimated 

x-ray beam produces a cone with a diameter of 425 mm in the plane of the flat panel 
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detector. Images can be acquired with fields of view (FOV) of three different sizes; 

small, medium and large, with offsets from central axis of 138.4 mm, 213.2 mm and 

262.0 mm respectively. However, all FOV produce nominal irradiation field widths of 

276.7 mm at isocentre and cone diameters of 425 mm in the plane of the flat panel. 

Figure 3.8 shows a schematic of the positions of x-ray tube and projected cone on the 

flat panel detector for small and large FOV of Elekta Synergy/Axesse machine. In the 

small FOV, the beam is directed symmetrically (138.4 mm on each side of central axis) 

on the detector so the centre of imaging panel is in line with kV source isocentre. 

However, the beam offset is larger for the scans acquired with the large FOV, thus a 

wider volume is scanned.  
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Three different sizes of collimators are available for each FOV that collimates 

the beam in the Gun-Target (G-T) direction. Table 3.2 shows different collimator 

cassettes available with their respective offset of field of view from central axis.  The 

Figure 3.8. A schematic of the Elekta Synergy/Axesse configuration viewed in the G-T direction 
with gantry at 0o. The small and large FOV scanning modes of XVI are illustrated in the left and 
right diagrams respectively. The detector is offset by 190 mm from the reference axis in the large 
FOV mode. The beam offsets from XVI reference axis at isocentre are 138.4 mm and 262.9 mm 
for the small and large FOV respectively (Elekta XVI R4.5 User Manual). 
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collimation in the machine G-T direction, using collimators marked 2, 10, 15 and 20, 

changes the volume of the patient being scanned which in turn affects the absorbed dose 

to the patients as well as image quality due to the ratio of scattered to primary radiation. 

Table 3.3 shows the dimension of the axial field along the G-T axis for the various 

collimator cassettes available. The raw CBCT data acquired is processed using the 

Feldkamp algorithm for image reconstruction (Feldkamp et al 1984). This algorithm 

uses an approximation of the Filtered Back-Projection algorithm. The modifications 

involve pre-weighting the projections depending on the path-length that the photons 

have to travel in the medium, filtering of noise and 3D backprojection to determine the 

intensities in each voxel for a specific cone angle. All these voxel intensities are then 

summarized to obtain the whole 3D volume. Readers are referred to Feldkamp et al 

1984 for detailed explanations and the mathematics of the Feldkamp algorithm. 

 

Table 3.2. The offset of field of view from the central axis for various collimator cassettes 

available in the Elekta Synergy/Axesse XVI CBCT (Elekta XVI R4.5 User Manual). 

Label Offset from central axis 

S 138.4 mm 

M 213.2 mm 

L 262.0 mm 

 

Table 3.3. The axial field length along the machine G-T axis for various collimator cassettes 

available in the  Elekta Synergy/Axesse XVI CBCT (Elekta XVI R4.5 User Manual). 

Label Nominal irradiated length at isocentre 

2 35.16 mm (for medium FOV) 

36.46 mm (for large FOV) 

10 135.42 mm (for small FOV) 

135.42 mm (for medium FOV) 

143.23 mm (for larger FOV) 

20 276.7 mm 

15 178.5 mm (for medium FOV) 

15 x 15 150.0 mm 



79 

 

The imaging arm of XVI has to be manually deployed to its imaging position 

before use. The XVI detector panel is controlled by a handheld pendant or a separate 

console at the treatment control station outside the treatment delivery room. A foot 

switch is used to initiate the kV beam during imaging of patient. Images will then be 

displayed and can be analyzed using XVI software for verification of patient 

positioning. Offset and gain calibrations of the XVI detector panel proceed along the 

same lines as described in section 3.5.2 for the iViewGT detector panel. 

Mechanical accuracy and precision of the XVI system is important for 

supporting high-precision localization and treatment of soft-tissue targets. ‘Flexmap 

calibration’ is a routine quality assurance procedure performed on the XVI system for 

two purposes. Firsly, it is carried out to correct for the sag and flex of XVI detector 

panel due to deflections of the gantry and XVI system under the influence of gravity as 

a function of gantry rotation. Uncorrected sag/flex of the XVI panel can cause 

significant image distortion. Secondly, this test also includes a test for coincidence of 

isocentres of the kV and MV x-rays (Sharpe et al 2006, Yang et al 2005). 

The process of flexmap calibration is as follow. The absolute reference for the 

CBCT imaging system is the isocentre of the high-energy radiation beam defined by the 

full range of gantry and collimator rotations. To do this, a ball bearing phantom is 

positioned at the nominal isocentre based on the intersection of the reference room 

lasers. Eight portal images with a square radiation field are taken at each cardinal gantry 

angle, with collimator rotations of 90 and -90 degrees at each gantry position. The 

centre of the ball bearing relative to the radiation field edge is extracted by digital image 

analysis in the XVI calibration software. The ball bearing phantom is equipped with 

three vernier micrometers to reposition the ball bearing until the relative displacement 

of the ball bearing in the eight portal images is made as small as possible. Generally, the 

treatment isocentre may be mapped to within 0.25 mm in each cardinal direction. The 
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flexmap correction function for the XVI detector panel is then derived by acquiring a 

sequence of 650 individual kV projection images of the ball bearing and calculating the 

location of the central image pixel from the centre of the ball bearing. The flexmap 

corrections are saved as a table of displacements as a function of gantry angle for 

subsequent use. Values from this table (with interpolations where necessary) are applied 

to each projection image acquired by the CBCT prior to volumetric image 

reconstruction, so as to correct for the deflection of the detector panel. The flexmap 

correction method achieves a mapping between the CBCT and treatment isocentres to 

within 0.5 mm. 

 

3.6 Image registration software and techniques 

For each treatment, the patient was positioned on the couch by aligning the skin 

tattoos, which were marked during the simulation, process to the lasers. Verification 

images were acquired using the iViewGT EPID and/or XVI CBCT to ensure the 

accuracy of patient positioning. Both methods use the Elekta room coordinate system 

for correction of patient positioning about the three translational and rotational axes, as 

shown in figure 3.9.  

 

  Figure 3.9. Elekta room coordinate system. The point of origin of the axes is at the machine 
isocentre. The arrowheads indicate positive directions for translations and rotations (Elekta 
XVI R4.5 User Manual). 
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The coordinate system is similar to IEC 61217 room coordinate system, but 

differs in the sense of rotation. The translation of the room coordinate system into 

patient directions depends on both the position of the patient and the position of the 

gantry and collimator. For example, in a prostate treatment, the patient is always 

positioned in a supine position with his head directed to the gantry. In this case, the 

positive X, Y and Z directions correspond to the Left, Superior and Anterior directions 

of the patient. The negative X, Y and Z directions corresponds to the Right, Inferior and 

Posterior of the patient. 

Our institution adopted a non-zero action level of 5 mm for correction in the 

translational direction. That is, if the localization difference is greater than 5 mm in any 

translational direction about the Cartesian axes, the patient’s position was corrected 

prior to radiation delivery.  

Verification images obtained immediately before treatment delivery using 

image-guidance modalities were matched with reference images obtained during 

simulation. This process was performed to guide patient positioning using anatomical 

landmarks that may provide greater reproducibility of treatment delivery to the target 

volume than using skin tattoos and/or palpable bony anatomy. This provided the 

opportunity to position the target volume correctly, rather than assuming the target 

volume would be in the same position relative to the bony anatomy and tattoos. The 

process of matching the verification images with reference images for calculation of the 

positional offset is called image registration. Sections 3.6.1 and 3.6.2 describe the image 

registration software and techniques used during prostate radiotherapy in this study. 

 

3.6.1 Stereoscopic image registration using MOSAIQ 

Mosaiq version 1.6 is a dedicated oncology information system that manages 

workflow in the medical/radiation oncology department. This system allows the 
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recording and management of images in all stages of radiotherapy process. In this study, 

all portal images acquired with iViewGT were handled in the Mosaiq Setup Intelligence 

licensable module. Image registration was performed using the stereoscopic image 

registration tool.  

Before delivering the first treatment, reference images were generated and stored 

in Mosaiq. As all the patients included in this study were simulated using CT 

simulators, the reference images were generated in the form of digitally reconstructed 

radiographs (DRRs). DRRs are projection images generated by mathematically passing 

ray-lines through the patient CT data. DRRs provide a beam’s eye view of the treatment 

beam that can be matched with the portal images of the treatment beams. Landmarks for 

registration, i.e., fiducial points and/or bony landmarks, were defined on DRRs using 

the image registration editor tool. Mosaiq locked the positions of the reference 

landmarks on the DRRs to provide a consistent origin for registration throughout a 

course of treatment. 

Immediately before delivery of treatment, two portal (treatment) images 

captured at subtended gantry angles ranging from 50o to 130o were used for stereoscopic 

image registration with the corresponding DRRs. Portal images were acquired using 3 

or 4 MU, and the dose was accounted in the treatment doses. Both images were scaled 

manually prior to the image registration process. This was done by defining a known 

length in the images using a virtual ‘ruler’. The isocentres of the portal images were 

determined using a process called field edge detection. In this process, the edge of the 

portal field, which was defined by the MLC, is first determined. This field edge was 

transposed onto the corresponding DRR and an adjustment may be required to obtain 

the best fit within the DRR field. Once this was done, the position of the isocentre was 

established in the portal images. This method of determining the isocentre is known as 

the field aperture registration method.  
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Four modes of registration are available in Mosaiq to match the portal images to 

DRRs; point registration, curve registration, greyscale registration and manual 

registration. However, only point registration was used in this study. Three fiducial 

points were identified on the portal images after adjustment of window level and 

application of Adaptive Histogram Equalization filter for better detection of fiducial 

points. The points identified in portals images were aligned to the DRRs using the 

Orthogonal Procrustes method (Balter et al 1992). The resulting rigid body 

transformations yielded the translational offsets of the isocentre in the three translational 

directions about the room coordinate system. The version of Mosaiq used in this study 

could not solve for the rotational components of the patient positioning system. For 

stereoscopic point registration, the residual error of registration in terms of the fiducial 

registration error (FRE) for each pair of registration portals is also computed. Figure 

3.10 shows the main steps involved in an example of stereoscopic point-based 

registration in Mosaiq.  
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3.6.2 Volumetric image registration using XVI software 

 

Figure 3.10. Main steps involved in an example of stereoscopic point-based registration in 
Mosaiq. (a) Field edge detection method to establish the isocentre on two set of treatment 
portals based on the corresponding DRRs. (b) The identification of fiducial points after 
adjustment of windowing level and application of AHE filter. (c) Registration of treatment 
portals (shown in green) and DRRs results in an isocentre shift in three cardinal directions 
with the value of point error (FRE) also provided. 

DRRs Portal images 

Fiducial point  Fiducial point  

(b) 

(c) 
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The XVI software versions 4.0 or 4.5 were used for the reconstruction of 3D 

volumes of CBCT treatment images as well as volumetric image registration. The 

planning CT images from Pinnacle TPS that were acquired during simulation were 

exported into XVI in DICOM format as the reference images. These reference images 

contain information about the isocentre position and the regions of interest.  

The scan parameters used for XVI volumetric images acquisition can be preset 

and stored in the software itself. One of the important parameters for scanning is the 

voxel size used for image reconstruction. This parameter specifies the length, height and 

breadth of the cubic voxels used to make up reconstructed 3D image volumes, in 

millimetres. This value must be a floating point numeric value in the range of 0.1 to 

10.0 mm. The preset for prostate imaging in our institution uses a voxel size of 0.5 mm, 

which requires about 300 projections to be created for reconstruction.   

The XVI software provides the option of defining a sub-volume in the 

volumetric images that is representative of volumes for treatment. Three different 

defining tools are available for this purpose;  the clipbox, mask and dual registration 

(first clipbox, then mask). A clipbox is a squared region of interest while a mask is a 

region of interest that can be any shape and size. Dual registration is used to compare 

the outcome of the two registrations. In this study, only the clipbox and mask defining 

tools were used.  

There are three registration algorithms available in XVI software version 4.0;  

manual, bone and grey value registration. A seed-chamfer algorithm is also included in 

XVI software version 4.5. Manual registration allows the user match the images 

manually by using visual inspection. The bone and seed chamber algorithms (van Herk 

and Kooy 1994) segment volumes of high density in the region of interest. These high-

density volumes only include image pixels that have 1.5 times the density of water. As 

the name suggests, grey value registration uses the grey value information inside the 
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regions of interest for matching. The algorithm used is a grey level correlation ratio 

technique (Smitsmans et al 2005). A detailed explanation on various registration 

algorithms is beyond the scope of this study. Figure 3.11 and figure 3.12 shows the 

steps involved in an example of image registration using seed-chamfer and grey-value 

matching respectively. 

The result of registrations is expressed in terms of a translation along and a 

rotation about the Elekta room coordinate system. The Elekta Axesse couch can rotate 

about all the rotational axes while the Elekta Precise couch used in this study cannot 

rotate about the room’s X and Y axes. At the time of this study, only translational shifts 

were corrected for all prostate patients during IGRT.  

Readers are referred to the Elekta User Manual (Elekta XVI R4.5 User Manual) 

for further information on Elekta linear accelerator, MOSAIQ, iViewGT and XVI. 
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Figure 3.11. Main steps involved in an example of registration in XVI software using the 
seed-chamfer algorithm. (a) The reference PTV contour and fiducial markers on the CBCT 
images are shown in the coronal (top-left), sagittal (top-right) and axial (bottom-left) planes. 
(b) Masks (brown contours) are drawn on detectable fiducial markers within the PTV contour 
to be registered with reference CT images. Only the areas encompassed by the masks with 
pixel densities of 1.5 times the density of water are considered for registration. (c) The 
registration identifies a position error, which is translated into a table correction in three 
cardinal directions. 
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Figure 3.12. Main steps involved in an example of registration in XVI software using the 
grey-value matching algorithm. (a) The reference PTV contour and fiducial markers on the 
CBCT images shown in the coronal (top-left), sagittal (top-right) and axial (bottom-left) 
planes. (b) Clipboxes are drawn to encompass the contour of the PTV  simultaneously exclude 
most of the bony structures. All pixel densities in the areas encompassed by the clipboxes are 
considered for registration. (c) The registration identifies a position error, which is translated 
into a table correction in the three cardinal directions. 
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3.7 Chapter summary 

This chapter has described the processes involved in radiotherapy, along with 

the methods and equipments used to obtain data for this thesis. It can now be 

summarized that radiotherapy of the prostate consists of a collection of system states, 

with a set of actions implemented at various stages of the states in order accurately 

deliver radiotherapy. 

Chapter 2 has described the sources and magnitudes of uncertainties in the 

position of the prostate, and how these uncertainties can be minimized through a 

technique called IGRT. In this chapter, we have introduced the modalities and 

techniques of IGRT, which collectively serve as a feedback-guided process to reduce 

the uncertainties in the position of prostate. However, it must be recognized that there 

are uncertainties inherently within this feedback process that needs to be addressed, 

which include the uncertainties in localization measurement, image registration and 

position correction. 

It is well-known that the day-to-day targeting of the prostate is challenging due 

to its mobile and deformable nature. However, a faultless IGRT process is unachievable 

even if the target of interest is static and non-deformable. A number of non-patient 

related uncertainties may impact localization measurement, for example, uncertainties 

associated with user-variability in performing the localization procedure and the 

geometrical/mechanical accuracy of image-guidance modality. These uncertainties may 

not be obvious compared to the uncertainties in the prostate position but they are 

certainly relevant to the current practice of delivering dose-escalated highly conformal 

radiotherapy. This remark opens up some questions to be addressed in next chapter 

(Chapter 4), at which uncertainties associated with IGRT processes are assessed through 

experimental studies using a phantom.   
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Chapter 4  

Effect of mechanical uncertainties on 

localization measurement and 

treatment planning 

4.1 Introduction 

Modern linear accelerators utilise a large number of moving components 

requiring thorough quality assurance for ensuring safe radiotherapy. The components 

responsible for radiation beam shaping, such as the MLC (see Chapter 3), have been 

designed and manufactured to demanding mechanical tolerances. The accuracy and 

precision of treatment plan delivery therefore depends on the finite tolerances of these 

components. In some forms of IGRT, where electronic portal films are required to 

localize fiducial markers, the radiation field edges may be used to determine the 

treatment isocentre. Hence, the mechanical aspects of the beam collimation devices 

become important in the quantification of errors in the localization measurement. Due to 

these uncertainties in image-guidance, treatment margins of zero millimetres are highly 

unrealistic. While these uncertainties are relatively small compared to the potential 
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uncertainties due to patient setup and organ displacement, these errors must be 

quantified in the light of the drive towards ever-shrinking planning margins in IGRT.  

This chapter initially investigates the limits of localization accuracy achievable 

by a method of fiducial registration using radiation field-edge detection, purely due to 

the influence of mechanical and user factors, such as geometrical accuracy of beam 

collimation device and user(s) variability in performing registration. A natural extension 

of this study is to investigate the impact of beam collimation device errors on treatment 

planning. MLC is currently the most important beam collimation technique used for 

defining the field aperture and modulating treatment beams and thus is specifically 

chosen to evaluate the dosimetric impact of its positional errors on prostate 

radiotherapy. 

The remainder of this chapter is organized as follows. The chapter is divided 

into two main sections, sections 4.2 and 4.3. Section 4.2 addresses the impact of 

mechanical uncertainties and user factors on fiducial-based stereoscopic image 

registration. Section 4.3 evaluates the impact of MLC error on radiotherapy via a 

planning study with the specific example of prostate IMRT. Each section contains its 

own background, methods, results and discussion. A general summary is provided at the 

end of this chapter.  

 

4.2 Impact of mechanical and user factors on stereoscopic image 

registration 

4.2.1 Background 

The accuracy of localization based on two or more portal projection images 

during stereoscopic registration assumes that the imaging isocentre can be mapped 

exactly to the true machine isocentre. In traditional film-based techniques, a tray-

mounted crosswire (or other reference markers) or a localization frame could be used 
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(Balter et al 1995). In newer designs of gantry-mounted EPID, the mapping of the 

image coordinate system to the machine isocentre is achieved either via pixel mapping 

(Sharpe et al 2006, Yang et al 2005), robotic correction of the detector panel position 

(Huntzinger et al 2006) or by registration of the portal aperture against a DRR exported 

from a 3D treatment plan as described in Chapter 3, section 3.6.1. Each of these 

strategies for isocentre mapping has their distinct set of advantages and weaknesses. 

Knowledge of the limits of accuracy due to mechanical and user factors are 

important for designing minimum treatment margins. One may distinguish between two 

kinds of machine-related errors that originate from the mechanical tolerances on the 

radiation beam collimation devices. Errors of the first type will result in the geometric 

centre of the locus of imaging isocentres being displaced from the true isocentre by a 

fixed magnitude and direction. An example of this is the gravitational hysteresis on the 

movable beam collimation devices, or similarly, a gravity-induced flexion of the gantry 

arm. One recognises that the magnitude and direction of the gravitational effect may 

differ in any given portal projection depending on the gantry position, but the net effect 

is a consistent shift of the apparent image isocentre towards the floor relative to the true 

isocentre. 

The second type of isocentre localization error due to mechanical factor results 

in a change in the radial distribution of the locus of imaging isocentres around its 

geometric centre. This error arises due to a constant offset of the whole radiation field 

either along the radial beam axis or transverse beam axis or both. Since this constant 

aperture offset is present in both projections of a stereoscopic image pair, the apparent 

imaging isocentre will be in error. However, the magnitude and direction of the error 

will generally differ from one arbitrarily chosen image pair to another image pair. In 

effect, the geometric centre of the locus of image isocentres does not change, but the 



94 

 

diameter of the bounding sphere that includes all of the imaging loci must be necessarily 

increased.  

The two types of errors in the locus of the imaging (localization) isocentre are 

illustrated in figure 4.1. Figure 4.1(a) illustrates an ideal situation where the geometric 

central axis of the radiation field aperture will always intersect the mechanical (true) 

isocentre. In figure 4.1(b), the diagram exaggerates a perturbation on the field aperture 

due to gravity acting either on the gantry arm or the movable field-defining devices, 

such that the apparent centre of the field aperture has been shifted towards the floor. The 

result of localization imaging from two stereoscopic projection angles will result in an 

apparent localization isocentre that is offset towards the floor relative to the true 

isocentre. Lastly in figure 4.1(c), the situation is shown wherein the field aperture is 

perturbed by a constant offset in the coordinate frame for the radiation-producing gantry 

head. This might occur as a result of (for example) a persistent mechanical error or 

geometric miscalibration of the field-defining components. The dotted line indicating 

the apparent centre of the radiation field aperture sweeps out a circular locus of image 

isocentres of non-zero radius, as a function of the projection angle. For any localization 

measurement comprising of two projection angles, the uncertainty in the localization 

isocentre may be estimated by the radius of the circular locus of points, but it is noted 

that the uncertain locus of localization isocentres remains centred on the mechanical 

isocentre. 

In realisitic situations, both effects are expected to be present to some degree in 

all gantry-mounted EPID-based localization systems. One may also expect mechanical 

irreproducibility as well as intra-and inter-user variability to convolve further to give 

larger random errors. 
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Several authors have attempted to quantify the magnitude of mechanical and 

process tolerances on localization accuracy in their respective IGRT circumstances by 

using different types of phantoms (Mao et al 2008, Bert et al 2005, Miranpuri et al 

2001). Methods have been described elsewhere for accurately positioning a ball-bearing 

isocentre marker either at mechanical isocentre or radiation isocentre, after which a test 

can be designed to determine the divergence of the imaging isocentre from the true 

isocentre. 

 

isoimage= isotrue
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Gantry path
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isoimage
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Figure 4.1. Illustrations of the acquisition of portal images at two different gantry angles 
(Angles 1 and 2) for stereoscopic image registration. (a) An ideal situation where the imaging 
isocentre (isoimage) coincides accurately with the true isocentre (isotrue) of the treatment unit. (b) 
A gravitational effect/flexion of gantry causes a displaced imaging isocentre of a fixed offset 
with respect to the true isocentre (b) A constant offset of the whole radiation field causes a 
radial distribution of the locus of imaging isocentres around the true isocentre. 
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Wiehle et al recently discussed a similar technique, but limited their 

investigation to the accuracy of isocentre localization using only orthogonal image pairs 

and cone-beam CT (Wiehle et al 2009). Phillips et al examined the accuracy of fixed-

mount stereoscopic camera-based systems for stereotactic radiosurgery positioning, but 

these results would not be readily translated to a gantry-mounted imaging system that 

utilises arbitrary projection angles (Phillips et al 2000). Du et al used similar 

arrangements to show that a mechanical system for indicating the locus of the radiation 

isocentre (for example, a tray-mounted isocentre indicator) will be sensitive to 

mechanical imperfections (Du et al 2010).   

In this part of study, the limits of localization accuracy achievable by the field 

aperture registration method, purely due to the influence of mechanical and user factors, 

are assessed. The accuracy of determining the position of the machine isocentre is 

quantified with respect to limits on intra-observer reproducibility, inter-observer 

agreement and the effects of finite mechanical precision of the beam collimation devices 

which define the edges of the portal field. Further, the accuracy of fiducial marker 

localization using an anthropomorphic phantom for non-orthogonal portal projections, 

including situations where markers may be obscured by bony structures, is examined. 

The experimental design in this work was therefore intended to reproduce the range of 

non-ideal conditions encountered in routine clinical IGRT practice. Sections 4.2.3 to 

4.2.5 describe the methods relevant to this part of the study. 

 

4.2.2 Imaging systems and beam collimation device 

All data in this investigation were obtained on an Elekta Synergy medical linear 

accelerator fitted with vendor-provided iViewGT EPID and x-ray XVI kV-CBCT. The 

descriptions of iViewGT EPID and XVI CBCT have been given in Chapter 3, sections 

3.5.2 and 3.5.3 respectively. The kV imaging system had been calibrated using the 
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method described in section 3.5.3, such that the kV to MV (treatment) isocentre 

coincidence was within 0.25 mm along any cardinal axis. 

The beam collimation devices on Elekta Synergy linear accelerator consisted of 

four independently movable rectangular diaphragms, i.e. ‘jaws’ plus an optically-

controlled 80-leaf MLC known as the MLCi system. Please refer to Chapter 3, section 

3.5.1 for detailed descriptions of this beam collimation device. The convention of 

directions used for localization is according to the Elekta room coordinate system which 

has been described in section 3.6. 

 

4.2.3 Isocentre localization accuracy 

A few types of references can be used to set up the isocentre (e.g. radiation 

isocentre, mechanical isocentre, laser isocentre). The Elekta machine in this study used 

the radiation isocentre as the reference where it was set up to use the average 

intersection of the central axis of the beam from every gantry position as the radiation 

isocentre. After this is established, everything else (e.g. CBCT isocentre, EPID 

isocentre, MLC) is calibrated relative to the radiation isocentre point. 

An isocentre localization accuracy test was performed using a stationary 8 mm 

ball-bearing phantom suspended in air from the end of the couch. The ball bearing was 

positioned to within 0.1 mm of radiation isocentre using three orthogonal vernier 

micrometers according to the method discussed earlier for the flexmap calibration (see 

Chapter 3, section 3.5.3). The radiation isocentre position was determined using a 

modified Winston-Lutz method, such that the movement of the centre of the ball 

bearing relative to a fixed radiation field was minimised with respect to gantry positions 

and diaphragm rotation. Isocentric couch rotations were not applicable in this particular 

instance to define the radiation isocentre.  
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With no adjustment of the ball bearing position, localization test portals were 

then acquired for a range of gantry and collimator angles. Sixty-four different 

combinations of portal image projections obtained in this manner were analysed using 

the stereoscopic image localization tool in Mosaiq R1.60 (to derive the coordinates of 

the ball-bearing centre). 

In Mosaiq, image registration using the field aperture registration method (see 

Chapter 3, section 3.6.1) was performed to match the localization portals with reference 

images in terms of DRRs. The displacements of the ball bearing centre from the image 

isocentre were recorded in the three cardinal translation axes in the coordinate frame of 

the room, i.e. the LR, AP and SI directions. A deviation from zero in any direction was 

considered localization error. 

Different pairs of portal images were used in the above localization test to 

examine potential dependencies with gantry position. Localization was also tested for 

five subtended gantry angles of the portal pairs at 30, 60, 90, 120 and 150 degrees 

separation. Each combination of image pairs was also re-evaluated afresh a total of three 

times over a single working week by the same expert user in order to determine the 

localization variability associated with intra-user error.  

 

4.2.4 Effect of beam collimation device calibration 

The isocentre localization-registration procedure above assumes perfect 

calibration of the beam collimation devices. In practice, the positioning of the field edge 

may not be perfect due to position errors in the jaws and MLC leaf ends, of the order of 

0.5 mm to 2 mm, depending on the calibration method used. This necessarily results in 

an error in determining the localization image isocentre. 

One can simulate a systematic displacement of the imaging isocentre relative to 

the true isocentre by exaggerating the gravitation effect on the mechanical gantry, jaws 
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and leaves. As a simplified implementation of such a test, we introduced an intentional 

offset of 2 mm of the whole radiation field towards the floor in any portal image from a 

non-vertical gantry angle, thereby artificially introducing a systematic shift of the 

imaging isocentre towards the floor relative to true isocentre. 

To test the effect of the position accuracy of beam collimation devices on the 

locus of uncertainty of the imaging isocentre, the above isocentre localization accuracy 

test was repeated for each of the following 2 mm intentional field offsets in different 

directions relative to true central beam axis; negative radial, positive radial, negative 

transverse and positive transverse. 

 

4.2.5 Fiducial tracking accuracy and inter-observer variability 

This part of the study aims to assess the limits of accuracy in isocentre 

localization using implanted fiducial markers in phantom. Tests for accuracy of fiducial 

markers tracking were performed in an anthropomorphic pelvis phantom (Radiology 

Support Devices, CA, USA) incorporating three spherical 0.8 mm diameter lead shot 

simulating implanted fiducial markers. These atypically small spherical fiducials were 

used to reduce the uncertainty in plotting the fiducial centre pixel in the acquired 

portals. The fiducial markers were still distinctly visible in the portal images and, owing 

to the small size, did not introduce major image artefacts when scanned with kV-CBCT. 

Fiducial markers were positioned to mimic the arrangement of typical fiducial marker 

implants in the prostate. That is, all three fiducial markers were not nominally located 

on the same cardinal anatomical planes (the coronal, sagittal and axial planes) and 

therefore form a two-dimensional triangle from any arbitrary planar projection view. 

Images of the phantom with the centroid of the fiducial markers located at seven 

different off-isocentre positions were acquired using EPID to simulate different patient 

offsets. Volumetric images of all seven positions were also obtained using kV-CBCT. 
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Each intentional offset was visually inspected to be within 1 mm using room lasers and 

external markings on the phantom. EPID-based localization of the internal fiducial 

markers was tested for five subtended gantry angles of the portal pairs at 30, 60, 90, 120 

and 150 degrees separation. Four different expert users were asked to independently 

perform the fiducial marker registration for each portal pairs for the estimation of the 

inter-user variability. The offsets computed by kV-CBCT software were used as the 

reference (known) offset in this part of study. The differences between isocentre shifts 

using EPID and with CBCT were calculated for each subtended registration angles of 

portal pairs.   

 

4.2.6 Results 

Figure 4.2 shows the box-plots of the absolute accuracy of isocentre localization 

accuracy and reproducibility using stereoscopic portals and the modified Winston-Lutz 

test described above, with no simulated error in the beam collimation devices. The data 

have been partitioned by the subtended angle of reconstruction.  

 

 

 

  

A one sample t-test revealed that the mean localization errors were significantly 

different from zero for subtended angles of 60, 90 and 150 degrees in the LR direction 

Figure 4.2. Localization error of isocentre tracking in stereoscopic portals in (a) LR, (b) SI 
and (c) AP directions, with no simulated error in beam collimation devices. The line drawn 
inside the box-plots indicate the median error whereas the lower and upper vertical 
whiskers represent the minimum and maximum errors respectively. 
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as well as subtended angle of 150 degree in the AP direction (p < 0.05). The mean 

localization errors for all other subtended angles in all direction were not significantly 

different from zero. In all directions, the overall inter-quartile range of errors was of the 

order of ± 1 mm for subtended angles between 60 to 120 degrees. 

