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FIGURE 1. Hippocrates
 

FIGURE 2. Marie Curie 

CANCER TREATMENT IN ANCIENT HISTORY 

Cancer has afflicted humans throughout recorded history. Some of the 

earliest evidence of cancer is found among fossilized bone tumors, human 

mummies in ancient Egypt, and hieroglyphic inscriptions. The earliest known 

descriptions of cancer (although the term cancer was not used) appear in 

seven papyri. Two of them, known as the ‘Edwin Smith’ and ‘George Ebers’ 

papyri, contain descriptions of cancer written around 1600 B.C., and are 

believed to date from sources as early as 2500 B.C.
(1-2)

 

The Greek doctor Hippocrates (460-370 B.C., 

FIGURE 1
(3)

), considered as the ‘Father of Medicine’, 

is credited with being the first physician to reject 

superstitions and beliefs that ascribed supernatural 

or divine forces with causing illness
(1,3-4)

. He 

separated the discipline of medicine from religion, 

believing and arguing that disease was not a 

punishment inflicted by the gods but rather the 

product of environmental factors, diet and living 

habits. However, Hippocrates did work with many 

convictions that were based on what is now known 

to be incorrect anatomy and physiology, such as Humoral Theory
(5-6)

. He 

believed that the body contained 4 humors (body fluids) - blood, phlegm, 

yellow bile, and black bile. An excess of black bile collecting in various body 

sites was thought to cause cancer. According to the patient's humor, 

treatment consisted of diet, blood-letting and/or laxatives next to hygiene 

and sleep. 

Although Humoral Theory and treatment remained 

popular for many centuries, thoughts and treatment 

about cancer began to change since the Renaissance 

period. With the discovery of the blood system, the 

lymphatic system, the discovery of cells, and the 

discovery of radiation in 1895 by Wilhelm Röntgen and 

the discovery of radium in 1898 by Marie (FIGURE 2
(3)

) 

and Pièrre Curie, a new era of cancer research and 

treatment began
(3)

.  
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FIGURE 3. The male pelvis 

 

 

 

 

PROSTATE CANCER 

In The Netherlands, prostate cancer is diagnosed in about 8,000 men each 

year
(7-9)

. About 75% is at the age of 65 or older, although recently the illness 

is diagnosed at an earlier age (40-45 years) as a result of increased 

screening
(10)

. Prostate cancer occurs more often in men in Western countries 

and is largest in the United States, with a striking difference in incidence 

between black and white people: 30% more in black than in white people
(11)

. 

The incidence of prostate cancer in China and Japan is much lower, 

probably as a result of differences in diet
(12)

, or by the difference in 

diagnostic strategies
(13)

. The influence of food types on prostate cancer is 

still uncertain
(14)

. And, probably, male hormones and environmental factors 

are of influence
(15-16)

. In about 5-10% of all men prostate cancer is caused by 

hereditary factors
(17-18)

. The 5-year relative survival rate for prostate cancer 

in The Netherlands is high and increased from 74% in the period 1992-1996 

to 84% in the period 2002-2006
(9)

. 

The prostate lies at the base of the bladder (FIGURE 3
(19)

). The anterior part 

of the prostate surrounds the urethra and the posterior part presses against 

the rectum. A prostate tumor is a lump created by an abnormal and 

uncontrolled growth of cells. It can either be malignant (cancerous) or 

benign. Cancerous tumors can grow through the prostate and spread to 

other parts of the body where they may grow and form secondary tumors. 

This process is called metastasis. The outer part of the prostate is most 

likely to develop cancer. 
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DIAGNOSIS AND STAGING 

Prostate cancer is diagnosed
(7-8)

 through digital rectal examination of the 

prostate and a raised level of prostate-specific antigen (PSA) in the blood. In 

spite of the lack of a clear threshold value providing an optimal balance 

between sensitivity and specificity, the PSA blood test remains the best 

validated and most widely implemented screening tool for prostate  

cancer
(20-21)

. With a transrectal ultrasound (TRUS) device, prostate and 

irregularities can be visualized. With a prostate biopsy, small pieces of tissue 

are removed and examined in a laboratory by a pathologist to find out if it is 

a tumor and to determine its agressiveness. A biopsy is the only way to 

confirm the presence of cancer. Additional tests may be performed like 

computed tomography (CT), magnetic resonance imaging (MRI) and/or bone 

scans to see how far the cancer has spread, if at all. CT scans can indicate 

whether the cancer has spread to the lymphatic system. CT finding can be 

confirmed by an operation through small incisions where suspect lymph 

nodes are removed and the tissue is examined by a pathologist. A MRI scan 

gives information about the size of the tumor and whether it has grown 

outside the prostatic capsule. A bone scan involves injecting a small amount 

of radioactive fluid into the vein. A bone scan of this can show if the cancer 

has spread to the bone.  

From the diagnostic data, the clinical stage according to the TNM standard 

of the American Joint Committee on Cancer, is determined
(22)

. The T-stage 

expresses whether the tumor (T) is not palpable or visible (T1), the cancer is 

confined to the prostate lobes (T2), the tumor has been grown beyond the 

prostatic capsule and/or has spread into the seminal vesicles (SV) (T3), or if 

the tumor invades adjacent structures (T4). The N-staging expresses 

whether regional nodes (N) in the lymphatic system are positive and the M-

staging expresses whether there is metastatic (M) spread to the bone. 

Together with the PSA level, size of the tumor and the pathological Gleason 

score (grading between 2 and 10)
(22)

, which determines the aggressiveness 

of the tumor cells, these data are used to determine the prognosis and 

treatment options for the patient.   
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TREATMENT OPTIONS 

Treatment for prostate cancer depends on a number of factors such as 

staging and grading of the tumor, age and whether the cancer has spread 

and if so, how far
(7)

. Among them, radical prostatectomy (removal of prostate 

and SV), radiotherapy with inserted radioactive sources (brachytherapy) and 

external beam radiotherapy (See next paragraph) are the most common 

treatment options
(8)

. Radical prostatectomy and brachytherapy are mainly 

used for patients whose tumor is small and not spread beyond the prostate. 

However, recent studies state that radical prostatectomy is also feasible for 

locally advanced disease
(23)

. A new surgical development is (robotic-

assisted) prostatectomy, where the prostate is removed through small 

incisions
(24)

. With high dose-rate (HDR) brachytherapy, also in combination 

with external beam radiation therapy, treatment of intermediate to high-risk 

prostate cancer is also possible. It was found that the combination of 

external beam radiotherapy and HDR brachytherapy results in a good 

biochemical control and overall survival
(25)

. Sometimes, particularly for slow-

growing tumors or for patients with a life-expectancy of <10 years, no 

treatment is the best course of action
(8)

. This is called active monitoring or 

watchful waiting. It has been shown that prostate cancer mortality did not 

differ between patients with deferred or active treatment
(26)

. Counter-

indications for deferred treatment included younger age, higher clinical 

stage, higher Gleason score, and higher PSA at diagnosis. 

 

EXTERNAL BEAM RADIOTHERAPY 

Curative treatment of prostate cancer by means of external beam 

radiotherapy is the main treatment option for patients with a locally advanced 

tumor and a life expectancy ≥ 10 years
(8)

. External beam radiotherapy is also 

used as palliative treatment, e.g., to relief pain, and is effective in almost 

70% of all patients
(27-28)

. Sometimes, external beam radiotherapy is used 

solely, but very often it is used as a concomitant treatment with surgical 

eradication of the prostate, hormonal therapy or both.  
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The aim of curative external beam radiotherapy is to achieve local tumor 

control, i.e., to destroy all primary tumor cells and spare the surrounding 

healthy tissue. Patients generally receive a total dose of 66-80 Gy which is 

fractionated in a daily dose of about 1.8-2.0 Gy during 6-7 weeks, 5 days a 

week. Patients often receive a drinking protocol and, in some institutes a 

dietary protocol, to achieve a full bladder and empty rectum before the 

planning CT scan and during treatment, as it has been shown that the 

prostate moves due to variation in rectal filling
(29)

. Strategies to improve local 

control and to reduce the radiation received by healthy tissue, such as the 

bladder and the rectum, include three-dimensional conformal radiotherapy 

technique (3D-CRT), intensity-modulated radiotherapy (IMRT), dose 

escalation, and hypofractionation. 3D-CRT and IMRT provide opportunities 

to escalate the prostate dose and has been proven to be more effective
(30)

. 

With IMRT, acute toxicity was significantly lower than with 3D-CRT
(31)

. 

Hypofractionation appears to be promising, although longer-term follow-up is 

necessary to fully define the toxicity after hypofractionated treatment
(32)

.  

Fractionated external beam radiotherapy requires that localization of the 

prostate before each treatment fraction is accurate. Geometrical 

uncertainties in positioning of the tumor will be outlined in the next 

paragraph. In general, the (visual) tumor volume (gross tumor volume, GTV) 

is delineated and should, according to the ICRU 62 report
(33)

, be expanded 

into the clinical target volume (CTV) to account for microscopic tumor 

extensions (i.e., a small region around the visual tumor volume). As for 

prostate, the GTV is not visible on CT scans, the prostate gland is defined as 

the CTV. In the past, uniform treatment planning target volume (PTV) 

margins of 1 cm around the CTV used to guarantee that the tumor receives 

the required daily dose. More accurate localization would allow for reduction 

of the treatment margins around the prostate, which in turn will provide 

opportunities for dose escalation.  

 

GEOMETRICAL UNCERTAINTIES 

To treat the tumor of the patient as accurate as possible, the position of the 

patient and tumor for each fraction has to be determined as accurate as 

possible. The geometrical uncertainties in positioning the tumor can be 

attributed to treatment setup variation, including the accuracy of the used 
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registration technique, delineation variation and organ motion, i.e., tumor 

position uncertainty within the patient.  

 

TREATMENT SETUP VARIATION 

In the past decades, treatment setup has been performed by using skin 

markers, lasers, immobilization devices, portal imaging and online or offline 

setup protocols. It has been shown that treatment setup variation is relatively 

small in advanced institutes
(34)

. 

 

DELINEATION VARIATION 

The delineation determines which target area will receive the required dose 

and, in addition, the delineations of critical organs that are used for treatment 

planning. Delineation variation is significant, and influenced by image quality 

and inter/intra observer variation as has been shown by Steenbakkers et 

al.
(35)

 for delination of lung tumors. Rasch et al.
(36)

 showed that delineation 

variation and also the delineated volume on MRI images was smaller 

compared to delineations on CT scans and that the largest delineation 

variation is found at the apex, the prostate-bladder border and the base of 

the seminal vesicles due to poor visibility at these regions on CT. Modern 

radiotherapy using IMRT and/or image-guided radiotherapy (IGRT) aims at 

reducing margins and therefore it is essential that delineation variation is 

minimized. For accurate delineation in general of target volumes and organs 

at risk it is advised to use other imaging modalities, like MRI, positron 

emission tomography (PET), single photon emission computer tomography 

(SPECT) or ultrasound (US), typically in combination with CT
(37-40)

. This topic 

is, however, beyond the scope of this thesis. 

 

ORGAN MOTION 

A major source of uncertainty in radiotherapy of prostate cancer is organ 

motion. Organ motion can be divided into interfraction and intrafraction 

motion. Prostate motion is mostly affected by rectal filling changes which 

leads to relatively large interfraction motion, especially rotation around the 

LR axis of the prostate
(41)

. Intrafraction prostate motion occurs, for example, 
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when large gas pockets move in the rectum. Some institutes use defecation 

protocols, laxatives or rectal balloons to minimize prostate motion
(42)

. 

Verification of organ motion can be done offline and online. The use of 

implanted markers, which can be detected by, for example, an electronic 

portal imaging device (EPID), the use of US, in-room CT or cone-beam CT 

(CBCT) mounted on the accelerator are means to determine prostate 

position at the time of treatment. The development of online and offline 

protocols for IGRT of the prostate is the topic of this thesis.  

 

IMAGE-GUIDED RADIOTHERAPY 

IGRT is defined as ‘use of any kind of imaging device during radiotherapy to 

correct for setup error and organ motion’. Knowledge of the precise position 

of the target would improve the accuracy of treatment. This may in turn 

provide opportunities to reduce the margins around the target volume that 

are used to guarantee that the moving target receives the required dose. 

Margin reduction will reduce the amount of dose given to the surrounding 

structures which in turn will provide an opportunity to escalate the dose, 

which has been proven to increase the probability of disease control
(43-45)

. 

The use of implanted markers to correct for setup error and organ motion is 

very common. Although markers are invasive for the patient and might be 

subject to migration, marker based correction strategies are considered to 

be very accurate. The markers can be easily detected on megavolt (MV) or 

kilovolt (kV) planar imaging devices just before treatment. Markers can also 

be used in combination with e.g., fluoroscopy or CBCT. The use of US 

imaging for prostate localization and setup correction is less popular 

nowadays, as studies have shown that there are large differences in 

accuracy and systematic errors between US and marker based correction 

strategies. Some of the errors might be due to the pressure of the probe on 

the abdominal wall.  

Many different setup protocols are used to correct for interfraction prostate 

motion
(42)

. Adaptive radiotherapy (ART) was one of the first methods to 

correct for systematic interfraction motion by means of constructing a patient 

specific planning target volume
(46)

. Methods to correct online for prostate 

interfraction motion are currently also widely available. For example, a CBCT 
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device that is mounted on the treatment machine (FIGURE 4) provides the 

opportunity to visualize the prostate in 3D and to localize the prostate just 

before treatment
(47-48)

. This information could be used to correct online or 

offline for the daily changing prostate position.  

One of the differences between a CBCT imaging device and a conventional 

CT scanner is the difference in image quality. Instead of slice by slice 

scanning to acquire the conventional CT scan, a CBCT scan is acquired by 

rotating the gantry once around the patient while acquiring the kV EPID 

images, which, after collecting all the images, are reconstructed to a CBCT 

scan. This is the reason for a CBCT device being more vulnarable to motion 

of the target and surrounding tissues to be imaged. The difference in scatter, 

scanning and reconstruction technique of the images are reasons for the 

difference in image quality. 

The availability of 3D information of the target and surrounding tissues prior 

to each treatment fraction by means of CBCT has lead to a new era of 

research in IGRT, of which this thesis is part. 

 

 

 

 

 

 

 

 

 

 

 

FIGURE 4. Linear accelerator (with retracted electronic portal imaging device, EPID) 

and a cone-beam computed tomography device (extended), consisting of a kilovolt (kV) 

source and EPID that are mounted perpendicular to the radiation beam direction.  

kV source 

EPID 
EPID 
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OBJECTIVES OF THIS THESIS 

The introduction of a CBCT device in the clinic will make it possible to 

retrieve 3D information of the prostate and SV at the time of treatment.   

Therefore, the main objective of this thesis was to develop a method for 

reliable and accurate prostate localization for online or offline IGRT using a 

CBCT device (CHAPTERS 2-4). With regard to online purposes and short-term 

organ motion, the method to be developed should be fast. For that reason, 

the technique used for prostate localization described in this thesis is by 

means of an automatic 3D grey-value registration method.  

The registration method was first tested on conventional CT scans (CHAPTER 

2) and subsequently tested and adapted for CBCT scans (CHAPTER 3).  

The influence of a dietary protocol on the performance of the registration 

algorithm for CBCT scans was next evaluated (CHAPTER 4). In addition, the 

influence of the dietary protocol on interfraction prostate motion for patients 

subject to the dietary protocol and those who were not was investigated. 

Other objectives of this thesis were to investigate marker-based and US-

guided prostate localization strategies (CHAPTERS 5 AND 6). The residual error 

of seminal vesicles with respect to the prostate gland was quantified for 

marker-based correction strategies (CHAPTER 5). And, the amount of prostate 

displacement during transabdominal US imaging for prostate localization 

was investigated and quantified (CHAPTER 6). 
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ABSTRACT 

PURPOSE With higher radiation dose, higher cure rates have been reported in prostate 

cancer patients. The extra margin needed to account for prostate motion, however, limits the 

level of dose escalation, because of the presence of surrounding organs at risk. Knowledge of 

the precise position of the prostate would allow significant reduction of the treatment field. Better 

localization of the prostate at the time of treatment is therefore needed, e.g. using a cone-beam 

computed tomography system integrated with the linear accelerator. Localization of the prostate 

relies upon manual delineation of contours in successive transverse CT slices or interactive 

alignment and is fairly time-consuming. A faster method is required for online or offline image-

guided radiotherapy, because of prostate motion, for patient throughput and efficiency. 

Therefore, we developed an automatic method to localize the prostate, based on three-

dimensional (3D) grey-value registration. 

PATIENTS AND METHODS  A study was performed on conventional repeat CT scans of 19 

prostate cancer patients to develop the methodology to localize the prostate. For each patient, 

8–13 repeat CT scans were made during the course of treatment. First, the planning CT scan 

and the repeat CT scan were registered onto the rigid bony structures. Then, the delineated 

prostate in the planning CT scan was enlarged by an optimum margin of 5 mm to define a 

region of interest in the planning CT scan that contained enough grey-value information for 

registration. Subsequently, this region was automatically registered to a repeat CT scan using 

3D grey-value registration to localize the prostate. The performance of automatic prostate 

localization was compared to prostate localization using contours. Therefore, a reference set 

was generated by registering the delineated contours of the prostates in all scans of all patients. 

Grey-value registrations that showed large differences with respect to contour registrations were 

detected with a 
2 analysis and were removed from the data set before further analysis. 

RESULTS Comparing grey-value registration to contour registration, we found a success rate 

of 91%. The accuracy for rotations around the left-right, craniocaudal, and anteroposterior axis 

was 2.4 degrees, 1.6 degrees, and 1.3 degrees (1 SD), respectively, and for translations along 

these axes 0.7, 1.3, and 1.2 mm (1 SD), respectively. A large part of the error is attributed to 

uncertainty in the reference contour set. Automatic prostate localization takes about 45 seconds 

on a 1.7 GHz Pentium IV personal computer. 

CONCLUSIONS This newly developed method localizes the prostate quickly, accurately, and 

with a good success rate, although visual inspection is still needed to detect outliers. With this 

approach, it will be possible to correct online or offline for prostate movement. Combined with 

the conformity of intensity-modulated dose distributions, this method might permit dose 

escalation beyond that of current conformal approaches, because margins can be safely 

reduced. 
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INTRODUCTION 

Studies have demonstrated that increasing the radiation dose to the prostate 

increases the probability of disease control, particularly for patients suffering 

from advanced disease
(1-3)

. However, with the current methods of radiation 

delivery, increasing the radiation dose to the target will result in high dose to 

the surrounding tissues of the prostate gland. In current methods, that the 

position of the prostate and surrounding tissues is not known precisely for 

each radiation fraction, because of mobility of internal organs, this 

uncertainty is taken into account by taking a safety margin around the 

clinical target volume to guarantee that the entire prostate always receives 

the required daily dose. Therefore, many recent studies focus on position 

verification (offline and online) of the target just before and/or after 

treatment. Yan et al.
(4)

 developed an offline process for position verification, 

the adaptive radiotherapy (ART) system, using a composite drawing of the 

prostate generated from multiple computed tomography (CT) scans. 

Nederveen et al.
(5)

 performed online position verification using implanted 

gold markers in the prostate and an amorphous silicon flat-panel detector. 

Kitamura et al.
(6)

 developed a fluoroscopic real-time tumor tracking system 

and used gold markers to verify the position of the prostate. Bergström et 

al.
(7)

 performed online position verification of the prostate with a urethra 

catheter containing markers at the start of a treatment fraction. Van den 

Heuvel et al.
(8)

 and Langen et al.
(9)

 tested the use of an ultrasound-based 

localization system that localizes the prostate before each treatment fraction 

and used gold markers to verify the position of the prostate. Studies that 

make use of limited delineations to quickly localize the prostate were 

performed by Hua et al.
(10)

 and Artignan et al.
(11)

, and these might be useful 

also for online position verification. In our investigations, we aim to develop 

an online image-guided radiotherapy (IGRT) system for high-precision 

radiotherapy of the prostate. This system will localize the target and normal 

tissues at the time of treatment, using a cone-beam CT (CBCT) system 

integrated with the linear accelerator (Jaffray and Siewerdsen
(12)

, Jaffray et 

al.
(13)

). The CBCT system consists of an X-ray kilovolt source and an 

amorphous silicon flat-panel imager that are mounted on the accelerator 

perpendicular to the radiation beam direction. A CBCT scan is obtained 

within a few minutes before treatment in one single gantry rotation. 

Localization of the prostate and surrounding structures typically relies upon 

manual delineation of contours in successive transverse CT slices and is a 
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time-consuming process. This is unacceptable for online IGRT, because of 

short-term prostate motion and for patient throughput. Therefore, the aim of 

the study presented here is the development of a fully automated method for 

prostate localization to reduce the time interval between imaging and 

treatment. Such a method will be of great use, also to improve the efficiency 

of the offline ART process. 

 

PATIENTS AND METHODS 

PATIENT DATA 

For this study, an existing data set from 19 patients, irradiated for prostate 

cancer at The Netherlands Cancer Institute – Antoni van Leeuwenhoek 

Hospital, was used. Besides the planning CT, 8–13 repeat CT scans were 

made during the course of treatment for each patient. The CT scans were all 

made in treatment position (supine), approximately 30 min after treatment. 

The CT scans typically consist of 60 slices with 512 x 512 pixels, with a slice 

distance of 5 mm outside and 3 mm inside the region of the prostate.  

 

DELINEATION OF PROSTATE AND  

SEMINAL VESICLES IN CT SCANS  

The prostate and seminal vesicles (SV) were delineated on the transverse 

slices in the planning and repeat CT scans, using delineation software 

previously developed at The Netherlands Cancer Institute – Antoni van 

Leeuwenhoek Hospital. The term ‘prostate’ or ‘prostate contours’ used in the 

rest of this article will refer to both the prostate and SV. The prostate 

contours were automatically registered by using a chamfer-matching 

algorithm (Van Herk et al.
(14)

). In general, chamfer-matching requires that the 

features of interest in one scan are described by a collection of contour 

points, whereas the features in the other scan are reduced to a binary 

image, of which the distance transform is computed. Registration is 

performed by minimizing the root mean square difference (RMS) of the 

distance between the contour points of the first scan and the feature in the 
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binary image. The contour registrations were used as a reference for 

evaluating the results of automatic prostate localization (for which only the 

prostate contour of the planning CT scan was used).  

 

AUTOMATIC PROSTATE LOCALIZATION 

Automatic prostate localization was based on the procedure proposed by 

Jaffray et al.
(13)

 An adapted flow chart of this procedure is shown in FIGURE 1. 

 

FIGURE 1. Adapted flow chart of the automatic prostate localization procedure 

proposed by Jaffray et al.
(13)

. First, a bone registration of the planning computed 

tomography (CT) scan and the repeat CT scan was performed. This resulted in a 

transform that was used as the starting point for grey-value registration. Before grey-

value registration, a region of interest was defined in the planning CT scan by using the 

delineation of the prostate plus a margin of 5 mm. This region was translated and 

rotated onto the repeat CT scan until it was registered. Registration was performed by 

minimizing a cost function. Optional filters were applied, to either the planning CT scan 

and/or the repeat CT scan. Then this process was repeated for registrations that used 

the bone registration as starting point, but with an additional rotation of the repeat CT 

scan by successively +5 and -5 degrees around the left-right axis. Of the three possible 

solutions, the registration that resulted in the lowest cost function value was chosen as 

the final grey-value registration. 
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First, the planning CT and the repeat CT scan were registered on bones. 

The prostate contour defined in the planning CT, enlarged with a margin of 5 

mm, was used to select a region of interest in the planning CT that contained 

enough grey-value information for registration (FIGURE 2).  

 

FIGURE 2. (a) A slice of a planning computed tomography (CT) scan. The black line 

represents the delineated contour of the prostate and the grey line represents the 

delineated contour of the prostate plus 5 mm margin. (b) A slice of the region of interest 

(delineated contour plus 5 mm margin) made out of the planning CT scan that will be 

registered to the repeat CT scans. 

 

In initial tests, this margin appeared to be an optimum with respect to grey-

value information and excluding bone from the os pubis and possible fecal 

gas in the rectum from the region of interest. Subsequently, this region of 

interest was registered to all repeat CT scans of a patient using a grey-value 

registration algorithm, for which only the pixels within this region of interest 

were used. That is, prostate localization required no delineation of the 

prostate in the repeat CT scans. The registration results were dependent on 

the cost function chosen, whether or not filtering was applied to the CT 

scans, and on the starting point for automatic grey-value registration. These 

aspects were all tested in this study (See following paragraphs).  
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COST FUNCTIONS  

Five different cost functions that are frequently used for grey-value 

registration (e.g., Fei et al.
(15)

) have been tested to develop the automatic 

registration procedure for the prostate. They are as follows: correlation ratio 

(CR), mutual information (MUI), normalized mutual information (NMUI), 

normalized cross correlation (NCC), and RMS. These cost functions 

express, each in their own way, the goodness of fit of the prostate as 

calculated from the pixel values of the scans. Registration of the repeat CT 

scan to the region of interest in the planning CT scan was performed by 

translating and rotating the repeat CT scan until the cost function was 

minimized. The best cost function to be used for grey-value registration was 

determined by counting the number of successful registrations and by 

determining the statistics of the difference between contour and grey-value 

registration for the successful registrations. A successful registration will be 

defined as described in the paragraph under the heading ‘Evaluation of 

registration results in terms of reliability: Outlier detection’. Tests were 

performed on a subset of 10 patients (randomly chosen), 5 scans (the first 5 

scans) per patient, and for this purpose the CT scans were used without 

filtering.  