It is instructive to compare the above graph with figure 4.3, where the effect of 

an intentional 2 mm offset in each projection field in the direction of gravity had been 

applied in order to simulate an exaggerated gantry flexion or gravitation drag on the 

field-defining elements. A one sample t-test revealed that the mean errors were 

significantly different from zero for all subtended angles in the AP direction as well as 

for subtended angle of 90 degree in the LR direction (p < 0.05).  

 

 

 

  

The above results revealed  that there was no significant change in localization 

in the SI direction as shown in figure 4.3(b) whereas the angular dependence of the 

mean localization errors and the error bars in the LR direction as shown in figure 4.3(a) 

were more prominent. The localization errors in the AP direction had been 

systematically shifted by a mean of approximately 2 mm as shown in figure 4.3(c), 

which was equivelent to the magnitude of simulated error. Hence, a gravitational effect 

can be manifested as a systematic offset of the apparent imaging isocentre towards the 

Figure 4.3. Localization error of stereoscopic image registration with a gantry/sag gravity-
induced error of 2 mm in (a) LR, (b) SI and (c) AP directions. The line drawn inside the box-
plots indicate the median error whereas the lower and upper vertical whiskers represent the 
minimum and maximum errors respectively. 
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floor relative to the true (mechanical) isocentre. It should be noted that there has also 

been some effect on the radius of the circle enclosing all the possible locus of image 

isocentres, i.e. a small increase in the isocentre uncertainty, as indicated by the errors 

bars. 

The effect of an intentional constant 2 mm offset in each projection field in 

different directions relative to true central beam axis; negative radial, positive radial, 

negative transverse and positive transverse, is shown in figure 4.4. A one-sample t-test 

revealed that the mean localization errors for all directions and subtended angles were 

not significantly different from zero (p < 0.05), indicating the absence of systematic 

displacement of the imaging isocentre in any of the direction. However, it was observed 

that the error bars grew prominently as a result of the intentional offset. The result is 

related to figure 4.1, where the centre of the locus of imaging isocentres was not 

expected to shift, but only the distribution of the apparent imaging isocentres to was 

anticipated to become bounded by a larger radius.  

 

 

 

 

 

A one-way analysis of variance (ANOVA) using an established standard 

technique revealed that the mean localization errors in the LR direction for subtended 

Figure 4.4. Localization error of stereoscopic image registration with induced constant offset
of 2 mm in the radiation field geometry in (a) LR, (b) SI and (c) AP directions. The line drawn 
inside the box-plots indicate the median error whereas the lower and upper vertical whiskers 
represent the minimum and maximum errors respectively. The circles represent outliers in the 
data distribution. 
 

(a) (b) (c) 
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angles of 30 and 150 degrees were significantly different to the mean localization errors 

for all other subtended angles i.e. 60, 90 and 120 degrees (p < 0.05) for all radiation 

field configurations described above (unperturbed radiation field and radiation fields 

with simulated errors). Therefore, the subsequent ANOVA analysis was performed with 

the exclusion of portal configurations acquired at subtended angles of 30 and 150 

degrees.  

In the current analysis, localization errors were sub-grouped according to the 

subtended angles for stereoscopic registration. Each subgroup contains localization 

errors obtained at different positions in the gantry arc, but with the same magnitude of 

subtended angle for registration. Stereoscopic image registration was performed three 

times for each combination of projection image pair by the same user. Three parameters 

were extracted from the ANOVA analysis; the consolidated mean, inter-group variance 

and within group variance. The consolidated mean is the global mean of the individual 

mean errors at each subtended angle, following the central limit theorem. The inter-

group variance is the error due to the variation in portal-pairs projections for a specified 

subtended angle. The within-group variance is due to the random errors caused by 

single user repeatability in locating the isocentre. The significance of the global mean 

value is the systematic displacement of the imaging isocentre from the true mechanical 

isocentre. The variance between groups is the sum of square of errors due to the choice 

of stereoscopic projection angles, the value of which varies depending on the choice of 

projections. Finally, with the repeated observations by a single expert user for each 

localization measurement, the intra-group variance is the sum of square of errors due to 

that user. The sum of these errors is therefore indicative of the overall random error in 

the locus of the imaging isocentre. In our picture, this would be related to the radius of 

the bounding sphere that contains the locus of imaging isocentres. The results are 

summarized in figure 4.5. 
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Figure 4.5. The (a) localization mean error, (b) inter-portal pairs projection error and (c) single-
user error for unperturbed radiation field geometry, radiation fields with simulated gravitational 
effect and radiation fields with simulated constant offset. 
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Figure 4.5(a) shows that all systematic displacements of the imaging isocentre as 

indicated by the global means were within 0.3 mm except for the systematic 

displacement of 2 mm towards the anterior for radiation fields with a simulated 

gravitational effect. Figure 4.5(b) shows that the inter-portal pairs projection errors for 

the unperturbed radiation field geometry and radiation fields with simulated 

gravitational effect were within 0.8 mm. However, larger errors were observed for 

radiation fields with simulated constant offset with localization errors ranging from 1.3 

mm to 1.8 mm. The single-user errors in determining the imaging isocentre for all beam 

geometries were within 0.8 mm. 

The above describes the results of the absolute accuracy in isocentre 

localization, where any deviation from zero was quantified as localization error.  To 

assess the accuracy in the isocentre localization based on stereoscopic image 

registration using implanted fiducial markers, another set of localization images was 

acquired using CBCT, which was used as the reference. The differences in the 

localization results acquired using EPID and CBCT at all seven off-isocentre positions 

were recorded and partitioned according to subtended angle for stereoscopic 

registration. Note that there were four different users performing registration for each 

off-isocentre position and subtended angle. In this case, the parameters extracted from 

ANOVA yield the same significance as described previously, except that the intra-group 

variance is now the sum of square errors due to the repeated observations by four 

different expert users (inter-user variability). The results are summarized in table 4.1.  

All means differences between EPID and CBCT were within -0.5 mm. The 

inter-portal pair projection error was the smallest in the SI direction with an error of 0.7 

mm. This error was the largest  in the LR direction with an error of 1.5 mm. The inter-

user variability over four observers was within 0.4 mm in all directions. 
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Table 4.1. Differences between isocentre shift measured with EPID and CBCT 

Offset direction Mean (mm) 
Inter-portal pair 

projection error (mm2) 

Inter-user error 

(mm2) 

LR -0.4 1.5 0.4 

SI -0.5 0.7 0.4 

AP -0.1 1.4 0.4 

 

4.2.7 Discussion 

In an unperturbed beam geometry, the mean errors of localization tested using 

the ball bearing phantom were within 0.3 mm in all directions, indicating that the 

accuracy of the system is approaching the limit of mechanical tolerances achievable 

with the current system and calibration precision for the field-defining elements. The 

mean differences of localization between EPID and CBCT at off-isocentre positions 

using three fiducial markers implanted in an anthropomorphic phantom were within 0.5 

mm in all directions. It is hypothesised that the observed mean errors, which were 

systematic in nature, may be explained by gantry flexion and small offset of the x-ray 

focal spot, both of which have finite tolerances and were not completely eliminated 

during routine QA procedures. 

Stereoscopic image registration uses the Orthogonal Procrustes method (Balter 

et al 1992) for aligning landmarks in portal images to the reference images. The 

positional offsets determined using this algorithm appears correct for orthogonal or 

near-orthogonal projections. However, the use of extremely non-orthogonal subtended 

angles for stereoscopic registration can cause erroneous computations of positioning 

offsets due to the skew in the inferred depth of the isocentre.  The results of this study 

show that there was a significant difference in the mean positioning offsets determined 

for subtended angles of 30 and 150 degrees with the mean positioning offsets 

determined at other angles more closely approximating orthogonal projections in certain 
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simulated beam configurations. The use of subtended angles between 50 and 110 

degrees for accuracy in stereoscopic registration is therefore recommended. 

 Our results hereby demonstrate that introduced errors in the geometric radiation 

field can lead to different types of errors in stereoscopic registration by portal field-edge 

detection. A general relationship exists for the direction and magnitude of the errors and 

the magnitude of offsets introduced by simulating the effects of gravity or calibration 

tolerances. The systematic localization errors calculated by the registrations software 

had the same magnitude with the offset of the radiation field along a fixed direction in 

the room coordinate system. A simulated 2 mm shift of the portal field edges towards 

the floor resulted in the apparent localization of the ball bearing in the modified 

Winston-Lutz test to be shifted 2 mm in the anterior direction relative to the image 

isocentre.  

 An offset in the field aperture by a fixed magnitude (in all directions) in the 

reference frame of the x-ray source leads to localization measurement errors that depend 

sensitively on the choice of projection views used for measurement. In general, the 

centre of the ball bearing appears shifted in different directions in each of the portals 

used for localization measurement. Over a wide range of possible pairs of projection 

images, the net result is akin to a ‘blurring’ of the apparent image isocentre, such that 

the diameter of a bounding sphere encompassing the locus of all possible imaging 

isocentres is now larger. For a 2 mm intentionally introduced field offset, the inter-

projection standard deviation increased by 1.4 mm. Here, the inter-projection standard 

deviation plays a role akin to the radius of the bounding sphere of imaging isocentres. 

As expected, the variation attributable to a single user’s repeated attempts at localization 

measurement are relatively insensitive to such perturbations. 

 Knowledge of the intra- and inter-observer variabilities is essential for 

estimation of the accuracy and limitation of the alignment technique. In this study, the 
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intra-user variabilities for normal beam geometry as well as beam geometries with 

simulated systematic and random errors in radiation fields were within 0.8 mm. The 

inter-user variability in identifying three fiducial markers in an anthropomorphic 

phantom was within 0.4 mm. Both intra- and inter-observer variabilities were 

sufficiently small and will normally be accounted in the design of margins for the target 

volume. 

In this study, all experiments were performed using phantoms, i.e., ball bearing 

and anthropomorphic pelvic phantoms. Therefore, the results represent the ultimate 

limit in the accuracy of stereoscopic fiducial image registration with uncertainties 

contributed from machine geometrical errors only. In clinical scenarios, the 

uncertainties of registration are anticipated to be larger due to the patient-related factors 

such as target displacement, deformation or shrinkage of the target volume and 

migration of the markers (see Chapter 2).  The use of patient landmarks as a surrogate is 

also expected to cause greater uncertainties in the registration process compared to point 

registration, due to the increase in the uncertainties in identifying the landmarks.  

The results of this study have shown that a positioning correction may be 

executed because of the errors in the beam collimation system/radiation fields instead of 

the error in setup itself. The errors in radiation field that result in the wrong 

computations of isocentre shifts and subsequently the couch correction can affect the 

dosimetric accuracy in the treatment. Systematic error in the radiation fields in one 

direction during stereoscopic registration have been shown to correct the couch position 

in the opposite direction. The dosimetric consequence of this is similar to scenarios 

when there is a systematic error in the patient positioning or systematic positional error 

in the radiation fields itself during treatment delivery. The dosimetric impact of a 

systematic positional error in the beam collimation device for prostate radiotherapy is 

investigated in section 4.3. 
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4.3 Impact of MLC positioning error on treatment plans for prostate 

IMRT 

4.3.1 Background 

The high conformality of dose distributions in prostate IMRT implies high dose 

gradients. Successful delivery of IMRT requires high mechanical and radiation 

precision and accuracy as well as reproducible patient positioning. The advent of IMRT 

has introduced the need for more stringent tolerances for the positional accuracy of 

beam collimation than conventional radiotherapy. The MLC that are used to vary the 

fluence of radiation across the treatment fields and define the field aperture of the 

beamlets should be positioned with accuracy better than 1 mm according to the 

recommendations of AAPM Task Group No. 142 (Klein et al 2009). 

The positional errors of MLC can be classified as either random or systematic 

(Parsai et al 2003). Random positional errors can be related to the mechanical and 

electronic uncertainties such as the effect of gravity, which results in sagging and 

backlash in the MLC carriage drive and support assemblies (LoSasso et al 2001). 

Systematic errors, which are often of greater significance, may arise as a result of 

miscalibration of individual leaves and/or entire leaf banks (Parent et al 2006). Other 

sources of systematic MLC errors include differences between the light and radiation 

fields due to transmission through the rounded leaf ends, variation of beam penumbra at 

different offcentre locations and inaccurate modelling of the leaves in the TPS (Mu et al 

2008). 

The sources and magnitudes of MLC error in the step–and-shoot method of 

IMRT delivery have been examined in several studies. Stell et al found that 

approximately 80% of the total segments deliveries of 90 step–and-shoot IMRT plans 

reported at least one collimator leaf moving at least 1 mm, as projected at isocentre, 

during segment delivery. Furthermore, between 5 and 23% of the planned MUs were 
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delivered during leaf motion that exceeded a 1 mm in position at a dose rate of 600 

MU/min (Stell et al 2004). A study by Bayouth et al on the long-term reproducibility of 

position of 9 different MLC leaves over 90 days reported 0.3 mm precision for 95% 

confidence while hysteresis studies show 0.5 mm precision. In the same study, a 

maximum absolute leaf position error of 1.5 mm at 16.4 cm from central axis was 

demonstrated due to radial dependence (Bayouth et al 2003). Kung and Cheng studied 

the impact of calibration inaccuracy of MLC for a step-and-shoot IMRT system, and 

found that the light and radiation fields delimited by the MLC should be coincident to 

within 0.5 mm to constrain the fractional dose error to the target volume to within 4% 

(Kung and Cheng 2000).  

This part of study examined the changes in dose distributions for step-and-shoot 

IMRT of the prostate due to systematic errors in the beam aperture in terms of the 

positional errors of the MLC. Systematic MLC positional errors were simulated in 

IMRT treatment plans for six prostate treatments. DVHs generated before and after 

introducing positional errors were evaluated to assess the sensitivity of planned dose 

distributions of the target volume and the OAR to systematic errors in MLC positioning. 

Sections 4.3.2 to 4.3.4 describe the methods used in this study. 

 

4.3.2 Patient cohort and treatment characteristics 

Six patients with localized prostate cancer were selected in this retrospective 

planning study. The simulation and IMRT planning processes is described in Chapter 3, 

sections 3.2 and 3.4.2 respectively. Table 4.2 shows the number of fields and segments 

of IMRT for all patients used in this study. 
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Table 4.2. Number of treatment fields and IMRT segments for all patients 

Patient Number of treatment fields Number of beam segments 

1 7 42 

2 7 34 

3 7 21 

4 6 40 

5 5 33 

6 5 34 

 

Objective functions for all IMRT plans were set and the selected endpoint dose 

parameters used in our institution, as shown in Chapter 3 table 3.1, were used for 

quantitative evaluation of the plans. The aim of treatment was to deliver at least 95% of 

the prescribed dose of 74 Gy to 95% of the PTV volume (D95) without exceeding doses 

constraints to OARs. For the purpose of this study, the volume of the PTV receiving 

98% of the prescribed dose (D98) was also considered when evaluating plans. Dose 

constraints to OARs were described in terms of the volume of the structures receiving a 

specific dose level (Vref).  

 

4.3.3 Simulation of systematic MLC errors 

The ‘MLCi’ MLC system modeled in the Pinnacle treatment planning system is 

used in this planning study. Detailed descriptions of the MLC system are provided in 

Chapter 3, section 3.5.1. Systematic errors of MLC positions were simulated in the 

treatment plans using an in-house script. ‘Synchronised’ errors were simulated by 

moving all open leaves in both leaf banks by 1 mm according to each of the four 

configurations listed in table 4.3. Positive perturbations shifted open leaves on both leaf 

banks away from central axis, therefore increasing the radiation portals. Conversely, 

negative perturbations moved all open leaves towards the central axis to decrease the 

portal area. Positive perturbation on one leaf bank and negative perturbation on another 
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did not change the size of the radiation portal but shifted the portal along the X-axis 

relative to the isocentre.  

` 

Table 4.3. Simulated synchronised and asynchronised systematic MLC perturbations 

Systematic MLC perturbations 

Synchronised Asynchronised 

X1 + 1 mm, X2 + 1 mm X1 - 2 mm X2 - 2 mm 

X1 -1 mm, X2 – 1 mm X1 – 1 mm X2 – 1 mm 

X1 + 1 mm, X2 – 1 mm X1 + 1 mm X2 + 1 mm 

X1 – 1 mm, X2 + 1 mm X1 + 2 mm X2 + 2 mm 

X1 & X2 refer to MLC leaf banks 

 

‘Asynchronised’ errors were introduced by systematically shifting the position 

of all open leaves on a single bank by ±1.0 and ±2.0 mm. Twelve new plans, comprising 

four synchronised and eight asynchronised variations of MLC configuration were 

generated for each original plan. All other treatment parameters and information were 

identical between the plans. The plans were then recalculated to obtain the new dose 

distributions. 

 

4.3.4 Evaluation of new IMRT plans 

DVHs were generated for all new treatment plans for comparison of plans with 

simulated MLC errors with the corresponding original plans. To quantify the changes in 

dose distributions, the endpoint dose parameters listed in Chapter 3, table 3.1 were used. 

Changes of the dose distribution in the PTV were evaluated in terms of the differences 

of D95 and D98 between new and original plans. The changes to the doses to the bladder 

and rectum were quantified in terms of change of volume (in percentage) receiving 

doses exceeding the endpoint doses (Vref) between new and original plans. 
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The dosimetric effects of the simulated MLC errors were also evaluated in terms 

of changes to conformity index (CI) and healthy tissue avoidance (HTA). Here, the CI 

defined by Radiation Therapy Oncology Group was used (Feuvret et al 2006): 

 

PTVofVolume

V
CIindexConformity %95)( =  (4.1) 

 

where V95% is the volume of PTV receiving at least 95% of the prescribed dose. 

In addition, an arbitrary HTA index is defined as the volume of rectum and 

bladder that were not encompassed by the 95% isodose line. This index gives the 

probability that a reference isodose that covers the target does not also encompass 

volumes of organs at risk. The HTA index is given by: 
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where Vrectum_95% and Vbladder_95%  refers to the percentage volume of the rectum and 

bladder receiving at least 95% of the prescribed dose respectively. The volumes of 

rectum and bladder receiving 95% of the prescribed dose were assumed to be 

uncorrelated.  

 

4.4 Results 

Figure 4.6 illustrates the changes to D95 and D98 of PTV due to (a) asynchronised 

and (b) synchronised perturbations of MLC. Negative asynchronised MLC perturbations 

of -1 mm resulted in median changes of -1.2% and -1.5% in D95 and D98 of the PTV 

respectively. Positive asynchronised perturbations of the MLCs by 1 mm caused median 

changes of 0.9% and 0.8% to D95 and D98 respectively. The D98 index was generally 

more sensitive to MLC errors than the D95 index. Student’s t-test was performed to test 
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for any differences between changes to D95 and D98. Student’s t-test assumes normally 

distributed variables. The null hypothesis is that the mean changes to D95 and D98 are 

equal. If the p-value is less than 0.05, then the null hypothesis that the mean changes are 

equal is rejected at 95% confidence level. A Student’s t-test showed no significant 

differences between the changes to D95 and D98 for asynchronised perturbations of the 

two leaf banks (p > 0.05).  Negative asynchronised perturbations consistently produced 

larger changes to D95 of the PTV (p < 0.01) than positive perturbations.  

Simultaneous perturbations of 1 mm for both leaf banks resulted in median 

changes of -2.3% in D95 for negative perturbations and 1.8% for positive perturbations. 

These changes are twice as large as the changes resulting from asynchronised 

perturbations of 1 mm. Therefore, for a constant size of perturbation, the first order 

approximation to change in D95 is directly proportional to the number of leaves 

perturbed by 1 mm. Negative synchronised perturbations also resulted in larger changes 

to D95 of the PTV than asynchronised perturbations (p < 0.05). A negative perturbation 

of one leaf bank and a positive perturbation of the other resulted in a median change of 

less than 0.5% of the dose to the PTV, which can be considered clinically insignificant.  

 

 
Figure 4.6. Changes in D95 and D98 of PTV due to (a) asynchronised and (b) synchronised systematic 
perturbations of MLC. 
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Figure 4.7 and figure 4.8 illustrate the changes in V60 for the rectum and V70 for 

the bladder due to asynchronised and synchronised perturbations of the MLC. The 

largest observed changes to endpoint doses were observed for the bladder V75. Negative 

and positive asynchronised perturbations of 1 mm resulted in maximum changes of the 

bladder V75 -4.7% and 5.5% respectively. However, the median changes resulting from 

these asynchronised perturbations for the bladder V70 and rectum V60 were 0.5% to 

1.2%. The median changes to other endpoint dose parameters for each OAR, i.e., 

rectum V50 and V70, and bladder V65 and V75, were similar. Synchronised perturbations 

of the same sign resulted in median changes of the bladder V70 and rectum V60 of 1.0% 

to 2.5%, approximately twice as large as the changes observed for asynchronised 

perturbations.     

 

 

 

 

Rectum doses showed greater sensitivity to positioning errors of the MLCs than 

bladder doses (p < 0.01). For example, a negative asynchronised perturbation of the 

MLC reduced the V70 of the rectum by 1.2% but reduced the bladder V70 only by 0.9%. 

Figure 4.7. Changes in V60 for rectum due to (a) asynchronised and (b) synchronised systematic 
perturbations of MLC. 
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It was also noted that the percentage changes to endpoint parameters Vref increased with 

reference dose for both OAR. Furthermore, endpoint parameters for both OAR were 

consistently more sensitive to negative than positive perturbations.  

 

 

 

Figure 4.9 illustrates the changes to the CI and HTA due to the simulated 

perturbations of the MLC.  

 

 

 

Figure 4.8. Changes in V70 for bladder due to (a) asynchronised and (b) synchronised systematic 
perturbations of MLC. 

Figure 4.9. Changes in conformity index (CI) and healthy tissue avoidance (HTA) due to (a) 
asynchronised and (b) synchronised systematic perturbations of MLC. 
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Negative perturbations reduced the CI as the area of each radiation portal was reduced, 

but positive perturbations had the opposite effect. Conversely, the HTA was increased 

by negative perturbations but reduced by positive ones. The changes to CI and HTA due 

to synchronised MLC perturbation of 1 mm were nearly twice as large as the changes 

obtained from asynchronised perturbations of the same magnitude. The median changes 

to the CI due to negative asynchronised and synchronised perturbations of 1 mm were -

1.1% (range -0.5% to -1.9%) and -2.5% (range -1.2% to -4.4%)  respectively. The 

median changes to the HTA due to positive asynchronised and synchronised 

perturbations of 1 mm were -1.7% (range -1.4% to -3.7%) and -3.6% (range -3.1% to -

7.3%)  respectively. These results were consistent with previous observations that 

perturbing both leaf banks caused changes to dose distribution parameters 

approximately twofold greater than changes to a single leaf bank. A positive 

perturbation of one leaf bank and a negative perturbation of the other had negligible 

effect on both the CI and HTA with median changes of less than 1.0%.   

 

4.5 Discussion 

The sensitivity of PTV, rectum and bladder to systematic MLC errors depended 

on the direction of movement of the MLC relative to the beam central axis. Negative 

perturbations of MLC caused greater changes to the endpoint doses to both the PTV and 

OAR than positive perturbations, indicating that negative positional miscalibrations of 

the MLC may have greater dosimetric ramifications than positive miscalibrations. 

However, a negative perturbation of one leaf bank and a positive perturbation of the 

other resulted in negligible changes to the dose distributions of the PTV and OAR.  

It has been demonstrated that systematic positive or negative shifts of the MLC 

that result in a change in size of the portal area have greater effect on the endpoint doses 

than a relative shift of the portal position to the target volume. This result confirms the 
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need for stringent tolerances of MLC positional errors even if the expected movement 

of the target may be larger than the positional errors of the leaves. The accuracy of 

modelling the MLC system is also critical as errors in the MLC model would manifest 

as systematic positive or negative shifts of the MLC. 

The results comparing synchronised and asynchronised perturbations of MLC 

were as expected. The changes of the endpoint dose parameters and indices due to 

systematic shifts of leaves on both banks were approximately twice as large as the 

changes due to shifts of leaves on a single bank. However, it was expected that 

increasing the size of the shifts would not result in a proportional increase of the 

changes to endpoint parameters. Rather, it could be anticipated that, as the changes 

would be proportional to the change in portal area, changes would increase as a 

quadratic of the leaf shifts.  

This study has focused on systematic, rather than random, positioning errors as 

it was anticipated that systematic errors will have greater effect on dose endpoints than 

random errors of the same magnitude (van Herk et al 2000). The results comparing 

synchronised shifts that resulted in a change in portal area with those that shifted the 

portal aperture relative to the beam central axis suggest that, assuming random 

positioning errors of all open leaves average such that the net area off the beam aperture 

is unaffected, there would be little change to the dose distribution of both the PTV and 

the OAR. 

It has been reported that under-dosages as small as 3.0-5.0%, due to marginal 

misses, may lead to a reduction in local control of up to 35% (Verhey et al 1995). In this 

study, the maximum changes to D95 and D98 of PTV caused by synchronised negative 

perturbation of 1 mm ranges from 2.5% to 3.5%.  This verifies the necessity of a 1 mm 

tolerance of MLC positional accuracy as proposed by the AAPM Task Group No. 142 

(Klein et al 2009) to ensure dose variation to PTV of less than 5.0%.  
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Doses to the rectum and bladder are the limiting factor for dose escalation in 

radiotherapy of prostate. Results showed maximum changes of 3.0% and 4.7% in 

endpoint dose parameters to the rectum and bladder respectively due to synchronised 

perturbations of 1 mm for both MLC leaf banks.  Rectal doses were more sensitive to 

the perturbations of MLC due to the small volume of the rectum (relative to bladder 

volume) and proximity to the PTV. It is perceived that a synchronised MLC 

perturbation of 2 mm in one direction will caused maximum dose variations to the 

rectum and bladder of more than 5.0%.  

It has been shown that endpoint dose parameters at higher reference dose levels 

are more susceptible to MLC positional inaccuracies. This observation is valid for 

endpoint doses to both the PTV and OAR. The largest dose variations to the PTV and 

OAR were observed at the highest reference dose levels used in this study. This 

observation has greater ramifications for treatments involving serial OAR, such as the 

spine, than those involving parallel OARs, such as the bladder and rectum. A small 

increase in the volume of the spine receiving a dose greater than the reference dose level 

may results in paralysis. This confirms the importance of a small tolerance in MLC 

positional accuracy for IMRT machines for the possibility of prescribed dose escalation. 

IMRT has been shown to be superior to conventional forward planning of 3D-

CRT in generating prostate treatment plans with greater conformity indices (Wu et al 

2004). The results of CI and HTA analysis indicate that, at least for small shifts of the 

MLC of the order of 1 or 2 mm, positional errors of the MLC can have greater impact 

on dose distributions to OAR than to the PTV. The accuracy of dose delivery to the 

PTV may be sufficient to achieve the intended local control of the tumour but 

insufficient to ensure safe avoidance of OAR.        

The complexity and sophistication of IMRT plans mandates a rigorous quality 

assurance system. This part of study has demonstrated the need for accuracy in both the 
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modelling of the MLC system in the TPS and in calibration as well as quality assurance 

(QA) of the MLC in order to minimize systematic errors of IMRT treatment delivery. 

Various MLC QA for IMRT techniques have been described in the literature and 

recommendations for modelling of MLC have been proposed by the AAPM Task Group 

No. 50 (Boyer et al 2001).  

 

4.6 Chapter summary 

In the first part of this chapter, the impact of mechanical and user factors on 

stereoscopic image registration using fiducial markers was investigated.  Specifically, 

the effect of systematic and random errors on the localization of the imaging isocentre 

during aperture-based stereoscopic registration was assessed. The results also showed 

that localization measurements based on fiducial markers involving field aperture 

detection are suitably robust and reproducible for IGRT clinical procedures. However, 

errors in the beam collimation device were shown to affect the accuracy of the 

registration process.  

Mechanical and calibration tolerances, under normal conditions, would not 

adversely affect the localization accuracy and reproducibility. These results demonstrate 

that the systematic deviation of the stereoscopic imaging isocentre from the true 

isocentre may be due, in part, to mechanical flexion in the gantry arm. With good 

quality assurance practice, we have shown that these systematic errors should be less 

than 0.5 mm. We may expect a small displacement of the x-ray focal spot from the 

exact mechanical axis of rotation of the gantry head, as well as a finite mechanical 

precision in the field-defining elements. Again, with good quality assurance practices 

the apparent locus of the stereoscopic imaging isocentre can vary within a sphere of 

approximately 0.5 mm radius. The single-user reproducibility has been shown to be 

consistently around 0.4 mm. Larger aggregate differences appear when comparing 
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fiducial marker localization in a phantom against kV-CBCT. Here, the mechanical 

stability of the CBCT system as well as the systematic mapping of the CBCT imaging 

isocentre against the true isocentre must be taken into account. The comparison of 

fiducial marker registration with stereoscopic portals against CBCT is studied 

comprehensively in Chapter 6 of this thesis. 

In the second part of this chapter, the impact of MLC positional errors on IMRT 

of the prostate was evaluated. MLC errors were introduced in IMRT plans of prostate 

cancer by intentionally introducing a total of twelve MLC perturbations. It has been 

observed that MLC errors resulted in non-negligible dosimetric changes to PTV as well 

as surrounding structures, i.e. the rectum and bladder. Negative perturbations of MLC, 

which brought the MLC leaves towards the central axis of the beam and thereby 

reduced the radiation portal, were found to produce greater changes to endpoint dose 

parameters than positive perturbations of the MLC (p < 0.01). 

The geometric displacements discussed in this chapter are smaller than the 

typical PTV margins used in real clinical practice (3 mm or greater). However, the 

results re-emphasize that there are no non-zero errors associated with localization 

measurement and treatment delivery. These displacement and dosimetry errors are 

relatively small in comparison to the potential effects of inter-fraction variation in 

patient setup, which for the prostate might be as much as 1 cm from one day to another. 

These errors become potential more clinically significant for small radiation fields, 

sharp dose gradients and narrow PTV margins. In subsequent chapters of this thesis 

concerning prostate radiotherapy, we shall shift our focus to examining uncertainties in 

prostate targeting in real patients where the risk of a geometric miss is the dominant risk 

in radiotherapy.  
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Chapter 5  

A retrospective clinical study using 

fiducial registration error as a 

process control metric for IGRT 

registration reliability 

5.1 Introduction 

In Chapter 4, the limits of accuracy and reproducibility for fiducial marker-

guided image localization were studied. This localization method is robust, provided the 

random errors are small and the systematic errors are essentially zero. In this chapter, 

the intention is to extend the analysis of image registration residual errors to situations 

involving real patients on treatment. 

While the errors pertaining to geometric calibration and user variability still 

exist, the present situation is much more complex due to the involvement of real 

patients and inherent associated variability and changes. A method for analyzing 

registration errors is examined, which captures the overall behaviour of a cohort of 

patient undergoing IGRT, as well as accounting for differences in behaviour from one 
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patient to the next. The process analysis is drawn from established protocols on 

Statistical Process Control (SPC). 

The day-to-day registration of fiducials in real prostate cancer patients poses 

uncertainties that would not be present in phantom studies due to the mobile and 

deformable nature of the prostate. Existing stochastic models for inter-fraction 

movement based on target localizations (Bel et al 1993, de Boer and Heijmen 2001, 

Yan et al 1995) ignore potential errors in the image registration process itself by 

assuming the fiducial points register perfectly. The above models focus solely on the 

spatio-temporal trends in target localization, but do not provide an account of image 

registration errors. A comprehensive understanding of IGRT requires an analysis of 

reproducibility during fiducial image registration as an extension of the stochastic 

behaviour of the localization offsets. 

Image registration errors can be quantified in terms of the Fiducial Residual 

Error (FRE) (Hajnal et al 2001). Registration algorithms for images containing fiducial 

markers generally use a point-based rigid-body transformation to minimize the distance 

between fiducial points in a given reference image and those corresponding points in a 

verification image. During point-based rigid-body image registration, deformation of 

soft tissue or migration of fiducial markers could produce non-zero values of the FRE. 

Deformation of the target has been shown through MRI studies to compromise the dose 

distribution to both the target volume and to OAR in prostate radiotherapy (Kerkhof et 

al 2008, Yan et al 1999). Two studies of markers migration during radiotherapy showed 

that the average (± 1 standard deviation) migration of markers over the course of 

treatment was approximately 1.2 ± 0.2 mm (Poggi et al 2003) and 0.4 ± 1.1 mm, -0.9 ± 

3.4 mm and -0.1 ± 2.4 mm in the left-right, cranio-caudal and anterior-posterior 

directions respectively (Kitamura et al 2002), provided the planning CT is performed at 
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least one week after implantation. The FRE can be also be affected by intra-observer 

and inter-observer errors if markers are manually identified (Ullman et al 2006). 

Certain fiducial matching algorithms ignore rotations of the organ when solving 

for the transformation vector because the design of the patient support surface does not 

allow for corrections of rotations. Significant rotation of the prostate has been observed 

during radiotherapy of the prostate, as reviewed in Chapter 2. Hence, the FRE may 

include a contribution from residual rotational offsets. 

Systematic and random variations of the FRE over time indicate deviations of 

treatment delivery from the original treatment plan. The outstanding question remains of 

how to analyze an FRE time-series such that atypical deviations, with potentially 

undesirable effects, are detected in a robust fashion. This chapter examines a decision-

making process based on SPC for such a purpose. 

SPC charts are well-established in industrial contexts for monitoring stochastic 

events and to quality-assure process reliability (Shewhart 1980). SPC uses an estimate 

of the random errors within a process, derived from a small number of initial 

observations, to set limits for the expected behaviour of that process over long time 

scales. Deviation from the baseline will result in data that lie outside these limits. 

Reliability implies that a process remains within its statistically-derived (confidence) 

limits of variation over time scales much longer than the initial period of observation. 

The key difference in SPC, unlike fixed tolerance levels, is the ability to tailor 

intervention thresholds to the specific behaviour of an individual and the possibility to 

naturally modify such thresholds over time. 

There is now emerging interest among health professionals for using industry-

inspired quality control concepts (Henderson et al 2008, Lim 2003, Morton 2003). 

Other authors have already described specific applications of SPC in radiotherapy for 

breast cancer treatment planning (Holli et al 1999, Pitkänen et al 2001), linear 
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accelerator QA (Pawlicki et al 2005) and IMRT QA (Gerard et al 2009, Pawlicki et al 

2008, Pawlicki and Yoo 2008). There has been no published work to date examining 

SPC for assuring the quality of fiducial matching in IGRT. 

This chapter aims to explore the use of SPC charts as a quantitative method to 

monitor process stability in daily registration of stereoscopic images of fiducial markers 

for IGRT of the prostate.  

 

5.2 Fiducial registration error in point-based rigid body registration 

During point-based rigid body registration, one solves strictly for the translation 

and rotation operations that maps one set of points (i.e., fiducials) in the localisation 

image space (i.e., the measured position during treatment) onto the one-to-one 

corresponding set of points in the reference image space (i.e., the desired position in 

treatment plan). It is assumed that the magnification factor between the reference and 

measured image spaces has been fixed. A simple least-squares approach to registration 

minimises the sum of squares of the distance between each pair of corresponding points. 

The FRE is hence the RMS of the residual distances following registration, as shown in 

equation 5.1 (Fitzpatrick et al 1998): 
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In equation 5.1, S is the number of corresponding pairs of fiducial points, and pi and qi 

refer to the vectors of the i-th fiducial in localisation image space and reference image 

space, respectively. The transformation operator, T, is solved by point-based rigid body 

registration.  

Figure 5.1 is an illustration of the FRE following registration. Suppose p1, p2 and 

p3 are the positions of the three fiducial markers reconstructed in localisation image 



127 

 

space from a pair of stereoscopic portal images. The points q1, q2 and q3 denote the 

corresponding positions of the fiducial markers in the reference image space. The figure 

illustrates the transformation T that minimises the sum of squares of the distances 

between each of the corresponding points. In effect, the transformation should make the 

localisation isocentre during treatment (isotreat) coincident with the planned reference 

isocentre (isoref), with some small residual error persisting after registration. 

 

 

 

 

 

Figure 5.1 demonstrates that localization accuracy, defined as the difference 

between the planned isocentre, isoref, and the treatment isocentre, isotreat, is clearly 

distinct from the FRE. However, the geometric correctness of the point-based rigid body 

registration algorithm will be dependent on minimizing the FRE. 

 

5.3 Theory of x-chart in SPC 

The concepts of SPC and control charts have been discussed extensively in the 

standard SPC texts and literature, and validation of SPC methods is beyond the scope of 

this study. In this section, only the relevant parameters used in implementation of the 

SPC method in this study will be described. All equations involved in the derivation of 

isoref isoref isotreat 
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Figure 5.1. Schema of point-based rigid-body registration in a two-dimensional portal image 
using fiducial markers. (a) A localization portal with fiducial markers (p1, p2 and p3) with 
treatment isocentre, isotreat. (b) Corresponding fiducial markers (q1, q2 and q3) outlined in a 
reference DRR with planned isocentre, isoref. (c) The result of applying the rigid-body 
transformation T and the residual differences between fiducial points after registration. 
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SPC control limits are taken from standard SPC textbooks (Oakland 2007, Montgomery 

2005). 

A control chart is designed to monitor a measurable quality parameter over time. 

Control of the process average is performed using the control chart for means, or the x-

chart. The statistical confidence intervals used in these charts are derived from the first 

few observations. A data-point lying outside the confidence intervals indicates it is 

highly probable that a special-caused (i.e., a non-random) variation has occurred. There 

are two types of x-charts; (i) an individual measurement x-chart, which uses a single 

measurement in an observation, and (ii) an x-chart that takes multiple measurements in 

an observation. The x-chart for individual measurements is used in this study and hence 

all subsequent discussion will be based on this type of chart. 

A distribution of a quality parameter in a process can be characterized by the 

mean µ and standard deviation σ of the quality parameter. Suppose the quality 

parameter of N initial observations be recorded as an ordered list, x1, x2, x3, ..., xN. 

Suppose further that the quality parameter is normally distributed. Then the average 

over N observations of this sample AN forms the centre line of the chart and is given by: 
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The moving range (mR) is the difference between the quality parameter on the N-th 

observation, xN and its predecessor, xN-1. The moving range over N observations (mRN) 

was thus calculated as x2 − x1, x3 – x2 …, xN - xN−1, and the average is given by: 
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For the implementation of x-chart, the standard deviation of the theoretical 

distribution, rather than the standard deviation of the process itself, is used to calculate 
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the control limits. The unbiased estimate of the theoretical standard deviation σ for the 

x-chart can be determined by: 
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where d2 is a bias correction factor calculated based on the assumption of normality. 

The bias correction factor depends on the number of measurement per sample size. The 

value of d2 for an x-chart for individual measurement is 1.128, so equation 5.4 can be 

further simplified to: 
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 The upper control limit (UCL) and the lower control limit (LCL) for the x-charts 

can now be determined by: 
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The above upper and control limits are also known as the three-sigma control limits. 

The factor 3 is described by Shewhart as an economical margin and was determined 

after considerable investigation and experiment with real world data (Shewart 1980). A 

three-sigma control limit eventually became accepted as the pragmatic standard in 

process control theory. For a normally distributed dataset, the three-sigma control limit 

corresponds to the probability of a point lying outside a control limit by chance is not 

greater than 0.00135, that is, a low false positive rate. The same principles of x-chart are 
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applicable to non-normally distributed dataset. The application of SPC to a non-

normally distributed dataset will be discussed in section 5.7. 

In the context of SPC, a process in deemed to be ‘in control’ if the data are 

within the upper and lower control limits. Conversely, the process will be considered 

‘out-of-control’ if the control limits are exceeded. Figure 5.2 illustrates a typical x-chart, 

showing the localization of AN, the UCL and the LCL.  

 

 

 

 

 

 

 

 

 

 

 

 

 

In this particular example, the process is out of control at dataset number 12 where the 

data-point is outside the UCL. An out-of-control x-chart indicates that the observed 

event is likely to have occurred from external causes and does not occur by chance 

alone. Action will usually be necessary to investigate the possible assignable causes. 

 Intrinsic uncertainties in the image registration, of the kind examined in the 

previous chapter, constitute the ‘change’ component of the quality parameter. An 

external cause may be a technical fault with the equipment, with the measurements, 

x 

Out of control 

Observation (N) 

 Figure 5.2. An example of an x-chart showing the AN, UCL and LCL. The 
process is out-of-control at the 12th observation where the data-point exceeds the 
UCL. 
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poor performance by an inexperienced operator or gross distortion of geometry (e.g. 

excessive rotation of deformation of the prostate) that defines the assumptions built into 

the image registration.   

 

5.4 Retrospective study of fiducial-based IGRT of the prostate 

A retrospectively study was carried out to explore the use of SPC-inspired x-

charts as a quantitative method to monitor process stability in daily fiducial marker-

guided radiotherapy for prostate cancer. The appropriate quality parameter for process 

control was the FRE, being a measure of the residual mismatch after the relevant offset 

vectors have been solved. The following sections propose procedures for designing 

control limits of x-charts for assessment of FREs. The charts were then applied to real 

time-series of FREs using existing patient data. The role of uncorrected rotational 

offsets and organ deformation in driving a process out of its control limits was 

considered, as well as the sensitivity of the control limits on the initial observation 

interval. Sections 5.5 and 5.6 describe the methods and results of this retrospective 

study. 

 

5.5 Methods 

5.5.1 Patient cohort 

A group of 59 consecutive consented prostate cancer patients with implanted 

fiducial markers were treated with radical intent with 3D-CRT. The simulation 

procedure is described in Chapter 3, section 3.2. Each patient was implanted with 

fiducial markers not less than one week prior to the planning CT. The bowel 

preparation, patient simulation and immobilization techniques are described in Chapter 

3, section 3.2.3 of this thesis Patients only reported low-grade bowel and urinary 

difficulties during and after radiotherapy. 
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A broad sampling of the prostate patient demographic, including post-

prostatectomy patients, was included in this study. Clinical staging for the patients in 

this cohort ranged from T1C to T3B. Prostate-specific antigen levels ranged between 

immeasurable up to 44 µgL−1 and Gleason scores ranged from 5 up to 9. Four of the 

patients had undergone TURP and one had full surgical prostatectomy. Of the 59 

patients, 53 had commenced androgen deprivation therapy (ADT) at least 3 months 

prior to radiotherapy. Four patients were prescribed with 76 Gy treated in 38 daily 

fractions while 54 patients were prescribed with 74 Gy in 38 fractions. The only patient 

with full prostatectomy was prescribed with 70 Gy in 35 fractions. 

 

5.5.2 Treatment planning and IGRT procedure 

The details of treatment planning and IGRT procedures are described in Chapter 

3. The iViewGT EPID was used to acquire two portal images on every treatment 

fraction for stereoscopic registration. The details of iViewGT EPID and stereoscopic 

registration are provided in Chapter 3, sections 3.5.2 and 3.6.1 respectively. Briefly, 

during each treatment session, stereoscopic image registration was performed to match a 

pair of DRRs and portal images. The FRE were calculated by Mosaiq R1.6 for linear 

offsets only using point-based rigid body registration. The patient support system used 

was unable to correct for rotational components of the registration. FRE data was 

available on 38 fractions in 1 patient, 37 fractions in 34 patients, 36 fractions in 8 

patients, 35 fractions in 12 patients and 34 fractions in 4 patients. 

 

5.5.3 Aggregate FRE as a metric for SPC 

Two projections of portal imagess were acquired during every treatment fraction 

and the FRE was calculated for each projection. For this cohort of patient, three fiducial 
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markers were used for point-based rigid body registration with corresponding DRRs. 

The FRE for each projection was computed using S=3 in equation 5.1, yielding: 
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FRE was computed by Mosaiq for each portal image projection. At least two 

non-collinear projections are required to resolve the orientation of the target object in 

three dimensional spaces. Hence, the aggregate FRE is taken as the quadrature sum of 

the individual FREs from each projection view, j = 1,…,P. In this study, we consistently 

used two projections of EPIs so in this case P = 2. 
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The use of equation 5.9 simplified the implementation of a control chart to a single 

control parameter being followed over time.  

 

5.5.4 Validation of FRE 

To validate the FRE computed by Mosaiq, an independent program was written 

using MATLAB 7.0 (MathWorks Inc., Natick, MA, USA) to perform point-based rigid 

body registration. Five pairs of portal images from ten different patients were randomly 

selected for this validation study. As Mosaiq does not account for rotational component 

for patient set-up correction, the program was written for the calculation of the FRE 

after matching of the translational component only. An agreement regression tool, such 

as those described in Chapter 6 section 6.4.7, was used to quantify the agreement 

between the FREs calculated by Mosaiq and by MATLAB. The results are illustrated in 

figure 5.3.  
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Appropriate regression analysis shows good agreement between the FREs 

calculated by Mosaiq and MATLAB. There are no constant term and no proportional 

bias between the two methods at 95% confidence interval. It was therefore concluded 

that the FREs computed by Mosaiq are reliable objective measure of residual error after 

registration. 

 
 
5.5.5 Estimation of uncorrected rotational offset 

The computation of the aggregate FRE as described in section 5.5.3 admits the 

possibility that a non-zero FRE could exist solely due to rotational offsets. Once the 

linear offset, T, has been applied, it is trivial to repeat the least-squares of distances 

algorithm to solve for the rotational offset, θ, in each planar view. Another program was 

written in MATLAB 7.0 to separately solve the rigid-body rotation offset. A point-

based rigid-body registration algorithm was used to compute the rotational offset for 

each stereoscopic projection. Suppose θ1 and θ2 are the rotational offsets for each of the 
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Figure 5.3. Deming regression plot of FREs computed by MATLAB and by 
Mosaiq, showing a good agreement between methods. 
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two portal images. The cosine of the overall rotation angle (θtotal) was estimated by the 

scalar product of cosines of θ1 and θ2 in each stereoscopic projection: 

 

 cos θtotal = cos θ1 . cos θ2 (5.10)  

 

This approximation would only be exact for orthogonal projections, but the above 

transformation provides a simple estimate and preserves statistical correlations in θtotal 

with the aggregate FRE. By convention, the overall rotation angle was estimated as the 

inverse cosine of the scalar product: 

 
θtotal = cos-1(cos θ1 . cos θ2) (5.11)  

 

5.5.6 FRE analysis using x-charts 

The x-charts for monitoring of the FRE were implemented based on the theory 

described in section 5.3. The aggregate FRE over N treatment fractions were recorded 

as an ordered list, x1, x2, x3, ..., xN. The daily moving range over N days of fraction (mRN) 

was thus calculated as x2 − x1, x3 – x2 …, xN - xN−1. For each patient, an initial average 

value, AN, the UCL and the LCL were computed for each customized x-chart from 

observations over the first N days using equations 5.2, 5.6 and 5.7 respectively.  

Under the initial implementation of x-charts, the LCL was approximately zero or 

negative for each patient. A zero value of the LCL implies no residual error relative to 

the reference image and a negative value of the LCL is non-physical. Therefore the LCL 

was not used hereafter as a control criterion. 

Empirically, it was noted that an individual patient’s UCL calculated from FRE 

values within the first few fractions routinely over-estimated the random variability in 

the time series viewed as a whole. A robust estimate of the UCL was derived by 
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filtering outliers, defined as greater than one standard deviation from the mean, over the 

first N days of treatment before calculating the AN and UCL for the x-chart. 

For the purpose of comparison with the SPC-based approach, a decision-making 

criterion using a fixed tolerance limit (TL) of 3 mm was also considered. This arbitrary 

TL spans 90% of all FRE observations over the whole patient cohort, as we shall see 

from the results of this study. 

To ensure detection of persistent changes, an out-of-control process was defined 

as having two consecutive FRE values outside of the control limits. The choice of the 

initial sampling interval was fixed at N = 5 for the calculation of AN and UCL. However, 

since the ideal initial sampling size necessarily depends on the stochastic properties of 

the cohort, the robustness of the conclusions derived from the x-charts was also tested as 

a function of N ranging from 3 to 9 days. 

It was observed that the FRE values for some patients exceeded the UCL for two 

consecutive fractions but returned to within the UCL for all subsequent fractions. Such 

charts were classified as ’out-of-control’ according to the SPC definitions, but were 

regarded here as false positives. 

A worked example on the derivation of control limits for an x-chart for the 

example given in Figure 5.5(b) is provided in Appendix A of this thesis. 

 

5.6 Results 

5.6.1 Statistical distribution of the FRE and UCL 

The mean aggregate FRE of the patient cohort was 1.8 mm with a standard 

deviation of 0.9 mm. The cohort median was similar at 1.7 mm (range 0.1 mm to 6.0 

mm). Figure 5.4 shows the cumulative frequency plot of the FRE for the patient cohort. 

The plot shows that 90% of all FREs over this study period were approximately less 



137 

 

than or equal to 3 mm, which therefore forms the basis of the value set for the TL 

threshold, as described in section 5.5.6.  

 

   

 

 

 

 

 

 

 

 

 

 

 

The FRE data for each individual within the cohort was tested for normality 

using a Shapiro-Wilk test. This test tests the null hypothesis that a sample comes from a 

normally distributed population. In this test, α = 0.05 is chosen. If the p-value is less 

than 0.05, then the null hypothesis that the data are normally distributed is rejected. This 

test is appropriate to test the normality of small samples (≤ 50) (Shapiro and Wilk 

1965).  

Out of 59 men, the aggregate FREs for 44 (75%) individuals were likely to be 

drawn from a normal distribution (p > 0.05). A more detailed assessment of individual 

distributions of aggregate FREs revealed that the non-normal distributions for 15 other 

individuals were caused by small number of extreme values of aggregate FREs (values 

larger than three times the inter-quartile range from the 75th percentile of the 
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Figure 5.4. A cumulative frequency plot of the aggregate FRE for the entire patient cohort. 
Ninety per cent of all aggregate FREs were less than or equal to 3 mm. 
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distribution). The distribution of individual aggregate FRE distributions converged to a 

normal distribution if the extreme values of FRE were excluded as outliers.  

The FRE data of entire population grouped together was also examined for 

normality using a Kolmogrov-Smirnov test for sample size larger than 50. This test 

serves as a goodness of fit test where in this case, samples are standardized and 

compared with a standard normal distribution. The null distribution of this statistic is 

calculated under the null hypothesis that the samples are drawn from a normal 

distribution. In this test, α = 0.05 is chosen. If the p-value is less than 0.05, then the null 

hypothesis that the data are normally distributed is rejected. This test is applicable to a 

continuous distribution and large sample size (>50) (Massey Jr 1951).  

The Kolmogrov-Smirnov test showed that aggregate FREs for the entire 

population were not likely to be drawn from a normal distribution (p < 0.05) due to the 

high variability of aggregate FRE among the individual patients. 

The overall mean UCL of individual patients in the cohort was 2.5 mm with a 

standard deviation of 1.2 mm. The median was 2.2 mm with a minimum and maximum 

of 1.1 mm and 7.3 mm respectively.  

We compared the FRE of image registration of images of an anthropomorphic 

phantom (Rando) as acquired in Chapter 4 (See section 4.2.5) to the FRE of real 

patients. The median FRE resulted from image registration of Rando images acquired at 

seven off-isocentre positions was 0.5 mm, with a minimum and maximum of 0.3 mm 

and 0.6 mm respectively. This median FRE was about three times smaller than the 

median FRE obtained in real patients. We simulated the distribution of FREs obtained 

using Rando by replicating the FREs 5 times to obtain 35 FREs in total, which 

represented a typical number of daily fractions for prostate radiotherapy. The UCL 

calculated using this replicated data was 0.8 mm, which was also approximately three 

times smaller than the mean UCL using FRE obtained in real patients.   
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5.6.2 Types of x-chart qualitative behaviour 

For a given value of N, the x-chart of the daily FRE was plotted for each patient. 

We classified the charts into four categories based on the qualitative process behaviour 

during IGRT. These were: (I) fluctuations in FRE were consistent with the expected 

random variation over the full course of treatment, (II) the FRE time series 

demonstrated one or more systematic changes from its baseline behaviour, (III) the FRE 

showed a persistent upward drift as a function of time and (IV) the FRE data appeared 

dominated by large-amplitude random variation. Using SPC terminology, x-charts 

demonstrating type I behaviour were classified as being ‘in control’ and x-charts of 

types II to IV were deemed unstable or ‘out-of-control’. The categories with their 

respective number of x-charts are summarized in table 5.1. Representative examples of 

measured FRE data illustrating each of these categories are included as figure 5.5. 

 

Table 5.1. The categories and numbers of x-charts according to qualitative process behaviours 

of FRE time-series. 

Category Behaviour of x-charts No. of x-charts 

I Fluctuations in FRE were consistent with the expected random 

variation over the full course of treatment. 

37 

II FRE time series demonstrated one or more systematic changes 

from its baseline behaviour. 

11 

III FRE showed a persistent upward drift as a function of 

time 

3 

IV FRE data appeared dominated by large-amplitude random 

variation 

8 

 

Using N = 5, the FRE of 37 out of 59 patients were in control throughout 

treatment. The FREs of 11 patients were categorized as having a systematic change of 

baseline behaviour based on systematic shift of AN with two consecutive points above 
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the UCL (i.e., type II behaviour). However, the FREs of one of these 2 patients returned 

to the initial baseline AN and remained within the UCL for all subsequent fractions. The 

classification of this process as ‘out-of-control’ was therefore regarded as a false 

positive.  

In the remaining 9 cases, a Mann-Whitney test was performed to test for 

significance of the difference in in the FRE values after a baseline shift. The Mann-

Whitnet test is a ranked non-parametric test and is independent of the assumed 

underlying distribution (Mann and Whitney 1947). The null hypothesis is that the 

medians of FRE values before and after the baseline shift are equal. If the p-value is less 

than 0.05, then the null hypothesis that the medians are equal is rejected at 95% 

confidence level. Using this test on the remaining 9 cases confirmed a statistically 

significant difference (p < 0.05) in the FRE values after a baseline shift, as detected by 

SPC, compared to the values before the shift was identified. 

The problem of persistent drift of the FRE is of obvious importance to the 

accuracy of the registration process because it implies an increasing systematic 

mismatch in image registration as a function of time. Three x-charts showed such 

behaviour. Regression analysis showed a statistically significant correlation between the 

FRE and treatment fraction (p < 0.05). 
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The 8 x-charts that exhibited type IV process behaviour were strongly dominated 

by large-amplitude random variations such that the derived UCL was larger than 3 mm. 

The average random component of the FRE in these x-charts was estimated to be 2.7 

mm compared to 1 mm for those x-charts classified as type I, i.e., in control. 

The out-of-control x-charts in the type II, III and IV categories were detected 

when two consecutive FRE exceeded UCL or TL. Out of the 22 out-of control x-charts, 

Figure 5.5. Four examples of FRE distributions of real patients, plotted as an x-chart. (a) Stable 
FRE distribution with variation well within the UCL. (b) FRE with a shift in mean value around 
day 28. (c) Persistent upward drift in FRE. (d) Large random component superimposed on the 
FRE mean. Data points represent the aggregate FRE for each localization episode. The solid, 
doted and dashed lines represent the initial average (AN) as the benchmark, upper control limit 
(UCL) and fixed 3 mm tolerance limit (TL) respectively. The arrows indicate the FRE which is 
detected as out-of control. 
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11 were out-of-control with respect to the UCL. These x-charts would be in-control if 

TL alone was used as the out-of-control criteria. 8 x-charts were out of control with 

respect to the TL. In 3 x-charts, both the UCL and TL were equivalent when out-of-

control processes detected using the UCL and TL were within three days only. 

 

5.6.3 Effect of varying number of initial observations (N) 

Figure 5.6 illustrates the relationship between the number of initial observation 

days, N, used for the calculation of the AN and UCL on the number of x-charts classified 

as in control and the number of processes classified as out-of-control according to SPC 

but regarded here as false positives.   

The x-chart analysis for each of the 59 patients was repeated substituting values 

of N = 3, 7 and 9 days. Using N = 3 yielded x-charts that appeared overly sensitive to 

random variation, as only 22 individual x-charts were classified as in control. The 

number of individual processes within control was maximized for N ≥ 5 and thereafter 

became independent of the choice of N. The numbers of patient x-charts in categories II, 

III and IV also remained insensitive to the choice of N for values of N ≥ 5. Similarly, 

classifications of out-of-control x-charts were minimized for N ≥ 5 and were insensitive 

to the value of N.  
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5.6.4 Correlation with uncorrected rotational offsets 

The strength of statistical correlations between the FRE of ‘out-of-control’ x-

charts and uncorrected rotational offsets were quantified using the Spearman’s 

correlation coefficient, ρ (Spearman 1987). Spearman’s correlation coefficient is used to 

test the dependency of two continuous variables, which is the case for FRE and 

rotational offsets. Non- and perfect correlations have  ρ values of 0 and 1 respectively. 

Of the 11 x-charts classified as type II processes, only 3 charts showed strong 

correlations (ρ =0.70, 0.78 and 0.82 respectively) between the estimated rotation angle 

and the FRE. One of these was the x-chart falsely classified as out-of-control. Inspection 

of the rotation angle time-series for this patient showed only two large rotational offsets, 

which were coincident with FRE values that exceeded the UCL. The rotational offsets 

thereafter were stable and the subsequent FRE values were well within the UCL, so this 

particular chart was considered to be falsely classified as out-of-control. The FRE 

values for the other patient showed a systematic shift from the initial baseline AN that 

was correlated with the rotation magnitude, indicating that rotations were the main 
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falsely classified as out-of-control, as a function of the number of initial observation days, N.  
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reason for the x-chart being out of control. The FREs and rotations over the course of 

treatment for two of these patients are shown in figure 5.7. However, in the remaining 8 

x-charts that were classified as type (II) processes, there was poor statistical correlation 

(ρ < 0.50) between rotational offsets and FREs. 

 

 

 

 

All 3 x-charts categorized as type III processes showed poor correlation between 

rotational offsets and treatment fraction (all ρ < 0.50). In all 3 cases, the change in FRE 

diverged over time from that of the estimated rotation angle. 

Figure 5.7. Time series of FREs and rotations for two patients with type (II) x-charts. The FREs 
and rotation angles were strongly correlated (Pearson’s ρ  = (a) 0.78 and (b) 0.82).  
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For type IV processes, 5 out of the 8 x-charts in this category demonstrated 

moderate (ρ = 0.60) and strong correlations (ρ = 0.70, 0.84, 0.85 and 0.90) between the 

FRE and rotation angle. The time series of both the FRE and the rotation angle of all 5 

x-charts were dominated by a large-amplitude random component. 

 

5.7 Discussion 

The use of x-charts in IGRT recognizes that image registration is an inherently 

‘noisy’ process, but it is feasible to derive statistically meaningful estimates for a 

baseline average (AN) and limits of expected variation (UCL) from a small number of 

initial observations, N. For this reason, x-charts may be used as QA for the reliability of 

image registration. The appropriate metric for process control is the FRE, being a 

measure of the residual registration mismatch after the relevant offset vectors have been 

solved. FRE values that fall persistently outside control limits indicate potential 

instability in image registration that may be due to anatomical changes, variations in 

patient setup and the uncertainties in the registration process itself. We have only 

examined data retrospectively but the concepts demonstrated here have the potential to 

be applied prospectively (online) to identify patients requiring closer scrutiny while still 

on treatment. 

The probability of obtaining a low false positive of 0.00135 using x-chart is 

based on the premise that the process parameter being controlled has been drawn from a 

normal distribution. In realistic clinical scenarios, the distribution of a patient’s FRE 

remains unknown until (nearly) the end of treatment. In the present sample of 59 

patients, we found that there were a higher proportion of patients with normally 

distributed FRE. Furthermore, FRE distributions that failed the Shapiro-Wilks test (p < 

0.05) rapidly converge to normality when extreme large values of FRE were excluded. 

That is, the FRE of patients tend to a normal distribution when the extreme “tails” of the 
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frequency histogram are truncated.  However, the same rules are often used with non-

normally distributed variables in x-charts as the tendency for sample means to be more 

“normal” than the individual values is often sufficient to render the use of conventional 

limits satisfactory (Bissell 1994). The method taken in this study followed the approach 

introduced by Shewhart by making no assumptions regarding the normal distribution, or 

any other distribution in the implementation of control charts (Shewart 1980). 