 

FILTERS 

One possible problem that could occur during automatic prostate localization 

is a variable amount of fecal gas in the rectum, which could mislead the 

registration algorithm. To test whether registration results improved when the 

gas regions were suppressed, two different filters have been tested on the 

same subset that was used for determining the cost function (F IGURE 3). One 

filter suppressed grey-values of gas, the ‘Suppress Gas’ filter, whereas the 

other filter replaced grey-values of gas by a tissue equivalent grey-value, the 

‘Replace Gas by Tissue’ filter. For the ‘Suppress Gas’ filter, a binary mask 

was made, which first selected all pixels with a pixel value higher than -500 

Hounsfield Units (HU) (halfway between the HU value of air and tissue), and 

these values were set to 1; all other pixel values (i.e., gas) were set to zero. 

Subsequently, a local minimum filter with a kernel size of 3 was applied to 

this binary image, which resulted in shrinkage of tissue structure by 1 pixel to 

exclude pixels that contain a mixture of gas and tissue (partial volume effect) 

to be sure to have all the gas suppressed. Then the new mask was applied 

to the original CT scan (FIGURE 3A), i.e., combined with the original mask 
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(FIGURE 3B). The zero pixel values in the new CT 

scan were ignored in the registration algorithm, 

and also the neighboring pixels were ignored for 

interpolation. The other filter, ‘Replace Gas by 

Tissue’, replaced all grey-values of -100 HU and 

smaller by a tissue-equivalent grey-value of -100 

HU (FIGURE 3C). The value of -100 HU was 

chosen, because it is approximately the lowest 

pixel value that occurs in all tissues of the body. 

The filters were applied to none, one of the two, 

or both CT scans. The best filter to be used for 

grey-value registration was determined by 

counting the number of successful registrations 

for each filter used and by determining the 

registration accuracy. 

 

 

FIGURE 3. CT images with fecal gas in the rectum. (a) 

Before filtering. (b) After applying the filter ‘Suppress Gas’. 

The pixel values of fecal gas were set to zero (i.e., the 

area with the white cross) and were ignored in the 

registration algorithm. (c) After applying the filter ‘Replace 

Gas by Tissue’. The pixel values of fecal gas were set to a 

‘tissue-equivalent’ grey-value of -100 HU and were not 

ignored in the registration algorithm. 

 

MULTIPLE STARTING POINTS FOR AUTOMATIC  

GREY-VALUE REGISTRATION 

We observed that for some cases, automatic prostate localization failed with 

respect to contour registration. Main causes were large differences in 

rotations around the left-right (LR) axis and large differences in translations 

along the anteroposterior (AP) axis (See ‘Results’). This might be due to the 

choice of the offset value (offset = 4) in the grey-value registration algorithm 

that determines what initial rotation (degrees) and/or translation (mm) is 

tested for registration. This implies a risk of getting trapped in a local 

minimum. The offset was the same in all directions and optimized, in terms 

of registration results and speed of registration, in previous applications of 
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the registration algorithm. In an attempt to improve the robustness of the 

registration algorithm and to eliminate the risk of getting trapped in a local 

minimum, we studied the effect of changing the starting point for rotations 

around the LR axis without changing the offset value. No adaptations were 

made for translations, because a large rotation around the LR axis could 

imply a large translation along the AP axis. Tests were performed on the 

whole data set. As usual, a registration was done with the bone registration 

as starting point for automatic grey-value registration. Subsequently, the 

repeat CT scan was rotated around the LR axis by +5.0 and -5.0 degrees, 

respectively, with respect to the bone registration, and taken as the new 

starting point for a grey-value registration. The registration with the lowest 

cost function value out of these three was kept.  

 

EVALUATION OF REGISTRATION RESULTS IN TERMS OF 

RELIABILITY: OUTLIER DETECTION 

The reliability of automatic prostate localization was evaluated by calculating 

the differences for rotations and translations for each rotation and translation 

axis between grey-value registration and contour registration. For this 

purpose, an iterative 
2
 outlier detection method (See ‘Appendix’) applied to 

the whole data set was used to detect outliers. The 
2
 outlier detection 

method is based on the assumption that the errors have a normal 

distribution for the successful registrations and an unknown but much wider 

distribution for the outliers. By iteratively estimating the mean and standard 

deviation (SD) of the errors, a distinction was made between successful 

registrations and outliers, using the 95% confidence value of the 
2
 

distribution as a threshold. 

 

EVALUATION OF REGISTRATION RESULTS IN TERMS OF 

ACCURACY 

For all successful automatic registrations, the mean difference p and 

standard deviation p with respect to contour registration was calculated for 

each rotation and translation axis. First, for each rotation and translation 

parameter p (around or along the LR axis, the craniocaudal axis (CC), and 

the AP axis, respectively, where p = RLR, RCC, RAP, TLR, TCC, or TAP), the 
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difference between automatic grey-value registration (AGR) and automatic 

contour registration (ACR) of a registration i of patient j was calculated by 

pij (EQ. 1): 

)()( ,,, ACRpAGRpp jijiji 
   (EQ. 1) 

Then, for each parameter p and for each patient j, the mean, p,j, and 

standard deviation, p,j, of all these differences between AGR and ACR of all 

successful registrations mj of a patient were calculated. The mean difference 

between AGR and ACR, p (EQ. 2), for all patients n for a parameter p was 

calculated by averaging all the means per patient for that parameter p,j, by: 
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     (EQ. 2) 

The standard deviation p (EQ. 3) for a parameter p of all patients was 

calculated by: 

22

ppp RMS
      (EQ. 3) 

 

In this equation, p (EQ. 4) is the standard deviation for a parameter p for the 

difference between AGR and ACR calculated over the mean values p,j of 

each patient and RMSp (EQ. 5), which is the root mean square value 

calculated over the standard deviations p,j of each patient: 
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EVALUATION OF REGISTRATION RESULTS IN TERMS OF 

ACCURACY: VOLUME OVERLAP 

The accuracy of grey-value registration was also evaluated by determining 

the percentage of volume overlap of the registered prostates in both grey-

value registrations and contour registrations. For the grey-value 

registrations, contours were overlaid on the scans by using the grey-value 

registration transform. The influence of intraobserver variation in contour 

delineations on the volume overlap was studied (for the same set of scans) 

by determining the volume overlap of two contour drawings ( and ) 

delineated by one observer on the same CT scan. For practical reasons 

(amount of delineation work), this was done on a subset of 6 patients 

(randomly chosen), 8 scans (the first 8 scans) per patient. The volume 

overlap (of the contours of the prostate was expressed as a 

percentage of the volume of the encompassing contour (by ( / 

(x100%Grey-value registration outliers and corresponding contour 

registrations were excluded. 

 

RESULTS 

AUTOMATIC PROSTATE LOCALIZATION: AN EXAMPLE 

An example of a transverse, sagittal, and coronal view of a successful grey-

value registration (FIGURE 4A-C), using the correlation ratio cost function and 

filtering the planning CT scan with the ‘Replace Gas by Tissue’ filter, showed 

that the delineated contours of the planning CT scan, which are 

superimposed on the repeat CT scan using the grey-value registration 
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transform, follow the delineated contour of the repeat CT scan, indicating 

that automatic prostate localization is accurate. The transverse, sagittal, and 

coronal views of an outlier (FIGURE 4D-F) show that the overlaid contour of 

the planning CT scan is not registered to the contour of the repeat CT scan. 

Because of large compression of the SV as a result of fecal gas in the 

rectum, there is no unique fit causing the registration algorithm to get caught 

in a local minimum. 

FIGURE 4. Results of automatic prostate localization using grey-value registration. A 

transverse, sagittal, and coronal view is shown of the repeat CT scan of a successful 

registration (a–c) and a registration that was detected as an outlier (d–f). The white lines 

represent the delineated contour of the repeat CT scan; the black lines in panels a–c 

and the grey lines in panels d–f show the delineated contour of the planning CT scan 

superimposed on the repeat CT scan, using the transformation for this grey-value 

registration. Contour information of the repeat scans was not used for grey-value 

registration. 

 

DETERMINATION OF BEST REGISTRATION PROCEDURE:  

COST FUNCTIONS 

For each cost function, the number of successful registrations was 

determined (TABLE 1). Other tests, when applying filters to the CT scans, 

showed similar results. Using the CR cost function resulted in 88% 

successful registrations, whereas MUI, NMUI, NCC, and RMS were 
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successful in, respectively, 82%, 85%, 82%, and 82% of the cases. For each 

cost function, the standard deviations of the differences between grey-value 

registration and contour registration for all rotation and translation axes were 

also calculated (TABLE 1). It shows that the accuracy of NMUI was worse 

compared to the accuracy of CR, especially for rotations around the LR axis 

and translations along the AP axis. NCC and RMS show even worse results. 

MUI was comparable in accuracy to CR. A test in which only those 

registrations were used that were successful for all cost functions showed 

even better accuracy for the CR cost function compared to the other cost 

functions. Because CR had the largest number of successful registrations, 

and it was one of the most accurate cost functions, the CR cost function was 

selected for further tests on the whole data set. 

 

 

 

TABLE 1. Number (N) and percentage (%) of successful registrations (out of 40 scan pairs) for 

automatic prostate localization for the cost functions CR, MUI, NMUI, NCC, and RMS. Also, SDs 

are shown of differences between grey-value registrations and contour registrations per cost 

function (successful registrations only) for rotations (degrees) around and translations (mm) 

along the LR, CC, and AP axis. The correlation ratio cost function was chosen for further tests. 

Cost 

function 
N %  

Rotations  

(1 SD, degrees) 
 

Translations  

(1 SD, mm) 

    LR CC AP  LR CC AP 

CR 35 88  3.2 2.0 1.2  1.1 1.5 1.3 

MUI 33 82  3.0 2.3 1.1  0.7 1.1 1.7 

NMUI 34 85  4.4 2.4 1.3  0.8 1.2 2.0 

NCC 33 82  4.5 2.5 1.8  1.9 2.7 2.4 

RMS 33 82  4.6 2.5 1.7  1.4 5.3 2.4 

ABBREVIATIONS. CR = correlation ratio; MUI = mutual information; NMUI = normalized mutual 

information; NCC = normalized cross correlation; RMS = root mean square difference; LR = left-

right; CC = craniocaudal; AP = anteroposterior; SD = standard deviation. 
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DETERMINATION OF BEST REGISTRATION PROCEDURE: 

FILTERS 

The number of successful registrations slightly increased when applying the 

filters ‘Suppress Gas’ and ‘Replace Gas by Tissue’ (TABLE 2). In the 

registration algorithm, the CR cost function was used. Other tests, using the 

other cost functions, showed similar results. The number of successful 

registrations increased when a filter was applied. Applying the filters to either 

the planning CT scan or the repeat CT scan or to both CT scans showed 

hardly any difference in terms of more or less successful registrations. The 

standard deviations of the differences between grey-value registrations and 

contour registrations for all rotation and translation axes and for each filter 

used were also calculated (TABLE 2).  

 

TABLE 2. Number (N) and percentage (%) of successful registrations (out of 40 scan pairs) for 

automatic prostate localization for different filters. Also, SDs are shown of differences between 

grey-value registration and contour registration per filter (successful registrations only) for 

rotations (degrees) around and translations (mm) along the LR, CC, and AP axis. The ‘Replace 

Gas by Tissue’ filter applied to the planning CT scan was chosen for further tests. 

Filter type Applied to N % 
 

Rotations  

(1 SD, degrees) 

 Translations  

(1 SD, mm) 

 LR CC AP  LR CC AP 

No filter  34* 85*  2.5* 1.7* 1.1*  0.9* 1.6* 1.6* 

Suppress  

Gas 

Planning CT 35 88  3.2 1.5 1.2  0.7 1.2 1.8 

 Repeat CT 36 90  4.7 1.9 1.4  1.2 2.1 2.0 

 Both 35 88  3.3 1.6 1.2  0.8 1.3 1.8 

Replace Gas 

by Tissue 

Planning CT 36 90  2.3 1.3 1.2  0.7 1.3 1.7 

Repeat CT 35 88  2.9 1.5 1.3  0.7 1.8 1.4 

Both 36 90  2.6 1.4 1.5  0.7 1.3 1.7 

ABBREVIATIONS. LR = left-right; CC = craniocaudal; AP = anteroposterior; SD = standard 

deviation. 

* These numbers differ from the numbers in TABLE 1, because the data in TABLE 2 were 

obtained with a slightly different registration algorithm. 
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The ‘Replace Gas by Tissue’ filter was more accurate than the ‘Suppress 

Gas’ filter, no matter which scan was filtered. Filtering the planning CT scan 

resulted in a better accuracy compared to filtering the repeat CT scan or 

filtering both CT scans, when the ‘Replace Gas by Tissue’ filter was applied. 

Based on these results, it was decided to use the ‘Replace Gas by Tissue’ 

filter for filtering the planning CT scans for the whole data set, while leaving 

the repeat CT scans unfiltered. 

 

DETERMINATION OF BEST REGISTRATION PROCEDURE:  

MULTIPLE STARTING POINTS 

Using a single starting point for registration, frequency distributions (FIGURE 

5) of the differences between automatic prostate localization and localization 

using contours showed that the main causes for outliers were large 

differences in rotations around the LR axis and large differences in 

translations along the AP axis. When multiple starting points (rotating the 

repeat CT scan around the LR axis by +5, 0, and -5, degrees and taking the 

result with the lowest cost function value) were used, the number of 

successful registrations increased, and the frequency distributions slightly 

improved (data not shown). Out of 211 registrations, the increase was from 

188 to 191 successful registrations, which is an increase of the success rate 

by 2%: from 89% to 91%. The accuracy of grey-value registration with 

multiple starting points also slightly increased (data not shown). With this 

method, one registration took about 45 s on a 1.7 GHz Pentium personal 

computer, instead of 20 s when a single starting point was used. Based on 

these results, it was decided to use multiple starting points for the automatic 

prostate localization method.  
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FIGURE 5. Frequency histograms of differences between grey-value registrations and 

contour registrations. The black bars indicate the successful registrations, and the grey 

bars the outliers that were found by the 
2
 outlier detection method. (a–c) Differences in 

rotations (R in degrees) around the left-right (LR), craniocaudal (CC), and 

anteroposterior (AP) axis, respectively. (d–f) Differences in translations (T in mm) 

along the LR, CC, and AP axis, respectively. 

 

GREY-VALUE REGISTRATION RESULTS: RESULTS OF THE 

COMPLETE DATA SET 

As mentioned, the success rate for automatic grey-value registration was 

91% out of 211 registrations. Out of 19 patients, 8 patients had no outliers, 4 

patients had 1 outlier, 5 patients had 2 outliers, and 2 patients had 3 outliers. 

The worst patient had 3 outliers out of 10 scans. The averages and standard 

deviations (SDs) calculated from EQ. 2 and EQ. 3, of the differences between 

the grey-value registrations and contour registrations for all rotation and 

translation axes were determined for all successful registrations (TABLE 3). 

The averages were around zero. For rotations, the accuracy around the LR, 

CC, and AP axis was 2.4 degrees (1 SD), 1.6 degrees (1 SD), and 1.2 
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degrees (1 SD), respectively. For translations, the accuracy along the LR, 

CC, and AP axis was 0.7 mm (1 SD), 1.3 mm (1 SD), and 1.2 mm (1 SD), 

respectively. 

 

TABLE 3. Averages and SDs of the differences of the 91% successful grey-value 

registrations compared to the contour registrations. The tabulated values express the 

differences in rotations (degrees) around and translations (mm) along the LR, CC, and AP 

axis. 

 Rotations  

(degrees) 

 Translations  

(mm) 

 LR CC AP  LR CC AP 

Average -0.3 -0.3 -0.1  0.1 0.0 0.1 

SD 2.4 1.6 1.3  0.7 1.3 1.2 

ABBREVIATIONS. LR = left-right; CC = craniocaudal; AP = anteroposterior; SD = standard 

deviation. 

 

GREY-VALUE REGISTRATION RESULTS: VOLUMETRIC 

EVALUATION 

The accuracy of grey-value registration and contour registration expressed 

in terms of volume overlap with respect to the encompassing volume is 

shown in TABLE 4. The mean volume overlap for grey-value registration was 

76% (5%, 1 SD), and for contour registration 77% (5%, 1 SD). The mean 

volume overlap obtained from the intraobserver study, where the volume 

overlap of two contour drawings delineated by one observer on the same CT 

scan was calculated, was 81% (6%, 1 SD). 
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TABLE 4. Averages and SDs of percentage volume overlap of prostate contours with respect 

to the encompassing contour (subset: 6 patients, 8 scans per patient). In the two middle 

columns, the results are shown for grey-value registrations and contour registrations, 

respectively. In the last column, the results of the intraobserver variation study are shown, in 

which the volume overlap of two contour drawings of the prostate, delineated by one observer 

on the same CT scan, was evaluated. 

Patient Grey-value registration* Contour registration
†
 Intraobserver 

1 77% 79% 86% 

2 79% 80% 83% 

3 76% 76% 81% 

4 70% 73% 78% 

5 80% 81% 81% 

6 71% 72% 76% 

Average 76% 77% 81% 

SD 5% 5% 6% 

ABBREVIATIONS. SD = standard deviation; CT = computed tomography.  

* Outliers were excluded; 
†
 The corresponding contour registrations were also excluded. 

 

DISCUSSION 

We developed an automatic method for prostate localization based on grey-

value registration of CT scans. The method has a success rate of 91% and 

an execution time of 45 s on a 1.7 GHz Pentium personal computer. The 

time required for automatic prostate localization is much shorter than the 

time required for prostate delineation (and registration) and the speed is 

appropriate for online purposes. Applying this method to CBCT scans, we 

would expect the same results as for conventional CT scans. First test 

results on CBCT scans are encouraging (Smitsmans et al.
(16)

). The higher 

resolution of the CBCT scans in the CC direction is an advantage. However, 

the signal-to-noise ratio in CBCT scans is poorer. Overall, these differences 
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seem to cancel out, resulting in a similar performance of the registration 

algorithm. 

 

EVALUATION OF THE METHOD: SUCCESS RATE 

The success rate of the grey-value registration method, 91%, is reasonable. 

Taking into account that we use a 95% confidence value in our 
2
 outlier 

detection method, we would expect already 5% of the registrations to be 

flagged as failures, even when all registrations were successful. This means 

that we may assume that the success rate is actually higher than 91%, 

because the success rate depends on the 
2
 outlier detection constraints 

and on inaccuracies in the reference set. If the method is implemented 

clinically, registrations will be assessed by visual inspection, because no 

contour registration will be available to serve as a reference. In a test, an 

observer assessed a set of 30 registrations, of which 20 were failures and 10 

were successful cases according to the 
2
 outlier detection method. Two of 

the 10 successful cases were borderline cases in the 
2
 outlier detection 

method. The observer was instructed to indicate a registration as a failure if 

there was two or more pixels difference in overlap of the prostate, based on 

all views. The observer assessed 15 cases out of the 20 failures as 

successful, whereas 5 were rejected. Out of the 10 successful cases, 9 were 

assessed as successful and 1 as a failure. This failure was one of the two 

successful cases that were borderline cases in the 
2
 outlier detection 

method. This subjective assessment test showed that the automatic prostate 

localization method performs well and indicates that the success rate is 

actually higher than 91%. If, in the clinic, a registration is visually assessed 

as a failure, the registration will be adjusted manually, either by grey-value 

alignment of the CBCT scan and the planning CT scan or by registering the 

drawn contour of the planning CT scan manually to the prostate in the CBCT 

scan (similar to ultrasound-based methods).  

 

EVALUATION OF THE METHOD: FAILURES 

Failures occurred mostly when there were large differences for rotations 

around the LR axis and large translations along the AP axis between grey-

value registration and contour registration. Many of these outliers had large 

rectum filling differences that resulted mainly in rotation of prostate and SV 
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around the LR axis and sometimes distortion of the SV, which could 

influence the registration results. Laxating the patient on a daily basis during 

the first few weeks of treatment before making a CT scan is one way to 

overcome this problem. Improvement was obtained by using multiple starting 

points around the LR axis in the grey-value registration method, which 

suggests that there is a risk of getting trapped in a local minimum when the 

prostate is highly rotated and/or distorted.  

 

EVALUATION OF THE METHOD: ACCURACY 

The differences between the grey-value registration method and contour 

registration method showed that the mean values were about zero. This 

means that there are no systematic registration errors. In our study, the 

contour registrations were used as ‘golden standard’ to evaluate the 

performance of grey-value registration, with the assumption that the prostate 

behaves as a rigid body. Deurloo et al.
(17)

 reported a shape variation of 0.5 

mm (1 SD) at the caudal side of the prostate, 0.9 mm (1 SD) anterior and 

posterior of the prostate, and at the tip of the SV, 1.5 mm (1 SD). Taking the 

contour registrations as golden standard is therefore reasonable, because 

prostate deformations are small. The accuracy of the successful 

registrations in our study for translations was for all axes better than 1.3 mm 

(1 SD). For rotations, the accuracy around the LR axis was poorest, 2.4 

degrees (1 SD), compared to an accuracy better than 1.6 degrees (1 SD) for 

the other two axes. The large standard deviation found for rotations around 

the LR axis is probably due to the impact of delineation errors in the 

reference set, as demonstrated by the volume overlap study. The mean 

volume overlap obtained from the intraobserver study (in which the volume 

overlap of two contour drawings delineated by one observer on the same CT 

scan was evaluated) was 81% (6%, 1 SD). Compared to the mean volume 

overlap for grey-value registration and contour registration, 76% (5%, 1 SD) 

and 77% (5%, 1 SD), respectively, the difference is small. Rasch et al.
(18)

 

found that the volume overlap problem could be attributed mainly to 

delineation differences that occur at the apex, on the anterior side of the 

prostate, and at the tip of the SV. Therefore, and because the SV are usually 

included in the treatment in our clinic, we did not consider evaluating volume 

overlap from prostate only. In the intraobserver study, data of 6 patients, 8 

scans per patient were used (e.g., ~30% of patient population and ~20% of 

scan population). These data seem to represent the study population well, 

because the standard errors of the means are smaller than 1% (6%/√48 for 
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the worst case). These results indicate that the accuracy of grey-value 

registration is not poorer than registration on delineated contours, whereas 

intraobserver variation of the delineated contours contributes significantly to 

the observed misregistration. Another study performed at our institute, by 

Artignan et al.
(11)

, confirmed that the interobserver variation of delineations of 

the whole prostate resulted in large rotation errors around the LR axis for 

contour registration. 

 

MARGINS 

One of the overall goals of the project was to correct for patient and target 

motion and to reduce the margin between clinical target volume (CTV) and 

planning target volume (PTV). To estimate the potential margin reduction, 

we used the margin recipe as defined by Van Herk et al.
(19)

, based on a 

division in systematic and random errors. They expressed the PTV margin 

(M) as M = 2.5 +0 .7  in which  is the square root of the quadratic sum of 

SDs of all preparation (systematic) errors, and  is the square root of the 

quadratic sum of SDs of all execution (random) errors. Table corrections will 

be performed to eliminate random and systematic translation errors for each 

treatment fraction. Random and systematic errors for rotations of the 

prostate, and especially around the LR axis, will be eliminated by choosing 

the best fitting plan, according to the position of the prostate around the LR 

axis before each treatment. We may assume that systematic errors will be 

largely eliminated when using the proposed image guidance system. 

Therefore, we assume that the SDs presented in TABLE 3 are an upper 

bound for the remaining random errors. The results of this study are an 

overestimation of the error, because the SDs are differences between grey-

value registrations and contour registrations that contain the delineation 

errors of two contours: one of the planning CT scan and one of the repeat 

CT scan. Assuming perfect systematic corrections and using the 

overestimated SDs as random errors, the required margin for the prostate 

between CTV and PTV would be 0.5 mm (0.7 x 0.7 mm) in the LR direction, 

0.9 mm (0.7 x 1.3 mm) in the CC direction, and 0.8 mm (0.7 x 1.2 mm) in the 

AP direction. Here it is assumed that rotational errors can be neglected, 

because of the round shape of the prostate. Because of the rotation error, an 

extra margin should be added at the SV. For example, a rotation error 

around the LR axis of 2.4 degrees (1 SD) causes a motion of the tips of the 

SV of 1.3 mm along the AP axis (assuming a rotation point for registration in 

the middle of the prostate, a distance of the rotation point to the tips SV of 
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4.5 cm, and an angle of 45 degrees between the ‘prostate + SV’ vector and 

the AP axis). The margin needed in the AP direction at the top of the SV 

including the translation error along the AP axis and only the rotation error 

around the LR axis would then be 1.1 mm (0.7 x √((0.8 mm)
2
+(1.3 mm)

2
)). 

When all rotation errors are added up, the margin should be roughly twice as 

big at the tips of the SV as at the prostate only. Although the time between 

imaging and actual treatment in the image guidance system is drastically 

reduced when the proposed method for prostate localization is implemented, 

it is still necessary to define another extra margin to take into account 

possible prostate displacements in the short time between plan selection 

and actual delivery (short-term intrafraction motion). Also, a margin would be 

required for delineation errors in the planning CT scan. 

 

FINDING THE BEST REGISTRATION ALGORITHM 

The five different cost functions that were tested to find the best registration 

algorithm had a comparable success rate. The best accuracy was obtained 

by using the CR or MUI cost function. CR was chosen for further analysis, 

because its success rate was higher than that of MUI. A possible 

explanation for the better performance of CR is that CR assumes a one-to-

one correspondence of the pixel values of the two scans (which is the case 

in our study), whereas MUI also can register scans with an arbitrary pixel 

value correspondence. It is also known that MUI depends strongly on the 

population of the grey-value cross histograms of the two scans and is 

therefore more vulnerable to noise when small image regions are used. For 

this reason, MUI probably more frequently gets caught in a local minimum. 

Fei et al.
(15)

 found that MUI resulted more frequently in local minima than CR, 

which is consistent with the results of this study. The influence on the 

registration algorithm of gas present in the rectum, especially in the planning 

CT scan, was minimized by applying a filter to the CT scans. The filters 

‘Suppress Gas’ and ‘Replace Gas by Tissue’ both improved the success 

rate. The best accuracy was obtained by applying the ‘Replace Gas by 

Tissue’ filter to the planning CT scan. It has been pointed out by Lebesque 

et al.
(20)

 that the volume of the rectum decreases while the treatment 

proceeds. This might explain why applying a filter to the planning CT scan 

improves the accuracy of the registration results, because this CT scan is 

the reference scan for all registrations. Further improvement of the 

registration algorithm was achieved by using multiple starting points of the 

repeat CT scan for rotation around the LR axis, because there is a risk of 
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getting trapped in a local minimum (See also section ‘Evaluation of the 

method: Failures’ in ‘Discussion’). The success rate improved by 2%, 

although the time for one registration increased from about 20 s to 45 s on a 

1.7 GHz Pentium personal computer. The longer registration time is still 

considered acceptable for online registration purposes.  

 

COMPARISON AND RELATION TO OTHER STUDIES 

The offline ART localization method developed by Yan et al.
(4)

 uses a 

composite drawing of the prostate from multiple CT scans for position 

localization. Our grey-value registration algorithm for prostate localization 

could be a useful tool in this method. The automatic grey-value registration 

method eliminates the need for repeated delineation and facilitates practical 

implementation of the offline ART method. The method presented by 

Nederveen et al.
(5)

, who use gold markers for automatic online position 

verification by using a marker extraction kernel, shows an accuracy of 0.6 

mm (1 SD) to localize the markers on portal images. Although the method is 

fully automatic and accurate, drawbacks of this method are that the 

localization is only in 2D, insertion of markers is invasive for the patient, and 

theoretically markers are subject to migration. The real-time tumor tracking 

system developed by Kitamura et al.
(6)

 shows a discrepancy between the 

center of mass of the delineated prostate and the implanted marker of 1.1 

mm (1 SD) in LR direction, 3.4 mm (1 SD) in CC direction, and 2.4 mm (1 

SD) in AP direction. The accuracy for translations of our grey-value 

registration method is smaller. Therefore, our method seems to be more 

accurate in all directions. If only slight marker migration is assumed, most 

likely their larger error is mainly due to larger delineation errors. To fix the 

marker positions, Bergström et al.
(7)

 used a urethra catheter containing 

markers to localize the prostate at the time of treatment by using portal 

images. Adjustments down to 1 mm could be detected and verified. This 

method has provided until now position corrections in only AP direction and 

only 2D information. Other drawbacks of this method are that it is also 

invasive for the patient, because of the insertion of the urethra catheter at 

each treatment fraction, and theoretically the catheter may also move during 

treatment. The ultrasound-based prostate localization system tested by Van 

den Heuvel et al.
(8)

 uses two roughly perpendicular online ultrasound images 

(transverse and sagittal) that were manually registered to the contour of the 

planning CT scan. Electronic portal imaging and implanted gold markers 

were used to verify the ultrasound method. The residual errors after 
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ultrasound repositioning in LR, CC, and AP direction were -0.4 mm (4.3 mm, 

1 SD), -2.6 mm (5.4 mm, 1 SD), and +2.5 mm (5.7 mm, 1 SD), respectively. 

A similar study, performed by Langen et al.
(9)

, reported differences in LR, 

CC, and AP direction between the ultrasound system and marker alignments 

of 1.6 mm (3.1 mm, 1 SD), 2.7 mm (3.9 mm, 1 SD), and 0.2 mm (3.4 mm, 1 

SD), respectively. The accuracy obtained by our method on CT data is much 

better than the accuracy reported by Van den Heuvel et al.
(8)

 and Langen et 

al.
(9)

, probably because of the better image quality of CT scans. It would be 

interesting to test our grey-value method on ultrasound data. Hua et al.
(10)

 

presented a method that localized the prostate (without SV) by identifying 

the anterior, posterior, left and right extent curves (projections of the prostate 

contours onto the sagittal and coronal planes) from delineations of the 

prostate on five transverse slices. These extents were fitted to the extents of 

the planning CT scan. To verify the method, prostate center of gravity 

displacements were calculated from a complete contour stack drawn by a 

physician. The differences obtained between these two methods were in LR, 

CC, and AP directions: 0.0 mm (0.4 mm, 1 SD), -0.4 mm (1.9 mm, 1 SD), 

and 0.0 mm (0.7 mm, 1 SD), respectively. Compared to the accuracy of our 

method, their accuracy for translations in LR and AP direction is slightly 

better, but in the CC direction slightly worse. Artignan et al.
(11)

 localized the 

prostate by defining a total of six contours in the transverse, sagittal, and 

coronal planes. Compared to that for registrations in which the whole 

prostate was delineated, the accuracy for translations and rotations 

(calculated as the square root of the quadratic sum) was 1.7 mm (1 SD) and 

3.9 degrees (1 SD), respectively. The accuracy obtained by our method, 

also calculated as the square root of the quadratic sum, was 1.9 mm (1 SD) 

for translations and 3.1 degrees (1 SD) for rotations. The small differences 

between the two methods might be due to delineation errors. Both the 

methods presented by Hua et al.
(10)

 and Artignan et al.
(11)

 are alternative 

ways to localize the prostate before treatment that reduce the time interval 

between imaging and treatment. Nevertheless, the method presented in this 

paper is completely automatic, and it is a more convenient way to localize 

the prostate. Recently, Court and Dong
(21)

 performed a similar study as ours, 

but with only 2 patients (quantitatively) and considering translations only. 

Their results are consistent to ours. 
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CONCLUSIONS 

We developed and validated a method for prostate localization based on 

grey-value registration that is suitable for online IGRT. The method is as 

accurate as contour registration. The advantage of the automatic registration 

method is that it can be used online, because delineating the prostate in the 

repeat CT scans is not needed anymore. Choosing a plan and treating the 

patient will be possible in a few minutes. The method provides an increased 

confidence in targeting just before treatment and, combined with the 

conformity of intensity modulated dose distributions this might permit dose 

escalation well beyond that of current approaches. 
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FIGURE A1. Flow chart of the 
2
 outlier 

detection method.  
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APPENDIX 

ITERATIVE 
2
 OUTLIER DETECTION METHOD 

 

The 
2
 outlier detection method is 

described in the flow chart in FIGURE 

A1. The original data set consists of 

the errors (differences) found 

between grey-value registration and 

contour registration for each rotation 

and translation parameter for all 

registrations of all patients. The sum 

of the normalized squared errors is 

called the i,j
2
 value of a registration 

of a patient (EQ. A1). 
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pi,j (EQ. 1) is the difference between 

automatic grey-value registration and 

automatic contour registration for 

parameter p of a registration i and a 

patient j; p expresses rotation and 

translation axes: the LR, CC, and AP 

axis, for which p = RLR, RCC, RAP, TLR, 

TCC, or TAP, respectively; p, is the 

mean value, and p is the standard 

deviation for a parameter p calculated 

over all registrations of all patients. 
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The shape of a 
2
 distribution depends on the number of degrees of freedom 

(df) and therefore also the 95% confidence value of the corresponding 
2
 

distribution. Because it is not known whether the six parameters are 

independent, the number of df has to be estimated. To do this, a normalized 

cumulative probability histogram was made of all the i,j
2
 values, and a 

cumulative 
2
 distribution was fitted through this histogram (FIGURE A2). The 

fitted df determines the 95% confidence interval of the fitted 
2
 distribution, 

and according to this value, outliers can be rejected from the data set. This 

whole process is repeated for the new data set. After a few iterations, the 

new data set does not change anymore, and all outliers are rejected from 

the original data set. A final estimate of the mean, standard deviation, and df 

of the remaining data set is then obtained. 

 

 

 

 

 

 

 

 

 

 

 

 

FIGURE A2. Histogram fit of the normalized cumulative probability of the data by a 

cumulative 
2
 distribution. On the horizontal axis, the 

2
 values are plotted, and on the 

vertical axis, the normalized cumulative probability is plotted. The dotted line represents 

the histogram data. The straight line represents the fitted 
2
 distribution through the 

histogram data.  

 



50 - Chapter 2 

 

REFERENCES 

1
  Hanks GE, Hanlon AL, Epstein B, et al. Dose response in prostate cancer with 8–12 years’ 

follow-up. Int J Radiat Oncol Biol Phys 2002;54:427–435. 

2
  Zelefsky MJ, Fuks Z, Hunt M, et al. High-dose intensity modulated radiotherapy for prostate 

cancer: Early toxicity and biochemical outcome in 772 patients. Int J Radiat Oncol Biol Phys 

1998;53:1111–1116. 

3
  Pollack A, Zagars GK, Starkschall G, et al. Prostate cancer radiation dose response: 

Results of the M. D. Anderson phase III randomized trial. Int J Radiat Oncol Biol Phys 

2002;53:1097–1105. 

4
  Yan D, Lockman D, Brabbins D, et al. An off-line strategy for constructing a patient-specific 

planning target volume in adaptive treatment process for prostate cancer. Int J Radiat Oncol 

Biol Phys 2000;48:289–302. 

5
  Nederveen AJ, Lagendijk JJW, Hofman P. Detection of fiducial gold markers for automatic 

on-line megavoltage position verification using a marker extraction kernel (MEK). Int J 

Radiat Oncol Biol Phys 2000;47:1435–1442.   

6
  Kitamura K, Shirato H, Shimizu S, et al. Registration accuracy and possible migration of 

internal fiducial gold marker implanted in prostate and liver treated with real-time tumor-

tracking radiation therapy (RTRT). Radiother Oncol 2002;62:275-281. 

7
  Bergström P, Löfroth PO, Widmark A. High precision conformal radiotherapy (HPCRT) of 

prostate cancer—a new technique for exact positioning of the prostate at the time of the 

treatment. Int J Radiat Oncol Biol Phys 1998;42:305–311. 

8
  van den Heuvel F, Powell T, Seppi E, et al. Independent verification of ultrasound based 

image-guided radiation treatment, using electronic portal imaging and implanted gold 

markers. Med Phys 2003;30:2878–2887. 

9
  Langen KM, Pouliot J, Anezinos C, et al. Evaluation of ultrasound-based prostate 

localization for image-guided radiotherapy. Int J Radiat Oncol Biol Phys 2003;57:635–644. 

10
  Hua C, Lovelock DM, Mageras GS, et al. Development of a semi-automatic alignment tool 

for accelerated localization of the prostate. Int J Radiat Oncol Biol Phys 2003;55:811–824. 

11
  Artignan X, Smitsmans MHP, de Bois J, et al. On-line image guided radiotherapy for 

prostate cancer: An accelerated method for prostate localization. Radiother Oncol 

2002;64:S288. 

12
  Jaffray DA, Siewerdsen JH. Cone-beam computed tomography with a flat-panel imager: 

Initial performance characterization. Med Phys 2000;27:1311–1323. 

13
  Jaffray D, van Herk M, Lebesque J, et al. Image guided radiotherapy of the prostate. In: 

Niessen W, Viergever M, editors. Lecture Notes in Computer Science: Medical Image 

Computing and Computer-Assisted Intervention – MICCAI 2001: 4th International 

Conference, Utrecht, The Netherlands, October 14–17, 2001, Proceedings, Springer-Verlag 

Heidelberg, Volume 2208/2001, pg 1075. 

14
  van Herk M, Bruce A, Kroes G, et al. Quantification of organ motion during conformal 

radiotherapy of the prostate by three dimensional image registration. Int J Radiat Oncol Biol 

Phys 1995;33:1311–1320. 



Automatic prostate localization – 51 

 

15
  Fei B, Wheaton A, Lee Z, et al. Automatic volume registration and its evaluation for the 

pelvis and prostate. Phys Med Biol 2002;47:823–838. 

16
  Smitsmans MHP, de Bois J, Sonke JJ, et al. Automatic prostate localization on cone-beam 

CT scans for high precision image-guided radiotherapy. Int J Radiat Oncol Biol Phys 

2005;63:975–984. 

17
  Deurloo KEI, Steenbakkers RJHM, Zijp LJ, et al. Quantification of shape variation of 

prostate and seminal vesicles during external beam radiotherapy. Int J Radiat Oncol Biol 

Phys 2005;61:228 –238. 

18
  Rasch C, Barillot I, Remeijer P, et al. Definition of the prostate an CT and MRI: A multi-

observer study. Int J Radiat Oncol Biol Phys 1999;43:57–66. 

19
  van Herk M, Remeijer P, Lebesque JV. Inclusion of geometric uncertainties in treatment 

plan evaluation. Int J Radiat Oncol Biol Phys 2002; 52: 1407–1422. 

20
  Lebesque JV, Bruce AM, Kroes AP, et al. Variation in volumes, dose-volume histograms, 

and estimated normal tissue complication probabilities of rectum and bladder during 

conformal radiotherapy of T3 prostate cancer. Int J Radiat Oncol Biol Phys 1995;33:1109–

1119. 

21
  Court LE, Dong L. Automatic registration of the prostate for computed-tomography-guided 

radiotherapy. Med Phys 2003;30:2750–2757. 



 

 

 



 

3. 
AUTOMATIC PROSTATE LOCALIZATION ON  

CONE-BEAM CT SCANS FOR  

HIGH PRECISION IMAGE-GUIDED RADIOTHERAPY 
 

 

MONIQUE H. P. SMITSMANS, JOSIEN DE BOIS, JAN-JAKOB SONKE,  

ANJA BETGEN, LAMBERT ZIJP, DAVID A. JAFFRAY, JOOS V. LEBESQUE,  

AND MARCEL VAN HERK 

 
INTERNATIONAL JOURNAL OF RADIATION ONCOLOGY, BIOLOGY & PHYSICS  

2005; VOLUME 63: PG 975-984  



54 - Chapter 3 

 

 

 

ABSTRACT 

PURPOSE Previously, we developed an automatic three-dimensional (3D) grey-value 

registration (GR) method for fast prostate localization that could be used during online or offline 

image-guided radiotherapy. The method was tested on conventional computed tomography 

(CT) scans. In this study, the performance of the algorithm to localize the prostate on cone-

beam CT (CBCT) scans acquired on the treatment machine was evaluated. 

PATIENTS AND METHODS Five to 17 CBCT scans of 32 prostate cancer patients (332 

scans in total) were used. For 18 patients (190 CBCT scans), the CBCT scans were acquired 

with a collimated field of view (FOV) (craniocaudal). This procedure improved the image quality 

considerably. The prostate (i.e., prostate plus seminal vesicles) in each CBCT scan was 

registered to the prostate in the planning CT scan by automatic 3D grey-value registration 

(normal GR) starting from a registration on the bony anatomy. When these failed, registrations 

were repeated with a fixed rotation point locked at the prostate apex (fixed apex GR). 

Registrations were visually assessed in 3D by one observer with the help of an expansion (by 

3.6 mm) of the delineated prostate contours of the planning CT scan. The percentage of 

successfully registered cases was determined from the combined normal and fixed apex GR 

assessment results. The error in grey-value registration for both registration methods was 

determined from the position of one clearly defined calcification in the prostate gland (9 patients, 

71 successful registrations). 

RESULTS The percentage of successfully registered CBCT scans that were acquired with a 

collimated FOV was about 10% higher than for CBCT scans that were acquired with an 

uncollimated FOV. For CBCT scans that were acquired with a collimated FOV, the percentage 

of successfully registered cases improved from 65%, when only normal GR was applied, to 83% 

when the results of normal and fixed apex GR were combined. Grey-value registration mainly 

failed (or registrations were difficult to assess) because of streaks in the CBCT scans caused by 

moving gas pockets in the rectum during CBCT image acquisition (i.e., intrafraction motion). 

The error in grey-value registration along the left-right, craniocaudal, and anteroposterior axes 

was 1.0, 2.4, and 2.3 mm (1 SD) for normal GR, and 1.0, 2.0, and 1.7 mm (1 SD) for fixed apex 

GR. The systematic and random components of these SDs contributed approximately equally to 

these SDs, for both registration methods. 

CONCLUSIONS The feasibility of automatic prostate localization on CBCT scans acquired on 

the treatment machine using an adaptation of the previously developed three-dimensional grey-

value registration algorithm, has been validated in this study. Collimating the FOV during CBCT 

image acquisition improved the CBCT image quality considerably. Artifacts in the CBCT images 

caused by large moving gas pockets during CBCT image acquisition were the main cause for 

unsuccessful registration. From this study, we can conclude that CBCT scans are suitable for 

online and offline position verification of the prostate, as long as the amount of nonstationary 

gas is limited.  



Automatic prostate localization on CBCT scans – 55 

 

INTRODUCTION 

Rapidly emerging technologies, such as commercially available cone-beam 

computed tomography (CBCT) image-guided radiotherapy (IGRT) 

systems
(1)

, provide the opportunity to localize target volumes in a few 

minutes before each treatment fraction. Particularly for moving targets such 

as the prostate, knowledge of the precise position would improve the 

accuracy of treatment. Many recent studies have focused on position 

verification (offline and online) of the prostate
(2-11)

 to improve treatment 

accuracy. More accurate delivery of the prescribed dose would allow 

reduction of the safety margin around the clinical target volume (CTV). This 

treatment field margin accounts for mobility of the patient and the target 

volume, to guarantee that the entire prostate always receives the prescribed 

dose. Reducing the margin spares more surrounding normal tissue and 

therefore provides an opportunity for dose escalation. Escalating the dose 

has been proven to increase the probability of disease control; in addition, by 

reducing the margins normal tissue complications may decrease
(12-14)

. 

A CBCT-IGRT system (Elekta Synergy, Elekta, Crawley, UK) was installed 

in our clinic, and has been in clinical use since July 9, 2003 (FIGURE 1).  

 

FIGURE 1. The prototype cone-beam 

computed tomography (CBCT) image-

guided radiotherapy (IGRT) system 

(Elekta Synergy) implemented at The 

Netherlands Cancer Institute - Antoni 

van Leeuwenhoek Hospital. The CBCT-

IGRT system consists of a kilovolt (kV) 

X-ray source and an amorphous silicon 

flat panel kV imager, mounted in a 

retractable fashion on the linear 

accelerator perpendicular to the 

radiation beam direction. A CBCT scan 

can be acquired in a single gantry 

rotation in a few minutes, before each 

treatment fraction, to localize the 

prostate. 
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The system consists of a retractable kilovolt (kV) X-ray source and an 

amorphous silicon flat panel imager mounted on the linear accelerator 

perpendicular to the radiation beam direction. A CBCT scan can be obtained 

in 2–4 min (depending on the acquisition mode) requiring a single gantry 

rotation just before (or after) each treatment fraction.  

For online IGRT of the prostate, localization of the prostate on the CBCT 

scans should be fast. Methods for prostate localization and registration 

based on manual delineation of contours on successive transverse CT 

slices
(2,8-9)

 or interactive alignment
(6-7)

 are fairly time-consuming, whereas 

methods based on implanted markers
(3-5)

 are invasive for the patient, and 

besides, markers might be subject to some migration that will result in errors. 

In addition, markers are implanted in the prostate gland and not in the 

seminal vesicles, which means that if the seminal vesicles are part of the 

target volume and they move relative to the prostate gland, this movement 

will not be registered by the markers. 

To reduce the time interval between imaging and treatment, and to improve 

patient throughput, we developed a fast, automatic three-dimensional (3D) 

grey-value registration method for prostate localization
(10)

, which is 

comparable to another method developed independently, described by Court 

and Dong
(11)

. The algorithm we developed previously is a rigid registration 

algorithm (three translations and three rotations, no shape changes). It is 

based on the assumption that the prostate does not change shape 

significantly relative to its motion as a whole, as found by Deurloo et al.
(15)

 for 

a comparable patient group. The 3D grey-value registration method was 

tested and validated on conventional repeat CT scans. However, the image 

quality of CBCT scans differs from that of conventional CT scans. The CBCT 

scans have a higher resolution in the craniocaudal (CC) direction, which is 

an advantage, whereas the contrast-to-noise ratio of CBCT scans is lower, 

reducing the visibility of soft tissue structures such as the prostate. Other 

factors that influence the image quality of CBCT scans are acquisition time 

(slow-moving gantry) and intrafraction motion, which causes reconstruction 

artifacts. Therefore, the purpose of this study was to test and validate the 

use of the automatic 3D grey-value registration method to localize the 

prostate on our clinical CBCT scans. 
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PATIENTS AND METHODS 

PATIENT DATA 

For this study, we used one conventional planning CT scan and between 5 

and 17 CBCT scans from 32 patients (332 CBCT scans in total) that were 

irradiated for prostate cancer at The Netherlands Cancer Institute - Antoni 

van Leeuwenhoek Hospital. 

PLANNING CT DATA 

The planning CT scans were made in the treatment position (supine) and 

consisted of approximately 60 slices, each with 512 x 512 pixels (0.9 mm x 

0.9 mm), with a slice distance of 5 mm outside and 3 mm inside the region of 

the prostate. In this study, the planning CT scans were downsized to 256 x 

256 pixels (1.8 mm x 1.8 mm). (At the time of investigation, export of CT 

scans in our institute was limited to images with 256 x 256 pixels for reasons 

of data transfer capacity; therefore it was not possible, at that time, to export 

CT scans consisting of images with 512 x 512 pixels.) The prostate and 

seminal vesicles (SV) in the planning CT scan were delineated by a radiation 

oncologist and defined the CTV
(16)

. For this article, we use the term prostate 

to refer to the CTV and the term CTV contours to refer to the delineated 

contours of the CTV. The term prostate gland will be used to refer to the 

prostate only (i.e., prostate without SV). 

CONE-BEAM CT DATA 

The CBCT scans were acquired on a prototype CBCT-IGRT system (Elekta 

Synergy) with the patient in treatment position before a treatment fraction. 

The acquisition parameters of the projection images for the CBCT scans 

were: 130 kV, 80 mA, 25 ms per projection. The applied dose for each 

CBCT scan was 3–4 cGy within the body. Approximately 630 projection 

images were acquired per CBCT scan and the total acquisition time of a 

CBCT scan was 4 min on the prototype system. Reconstruction of a CBCT 

scan took approximately 60 s on a 2.8 GHz personal computer (note: in 

future systems, CBCT acquisition will be about 2 times faster and 

reconstruction will be ready as soon as all images are acquired). The CBCT 

scans were reconstructed using in-house developed software, based on the 

Feldkamp-Davis-Kress algorithm
(17)

. To reduce the influence of scatter
(18-19)

 a 
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simple scatter correction algorithm was applied during reconstruction of all 

CBCT scans, which assumes scatter to be homogeneously distributed in the 

image. The field of view (FOV) of the acquired projection images was 25.6 x 

25.6 cm
2
 at the isocenter plane. By using a partially displaced kV detector, a 

reconstructed FOV of 40.0 x 40.0 cm
2
 was achieved. For 18 patients (190 

CBCT scans), reduction of scatter was achieved by collimating the FOV in 

the CC direction from 25.6 cm to 10.0 cm. Therefore, the reconstructed 

CBCT scans consisted either of 400 x 400 x 256 voxels (uncollimated FOV) 

or 400 x 400 x 100 voxels (collimated FOV), with a voxel dimension of 1.0 x 

1.0 x 1.0 mm
3
. 