The comparison of FRE in real patients and the Rando phantom has proven the 

existence of uncertainties in real patients that are absent in the phantom, leading to 

larger FRE of image registration. The FRE obtained using the Rando phantom can only 

be due to the uncertainty of the users in identifying the fiducial markers on display 

monitors, since the spatial positions of markers in the Rando phantom during the 

acquisition of reference and localization images were exactly the same. In real patients, 

the FREs were intensified by the various physiological activities that can lead to 

variations in the day-to-day shape of the prostate gland, which caused displacements in 

the positions of markers.  

There is currently no evidence on the magnitude of FRE in the fiducial matching 

algorithm that may deteriorate the quality of radiotherapy. The population-based FRE 

may be used to derive the fixed tolerance level of registration error. However, the use of 

x-charts allows the tolerances to be customized on individual basis. This study has 

shown that the customized tolerances were more sensitive to instability of the FRE than 

the population fixed tolerance level. The data showed that 7 out of 22 patients with ‘out-

of-control’ x-charts would have been detected late with fixed tolerance of 3 mm alone. 

However, a population-based fixed tolerance is beneficial in circumstances where the 

individual tolerances are over-estimated. 

It is worthwhile to emphasize here that x-charts for monitoring the FRE should 

not be used independently from the time-trend localization charts used for target 
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localization. Both x-chart and time-trend localization charts should run in parallel to 

gain the utmost benefits in the IGRT process. For example, figure 5.8 shows the 

simultaneous implementation of both time-trend localization charts and x-chart for a 

patient used in this study.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The above figure shows that the time-trend localization charts in all translational 

directions appear stable with some small random fluctuations. Since a 5 mm fixed 

action level protocol was adopted for intervention, no correction was required solely 

based on these charts. However, the inclusion of an x-chart for monitoring the FRE 

would have flagged day 10 of treatment for being ‘out of control’ with respect to the 

UCL. A subsequent investigation performed revealed that the prostate for this particular 

Figure 5.8. Example of time-trend localization charts in the (a) SI, (b) LR and (c) AP
directions. All three charts appear stable with random small fluctuations within 5 mm. (d) An 
x-chart of the FRE for the same patient which is ‘out-of-control’ on day 10 of treatment. 
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patient shrunk in all directions throughout treatment, and therefore explained the steady 

increase of FRE over time. A re-plan of treatment in this case may be useful in keeping 

the optimum dose distribution to the prostate and organs at risk. 

In IGRT systems which do not solve for rotational offsets, the presence of rigid-

body rotation of the organ containing fiducial markers is an additional contribution to 

the aggregate FRE. The above results for type (II) processes demonstrate that the 

presence of significant rotational offsets can result in some x-charts being classified as 

out-of-control. If the image registration algorithm were able to solve for rotational 

offsets and hence permit the possibility of separating rotation contributions from the 

aggregate FRE, it may improve the specificity of detection of out-of-control processes. 

However, the reverse argument clearly does not hold. That is, unstable values of FRE 

cannot be traced solely to rotational offsets. Among the processes classified as out-of-

control, correlations between FRE and the uncorrected rotational offset only occur in 8 

out of 22 individuals. 

Each of the three individual x-charts categorized as type (III) processes belonged 

to patients who had not completed a full course of androgen suppression therapy prior to 

starting radiotherapy. In two of these, hormone medication was rejected due to a small 

benign gland and unmeasurable prostate specific antigen, respectively. In the third 

patient, only a short course of androgen suppression had been completed within 2 

months of commencing radiotherapy. In each case, longitudinal CT or CBCT studies 

confirmed that the prostate gland was shrinking uniformly during radiotherapy. In all 

three cases, the FRE behaviour over time had been dominated by uniform shrinkage of 

the prostate. 

Significant shrinkage of the prostate gland due to androgen suppression alone 

has been well documented (Forman et al 1995) and prostate IMRT patients treated 

without androgen suppression have shown a significantly larger prostate volume 
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reduction after radiotherapy when compared to patients receiving both (Christian et al 

2009). In this study, the FRE for three patients has been observed to increase with 

shrinkage of the prostate. Budiharto et al applied isotropic scaling to model prostate 

shrinkage in the tracking of fiducial markers to cancel the corresponding increase in 

FRE. However, no significant change in the newly proposed table translations was 

observed when compared to translations obtained without scaling correction (Budiharto 

et al 2009). Results have demonstrated that x-charts of three other patients who had no 

record of androgen suppression therapy showed stable FRE behaviour, type (I), 

throughout their treatment. That is, the absence of androgen suppression therapy is not a 

sufficient predictor for unstable FRE x-charts. 

Among the eight individuals showing large random variation in FRE, type (IV) 

processes, the irreproducibility in prostate rotation may have been a factor in five of the 

x-charts being classified as out of control. 

For at least 14 out of 22 individuals, the results suggest that neither uncorrected 

rotational offsets nor uniform shrinkage of the prostate were the dominant reasons for 

these x-charts being classified out of control. Qualitative investigations by CT or CBCT 

suggest that IGRT reproducibility might have been affected by sub-optimal selection of 

stereoscopic projection angles, independent migration of fiducial markers or observers 

having difficulty distinguishing fiducial markers from multiple micro-calcifications in 

the prostate. In one case, the unusual geometry of a patient’s prostate gland was highly 

sensitive to bladder and bowel status, leading to irreproducible day-by-day distortion of 

the prostate. 

The classification into one of the four distinct types of process behaviour using 

SPC methods was robust with respect to the number of initial days of observation, N, 

provided N exceeded a certain minimum value. This inference is consistent with larger 
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values of N providing better estimates of the true AN and UCL for an individual’s x-

chart behaviour.  

For FRE data which showed relatively little variation during the initial days of 

treatment, the choice of N made little or no difference to UCL estimates. However, 

noisy initial FRE gave extraordinary sensitivity to N, due to overly generous UCL 

estimates which did not reliably detect shifts in AN. We hypothesize that these noisy 

initial FRE occurred because the radiotherapy patients were uncomfortable, nervous and 

possibly harder to set-up during the first few fractions of treatment, therefore leading to 

larger uncertainties in the image registration process. A one standard deviation filter 

about the arithmetic mean of the initial observation values reduced the oversensitivity of 

UCL on N when noisy FRE values were encountered during the early treatment 

fractions. 

The above discussion serves to highlight the clinical applicability of SPC in 

monitoring geometric stability of fiducial marker registration within the patient and 

overall compliance to the prescribed IGRT process. The use of an x-chart alone does not 

provide all the information required to specify the probable cause of process instability, 

but it can sensitively identify potential problems that warrant more detailed 

investigation, such as by additional CBCT in the treatment position.  

 

5.8 Chapter summary 

 The beginning of the results section in this chapter has shown, unsurprisingly, 

that targeting of the prostate gland is much more complicated for a real patient than for 

a an anthropomorphic phantom. While the anthropomorphic phantom has the same 

configuration of fiducial markers during the acquisition of reference and localization 

images, the positions of fiducial markers in a real prostate gland may be displaced due 

to some physiological changes throughout a course of radiotherapy. The residual errors 
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in registration in terms of FRE were therefore larger for the case of real patients than the 

anthropomorphic phantom. Further, we have shown that the trends of FRE varied 

substantially across all patients recruited in this study, confirming the need of evaluating 

uncertainties in image registration individually.  

 We have introduced the concept of SPC, in the form of an x-chart, for 

developing individual acceptability limits for image registration during a course of 

treatment. The applicability of this chart has been tested in a retrospective study with 

the use of FRE as the process control metric for measuring mismatch after linear 

correction vectors have been solved with respect to point-based rigid-body image 

registration.  

 The essence of the method introduced of this study is to derive the control limits 

from the first few observations of the FRE. For real patients, FRE values under the 

control limits indicate that there are no substantial changes in the positions of fiducial 

markers from simulation to actual treatment. The FRE values in such cases are 

relatively stable and governed by small changes in the prostate gland and also small 

uncertainties for user identification of the fiducial markers, as shown in Chapter 4.  

A few factors have been shown to cause ‘out of control’ FRE during prostate 

radiotherapy. The presence of unusually large rotational offsets and uniform shrinkage 

of the prostate during radiotherapy was shown to lead to FRE values falling outside the 

defined control limits for certain patients. However, values of FRE outside the control 

limits do not imply the presence of rotational offsets. The methods used in this study 

were shown to positively identify patients in whom uniform prostate shrinkage occurs 

during radiotherapy. This work demonstrates that SPC-inspired analysis of image 

registration uncertainties is a useful complement to existing models of inter-fraction 

target localization. 
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Chapter 6  

Comparing a low-dose half-rotation 

cone beam image registration with 

stereoscopic fiducial marker 

registration 

6.1 Introduction 

In Chapters 4 and 5, we have investigated uncertainties associated with fiducial 

tracking in a phantom and real patients respectively. It was shown that the EPID is a 

robust modality for setup verification based on fiducial markers for radiotherapy of the 

prostate, provided the uncertainties associated with mechanical factors as well as 

residual errors in registration are relatively small (of the order 1 or 2 mm). IGRT based 

on fiducial markers using EPID has been widely reported in the literature, as described 

in Chapter 2.   

Although portal images based on fiducial markers has been shown to be a robust 

method for prostate localization, portal images give 2D planar information only. The 
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images provide no information about the surrounding sensitive normal organs such as 

the bladder and rectum, which are the dose-limiting structures in prostate radiotherapy.  

A CT scan of the patient in the treatment position was introduced for setup 

verification during radiotherapy. This scan enables the therapist to visualize soft-tissue 

images of the target organs as well as the status of surrounding normal structures during 

fractionated radiotherapy and therefore provides confidence for the use of tighter safety 

margins. Three hybrids of CT scanner for IGRT are the CT-on-rail or in-room CT, the 

kV-CBCT and the MV-CBCT. Compared to the CT-on-rail or in-room CT, CBCT has 

the advantage of allowing verification imaging to be performed at the treatment position 

and also eliminates the need to have another modality in the linear accelerator suite. 

More detailed descriptions on the three hybrids of CT for clinical IGRT, along with 

their respective advantages and disadvantages, can be found in Chapter 2, section 2.6.1 

of this thesis. 

Although CBCT provides valuable 3D information about soft tissues with the 

patient in the treatment position during IGRT, there are two main concerns associated 

with this imaging modality, i.e., the extra imaging dose and the time and accuracy of 

localization using various registration (matching) algorithms, which will be discussed in 

the following paragraphs. 

While the imaging dose for EPID imaging can be easily incorporated into the 

treatment dose, it is complicated to do the same with CBCT doses. Several studies have 

been conducted to investigate the extra dose from imaging received by patients during 

IGRT using kV-CBCT. Letourneae et al reported isocentre and surface doses of 2.8 cGy 

and 4.4 cGy respectively in a 32-cm diameter body phantom using the Elekta XVI kV-

CBCT (Letourneau et al 2005). Islam et al reported point doses that range from 1.6 to 

2.3 cGy per scan at various depths in a cylindrical body phantom using the same CBCT 

system (Islam et al 2006). Hammoud reported doses range from 1.5 to 2.5 Gy for skin 



155 

 

and 1.3 to 1.8 Gy for body for 42 fractions of prostate treatments (Hammoud 2006) 

from measurements using thermoluminescent dosimeters (TLD). Patients receiving 

radiotherapy are exposed to very high radiation doses and so additional radiation from 

imaging poses an associated risk and should be minimized (Brenner 2006). It has been 

reported that patient position verification by standard mode kV-CBCT on a daily basis 

could increase the secondary cancer risk by 2% to 4% (Kan et al 2008). The use of 

CBCT is also relatively time consuming due to the time taken for scanning and image 

reconstruction, which may impact treatment for sites with large intra-fraction setup 

variation such as the prostate. 

The accuracy of CBCT localization also has been shown to depend on the image 

registration method/algorithm used for matching the treatment images with reference 

images. It has been reported in several studies that the use of a grey-value algorithm for 

matching of soft tissue during prostate radiotherapy does not produce accurate 

alignment of the prostate in the translational directions during IGRT. Shi et al compared 

soft tissue-based alignment to fiducial marker-based manual alignment on twelve 

prostate patients using the Elekta XVI system and found large discrepancies along the 

SI and AP direction alignments, with mean errors of -5.5 ± 4.8 mm and -3.1 ± 4.3 mm 

respectively (Shi et al 2011). Logadόttir et al compared daily prostate localization for 

20 patients on CBCT scans and fiducial markers using the Varian OBI version 1.4 and 

concluded that the CBCT soft tissue-based setup needs 1 mm larger setup margins than 

the fiducial-based setup to account for translational shifts. The Pearson’s correlations of 

translations in the SI and AP directions for the soft-tissue based on fiducial marker-

based matching in this study were 0.24 and 0.48 respectively, indicating modest 

agreements (Logadόttir et al 2011). Similar results were obtained by Moseley et al in 

the study comparing localization performance using fiducial marker-based EPID and 

CBCT soft-tissue for 15 prostate patients using the Elekta XVI system, where the 
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results showed relatively weak agreement between the two methods for translations in 

the SI and AP directions, with Pearson’s correlation of 0.51 and 0.49 respectively 

(Moseley et al 2007). 

In the imaging protocols provided by the Elekta XVI R4.5 kV-CBCT system, 

the volumetric imaging can be acquired through 360 or 200 degrees of rotation of the 

kV x-ray tube and detector around the patient. The use of 200 degrees rotation 

(hereafter referred as half-rotation) allows the acquisition of volumetric localization CT 

images with reduced imaging dose and scanning time. This version of software also 

introduced an automatic seed-chamfer matching algorithm for the registration of 

references and treatment images using fiducial-markers as surrogates for target volume.  

In this part of the study, we applied a half-rotation imaging protocol for the kV-

CBCT with image registration of fiducial markers for the correction of setup 

uncertainties. The half-rotation kV-CBCT imaging protocol has been used for the head 

and neck IGRT using bony landmarks as surrogates for registration (Den et al 2010, 

Masi et al 2008, Polat et al 2007). To our knowledge, the application of this protocol for 

IGRT of the prostate with kV-CBCT has yet to be reported. The use of half-rotation 

MV-CBCT for prostate IGRT has been reported elsewhere (Bylund et al 2008, Aubin et 

al 2006).  Pouliot et al developed a low-dose MV-CBCT where 3D images can be 

acquired with a total delivered imaging dose ranging from 5 to 15 cGy for a continuous 

gantry rotation of 180o (Pouliot et al 2004). This technique is different from the current 

study as it utilizes MV x-rays from the treatment unit for acquisition of CBCT images. 

The imaging dose delivered using MV-CBCT is anticipated to be much larger than 

IGRT using kV-CBCT. Pouliot et al developed a low-dose MV-CBCT where 3D 

images can be acquired with total delivered imaging dose ranged from 5 to 15 cGy with 

continuous gantry rotation of 180o.  
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The remainder of this chapter is organized as follows. A phantom study for the 

quantification of imaging dose and image quality is first described in section 6.3 to 

justify the rationale of the half-rotation kV-CBCT protocol for IGRT of the prostate.  

The methods, results and discussion of this part of study are provided in the same 

section. This is followed by the major part of the chapter, which presents the 

comparison of this imaging protocol with a more established method of fiducial marker-

based EPID in a clinical study. The aim is to examine the EPID and half-rotation kV-

CBCT paired software-suggested shifts using a daily correction strategy for method 

comparison. The methods, results and discussion of the comparison study are provided 

in sections 6.4, 6.5 and 6.6 respectively. A general summary is provided at the end of 

this chapter. 

 

6.2 Imaging systems 

The imaging systems used in this part of study are detailed in Chapter 3. The 

Elekta iViewGT EPID system and XVI kV-CBCT system are described in section 3.5.2 

and 3.5.3 respectively. The flexmap calibration as explained in section 3.6 is performed 

periodically to correct for the sag and flex of XVI detector panel and to ensure that 

coincidence of isocentres of the kV and MV x-rays at the three translational axes is 

within 0.5 mm. 

 

6.3 Phantom study  

A phantom study was first performed to quantify the reduction of imaging dose 

and image quality obtained using the half-rotation protocol in imaging using kV-CBCT, 

compared to the full-rotation protocol. The aim of this part of study is to show the use of 

the half-rotation protocol as a compromise between the imaging dose delivered and 

image quality achievable for prostate IGRT. 
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6.3.1  Imaging dose measurement 

An imaging dose measurement was performed to quantify the imaging dose 

delivered using the half-rotation CBCT protocol used for the clinical comparison study, 

which will be described in section 6.4. Imaging doses of two other protocols, the full-

rotation CBCT and the half-rotation with higher gantry rotation speed, were also 

measured for comparison. The full-rotation CBCT protocol used the same scan 

parameters as the clinical half-rotation CBCT protocol, except for the acquisition angle 

of 360 degrees, which corresponds to a total of 660 frames. The half-rotation with 

higher gantry rotation speed protocol used a gantry speed of 360 degrees/minute, in 

contrast with 180 degrees/minute used by the clinical half-rotation kV-CBCT protocol. 

The detailed scan parameters for all protocols are summarized in  

table 6.1. Note that the CBCT imaging system functions at a constant imaging 

frame rate. 

Point doses were measured with a pre-calibrated solid state detector, the CT 

Dose Profiler (RTI Electronics AB, Mölndal, Sweden). The dose sensitive part of the 

detector consists of a solid state chip of diode measuring 2 x 2 x 0.25 mm3 that is 

mounted in a cylindrical tube (165 mm length, 12.5 mm diameter). The detector was 

connected with a shielded cable to the electrometer of the RTI readout unit (Piranha) 

where the charge was collected for each sample (20-bit dynamic range) at a maximum 

speed of 2000 samples/second. The software CT Dose Profile Analyzer was used to 

collect, calculate and store the data from the CT Dose Profiler. Point dose measurement 

using CT dose profiler has been shown to have an uncertainty range of 5-10% using 

readings from thermoluminescent dosimeter as the gold standard (Palm et al 2010). 

The CT Dose Profiler was positioned in a standard CT dose-index (CTDI) body 

phantom (Polymethyl-methacrylate (PMMA) cylinder with a density of ρ = 1.19 g/cm3, 

diameter 32 cm, length 15 cm) for point measurement. The CTDI phantom consists of 

one cavity at the centre (labelled as point A) and four peripheral cavities positioned at 
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12, 3, 6 and 9 o’clock (labelled as point B, C, D and E) of the phantom, as shown in 

figure 6.1 . PMMA rods were provided to fill in the four unused cavities when one 

cavity was used for measurement. A 16 cm length of solid water was joined to the CTDI 

phantom, providing a total phantom length of 31 cm, so as not to significantly 

underestimate the scattered dose for measurement. For each CBCT scan, the profiler 

was sequentially placed at the centre and four peripheral positions. Thus, five CBCT 

scans produced one set of scan data for each scan protocol.  

 

 

 

Table 6.1. Detailed scan parameters of the protocols used for imaging dose measurement. 

 Scan protocol 

Half-rotation 
CBCT (Clinical) 

Full-rotation 
CBCT 

Half-rotation CBCT 
with higher gantry 

rotation speed 
Collimator*  S10 S10 S10 
kV filter* F0 F0 F0 
kV panel position* Small Small Small 
Peak voltage (kVp) 120 120 120 
Number of frames 366 660 188 
Nominal mAs per frame 16 16 16 
Nominal ms per frame 20 20 20 
Total mAs 117.1 211.2 60.2 
Acquisition angle  (deg) 200 360 200 
Gantry rotation speed (deg/min) 180 180 360 
Scanning time (s) 67 120 33 

*Please refer to Chapter 3 Section 3.5.3 for the detailed specifications 

(b)

E 

D 

C 

B 

A 

32 cm 15 cm 

(a)

Figure 6.1. A schematic diagram of a CTDI body phantom used for CTDI measurement 
in the (a) front view and (b) side view. 
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 The point doses measured were considered as the CTDI values, assuming that 

dose equilibrium was achieved as described in Dixon’s point dose method (Dixon 

2003). The weighted CTDI (CTDIw), which represent the average dose in the phantom, 

was calculated according to the following formula by Leitz et al (Leitz et al 1995): 

 CTDIw = 1/3 CTDIcentre + 2/3 CTDIperipheries (6.1) 

 

where CTDIcentre is a point dose at a central axis and CTDIperipheries is an average point 

dose at the periphery. The CTDIw was computed for all scanning protocols used in this 

study. 

 

6.3.2 Image quality assessment 

Image quality of reconstructed CBCT images impacts the judgement of 

therapists in visualizing the day-to-day variability of the status of the rectum and 

bladder during a course of radiotherapy. A phantom study was carried out to compare 

the image quality of CBCT images acquired using the three scanning protocols as 

tabulated in  

table 6.1. A Catphan phantom model CTP 503 (The Phantom Laboratory, Salem, 

NY) was used to evaluate the image quality based on two tests, i.e., the 3D spatial 

resolution and the 3D low-contrast visibility tests.  

 The 3D spatial resolution test was performed by locating the spatial resolution 

module slice of the reconstructed CBCT image, then magnified the image until the 

module filled the transverse view, and subsequently determined the highest number line 

pairs (lp/mm) visible by adjusting the brightness and contrast to achieve the best view 

for the line pairs. 
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 The 3D low contrast visibility test was carried out by locating the contrast 

resolution module slice of the reconstructed CBCT images and measuring the means as 

well as standard deviations of the pixel values of the polystyrene and low density 

polystyrene (LDPE) insert of the module. The low-contrast visibility value was defined 

mathematically in equation 6.2, where the mean and SD represent the mean and 

standard deviations of the pixel value respectively (Catphan User Manual). A large 

value of low-contrast visibility indicates that the imaging noise overwhelmed the 

difference of true imaging signals between polystyrene and LDPE, implying poor low-

contrast visibility.  
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6.3.3 Results 

Table 6.2 shows the imaging dose from CBCT for three scanning protocols 

measured using the CT dose profiler and CTDI body phantom. The imaging dose was 

the highest using the full-rotation CBCT with a CTDIw of 6.7 mGy, followed by the 

half-rotation CBCT (clinical) and half-rotation CBCT with high gantry rotation speed, 

with CTDIw of 3.7 mGy and 1.9 mGy respectively. 

Table 6.3 shows the results of image quality assessment for the three scanning 

protocols examined using the Catphan 503 phantom. The half-rotation (clinical) and the 

full-rotation CBCT protocols attained the same 3D spatial resolution of 3 lp/mm. The 

half-rotation CBCT with high gantry speed protocol had a lower spatial resolution of 2 

lp/mm. The full-rotation CBCT protocol had the best 3D low-contrast visibility of 



162 

 

1.04%, followed by the half-rotation CBCT (clinical) and half-rotation CBCT with high 

gantry rotation speed, with low-contrast visibility of 1.18% and 1.80% respectively. 

 

Table 6.2. Imaging doses of CBCT for three scanning protocols measured with CT dose profiler 

and CTDI body phantom. 

Scanning protocol 
Point dose (mGy) CTDIw 

(mGy) A B C D E 

Half-rotation CBCT (clinical) 2.1 7.2 7.8 2.4 0.7 3.7 

Full-rotation CBCT 3.5 9.4 8.2 6.7 8.8 6.7 

Half-rotation CBCT with high 

gantry rotation speed 
1.0 3.7 3.9 1.6 0.3 1.9 

 

Table 6.3. 3D spatial resolution and 3D low-contrast visibility for three scanning protocols 

assessed using Catphan 503 phantom. 

Scanning protocol 
3D spatial resolution  

(line pair (lp) /mm) 

3D low-contrast 

visibility (%) 

Half-rotation CBCT (clinical) 3 1.18 

Full-rotation CBCT 3 1.04 

Half-rotation CBCT with high gantry 

rotation speed 
2 1.80 

 

6.3.4 Discussion 

 Excessive radiation dose is of concern when a patient is imaged repeatedly 

during a course of radiotherapy. The half-rotation CBCT protocol used in this study 

aims to minimize the radiation dose by reducing the scan angle to approximately half 

and subsequently decreasing the number of frames from 660 to 366 during the scan. The 

imaging dose was further reduced by using the S10 collimator (see Chapter 3), which 

gives a field of view that is relatively small but is sufficiently large to image the fiducial 

marker configuration and the structures of interest during prostate treatment. Dose 

measurements using a CTDI phantom revealed that the half-rotation CBCT (clinical) 

protocol delivers a weighted CTDI dose of 3.7 mGy per scan, which is a substantial 
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reduction of 45% from the full-rotation CBCT protocol. If pre-treatment scans are taken 

on every treatment fraction (N=37 or 38), the total imaging dose delivered using the 

half-rotation CBCT protocol ranges from 13.7 cGy to 14.1 cGy, which is approximately 

0.19% of the total prescribed treatment dose of 74 Gy or 76 Gy. Adopting 0.2% of a 

treatment dose as the imaging dose limit recommended by Murphy et al (Murphy et al 

2007), the half-rotation CBCT (clinical) protocol used in this study would satisfy this 

dose limit. 

 The image quality for the half-rotation (clinical) was comparable to the image 

quality for its full-rotation counterpart. This is consistent with the findings by Kowatsch 

et al, where a reduction in projection data due to reduced scan angle did not result in 

deterioration of image quality parameters (Kowatsch et al 2011). 

The imaging time was reduced by 53 seconds by using the half-rotation CBCT 

(clinical) protocol instead of its full-rotation counterpart. The imaging time and dose 

can be reduced by increasing the gantry speed from 180 degrees/minute to 360 

degrees/minute and subsequently decreasing the number of frames acquired from 366 to 

188. However, it is also noted that the image quality in terms of 3D low-contrast 

visibility for the higher speed half-rotation protocol CBCT was drastically reduced by 

53% from the clinical half-rotation protocol. The substantial decrease in image quality 

may impact the judgement of the therapists and clinicians in visualizing the structures 

during daily scans, particularly the rectum and bladder. The choice of the clinical half-

rotation CBCT used in this study is therefore a compromise between the imaging dose 

and the image quality, as the image quality from this protocol does not differ drastically 

from the full-rotation protocol. In addition, the therapists and clinicians involved in this 

study have confirmed that the quality of CT images produced using the clinical half-

rotation CBCT is sufficient for the visualization of the daily status of rectum and 

bladder. 
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 A phantom study has been performed by Lu et al for the assessment of 

localization accuracy of half-rotation CBCT and reported accuracies of within 0.6 mm 

and 0.2 degrees for translational and rotational displacements respectively for the case 

of head and neck treatment (Lu et al 2010). However, it is desirable to have a clinical 

study for the case of prostate radiotherapy as the prostate is a highly mobile and 

deformable structures and a phantom study may not be sufficient to mimic these 

uncertainties.  

 

6.4 Method comparison of half-rotation kV-CBCT and EPID for 

fiducial markers localization 

The rest of this chapter is devoted to comparing the localization performance of 

the half rotation kV CBCT protocol to the more established method of using EPID for 

prostate targeting with fiducial markers. 

 

6.4.1 Patient cohort 

This clinical study included 25 patients treated with radical intent by three-

dimensional conformal radiotherapy (3D-CRT). The same patient selection criteria, 

simulation and planning procedures as discussed in Chapter 5, section 5.5.1 were used 

for this part of study. The bowel preparation, patient simulation and immobilization 

techniques are described in Chapter 3, section 3.2.3 of this thesis. All patients had 

commenced androgen deprivation therapy (ADT) at least 3 months prior to 

radiotherapy. Out of the 25 patients, 21 were prescribed 74 Gy in 37 daily fractions 

while the remaining 4 were prescribed 76 Gy in 38 fractions.   
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6.4.2 Image acquisition 

Figure 6.2 shows the flow diagram of the image acquisition and registration 

procedures used for online and offline analysis in this prospective study.  To compare 

the localization performance using half-rotation CBCT and EPID, images were acquired 

with both modalities before each daily treatment session. Portal images were taken 

using EPID immediately after the setup of patient on couch based on the lasers to skin 

tattoos. Two portal images of subtended angles between 50o to 130o were captured and 

stored for offline analysis.   

 

 

 

 

 

 

 

 

 

 

 

 

 

The CBCT dataset was acquired immediately after the acquisition of portal 

images and prior to the treatment. The half-rotation CBCT (clinical) scanning protocol 

as tabulated in  

table 6.1 was used with the start and stop angle of 230 and 70 degrees 

respectively (scanning angle = 200 degrees). The reconstruction resolution was set at 1 

Start

Set-up skin tattoos to 

laser

Acquire portal images

Acquire CBCT images

Perform seed-chamfer 

registration and record 

results

Offsets ≥ 5 

mm?

End

Treatment

Perform stereoscopic 

registration and 

record results

Perform grey-value 

and bony landmark 

registration. Record 

results

Method 

comparison 

study

Online couch 

correction

Offline analysis

Yes

No

Figure 6.2. A flowchart showing the image acquisition and registration procedures used for 
online and offline analysis. 
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mm3 and a filtered back-projection technique was employed in the reconstruction of 3D 

volumes (Feldkamp et al 1984). All data was processed using Pentium (R) D CPU 3.46 

GHz with 2 GB memory. 

Seed-chamfer registration, which will be described in section 6.4.3, was 

performed to match the CBCT scans with the planning CT using the XVI software. The 

isocentre shifts in three translational and rotational axes were computed. Online couch 

correction was performed only if the software-recommended correction was greater than 

5 mm in any of the translational directions. The couch was unable to correct for 

rotational components at the time of this study  

 

6.4.3 Image registration methods 

An offline stereoscopic image registration was performed on the portal image 

pairs acquired using EPID during actual treatment. The details of the stereoscopic 

registration method using fiducial markers are described in Chapter 3, section 3.6.1. 

Briefly, the fiducial markers as visible on both treatment portals were identified and 

matched to the reference DRRs using the point-based rigid body registration algorithm. 

The translations in three cardinal axes were recorded. 

The registration tool and methods available using XVI software have been 

described and illustrated in Chapter 3, section 3.6.2. Three different methods of 

registration were carried out to register the volumetric CBCT images with the reference 

CTs in this comparison study. The first registration method was the seed-chamfer 

technique, which was used for online correction during treatment. In this method, the 

‘mask’ tool was used to mark all the fiducial markers visible on the CBCT scans. The 

seed-chamfer algorithm segments only the high density pixels of fiducial markers for 

registration. The XVI software computed the deviations in the positions of the fiducial 
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markers between localization CBCT images with reference CT and the results were 

used clinically for online correction. 