 

GREY-VALUE REGISTRATION OF THE PROSTATE 

BRIEF DESCRIPTION OF THE PREVIOUSLY DEVELOPED 3D GREY-

VALUE REGISTRATION PROCEDURE 
The automatic 3D grey-value registration algorithm

(10)
 developed previously 

was used to register the prostate in the CBCT scan to the prostate in the 

planning CT scan. The algorithm assumes that the prostate behaves 

approximately as a rigid body (three translations, three rotations, no shape 

changes)
(15)

. The start position of the algorithm was a registration of the 

bony anatomy. For grey-value registration, the CTV contours were expanded 

with a 5 mm margin, and used to generate a 3D CTV shaped region of 

interest (ROI) in the planning CT scan. Any gas in the rectum was filtered 

from the ROI. All CBCT scans of a patient were registered to the ROI using 

the previously developed algorithm, for which only the pixels within this ROI 

were used (i.e., prostate localization required no delineation of the prostate 

in the CBCT scans). Grey-value registration was based on maximizing the 

correlation ratio
(20)

. The algorithm used multiple start positions of the CBCT 

scan with respect to the bony anatomy registration (i.e., the CBCT scan was 

rotated about the left-right axis by +5, 0, and -5 degrees, respectively). Of 

these three grey-value registrations, the one with the highest correlation ratio 

was selected. 
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ADAPTATIONS TO THE PREVIOUSLY DEVELOPED 3D GREY-VALUE 

REGISTRATION ALGORITHM 

Two adaptations were made to the previously developed 3D grey-value 

registration algorithm. The first adaptation involved creation of the ROI. In 

the previous study, initial tests showed that a 5 mm margin was the optimum 

value to retain enough grey-value information and to exclude the pubic bone 

from the ROI. However, part of the pubic bone was sometimes still included 

in the ROI. This could influence grey-value registration of the prostate. 

Therefore, the first adaptation to the previous algorithm was that grey-values 

of the pubic bone were removed from the ROI. In addition, calcifications 

located at the inner border of the prostate that might be subject to movement 

relative to the prostate were also removed from the ROI. The second 

adaptation of the 3D grey-value registration algorithm was that the resolution 

of the scan with the lower resolution (the planning CT scan) was adjusted to 

that of the scan with the higher resolution (the CBCT scan). With this 

adaptation, all grey-value information of the CBCT scans could be used for 

registration. A single 3D grey-value registration (with adaptations) took 

approximately 30 s on a 2.0 GHz personal computer. 

FALLBACK PROCEDURE 

A fallback procedure for prostate localization on CBCT scans was developed 

in case 3D grey-value registration (GR) (= normal GR) fails. In this 

procedure, 3D GR was repeated in an adapted form. It was assumed that 

there was negligible organ motion for the apex, as was found in previous 

studies
(21)

, and that, after bony anatomy registration, the apex would be in 

the same relative position in the planning CT and CBCT scans. In the 

fallback method, the prostate was therefore fixed at the apex during 

registration (= fixed apex GR, i.e., the apex of the prostate was used as a 

rotation point for 3D grey-value registration; three rotations, no translations). 

The fixed rotation point was defined at the center of gravity of the most 

caudal prostate contour delineation (in the apex) of the planning CT scan. As 

the delineation error at the prostate apex is known to be 3.5 mm (1 SD) in 

CT data
(22)

, the accuracy of prostate localization by using fixed apex GR may 

be slightly influenced by the inaccuracy in the choice of this point, although 

this is a secondary effect. After the scans were registered on bony anatomy, 

this point was also known in the CBCT scan. The fixed apex GR method 

was applied only to those registrations for which normal GR failed. Running 

the fallback procedure took an extra 20 s on a 2.0 GHz personal computer. 
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STUDY OUTLINE 

For initial tests, we wanted to verify the performance of the grey-value 

registration algorithm on CBCT scans by comparing the results of grey-value 

registration to contour registration, as was done in the study previously 

performed on conventional CT scans
(10)

. In that study, the CTV contours of 

repeat CT scans were automatically registered to the CTV contours of the 

planning CT scan
(21)

 and used as a reference for evaluating the grey-value 

registrations. 

Unfortunately, in the current study, delineating the prostate on the CBCT 

scans appeared to be inaccurate because of the poorer contrast-to-noise 

ratio and the presence of image artifacts, especially in the earlier CBCT 

scans. However, the image quality of the CBCT scans was considered 

sufficient to assess the registrations visually (See next paragraph). In the 

absence of suitable contours, the error in grey-value registrations was 

quantified by calculating the error in position of a clearly defined calcification 

inside the prostate gland (if present), which served as a natural marker as 

described below. 

VISUAL ASSESSMENT OF GREY-VALUE REGISTRATIONS 
All registrations were assessed by visual inspection by one experienced 

observer to simulate clinical practice once the method will be implemented 

on the treatment machine. If a registration after normal GR was assessed as 

not successful, the fixed apex GR method was applied and the registration 

was assessed again. For this purpose, expanded CTV contours of the 

planning CT scan by 3.6 mm were used (i.e., 2 pixels in the 256 x 256 

planning CT images). The expanded CTV contours were overlaid on the 

registered CBCT scan and the observer was instructed to assess a 

registration as successful if the prostate fitted within the expanded CTV 

contours. Assessment was based on all slices in three views: transverse, 

coronal, and sagittal. The visibility of the prostate in the CBCT scans was 

similar in all views. However, in some CBCT scans, the prostate was not 

always completely visible in each slice, which could usually be attributed to 

the presence of artifacts such as streaks in the reconstructed images. 

Despite the presence of these artifacts, grey-value registrations of the 

prostate could be assessed sufficiently while slicing through the registered 

scans in 3D.  
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A Pearson chi-squared test (at a 95% confidence level) was performed on 

the assessment results to determine whether there was a significant 

difference in the percentage of successfully registered cases for grey-value 

registration of CBCT scans acquired with collimated or uncollimated FOV; 

this was done for the results when normal GR alone, or the combined 

normal and fixed apex GR method was applied. 

DETERMINATION OF REGISTRATION ERRORS 

The errors in grey-value registration for the normal as well as the fixed apex 

GR method were determined by calculating the difference in position of 1 

clearly defined calcification inside the prostate gland between planning CT 

scan and registered CBCT scan (typically there was 1 calcification per 

patient; if more than 1 were present, the most clearly defined calcification 

was used). Such calcifications served as natural markers, and were present 

in 12 patients, 127 CBCT scans. The relative positions of the calcifications in 

the planning CT and CBCT scans after registration were marked by an 

observer. The position of a calcification was marked on the planning CT grid, 

with a spatial resolution of 1 pixel (1.8 mm) and 1 slice (3.0 mm). 

Calcifications located at the inner-border of the prostate gland were not 

included in this study, as they might be part of, or close to, a lymph/blood 

vessel for which the relative position to the prostate might change. For this 

analysis, the calcifications inside the prostate were filtered from the ROI 

before registration (note: calcifications at the inner-border were already 

removed by a filtering step in the adapted grey-value registration method). 

Other tests (data not presented) showed that the calcifications could be used 

as independent verification of grey-value registration: because of their small 

size (compared with the rest of the prostate) they had negligible influence on 

grey-value registration. Both registration methods (normal and fixed apex 

GR) were independently applied to the scans of the selected patients (i.e., 

with calcifications). Only registrations that were assessed as successful for 

both GR methods were used to determine the registration error of the normal 

GR and fixed apex GR method (9 patients, 71 successful registrations). The 

registration errors were expressed as a mean and standard deviation (SD) 

for each of the 3 axes. The systematic and random components of these 

SDs were also calculated. 
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RESULTS  

AUTOMATIC PROSTATE LOCALIZATION ON CBCT SCANS 

BY 3D GREY-VALUE REGISTRATION: AN EXAMPLE 

FIGURE 2 gives an overview of slices of a CBCT scan in which the prostate is 

registered to the planning CT scan. Transverse (2-I), coronal (2-II), and 

sagittal (2-III) image sets are shown. The coronal and sagittal slices show 

the reduced FOV in the CC direction. This procedure improved the image 

quality considerably. All (a) images show the whole CBCT slice in a 

particular view, illustrating the good image quality. The same slices of the 

CBCT scan are shown in all (b) and (c) images, fused with the planning CT 

scan after grey-value registration of the prostate. The (b) images show split 

views at the prostate gland and the (c) images show split views at the SV. 

To illustrate the split view at the SV in the coronal (2–IIc) view, another slice 

of the CBCT scan was selected. The top-left and bottom-right part of these 

images represent the planning CT scan; the top-right and bottom-left part of 

these images represent the CBCT scan.  

The images show the difference in image quality of the CBCT scan and the 

conventional CT scan, which is a result of different acquisition and 

reconstruction methods. The prostate in the CBCT images is clearly visible 

in all directions, despite the lower contrast-to-noise ratio of the CBCT scans, 

compared to that of the conventional CT scans. The fused images show that 

the outline of the registered prostate in the CBCT scan agrees with the 

prostate outline in the planning CT scan. The (d), (e), and (f) images are 

identical to the respective (a), (b), and (c) images, except that the CTV 

contours of the planning CT scan were superimposed on these images. Note 

that the CTV contours were not used for registration, while for assessment of 

the registrations the expanded CTV contours were used. The registration 

results as seen in the images are typical, i.e., for most cases the prostate 

coincided within the CTV contours. 
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FIGURE 2. Overview of slices of a cone-beam computed tomography (CBCT) scan in 

which the prostate is registered to the planning CT scan. Transverse (2-I), coronal (2-II), 

and sagittal (2-III) image sets are shown. All (a) images show the whole CBCT slice in a 

particular view. The same slices of the CBCT scan are shown in all (b) and (c) images, 

fused with the planning CT scan after grey-value registration of the prostate. The (b) 

images show split views at the prostate gland and the (c) images show split views at the 

seminal vesicles (SV). To show the split view at the SV in coronal (2–IIc) view, another 

slice of the CBCT scan was selected. The top left and bottom right part of these images 

represent the planning CT scan; the top right and bottom left part of these images 

represent the CBCT scan. The (d–f) images are identical to the respective (a– c) 

images, except that the contours of the planning CT scan are superimposed on these 

images (contours were not used for registration). 
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FIGURE 2. (Continued). 

 

VISUAL ASSESSMENT OF REGISTRATIONS  

Visual assessment of the normal grey-value registrations of the patient 

group with CBCT scans acquired with a collimated FOV in the CC direction 

(18 patients, 190 CBCT scans) showed that 65% of the registrations were 

successfully registered (124 cases) (TABLE 1), i.e., the registered prostate 

fitted within the expanded CTV contours of the planning CT scan. For the 

patient group with CBCT scans acquired with an uncollimated FOV in CC 

direction (14 patients, 142 CBCT scans), 56% of the registrations were 

assessed as successfully registered (80 cases). The p value of the Pearson 

chi-square test, to determine whether there was a significant difference in 

the percentage of successfully registered cases for grey-value registration of 

CBCT scans acquired with collimated or uncollimated FOV, calculated for 

the normal GR assessment results, was p = 0.098. The registrations that 

were assessed as unsuccessful using the normal GR method were 

registered again by using the fixed apex GR method. For the patient group 

with CBCT scans acquired with a collimated FOV, 50% of the unsuccessful 

cases were now assessed as successfully registered, whereas for the 

patient group with CBCT acquired with an uncollimated FOV, this was 31% 

(TABLE 1).  
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TABLE 1.  Visual assessment results of normal GR followed by 

fixed apex GR for the unsuccessful normal GR resulting in the 

combined percentage successfully registered cases. A division 

was made for registrations with CBCT scans acquired with 

collimated or uncollimated FOV. 

 Percentage successfully  

registered cases 

GR method CBCT  

collimated FOV 

CBCT 

uncollimated FOV 

Normal GR 65% 56% 

Fixed apex GR* 50% 31% 

Combined  83% 70% 

ABBREVIATIONS. GR = grey-value registration; CBCT = 

cone-beam computed tomography; FOV = field of view. 

* Applied only to the unsuccessful normal GR 

 

By combining the results of the two registration methods (normal and fixed 

apex GR), 83% of the CBCT scans acquired with a collimated FOV were 

assessed as successfully registered, whereas for the CBCT scans acquired 

with an uncollimated FOV, this was 70% (TABLE 1). The Pearson chi-square 

test was applied to the combined normal and fixed apex assessments to 

determine whether there was a significant difference in the percentage of 

successfully registered cases for grey-value registration of CBCT scans 

acquired with collimated or uncollimated FOV. The resultant p value was 

0.0006.  

For the patient group with CBCT scans acquired with a collimated FOV, 

FIGURE 3 shows for each patient the number of registrations (black bars) and 

the number of unsuccessful registrations when normal grey-value 

registration alone (grey bars) or the combined normal and fixed apex GR 

method (white bars) has been applied. Grey-value registration mainly failed 

(or registrations were difficult to assess) because of streaks in the 

reconstructed images of the CBCT scan caused by motion of gas pockets in 

the rectum during CBCT image acquisition.  
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FIGURE 3. Results of combining normal grey-value registration (GR) and fixed apex 

GR for the patient group with cone-beam computed tomography scans acquired with a 

collimated field of view: the number of registrations per patient (black bars), the number 

of unsuccessful registrations after normal GR (grey bars), and the number of 

unsuccessful registrations after the combined normal and fixed apex GR method (white 

bars). 

 

FIGURE 4 shows the impact of a large moving gas pocket during image 

acquisition on the reconstructed CBCT image quality (i.e., streak artifacts). 

Images 4(Ia–Id) show examples of projection images in which a large 

moving gas pocket emerges in the rectum over a time span of 17 s at the 

position where the prostate would be projected in the image. Image 4–II 

shows the reconstruction result on a transverse slice of the CBCT scan: from 

this image, it is clear that the prostate is not detectable.  
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FIGURE 4. The impact of a large, moving gas pocket during cone-beam computed 

tomography (CBCT) image acquisition on the CBCT reconstruction result. 4(Ia-Id) 

Projection images (PI) showing a large, moving gas pocket (bright structure) emerging 

in the rectum in a time span of 17 s at a position where the prostate would be projected 

in the projection images. (4-II) The reconstruction result, showing the streak artifacts in 

a transverse slice of the CBCT scan. 

 

REGISTRATION ERRORS  

The errors in registration, of the normal and fixed apex grey-value 

registration method, on CBCT scans, along the left-right (LR), CC, and 

anteroposterior (AP) axes, are shown in TABLE 2. The mean errors are close 

to zero. For normal GR, the mean deviation in the CBCT scan of the 

calcification with respect to the planning CT scan in AP direction was largest, 

-0.9 mm, whereas for the LR and CC axes, the mean deviation was smaller 

than 0.5 mm. For the fixed apex GR, the mean deviation was smaller than 

0.5 mm for all axes. The deviations were comparable for both methods and 

ranged between 1.0 and 2.4 mm (1 SD); the SDs for fixed apex GR were 

slightly smaller. TABLE 2 shows that the systematic and random components 

of the SDs contributed approximately equally to these SDs, for both 

registration methods. 
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TABLE 2. The registration errors (in mm) of normal and fixed apex GR of the prostate using 

CBCT scans, expressed as a mean and standard deviation, along the LR, CC and AP axes. The 

systematic and random components of these SDs are also shown. The registration errors were 

determined from the position of a clearly defined calcification inside the prostate in planning CT 

and CBCT scans after registration. Only registrations that were assessed as successfully 

registered (i.e., the prostate fitted within the expanded clinical target volume contours for both 

methods) were used (9 patients, 71 registrations). 

 Normal GR  Fixed apex GR 

 TLR TCC TAP  TLR TCC TAP 

Mean 0.2 -0.4 -0.9  0.1 0.5 -0.2 

 0.7 1.6 1.8  0.6 1.3 0.9 

 0.8 1.8 1.5  0.8 1.5 1.5 

SD 1.0 2.4 2.3  1.0 2.0 1.7 

ABBREVIATIONS.  GR = grey-value registration; (CB)CT = (cone-beam) computed tomography; 

SD = standard deviation; T = translation; LR = left-right; CC = craniocaudal; AP = anteroposterior; 

 = systematic error;  = random error. 

 

DISCUSSION 

The performance of the previously developed grey-value registration 

algorithm for prostate localization
(10)

 was evaluated using CBCT scans. For 

CBCT scans that were acquired with a collimated FOV, the percentage of 

successfully registered cases, based on visual assessment, improved from 

65% when only normal grey-value registration was applied to 83% when the 

results of normal and fixed apex GR were combined. The errors in grey-

value registration (1.0 – 2.4 mm, 1 SD) determined from the position of a 

clearly defined calcification in the prostate gland, are sufficiently small to 

reduce treatment field margins. The error in grey-value registration is 

somewhat larger than for registration of implanted markers, the accuracy of 

the latter being less than 1 mm (1 SD)
(3-4)

. However, as mentioned 

previously, markers might be subject to some migration and, in addition, 

when the SV are part of the target volume, movement of the SV relative to 

the prostate gland will not be registered by the markers. 
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VISUAL ASSESSMENT OF REGISTRATIONS 

Assessment of the registration results by visual inspection was performed to 

simulate clinical practice, when the method will be implemented at the 

treatment machine. The viewing tool used for the inspection enabled 

simultaneous viewing of the scans in 3D and interactive slicing. This 

provided a very sensitive tool for assessment of the registrations. The 

expansion of the CTV contours by 3.6 mm, which aided visual assessment 

of the registrations, seems quite generous and will generally only be reached 

at the tips of the SV because of rotation errors or shape changes. Deurloo et 

al.
(15)

 reported a shape variation of 0.5 mm (1 SD) at the caudal side of the 

prostate, 0.9 mm (1 SD) anterior and posterior of the prostate, and 1.5 mm 

(1 SD) at the tips of the SV, for a comparable patient group. In our study, we 

noticed that the majority of the successfully registered prostates coincided 

within the CTV contours (not expanded), and that the expanded CTV 

contours were used primarily to account for deformations of the SV.  

CBCT scans acquired with a collimated FOV in the CC direction had a 

considerably better image quality than CBCT scans acquired with an 

uncollimated FOV. This most likely explains the difference in the percentage 

of successfully registered cases for CBCT scans acquired with a collimated 

and uncollimated FOV, 83% and 70%, respectively, for the combined normal 

and fixed apex GR procedure. The Pearson chi-square p value for the 

combined normal and fixed apex GR procedure, to determine whether there 

is a significant difference in the percentage of successfully registered cases 

for grey-value registration of CBCT scans acquired with collimated or 

uncollimated FOV, was p = 0.006, whereas the Pearson chi-square p value 

calculated for the normal GR procedure alone was p = 0.098. The 

percentage of successfully registered cases using CBCT scans (83%) was 

lower than that of conventional CT scans, which was 91%
(10)

. This result is 

reasonable, taking into account the fact that the contrast-to-noise ratio of the 

CBCT scans is still poorer than that of conventional CT scans. Part of the 

difference might be explained by the difference in the definition of a 

successfully registered case. In this study, visual inspection determined 

whether a registration was successful or not, whereas in the previous study, 

grey-value registrations were compared with contour registrations.  

Grey-value registration on CBCT scans mainly failed (or registrations were 

difficult to assess) because of streaks in the CBCT scans. These were 

caused by large, moving gas pockets in the rectum during CBCT image 

acquisition. Improvement of the outcome for CBCT scans is likely achieved if 
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the amount of gas in the rectum could be reduced. A possible solution would 

be to prescribe a mild laxating diet for the patients to reduce the amount of 

rectal filling in the planning CT scan and in the CBCT scans (of the first few 

treatment fractions). This would probably also reduce the amount of 

(possibly moving) gas in the rectum, which would improve the image quality 

of the reconstructed CBCT scans. In addition, intrafraction motion would be 

reduced. 

 

REGISTRATION ERRORS 

The mean deviation of the calcifications for normal and fixed apex GR were 

smaller than 0.5 mm for all axes, except for the AP axis for normal GR: -0.9 

mm. The registration errors determined from the position of clearly defined 

calcifications in the prostate gland along the LR, CC, and AP axes were 1.0, 

2.4, and 2.3 mm (1 SD) for the normal, and 1.0, 2.0, and 1.7 mm (1 SD) for 

the fixed apex GR method. The registration errors were larger than that of 

the previous study
(10)

: along the LR, CC, and AP axes, these errors were 

0.7, 1.3, and 1.2 mm (1 SD) for translations, and 2.4, 1.6, and 1.3° (1 SD) for 

rotations, respectively. Part of the differences might be explained by the 

accuracy of marking the positions of the calcifications, which was 

determined by the spatial resolution of the planning CT scan (i.e., 1.8 mm x 

1.8 mm, with a slice thickness of 3 mm). Another explanation for the 

differences might be the difference in definition of a registration error. In this 

study, only one point, the calcification in the prostate gland, was used to 

determine the error in grey-value registration. Although a registration could 

be assessed as successful, this single point could be more subject to 

deformations of the prostate (e.g., because of rectum filling). This might also 

be an explanation for the smaller SDs for fixed apex GR than for normal GR, 

although normal GR was visually slightly more accurate. Therefore, fixed 

apex GR was only used as fallback, even though the SDs in CC and AP 

directions were slightly smaller than those of normal GR. In the previous 

study, grey-value registrations were compared with contour registrations to 

determine their accuracy. Both grey-value registrations and contour 

registrations were performed as rigid body registrations, which cannot detect 

deformations of the prostate. If however, implanted markers were used for 

verification of the grey-value registration procedure, similar results probably 

would be found, as described previously for the calcifications. Registration 

errors would possibly become smaller, and the percentage of successfully 

registered cases would most likely increase if the amount of moving gas in 
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the rectum of the patients could be reduced during CBCT image acquisition, 

which causes reconstruction artifacts. 

 

MARGINS 

The margin between the CTV and planning target volume (PTV) that we use 

in our clinic for prostate treatment is 1.0 cm. To estimate the margin for 

prostate treatments during online IGRT, the margin recipe as defined by Van 

Herk et al.
(23)

 could be used. The PTV margin (M) is expressed as: M = 2.5  

+ 0.7 , in which  represents the SD of all systematic errors combined, and 

similarly  for all random errors. For an online IGRT process, table 

corrections would be performed to eliminate random and systematic 

translation errors for each treatment fraction. The idea is to also eliminate 

random and systematic rotation errors, around the LR axis, by choosing the 

best fitting patient specific plan from a set of predefined treatment plans 

(See the following section), according to the position of the prostate around 

the LR axis just before each treatment. We therefore assume that systematic 

and interfraction random errors will be largely eliminated when using the 

online image-guidance system. The required margin between CTV and PTV 

to account for the systematic and random errors in grey-value registration 

could be calculated by using the SDs of the measured calcification 

displacements. Using the margin recipe as mentioned previously, these 

margins would be for normal grey-value registration (TABLE 2) 2.3 mm in the 

LR direction (MLR = (2.5 x 0.7 + 0.7 x 0.8) mm), 5.3 mm in the CC direction 

(MCC = (2.5 x 1.6 + 0.7 x 1.8) mm), and 5.6 mm in the AP direction (MAP = 

(2.5 x 1.8 + 0.7 x 1.5) mm). The margins for the combined normal and fixed 

apex GR procedure are expected to be similar as the registration errors for 

fixed apex GR are comparable to those of normal GR. Here it is assumed 

that rotation errors for the prostate can be neglected because of the round 

shape of the prostate. To account for rotation errors at the SV, the margin 

should be approximately twice as large at the tips of the SV than at the 

prostate
(10)

. Although the time between imaging and actual treatment in the 

image-guidance system is drastically reduced when the method for 

automatic prostate localization is implemented on the treatment machine, it 

is still possible for prostate displacements to occur in the short time between 

plan selection and actual delivery. Therefore, it is necessary to define an 

additional margin to take intrafraction motion into account. It is probably not 

necessary to define an additional margin in all directions for delineation 
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errors of the prostate in the planning CT scan, because studies have 

demonstrated that CT-derived prostate volumes are larger than magnetic 

resonance image derived prostate volumes, especially towards the SV and 

the apex of the prostate
(22)

, and the margins for delineation errors are thus 

implicitly taken into account. 

The margins calculated to account for errors in grey-value registration are 

quite large (the largest margin was 5.6 mm in AP direction), although from 

visual assessment it appeared that for most cases the prostates in the CBCT 

scans were very well registered (i.e., within the expanded CTV contours by 

3.6 mm), and even coincided within the CTV contours. A possible 

explanation for this discrepancy between the calculated margin and the 

visual assessment results could be that if the prostate is slightly deformed, 

this could lead to large deviations in the positions of the calcifications, 

whereas the rigid-body grey-value registration would still be able to align the 

outer prostate border, and the result would be visually assessed as a 

successful registration. In addition, such a registration would lead to a 

correct irradiation as well, as long as the whole prostate is the target. This 

finding may also explain the slightly smaller SDs found for fixed apex GR, 

whereas visually the registration quality often is somewhat poorer than that 

of normal GR. 

 

FUTURE DIRECTIONS 

We are evaluating the grey-value registration algorithm on CBCT data from 

the Princess Margaret Hospital (Toronto, Ontario, Canada). A laxating diet 

was prescribed to the patients and three markers were implanted in the 

prostate gland. With these data, the accuracy of grey-value registration of 

the prostates, even without calcifications, will be evaluated, as well as the 

validation of rotations. 

Future work will focus on how to deal with registration failures. Registration 

failures could be adjusted manually either based on grey-value or color 

overlays of the prostates, or by registering the CTV contours of the planning 

CT scan to the prostate in the CBCT scan (comparable to ultrasound-based 

methods). If a CBCT registration is impossible to assess because of image 

artifacts in the CBCT scan caused by moving gas in the rectum during image 

acquisition, possible solutions would be to repeat the CBCT after degassing 

the patient, to deliver that particular fraction in the conventional way (e.g., 
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registered on bony anatomy in combination with the 1.0 cm margin, as used 

currently), to omit the fraction, or to treat the patient during the whole 

treatment the conventional way. We are investigating the effect of 

prescribing tablets of magnesium oxide to the patients on a daily basis 

during treatment in combination with a diet, which has a laxating effect and 

should minimize the amount of gas (and feces) in the rectum. 

Our group is investigating implementation of the grey-value registration 

procedure in an offline adaptive radiotherapy protocol
(24)

 that could reduce 

the systematic error in prostate (and rectum) position
(2,25)

. In the adaptive 

radiotherapy process, repeat CBCT scans will be used to determine the 

mean position of the prostate (and rectum) during the course of radiotherapy 

treatment. As mentioned previously, delineating the prostate on CBCT scans 

appeared to be inaccurate (especially on the earlier scans) and use of the 

grey-value registration procedure is therefore required. However, if 

delineating the prostate on CBCT scans is feasible, automatic grey-value 

registration with adaptive radiotherapy will save an extensive amount of 

delineation time. 

For online IGRT, when a grey-value registration is assessed as successful, 

we would like to use the values found for prostate rotation and translation 

(with respect to the planning CT scan) for couch adjustment (i.e., to account 

for translation of the prostate relative to the planning isocenter). These 

values could also be used to select a best fitting patient specific plan from a 

set of predefined treatment plans (database) to account for prostate 

rotation
(10,26)

. To generate these patient-specific plans, we intend to rotate 

the CTV contours around the LR axis (e.g., -10°  +10°, with a 1° interval 

step size), because this is the main rotation axis. If we assume that 

movement of the prostate is the direct result of movement of the rectal wall 

neighboring the prostate, we could, as a first-order approximation, rotate the 

delineated rectum to the same extent as the prostate. This approximation is 

obviously not correct for the complete rectum, but one might expect that it 

provides a reasonable description for the rectal wall receiving the highest 

dose. Further investigation is therefore needed. We estimate that the time 

required to generate these plans during treatment preparation would be in 

the order of a few minutes, whereas their selection before treatment would 

take only a few seconds. For online IGRT, the time between imaging and 

treatment has to be short to minimize the possibility for prostate movement 

or shape changes. The total delay between imaging and treatment during 

online IGRT after implementation of the grey-value registration procedure on 

the treatment machine would be: approximately 2 min for acquisition and 
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reconstruction of the CBCT scan (on future CBCT-IGRT systems), 

approximately 30-60 s to register the prostate using the grey-value 

registration procedure, a few minutes to assess the registration, and a few 

seconds to select a patient-specific plan from a set of predefined treat ment 

plans (database). Although the time between imaging and treatment would 

be drastically reduced when using the online IGRT system, further 

investigation is needed to investigate how much the prostate can move and 

change shape during this time
(27)

. Therefore, in all cases, the precise margin 

to be used for prostate treatment during offline or online CBCT-IGRT has to 

be reevaluated, taking registration errors, correction errors, and short-term 

intrafraction movement into account. 

 

CONCLUSIONS 

The feasibility of automatic prostate localization on CBCT scans acquired on 

the treatment machine using an adaptation of the previously developed 3D 

grey-value registration algorithm has been validated in this study. The 

percentage of successfully registered cases was 83% for the combined 

normal and fixed apex grey-value registration procedure. The errors in grey-

value registration, determined from the position of a clearly defined 

calcification in the prostate gland, ranged from 1.0 to 2.4 mm (1 SD). 

Collimating the FOV during CBCT image acquisition improved the CBCT 

image quality considerably. Artifacts in the CBCT images caused by large 

moving gas pockets during CBCT image acquisition were the main cause for 

unsuccessful registration. From this study, we can conclude that CBCT 

scans are suitable for online and offline position verification of the prostate, 

as long as the amount of nonstationary gas is limited. 

 

 



Automatic prostate localization on CBCT scans – 75 

 

REFERENCES 

1 
 Jaffray DA, Siewerdsen JH. Cone-beam computed tomography with a flat-panel imager: 

Initial performance characterization. Med Phys 2000;27:1311–1323. 

2
  Yan D, Lockman D, Brabbins D, et al. An off-line strategy for constructing a patient-specific 

planning target volume in adaptive treatment process for prostate cancer. Int J Radiat Oncol 

Biol Phys 2000;48:289–302. 

3
  Nederveen AJ, Lagendijk JJW, Hofman P. Detection of fiducial gold markers for automatic 

on-line megavoltage position verification using a marker extraction kernel (MEK). Int J 

Radiat Oncol Biol Phys 2000;47:1435–1442. 

4
  Kitamura K, Shirato H, Shimizu S, et al. Registration accuracy and possible migration of 

internal fiducial gold marker implanted in prostate and liver treated with real-time tumor-

tracking radiation therapy (RTRT). Radiother Oncol 2002;62:275–281. 

5
  Bergström P, Löfroth PO, Widmark A. High precision conformal radiotherapy (HPCRT) of 

prostate cancer—a new technique for exact positioning of the prostate at the time of the 

treatment. Int J Radiat Oncol Biol Phys 1998;42:305–311. 

6
  van den Heuvel F, Powell T, Seppi E, et al. Independent verification of ultrasound based 

image-guided radiation treatment, using electronic portal imaging and implanted gold 

markers. Med Phys 2003;30:2878 –2887. 

7
  Langen KM, Pouliot J, Anezinos C, et al. Evaluation of ultrasound-based prostate 

localization for image-guided radiotherapy. Int J Radiat Oncol Biol Phys 2003;57:635– 644. 

8
  Hua C, Lovelock DM, Mageras GS, et al. Development of a semi-automatic alignment tool 

for accelerated localization of the prostate. Int J Radiat Oncol Biol Phys 2003;55:811– 824. 

9 
 Artignan X, Smitsmans MHP, de Bois J, et al. On-line image guided radiotherapy for 

prostate cancer: An accelerated method for prostate localization. Radiother Oncol 

2002;64:S288. 

10
  Smitsmans MHP, Wolthaus JWH, Artignan X, et al. Automatic localization of the prostate for 

on-line or off-line  image-guided radiotherapy. Int J Radiat Oncol Biol Phys 2004;60:623–

635. 

11
  Court LE, Dong L. Automatic registration of the prostate for computed-tomography-guided 

radiotherapy. Med Phys 2003;30:2750 –2757. 

12
   Hanks GE, Hanlon AL, Epstein B, et al. Dose response in prostate cancer with 8–12 years’ 

follow-up. Int J Radiat Oncol Biol Phys 2002;54:427– 435. 

13 
 Zelefsky MJ, Fuks Z, Hunt M, et al. High-dose intensity modulated radiotherapy for prostate 

cancer: Early toxicity and biochemical outcome in 772 patients. Int J Radiat Oncol Biol Phys 

2002;53:1111–1116. 

14
  Pollack A, Zagars GK, Starkschall G, et al. Prostate cancer radiation dose response: 

Results of the M. D. Anderson phase III randomized trial. Int J Radiat Oncol Biol Phys 

2002;53:1097–1105. 

15
  Deurloo KEI, Steenbakkers RJHM, Zijp LJ, et al. Quantification of shape variation of 

prostate and seminal vesicles during external beam radiotherapy. Int J Radiat Oncol Biol 

Phys 2005;61:228 –238. 



76 - Chapter 3 

 

16
  International Commission on Radiation Units and Measurements (ICRU). Report No. 50. 

Prescribing, recording, and reporting photon beam therapy. Bethesda, MD: ICRU; 1993. 

17
  Feldkamp LA, Davis LC, Kress JW. Practical cone-beam algorithm. J Opt Soc Am A Opt 

Image Sci Vis 1984;1:612–619. 

18 
 Siewerdsen JH, Jaffray DA. Cone-beam computed tomography with a flat-panel imager: 

Magnitude and effects of X-ray scatter. Med Phys 2001;28:220–231. 

19
  Siewerdsen JH, Moseley DJ, Bakhtiar B, et al. The influence of antiscatter grids on soft-

tissue detectability in cone-beam computed tomography with flat-panel detectors. Med Phys 

2004;31:3506–3520. 

20
 Dekker N, Ploeger LS, van Herk M. Evaluation of cost functions for gray value matching of 

two-dimensional images in radiotherapy. Med Phys 2003;30:778–784. 

21
  van Herk M, Bruce A, Kroes G, et al. Quantification of organ motion during conformal 

radiotherapy of the prostate by three dimensional image registration. Int J Radiat Oncol Biol 

Phys 1995;33:1311–1320. 

22
  Rasch C, Barillot I, Remeijer P, et al. Definition of the prostate in CT and MRI: A multi-

observer study. Int J Radiat Oncol Biol Phys 1999;43:57–66. 

23 
 van Herk M, Remeijer P, Lebesque JV. Inclusion of geometric uncertainties in treatment 

plan evaluation. Int J Radiat Oncol Biol Phys 2002;52:1407–1422. 

24
  Nuver TT, Hoogeman MS, Remeijer P, et al. An adaptive offline procedure for radiotherapy 

of prostate cancer. Int J Radiat Oncol Biol Phys 2007;67:1559–1567. 

25
  Hoogeman MS, van Herk M, de Bois J, et al. Strategies to reduce the systematic error due 

to tumor and rectum motion in radiotherapy of prostate cancer. Radiother Oncol 

2005;74:177–185. 

26 
 Jaffray D, van Herk M, Lebesque J, et al. Image guided radiotherapy of the prostate. In: 

Niessen W, Viergever M, editors. Lecture notes in computer science: Medical image 

computing and computer-assisted intervention—MICCAI 2001. 4th International 

Conference, Utrecht, The Netherlands; October 14–17, 2001, Springer-Verlag Heidelberg, 

Volume 2208/2001, pg 1075. 

27
  Ghilezan MJ, Jaffray DA, Siewerdsen JH, et al. Prostate gland motion assessed with cine-

magnetic resonance imaging (cine-MR). Int J Radiat Oncol Biol Phys 2005;62:406–417. 

 

 

 



 

4. 
THE INFLUENCE OF A DIETARY PROTOCOL ON 

CONE-BEAM CT-GUIDED RADIOTHERAPY FOR 

PROSTATE CANCER PATIENTS 
 

 

MONIQUE H. P. SMITSMANS, FLORIS J. POS, JOSIEN DE BOIS,  

WILMA HEEMSBERGEN, JAN-JAKOB SONKE, JOOS V. LEBESQUE,  

AND MARCEL VAN HERK 

 
INTERNATIONAL JOURNAL OF RADIATION ONCOLOGY, BIOLOGY & PHYSICS  

2008; VOLUME 71: PG 1279-1286  



78 - Chapter 4 

 

 

 

 

 

 

 

 

  

 

ABSTRACT 

PURPOSE To evaluate the influence of a dietary protocol on cone-beam computed 

tomography (CBCT) image quality, which is an indirect indicator for short-term (intrafraction) 

prostate motion, and on interfraction motion. Image quality is affected by motion (e.g., moving 

gas) during imaging and influences the performance of automatic prostate localization on CBCT 

scans. 

PATIENTS AND METHODS Twenty-six patients (336 CBCT scans) followed the dietary 

protocol and 23 patients (240 CBCT scans) did not. Prostates were automatically localized by 

using three-dimensional (3D) grey-value registration (GR). Feces and (moving) gas occurrence 

in the CBCT scans, the success rate of 3D-GR, and the statistics of prostate motion data were 

assessed. 

RESULTS Feces, gas, and moving gas significantly decreased from 55%, 61%, and 43% of 

scans in the nondiet group to 31%, 47%, and 28% in the diet group (all p < 0.001). Since there 

is a known relation between gas and short-term prostate motion, intrafraction prostate motion 

probably also decreased. The success rate of 3D-GR improved from 83% to 94% (p < 0.001). A 

decrease in random interfraction prostate motion also was found, which was not significant after 

Bonferroni’s correction. Significant deviations from planning CT position for rotations around the 

left-right axis were found in both groups. 

CONCLUSIONS  The dietary protocol significantly decreased the incidence of feces and 

(moving) gas. As a result, CBCT image quality and the success rate of 3D-GR significantly 

increased. A trend exists that random interfraction prostate motion decreases. Using a dietary 

protocol therefore is advisable, also without CBCT-based image-guidance.  
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INTRODUCTION 

Throughout the treatment process of external beam radiotherapy for patients 

with prostate cancer, geometric uncertainties limit the accuracy of treatment, 

such as setup error and interfraction and intrafraction organ motion, which is 

a major source of concern
(e.g., 1)

. The position of prostate and seminal 

vesicles (prostate in remainder of report) is affected mostly by physiologic 

changes in rectum volume
(e.g., 2-3)

. To account for these uncertainties, 

margins are used. However, large margins result in more dose treatment to 

the bladder and rectum, which increases toxicity
(e.g., 4)

. To reduce toxicity, 

intensity-modulated radiotherapy
(e.g., 5)

 and offline and online image-guided 

radiotherapy (IGRT) techniques (correcting prostate motion) are used
(e.g., 6-7)

. 

Many institutes use implanted fiducials
(e.g., 6)

 to correct for interfraction 

prostate motion. Kupelian et al.
(7)

 made use of a continuous prostate tracking 

device that provides real-time positional feedback to detect intrafraction 

prostate motion. To correct for interfraction prostate motion, cone-beam 

computed tomography (CBCT)-IGRT strategies can be used in combination 

with adaptive radiotherapy protocols
(8-9)

. These techniques increase the 

precision of treatment delivery and lead to a decrease in the required 

margins
(e.g., 10)

, providing opportunities for dose escalation and increasing the 

probability of disease control
(e.g., 11)

.  

With the introduction of linear accelerators equipped with kilovoltage CBCT 

imaging, soft-tissue registration is feasible
(12)

. Therefore, we previously 

developed an automatic rigid three-dimensional (3D) grey-value registration 

(GR) algorithm for fast prostate localization that could be used for online and 

offline IGRT
(13-14)

. For conventional CT scans, 3D-GR had a success rate of 

91%. On CBCT scans, the success rate was only 65%, increasing to 83% 

with an adapted procedure. The main cause for unsuccessful prostate 

registration on CBCT scans was the presence of reconstruction artifacts in 

the images caused by motion of large gas pockets during acquisition of the 

CBCT scan (taking ~2 minutes), which are not present in conventional CT 

scan.  

Contrary to the development of IGRT techniques for prostate radiotherapy, 

less effort has been concentrated on introducing methods, such as a dietary 

protocol, to decrease changes in rectal volume and associated prostate 

motion. To our knowledge, there are no published data about the effect of 
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laxatives or dietary means on prostate motion during radiotherapy. However, 

several institutes mentioned the use of protocols to achieve empty rectums 

during the course of radiotherapy
(15-16)

. Others used mild laxatives before 

acquisition of the planning CT scan to minimize rectal content
(17)

. The 

potential advantages of a routine dietary protocol are two-fold. First, a 

dietary protocol would decrease the occurrence of moving gas pockets 

during image acquisition and the related reconstruction artifacts in the CBCT 

images, thus increasing the image quality of the CBCT scans and the 3D-

GR success rate. Second, decreased rectal volume changes during the 

course of treatment may decrease interfraction motion, whereas fewer 

moving gas pockets may decrease intrafraction prostate motion.  

The aim of this study is to evaluate the influence of a dietary protocol on 

CBCT image quality, which influences performance of automatic 3D-GR 

prostate localization on CBCT scans, and on interfraction prostate motion. 

 

PATIENTS AND METHODS 

PATIENT DATA 

Twenty-six patients with prostate cancer (336 CBCT scans) treated at The 

Netherlands Cancer Institute–Antoni van Leeuwenhoek Hospital (2005) 

subject to a dietary protocol were compared with a retrospective data set 

(2004) of 23 patients (240 CBCT scans) who were not subject to the dietary 

protocol. All patients had a planning CT scan and CBCT scans made 

according to a routine offline bony anatomy setup correction protocol for 

translations
(18)

; i.e., CBCT scans were obtained on average for 12 fractions. 

No correction per protocol motion was made at this time.  
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PROTOCOLS  

STANDARD PROTOCOL  

Patients with prostate cancer were instructed to have a full bladder and 

empty rectum during simulation and irradiation by emptying the bladder and 

bowels and drinking 250 cm
3
 of liquid approximately 1 hour before planning 

CT scan acquisition and treatments. For the nondiet group, the standard 

protocol was followed and there was no rule about treatment time. 

DIETARY PROTOCOL  
Next to the standard protocol, the diet 

group followed a dietary protocol 

(FIGURE 1). The dietary guidelines 

prescribed how to reduce intestinal 

gas and obtain a reproducible rectum 

volume, starting 1 week before 

acquisition of the planning CT scan 

until the end of treatment. The intake 

of a daily mild laxative, two 

magnesium-oxide tablets (each 500 

mg), was to start on the evening 2 

days before acquisition of the 

planning CT scan and 2 days before 

treatment up to the end of treatment. 

In consultation with the radiation 

oncologist, the dose of laxative could 

be adjusted. To facilitate regular 

meals and a regular schedule of 

bowel movements, the treatment 

schedule was intended to be regular, 

as well. Treatments were planned for 

after 10:00 AM because it was 

expected that most people defecate in 

the morning.  

FIGURE 1. Dietary protocol.  

CT = computed tomography. 
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INCIDENCE OF FECES, GAS, AND MOVING GAS  

The incidence of feces and (moving) gas in the CBCT scans at the level of 

the prostate was visually assessed and scored by an observer (FIGURE 2) for 

both groups. Moving gas pockets during CBCT scan acquisition cause 

streak artifacts in the reconstructed CBCT scan and therefore could be 

visually recognized.  

 

FIGURE 2. Transverse slices of cone-beam computed tomography scans with (A) 

empty rectum (visible prostate); (B) rectum containing feces and small gas pockets 

(visible prostate); the very small gas pockets within the feces were not scored; (C) 

rectum with moving gas pocket (streak artifacts; hardly visible prostate); and (D) rectum 

with feces and a slightly moving gas pocket (white streak artifacts at gas pocket edges; 

large part of prostate is visible). 
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SUCCESS RATE OF 3D-GR AND  

PREDICTIVE FACTORS FOR 3D-GR OUTCOME 

The success rate of automatic rigid 3D-GR prostate localization on CBCT 

scans
(14)

 was compared between the diet and nondiet groups. The 3D-GR 

starts with a bony anatomy registration, followed by a 3D-GR prostate 

registration of CBCT scan and planning CT scan (normal GR: three rotations 

and three translations). In case normal GR failed, registration was repeated 

starting from the bony anatomy registration, with the prostate fixed at the 

apex (fixed apex GR: three rotations, no translations), i.e., the apex of the 

prostate was used as a rotation point for 3D-GR. The term combined GR is 

used for the combination of normal GR and fixed apex GR. Translations and 

rotations were expressed relative to the center of mass of the clinical target 

volume (CTV) contour of the prostate defined in the planning CT. The CTV 

contours of the planning CT were expanded to obtain a help line for visual 

evaluation by 3.6 mm (Note: this was not the margin used for the planning 

target volume; i.e, the width of two pixels in a 256 x 256 image, which takes 

into account the finite accuracy of 3D-GR, the partial volume effect, and 

allowing slight deformation of prostate and seminal vesicles). An 

experienced observer visually assessed the registrations in transverse, 

coronal, and sagittal planes by using the expanded CTV contours overlaid 

on the registered CBCT scan. A registration was marked as successful if the 

prostate fit within the expanded CTV contours. To test whether the presence 

of feces and/or (moving) gas in the rectum was predictive for 3D-GR 

outcome, all CBCT scans were divided into groups related to their rectum 

content. Because CBCT scans that contained moving gas were a subset of 

the scans with gas, the following groups were considered: feces, nonmoving 

gas, and moving gas.  

 

PROSTATE MOTION 

Prostate motion for the diet and nondiet groups was calculated for the 

successful 3D-GR registrations, and motion between groups was compared. 

Motion was expressed as the difference between 3D-GR and bony anatomy 

registration and evaluated for translations and rotations along and around 

the left-right (LR), craniocaudal (CC), and anteroposterior (AP) axes through 

the rotational center of the prostate.  
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STATISTICS  

Differences in observed feces and/or (moving) gas and success rates of 3D-

GR between diet and nondiet groups were tested by using Pearson’s chi-

square test
(19)

. 

To find possible predictive factors for 3D-GR outcome, it was first tested 

whether feces correlated with nonmoving gas and moving gas using cross-

tabulations in combination with Pearson’s chi-square test. Subsequently, 

univariate and multivariate logistic regression analyses were performed
(19)

.  

For prostate motion analysis, group means, systematic errors, and random 

errors (calculated as the root mean square of the SDs per patient) were 

calculated for translations and rotations. Only patients with five or more 

successful registrations were included for statistical analysis to increase the 

reliability of statistical analysis. We tested whether group means significantly 

deviated from zero, i.e., the position of the prostate in the planning CT scan 

(one-sample t-test). Furthermore, we tested whether group means 

significantly differed between groups (independent-samples t-test), as well 

as systematic errors (Levene’s test for equality of variance) and random 

errors (Mann-Whitney test)
(19)

.  

SPSS software for Windows (SPSS Inc., Chicago, IL) was used for statistical 

analyses. For most significance tests, p = 0.05 was used. However, for 

prostate motion analysis, six parameters (three translations, three rotations) 

were tested, increasing the chance to find a significant value by chance. 

Therefore, Bonferroni’s correction was applied to correct the p-value for the 

number of parameters used (N = 6), i.e., p = 0.05/N = 0.008. 

 

RESULTS  

PROTOCOL COMPLIANCE 

In the nondiet group, treatment times ranged between 7:12 AM and 4:19 

PM. The average time was 11:09 AM ± 2:26 hours (1 SD). Of all 240 CBCT 

scans in the nondiet group, 43% were acquired before 10:00 AM. Treatment 

times in the diet group ranged between 7:49 AM and 7:09 PM. The average 
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time was 13:57 PM ± 1:51 hours (1 SD). Despite the aim of regular 

treatment times in the diet group, the SD exceeded 3:00 hours for 3 of the 

26 patients. For the remaining patients, the SD was 1:36 hours. Only 3% of 

336 CBCT scans in the diet group were acquired before 10:00 AM.  

 

RATING OF FECES, GAS, AND MOVING GAS 

Observer scores for feces and (moving) gas in the CBCT scans are listed in 

TABLE 1. The presence of feces and (moving) gas was less in the diet group, 

and the difference was significant for all three parameters (all p ≤ 0.001). 

 

TABLE 1.  Observer scores: percentage of CBCT scans with feces, gas pockets, or moving 

gas pockets and results of significance tests between the nondiet and diet groups. 

 

Nondiet  

(23 patients,  

240 CBCTs) 

Diet  

(26 patients,  

336 CBCTs) p-value 

Feces 55% 31% <0.001 

Gas pocket 61% 47% 0.001 

Moving gas pocket 43% 28% <0.001 

ABBREVIATION. CBCT = cone-beam computed tomography. 

 

SUCCESS RATE OF 3D-GR AND  

PREDICTIVE FACTORS FOR 3D-GR OUTCOME 

The success rate of automatic prostate 3D-GR on CBCT scans in the diet 

group was significantly higher than in the nondiet group (TABLE 2), for normal 

and combined GR. In addition, we found that of all successful GRs, there 

was a shift from 78% normal GRs and 22% fixed apex GRs in the nondiet 

group to 89% normal GRs and 11% fixed apex GRs in the diet group. 

Because it was expected that most people defecate in the morning, one 

would expect the success rate to be higher for scans acquired after 10:00 

AM. In the diet group, we found a significant difference in success rates 

(60% against 95%) between scans acquired before and after 10:00 AM (p < 
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0.001). However, only 10 of 336 scans were obtained before 10:00 AM in 

this group. In the nondiet group, the success rate was also lower before 

10:00 AM (78% against 87%; p = 0.07), in which 104 of 240 scans were 

acquired before 10:00 AM. If only scans acquired after 10:00 AM are 

evaluated, a higher success rate was still found for the diet group: 95% vs. 

87% for the nondiet group (p = 0.003).  

 

TABLE 2. Success rate of normal and combined automatic three-dimensional GR method in 

the nondiet and diet groups and results of significance tests between groups. 