Two registration methods were used for CBCT offline analysis, namely the 

grey-value matching and bony-match. In grey-value matching, a ‘clipbox’ was used to 

define the region of interest for grey-value registration. This clipbox encompassed the 

PTV and all the fiducial markers observed in the CBCT images. The grey-value 

algorithm utilized all the pixel information which includes the fiducial markers and the 

surrounding soft tissue inside the clipbox for matching. 

As for registration of CBCT images with reference CT using the bony algorithm, 

a clipbox was also used to define the volumes to be included for registration. The 

clipbox was defined along the pubis symphysis and the sacrum and coccyx for the 

anterior and posterior borders respectively. The superior and inferior borders were 

defined by the bottom of the pubic symphysis and the top of the acetabulum 

respectively. Similar to the seed-chamfer algorithm, the bony-match algorithm segments 

image pixels that are at least 1.5 times the density of water in the regions inside the 

clipbox for registration. 

 In should be noted that all the above registration algorithms and methods 

encompass fiducial markers information for registration. However, different methods 

assign different importance or priority to the various surrogates for registration where 

the seed-chamfer, grey-value and bony match algorithms designate the fiducial markers, 

soft tissue and bony landmarks respectively as prioritized surrogates for registration.  

The XVI software version 4.5 computed the registration results in terms of 

translations and rotations about three axes. Thus, a total of six localization parameters 

were used for the intra-modality study comparing three different registration algorithms 

for localization measurement. However, only the translational parameters were used for 

inter-modality comparison between EPID and CBCT. Offline analysis was performed 
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by a single expert user to eliminate the inter-observer variability. Online analysis was 

performed by various users during actual treatment but the inter-observer variability 

was anticipated to be minimal as the matching of fiducial markers was automated by the 

XVI software using the seed-chamfer algorithm with no manual intervention. 

 

6.4.4 Statistical analysis 

The daily deviations in terms of isocentre shifts of the treatment images from the 

references images were recorded for both half-rotation CBCT and EPID. The 

translational shifts were compared for the two imaging modalities in three translational 

axes namely the LR, SI and AP axes. The rotational components were not compared for 

the inter-modality study. The daily deviations were also compared between three 

different modes of registration algorithm using the XVI software as described 

previously. In addition to the three translational axes, the daily deviations for the three 

modes of registration algorithm were also compared for the rotations about the LR, SI 

and AP axes. All statistical analysis was performed using Medcalc 11.6.0 (Medcalc 

Software, Mariakerke, Belgium) and Mathematica 7.0 (Wolfram, Champaign, IL, USA) 

commercial software packages.  

 

6.4.5 Descriptive statistics 

Descriptive statistics were calculated for each imaging modality and registration 

algorithms. The descriptive statistics were summarized in terms of the mean, the 95% 

upper and lower confidence interval (CI), and the minimum and maximum deviations of 

the localization images from their respective reference images. Box-plots were 

constructed to assess the distributions of localization data for each method. The data 

series were also tested for normality using the Kolmogrov-Smirnov goodness-of-fit test. 

If the calculated Kolmogrov value (K) is < 0.05, the null hypothesis (H0: the data are 
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normally distributed) is rejected, for α = 0.05. If the calculated value of K ≥ 0.05, then 

the null hypothesis fails to be rejected. 

 

6.4.6 Four-parameter model and Van Herk’s margin 

The four-parameter model, as described in Chapter 2, was used to quantify the 

setup errors calculated by both EPID and CBCT. Briefly, this model calculates the mean 

( ( )i
M µ ) and standard deviation ( ( )iµΣ ) of setup for individual means as well as the root 

mean square )( )( i
RMS σ and the standard deviation )( )( iσΣ of individual standard 

deviations. Van Herk’s margin recipe of M = 2.5 Σ + 0.7 σ  (where σ = )( i
RMS σ ) was 

used to compare the size of margins generated by the setup distributions of each 

imaging modality. This margin ensures a minimum dose to the clinical target volume 

(CTV) of 95% for 90% of the patients (van Herk et al 2000). The dependence of the 

magnitudes of margin generated on the different translational directions is also assessed. 

 

6.4.7 Method comparison using Deming’s regression analysis 

The first comparison method used in this study is the Deming regression 

method, or Deming orthogonal regression (Cornbleet & Gochman 1979). The objective 

of Deming regression analysis is to determine the intercept and slope of the best-fit line, 

which are indicators of the constant and proportional biases respectively. Deming’s 

regression analysis offers the advantage of incorporating variance for both measures, in 

contrast with ordinary regression method that postulate that only a single axis exhibits 

variance. The implementation of Deming regression allows the assessment of 

proportional and constant between method biases between paired measures. 

In this method, the graphical representation of agreement is first obtained by 

plotting a scatter-plot of the localization data obtained by one method against 

localization data by another method and a Deming regression analysis is performed. The 
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Deming regression fit between two methods, for instance method 1 and 2, is computed 

using the variances in biases between two measures, and a population variance fit ratio 

is calculated as: 

 (SDmethod 1)
2/(SDmethod 2)

2 (6.3) 

 

where SD is the standard deviation of each method. The fit is illustrated against an 

identity line with slope = 1. The two methods are in good agreement if the intercept and 

slope equal zero and one respectively. The 95% confidence interval (CI) for the 

intercept can be used to test the hypothesis that the intercept = 0. This hypothesis is 

accepted if the 95% CI for the intercept contains the value 0 and vice versa. Similarly, 

the hypothesis that the slope = 1 is accepted if the 95% CI for the slope contains the 

value 1 and vice versa. 

 

6.4.8 Method comparison using Concordance correlation coefficient 

The concordance correlation coefficient is used to measure the evaluative 

concordance between two variables (Lin 1989). Briefly, the concordance correlation 

coefficient (ρc) is calculated as the product of the following: 

• The Pearson correlation coefficient (ρ), which measures how far each 

observation deviates from the best-fit line, and is a measure of precision. 

• The bias correction factor (Cb) which measures how far the best-fit line deviates 

from the 45o lines through the origin, and is a measure of accuracy. This factor is 

computed using the following equation: 

 )/1/(2 2
uvvCb ++=  (6.4) 

 )/( 21 SDSDv =  (6.5) 

 )(/)( 2121 SDxSDmmu −=  (6.6) 
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In equations 6.5 and 6.6, SD1 and SD2 are the standard deviations of the 

measurements using method 1 and 2 respectively. In equation 6.6, m1 and m2 are the 

means of the measurements using method 1 and 2 respectively. Techniques under 

comparison are regarded to be in good agreement as ρc approaches the value of 1.0. The 

Partik’s criteria (Partik et al 2002), shown in table 6.4, are used to designate the value of 

ρc into an ordinal scale. 

 

Table 6.4. Partik’s criteria (Partik et al 2002) designates the value of ρc into an ordinal scale. 

ρc Agreement 

>0.95 Excellent 
>0.9 Very good 
>0.8 Fairly good 
>0.7 Middling/satisfactory 
>0.6 Mediocre 
>0.5 Poor 
≤0.5 Unacceptable 

 

6.4.9 Bland-Altman limits of agreement (LoA) analysis 

The Bland-Altman limits of agreement (LoA) analysis were introduced for 

method agreement analysis in cases when an established ‘gold-standard’ has not been 

determined (Bland and Altman 1999). The LoA method is not measured with a p-value. 

Instead, it is a visualization of the difference of the measurements made by the two 

methods followed by a plot of the differences (y-axis) versus the mean of the two 

measurements (x-axis). The mean, d , and standard deviation, Sd, of the difference of 

each paired measurement denote the systematic bias estimation (SBE) and random bias 

estimation (RBE) respectively. In addition, two reference lines which represent the 95% 

LoA are plotted. These two lines are calculated by the following formula:  

 
dSdLOA 96.1%95 ±=  (6.7) 
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Equation 6.7 gives the upper and lower control limits of a range wherein 

measurements from each modality/registration algorithm may be expected to agree in 

95% of the case. 

A different approach to the LoA method is taken to assess the agreement 

between methods of measurement with multiple observations per individual (Bland and 

Altman 2007). This is true for the data in this study where multiple observations were 

obtained for a single patient due to the fractionation of the radiotherapy treatment. Apart 

from assessing the average difference between methods, the variability in those 

differences across individual patients can also be examined.  

For LoA analysis of measurements with multiple observations per patient, two 

types of variance are considered for analysis, i.e. (i) variance for repeated differences 

between two methods on the same patient and (ii) variance for differences between the 

averages of the two methods across all patients. Both variances can be determined from 

a one-way ANOVA, using the difference in matched pairs as a response. The variance 

of multiple between-method differences for the same patient is simply the residual mean 

square of the ANOVA analysis. The variance of differences between the average 

difference across all patients is the difference between the mean squares for patients and 

the residual mean square divided by a value calculated as:  

 ( )
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 (6.8) 

where mi is the number of observations on patient i and n is the number of patients.  The 

combined variance for single differences across all patients is estimated as the sum of 

the two variance components. Taking the square roots of the combined variance yields 

its standard deviation which is used to calculate the 95% LoA using equation 6.7. The 

95% LoA are calculated and reported for a comparison of EPID and CBCT using 

multiple registration algorithms.  
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6.4.10 Cohen’s kappa analysis 

The clinical policy in our institution requires a couch correction to be executed if 

there is a shift of 5 mm or larger in any translational direction. Cohen’s kappa inter-rater 

analysis is performed to compare the agreement between two image-guidance methods 

in executing couch correction at a 5 mm action level. In this analysis, the aim is to 

evaluate the extent to which two image-guidance methods agree while assigning the 

outcome of localization to two possible actions, i.e., ‘to perform couch correction’ or 

‘not to perform couch correction’ at a 5 mm action level. For comparison,  an action 

level of 3 mm is also tested using Cohen’s kappa analysis. 

Cohen’s kappa analysis involves the computation of the value κ, which is given 

by (Cohen 1960): 

 

)Pr(1
)Pr()Pr(

e

ea

−

−
=κ  (6.9) 

where Pr(a) is the relative observed agreement between methods, and Pr(e) is the 

hypothetical probability of chance agreement, using the observed data to calculate the 

probabilities of each method randomly giving the two possible actions for the outcome 

of localization. Thus, the value κ indicates the proportion of agreements that is actually 

observed between image-guidance methods, after adjusting for the proportion of 

agreements that take place by chance. The computed value of κ ranges from 0 to 1, with 

a value of 1 indicating perfect (complete) agreement. Landis and Koch proposed a 

guideline to interpret the values of κ into the ordinal scale as shown in table 6.5 (Landis 

and Koch 1977). 
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Table 6.5. Guidelines by Landis and Koch (Landis and Koch 1977) for interpreting the value κ 

into the ordinal scale 

Values of κ Strength of agreement 

< 0.20 Poor 
0.21 – 0.40 Fair 
0.41 – 0.60 Moderate 
0.61 – 0.80 Good 
0.81 – 1.00 Very good 

 

6.5 Results  

6.5.1 Descriptive statistics 

A total of 873 paired software-suggested shifts of half-rotation CBCT and EPID 

were captured during the course of radiotherapy for the 25 patients in this study, with a 

mean of 37 alignment pairs per patient. The box-plots for the translational and rotational 

shifts for each imaging modality and registration method are shown in figure 6.3. The 

numerical values of these statistics are provided in Appendix C of this thesis.  

Through visual inspection of the box-plots, the distributions of translational shift 

for all compared methods were observed to be comparable. The mean translational shift 

in each cardinal axis was within 0.5 mm in all directions for both imaging modalities 

and registration methods, with the standard deviations ranged from 2.6 mm to 3.2 mm. 

A normality test using the Kolmogrov-Smirnov test revealed that all translational data 

was normally distributed at α = 0.05.  

As for the rotational shifts about each rotational axis measured using the half-

rotation CBCT, all mean rotations were within 0.7o except for the mean rotation about 

the LR axis measured the using seed-chamfer algorithm, where a mean of 1.7o was 

recorded.  The standard deviations were larger for rotations about the LR axis using the 

seed-chamfer and grey-value matching with values of 5.8 and 4.3 degrees respectively.  

All rotational datasets were not normally distributed, except for rotations about the LR 

and AP axes using the seed-chamfer algorithm. The histograms of translational and 
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rotational shifts between localization and reference images for each modality and 

registration method are shown in Appendix D. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.3. Box-plots of (a) translational shifts measured using EPID and half-rotation CBCT 
and (b) rotational shifts measurement using half-rotation CBCT. The median is identified by a 
line inside the box. The upper and lower error bars represent the maximum and minimum values 
respectively. The circles represent outliers (> 1.5 inter-quartile range (IQR) and < 3 IQR from 
the ned of the box. The asterisks represent extreme outliers of  ≥3IQR. 

(a) 

(b) 
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6.5.2 Four-parameter model and Van Herk’s margin 

The values of four-parameter models of the translational shifts and the 

probabilistic PTV margin derived using Van Herk’s formula are shown in table 6.6. The 

systematic error ( ( )iµΣ ) and random error  ( )( i
RMS σ ) for both modalities and all 

registration methods ranged from 1.3 mm to 2.0 mm and 2.0 mm to 2.8 mm 

respectively. Except for the registration using bony-match algorithm, all )( i
RMS σ  were 

consistently larger than the ( )iµΣ  by approximately 1 mm in all directions. The mean 

systematic errors ( ( )i
M µ ) are similar between EPID and half-rotation CBCT using seed-

chamfer and grey-value matching algorithms. The Van Herk’s PTV margin expansion 

derived from these parameters ranged from 4.9 mm to 6.3 mm for all methods. The 

margins generated between EPID and half-rotation CBCT using seed-chamfer and grey-

value matching algorithms were similar, with a maximum difference of only 0.6 mm in 

the AP direction. Except for the registration using the bony-match algorithm, the ( )iµΣ  

and )( i
RMS σ were observed to be the largest in the AP direction and therefore resulted in 

the largest PTV margin in this direction. 
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Table 6.6. Values of four-parameter model and Van Herk’s margin (all values in mm). 

 

 

 

 

 

 

Modality/ 

Registration 

technique 

LR SI AP 

( )i
M µ  ( )iµΣ  

 

)( i
RMS σ

 
)( iσΣ  

Van 

Herk’s 

margin 
( )i

M µ  ( )iµΣ  

 

)( i
RMS σ

 
)( iσΣ  

Van 

Herk’s 

margin 
( )i

M µ  ( )iµΣ  

 

)( i
RMS σ

 
)( iσΣ  

Van 

Herk’s 

margin 

EPID  -0.1 1.4 2.3 0.9 5.2 -0.2 1.5 2.5 0.6 5.4 -0.3 1.7 2.7 0.6 6.2 

CBCT        

(seed-chamfer) 
-0.3 1.4 2.4 1.0 5.2 0.3 1.4 2.6 0.8 5.3 -0.3 1.7 2.8 0.7 6.3 

CBCT       

(grey-value) 
-0.2 1.3 2.4 0.9 4.9 0.4 1.4 2.5 0.7 5.2 -0.5 1.5 2.7 0.6 5.7 

CBCT       

(bony match) 
-0.2 1.3 2.3 0.9 5.0 -0.1 2.0 2.0 0.6 6.3 -0.4 1.7 2.0 0.6 5.7 
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6.5.3 Deming’s regression analysis 

Figure 6.4 shows the bivariate scatter-plots with the Deming regression fit and 

line of identity comparing EPID and half-rotation CBCT (seed-chamfer) for 

localization. The blue solid line represents the Deming regression fit and the dashed 

brown line is the line of identity. If both imaging modalities agreed perfectly, the 

Deming regression fit will lie exactly on the line of identity. Visually, the comparison 

between EPID and half-rotation CBCT (seed-chamfer) shows a near-perfect agreement, 

with the Deming regression fit almost identical to the line of identity. All scatter-plots 

with Deming regression fit for other method comparisons for localization are shown in 

Appendix E of this thesis.  

Proportional and constant biases between methods for comparison of 

translational and rotational shifts are summarized in table 6.7 and table 6.8 respectively. 

As shown in table 6.7, the inter- and intra-modality method comparison for translational 

shifts generally showed good agreement, with an absence of constant and proportional 

bias at p < 0.05. However, constant biases were exhibited in the SI direction for the 

inter-modality as well as intra-modality comparisons using half-rotation CBCT seed-

chamfer with bony-match algorithms. Constant biases were also noted for inter-

modality comparisons using EPID and half-rotation CBCT (grey value) as well as intra-

modality comparisons using seed-chamfer with grey-value algorithms in the AP 

direction. There was no proportional bias across all method comparisons for 

translational shifts. 

The Deming regression analysis of intra-modality method comparison for 

rotational shifts showed modest agreement, as shown in table 6.8. Proportional and 

constant biases were observed for the majority (ten out of twelve) of the compared 

methods.  
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Figure 6.4. Scatter-plots of translational shifts from half-rotation CBCT (seed-chamfer) and 
EPID in the (a) LR, (b) SI and (c) AP directions. The solid line is the Deming regression fit and 
the dashed line is the line of identity. 

(a) 

(b) 

(c) 
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Table 6.7. The results of Deming regression analysis for method comparison for translational shift (Numbers in bracket indicate 95% CI). 

 
 

Table 6.8. The results of Deming regression analysis for method comparison for rotational shift (Numbers in bracket indicate 95% CI). 

Modality/Registration 

technique 

LR SI AP 

Constant bias 

(mm) 
Proportional bias 

Constant bias 

(mm) 
Proportional bias 

Constant bias 

(mm) 
Proportional bias 

EPID vs CBCT (seed-

chamfer) 
0.1 (0.0 to 0.2) 1.0 (0.9 to 1.0) -0.4 (-0.5 to -0.3) 1.0 (0.9 to 1.0) 0.0 (-0.1 to 0.1) 1.0 (0.9 to 1.0) 

EPID vs CBCT (grey-

value) 
0.1 (0.0 to 0.2) 1.0 (0.9 to 1.0) -0.6 (-0.7 to -0.4) 1.0 (1.0 to 1.1) 0.1 (0.1 to 0.3) 1.0 (1.0 to 1.1) 

CBCT (seed-chamfer) 

vs CBCT (grey-value) 
0.0 (-0.1 to 0.0) 1.0 (1.0 to 1.1) -0.1 (-0.2 to 0.0) 1.0 (1.0 to 1.1) 0.1 (0.1 to 0.3) 1.0 (1.0 to 1.2) 

CBCT (seed-chamfer) 

vs CBCT (bony match) 
0.0 (-0.1 to 0.0) 1.0 (1.0 to 1.1) 0.4 (0.2 to 0.6) 1.1 (0.9 to 1.2) 0.2 (0.0 to 0.5) 1.2 (0.9 to 1.3) 

Modality/Registration 

technique 

LR SI AP 

Constant bias 

(deg) 
Proportional bias 

Constant bias 

(deg) 
Proportional bias 

Constant bias 

(deg) 
Proportional bias 

CBCT (seed-chamfer) 

vs CBCT (grey-value) 
-1.6 (-1.9 to -1.2) 1.4 (1.2 to 1.5) -0.5 (-0.7 to 0.3) 1.1 (0.9 to 1.3) -0.5 (-0.7 to 0.3) 1.1 (0.9 to 1.3) 

CBCT (seed-chamfer) 

vs CBCT (bony match) 
-2.1 (-3.5 to -0.7) -3.6 (-15.7 to 8.4) -0.6 (-0.8 to -0.4) 2.4 (1.7 to 3.0) 0.5 (0.3 to 0.6) 2.6 (2.1 to 3.2) 
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6.5.4 Concordance correlation analysis 

Table 6.9 shows the results of concordance correlation measures for translational 

shifts. The comparison of EPID versus half-rotation CBCT using seed-chamfer and 

grey-value matching algorithms in all three axes resulted in concordance correlation 

coefficients (ρc) ranged from 0.83 to 0.90 with ordinal agreement of ‘fairly good’ and 

‘very good’ according to Partik’s criteria.  

The two intra-modality comparisons within the half-rotation CBCT recorded 

‘excellent’ concordances in the LR direction with ρc of 0.96. However, half-rotation 

CBCT matching using seed-chamfer and bony-match algorithms in the SI and AP 

directions showed ‘unacceptable’ agreement with both having ρc of 0.49.  

Based on the values of ρc, the concordances between methods were generally the 

best in the LR direction and the worst in the AP direction. The concordance between 

EPID and half-rotation CBCT using the seed-chamfer algorithm was also shown to be 

better compared to the concordance between EPID and half-rotation CBCT using grey-

value matching algorithm.  

Table 6.10 shows the concordance correlation measures for rotational shifts. The 

concordances of rotation shifts comparing various registration algorithms using half-

rotation CBCT were ‘poor’ and ‘unacceptable’ about all the rotational axes, with the 

majority (5 out of 6) of the  ρc recorded values of smaller than 0.5. 
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Table 6.9. The concordance correlation coefficients ρC (95% CI) of translational shifts for method comparison. 

 

Table 6.10. The concordance correlation coefficients ρC (95% CI) of rotational shifts for method comparison. 

Modality/Registration 

technique 

LR SI AP 

ρc (95% CI) 
Agreement 

(Partik’s criteria) 
ρc (95% CI) 

Agreement 

(Partik’s criteria) 
ρc (95% CI) 

Agreement 

(Partik’s criteria) 

EPID vs CBCT (seed-

chamfer) 
0.90 (0.90 to 1.00) Very good 0.86 (0.83 to 0.87) Fairly good 0.90 (0.89 to 0.91) Very good 

EPID vs CBCT (grey-

value) 
0.88 (0.86 to 0.89) Fairly good 0.83 (0.79 to 0.83) Fairly good 0.86 (0.84 to 0.88) Fairly good 

CBCT (seed-chamfer) 

vs CBCT (grey-value) 
0.96 (0.95 to 0.96) Excellent 0.89 (0.87 to 0.90) Fairly good 0.89 (0.87 to 0.90) Fairly good 

CBCT (seed-chamfer) 

vs CBCT (bony match) 
0.96 (0.96 to 0.97) Excellent 0.49 (0.43 to 0.53) Unacceptable 0.48 (0.42 to 0.52) Unacceptable 

Modality/Registration 

technique 

LR SI AP 

ρc (95% CI) 
Agreement 

(Partik’s criteria) 
ρc (95% CI) 

Agreement 

(Partik’s criteria) 
ρc (95% CI) 

Agreement 

(Partik’s criteria) 

CBCT (seed-chamfer) 

vs CBCT (grey-value) 
0.57 (0.52 to 0.60) Poor 0.46 (0.41 to 0.51) Unacceptable 0.48 (0.43 to 0.53) Unacceptable 

CBCT (seed-chamfer) 

vs CBCT (bony match) 
-0.01 (-0.04 to 0.02) Unacceptable 0.22 (0.18 to 0.26) Unacceptable 0.24 (0.20 to 0.28) Unacceptable 
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6.5.5 Bland-Altman limits of agreement (LoA) analysis 

Method comparison for translational and rotational shifts using the Bland-

Altman LoA analysis is demonstrated in tabular form in table 6.11 and table 6.12 

respectively. The graphical plot comparing half-rotation CBCT (seed-chamfer) and 

EPID is shown in figure 6.5. All other LoA plots can be found in Appendix F of this 

thesis.  

The inter-modality comparison of translational shifts using EPID and half-

rotation CBCT (seed-chamfer) resulted in mean differences of 0.2 ± 1.2 mm, -0.4 ± 1.5 

mm and 0.0 ± 1.4 mm in the LR, SI and AP directions respectively. The 95% LoA were 

-2.2 to 2.5 mm, -3.4 to 2.4 mm and -2.8 to 2.8 mm in the LR, SI and AP directions 

respectively. The inter-modality comparison using EPID and half-rotation CBCT (grey-

value) showed larger values of the mean difference as well as the 95% LoA in all 

directions compared to those using EPID versus half-rotation CBCT (seed-chamfer). 

Both inter-modality comparisons revealed the narrowest and widest 95% LoA in the LR 

and SI directions respectively.   

Intra-modality comparisons of translational shifts using seed-chamfer and grey-

value matching algorithms resulted in 95% LoA of -1.7 to 1.6 mm, -2.8 to 2.6 mm and -

2.7 to 3.1 mm in the LR, SI and AP directions respectively. Larger 95% LoA in the SI 

and AP directions were observed for comparisons using seed-chamfer and bony-match 

matching algorithms, with values of -5.3 to 6.0 mm and -5.9 to 6.1 mm respectively. 
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Table 6.11. Bland-Altman LoA analysis of translational shift for method comparison (all measurements in mm). 

 
 

Table 6.12. Bland-Altman LoA analysis of rotation shift for method comparison (all measurements in mm). 

Modality/Registration 

technique 

LR SI AP 

Difference 

(Mean ± SD)  

95% Limits of 

agreement 

Difference 

(Mean ± SD) 

95% Limits of 

agreement 

Difference 

(Mean ± SD) 

95% Limits of 

agreement 

EPID vs CBCT (seed-

chamfer) 
0.2 ± 1.2 -2.5 to 2.5 -0.4 ± 1.5 -3.4 to 2.4 0.0 ± 1.4 -2.8 to 2.8 

EPID vs CBCT (grey-

value) 
0.1 ± 1.3 -2.5 to 2.8 -0.6 ± 1.7 -3.8 to 2.7 0.2 ± 1.6 -3.0 to 3.4 

CBCT (seed-chamfer) 

vs CBCT (grey-value) 
0.0 ± 0.8 -1.7 to 1.6 -0.1 ± 1.4 -2.8 to 2.6 0.2 ± 1.5 -2.7 to 3.1 

CBCT (seed-chamfer) 

vs CBCT (bony match) 
-0.1 ± 0.7 -1.5 to 1.4 0.3 ± 2.9 -5.3 to 6.0 0.1 ± 3.1 -5.9 to 6.1 

Modality/Registration 

technique 

LR SI AP 

Difference 

(Mean ± SD)  

95% Limits of 

agreement 

Difference 

(Mean ± SD) 

Difference 

(Mean ± SD)  

95% Limits of 

agreement 

Difference 

(Mean ± SD) 

CBCT (seed-chamfer) 

vs CBCT (grey-value) 
-1.6 ± 4.6 -10.7 to 7.5 -0.5 ± 2.6 -5.6 to 4.7 -0.4 ± 1.8 -3.9 to 3.1 

CBCT (seed-chamfer) 

vs CBCT (bony match) 
-1.6 ± 6.2 -13.7 to 10.5 -0.3 ± 2.6 -5.4 to 4.8 0.3 ± 1.8 -3.1 to 3.8 
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2.5 

-2.2 

2.4 

-3.4 

2.8 

-2.8 

Figure 6.5. Bland-Altman plots for the comparison of half-rotation CBCT (seed-chamfer) and 
EPID for translational shifts. Different marker styles represent different patients in this study. 
The blue line is the mean difference, which represents the SBE, and the red dashed line is the 
line of identity. The two dashed brown lines represents the upper and lower 95% LoA. 

(a) 

(b) 

(c) 
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The intra-modality comparison of rotational shifts using seed-chamfer versus 

grey-value matching algorithms gave mean differences of -1.6 ± 4.6 degrees, -0.5 ± 2.6 

degrees and -0.4 ± 1.8 degrees about the LR, SI and AP axes respectively. Comparisons 

of CBCT seed-chamfer with bony-match algorithms yielded mean difference of -1.6 ± 

6.2 degrees, -0.3 ± 2.6 degrees and 0.3 ± 1.8 degrees about the LR, SI and AP axes 

respectively. The 95% LoA for rotational shifts for both intra-modality comparisons 

revealed similar results, with the narrowest and widest 95% LoA about the LR and SI 

axes respectively.  The 95% LoA about the LR axis were -10.7 to 7.5 degrees and -13.7 

to 10.5 degrees for comparisons using the seed-chamfer versus grey-value matching 

algorithms and the seed-chamfer versus bony-match algorithms respectively.  

 

6.5.6 Cohen’s kappa analysis 

Table 6.13 summarizes the results of Cohen’s kappa analysis comparing the 

agreement between methods/matching techniques in executing translational corrections 

of the couch at a 5 mm action level. The kappa coefficients obtained were 0.65, 0.61 

and 0.68 in the LR, SI and AP directions respectively for inter-modality comparisons 

between EPID and half-rotation CBCT (seed-chamfer), which correspond to ‘good’ 

agreements according to the Landis and Koch criteria. The comparisons between the 

EPID and half-rotation CBCT (grey-value) yielded slightly lower kappa coefficients 

with values of 0.61, 0.59 and 0.60 in the LR, SI and AP directions respectively. Both 

inter-modality comparisons yielded the best agreement in the LR direction.  

The kappa coefficients obtained for intra-modality comparisons of seed-chamfer 

and grey-value matching algorithms at a 5 mm action level ranged from 0.66 to 0.75 in 

all directions, so all agreements were classed as ‘good’ according to the Landis and 

Koch criteria. However, the intra-modality comparison of seed-chamfer and bony match 
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algorithms resulted in poor agreements in the SI and AP directions, with kappa 

coefficients of 0.20 and 0.12 respectively. 

Table 6.14 summarizes the results of Cohen’s kappa analysis comparing 

agreement between methods/matching techniques in executing translational corrections 

of the couch at a 3 mm action level. The results were similar to those for an action level 

of 5 mm. Kappa coefficients were generally higher for the 3 mm action level in the LR 

and AP directions compared to the 5 mm action level. Inter-modality comparison 

between EPID and CBCT (seed-chamfer and grey-value algorithms) yielded moderate 

and good agreement with Kappa coefficients ranging from 0.53 to 0.75 in all directions. 

Intra-modality comparison between seed-chamfer and bony-match algorithms showed 

poor agreement in the SI and AP directions with Kappa coefficients of 0.18 and 0.28 

respectively. 
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Table 6.13. The Cohen’s kappa coefficient (κ) for method comparison in executing translational couch correction at a 5 mm action level. 

 

 

 

 

Modality/Registration 

technique 

LR SI AP 

κ (95% CI) 

Agreement 

(Landis & Koch 

criteria) 

κ (95% CI) 

Agreement 

(Landis & Koch 

criteria) 

κ (95% CI) 

Agreement 

(Landis & Koch 

criteria) 

EPID vs CBCT (seed-

chamfer) 
0.65 (0.61 to 0.69) Good 0.61 (0.57 to 0.65) Good 0.68 (0.65 to 0.72) Good 

EPID vs CBCT (grey-

value) 
0.61 (0.57 to 0.65) Good 0.59 (0.55 to 0.63) Moderate 0.60 (0.55 to 0.63) Moderate 

CBCT (seed-chamfer) 

vs CBCT (grey-value) 
0.75 (0.71 to 0.78) Good 0.72 (0.69 to 0.75) Good 0.66 (0.62 to 0.69) Good 

CBCT (seed-chamfer) 

vs CBCT (bony match) 
0.79 (0.77 to 0.82) Good 0.20 (0.14 to 0.26) Poor 0.12 (0.06 to 0.18) Poor 
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Table 6.14. The Cohen’s kappa coefficient (κ) for method comparison in executing translational couch correction at a 3 mm action level. 

 

 

Modality/Registration 

technique 

LR SI AP 

κ (95% CI) 

Agreement 

(Landis & Koch 

criteria) 

κ (95% CI) 

Agreement 

(Landis & Koch 

criteria) 

κ (95% CI) 

Agreement 

(Landis & Koch 

criteria) 

EPID vs CBCT (seed-

chamfer) 
0.75 (0.72 to 0.79) Good 0.60 (0.56 to 0.63) Moderate 0.71 (0.68 to 0.74) Good 

EPID vs CBCT (grey-

value) 
0.71 (0.68 to 0.75) Good 0.53 (0.49 to 0.57) Moderate 0.63 (0.59 to 0.66) Good 

CBCT (seed-chamfer) 

vs CBCT (grey-value) 
0.85 (0.83 to 0.88) Very good 0.72 (0.69 to 0.75) Good 0.72 (0.68 to 0.75) Good 

CBCT (seed-chamfer) 

vs CBCT (bony match) 
0.85 (0.82 to 0.87) Very good 0.18 (0.13 to 0.23) Poor 0.28 (0.24 to 0.33) Fair 
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6.6 Discussion 

The half-rotation CBCT protocol is widely used for IGRT of the head and neck 

region, where there is minimal movement of the target volume and surrounding 

structures, and is the standard preset for head and neck imaging in the Elekta XVI kV-

CBCT. The large bony structures at the head and neck region enable image registration 

to be performed accurately even with the use of localization CT images of reduced 

quality generated from the half-rotation CBCT. This is because the registration 

algorithm utilizes the pixel values from the bony structures on CT images for matching. 

The CT numbers of thesese pixelsare largely unaffected by changing the image 

acquisition mode from full-rotation to half-rotation CBCT as the high contrast of bony 

structures is preserved (Sykes et al 2005). 

The introduction of the seed-chamfer algorithm in the XVI software provides the 

opportunity for fiducial marker-based targeting in radiotherapy of the prostate using 

CBCT.  Fiducial markers have a pixel density similar to that of bony structures and so 

their contrast and the localization accuracy are minimally affected, even with the use of 

localization CT images of reduced quality. The use of fiducial marker-based targeting of 

the prostate using CBCT can overcome the limitations of grey-value matching of soft 

tissues for localization due to the deformation of target volume and surrounding normal 

tissues as well as the day-to-day delineation uncertainty of the target volume. The 

clinical results presented in this chapter demonstrate the localization performance of the 

half-rotation CBCT protocol in conjunction with the seed-chamfer matching algorithm 

in aclinical environment. The performance was then compared with that ofthe more 

established method of using EPID for IGRT of the prostate. To our knowledge, this is 

the first clinical study involving the use of the half-rotation kV-CBCT imaging protocol 

for IGRT of the prostate.  
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  Method comparison studies reported in the literature usually involve the use of 

statistical methods such as normal regression analysis and Student’s t-test. However, 

these methods of comparison are inappropriate without the presence of a gold standard 

(Fuller et al 2006, Bland and Altman 1999). In this study, multiple established statistical 

methods for method comparisons have been adopted for more reliable analyses. A 

worked example on the justification of using various statistical techniques for method 

comparison is provided in Appendix B of this thesis. 

 All translational datasets exhibited normal distribution according to the 

Kolmogrov-Smirnov goodness of fit test (p > 0.05), which indicated an absence of 

systematic bias. Therefore, a standard fixed margin in all translational directions around 

the GTV to form the PTV is appropriate. The systematic and random errors computed in 

this study were found to be consistent with the values reported in the literature (see 

Chapter 2). The magnitudes of the systematic and random errors were found to be 

different in all three translational directions, with the largest errors in the AP direction. 

Except for the dataset acquired using the bony-match algorithm, the van Herk’s margin 

for the AP direction was 0.5 to 1.0 mm larger than margins for the LR and SI directions. 

Therefore, it is appropriate to calculate a margin for direction, rather than impose a 

fixed margin of the same magnitude surrounding the target volume. 

 Deming regression analysis allows the evaluation of constant and proportional 

biases between measures. The findings demonstrated that constant biases existed in the 

inter-modality comparison between EPID and half-rotation CBCT in the translational SI 

direction. This bias was probably due to the finite thickness of the CT slices (2 mm) 

used along the SI direction, which limited the accuracy of registration in this axis. No 

proportional bias was observed for any method comparisons. It should be noted that a 

constant error is easier to account for using a linear differential, as opposed to the 

proportional error component which may exhibit a different mathematical relationship. 
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 Concordance correlation analysis provides a single value representing 

concordance between localization methods for comparison. As there is no formally 

designated threshold for ρ, a grading schema proposed by Partik et al has been used for 

method comparison (Partik et al 2002). Similarly, Cohen’s Kappa inter-rater analysis 

provides a single value representing agreement between localization methods in 

performing couch correction at a 5 mm action level, for which the grading schema 

proposed by Landis and Koch has been used (Landis and Koch 1977). The analyses of 

concordance and inter-rater agreement of translational shifts generated using EPID and 

half-rotation CBCT yielded agreements varying from ‘fairly good’ to ‘very good’ and 

‘moderate’ to ‘good’ respectively. A detailed assessment of the coefficients revealed the 

best and worst agreement in the LR and SI directions respectively, which is consistent 

with other method comparison studies (Logadottir et al 2011, Owen et al 2009, Moseley 

et al 2007). 

 The 95% agreement limits from the Bland-Altman LoA analysis were between 

2.0 and 3.5 mm in any translational direction. This range of agreement limits is 

comparable with the results of investigations by Moseley et al (Moseley et al 2007) and 

Owen et al (Owen et al 2009), which indicate limits of 1.5 to 4.0 mm and 0.2 to 3.9 mm 

respectively (note that the LoA for the study by Owen et al was set for a 3 mm 

threshold). In all studies, the limits of agreement are poorest in the SI direction. Bland-

Altman analysis does not give a formal threshold for agreement but leaves 

determination of whether two methods are in sufficient agreement as a clinical 

judgement. In the case of this study, the limits of agreement of the translational shift 

were all within the non-zero action level of 5 mm for couch correction, as adopted by 

our institution. Based on this assessment, it is appropriate to conclude that the two 

methods of localization, the EPID and the CBCT using a half-rotation protocol, can be 

used interchangeably at a 5 mm action level. 
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 Translational shifts calculated with the seed-chamfer matching algorithm in 

conjunction with the half-rotation CBCT protocol showed consistently better agreement 

with EPID results than shifts calculated with the grey-value matching algorithm. The 

seed-chamfer matching algorithm uses only pixels  which have a pixel density of 1.5 

times that of soft tissue, which should correspond to fiducial markers. These high-

density pixels were matched with the fiducial markers identified by therapist on the 

portal images. However, the grey-value matching algorithm uses the pixel values of 

both fiducial markers and all soft tissue within the clipbox for registration. It has been 

reported that rigid-body registration of soft-tissue alone for translational shifts is not 

accurate in the presence of organ deformation due to temporal physiological activity 

(Kristy 2009, Brock et al 2008, Wang et al 2005) and this may explain the slight 

inferiority of the grey-value matching algorithm compared to the seed-chamfer 

algorithm in achieving agreement with the fiducial-based EPID. This may also explain 

the slight differences in the results of the intra-modality comparison using seed-chamfer 

and grey-value matching algorithms for translational shifts. 

 The intra-modality comparison of the seed-chamfer and bony-match algorithms 

for localization showed poor agreement according to all statistical methods for method 

comparison. This confirms that bony structures are inappropriate surrogates for the 

prostate in IGRT as the prostate gland moves independently of the surrounding pelvic 

bones, as reported by other authors (Schallenkamp et al 2005, Nederveen et al 2003). 

 A few factors may contribute to the discrepancies between localization results 

for half-rotation CBCT and EPID. Firstly, the CBCT volumetric images were 

reconstructed from a number of CT slices, whereas the EPID produced planar-datasets, 

and so these modalities generate two different representations of the volume. 

Additionally, the CT slices were of finite thickness (2 mm), which became the limit of 

accuracy for determining the position of fiducial markers in the SI direction. The limit 
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of accuracy for determining the position of fiducial markers in the EPID images was set 

by the EPID pixel size, which is approximately 0.25 mm. Secondly, the relatively poor 

quality of portal images obtained from the EPID may contribute to the differences in the 

detected positions of fiducial markers between portal images and CT images, as the 

resolution affected the accuracy of the operator in identifying the markers. Thirdly, 

there was a time gap (approximately 2 minutes) between the acquisition of a CBCT scan 

and EPID images, so the accuracy of localization was affected by intra-fractional 

displacement of the prostate during this time, as discussed in Chapter 2. 

Four general findings can be made from the statistical analyses of method 

comparisons. Firstly, the inter-modality comparison between EPID and half-rotation 

CBCT using fiducial markers resulted in comparable agreement. Secondly, the EPID 

localizations showed better agreement with those from the half-rotation CBCT in 

conjunction with the seed-chamfer algorithm than the half-rotation CBCT with the grey-

value matching algorithm. Thirdly, agreement between all methods was relatively poor 

in the AP and SI directions, which is consistent with the published findings reviewed in 

Chapter 2 which showed that the displacement of the prostate is largest in the AP and SI 

directions. Finally, the intra-modality comparison for the half-rotation CBCT showed 

poor agreement for rotational shift measurements. 

This study has also demonstrated the feasibility of using the half-rotation CBCT 

protocol for daily setup correction for IGRT of the prostate. The additional information 

about soft tissues from the CBCT scans enables the treatment staff to detect substantial 

changes in the status of the rectum and bladder during radiotherapy of the prostate. An 

example of a significant change from the planned rectum volume during actual 

treatment is shown in figure 6.6. In this case, the presence of bowel gas caused 

considerable change of the rectal volume to from the planned volume as marked by the 

red contour. During the course of this clinical study, a few patients were counselled on 
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the importance of strictly observing the bowel preparation protocol strictly because of 

consistent changes in their day-to-day variability of the volume and position of the 

rectum and bladder during radiotherapy.  

 

 

 

A limitation of this prospective study is that rotational displacements cannot be 

determined by the version of Mosaiq software used for stereoscopic registration using 

EPID. However, intra-modality studies comparing seed-chamfer and grey-value 

matching algorithms for rotational shifts showed poor agreement about all axes, the 

worst being about the LR axis. Logadόttir et al reported that soft-tissue based 

verification is more accurate than fiducial marker-based verification in determining 

rotational shifts (Logadόttir et al 2011).  Translational shifts can still be described by 

the movement of one or more fiducial markers. However, the 3D information is lost 

when angles between the markers are altered, which explains the poor accuracy of 

fiducial-based verification in determining the rotational shifts. In this case, a grey-value 

matching algorithm with the absence of fiducial markers is probably a better choice for 

estimation of rotational shifts. However, priority should be given to the correction of 

(a) (b) 

Figure 6.6. An example of a half-rotation CBCT scan showing a substantial change in the planned 
rectal volume during treatment due to the presence of bowel gas in the (a) axial plane and (b) 
sagittal plane. The planned rectal volume is as marked in the red contour. The blue and yellow 
contours are the planned volumes for the PTV and bladder respectively. 
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translational shift as these shifts usually have a greater influence on prostate dosimetry 

than rotational shifts, with the possible exception of cases which include seminal 

vesicles, as described in Chapter 2, sections 2.3.1 and 2.3.2. 

 Another limitation of this study is that fiducial marker migration was not 

considered. However, studies have shown that fiducial marker migration during a 

course of radiotherapy is minimal, as described in Chapter 2, section 2.5.2. Furthermore, 

fiducial marker migration is anticipated to have little effect on statistical analysis for 

method comparison, as any change in the position of fiducial markers should be 

accounted by both imaging modalities. 

 

6.7 Chapter summary 

There are various IGRT systems available for the correction of setup 

uncertainty during radiotherapy, and each method has its own advantages and 

disadvantages. This chapter reports the results of a clinical study comparing localization 

using EPID and kV-CBCT with a half-rotation scanning protocol for targeting the 

prostate in IGRT.  

The half-rotation CBCT protocol in this study enabled volumetric images to be 

acquired with an imaging dose of no more than 0.2% of the total treatment dose, even if 

imaging is used on every fraction. An inter-modality comparison between EPID and 

half-rotation CBCT using fiducial markers showed comparable agreement. The seed-

chamfer matching algorithm for CT images showed better agreement with fiducial 

marker-based stereoscopic registration of portal images compared to the grey-value 

matching algorithm, with agreement of approximately 3.5 mm in all directions. The 

half-rotation CBCT- and EPID- derived translational shifts were shown to be equivalent 

for couch correction at a 5 mm action level and thus can be used interchangeably. Both 

imaging modalities studies have setup uncertainties of the same order of magnitude, 
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with the largest uncertainty in the AP direction. This knowledge can be applied to the 

design of an image-guidance strategy and treatment margin in radiotherapy of the 

prostate.  

This study also showed that agreement of rotational shifts in the intra-modality 

comparison is poor. More research is required to evaluate the accuracy of fiducial 

markers as a surrogate of rotational displacements of the prostate.  
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Chapter 7  

An application of Statistical Process 

Control for adapting to systematic 

changes over a course of 

radiotherapy  

7.1 Introduction 

In Chapter 5, an application of the SPC tool was shown to be useful for 

monitoring geometric uncertainties due to point-based rigid body registration in fiducial 

marker-based IGRT. It was shown that potential deviations from the assumed rigid-

body geometry can be detected and possible sources of these deviations were considered 

in some depth. If necessary, clinical staff may also use this as a trigger for investigation 

and potentially treatment modification.  

In the method comparison study described in Chapter 6, daily tracking of the 

prostate using fiducial markers was shown to be feasible by using images acquired with 

either EPID or half-rotation CBCT. In this chapter, we extend our process control 

philosophy over the validity of point-based rigid body registration during tracking of 
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fiducial markers by considering the changes of underlying components of localization 

offsets during fiducial marker-based IGRT. The aim is to apply a suitable SPC method 

to identify and adapt for possible systematic changes in the localization offsets within a 

non-zero action level setup correction strategy that may occur during a typical course of 

35-37 fractions of treatment.  

A daily setup correction strategy involves the acquisition of localization images 

with the patient in the treatment position on every treatment fraction. Depending on the 

correction protocol (online or offline protocol) adopted by treating institution, the 

matching of reference images with localization images and couch intervention may or 

may not be performed instantly after the acquisition of localization images, as described 

in Chapter 2, sections 2.5.3 and 2.5.4. With increasing utilization of hardware and 

software automation, the daily setup correction approach has been gaining wider 

acceptance among prostate IGRT practitioners.  

A setup correction strategy may be carried out with or without a threshold 

magnitude (action level) for patient position intervention following localization 

imaging, above which correction of patient position will be performed. A non-zero 

action level approach uses a constant threshold magnitude throughout a course of 

treatment. A zero action level approach requires position correction regardless of the 

magnitude of offset measured after localization imaging. Since this position correction 

is determined from images captured at one instant in time, the zero action level 

approach leads to a position correction arising from the intra-fraction target motion 

uncertainty and non-zero errors due to localization measurement process itself (Keller et 

al 2006).  

A non-zero action level in setup correction strategy remains in active use in IGRT 

practices worldwide. Its use has been justified on the basis that a position intervention 

should only be performed if the localization offset is greater than the estimated 
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combined uncertainties associated with the localization measurement and the 

subsequent residual errors arising from the position correction itself (Lam et al 2007, 

Keller et al 2006). Uncertainties associated with the (random) intra-fraction motion of 

the prostate have been estimated in a range from 0.2 mm up to 3.4 mm (see Chapter 2). 

Our IGRT commissioning tests indicated that process-related and operator-related 

uncertainties were between 0.5 mm to 1.5 mm for this study. Reproducibility and 

accuracy of couch movements have been estimated to be between 0.1 mm and 1 mm (Li 

et al 2009). Non-zero action levels ranging from 2.0 mm to 5.0 mm are widely reported 

in the clinical literature (Graf et al 2009, Krengli et al 2009, McGarry et al 2009, van 

der Vight et al 2009, Nelson et al 2008, Moseley et al 2007). 

In this chapter, another application in the industrial-inspired SPC concept, the 

cumulative sum (CUSUM) method, is introduced and incorporated into the daily setup 

correction strategy during prostate radiotherapy. A CUSUM chart is a measure of 

cumulative deviation from a mean value and is highly sensitive to small (of the order of 

1.5σ) and sustained (systematic) deviations from the mean value over the time evolution 

of a process. To date, there have been a small number of applications of CUSUM in the 

healthcare context for surveillance and quality control (Sibanda and Sibanda 2007, 

Steiner et al 2000, Williams et al 1992) but there has been no publication specifically 

addressing radiotherapy. 

In this chapter, implementation of the CUSUM algorithm within a daily setup 

correction strategy with a non-zero action level for detection and adaptation to changes 

in the systematic localization offset during a course of each patient’s treatment is 

described. This protocol was tested retrospectively on 59 non-randomized patients with 

fiducial markers in-situ plus daily stereoscopic localization using electronic portal 

images. The effectiveness of this protocol for minimizing systematic localization errors 

as well as reducing the frequency of random errors above the action level is examined. 
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7.2 Theory of the CUSUM method in SPC 

The x-chart, as described in Chapter 5, uses only the information about the 

process contained in the initial finite number of observations and ignores any 

information given by the entire sequence of points. The CUSUM method, on the other 

hand, incorporates all the information in the sequence of sample values by plotting the 

cumulative sums of the deviations of the sample values from a target value. The 

CUSUM method is a good alternative to the x-chart method when small shifts of the 

order of 1.5σ are important, which is the case for the localization of target during 

radiotherapy. 

Detailed explanations of CUSUM chart theory and application have been 

provided by Montgomery (Montgomery 2005) and Oakland (Oakland 2007). All 

equations stated here are also taken directly from these references.  In this section, only 

the relevant parameters used in the implementation CUSUM method in this study will 

be described. 

The CUSUM method is based on monitoring a cumulative process index over 

time. For example, suppose that sample of size n ≥ 1 are collected, and jx  is the 

average of the jth sample. If µ0 is the target for the process mean, the cumulative index 

is given by: 

 ( )∑
=

µ−=
i

j

oji xC
1

 (7.1) 

A CUSUM status chart can be constructed by plotting the cumulative index iC against 

the sample number i. If the process remains in control at the target value µo, the 

CUSUM defined on equation 7.1 is a random walk with mean zero. However, if the 

mean shifts upward or downwards to some value (µ1 > µ0 or µ1 < µ0), a drift will 

develop in the CUSUM iC .   
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A tabular CUSUM may be constructed for monitoring the mean of a process. 

This works by accumulating the derivations from µo that are above and below target 

with the statistics upper CUSUM +
C and lower CUSUM −

C respectively. They can be 

computed using the following equations: 

 ( )[ ]+

−

+ ++µ−= 1,0max ioii CKxC  (7.2) 

 ( )[ ]−

−

− +−−µ= 1,0max iioi CxKC  (7.3) 

 

 In equations 7.2 and 7.3, K is the reference value (or deviation allowance). 

Following standard CUSUM convention, K is usually chosen to be exactly halfway 

between the target µ0 and µ1, where µ1 is the mean magnitude of systematic shifts that 

the algorithm must be sensitive to, as shown in equation 7.4. 

 

2
01 µ−µ

=K  (7.4) 

 

The +
C and −

C  accumulate deviations from the target value µo that are greater than K, 

with both quantities reset to zero on becoming negative. 

The key step in the CUSUM method is to determine the decision interval 

magnitudes H for which the indices +C and −C are to be considered out of control. To 

estimate the value of H, one first divides the allowance value, K, by the expected 

standard deviation of the process data (σ) to derive a normalized standard deviation for 

the probability distribution of the cumulative sum k, as shown in equation 7.5:  

 σ= /Kk  (7.5) 

 

Hawkins provides a look-up table (Hawkins 1992) of the corresponding normalized 

decision intervals h for this distribution as shown in table 7.1, which can then be re-
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scaled to the anticipated patient localization offset distribution by multiplying by the 

value of σ using the following equation: 

 σ=hH  (7.6) 

 

 The Hawkins formulation corresponds to p = 0.0027 that a single observation will lie 

outside the decision interval, H, given that the process does not have a systematic shift, 

i.e., a low false detection rate. 

 

Table 7.1. Values of k and corresponding values of h that give p = 0.0027 that a single 

observation lies outside the decision interval H for CUSUM method (Hawkins 1992). 

k 0.25 0.5 0.75 1.0 1.25 1.5 

h 8.01 4.77 3.34 2.52 1.99 1.61 

 

An additional benefit of the CUSUM method is the ability to unambiguously 

calculate the magnitude of a systematic change in the process mean, given that such a 

shift has been detected by +C or −C exceeding H:  

 
+

+

++µ=µ
N

C
K i

o  if +

iC > H (7.7) 

 
−

−

−−µ=µ
N

C
K i

o  if −

iC > H (7.8) 

 

where µ  is the estimated magnitude of the systematic change in the process and also 

corresponds to the new process mean following the shift.  +
N or −

N  is the number of 

consecutive observations that +C or −C  has been non-zero.  

 

 

 



205 

 

7.3 Retrospective study on fiducial-based prostate localization 

A retrospective study was carried out to incorporate the CUSUM method into 

the daily setup correction protocol for target localization during prostate radiotherapy. 

The CUSUM method is implemented in parallel with the localization time series to 

detect and compensate for any systematic deviation from zero. This method is tested 

against a range of mean magnitudes of systematic shift to be detected (µ1) in the setup 

correction protocol. The role of CUSUM method on the frequency of couch 

correction/intervention during treatment is also evaluated. Section 7.4 and 7.5 describe 

the methods and results of this retrospective study. 

 

7.4 Methods 

7.4.1 Patient cohort, planning and IGRT procedures  

The same cohort of prostate cancer patients as described in Chapter 5, section 

5.5.1 was used in the retrospective study. Briefly, this cohort consisted of a 59 prostate 

patients with implanted fiducial markers. All patients were treated with radical intent by 

3D-CRT. 

The details of planning procedures are described in Chapter 3, section 3.4. The 

iViewGT EPID was used to acquire two portal images on every treatment fraction for 

stereoscopic registration. The details of iViewGT EPID and stereoscopic registration are 

provided in Chapter 3, sections 3.5.2 and 3.6.1 respectively.  Linear couch corrections 

(SI, LR and AP) were performed only if the localization offset exceeded a non-zero 

action level (∆) of 5 mm. The version of Mosaiq for image registration used did not 

support rotation corrections. 
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7.4.2 Simulation of daily setup correction protocol incorporating individual 

CUSUM charts 

The magnitudes of prostate displacements have been shown to be different in the 

three translational axes as reviewed in Chapter 2, section 2.4.1 and proven in Chapter 6, 

section 6.5.3. Therefore, one CUSUM chart was constructed for each direction, yielding 

three CUSUM charts per patient. With the localization data for each patient, a simulated 

treatment history was produced in which the magnitude of the position correction, the 

frequency of required interventions, the detection of systematic shifts, among other 

events, was recorded. The effect of different daily intervention levels for setup 

correction (∆) on these events was examined.  

As explained in section 7.2, the CUSUM method is based on monitoring a 

cumulative process index over time. The CUSUM chart first requires a starting value for 

the initial localization offset, which is the mean localization offset for the first five 

observations. This mean offset is applied to all the remaining fractions over the 

treatment course. Note that the choice of the number of initial observations over which 

the average is calculated is somewhat arbitrary, but the general convention of using the 

first four or five fractions as a compromise between an acceptable error in the mean and 

the length of observation was used (de Boer and Heijmen 2001).  The start (t=1) of the 

CUSUM chart is the sixth fraction with the mean localization offset applied, hence the 

intended systematic offset (µ0) is exactly zero. The null hypothesis is trivial, that is, the 

systematic localization offset is zero for all fractions from t=1 to N.  

In the CUSUM chart simulation, two cumulative indices on the localization 

offsets were updated daily on each chart according to equations 7.2 and 7.3 where the 

values +

0C = −

0C = 0 at the start of the CUSUM chart. The target of the process mean µ0 

for localization offsets equals zero all the time as in an ideal treatment there will be no 
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difference of positioning between simulation and actual treatment days. By taking µo = 

0, equations 7.2 and 7.3 can be simplified to: 

 [ ]+

−

+ +−= 1,0max iii CKxC  (7.9) 

 [ ]−

−

− +−−= 1,0max iii CxKC  (7.10) 

 

Each daily update to the indices therefore yields either no change, or it is 

incremented by the difference between the localization offset and the deviation 

allowance, K.  

The choice of parameters µ1 and σ are institution-dependent. To facilitate the 

calculation of decision intervals for different values of µ1 and σ, the decision intervals H 

for +C and −C in different clinical situations are tabulated in table 7.2. For example, 

given a population standard deviation of localization offsets (σ = 3 mm) and assuming 

the systematic changes equal to the non-zero action level (µ1 = ∆ = 5 mm) is to be 

detected, the threshold computed is H = 8.7. In this particular example, an allowance 

value of K = 2.5 mm is calculated using equation 7.4. 

 

Table 7.2. Values of decision interval (H) for a range of σ and µ1 derived using Hawkin’s 

formulation (Hawkins 1992) 

Standard deviation (σ) 

(mm) 

Mean magnitude of systematic shift for intervention (µ1) (mm) 

2 3 4 5 6 7 8 

2 9.5 6.7 5.0 4.0 3.2 -* -* 

3 21.0 14.3 11.4 8.7 7.6 6.5 5.6 

4 32.0 25.6 19.1 16.2 13.4 11.7 10.1 

*No H value as the allowance value (K) is larger than 1.5 σ  and so the CUSUM chart is not 

useful (no need for separate symbols as the above statement applies for both values). 
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In any case where the decision interval H is exceeded, the magnitude of the 

systematic shift was estimated using the equations 7.7 or 7.8. Again, since µ0 is always 

zero for this simulation, the equations can be simplified to: 

  
+

+

+=µ
N

C
K i  if +

iC > H (7.11) 

 
−

−

−−=µ
N

C
K i  if −

iC > H (7.12) 

 

Finally, where a systematic shift has been detected, the prescribed offset can be 

corrected to account for the new setup position such that µ0 can always be reset to zero 

and the CUSUM chart is reinitiated and remains applicable for the remaining fractions. 

A worked example on the derivation of control limits and estimation of 

systematic shift using a CUSUM chart for the example given in Figure 7.2 is provided 

in Appendix G of this thesis. 

 

7.4.3 Comparison of CUSUM method on localization using CBCT and EPID 

A total of 25 patients in this cohort had their CBCT images (using half-rotation 

protocol) acquired in addition to the portal images taken using EPID for inter-modality 

comparison study as described in Chapter 6. Therefore, daily localization data acquired 

using both CBCT and EPID were available for analysis. In this part of study, the 

performance of CUSUM method was evaluated on the localization data of these patients 

acquired using both modalities. The aim was to evaluate whether CUSUM method 

yields comparable results in the detection of systematic shift in the translational 

directions for localization data generated using two different image-guidance 

techniques. 

The descriptions of this subset of patients are provided in Chapter 6, Section 

6.4.1. The CBCT image acquisition and image registration procedures are described in 
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Sections 6.4.2 and 6.4.3 respectively. For the purpose of this comparison study, the 

localization data obtained using the seed-chamfer matching algorithm was used.  

The CUSUM algorithm as described in Section 7.4.2 was repeated on the 

localization data acquired using CBCT (seed-chamfer) for the 25 patients in this part of 

study. One CUSUM chart was constructed for each translational direction, yielding 

three CUSUM charts per patient. A comparison of these CUSUM charts were made 

with the charts constructed using localization data obtained using EPID. With the 

localization data for each patient, the patients with systematic shift, the magnitudes of 

systematic shift and the day when shifts were detected, were recorded for both image-

guidance methods. The performance of CUSUM method was compared in terms of the 

followings: 

• Agreement of both image-guidance methods in identifying patients with 

systematic shifts (evaluated using Cohen’s Kappa method as described in 

Chapter 6, section 6.4.10). 

• Agreement of both image-guidance methods in identifying directions of 

systematic shifts (evaluated using Cohen’s Kappa method). 

• Difference in the magnitude of systematic shifts as detected by both image-

guidance methods. 

• The intervals (in terms of days) between both methods in detecting systematic 

shifts. 

 

7.5 Results 

7.5.1 Simulation of individual CUSUM charts 

The means localization offsets of the patient cohort were -0.5, 0.5 and -0.1 mm 

in the AP, SI and LR directions respectively. The standard deviations of displacement 

were 3.1, 2.9 and 2.6 mm in the AP, SI and LR directions respectively.  



210 

 

The incidence of changes in the systematic localization offset was quantified by 

finding the number of CUSUM charts in which the indices +C  or −C  exceeded H at 

least once during the treatment history. When applying a setup correction protocol 

incorporating CUSUM charts, different magnitudes of systematic changes were detected 

for different values of µ1. Since each patient record contained three independent 

histories for each translational offset, a total of 177 charts were generated for each value 

of µ1.  

An example of the tabular CUSUM scheme for the case of µ1 = 5 mm and σ = 3 

mm in the LR direction is shown in table 7.3. In this case K = 2.5 mm and H = 8.7 mm. 

Panels (a) and (b) are the +C and −C  indices respectively and are initiated on the 6th day 

of treatment after the prescribed localization have been offset by the mean offset of the 

first five fractions.  The quantities N
+ and N

- indicate the number of consecutive 

treatment fractions that the CUSUMs +C  or −C  have been nonzero.  