 Nondiet  

(23 patients,  

240 CBCTs) 

Diet  

(26 patients,  

336 CBCTs) 

p-value 

Normal GR 65% 84% <0.001 

Combined GR 83% 94% <0.001 

ABBREVIATIONS. CBCT = cone-beam computed tomography; GR = grey-value registration. 

 

FIGURE 3 shows the relations of rectum content and CBCT scans with 3D-GR 

failures. Because the CBCT scans containing moving gas were a subset of 

those with gas, the following groups were made: feces and nonmoving gas, 

feces and moving gas, feces, nonmoving gas, moving gas, and empty 

rectum. In the nondiet group (FIGURE 3A), many scans contained a 

combination of feces and nonmoving gas or feces and moving gas. In the 

diet group (FIGURE 3B), more scans had an empty rectum, and the amount of 

3D-GR failures for CBCT scans with feces and moving gas was much lower 

than in the nondiet group. The presence of feces in the rectum significantly 

correlated with the presence of nonmoving gas and moving gas (both p < 

0.001). From univariate analyses, feces and moving gas appeared to be 

predictive factors (both p < 0.001), whereas nonmoving gas was not (p = 

0.4). Multivariate analysis showed that moving gas was the higher significant 

predictive factor (p for moving gas < 0.001) compared with feces (p for feces 

= 0.023). 
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FIGURE 3. Distributions in the nondiet and diet groups of rectum content in relation to 

three-dimensional grey-value registration (3D-GR) outcome. Error bars denote the error 

for the failures in a group with specific rectum content. CBCT = cone-beam computed 

tomography; F = feces; NMG = nonmoving gas; MG = moving gas. 

 

PROSTATE MOTION 

The results for prostate motion are listed in TABLE 3. Only patients with five 

or more successful registrations were used, i.e., for the nondiet group, 192 

(of 240) registrations (i.e., 80% of all registrations) of 21 (of 23) patients, and 
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for the diet group, 315 (of 336) registrations (i.e., 94% of all registrations) of 

all 26 patients were used.  

 

TABLE 3. Prostate motion data in the nondiet group and diet group. 

  
Nondiet  

(21 patients, 199 registrations) 
 

Diet  

(26 patients, 315 registrations) 

 
 TLR 

(mm) 

TCC 

(mm) 

TAP 

(mm) 

 RLR 

(°) 

RCC 

(°) 

RAP 

(°) 

 

TLR 

(mm) 

TCC 

(mm) 

TAP 

(mm) 

 RLR 

(°) 

RCC 

(°) 

RAP 

(°) 

  0.0 0.9 0.3  -1.7 0.0 -0.2  0.0 0.2 0.0  -2.4 0.0 -0.4 

  0.4 1.8 2.8  2.5 1.4 0.8  0.4 1.6 1.4  3.4 1.4 1.0 

  0.8 2.9 4.0  4.8 2.3 1.8  0.5 1.6 2.6  2.8 1.3 1.2 

ABBREVIATIONS. T = translations; R = rotations; LR = left-right; CC = craniocaudal; AP = 

anteroposterior;  = group mean;  = systematic error (1 SD);  = random error (1 SD).  

Negative values for mean rotations around the LR axis indicate the prostate in the CBCT scan is 

rotated to the posterior side with respect to the planning CT scan (the definition of directions is 

described by Hoogeman et al.
(21)

). Positive values for mean translations along the CC and AP 

axis mean that the prostate moved to the cranial and anterior side, respectively. This is 

consistent with a larger rectum in the planning CT scan. 

* Significant differences (p < 0.008; TABLE 4) from zero (the planning CT scan). 

 

Significant deviations from the planning CT scan for rotations around the LR 

axis were found for both groups (p = 0.005 and p = 0.001, respectively; 

TABLE 4). Group mean values and systematic and random errors for 

rotations and translations were not significantly different after Bonferroni’s 

correction (TABLE 5). However, a trend exists that prostate motion decreased 

in the diet group, mainly for random variations (TABLES 3 AND 5). 
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TABLE 4. Prostate motion: results (p) of significance test on group mean values for the nondiet 

group and diet group with respect to 0 (= planning CT scan). 

Nondiet  Diet 

TLR TCC TAP  RLR RCC RAP  TLR TCC TAP  RLR RCC RAP 

0.9 0.003 0.6  0.005* 0.9 0.2  0.7 0.6 0.9  0.001* 0.9 0.03 

ABBREVIATIONS. CT = computed tomography; T = translations; R = rotations; LR = left-right; 

CC = craniocaudal; AP = anteroposterior. 

* Significant differences (p < 0.008) from zero (the planning CT scan). 

 

 

 

TABLE 5. Prostate motion: results (p) of significance tests between the nondiet group and diet 

group on , , and  values. 

  TLR TCC TAP  RLR RCC RAP 

  0.7 0.1 0.6  0.5 1.0 0.4 

  1.0 0.4 0.3  0.2 1.0 0.5 

  0.06 0.02 0.6  0.03 0.04 0.6 

ABBREVIATIONS. T = translations; R = rotations; LR = left-right; CC = craniocaudal; AP = 

anteroposterior;  = group mean;  = systematic error (1 SD);  = random error (1 SD). 

No significant differences (p < 0.008) in  and  were found between groups. 
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DISCUSSION 

FECES, GAS, AND MOVING GAS 

The percentage of scans with feces, gas, and moving gas (i.e., gas that 

moves during CBCT acquisition, deteriorating image quality of the scans) 

decreased significantly by using the dietary protocol. Although visual 

assessment is a subjective way of scoring, it is very useful for evaluating the 

influence of the dietary protocol on CBCT image quality.  

The effect of the dietary protocol on rectal volume was evaluated in another 

study at our institute
(9)

, in which the rectums of 20 patients were delineated. 

The variation in rectum volume in the diet group was found to be smaller 

than in an older repeated CT data study
(20)

. The negative time trend in rectal 

volume reported by several studies
(e.g., 20)

 was not observed in the diet group. 

This is unexpected because for the diet group, mean rotations around the 

LR axis still significantly deviated from the planning CT scan position.  

 

SUCCESS RATE OF AUTOMATIC PROSTATE LOCALIZATION 

The dietary protocol had a positive effect on the outcome of automatic 3D-

GR for prostate on CBCT scans (TABLE 2). The success rate of the 

combined GR method increased from 83% in the nondiet group to 94% in 

the diet group, which was significant. If only normal GR is considered, the 

nondiet group had a success rate of 65% and the diet group had a success 

rate of 84%, which is still lower than the success rate found for conventional 

CT scans (91%) with normal GR
(13)

. However, when using CBCT scans the 

combined GR method in combination with the dietary protocol leads to a 

success rate similar to that found for conventional CT scans. In addition, 

there was increased normal GR in the diet group: 89% vs. 78% success in 

the nondiet group, indicating that CBCT image quality improved.  

The change in mean treatment time from 11:09 AM of the nondiet group to 

13:57 PM had its influence on 3D-GR success rate. Also, more patients in 

the nondiet group were treated and underwent scanning before 10:00 AM, 

presumably therefore having a larger probability of a full rectum and gas in 

the rectum. The 3D-GR success rate was higher for scans acquired after 
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10:00 AM for both the diet group and nondiet group (95% against 87%). In 

addition, the difference between success rates for scans acquired before 

and after 10:00 AM strongly suggests that part of the better success rate in 

the diet group can be explained by the later treatment time, and patients in 

the diet group might have more regular bowel movements.  

The dietary protocol significantly decreased the amount of failure scans that 

had rectums with a combination of moving gas and feces; from 11.3% 

failures in the nondiet group to 1.5% in the diet group (F IGURE 3). From 

univariate analysis, it was found that feces and moving gas both were 

significant predictive factors for the outcome of 3D-GR. Multivariate analysis 

of feces and moving gas showed that moving gas was the more significant 

predictive factor. 

These findings clearly show that the dietary protocol reduces the presence 

of feces and (moving) gas and improves CBCT image quality, thereby 

facilitating CBCT image-guidance. The dietary protocol and the 3D-GR 

algorithm for CBCT scans currently is in clinical use in an adaptive 

radiotherapy protocol in our clinic
(8-9)

. By the reduction in moving gas, very 

likely also intrafraction prostate motion decreases because a relation 

between rectal gas and prostate motion has been established before
(3,17)

. 

Ghilezan et al.
(3)

 found for patients with a full and empty rectum using cine 

magnetic resonance imaging that the status of rectal filling was the most 

significant predictor for prostate intrafraction organ motion. Stroom et al.
(17)

 

reported that gas pockets occurred in 23% of patients, and about 50% of the 

interfraction rectal wall shifts were larger than 5 mm, implying internal 

prostate motion. Currently, we are investigating how to increase the 

performance of 3D-GR for the remaining scans that are determined by 

moving gas. Remaining 3D-GR failures seem to be caused mostly by very 

large differences in rectum volume between planning CT scans and CBCT 

scans which may cause prostate deformations that our rigid 3D-GR 

algorithm cannot take into account. 

 

PROSTATE MOTION 

Mean prostate rotations around the LR axis in the CBCT scans deviated 

significantly from planning CT scan position for both groups. Rotation was in 

the posterior direction, which might indicate that the rectum becomes 

emptier during the course of treatment. The situation may improve if one 
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would start earlier with the diet and/or use laxatives to have more effect on 

the planning CT situation. There were no more significant differences in 

mean values and systematic and random errors between groups. However, 

a trend exists that random prostate motion decreased in the diet group for 

almost all parameters.  

To calculate prostate motion, 2 patients were excluded from the nondiet 

group because they did not meet the constraint of more than five successful 

registrations. In addition, registrations for which 3D-GR failed were not used 

to calculate prostate motion. Therefore, it is not unlikely that prostate motion 

is underestimated, possibly introducing a bias in statistical results. For 

example, we found that the dietary protocol reduced the SD of random 

rotations around the LR axis to 58% (2.8º/4.8º x 100%) compared with the 

nondiet group. This difference is almost significant (p = 0.008) (TABLE 5). 

However, because a small percentage of scans was not scored (6% in the 

diet group and 17% in the nondiet group), the magnitude of motion might be 

underestimated, and this effect is stronger in the nondiet group than in the 

diet group. Assuming a Gaussian distribution and assuming that only the 

largest prostate rotations would have been deleted, the effect would be that 

the SD in the diet group would be 48% of the nondiet group (corrected SDs 

of 3.3º and 6.9º, respectively). Thus, the effect of the diet might be 

underestimated. However, it cannot be determined whether the scans with 

the largest rotations have been deleted because scans become unreadable 

due to the short-term motion, which has an unknown correlation with long-

term motion. 

With regard to introduction of a possible bias in our statistical results, we 

also compared our nondiet data with a previous prostate motion study at our 

institute on repeat CT data
(21)

. We found slightly larger random errors (4.8º 

vs. 3.6º for rotations around the LR axis, and 2.4 vs. 1.4 mm for translations 

around the AP axis) in our nondiet group than in the study by Hoogeman et 

al.
(21)

 This may indicate that the introduced bias is not very high. Conversely, 

systematic errors in our nondiet group are smaller (e.g., 2.5º vs. 5.1º for 

rotations around the LR axis). However, the uncertainty in calculating the 

systematic error is much larger than in the random error because it depends 

on the number of patients, whereas random error depends on the total 

number of scans used. Based on the behavior of the prostate from 

continuous tracking data by Kupelian et al.
(7)

, one may also conclude that the 

introduced bias is low. They distinguished several motion patterns, from 

which the probability of obtaining a CBCT scan with poor image quality for 

which large excursions exist could be estimated. With continuous target drift, 
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high-frequency excursions and erratic-behavior CBCT scan image quality 

will become poor, whereas prostate motion is small on average. For 

transient and persistent excursions, CBCT image quality will only be poor if 

scanning occurs exactly at the time of the excursion, whereas otherwise, the 

large excursions will be detected. However, these patterns seem to occur 

infrequently: radiation delivery was stopped in 0.4% of fractions and delayed 

in 2.7% of fractions waiting for a spontaneous resolution of the prostate 

gland motion. The patient was realigned in 8.2% of all fractions. 

Compared with previous prostate motion studies at our institute on a 

repeated CT data set by Van Herk et al.
(22)

 and Hoogeman et al.
(21)

, our 

study also showed that the main rotation was around the LR axis, and AP 

and CC translations were larger than along the LR axis. These latter findings 

were confirmed by other prostate motion studies
(e.g., 1)

. Prostate motion in our 

diet group was smaller than in earlier studies
(21)

, indicating that the diet has 

some influence on prostate motion. However, our nondiet group also 

showed fairly small prostate motion, except for random rotations around the 

LR axis. These differences may be attributed to the difference in registration 

technique or an improved planning CT protocol, which requires that patients 

exceeding a certain rectum volume must be rescanned. Hoogeman et al.
(21)

 

used contour-based registration, for which delineation variation adds 

uncertainty. The largest registration differences between the two studies 

occurred for rotations around the LR axis (2.4º (1 SD)), whereas for 

translations, the difference is up to 1.3 mm
(13)

.  

Compared with prostate motion studies in other institutes
(e.g., 1)

, most SDs of 

the diet group are smaller or similar. Regardless of the different registration 

techniques used, this indicates that the dietary protocol decreases prostate 

motion somewhat. To make a definitive statement about the impact of the 

dietary protocol, a randomized clinical trial would be required. However, in 

our institution, such a trial is not considered feasible because the improved 

image quality of the CBCT scans is essential for our adaptive radiotherapy 

protocol. 
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CONCLUSIONS 

Introduction of a dietary protocol for prostate cancer radiotherapy 

significantly reduced the incidence of feces and (moving) gas in the rectum. 

As a result, CBCT image quality and the success rate of automatic prostate 

localization were significantly increased. Also, a trend exists that interfraction 

prostate motion is reduced. Intrafractional prostate motion might also be 

reduced because it is known that CBCT image quality is an indirect indicator 

for intrafractional prostate motion. It therefore is advised to use a dietary 

protocol in the treatment of patients with prostate cancer with or without 

CBCT-IGRT. 
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ABSTRACT 

PURPOSE The objectives of this study were to quantify residual interfraction displacement of 

seminal vesicles (SV) and investigate the efficacy of rotation correction on SV displacement in 

marker-based prostate image-guided radiotherapy (IGRT). We also determined the effect of 

marker registration on the measured SV displacement and its impact on margin design. 

PATIENTS AND METHODS  SV displacement was determined relative to marker registration 

by using 296 cone-beam computed tomography scans of 13 prostate cancer patients with 

implanted markers. SV were individually registered in the transverse plane, based on grey-value 

information. The target registration error (TRE) for the SV due to marker registration 

inaccuracies was estimated. Correlations between prostate gland rotations and SV 

displacement and between individual SV displacements were determined. 

RESULTS The SV registration success rate was 99%. Displacement amounts of both SVs 

were comparable. Systematic and random residual SV displacements were 1.6 mm and 2.0 mm 

in the left-right direction, respectively, and 2.8 mm and 3.1 mm in the anteroposterior (AP) 

direction, respectively. Rotation correction did not reduce residual SV displacement. Prostate 

gland rotation around the left-right axis correlated with SV AP displacement (R
2
 = 42%); a 

correlation existed between both SVs for AP displacement (R
2
 = 62%); considerable correlation 

existed between random errors of SV displacement and TRE (R
2
 = 34%). 

CONCLUSIONS  Considerable residual SV displacement exists in marker-based IGRT. 

Rotation correction barely reduced SV displacement, rather, a larger SV displacement was 

shown relative to the prostate gland that was not captured by the marker position. Marker 

registration error partly explains SV displacement when correcting for rotations. Correcting for 

rotations, therefore, is not advisable when SV are part of the target volume. Margin design for 

SVs should take these uncertainties into account.  
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INTRODUCTION 

Over the past decade, the development and clinical introduction of image-

guided radiotherapy (IGRT) has made an improvement in the accurate 

treatment of prostate cancer
(1)

. By applying intensity-modulated RT in 

combination with offline or online image-guided setup correction protocols, 

toxicity can be reduced
(2)

. Presently, prostate setup correction protocols 

focus mainly on reducing the error caused by interfraction prostate  

motion
(3–6)

, although more institutes these days are starting to study the 

effect of intrafraction prostate motion
(7-8)

. Many different imaging techniques 

can be used, for example, ultrasound, portal imaging, megavolt computed 

tomography (CT), in-room CT, cone-beam CT (CBCT), in-room magnetic 

resonance imaging, and four-dimensional (4D) marker-based localization 

system like Calypso
(1)

. For prostate localization, registration techniques can 

be based on registration of implanted fiducial markers, delineations, or soft 

tissue
(9–11)

.  

To account for residual uncertainties in prostate motion and deformation 

after correction, a safety margin is generally used around the prostate during 

treatment planning. More accurate treatment allows for reduction of the 

margins to reduce toxicity. Recent studies show that margin reduction may 

be feasible
(12–14)

. However, for prostate treatment that includes the seminal 

vesicles (SV), margin reduction is limited to a large extent by the mobility of 

the SV, because they may become deformed and/or move to a certain 

extent with respect to the prostate gland
(9-10)

.  

The use of fiducial markers in prostate cancer treatment is a well-known and 

accurate technique for correcting for setup error and organ motion
(9)

. 

Rotation correction based on marker positions can be done but is often 

ignored. If only translation corrections for marker positions are applied, the 

measured SV displacement originates from rotations, deformation, and 

registration errors. After corrections are made for rotations, measured 

displacement originates only from deformation and registration errors. 

Knowledge of residual displacement is required to ensure adequate 

treatment of the SV and to calculate appropriate (e.g., nonuniform) margins 

for prostate and SV. Therefore, the objectives of this study were to quantify 

the residual amount of SV displacement and to investigate the efficacy of 

marker-based rotation correction on SV displacement. In addition, the effect 
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of marker registration on the measured displacement and the effect on 

margin design were determined. Contrary to that of previous studies
(9-10)

, 

analysis in the present study was based solely on image registration, 

excluding potential delineation variations. 

 

PATIENTS AND METHODS 

PATIENTS 

In a research study approved by the University Health Network Research 

Ethics Board (UHN REB 05-0037C), data from 13 patients who were 

irradiated for prostate cancer at Princess Margaret Hospital, Toronto, 

Canada, were acquired in a prospective trial of cone-beam image guidance 

for localized prostate cancer therapy. Patients were subjected to a laxative 

regimen. Analysis of data was carried out at The Netherlands Cancer 

Institute – Antoni van Leeuwenhoek Hospital (NKI-AVL), Amsterdam, The 

Netherlands. Patients underwent transrectal implantation of three gold 

fiducial markers (Oroplata, Quebec, Canada), measuring 1 mm x 5 mm, 

under ultrasound guidance in the prostate gland (at the base, posterior 

midportion, and apex). 

 

DATA ACQUISITION  

For each patient, one planning CT scan and 6 to 35 CBCT scans (not all 

scans were available for analysis due to practical reasons) were acquired 

(total, 296 CBCT scans). The planning CT scans were made in the patient’s 

treatment position (supine) and consisted of approximately 70 slices, each 

with 512 x 512 voxels (0.94 mm x 0.94 mm), with a slice distance of 5 mm 

outside and 2 mm inside the region of the prostate. CBCT projection images 

were acquired on a linear accelerator (LINAC)-integrated kV CBCT scanner 

(Elekta Synergy release 3.1; Elekta, Crawley, UK), with the patient in 

treatment position, just prior to each treatment fraction. Reconstruction of the 

projection data, based on the Feldkamp-Davis-Kress algorithm
(15)

, was 

performed at NKI-AVL, using in-house developed software. Reconstructed 
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CBCT scans consisted of 400 x 400 x 256 voxels, with voxel dimensions of 

1.0 x 1.0 x 1.0 mm
3
. 

 

FIDUCIAL MARKER REGISTRATION 

Fiducial marker registration was begun by segmenting the markers in the 

planning CT scan by choosing a threshold value of ~300% of the density of 

water (3,072 HU). Then, the segmented markers were jointly registered to 

the markers in the CBCT scan, based on chamfer matching
(16)

, obtaining 

translations, and rotations in three dimensions. The accuracy of marker 

registration, expressed as an average uniform fiducial registration error 

(FRE), was 0.24 mm, which is in accordance with the FRE found by 

Mutanga et al.
(17)

 The FRE was calculated as the RMS value over all 

patients of the RMS values over all fractions of the random displacement 

errors determined in each direction. The FRE is needed to calculate the 

target registration error (TRE) (See below). 

 

SV REGISTRATION 

SV in the CBCT scans were individually registered to the corresponding SV 

in the planning CT scans, using in-house-developed software (an adapted 

version of the Elekta Synergy system). For that, a 3D rectangular region of 

interest (~three slices in the craniocaudal (CC) direction in the middle of the 

SV) was defined. SV registration was based on grey-value information, using 

an adapted version of the previously described grey-value registration 

method for the prostate
(11)

: only left-right (LR) and anteroposterior (AP) 

translations (TLR and TAP) were optimized. Also, two different start positions 

for SV registration were used: either marker registration with or without 

rotation correction. Each SV registration was visually assessed by an 

experienced observer in the transverse and sagittal planes. In case of 

registration failure, registration was repeated with the difference that after 

marker registration, a manual pre-match was performed on the SV before 

grey-value registration of the SV.  

The accuracy of the adapted grey-value registration method may be 

assumed to be better than 1.8 mm in AP and 0.7 mm in LR directions (both 

1 standard deviation (SD) systematic)
(11)

. This is because only two rather 

than six parameters (three translations and three rotations) were fitted, and 
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because the visibility of the vesicles in the CBCT images is better than the 

prostate gland because the former are embedded in fatty tissue. The 

accuracy, however, may become slightly worse as the grey-value 

registration method will try to find a compromise in the presence of 

deformations. This effect, however, is assumed to be small as only a small 

part of the SV is considered. 

 

RESIDUAL SV DISPLACEMENT AND STATISTICAL ANALYSIS 

Residual SV displacement was determined for both methods, with and 

without rotation correction of the markers, relative to the center of mass of 

the prostate gland. Group means (), systematic errors (), and random 

errors (, calculated as the RMS of the SD per patient) for TLR and TAP were 

determined for each individual SV. 

To determine whether there were significant differences
(18)

 between the two 

methods, the data should be considered paired. We tested whether group 

means significantly deviated from zero (one sample t-test). Furthermore, we 

tested whether group means significantly differed between groups (paired 

samples t-test). To test for significant differences for paired data in 

systematic errors, the Wilcoxon signed-rank test was used, as described by 

Sandvik and Olsen
(19)

, and the Wilcoxon signed-rank test was also used for 

the random errors. 

Furthermore, we determined whether there were significant differences
(18)

 

between right and left SV for both methods. We tested whether group means 

significantly deviated from zero, i.e., the position of the SV in the planning 

CT scan (one sample t-test). As the data were unpaired, significant 

differences in systematic errors were determined using Levene’s test, and to 

test significant differences in random errors, the Mann-Whitney test was 

applied. 

SPSS version 15.0 software for Microsoft Windows (SPSS Inc., Chicago, IL) 

was used for statistical analyses. For residual SV displacement analysis, 

Bonferroni’s correction
(18)

 was applied to correct the p value for the number 

of parameters (two translations) used (n = 2), i.e., the p value used was 

0.05/n = 0.025. 
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CORRELATIONS 

To define appropriate margins for prostate and SV in case of nonrigid body 

motion of these structures, it is important to understand the behavior of SV 

displacement with respect to the prostate gland and with respect to each 

other. To describe the motion of SV relative to the prostate (and whether it is 

rigid or not), we determined the squared Pearson correlation coefficient (R
2
) 

between the average prostate gland rotation (determined from the marker 

registrations) and the average residual SV displacement for each patient, as 

well as for the mutual average residual SV displacements. 

 

TARGET REGISTRATION ERROR 

It is important to realize that the accuracy of marker registration, the 

configuration of the markers themselves, and the configuration of the 

markers with respect to the SV could influence the observed residual SV 

displacement after fiducial marker registration. Previously, Fitzpatrick et 

al.
(20)

 published an algorithm (for rigid geometry) to calculate the expectation 

value of the target (in our study, the SV) registration error (TRE), which is 

the RMS error at any distance of the marker configuration, which is related 

to the FRE and configuration of the markers. If prostate and SV were rigid, 

the observed SV displacement would be purely this TRE. In reality, the 

observed SV displacement will be a combination of deformation and this 

TRE. In our study, the markers were registered using a chamfermatching 

algorithm that takes the marker shape and orientation into account. To 

estimate the TRE in this situation, the markers were described by two points 

on both ends.  

To test the impact of marker registration uncertainty on SV displacement in 

the clinical data, we determined the correlation between the observed 

residual SV random displacement errors with and without rotation correction 

and the calculated expectation value of this TRE. That is, the RMS vector 

length of the observed AP and LR displacements was plotted against the 

expected TRE. 
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RESULTS  

SV REGISTRATION 

FIGURE 1 shows a registration result at the position of the SV after 

registration based on markers only and the registration result after applying 

the SV registration procedure. One can clearly see that the SV within the 

region of interest after SV registration are properly aligned in transverse and 

sagittal views. 