The CUSUM calculations in table 7.3 show that the lower-side CUSUM at day 

18 is −

18C = 10.1. Since this is the first day at which −

iC > H = 8.7, it can be concluded 

that the localization process is out of control at that particular day. The tabular CUSUM 

also indicates when the shift probably occurred. The counter N- records the number of 

consecutive periods since −

iC  rose above the value of zero. Since N- = 9 at day 18, it can 

be concluded that the process was last in control at day 18 – 9 = 9, so the systematic 

shift is likely to start between day 9 and 10.  

An important feature of incorporating CUSUM into the daily setup correction 

strategy is the ability to detect offset changes that are smaller than or equal to the non-

zero action level for daily intervention (∆). In the example shown, the localization errors 

only occasionally exceed 5 mm, but with µ1 set at 5 mm the algorithm detected a 

persistent systematic change in localization offset of -3.6 mm on the eighteenth fraction. 
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The value of -3.6 mm is obtained by substituting K = 2.5, −

iC = 10.1 and N- = 9 into 

equation 7.12. 

Table 7.3. An example of tabular CUSUM 

Day i xi (mm) 
(a) (b) New xi 

after shift 
(mm) 

xi-2.5 +C  N
+ -2.5- xi 

−C  N
- 

1 0.7 -1.8 0 0 -3.2 0 0  
2 2.0 -0.5 0 0 -4.5 0 0  
3 -3.1 -5.6 0 0 0.6 0 0  
4 1.5 -1.0 0 0 -4.0 0 0  
5 -1.0 -3.5 0 0 -1.5 0 0  
6 -0.6 -3.1 0 0 -1.9 0 0  
7 -3.1 -5.6 0 0 0.6 0.6 1  
8 -2.0 -4.5 0 0 -0.5 0.1 2  
9 -0.5 -3.0 0 0 -2.0 0 0  

10 -4.0 -6.5 0 0 1.5 1.5 1  
11 -2.7 -5.2 0 0 0.2 1.7 2  
12 -5.1 -7.6 0 0 2.6 4.3 3  
13 -3.1 -5.6 0 0 0.6 4.9 4  
14 -2.9 -5.4 0 0 0.4 5.3 5  
15 -2.9 -5.4 0 0 0.4 5.7 6  
16 -3.5 -6.0 0 0 1.0 6.7 7  
17 -2.2 -4.7 0 0 -0.3 6.4 8  
18 -6.2 -8.7 0 0 3.7 10.1 9 -2.6 
19 -3.0 -5.5 0 0 0.5 10.6 10 0.6 
20 -3.0 -5.5 0 0 0.5 11.1 11 0.6 
21 -3.3 -5.8 0 0 0.8 11.9 12 0.3 
22 -3.2 -5.7 0 0 0.7 12.6 13 0.4 
23 -6.3 -8.8 0 0 3.8 16.4 14 -2.7 
24 -5.2 -7.7 0 0 2.7 19.1 15 -1.6 
25 -3.9 -6.4 0 0 1.4 20.5 16 -0.3 
26 -3.8 -6.3 0 0 1.3 21.8 17 -0.2 
27 -4.0 -6.5 0 0 1.5 23.3 18 -0.4 
28 -2.9 -5.4 0 0 0.4 23.7 19 0.7 
29 -4.1 -6.6 0 0 1.6 25.3 20 -0.5 
30 -3.4 -5.9 0 0 0.9 26.2 21 0.2 
31 -4.5 -7.0 0 0 2.0 28.2 22 -0.9 
32 -5.3 -7.8 0 0 2.8 31.0 23 -1.7 
33 -3.9 -6.4 0 0 1.4 32.4 24 -0.3 
34 -4.9 -7.4 0 0 2.4 34.8 25 -1.3 
35 -3.4 -5.9 0 0 0.9 35.7 26 0.2 
36 -3.4 -5.9 0 0 0.9 36.6 27 0.2 
37 -0.7 -3.2 0 0 -1.8 34.8 28 2.9 
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The corresponding CUSUM status chart for this example is illustrated in figure 

7.1.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

In the above example, +C  values are always zero so only the values of −C  are 

plotted as a function of treatment day. The solid horizontal line denotes the decision 

interval of H above which the CUSUM algorithm indicates a change in the systematic 

offset has occurred after the first five fractions. The grey bars denote the values of −

iC in 

period i. It should be noted that the values of +C and −C are always positive. However, 

the lower-sided CUSUM index −C  is usually plotted in the negative direction, as shown 

in figure 7.1, for illustrative purpose and differentiation between the upper-sided 

CUSUM index +C . From this chart, a change in systematic offset was detected on day 

Figure 7.1. An example of CUSUM status chart for µ1 = 5 mm and σ = 3 mm in the negative 
LR direction. A change in the systematic offset was detected on eighteenth day where C

-

exceeds the decision interval H. The solid circles denote the offsets after being corrected with 
a shift magnitude of 3.6 mm calculated using equation 7.12. The corrected offsets were 
observed to be closer to the target value of zero than the original offsets. 
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18 when the grey bars exceeded H. The solid circles denote the offsets after being 

corrected with the magnitude of the detected systematic shift. It is obvious from this 

chart that the corrections of systematic shift after day 18 bring all localization points 

closer to zero. 

Figure 7.2 shows another example of localization time series where the CUSUM 

chart detected a systematic shift, but this time in the opposite (positive) direction from 

the previous example. In this case, +C exceeded H on day 15 and by using equation 

7.11, the mean magnitude of systematic shift is estimated to be 4.1 mm. Again, the 

corrected offsets in the remaining fractions with magnitude of 4.1 mm were observed to 

be closer to target value of zero. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 7.2. Another example of CUSUM status chart for µ1 = 5 mm and σ = 3 mm in the 
positive LR direction. A change in the systematic offset was detected on fifteenth day where 
C

+ exceeds the decision interval H. The solid circles denote the offsets after being corrected 
with a shift magnitude of 4.1 mm calculated using equation 7.11. The corrected offsets were 
observed to be closer to the target value of zero than the original offsets 
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7.5.2 CUSUM chart simulation for a range of µµµµ1 

The results of CUSUM chart simulation for µ1 = 3, 5 and 7 mm are summarized 

in table 7.4. The overall rates of detection of systematic shifts using this algorithm were 

relatively high. The value µ1 = 3 mm resulted in the highest rate of detection of 

systematic changes of offset, with systematic changes detected in 70 out of 177 (40%) 

charts. With larger values of µ1 the overall detection numbers was reduced to 39 (22%) 

charts and 25 (14%) charts for µ1 = 5 and 7 mm, respectively. 

In terms of number of patients for whom any systematic change in localization 

offset in any direction was detected during the course of treatment, the overall detection 

rates for µ1 = 3, 5 and 7 mm were 76% (45/59), 61% (36/59) and 42% (25/59), 

respectively.  

 

Table 7.4. Percentage (%) of charts with systematic shifts, false positives and magnitudes of shift 

for µ1 = 3, 5 and 7 mm. 

Magnitude of shift for detection, µ1 

(mm) 

Percentage (%) of charts with       

persistent systematic shift 
Percentage (%) of 

false positive charts 
AP SI LR Total 

3 15 14 11 40 3 

5 9 6 7 22 7 

7 7 4 3 14 4 

 

The time (fraction number) on which systematic shifts were detected by CUSUM 

charts were investigated and the results showed no apparent trend in the fraction number 

when systematic shifts were identified. That is, systematic shifts as identified by 

CUSUM charts occurred at practically anytime between fraction 6 and 37 for µ1 = 3, 5 

and 7 mm. 

For localization time-trend series with systematic shifts as detected by CUSUM 

charts, Student’s t-test confirmed a statistically significant difference (p < 0.05) in the 
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mean offsets before and after the CUSUM algorithm detected a systematic shift. This 

result indicates that CUSUM algorithm was highly sensitive to detecting systematic 

changes in a given history, such that every chart with a statistically significant change in 

the mean localization offset from the initial zero offset was correctly identified by the 

above algorithm. 

However, a small number of charts were incorrectly indicated as having a 

systematic change in localization offset. A separate hypothesis showed there to be no 

statistically significant movement of the mean offset from zero (p > 0.05).  Such false 

detections of shift appeared in 6 (3%), 12 (7%) and 7 (4%) charts for µ1 = 3, 5 and 7 

mm respectively. All cases corresponded to one measurement of localization offset, for 

a single fraction in the whole course, which was unusually large relative to the standard 

deviation of the remaining fractions. A single result far from zero may be sufficient to 

push the cumulative index well above the H value.  

Though the CUSUM algorithm initially reported a change in systematic offset 

due to the outlier in the data, the process was able to self-correct within 3 fractions in 

every case by indicating another systematic change of approximately equal magnitude 

but in the opposite direction. An example for such a case is illustrated in the localization 

history given in figure 7.3 for the case of µ1 = 5 mm. An outlier data point, responsible 

for the incorrect indication of a systematic change, was recorded on day 6. 
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By adapting the setup position for any change in the systematic localization offset 

over a course of treatment, it was anticipated that the frequency of prostate excursions 

exceeding the chosen non-zero action level for daily localization correction would be 

reduced. For different values of the non-zero action level (∆), uniformly applied in all 

directions, we examined the treatment histories for the number of fractions, NC, for 

which adaptation of the prescribed offsets using the CUSUM method would have 

resulted in the daily localization being within ∆ in all directions. This number was 

compared against the number of treatment fractions, NO, for which staff intervention 

would have been required if the mean systematic offset was not adaptively tracked. The 

percentage reduction in the frequency of a localization measurement exceeding ∆ may 

thus be quantified as (1-NC/NO) x 100%, and the results for different values of ∆ and µ1 

are summarized in figure 7.4. The selected values of ∆ and µ1 span the typical choices 
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Figure 7.3. An example of false positive CUSUM status chart for µ1 = 5 mm and σ = 3 mm in 
the SI direction. A change in the systematic offset due to an unusual spike in the localization 
data on the sixth day where the CUSUM value exceeds the decision interval H. The chart self-
corrects by indicating another systematic shift of equal magnitude on the seventh day.
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of parameters that might be applied in a clinical setting. The CUSUM algorithm was 

shown to be sensitive and robust with respect to detecting changes in the systematic 

offset for all of these values of ∆ and µ1. For the optimal values of ∆ = 5 mm and µ1 = 5 

mm, the number of localization measurements exceeding ∆ was reduced by 

approximately half. 

 

 

 

For values of ∆ smaller than the random component of the inter-fraction 

variability in prostate position, localization corrections would be required for nearly all 

fractions, with or without the use of the CUSUM algorithm. There was no reduction 

observed by adapting to systematic changes since the numbers of interventions are 

dominated purely by random variation in the patient. If the action thresholds are larger 

Figure 7.4. Percentage reduction in the frequency of localization offset exceeding action levels 
range from 1 mm to 8 mm. For the optimal values of ∆ = 5 mm and µ1 = 5 mm, the frequency 
of localization offsets exceeding ∆ was reduced by approximately half with the incorporation 
of CUSUM method.  
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than the intra-fractional variability, localization offsets will be unlikely to exceed the 

threshold. Hence, the percentage reduction observed in both cases rapidly approach 

zero. 

From the chart, it is also observed that the performance of CUSUM method 

when using µ1 = 3 mm was not as good comparing with µ1 = 5 mm when small action 

level (∆ ≤ 5 mm is used), where the reduction in frequency exceeding ∆ was smaller. 

The relatively small mean localization of shifts to be detected (µ1 = 3 mm) caused the 

CUSUM charts to be less sensitive in detecting any change in the systematic trend of 

localization. 

Figure 7.5 shows the frequency of localization offsets exceeding ∆ = 3 mm and 

5 mm with and without the applications of CUSUM chart for the 39 datasets showing a 

persistent systematic shift for the case µ1 = 5 mm.  In general, the use of the CUSUM 

chart reduced the frequency of localization offsets exceeding ∆, and more significantly 

so in certain cases. In some cases, the changes of frequency were minimal as systematic 

shifts were only detected near to the end of treatment. For example, in figure 7.5(b) 

systematic shifts were detected on the last fraction for patients 14 and 16, and so the 

threshold of 5 mm was exceeded only on one fewer fraction in each case. 
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7.5.3 Comparison of CUSUM method on localization using CBCT and EPID 

CUSUM method as applied on localization data acquired using EPID and CBCT 

resulted in the detection of 11 and 12 patients respectively with systematic shift in at 

least one direction. The 11 patients with systematic shift as detected using EPID 

localization data were the same with 11 out of the 12 patients identified using CBCT 

(b) 

(a) 

0

5

10

15

20

25

30

1 3 5 7 9 11 13 15 17 19 21 23 25 27 29 31 33 35 37 39

F
re

q
u

en
cy

Cases with systematic shift for µµµµ1 = 5 mm

Frequency of localization offsets exceeding 5 mm action level

Without CUSUM chart With CUSUM chart

0

5

10

15

20

25

30

1 3 5 7 9 11 13 15 17 19 21 23 25 27 29 31 33 35 37 39

F
re

q
u

en
cy

Cases with systematic shift for µµµµ1 = 5 mm   

Frequency of localization offsets exceeding 3 mm action level

Without CUSUM chart With CUSUM chart

Figure 7.5. The frequency of isocentre shifts exceeding (a) 3 mm and (b) 5 mm action levels 
(∆), without and with the incorporation of the CUSUM chart method for localizations with 
persistent shift for µ1 = 5 mm. In majority of the cases, the use of the CUSUM chart 
reduced the frequency of interventions. 
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localization data. Table 7.5 summarizes the performance of CUSUM method as applied 

on localization data in the translational directions acquired using EPID and CBCT. 

 

Table 7.5. Performance of CUSUM method for the detection of systematic shift as applied on 

localization data in the translation directions acquired using EPID and CBCT. 

Comparison between EPID and CBCT Agreement/Observation 

Identification of patients with systematic shift in localization 

series. 

Kappa coefficient = 0.95 

Identification of directions of systematic shift. Kappa coefficient = 0.97 

Median (minimum, maximum) difference in the magnitude of 

systematic shifts. 

0.9 mm (0.1 mm, 2.7 mm) 

Median (minimum, maximum) interval of days between EPI 

and CBCT in detecting systematic shifts. 

3.5 days (0 day, 12 days) 

  

CUSUM method as applied on localization data in the translational directions 

acquired with both methods resulted in comparable performance in the detection of 

systematic shift. Both methods have ‘very good’ agreement according to the Landis and 

Koch criteria, in the identification of patients and directions of systematic shift with 

kappa coefficient of 0.95 and 0.97 respectively. The median difference in the magnitude 

of shifts as detected by both methods was 0.9 mm, which is way below the non-zero 

action level for couch intervention of 5 mm used in our institution. The time when 

systematic shifts were detected were agreed to within a median of 3.5 days by both 

methods.  

 

7.6 Discussion 

The analysis of the daily localization offsets for the overall patient cohort yielded 

results that were similar to those obtained in other published studies of prostate IGRT 

using fiducial markers (see Chapter 2), in spite of the broad range of patients included in 

this study. There were no distinguishing patterns between patients with or without 
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surgical intervention prior to radiotherapy, nor were there significant differences in 

inter-fraction variation in prostate position in patients with or without androgen therapy 

prior to radiotherapy. The results are thus expected to be generally applicable to a broad 

sampling of prostate radiotherapy patients. 

In general models for prostate inter-fraction variability and required margins for 

uncertainty (van Herk et al 2000, Stroom et al 1999), a systematic localization offset 

contributes significantly more to the size of the PTV margin than the random 

component. In the case of prostate radiotherapy, the cohort statistics may not be 

appropriate for PTV calculations since the population systematic offset may be an order 

of magnitude smaller than the overall magnitude of the random variation but systematic 

offsets of individual patients may be much larger (Griffiths 
et al 1991) and may only 

become apparent during treatment. 

In this work, a simple mathematical algorithm which is both sensitive and specific 

for changes of systematic offsets in fiducial markers-guided localization has been 

proposed. The algorithm is based on statistical process control theory, which has been 

successfully translated to other areas of radiotherapy. The applicability of daily setup 

correction strategy with non-zero action level and using a CUSUM algorithm to adapt to 

changes in systematic localization was tested for various thresholds likely to be 

encountered in a clinical context, using historical localization data for 59 prostate 

patients. 

This study has shown that the assumption of an unchanging systematic offset 

during a course of treatment is not generally true, since 70 (out of 177) and 39 (out of 

177) datasets presented a persistent shift in the localization time series for µ1 = 3 and 5 

mm respectively. There is no correlation of these shifts with clinical factors, which is 

consistent with the study by El-Gayed et al on the time trend of patient setup deviation 

during pelvic irradiation, where significant gradual shifts of between 4 and 11 mm were 
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observed in 5 out of 10 patients investigated, with no apparent correlation to clinical 

factors (Elgayed 
et al 1993). 

The setup correction strategy incorporating CUSUM method proposed is sensitive 

and relatively specific in identifying systematic shifts that may occur undetected with 

the establishment of action level for correction. For example, in figure 7.1, without 

CUSUM chart the localization time series would appear to be stable, with a few random 

data points exceeding corrective action levels of 5 mm. With the application of CUSUM 

chart, a systematic shift was identified on fraction 18. The protocol for out-of control 

behaviour would have flagged this fraction to eliminate further occurrence of systematic 

behaviour.  

In the analysis our patient cohort, the systematic changes in localization as 

detected using CUSUM method were all consisted of one-sided shifts. That is, the true 

systematic offset changes occurred either in the positive and negative direction only. 

Systematic changes which occurred at both positive and negative directions in a 

localization time series exist, but the mean magnitude of these systematic changes were 

small (in the order of 1 to 2 mm) and insufficient to indicate an ‘out of control’ CUSUM 

charts. The adaptations of small systematic shifts of these magnitudes are not beneficial 

as they may also be governed by the random components in imaging and localization 

procedures.  

The occurrences of systematic shifts in both the positive and negative directions 

for a localization time series (for µ1 = 3, 5 and 7 mm) which flagged the CUSUM charts 

to be ‘out of control’ were highly indicative of false positive cases. These false positives 

were usually attributable to exceptionally large shifts that were measured for a few 

treatment fractions for a minority of patients. If a protocol with a non-zero action level 

typical for prostate IGRT were used, intervention would have been required even if the 

CUSUM algorithm were not used. However, the CUSUM algorithm is robust with 
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respect to these large shifts as it is automatically self-correcting within three subsequent 

fractions for all observed cases of false positives. In most cases, the charts were self-

corrected within one fraction. Furthermore, the probability of obtaining a false positive 

chart is relatively low with a percentage of 3%, 7% and 4% for µ1 = 3 mm, 5 mm and 7 

mm respectively. The sensitivity and specificity of the CUSUM algorithm indicate that 

it is reasonable to implement the CUSUM algorithm in the clinic without using a 

secondary technique for validation.   

Analysis of the localization history showed that the inter-fraction variability in 

measured offsets is different along the three cardinal translational axes. This is found to 

be in accordance with other studies of prostate inter-fraction variation where the 

variability is the largest in the AP direction (see Chapter 2). On this basis, it is 

reasonable to apply one-dimensional treatment margin models (for example, van Herk’s 

margin) independently in each direction. In the most general case, assessment of offsets 

in three translational axes will be more thorough and more specific, and the analysis can 

be performed more readily if the offset in each independent direction is known. If the 

target volume may be modelled as a sphere, the margin calculations can be applied in a 

radial coordinate system to derive isotropic treatment margins. The CUSUM algorithm 

may thus be applied to the magnitude of the total displacement vector. This is 

equivalent to reducing the magnitude of µ1 in each of the three directions, such that the 

overall magnitude of systematic displacement in any direction that can be detected by 

the CUSUM approach is also reduced.  

The use of CUSUM in setup correction strategy enables correction and adaptation 

of the systematic component of the localization offset over the course of treatment 

whilst reducing the risk of over-correction due to the random intra-fractional component 

and the uncertainties in the localization measurement process. The rate of incidence of 

localization offsets being larger than a given non-zero action level was, in the general 
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instance, reduced. For a daily setup correction strategy with non-zero action level 

incorporating CUSUM to adapt to changes in the systematic setup, the frequency of 

observations larger than the non-zero action level was reduced by approximately half, 

for action levels of 5 mm and 6 mm.   

The performance of CUSUM method on localization data in the translational 

directions acquired by EPID and CBCT (seed-chamfer) was shown to be comparable. 

Two conclusions can be drawn from the performance comparison of CUSUM method 

using EPID and CBCT. Firstly, the localization data in the translational directions 

generated by both methods have good agreement and therefore, results in comparable 

performance in the detection of systematic shift using CUSUM method. Secondly, 

CUSUM method can be suitably applied in both image-guidance techniques for daily 

setup correction.  

The CUSUM method used in this study was applied retrospectively on 

localization data of 59 patients. CUSUM charts have been shown to be a useful 

complementary methodology for setup corrections in a non-zero action level correction 

strategy. Application of this method on a zero action level correction strategy will not 

be beneficial as this strategy corrects for error in localization regardless of the 

magnitude of error. Further, the applicability of CUSUM method was not tested against 

either online or offline approaches in this study. While it is certain that this method can 

be used in conjunction with non-zero action level offline setup strategy, its applicability 

to general online setup strategies is not clear and is in consideration for a future 

prospective study.  

The incorporation of the proposed CUSUM algorithm is not expected to adversely 

impact workflow in the clinic. The CUSUM algorithm implementation uses relatively 

simple statistics and algorithms, both of which are important considerations in a clinical 

environment. The algorithm can be readily automated in electronic form and included 
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within an IGRT workflow. In addition, this method can be also included with image-

guidance systems other than EPID or CBCT using fiducial markers such as ceiling-

mounted kV x-rays and computed radiography.  

As discussed in Chapter 2, rotation of the prostate is common during radiotherapy. 

The present study did not analyze rotational offsets due to the current limitation of 

registration software for fiducial markers, which did not solve for angular offsets. The 

algorithm for linear offsets may be adapted to rotational offsets. In this case, future 

work may show whether this protocol is also able to identify and correct for systematic 

changes in the rotational offsets over a course of treatment. 

 

7.7 Chapter summary 

A type of SPC control chart, a CUSUM chart, has been successfully used in a 

retrospective clinical study to identify persistent systematic changes in localization 

offset during prostate cancer radiotherapy using a daily setup correction strategy with a 

non-zero action level.  The estimation of the decision interval H from the initial five 

days of observation has been described in some detail, as has the implementation of a 

daily setup correction strategy with an action level incorporating the CUSUM chart.  

The use of this strategy showed promising results in the detection and correction 

of changes in the systematic component of target localization. The CUSUM algorithm 

was found to be a sensitive and robust method for tracking and adaptation to changes in 

the systematic position over a relatively long period of time. Across a wide range of 

thresholds that might be used in a clinical setting, the percentage of prostate excursions 

that exceeded a given action level was generally reduced if the systematic drifts over 

time were corrected using the CUSUM algorithm. With the systematic error thus 

corrected, the remaining observations are dominated by the random positioning errors 
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and the (assumed) random measurement errors associated with the localization process 

itself.  
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Chapter 8  

Conclusions and future work 

This thesis reported a number of streams of research, conducted to study sources 

of uncertainties in localization measurements during IGRT of the prostate using fiducial 

markers. This chapter summarizes the findings of this thesis and the conclusions drawn, 

and places them in the context of current practices of clinical IGRT of prostate cancer. 

This chapter also discusses possible future avenues of research stemming from this 

work. 

 

8.1 Conclusions 

The experimental work presented in this thesis was intended to address four 

specific questions, as described in Chapter 1, section 1.2. This thesis makes a number of 

significant and original contributions in the area of IGRT of prostate cancer. The results 

provide valuable insight into of the sources and influences of uncertainties in the IGRT 

processes, and identify methods of quantifying and reducing the impact of these 
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uncertainties on the treatment setup. The following section summarizes the important 

findings of this work and the implications for clinical IGRT. 

 

8.1.1 Accuracy of localization achievable in fiducial marker-based stereoscopic 

image registration 

Our results have shown that registration of stereoscopic images of fiducial 

markers acquired with an EPID is a robust and reliable IGRT procedure. The relatively 

poor quality of portal images acquired using MV x-rays does not significantly affect the 

ability of operators in identifying multiple fiducial markers on the localization images. 

The inter- and intra-observer variability is sufficiently small so this IGRT method is 

suitable for fractionated radiotherapy delivered with different operators performing the 

image registration throughout a course of treatment. The only disadvantage associated 

with this method is the absence of soft tissue information, which has later been 

addressed using a new imaging protocol using kV-CBCT, summarized in section 8.1.3. 

It is recognized that machine-related geometrical uncertainties exist in the 

image-guidance processes due to the finite tolerances of mechanical precisions and 

accuracy of both the imaging modality and linear accelerator. We have shown that the 

mechanical uncertainty, specifically the errors in the field-defining apertures of a linear 

accelerator, influence the results of target localization based on stereoscopic image 

registration using EPID and of the delivery of prostate IMRT. A treatment margin of 

zero mm for the generation of the PTV is not appropriate, especially for complex and 

sophisticated beam-modulated radiotherapy such as IMRT and volume-modulated arc 

therapy.  A thorough and stringent QA program of not only the imaging system but also 

the geometric aspects of linear accelerator components, such as the beam collimation 

devices, is essential to ensure the accuracy and reliability of the execution of IGRT and 

treatment delivery. 
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8.1.2 SPC methods for IGRT 

There is a great interest in the healthcare sector to adopt the industrial-inspired 

SPC tool for QA, as reflected by the large number of recent publications in this area. 

However, the application of SPC tools in the field of IGRT as explored in this thesis is 

novel and has not been reported elsewhere. In this work, SPC methods have been used 

to solve two IGRT-related problems.  

Here, the SPC method was first used to track errors in point-based rigid body 

stereoscopic registration over time using IGRT data acquired on real prostate patients. 

The fiducial registration error (FRE) was used as a quantitative metric to represent 

errors in registration, and the ‘x-chart’ method was implemented to handle the statistical 

uncertainties ingrained within the registration process of fiducial markers. The results 

showed that the errors in registration can be significant in a highly deformable organ 

such as the prostate and the trend of the registration error varies between patients 

undergoing radiotherapy. A significant and systematic drift in the FRE was related to 

uncorrected rotational offsets and persistent shrinkage of the prostate, both of which are 

difficult to observe on portal images. Our SPC method using an x-chart provides a new 

tool to identify this uncertainty by providing extra quantitative information to the 

therapist on the status of registration of individual patients over a course of treatment. A 

study involving a larger number of prostate patients is required to confirm the observed 

correlations with clinical factors. 

The second application of SPC method presented in this thesis relates to the 

adaptation of a treatment based on the underlying changes in the localization 

components. The application considered a strategy for setup correction for prostate 

IGRT with a non-zero action level. The primary objective of this study was to 

demonstrate the application of the CUSUM algorithm to track and adapt to systematic 

changes in the setup over a relatively long period of time, such as 35 – 37 days of 
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treatment. The use of the CUSUM method was demonstrated to correctly identify and 

compensate for these shifts for a wide range of non-zero thresholds that might be used 

in a clinical setting. This method was shown to reduce the frequency of localization 

offsets exceeding the thresholds for couch correction/intervention. Whether or not this 

method impacts significantly on the efficiency of treatment delivery depends very much 

on the clinical practice/protocol of an institution. A cost-benefit study on a larger pool 

of patients is required to assess the overall impact of CUSUM method on IGRT. 

Both studies on the applications of SPC methods have shown that IGRT is not 

merely a ‘snap, adjust and shoot’ procedure. It requires some critical analysis of the 

localization images and data to eliminate every possible source of uncertainty, such as 

error in registration and systematic changes in the localization, to gain the utmost 

benefit and accuracy of the IGRT process. The novel SPC approaches introduced in this 

work were shown to be feasible and useful complements to the existing inter-fractional 

IGRT data acquired in the clinical setting, as demonstrated by the retrospective studies. 

Furthermore, SPC methods can easily be executed on simple spreadsheets or 

commercial SPC software, and the criteria for implementation can be adjusted 

according to the clinical practice of a treating institution. 

 

8.1.3 Half-rotation kV-CBCT imaging protocol for prostate IGRT 

We have successfully introduced a dose-reduced kV-CBCT imaging for prostate 

IGRT with fiducial markers by adopting the half-rotation kV-CBCT protocol that is 

used widely in the head-and-neck IGRT. The total imaging dose to the patient using the 

daily half-rotation kV-CBCT protocol accounts for only 0.2% of the total prescribed 

dose of 74-76 Gy, which enables image guidance to be performed on daily basis without 

much concern about imaging dose to the patient. The most important observation is that 

the localization performance of this protocol is comparable to fiducial marker tracking 



231 

 

using EPID in the translational directions. The radiation therapists involved in the 

clinical study have expressed their satisfaction on the use of this protocol, as the results 

of localization were complemented with soft tissue information. With the facility for 

visualization of soft tissue, any substantial changes in the target volume or OAR can be 

identified during the course of treatment. 

The use of the proposed protocol has been shown to reduce patient-on-couch 

time (compared to the full-rotation protocol) and therefore the setup uncertainties due to 

patient movement throughout the IGRT setup procedure can be reduced. With the use of 

automatic seed-chamfer algorithm and automatic couch positioning system, the whole 

IGRT process could be achieved within two minutes, making it a practical solution for 

image-guidance in a busy radiotherapy department.  

 

8.2 Future work 

 There are a number of research areas that can be explored further to improve the 

contributions made in this dissertation. Three potential research areas that can build on 

the work presented in this dissertation are described in the following sections. 

 

8.2.1 Rotational displacements 

Because of the limitations of image registration software and patient support 

system, this study has focused on assessing the influence of translational displacements 

of the prostate on the localization process. It is recognized that rotational displacements 

of the prostate are also relevant in the current practice of prostate IGRT, particularly 

when seminal vesicles are included in the target volume. The FRE analysis as described 

in Chapter 5 has been correlated to uncorrected rotation displacements in some cases, 

and so correction of rotational displacements could lead to a reduction of registration 

errors and therefore improved accuracy of localization. The CUSUM method can also 
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be potentially used for the detection and compensation of systematic changes of the 

rotational displacements. It has been reported that the use of fiducial markers does not 

provide an accurate measurement of rotational displacements compared to soft-tissue 

based verification (Logadottir et al 2011). Therefore, the use of fiducial markers to 

calculate rotational displacements requires more investigation to assess its impact on 

SPC and localization methods proposed in this thesis.  