The success rate for each individual SV as determined from the visual 

assessments was about the same: ~99%, with or without rotation correction 

of the markers. 

 

RESIDUAL SV DISPLACEMENT 

Displacement of the SV with respect to the prostate gland, with and without 

rotation correction of the markers, are displayed in TABLE 1. No significant 

differences in mean, systematic, and random errors were found between 

right and left SV, with and without rotation corrections. Therefore, the data 

are presented for both SV together.  

Systematic and random errors were larger along the AP axis than the LR 

axis, independent of rotation correction. The systematic error () was 1.5 

mm in the LR direction compared to 2.6 mm in the AP direction, without 

rotation correction. With rotation correction, errors were similar: 1.8 mm in 

the LR direction and 2.1 mm in the AP direction. The random errors () for 

SV displacement with or without rotation correction were around 2.0 mm in 

the LR direction and around 3.0 mm in the AP direction. Except for the 

random TLR (p = 0.001), the differences between the two methods were not 

significant. 
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FIGURE 1. Split views of cone-beam CT (CBCT) and planning CT registration results of 

a SV in transverse (A and C) and sagittal (B and D) views. Panels A and B show the 

result after registration on markers only. The result after SV registration is shown in 

panels C and D. SV registration was performed within the region of interest (grey box) 

and assessed only for residual translations in the LR and AP directions (white arrows). 

 

 

 

 

 

 



106 – Chapter 5 

 

TABLE 1. Residual seminal vesicle displacement . 

 Without rotation correction  With rotation correction 

 TLR  

(mm) 

TAP  

(mm) 

 TLR  

(mm) 

TAP  

(mm) 

Mean -0.3 0.1  -0.1 -0.1 

 1.5 2.6  1.8 2.1 

 1.9 3.0  2.1 3.1 

ABBREVIATIONS.  = systematic error;  = random error; T = translation; LR = 

left-right; AP = anteroposterior; mm = millimeters. 

 

CORRELATIONS  

CORRELATION BETWEEN PROSTATE GLAND ROTATION  

AND RESIDUAL SV DISPLACEMENT 

In FIGURE 2, the correlation between the systematic error for rotations of the 

markers around the LR axis and the systematic error of the translation of the 

SV in the AP direction are shown. When no rotation correction was applied, 

a squared correlation coefficient, R
2
 = 42%, was found, whereas the 

correlation with rotation corrections of the markers was very small: R
2
 = 

1.7%. The displayed lines were determined by linear regression. As the 

graphs for each individual SV were similar, the average was displayed in this 

graph. These results imply that some (42%) of the systematic SV 

displacement variation can be explained by prostate rotations. For the other 

rotation axes, no correlations with the residual translations were found. 

CORRELATION OF MUTUAL RESIDUAL SV DISPLACEMENT.  

FIGURE 3 shows the correlation of the systematic error between the SV for 

translations in the AP direction (R
2
 = 62%), i.e., the differential displacement. 

Results are shown for the case in which no rotation corrections were 

applied. The data were similar with and without rotation correction. The other 

R
2
 values are displayed in TABLE 2 and were almost zero. 
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FIGURE 2.  Mean residual SV translation error along the AP axis as measured from SV 

registrations for each patient is plotted against mean prostate gland rotation error 

around the LR axis as measured by marker registration for each patient. Black 

squares/line = without rotation correction of the markers; grey triangles/line = with 

rotation correction of the markers. 

 

 

 

 

 

 

 

 

 

 

FIGURE 3. Correlation between mean residual translation error along the AP axis of 

each patient between left and right SV (black squares/line) without rotation correction. 
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TABLE 2. R
2
 values of mean displacement 

between right and left SV.  

  SVleft 

 Direction LR AP 

SVright 
LR 0.005 0.0001 

AP 0.002 0.62 

ABBREVIATIONS. SV = seminal vesicle; LR = 

left-right; AP = anteroposterior. 

 

 

TARGET REGISTRATION ERROR  

For each patient, the TRE was estimated based on the marker configuration. 

Three of the 13 patients had a high TRE and also relatively large residual SV 

displacement. A correlation of an R
2
 value of 34% between residual SV 

displacement for the data corrected for rotations and TRE was found. No 

correlation was found for the data not corrected for rotations. The larger TRE 

for some patients can be partly explained by the distance of the target (SV) 

to these markers. FIGURE 4 shows a marker configuration for 1 of 3 patients 

with a high TRE compared to 1 of 10 patients with a ‘normal’ TRE (TRE 

values of 2.8 mm and 1.3 mm, respectively). One clearly can see that for the 

patient with high TRE, the SV are further away from the markers. A bad 

marker configuration, e.g., markers placed approximately on a line, results in 

an even larger TRE. 
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FIGURE 4. Right-frontal-top and right-sagittal views of marker configurations in a 

patient with a high TRE (TRE = 2.8 mm (panels A and B)) and in a patient with a 

‘normal’ TRE (TRE = 1.3 mm (panels C and D)). The three fiducial markers are shown 

in white, and the mid position of the SV is indicated by the rectangular light-grey region 

of interest. For visual reasons, body contours of the patient are shown. 

 

DISCUSSION 

SV displacement after marker registration was determined. For practical 

reasons, we determined translations only in LR and AP directions. By doing 

this, we ignored position variability in the CC direction, away from the 

prostate gland. This is reasonable when we assume adequate dose 

coverage of the SV in CC direction, i.e., during treatment, almost the entire 

SV is included, assumed to be 3 to 4 cm, while SV cancer invasion is known 

to be only in the first 2.0 to 2.5 centimeters of the vesicles
(21)

. 

We found large residual SV displacements after correction for marker 

translation without correcting for rotations: they were largest in the AP 
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direction (2-3 mm for  and ). However, rotation correction hardly reduced 

SV displacement, illustrating that a large part of the motion of the SV relative 

to the prostate gland is not captured by the marker position. This finding 

implies deformation and/or inaccuracy in the marker registration. We found, 

however, that the mean AP displacement of the SV did correlate somewhat 

with the mean prostate gland LR rotation error (R
2
 = 42%), from which we 

may conclude that prostate and SV behaviors are at least partially rigid or 

that their motion can be attributed to a common source, i.e., rectum volume. 

We also found that when the estimated TRE due to the marker registration 

error at the position of the SV was large, large residual SV displacements 

were found. In other words, inaccuracy of marker registration turns out to be 

significant when correcting for rotations. This effect can be explained 

because minute marker registration errors at the position of the markers can 

be greatly magnified at a distance from these markers, i.e., at the position of 

the SV. 

From these observations, we may conclude that when SV are part of the 

target volume, it is not advisable to base rotation correction on the markers, 

as the determined rotations of the markers are not representative of the SV 

displacement. 

We also studied the correlation of the motion of left and right SV. We found 

some correlation (R
2
 = 62%) between the SV for the systematic errors in AP 

displacement (FIGURE 3), while there was no correlation for LR displacement. 

These data are useful to define appropriate margins for SV. Some thoughts 

on margin design are described below. 

 

STUDIES ABOUT PROSTATE AND SV DISPLACEMENT AND 

MARGINS 

Deurloo et al.
(10)

 found that for contour delineations-based correction 

strategies, residual deformation of the SV was small compared to 

interfraction displacement and that prostate and SV could be treated as a 

rigid body. Frank et al.
(6)

 found that the variability in SV displacement 

appeared larger than the variability in prostate displacement with respect to 

bony anatomy. An AP margin of 1 cm for the SV might be inadequate for 

some cases (~14% of patients treated). Van der Wielen et al.
(9)

 found 

considerable SV displacement with respect to the prostate gland relative to 
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intraprostatic fiducial markers, using a deformable registration method. 

However, that study did not evaluate the effect of marker registration errors. 

Based on this information, Mutanga et al.
(17)

 stated that margins could be 

reduced to 4 and 7 mm, respectively, for prostate gland and SV to guarantee 

adequate dose coverage. Meijer et al.
(13)

 found that an 8 mm margin for the 

SV was sufficient to guarantee adequate dose coverage. Liang et al.
(22)

 

found that the magnitude of SV displacement in the AP direction was larger 

than for the prostate. A correlation R
2
 of 0.7 was found, which indicates that 

other independent factors exist. A minimum margin of 4.5 mm to the SV was 

recommended for IMRT with prostate-only guidance. The smaller margins 

found by Liang et al.
(22)

 may possibly be attributed to the difference in 

registration technique. Liang et al.
(22)

 use a binary mask for image 

registration, whereas the others used contour delineations, although they 

were corrected for intraobserver variability, as in studies by Van der Wielen 

et al.
(9)

 and Mutanga et al.
(17)

, and interobserver variability, as in studies by 

Frank et al.
(6)

 and Meijer et al.
(13)

.  

 

SOME THOUGHTS ABOUT MARGIN DESIGN FROM OUR DATA 

To get an idea of the margins in the presence of SV motion/deformation 

toward the low-dose region for the case in which no rotation correction was 

applied, we used the margin (M) equation of M = 2.15  + 0.7  for a 2D 

dose distribution instead of the well-known margin equation M = 2.50  + 0.7 

 for a 3D dose distribution
(23)

, as we assumed adequate dose coverage of 

the SV in the CC direction. Without rotation corrections, SV margins of 4.6 

mm (range, 4.2-4.8 mm) and 7.6 mm (range, 7.0-7.9 mm) in the LR and AP 

direction will be required to correct for SV displacement in marker-based 

IGRT, after online correction of the markers. That margin equation
(23)

 and 

others
(24)

 for clinical tumor volume-to-planning target volume expansion, 

however, are valid only for rigid body motion and do not take into account 

possible deformations. In order to define appropriate margins for the nonrigid 

case, one needs to know the motion correlations as shown by Van Kranen et 

al.
(25)

 in an abstract about margin design for deforming and differentially 

moving targets. Lack of motion correlation implies that the factor for the 

systematic component in the margin recipe has to increase. If, in our study, 

we assume that the SV moves completely independently, e.g., acts in a 

nonrigid manner, then the probability that any SV is outside the margin is 

twice as high as the probability that a single SV is outside the margin. Then, 
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the systematic component of the margin recipe would need to change into 

2.45 , which is equal to a 95% confidence level for a 2D dose 

distribution
(23)

. The same holds for the 3D dose distribution: for the fully 

dependent (rigid) case, the well-known margin equation is M = 2.50  + 0.7 

, which will change into M = 2.79  + 0.7  for the fully independent 

(nonrigid) case
(23)

. 

To illustrate the effect of partially correlated motion on margins, consider the 

following. Assume a marker-based correction strategy (without rotation 

correction) with a margin of 5 mm. Correlation of motion does not affect the 

required margin for random errors. If the margin for random errors in the AP 

direction (0.7 x 3.0 = 2.1 mm) is subtracted, then, what is left for the 

systematic error is 2.9 mm. In FIGURE 5, the mean residual error and the 

random error bars for each SV per patient are shown. If we draw lines at 2.9 

mm, then in more than half of the patients, one or two of the SV would fall 

outside, i.e., would be underdosed, while only 30% of the SV are 

underdosed. In other words, to ensure coverage of both SV at the same 

time, a larger margin is required than when individual SV are considered. In 

all margin calculations, we should note, however, that lack of required dose 

conformity may lower required margins
(26)

. 

 

 

 

 

 

 

 

 

 

 

FIGURE 5. Mean residual error and the random error bars for each SV per patient. 
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CORRECTION STRATEGIES FOR SV FOR MARKER-BASED 

CORRECTION PROTOCOLS 

The question arises now, apart from margin design, what correction strategy 

would be appropriate when SV are part of the target volume while applying 

marker-based correction protocols? As pointed out in ‘Results’, we found 

some correlation between TRE and residual SV displacement variability for 

the data corrected for rotations: for 3 of the 13 patients with a high TRE, we 

found relatively large SV deformation. Even if we recalculate the residual SV 

displacement for the remaining 10 patients, no significant differences were 

found between the data with and without correcting for rotations. This means 

that rotation correction actually can make the SV position worse than without 

rotation correction, as very small inaccuracies in marker position have a high 

impact on the target registration error at the location of the SV. Our 

suggestion would therefore to apply caution when applying rotation 

correction based on marker-based correction strategies when SV are part of 

the target volume. Rotation correction for subboosting parts of the prostate 

gland, however, is important. For the SV, it would be better to use soft tissue 

image-guidance to actually detect the SV before treatment or in combination 

with an adaptive radiotherapy protocol. The development of combined 

correction protocols using marker registration and soft tissue registration of 

the SV is the subject of ongoing research. 

 

CONCLUSIONS 

This study shows that residual SV displacement in marker-based IGRT is 

quite large: 2 to 3 mm (1 SD) (systematic and random errors) in the AP 

direction. Correction for rotations barely reduced the SV displacement, 

suggesting deformation of the SV with respect to the prostate gland that is 

not captured by the marker position. In addition, the impact of small marker 

localization errors and registration errors on rotation correction cannot be 

ignored. Therefore, when the SV are part of the target volume, rotation 

correction based solely on markers is not advisable. 
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ABSTRACT 

PURPOSE Numerous studies reported the use of ultrasound image-guidance systems to 

assess and correct patient setup during radiotherapy of prostate cancer. We conducted a study 

to demonstrate and quantify prostate displacement resulting from pressure of the probe on the 

abdomen during transabdominal ultrasound image acquisition for prostate localization. 

PATIENTS AND METHODS Ten healthy volunteers were asked to undergo one imaging 

procedure. The procedure was performed in a condition that simulates the localization of 

prostate during online ultrasound-guidance. A three-dimensional (3D) ultrasound machine was 

used. The procedure started with the placement of the probe on the abdomen above the pubis 

symphysis. The probe was tilted in a caudal and posterior direction until the prostate and 

seminal vesicles were visualized. The probe was then fixed with a rigid arm, which maintained 

the probe in a static position during image acquisition. The probe was then moved, in a short 

time, stepwise towards the prostate, acquiring images at each step. The prostate and seminal 

vesicles were identified and selected in all planes. The first 3D volume was used as reference 1, 

to which all other scans were matched using a grey-value matching algorithm. 

RESULTS Prostate motion was quantified as a 3D translation relative to the patient coordinate 

system. The resulting translations represented the amount of prostate movement as a function 

of probe displacement. Between 7 and 11 images were obtained per volunteer, with a maximal 

probe displacement ranging between 3 and 6 cm. Prostate displacement was measured in all 

volunteers for all the probe steps and in all directions. The largest displacements occurred in the 

posterior direction in all volunteers. The absolute prostate motion was less than 5 mm in 100% 

of the volunteers after 1 cm of probe displacement, in 80% after 1.5 cm, in 40% after 2 cm, in 

10% after 2.5 cm, and 0% after 3 cm. To achieve good-quality ultrasound images, the probe 

requires an average displacement of 1.2 cm, and this results in an average prostate 

displacement of 3.1 mm. No correlations were observed between prostate motion and prostate-

probe distance or bladder size. 

CONCLUSIONS Probe pressure during ultrasound image acquisition causes prostate 

displacement, which is correlated to the amount of probe displacement from initial contact. The 

induced uncertainty associated with this process needs to be carefully evaluated to determine a 

safe margin to be employed during online ultrasound image-guided radiotherapy of the prostate.  
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INTRODUCTION 

High-dose conformal radiotherapy treatment improves clinical and 

biochemical outcome of patients with prostate cancer
(1-3)

, but can result in an 

increased risk of side effects
(3)

 because of the margins needed to 

compensate treatment uncertainties
(4-8)

. To understand and compensate 

geometrical errors, numerous studies have developed offline
(9-12)

 and 

online
(9,13-16)

 positioning systems to accurately reproduce the treatment 

planning on the treatment machine. Troccaz et al.
(17)

 were the first to report 

the use of transabdominal ultrasound (US) imaging to assess and correct 

patient setup according to the planning target volume. Recently, a 

transabdominal US-based targeting system has been commercialized (BAT, 

Nomos, Sewickley, PA), used
(18-19)

, and evaluated
(20-22)

. Recent reports show 

large inaccuracies and systematic errors between BAT and marker 

measurements: some of the error might be due to pressure of the probe on 

the abdomen
(23-24)

. The aim of this study was to quantify prostate 

displacement resulting from pressure of the probe on the abdomen during 

transabdominal US imaging for prostate localization.  

 

PATIENT AND METHODS 

Ten healthy volunteers were each asked to undergo one US-imaging 

procedure. The ages and weights of the healthy volunteers were not similar 

to the average patient with prostate cancer. The median age of the 

volunteers was young (approximatively 38 years old) and none of the 

volunteers had an excess weight. Each procedure was performed simulating 

the prostate localization during online image guidance for prostate cancer 

treatment. To increase prostate visualization on US images, each volunteer 

was asked to fill his bladder before the procedure, and was then installed in 

supine position with his arms by his side. No immobilization device was 

employed. A US machine with an attached transabdominal three-

dimensional (3D) probe (Voluson 730, Kretz technik AG, Zipf, Austria) was 

used. The probe was attached to a rigid arm, which maintained the probe in 

a static position during image acquisition. Between the probe and the rigid 
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arm device, a stepper was mounted, which permitted a displacement of the 

probe in several accurate steps of 5 mm. Identical US probe settings were 

used for all volunteers. The procedure commenced with the placement of the 

probe on the middle of the abdomen in a sagittal midplane above the pubis 

symphysis tilted in a caudal and posterior direction with respect to the 

volunteers. The probe was tilted between 20° and 25° with respect to the 

vertical plane, to be oriented in the prostate direction and to decrease the 

amount of prostate gland that was hidden by the symphysis, such that the 

entire prostate could be imaged (FIGURE 1).  

 

 

 

FIGURE 1.  Diagram of the 

experimental setup. The probe was 

tilted in caudal and posterior 

direction on the abdomen until the 

prostate and seminal vesicles were 

seen. The probe position was then 

fixed in this position. The first image 

was done and used as the 

reference. The probe was then 

gradually moved step by step in this 

direction. 

 

When the prostate and seminal vesicles were identified, with as small as 

possible pressure of the probe on the abdomen (weak), the probe start 

position and direction were fixed. The probe was then moved stepwise, 

towards the prostate. At each step, a 3D US image was obtained (FIGURE 2).  
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FIGURE 2.  Effects of probe pressure on ultrasound images of one volunteer. The first 

image in the upper left corner was done with the smaller probe pressure, and then from 

the left to the right and from the top to the bottom, the probe pressure increased at each 

step of 5 mm. The bladder deforms and the prostate moves with increasing probe 

pressure. 

 

The US machine acquires the 3D image set within 5 s. Including storage and 

DICOM transmission of the images, the entire imaging procedure took a very 

short time, less than 3 min. A short study time decreases the probability of 

prostate motion resulting from motion of intestinal gas in the rectum
(25)

. It 

was therefore assumed that any observed prostate displacement was only 

due to the pressure of the probe on the abdomen. All the images were 

transferred to an in-house developed matching software package (van Herk, 

ICCR, 1997). The prostate and the seminal vesicles were not contoured but 

identified in all planes and selected using a clipping box on an image taken 

at intermediate pressure (FIGURE 3).  

This 3D volume was then used as reference 1, to which the other scans 

were matched using a grey-value matching algorithm. For matching, only the 

region of interest defined by the clipping box was taken into account. Care 

was taken to exclude the bladder, which changed significantly in shape 

because of the probe pressure. Prostate motion was quantified as a 3D 

translation relative to the probe position. Rotations were not taken into 

account. All the matches were visually verified. The stepwise motion of the 

probe was next subtracted to quantify the motion in a patient related 

coordinate system. Because probe pressure was not measured with a 

pressure sensor, the resulting translations represent the amount of prostate 

movement as a function of probe displacement from the initial position 
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required to get good-quality images. For each volunteer, one physician 

(X.A.) examined all images.  

 

FIGURE 3.  Effects of probe pressure on ultrasound images of one volunteer. On the left 

picture, the prostate and seminal vesicle volume have been selected using a clipping 

box (white square box in the upper left corner). The left principal window shows two half 

transverse views of two prostate image acquisitions after different probe pressure on 

the same volunteer (before matching). On the right principal window, the two half 

ultrasound transverse views have been matched and prostate motion can be deducted. 

 

Finally, for all volunteers, the correlation coefficient between prostate motion 

and bladder size (defined by the largest diameter of the bladder on each 

image) and the correlation coefficient between prostate motion and prostate-

probe distance (from the skin in contact with the probe above the pubis 

symphysis to the center of the prostate) was evaluated. 

 

RESULTS  

For all volunteers, the initial pressure on the abdomen was very small, 

resulting in poor image quality, but also in a small probability of prostate 

motion before starting the experiment. On each image, the prostate, seminal 

vesicles, bladder, and, to a lesser degree, rectum could be identified. 

Between 7 and 11 images were obtained per volunteer (average of 8), with a 

probe displacement ranging between 3 and 6 cm (6 to 12 steps). After visual 
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verification, the match results were considered accurate in all volunteers 

(FIGURE 3).  

Prostate displacement was observed in all volunteers for all the probe steps, 

even for the first one. The largest prostate displacements occurred in the 

posterior direction, in the same direction in all volunteers (FIGURE 4A). Motion 

in the caudal direction is significant and occurred in all volunteers but one 

(FIGURE 4B), but the movement to right or left occurs at random (FIGURE 4C).  

The amount of prostate motion was strongly correlated with the amount of 

probe displacement. According to the absolute prostate motion (vector 

length), the prostate motion was less than 5 mm in 100% of the volunteers 

after 1 cm of probe displacement, in 80% after 1.5 cm, in 40% after 2 cm, in 

10% after 2.5 cm and 0% after 3 cm of probe displacement (TABLE 1). 

The image quality was satisfactory to perform all matches. The images were 

considered as good-quality when the entire prostate and seminal vesicles 

could be visualized and drawn.  

The prostate and seminal vesicles can be accurately visualized and drawn 

on the first image (5 mm probe displacement) in two volunteers, on the 

second image (1 cm probe displacement) in four volunteers, on the third (1.5 

cm probe displacement) image in two volunteers, and on the fourth image (2 

cm probe displacement) in two volunteers. Consequently, the average 

required probe displacement was 1.2 cm to obtain good-quality images 

resulting in an average absolute prostate displacement of 3.1 mm.  

No correlations were found between prostate motion and prostate-probe 

distance or bladder size. 
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FIGURE 4.  Effects of probe pressure on ultrasound images of 10 volunteers (each line 

represents one volunteer). A) Anteroposterior prostate displacement, B) craniocaudal 

prostate displacement, and C) lateral prostate displacement. With increasing probe 

displacement the prostate moves to the posterior (A) and caudal direction (B) and at 

random to the right or left direction (C). 
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TABLE 1.  Effects of probe pressure/displacement on ultrasound 

images of 10 volunteers. Average and standard deviation of the 

absolute prostate displacement as a function of probe displacement. 

The amount of prostate motion is strongly correlated with the amount 

of probe displacement. 

 Absolute prostate motion 

Probe displacement 

(cm) 

Average 

(cm) 

SD 

(cm) 

0 0 0 

0.5 0.17 0.13 

1.0 0.31 0.24 

1.5 0.48 0.38 

2.0 0.63 0.49 

2.5 0.90 0.62 

3.0 1.14 0.71 

3.5 1.62 0.88 

ABBREVIATION. SD = standard deviation. 

 

DISCUSSION 

Since the introduction of an US system for prostate localization and patient 

positioning in radiotherapy, only a few articles or abstracts report on the 

reliability of this technique. Among these, two studies reported the impact of 

probe abdominal pressure on prostate motion in patients treated for prostate 

cancer. In our experiment, based on healthy volunteers, at least seven 

images were acquired per volunteer, resulting in a large range of abdominal 

probe displacement. 

Prostate motion was observed even at small abdominal pressures. The 

absolute prostate motion was on average 3 mm for each centimeter of 
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abdominal probe displacement. Furthermore, prostate displacement 

occurred in all volunteers and in all directions. The major prostate 

displacement was into the posterior direction, much less in the caudal or 

right-left direction. 

Using a Styrofoam dummy shaped as the distal end of the US probe 

(assuming that the physical dimensions of the BAT US probe was similar to 

the probe used in this study) during computed tomography scans, Serago et 

al.
(21)

 reported prostate motion with and without the pressure on the 

abdomen that would be exerted during an US scan. They reported 

displacements in posterior and caudal direction in 7 of 16 patients, with a 

range of 2.3 mm to 5 mm. No displacement was observed in lateral 

direction. However, the pressure applied was an approximation and varied 

from day to day and from one patient to another. It was probable that the 

displacement applied was between 1 and 1.5 cm of probe displacement, 

which was smaller than the maximum pressure we applied. If we select from 

our study the results for 1 cm of probe displacement, the ranges of prostate 

motion we obtain are very similar, except in lateral direction; from 0 to 3.4 

mm, 0 to 3.1 mm, and 0 to 2.2 mm in posterior, caudal, and lateral 

directions, respectively. The absolute average prostate displacement after 1 

cm probe displacement was 3.1 mm (2.4 mm, 1 SD) and was concordant 

with Serago’s observation (average prostate motion of 3.1 mm). The 

displacement we observed in lateral direction was the smallest displacement 

and was less than 5 mm in 50% of the volunteers after 3 cm probe 

displacement. No lateral displacements were observed by Serago. In these 

two studies, the size of the US probe was slightly different between the 3D 

probe we used, which was 3.5-cm width, and the two-dimensional BAT-

system probe, which was 2.5-cm width. 