 

8.2.2 Intra-fractional displacements 

All studies performed in this thesis account for inter-fractional displacement 

during multi-fractional radiotherapy of the prostate. However, intra-fractional 

displacement of the prostate has been reported in the literature and was not assessed in 

this work. It is challenging to correct for intra-fractional displacements that may occur 

due to the physiologic changes in the bowel and respiratory motion without tracking or 

gating methods of radiotherapy delivery. SPC methods could be useful for monitoring 

of and compensating for intra-fractional displacements. Images of the prostate could be 

acquired at predefined intervals during irradiation and used to estimate the intra-

fractional displacement. The data could be analysed using SPC methods to flag any 

substantial and persistent shifts throughout a fraction of treatment. It would be 

interesting to seek applications of SPC methods to sites where the intra-fractional 

displacement is large, such as the lungs. A non-ionizing image-guidance method (e.g. 

RF tracking) should ideally be used for this investigation to eliminate/minimize 

extraneous imaging doses to patients.  

 

8.2.3 Prospective studies on SPC methods 

In this thesis, SPC methods have been successfully applied to retrospective 

studies. The next step to evaluate the feasibility of using SPC methods for IGRT 
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processes is by pursuing prospective studies, so that the following questions can be 

addressed: 

• What is the best way to integrate SPC methods within an IGRT flow of work?  

• How do SPC methods impact the workflow/efficiency of IGRT processes? 

• How are different correction strategies (e.g. offline and online strategies) 

impacted by the SPC methods/? 

• Are the performances of SPC methods comparable to results from the 

retrospective studies? 

The prospective studies should ideally involve a larger cohort of patients so that 

multivariate analysis can be performed with greater confidence. In addition, the 

specificity of SPC methods can be evaluated to correlate the uncertainties and instability 

in the IGRT processes with clinical factors.  

 

8.3 Final remarks 

IGRT is an important research area for improving the quality and efficacy of 

radiotherapy treatment. The focus for prostate radiotherapy has gradually changed from 

treating the disease to improve the quality of life. Reducing the dose to OAR 

necessitates highly conformal radiotherapy, which must be delivered in conjunction 

with procedures to measure and reduce the uncertainties associated with prostate 

localization. This thesis has demonstrated the importance of the IGRT processes for 

treatments such as IMRT by identifying and quantifying sources of uncertainties as well 

as statistical tools that can be easily implemented to reduce these uncertainties. Further, 

accurate dose delivery is not only important for the quality of individual treatments but 

for the quality of information obtained from clinical trials and cohort studies. The 

strategies we have identified to reduce patient- and treatment-related uncertainties will 
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help address the identification and reduction of anatomical-clinical uncertainties (such 

as the margins for sub-clinical microscopic malignant disease). 

This dissertation has provided a number of contributions to the area, but there 

are still many areas to be explored for continuous development and improvement in 

IGRT. It is an exciting time to be working in this area, with various problems remaining 

to be solved and so many interesting possible applications of SPC in IGRT. This chapter 

closes with the hope of realization of an ideal IGRT strategy, not only for better 

treatment outcome, but also for job satisfaction within the radiotherapy community. 
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Appendix A: A worked example on the derivation of control limits for an x-chart 

for the example given in Figure 5.5(b). 

 

Table below shows the daily aggregate FRE acquired for N=37 fractions of 

radiotherapy treatment for the example given in Figure 5.5 (b). The third column is the 

moving range (mRn), which is the difference in magnitude between the aggregate FRE 

on the nth fraction, FREn, to its predecessor, FREn-1. 

 

Fraction (n) Aggregate FRE (mm) mRn (mm) 
1 1.96 - 
2 1.86 0.10 
3 1.67 0.19 
4 0.86 0.81 
5 1.54 0.68 
6 1.35 0.18 
7 1.49 0.13 
8 1.53 0.04 
9 0.94 0.58 
10 1.47 0.53 
11 1.88 0.41 
12 1.44 0.44 
13 0.99 0.45 
14 1.63 0.63 
15 1.15 0.48 
16 1.19 0.04 
17 1.95 0.76 
18 2.01 0.06 
19 1.84 0.17 
20 1.74 0.10 
21 2.00 0.26 
22 2.11 0.11 
23 2.55 0.44 
24 1.56 0.99 
25 2.32 0.76 
26 1.85 0.47 
27 2.21 0.36 
28 2.25 0.04 
29 2.42 0.17 
30 2.26 0.16 
31 2.37 0.11 
32 2.40 0.03 
33 2.15 0.25 
34 1.85 0.30 
35 1.91 0.06 
36 2.09 0.18 
37 2.18 0.10 
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As described in Section 5.5.6, a robust estimate of the upper control limit (UCL) 

is derived by filtering outliers, defined as greater than 1 standard deviation from the 

mean, over the initial sampling of the first 5 days of treatment before calculating the AN 

and UCL for the x-chart. In the current example, the mean and standard deviation of 

aggregate FREs for the first 5 days are 1.6 and 0.4 respectively. Hence, the aggregate 

FREs used to derive the An and UCL of the x-chart must lie in the range 1.2 to 2.0. The 

aggregate FRE obtained on the 4th fraction (FRE = 0.9) is therefore excluded from the 

derivation of the An and UCL. 

The A4 of the x-chart is obtained using Equation 5.2: 
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The UCL for the x-chart can now be determined using Equation 5.6: 
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 A fixed tolerance limit (TL) of 3 mm was also imposed in the x-chart. It should 

be noted that we defined the criteria for out-of-control as two consecutive FRE values 

equal to or larger than the UCL or TL. 

 The x-chart for this particular example is shown below. The aggregate FRE is 

stable until day 26 of treatment with only 1 FRE, with a value of 2.5 mm, exceeding the 

UCL on day 23. The x-chart is deemed to be out-of-control on day 28 of treatment when 

2 consecutive FRE values exceeding the UCL. A Mann-Whitney test confirmed that 
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there is a significance difference in the FRE median values after a baseline shift ( p = 

0.001).  
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Appendix B: A worked example to illustrate the use of Bland-Altman Limits of 

Agreement, Deming regression and Concordance correlation. 

 

 There are a number of statistical tools available to assess agreement between 

datasets. Simple correlation analysis indicates only that two datasets are (linearly) 

related, but does not give any indication of the presence and/or contributions of the two 

sources of error; systematic error (or bias) and random error (or noise). Bland-Altman 

Limits of Agreement (LoA), Deming regression and concordance correlation were all 

used in this thesis as each tool provides different information about the agreement 

between datasets. Example datasets were generated to illustrate the use of these 

statistical methods. 

Consider the following localization data: 

 

Reference (mm) Sample A (mm) Sample B (mm) Sample C (mm) Sample D (mm) 
0.00 0.00 0.07 2.07 2.00 
0.10 0.10 0.43 2.39 2.05 
0.20 0.20 0.35 2.27 2.10 
0.30 0.30 0.47 2.35 2.15 
0.40 0.40 -0.10 1.74 2.20 
0.50 0.50 0.20 2.00 2.25 
0.60 0.60 1.07 2.83 2.30 
0.70 0.70 0.88 2.60 2.35 
0.80 0.80 0.90 2.58 2.40 
0.90 0.90 1.26 2.90 2.45 
1.00 1.00 1.42 3.02 2.50 
1.10 1.10 1.03 2.59 2.55 
1.20 1.20 1.39 2.91 2.60 
1.30 1.30 2.32 3.80 2.65 
1.40 1.40 0.80 2.24 2.70 
1.50 1.50 0.99 2.39 2.75 
1.60 1.60 0.32 1.68 2.80 
1.70 1.70 1.83 3.15 2.85 
1.80 1.80 1.58 2.86 2.90 
1.90 1.90 2.30 3.54 2.95 
2.00 2.00 1.79 2.99 3.00 
2.10 2.10 2.13 3.29 3.05 
2.20 2.20 2.39 3.51 3.10 
2.30 2.30 1.89 2.97 3.15 
2.40 2.40 2.88 3.92 3.20 
2.50 2.50 1.08 2.08 3.25 
2.60 2.60 2.36 3.32 3.30 
2.70 2.70 2.43 3.35 3.35 
2.80 2.80 2.51 3.39 3.40 
2.90 2.90 2.58 3.42 3.45 
3.00 3.00 2.49 3.29 3.50 
3.10 3.10 3.72 4.48 3.55 
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3.20 3.20 3.12 3.84 3.60 
3.30 3.30 2.98 3.66 3.65 
3.40 3.40 2.16 2.80 3.70 
3.50 3.50 3.75 4.35 3.75 
3.60 3.60 2.14 2.70 3.80 
3.70 3.70 4.25 4.77 3.85 
3.80 3.80 3.23 3.71 3.90 
3.90 3.90 3.56 4.00 3.95 
4.00 4.00 4.26 4.66 4.00 
4.10 4.10 4.13 4.49 4.05 
4.20 4.20 3.65 3.97 4.10 
4.30 4.30 4.19 4.47 4.15 
4.40 4.40 4.24 4.48 4.20 
4.50 4.50 4.62 4.82 4.25 
4.60 4.60 4.98 5.14 4.30 
4.70 4.70 4.76 4.88 4.35 
4.80 4.80 5.42 5.50 4.40 
4.90 4.90 5.06 5.10 4.45 
5.00 5.00 4.86 4.86 4.50 
5.10 5.10 5.22 5.18 4.55 
5.20 5.20 4.55 4.47 4.60 
5.30 5.30 5.33 5.21 4.65 
5.40 5.40 4.99 4.83 4.70 
5.50 5.50 5.74 5.54 4.75 
5.60 5.60 5.03 4.79 4.80 
5.70 5.70 5.95 5.67 4.85 
5.80 5.80 4.96 4.64 4.90 
5.90 5.90 6.80 6.44 4.95 
6.00 6.00 5.39 4.99 5.00 
6.10 6.10 6.06 5.62 5.05 
6.20 6.20 6.35 5.87 5.10 
6.30 6.30 6.11 5.59 5.15 
6.40 6.40 6.64 6.08 5.20 
6.50 6.50 6.20 5.60 5.25 
6.60 6.60 7.46 6.82 5.30 
6.70 6.70 5.93 5.25 5.35 
6.80 6.80 6.32 5.60 5.40 
6.90 6.90 7.34 6.58 5.45 
7.00 7.00 7.79 6.99 5.50 
7.10 7.10 7.01 6.17 5.55 
7.20 7.20 6.66 5.78 5.60 
7.30 7.30 7.39 6.47 5.65 
7.40 7.40 6.46 5.50 5.70 
7.50 7.50 7.67 6.67 5.75 
7.60 7.60 7.22 6.18 5.80 
7.70 7.70 8.43 7.35 5.85 
7.80 7.80 7.25 6.13 5.90 
7.90 7.90 7.26 6.10 5.95 
8.00 8.00 8.00 6.80 6.00 
8.10 8.10 7.98 6.74 6.05 
8.20 8.20 7.98 6.70 6.10 
8.30 8.30 8.05 6.73 6.15 
8.40 8.40 8.41 7.05 6.20 
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8.50 8.50 7.76 6.36 6.25 
8.60 8.60 9.02 7.58 6.30 
8.70 8.70 9.06 7.58 6.35 
8.80 8.80 8.48 6.96 6.40 
8.90 8.90 10.01 8.45 6.45 
9.00 9.00 9.22 7.62 6.50 
9.10 9.10 9.63 7.99 6.55 
9.20 9.20 8.96 7.28 6.60 
9.30 9.30 10.02 8.30 6.65 
9.40 9.40 9.72 7.96 6.70 
9.50 9.50 10.23 8.43 6.75 
9.60 9.60 9.73 7.89 6.80 
9.70 9.70 9.70 7.82 6.85 
9.80 9.80 9.39 7.47 6.90 
9.90 9.90 10.32 8.36 6.95 
10.00 10.00 9.56 7.56 7.00 

 

In the table above, column 1 is a set of reference localization data. Sample A is a set of 

localization data that matches perfectly the reference data. Sample B is the same 

underlying dataset as Sample A but includes quasi-random Gaussian noise. Sample C 

was generated from Sample B by including a systematic bias at each datapoint. Sample 

D was generated from the reference data with the introduction of the same value of 

systematic bias to that of Sample C. 

 Samples A, B, C and D are plotted against the reference localization data as 

shown below: 
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1.  Reference localization data versus Sample A. 

 

 

As expected, all 3 tests indicate perfect agreement between Sample A and the 

reference dataset. Deming regression analysis showed no constant and no 

proportional biases. The Concordance correlation test shows perfect correlation, 

with correlation the Concordance coefficient (ρc), Pearson correlation coefficient 

(ρ) and bias correction factor (Cb)  exactly unity. Bland-Altman analysis shows 

that the mean difference in the average of reference data and the 95% LoA are 0 

as expected. The above therefore illustrate the results expected from the different 

agreement tests, when the data is “perfect”. 
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2. Reference localization data versus Sample B. 

 

 

 

In the upper figure, the Deming regression analysis results in zero constant and 

zero proportional biases at 95% confidence level. This result is expected because 

the systematic behaviour of the differences between measurements (when the 

random noise has been excluded) is still the same as for the perfect data. The 

Concordance correlation test also shows near-perfect correlation with the 

Concordance coefficient (ρc), Pearson correlation coefficient (ρ) and bias 

correction factor (Cb) equal to 0.99, 0.99 and 1.0 respectively. The reduction of 

the Concordance correlation coefficient from the value of unity is due to the 

addition of random noise; if the magnitude of the random noise increases, the 

correlation coefficient will approach a lower limit of zero (no correlation) is 

reached. However, Bland-Altman analysis yields non-zero values of the lower 

and upper LoA, with values of -0.95 mm and 1.05 mm respectively. The non-

zero LoA values show that even with a near-perfect correlation, a finite level of 
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agreement must occur at a 95% confidence level. In the current example, the 

values of Sample B are equally likely to be larger or smaller than the 

corresponding reference values as the noise on Sample B has a quasi-random 

Gaussian distribution. Thus, the (lower and upper) intervals are equidistant from 

the mean. We would expect that the upper and lower LoA would expand if the 

magnitude of noise were increased. 

 

3. Reference localization data versus Sample C: 

 

 

In this case, the Deming regression analysis (upper figure) identifies a 

systematic bias in the offset and slope, with non-zero values for the constant and 

proportional biases at the 95% confidence level. The values are 1.8 and 0.6 

respectively. These values are closely related to the offset and slope of the trend 

line in Sample C (2.00 and 0.60, respectively). The effect of the systematic 

differences also carries through into the Concordance correlation test. This 

shows a substantially strong correlation, with the Concordance coefficient (ρc), 
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Pearson correlation coefficient (ρ) and bias correction factor (Cb) equal to 0.87, 

0.96 and 0.91 respectively, but it is not possible to differentiate between the 

effects of random noise versus the systematic differences in Sample C readings 

from the reference values. Similarly, Bland-Altman analysis detects systematic 

differences and random differences in the measurement values as a single 

parameter, and gives the lower and upper LoA values of -2.4 mm and 2.5 mm, 

respectively.  

 

4. Reference localization data versus Sample D: 

 

 

 

Sample D represents a dataset with the introduction of the same systematic bias 

to that of Sample C, but this time, the quasi-random Gaussian noise is filtered 

out from the dataset. From the Bland-Altman analysis, no systematic difference 

is detected and the mean difference in the reference data and Sample D data 

equals 0. However, Deming regression analysis identifies a systematic bias 
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between the reference data and Sample D dataset. It is also able to separate the 

effects of constant and proportional systematic biases, with values of 2.0 and 0.6 

respectively, which are the exact values of the offset and slope of the trend line 

in Sample D. The Concordance correlation test yields a Concordance coefficient 

ρc = 0.88. With the noise filtered out in this sample, the Pearson correlation ρ, 

which is a measure of random disagreement (noise), is equal to 1, compared to 

the ρ value of 0.96 for Sample C. 

 

 From the four examples given above, it is apparent that each method of testing 

agreement is sensitive and specific to different kinds of errors. Bland-Altman analysis is 

suitable for assessing the agreement between two quantitative observations regardless of 

whether one or neither, is the ‘gold standard’ for measurement.  It provides a 

statistically-based (usually 95%) confidence interval for the expected agreement 

between two observation methods, which is encompassed by the lower and upper LoA, 

but Bland-Altman analysis necessarily assumes that there are no systematic biases 

(neither constant offset nor proportional) in the difference between the observation 

methods. Therefore, the LoA do not distinguish between disagreement due to random 

noise (Sample B) or systematic bias of some kind (Sample C); Bland-Altman analysis 

combines both contributions into its estimated confidence interval for agreement.   

In order to separate out random noise effects from systematic biases between 

measurement methods, a test that is specific to systematic bias and not sensitive to 

random noise is required. Deming regression provides such a test, because it quantifies 

only the systematic constant and proportional biases. However, using the Deming test 

alone does not give us an intuitive measure for how “close” to expect values of two 

different measurement methods to be. The Bland-Altman LOA interval is more intuitive 

in this regard, but is only applicable where one can demonstrate conclusively that there 

are NO statistically significant systematic biases. 

The concordance correlation method is sensitive to both random disagreement 

(noise) and systematic bias, and in fact allows us to separate the relative contribution of 

each if we divide the Concordance correlation coefficient by the Pearson correlation 

coefficient and the bias correction factor. 

 One important difference between the Concordance correlation method and 

Deming regression method is that Concordance correlation method assumes no 

error/noise for the reference method. Conversely, the Deming regression method 

assumes that the measurements from the reference method have equal variance to the 
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noise of the measurements of the second method. Thus, these tests do not provide 

complimentary information, instead each has strengths and weaknesses and the 

interpretation of the results relies on knowledge about the error of the reference method. 

 In the above worked examples, it can be concluded no one statistical test 

provides all the information required for assessing the agreement between two or more 

methods. Each test yields different knowledge on the extent of agreement between 

methods. It is therefore recommended to perform various method comparison statistical 

tests, as applied in Chapter 6, to obtain the utmost information on the level of agreement 

between two localization techniques. 
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Appendix C: Histograms of intra-modality shifts between localization and reference images.  

 
 

1. Descriptive statistics for translational shifts measured using EPID and half-rotation CBCT (all values in mm) 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Statistical parameters 
EPID CBCT (seed-chamfer) CBCT (grey-value) CBCT (bony-match) 

LR SI AP LR SI AP LR SI AP LR SI AP 

Mean -0.1 -0.2 -0.3 -0.3 0.3 -0.3 -0.2 0.4 -0.5 -0.2 -0.1 -0.4 

Upper 95% CI 0.1 0.0 -0.1 -0.1 0.5 -0.1 0.0 0.6 -0.3 0.0 0.1 -0.3 

Lower 95% CI -0.3 -0.3 -0.5 -0.4 0.1 -0.5 -0.4 0.2 -0.7 -0.4 -0.3 -0.6 

SD 2.7 2.8 3.1 2.7 2.9 3.2 2.7 2.8 3.0 2.6 2.7 2.6 

Minimum -10.1 -12.1 -10.9 -11.0 -11.3 -10.8 -10.9 -10.8 -11.6 -10.5 -9.3 -11.6 

Maximum 8.5 8.6 10.1 9.0 9.4 11.2 9.0 14.0 13.0 8.5 9.1 9.6 

Normally distributed? Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes 
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2. Descriptive statistics for rotational shifts measured using half-rotation CBCT (all values in degrees) 

 

Statistical parameters 
CBCT (seed-chamfer) CBCT (grey-value) CBCT (bony-match) 

LR SI AP LR SI AP LR SI AP 

Mean -1.7 -0.1 0.3 -0.1 0.4 0.7 -0.1 0.2 -0.1 

Upper 95% CI -1.3 0.1 0.4 0.2 0.5 0.8 0.0 0.3 0.0 

Lower 95% CI -2.1 -0.2 0.1 -0.4 0.2 0.6 -0.2 0.1 -0.1 

SD 5.8 2.8 1.9 4.3 2.2 1.7 1.7 1.0 0.7 

Min -25.5 -14.9 -7.1 -16.3 -11.9 -5.2 -12.5 -4.4 -2.4 

Max 17..7 21.7 11.9 15.1 14.4 7.9 6.5 4.7 2.9 

Normally distributed? Yes No Yes No No No No No No 
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Appendix D: Histograms of intra-modality shifts between localization and 

reference images.  

 

1. Translational shifts measured using electronic portal imaging device (EPID) in 
the (a) LR, (b) SI and (c) AP directions.  

 

 

 

(a) 

(b) 

(c) 
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2. Translational shifts measured using half-rotation CBCT (seed-chamfer 
algorithm) in the (a) LR, (b) SI and (c) AP directions.  

 

 

 

 
 

(a) 

(b) 

(c) 
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3. Translational shifts measured using half-rotation CBCT (grey-value matching 
algorithm) in the (a) LR, (b) SI and (c) AP directions. 
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(c) 
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4. Translational shifts measured using half-rotation CBCT (bony match algorithm) 
in the (a) LR, (b) SI and (c) AP directions. 

 

 

 

 
 

(a) 

(b) 

(c) 
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5. Rotational shifts measured using half-rotation CBCT (seed-chamfer algorithm) 
about the (a) LR, (b) SI and (c) AP axes. 

 

 

 

 
 

(a) 

(b) 
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6. Rotational shifts measured using half-rotation CBCT (grey-value matching 
algorithm) about the (a) LR, (b) SI and (c) AP axes. 

 

 

 

 
 

(a) 

(b) 

(c) 
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7. Rotational shifts measured using half-rotation CBCT (bony-match match 
algorithm) about the (a) LR, (b) SI and (c) AP axes. 
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Appendix E: Scatter-plots of the data obtained by methods for localization 

comparison with Deming regression fit (solid line) and line of identity (dashed 

line).  

 

1. Comparison of localization using EPID and half-rotation CBCT (grey-value 
algorithm) for translational shift in the (a) LR, (b) SI and (c) AP directions. 
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2. Comparison of localization using half-rotation CBCT using grey-value and seed-
chamfer algorithm for translational shift in the (a) LR, (b) SI and (c) AP 
directions. 

 

 

 

(a) 

(b) 
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3. Comparison of localization using half-rotation CBCT using seed-chamfer and 
bony-match algorithm for translational shift in the (a) LR, (b) SI and (c) AP 
directions. 

 

 

 

(a) 

(b) 
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4. Comparison of localization using half-rotation CBCT using grey-value and seed-
chamfer algorithm for rotational shift about the (a) LR, (b) SI and (c) AP axes. 
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5. Comparison of localization using half-rotation CBCT using bony-match and 
seed-chamfer algorithm for rotational shift about the (a) LR, (b) SI and (c) AP 
axes. 
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Appendix F: Bland-Altman plots of method comparison for localization. Different 

marker styles represent different patients in this study. The blue line is mean 

difference which represents the systematic bias estimate (SBE). The red dashed 

line is the line of identity. The two dashed brown line represents the upper and 

lower 95% limits of agreement. The values of 95% LOA are also provided. 

 

1. Comparison of localization using EPID and half-rotation CBCT (grey-value 
algorithm) for translational shift in the (a) LR, (b) SI and (c) AP directions. 
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2. Comparison of localization using half-rotation CBCT using grey-value and seed-
chamfer algorithm for translational shift in the (a) LR, (b) SI and (c) AP 
directions. 
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3. Comparison of localization using half-rotation CBCT using seed-chamfer and 
bony-match algorithm for translational in the (a) LR, (b) SI and (c) AP 
directions. 
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4. Comparison of localization using half-rotation CBCT using seed-chamfer and 
grey-value algorithm for rotational shift about the (a) LR, (b) SI and (c) AP axes. 
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5. Comparison of localization using half-rotation CBCT using seed-chamfer and 
bony-match algorithm for rotational shift about the (a) LR, (b) SI and (c) AP 
axes. 
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Appendix G: A worked example on the derivation of control limits and estimation 

of systematic shift using a CUSUM chart for the example given in Figure 7.2. 

 

A CUSUM table derived for the daily localization offset acquired for 37 
fractions of radiotherapy treatment is shown below. 

Day i xi (mm) 
(a) (b) Corrected 

xi 

(c) 

xi-K +C  -K- xi 
−C  xi-K +C  

1 -1.2        
2 0.5        
3 1.6        
4 0.0        
5 -0.8        
6 -3.1 -5.6 0 0.60 0.6    
7 -3.3 -5.8 0 0.80 1.4    
8 -4.2 -6.7 0 1.70 3.1    
9 -1.0 -3.5 0 -1.50 1.6    

10 2.8 0.3 0.3 -5.30 0    
11 3.7 1.2 1.5 -6.20 0    
12 4.7 2.2 3.7 -7.20 0    
13 3.5 1.0 4.7 -6.00 0    
14 5.5 3.0 7.7 -8.00 0    
15 4.4 1.9 9.6 -6.90 0 0.30 -2.20 0 
16 3.1 0.6  -5.60 0 -1.00 -3.50 0 
17 5.3 2.8  -7.80 0 1.20 -1.30 0 
18 5.5 3.0  -8.00 0 1.40 -1.10 0 
19 2.6 0.1  -5.10 0 -1.50 -4.00 0 
20 3.1 0.6  -5.60 0 -1.00 -3.50 0 
21 6.6 4.1  -9.10 0 2.50 0.00 0 
22 4.6 2.1  -7.10 0 0.50 -2.00 0 
23 4.1 1.6  -6.60 0 0.00 -2.50 0 
24 3.3 0.8  -5.80 0 -0.80 -3.30 0 
25 2.7 0.2  -5.20 0 -1.40 -3.90 0 
26 4.0 1.5  -6.50 0 -0.10 -2.60 0 
27 2.3 -0.2  -4.80 0 -1.80 -4.30 0 
28 3.3 0.8  -5.80 0 -0.80 -3.30 0 
29 2.8 0.3  -5.30 0 -1.30 -3.80 0 
30 2.2 -0.3  -4.70 0 -1.90 -4.40 0 
31 2.1 -0.4  -4.60 0 -2.00 -4.50 0 
32 2.3 -0.2  -4.80 0 -1.80 -4.30 0 
33 4.2 1.7  -6.70 0 0.10 -2.40 0 
34 3.4 0.9  -5.90 0 -0.70 -3.20 0 
35 4.5 2.0  -7.00 0 0.40 -2.10 0 
36 2.2 -0.3  -4.70 0 -1.90 -4.40 0 
37 2.7 0.2  -5.20 0 -1.40 -3.90 0 
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The second column contains the value of the localization offset.  

As per treatment protocol at our institution, the localization offsets from the first 

five day of treatment (x1 to x5) were averaged to give an estimation of the systematic 

error of the patient setup. In the current example, the average localization offsets from 

the first five days of treatment is 0, so no adjustment is required for the localization 

offset from day 6 onwards. 

 The start (t=1) of the CUSUM chart is the sixth fraction of treatment. The value 

K, which indicates the reference value, or deviation allowance from the average 

localization offset, is first determined as follow using Equation 7.4:   

2
01 µ−µ

=K  

                                                                     = (5 – 0)/2 mm = 2.5 mm 

 

In the above equation, the value of µ1, which is the mean magnitude of systematic shifts 

that the algorithm must be sensitive to, is equal to 5 mm. The target value, µ0, which is 

the ideal value of the mean localization offset for the process, is here set to the mean 

localization offset calculated for the first 5 fractions (in this case, 0).  

Columns 4 and 6 show the positive CUSUM ( +

iC ) and negative CUSUM ( −

iC ) 

respectively. The +

iC for day i is determined as: 

[ ]+

−

+ +−= 1,0max iii CKxC  

 

For example, the +

iC on the 10th (i = 10) is: 

[ ]++ +−= 91010 ,0max CKxC  

                                                                  = max [0, 2.8 – 2.5 +0] 

                                                                  = 0.3 mm 

 

Similarly, the −

iC  for day i is determined as: 

              [ ]−

−

− +−−= 1,0max iii CxKC  

 

For example, the −

iC  on the 10th (i = 10) is: 

                [ ]−− +−−= 91010 ,0max CxKC  

                                                                  = max [0, -2.5 – 2.8 + 1.6] 

                                                                  = 0 mm 
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Each daily update to the indices +

iC and −

iC  therefore yields either no change, or 

it is incremented by the difference between the localization offset and the deviation 

allowance, K=2.5 mm.  

 An explanation of the derivation of the decision interval H is provided in Section 

7.2. The standard deviation σ of the localization offset of the entire patient cohort is 3 

mm. For K = 2.5 mm we obtain H = 8.7 mm from Table 7.2. This is the threshold value 

for a CUSUM chart to be out-of-control when the value of µ1 is set to 5 mm. 

  In the current example, the +

iC on the 15th day of treatment is 9.6 mm and so 

exceeds H = 8.7 mm. In this case, a systematic shift in the positive direction (towards 

the patient’s left) from the baseline value was detected. To estimate the magnitude of 

the shift, Equation 7.11 is used: 

mm.1.4
6
6.9

5.2

15

=

+=

+=
+

+

N

C
Kµ

 

 

In the above equation, the value N
+ indicates the number of consecutive treatment 

fractions for which the value of +C was nonzero, which in this case is 6. The magnitude 

of shift calculated is 4.1 mm. No systematic shift was detected in the negative direction 

(towards the patient’s right) as −

iC never exceeds H = 8.7 mm. 

 The localization offsets for the remaining fractions can be corrected by the 

detected systematic shift. The corrected values are shown in column 7 of the table. With 

the new localization offsets, the +C  record is re-initiated to monitor systematic shifts 

from fraction 15 onwards (column 9 of the table). In the current example, the +C values 

are 0 from fraction 15 onwards, indicating no further systematic shift detected.  

 The CUSUM chart for this example is the next page. 
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CUSUM chart for the worked example presented in this section. A change in the 
systematic offset was detected on the fifteenth day when C

+ exceeded the decision 
interval H. The solid circles show the offsets after a shift correction of magnitude 4.1 
mm is applied. The corrected offsets are clearly closer to the target value of 0 than the 
original offsets. 