McNeeley et al.
(26)

 performed a similar study using magnetic resonance 

imaging on six patients and observed smaller displacement, which were on 

average 1.6 mm (0.9 mm, 1 SD), 0.3 mm (0.6 mm, 1 SD), 1 mm (0.6 mm, 1 

SD) in anterior, lateral, and cranial direction, respectively. The pressure on 

the abdomen was the same for each patient, but no indication of the applied 

amount of pressure was reported. 

Powel et al.
(27)

 studied prostate movement during external beam 

radiotherapy by localizing the prostate at the same time by the BAT US 

system and with an electronic portal imaging system. The BAT system 

purports to accurately localize prostate position in 3D using a 5 minutes 

procedure that may be performed daily by the treating radiation therapists. 
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They noticed larger and more frequent prostate movements using the BAT 

system than those reported in literature, measured by other systems. This 

suggests that a systematic error can occur during image acquisition, even if 

other sources of errors might be possible (system calibration, intrafraction 

prostate motion, interobserver variability, image interpretation, or computed 

tomography–drawn contours). Two recent reports emphasized this last point 

and pointed out the inaccuracy of US guidance, especially in craniocaudal 

(CC) and lateral directions. Both studies evaluated the accuracy of BAT 

repositioning system compared with implanted markers. Van den Heuvel et 

al.
(24)

 found a significant correlation in CC direction between the residual 

errors and the shift performed by the BAT system, suggesting that induced 

errors can occur. Furthermore, Langen et al.
(23)

 observed that the number of 

larger errors (>5 mm) could be reduced in anteroposterior direction after 

BAT repositioning (from 40% before to 15% after), but not in the 

craniocaudal direction, where this number increased (14 on 40 experiments). 

The total displacement we applied in our study was certainly higher than the 

displacement that would be exerted during a real US scan, which is probably 

between 1 and 2 cm, which was the average required-probe displacement 

that we found to result in good-quality images. This pressure may change 

from one operator to another and from one volunteer or one patient to 

another. In addition, the applied probe may influence to some extent the 

image quality (we used a high-quality 3D probe, whereas other studies used 

a two-dimensional probe). Using the BAT system, Serago et al. reported 

poor-quality images in 27% of their patients. They studied characteristics 

affecting US image quality and found that the amount of prostate gland 

superior to the pubis symphysis in an anteroposterior projection was 

statistically significantly correlated with good-quality two-dimensional 

images. To compensate the poor image quality with the two-dimensional 

probe, an increased tilted pressure above the pubic symphysis might be 

necessary, resulting in an increased prostate displacement. 

Even though an US imaging system for localization and positioning of the 

patient for radiotherapy seems to be an attractive and a promising 

technique, alternative techniques have been described: megavoltage 

radiography of implanted markers
(28)

, the computed tomography scan
(29)

 or a 

cone-beam computed tomography scan
(30)

, or an intrarectal balloon to 

immobilized the prostate
(31)

. All these techniques have their own advantages 

and disadvantages. Further studies are needed to evaluate and compare all 

these methods with each other. 
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CONCLUSIONS 

Probe displacement resulting from the applied pressure during US image 

acquisition causes prostate displacement. The only predictive factor found in 

this study (other possible factors were not studied) of motion is the amount 

of probe pressure (i.e., probe displacement), which needs to be as small as 

possible. Between 1.0 and 2.0 cm of probe displacement was needed to get 

good-quality images using a 3D probe. Even though an US imaging system 

for localization and positioning of the patient for radiotherapy seems to be an 

attractive and a promising technique, the uncertainties associated with this 

process need to be carefully evaluated to determine a safe margin to be 

employed during online US image–guided radiotherapy of the prostate. 
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GENERAL 

It was the main purpose of this thesis to develop a method for reliable and 

accurate prostate localization that could be used for online or offline image-

guided radiotherapy (IGRT). The thesis describes the steps that were taken 

to achieve this goal.  

CHAPTER 2 describes the developed automatic grey-value registration 

method for prostate that was tested on diagnostic quality computed 

tomography (CT) scans. In CHAPTER 3 an adapted method is provided to be 

used on cone-beam CT (CBCT) scans, which have a somewhat poorer 

image quality. CHAPTER 4 describes how a dietary protocol improves the 

registration results of the developed method for CBCT scans. The developed 

method was found to be reliable to be implemented in an offline radiotherapy 

protocol using CBCT scans and is now in clinical use
(1)

.  

The other objectives of this thesis were to investigate related effects of 

marker-based and ultrasound-guided prostate localization techniques on the 

accuracy of prostate treatment. When prostate localization is based on 

marker registration the residual error at the position of the seminal vesicles 

(SV) was found to be large, as described in CHAPTER 5. CHAPTER 6 

addresses the effect of probe pressure on prostate displacement, which is 

an error source when ultrasound-based imaging is used for prostate 

localization.  

In this chapter, the results are discussed and future directions in prostate 

localization techniques and treatment will be described. 

 

ADVANCES IN IMAGE-GUIDED RADIOTHERAPY 

The objective of IGRT is to verify the proper positioning of the patient just 

prior to the delivery of radiation dose. IGRT is becoming essential as dose 

distributions become more complex using intensity modulated radiotherapy 

(IMRT). The past decade, ‘image-guided’ radiotherapy has become the 
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magic word in treatment of cancer with external beam radiotherapy and 

several methods have been developed to achieve the goal of IGRT.  

Several correction protocols are nowadays used to correct for interfraction 

prostate motion, like bony anatomy registration, registration based on 

implanted markers, transabdominal ultrasound guidance and in-room CT 

imaging techniques. All these techniques have their advantages and 

disadvantages compared to the developed grey-value registration method 

for prostates on CBCT scans, as described in this thesis, which will be 

outlined below.  

 

ADVANCES IN INTERFRACTION DISPLACEMENT 

CORRECTION 

BONY ANATOMY REGISTRATION 

The introduction of the electronic portal imaging device (EPID), which 

became commercially available in the early 90’s of the past century, reduced 

the workload for treatment setup verification in the clinic. The EPID could 

replace the use of film to localize the anatomy of a patient with respect to the 

field edges.  

The EPID makes megavolt (MV) images of the patient and visualizes the 

bony anatomy of the patient. The bony anatomy is nowadays still frequently 

used for registration and provides information to re-position the patient after 

initial set-up. Bony anatomy registration is accurate and fast and was 

frequently used in offline and online prostate treatment protocols. One of the 

major disadvantages of using bony anatomy for repositioning is that the 

prostate can move with respect to the bony anatomy. Assessments with 

either implanted markers or CT scans showed a poor correlation of prostate 

position and bony anatomy
(2-4)

. 

The prostate displacement data as presented in CHAPTER 4 (TABLE 3), 

showed also differences e.g., in rotations around the LR axis (RLR), between 

grey-value registration of the prostate and bony anatomy registration: 2.5 

degrees systematic and 4.8 degrees random (nondiet group). One may 

assume that these values are actually higher as part of the data (17%) could 

not be used due to poor image quality. The dependency of the grey-value 

registration algorithm on image quality of CBCT scans could be reduced by 
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applying a dietary protocol to the patients (CHAPTER 4). The reason for that 

was that the amount of moving gas during acquisition of the scans 

significantly reduced. Even with a dietary protocol, bony anatomy based 

methods are considered inadequate to correct for prostate motion. 

MARKER BASED REGISTRATION METHODS  

To overcome the forementioned problem of bony anatomy registration, many 

institutes nowadays use fiducial markers that are implanted in the prostate 

gland for registration. Like bony anatomy registration, registration on fiducial 

markers is accurate and fast and is suitable for offline and online correction 

protocols. Implanted fiducial markers can be detected by planar and 

volumetric imaging, for which the latter is gaining in popularity, as it is 

becoming more efficient and interuser variability in the registration process 

can be reduced
(5)

.  

The stability of markers in the prostate gland has been studied frequently. 

The limited interuser variability and marker stability make markers an ideal 

surrogate to detect prostate position and rotation
(6-9)

. However, the accuracy 

of markers as surrogates for the position of the entire prostate gland has 

been questioned, mostly because of possible deformation of the prostate at 

the time of treatment delivery
(10-11)

. In CHAPTER 5 we studied the effect of 

rotation correction when markers are used. For the SV we found that rotation 

correction hardly reduced their displacement compared to translation 

correction only. This illustrates deformation of the SV relative to the prostate 

gland that is not captured by the position of the markers.  

An endorectal balloon in combination with markers is sometimes used to 

immobilize the prostate gland, as a surrogate for targeting, and to improve 

rectal dosimetry. However, recent studies show that the impact of endorectal 

balloons on localization and immobilization are minimal and do not decrease 

the systematic and random errors associated with day-to-day variations in 

prostate position
(12)

. It would, however, have a positive effect on decreasing 

the dose to the posterior side of the rectum, potentially leading to less rectal 

complications
(13-14)

. 

TRANSABDOMINAL ULTRASOUND 

The use of transabdominal ultrasound has rapidly spread in radiotherapy 

departments because of its clinical efficiency to perform daily image 

guidance. However, it has been associated with significant interuser 



Discussion – 137 

 

variability due to poor image quality
(15-16)

. The main reasons why institutes 

nowadays use transabdominal ultrasound are its efficiency and low costs 

compared to other image-guidance systems. 

In CHAPTER 6, we studied the effect of probe pressure on prostate 

displacement and image quality. We found a strong correlation between 

probe pressure (quantified by probe displacement) and prostate 

displacement. In addition, to get good quality images some probe pressure 

needs to be applied. Between 1.0 and 2.0 cm of probe displacement was 

needed to get good quality images when using our 3D ultrasound probe. 

When compared to prostate positioning on CT or implanted markers its 

accuracy has been found limited
(17-20)

 and a systematic shift was found of 

about 3 mm
(18)

 which is in accordance with our data for 1 cm probe pressure. 

Some groups correct for this systematic shift by shifting all patients by 3 

mm
(21)

. Differences found between ultrasound and CT alignments or 

between ultrasound and implanted markers vary from group tot group. 

Dosimetric consequences of the differences between ultrasound and CT 

alignment have been reported
(22)

. Alignment on transabdominal ultrasound 

provided acceptable prostate coverage in 90% of patients and CT alignment 

for 100%. For the SV, full dose coverage was achieved in 70% of cases with 

ultrasound and 80% with CT alignment.  

IN-ROOM CT IMAGING 

Several in-room volumetric CT imaging solutions exist today. Daily CT-

imaging can be performed either with an in-room kilovolt (kV) CT-scanner on 

rails
(23-25)

, kV
(26-29)

 or MV
(30-31)

 CBCT or MV fan-beam CT (tomotherapy)
(32-34)

. 

At the time that research for this thesis started, around 2002, in-room CT 

imaging devices were about to be implemented in several institutes. 

Studying the applicability of a kV CBCT device, mounted on the 

accelerator
(35-36)

, to be used for online or offline IGRT of the prostate, was 

the main subject of this thesis.  

Each of the in-room CT imaging modalities seem to have certain advantages 

and drawbacks. With these imaging techniques bony anatomy, implanted 

fiducials, or soft tissue like the prostate gland can be detected. One of the 

advantages of kV CBCT is that it provides good image quality at low imaging 

dose, but a disadvantage is that it may be prone to metal artifacts and 

shadowing compared to MV CT
(37-38)

. Good image quality is important for 

soft tissue image-guidance. In addition, CT provides information about 

anatomic variations of other structures that cannot be visualized with 
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markers, such as the rectum and bladder. Because the prostate can be 

visualized on CT scans, prostate localization could potentially be performed 

directly on the prostate gland itself. However, like on ultrasound images, 

interpreting and determining the exact location of the prostate gland can be 

challenging as has been shown in this thesis. But, the advantage of CBCT 

scans is that registration is done automatically. The use of CBCT scans 

instead of conventional CT scans provides the opportunity to correct fast and 

online for prostate displacement, which takes too much time with for 

example the CT on-rails systems. And, with the CT on rails systems there is 

a potential for prostate motion (i.e., an error source) between CT imaging 

and positioning on the treatment machine. 

VOLUMETRIC ALIGNMENT METHODS 

With the previously described volumetric imaging techniques, different 

techniques can be used for alignment, such as using the entire grey-scale 

anatomy, or using contours from the planning CT scan to align on the 

prostate, or to delineate the prostate also on the follow-up scans and register 

them to the planning CT scan
(39)

. To be able to correct online for prostate 

displacement the algorithm should be fast. For online purposes contouring 

takes too much time and, in addition, it is very prone to delineation 

variation
(28)

. When using the grey-value registration method (CHAPTERS 2, 3 

AND 4), one has to take into account that it still requires a human observer to 

assess the registration results and subjectivity of the assessment may be of 

influence. In addition, the developed method is a rigid registration algorithm, 

as is contour registration. In case of deformation of prostate and SV the 

algorithm will search for the best fit for both. This may cause underdosage in 

part of the prostate or SV. When applying the grey-value registration 

algorithm in combination with CBCT scans, one has to take into account that 

a dietary protocol is required to guarantee a high reliability. However, the 

use of a dietary protocol is also important to reduce intra-fraction prostate 

motion (see below). Correcting for interfraction motion by means of the 

developed grey-value registration, and the steps that were taken to 

implement it in an adaptive radiotherapy (ART) protocol in our clinic, will be 

outlined in the next paragraph. 

CLINICAL IMPLEMENTATION IN AN ADAPTIVE RADIOTHERAPY 

PROTOCOL 
ART for prostate positioning was first described by Yan et al.

(40)
 It is a 

procedure in which the impact of systematic errors on the accuracy of 
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treatment is decreased by collecting information and correcting for 

systematic errors during the first few fractions. Yan et al.
(40)

 described offline 

ART for the prostate based on repeat CT data. Offline ART requires that the 

used registration technique is accurate. In addition, an online protocol 

requires also that the registration method is fast.  

Our developed grey-value registration algorithm is nowadays implemented in 

our clinic in an offline ART protocol
(1)

. As a result of increased insight, we 

went through 3 different protocols:  

THE FIRST PROTOCOL  

In the first protocol, the patient is scanned during the first 5-6 days. 

Registrations, based on bony anatomy, are performed and possible online 

corrections are applied. After 5-6 days scanning each CBCT scan was 

registered to the planning CT scan by means of grey-value registration of the 

prostate. The registration results were used to transform the planning CT 

contours to the prostate position at the respective days of scanning. A new 

average prostate contour plus an average rectum contour based on the 

position of the prostate and rectum on these days is constructed. We choose 

to follow this procedure to save time and because delineating the prostate 

on the CBCT scans was not considered possible due to the relatively poor 

image quality. The average prostate and rectum contours are used for 

replanning the patient. During the first week of radiotherapy, the margin used 

around the prostate was 10 mm. After replanning, the margin was reduced 

to 7 mm. This offline protocol was based on the results published by 

Hoogeman et al.
(41)

 and Nuver et al.
(42)

  

THE SECOND PROTOCOL  

The previous protocol was recently adapted into a second protocol to reduce 

replanning time (2 hours or more) and to minimize the amount of scans that 

had to be replanned. The decision whether a new plan was required is now 

dependent on the position of the average prostate and the following 

conditions. When the translations were <1 mm and the rotations <6 degrees, 

the plan was not adapted. When translations were >1 mm and rotations 

were <6 degrees, only an isocenter displacement was performed (without 

replanning). For those cases where rotations were >6 degrees, a new plan is 

required. The rectum is no longer adapted. This offline protocol is nowadays 

in clinical use.   
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THE THIRD PROTOCOL  

Requirements of daily imaging for our hypofractionation trial (16 fractions of 

4.9 Gy vs 39 fractions of 2.0 Gy) gave rise to a third adaptation of the 

protocol as grey-value registration with visual assessment takes too much 

time online. In addition, with this protocol it is possible to correct for the 

position of the SV in case of large rotations (CHAPTER 5). Therefore, studies 

in our institute are nowadays conducted with implanted fiducial markers in 

the prostate gland. In the third protocol the patient is scanned on all days but 

registrations are now performed on the markers (instead of using bony 

anatomy registration) and possible corrections are applied online. The 

average prostate and SV position is still, offline, after 5-6 days, determined 

by using grey-value registration. The conditions whether a new plan is 

required are adapted into: when rotations are <6 degrees the plan is not 

adapted, when rotations are >6 degrees a new plan is required. 

The use of a combined registration procedure (third protocol) does 

overcome some of the disadvantages of grey-value registration alone or 

marker registration alone. The combined procedure is faster as no visual 

inspection of the registration is required and can therefore be used online. In 

addition, when grey-value registration is used solely, there is some 

ambiguity about the accuracy of the grey-value registration algorithm at the 

prostate apex. The visibility at the apex is limited, which could be an 

argument that the registration algorithm is mostly driven by registration of the 

SV. Although the accuracy of grey-value registration on CBCT scans was 

determined to be satisfactory, the determination of the accuracy was based 

on calcifications (CHAPTER 3). The combined registration procedure would 

overcome this visibility problem at the apex as for prostate gland registration 

marker registration is used. In addition, the combined registration procedure 

would improve the irradiation of the prostate gland and SV as a whole. That 

is, as we found that for marker-based correction strategies alone the impact 

of small marker localization errors and registration errors on rotation 

correction may not be ignored when SV are part of the target volume 

(CHAPTER 5). 
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ADVANCES IN INTRAFRACTION DISPLACEMENT 

CORRECTION 

Most correction protocols, as described before, are used to correct for 

interfraction prostate displacement. Recent studies also focus on correcting 

for intrafraction prostate displacement. This can be achieved by using 

electromagnetic transponders
(43-44)

 or the CyberKnife Robotic Radiosurgery 

System with implanted markers
(45-46)

.  

ELECTROMAGNETIC TRANSPONDERS 

With regard to the electromagnetic transponders, they are implanted in a 

way similar to metallic markers. The stability of the transponders is equal to 

that of metallic markers
(47)

. Electromagnetic tracking and correction is 

performed continuously throughout the time the patient is on the treatment 

couch. However, the net effect of correcting for intrafraction motion if certain 

thresholds are exceeded is questionable. The majority of excursions of the 

prostate gland will have a random nature and will only result in smearing out 

of the dose distribution, that requires very small additional margin if 

intrafraction correction protocols are used.  

CYBERKNIFE 

The CyberKnife Robotic Radiosurgery System is a system that may be the 

model for the next generation of radiosurgery units. It combines continuous 

image-guidance technology with a compact linear accelerator that has the 

flexibility to move in three dimensions according to the treatment plan. The 

CyberKnife system is designed to track, detect and correct for tumor and 

patient movement in real time, during the procedure. This enables the 

delivery of precise, high dose radiation typically with sub-millimeter 

accuracy. One of the unique features of this unit is that the CyberKnife linear 

accelerator is attached to a commercial robot to provide greater movement 

and achieve angles that fixed gantries cannot attain. A disadvantage is that it 

only can correct on bone or markers due to lack of volumetric images. 

Therefore, it is less suitable to correct for e.g., SV displacement. 
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FUTURE DIRECTIONS 

Current research to correct for organ motion during the course of 

radiotherapy has its focus on developing procedures and registration 

algorithms that are reliable and efficient. Some of the limitations of the 

developed grey-value registration method as described in this thesis is that it 

is dependent on image quality of the CBCT scans and that it is a rigid 

registration algorithm. Since the introduction of the CBCT system in 2004, 

image quality of CBCT scans is an issue and has been studied 

exhaustively
(38,48-53)

. Its quality has been improved but still improvements of 

CBCT image quality could be achieved by understanding and correcting the 

effects of ghosting, scatter, beam hardening and motion (See below). In the 

light of image quality, the development of an integrated MRI scanner with the 

linear accelerator
(54-57)

 is one of the future directions. Image quality of an 

MRI scan is superb over that of CT scans and CBCT scans. However, the 

costs of such a system are enormous. 

Improvements in CBCT image quality will benefit future development of 

registration techniques that focus on deformable registration and 

deformation correction of prostate and SV. However, closer to clinical 

implementation are correction strategies based on rotation correction. 

Increased knowledge of the exact location of the tumor in the prostate will 

have its advances in subboosting, and correction strategies based on 

rotation correction could then easily be applied. These insights and 

improvements will inevitably result in adaptations to the well-known Van 

Herk margins recipe
(58)

 or the developed margins recipe by Stroom et al.
(59)

 

and/or the development of new margin recipes. All these topics will be more 

extensively outlined in the next paragraphs. 

 

IMPROVEMENTS IN CONE-BEAM CT IMAGE QUALITY 

Ghosting in flat panel imagers is an effect which is extensively studied and 

described
(60-61)

 for MV images, but the same effects occur for kV images. 

Ghosting is caused by incomplete readout: the measured intensities in a 

projection image are actually higher for a certain frame. For example, in the 

first projection image an air region is the field which causes a high intensity 

in the kV image. In subsequent images, when the air region is covered by 
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the patient, the higher intensity is still present in that image. In the 

reconstruction of all kV images these higher intensities result in so-called 

‘radar’ artefacts or ‘rings’.  

Scatter
(62-65)

 is a well known effect that occurs in any material that is being 

irradiated. Scatter adds noise to the CBCT projection image which results in 

a poorer image quality of the CBCT scan compared to the diagnostic CT 

scan. Scatter causes so-called ‘cupping’ artefacts, i.e., due to interaction of 

the photons with the irradiated patient, the intensity in the middle part of the 

projection image is higher compared to the intensity at the edges of the 

image. This results in a reconstruction of a patient that has a darker center 

area (i.e., the reconstruction algorithm ‘thinks’ that the patient is thinner in 

the middle).  

Beam hardening means that high density materials absorb more low 

energetic photons which results in a beam with more high energetic photons. 

These high energetic photons interact less with the irradiated body which 

results in higher measured intensities in the kV image. Improvements in 

CBCT image quality with regard to beam hardening seems to be almost 

negligible
(64)

.  

Ghosting and scatter artefacts can be corrected for by proper software 

algorithms. The effects of ghosting and scatter correction on CBCT image 

quality are shown in FIGURE 1. Hardware adjustments to reduce scatter 

artefacts are a bowtie filter, decreasing the field of view (CHAPTER 3) and/or 

applying a grid on the EPID at cost of reducing the signal-to-noise ratio. 

Image quality can also be improved by increasing the imaging dose. 

However, in our system, motion distortion during acquisition of the projection 

images results in streaks in the reconstructed CBCT scan. An example of a 

software adaptation to correct for motion during scanning caused by moving 

gas is the Flatex algorithm
(66)

. This algorithm uses only part of the acquired 

projection images (acquired during 360 degrees gantry rotation) to 

reconstruct the CBCT scan. By selecting only those projection images 

acquired either during the first, middle or last 180 degrees in which no 

motion was detected, a CBCT scan could be reconstructed with reduced 

streak artefacts and sharper tissue-to-air boundaries, as shown in FIGURE 2. 
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FIGURE 1. Examples of cone-beam CT images at the level of the prostate (a-c) and 

intensity profiles (d-e). a) Uncorrected: one obviously can see the ring artefact 

(ghosting, pointed by the white arrow) and the lower image intensity in the middle of the 

patient (scatter artefact), b) After ghosting correction: the ring artefact is no longer 

present c) After scatter correction: the lower image intensity in the middle of the patient 

is no longer present. d,e) Intensity profiles, taken at the white lines of images b) and c), 

of ghosting (d) and scatter corrected (e) images: the black line represents the 

uncorrected image and the grey line the corrected image. 

 

 

 

 

a 

b c 

d e   
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FIGURE 2. The impact of a large moving gas pocket during cone-beam CT (CBCT) 

image acquisition of the pelvic region on the CBCT reconstruction result. A transverse 

(a) and sagittal (b) slice of the reconstruction result, showing streak artifacts and 

ambiguous air(gas)-to-tissue boundaries. Images c) and d) show the transverse and 

sagittal slices after applying the Flatex algorithm: streak artifacts are reduced and a 

sharp tissue-to-air interface is restored. 

 

DEFORMABLE REGISTRATION AND DEFORMATION 

CORRECTION 

Deformation correction, with or without the use of deformable registration 

methods
(67)

, could solve the problem of deformed organs during the course 

of radiotherapy treatment. With deformable registration a deformation field is 

determined, which can be applied in several ways to correct for prostate 

motion and/or deformation. Prostate motion and/or deformation correction 

could be achieved by repositioning, replanning or adaptation of the plan by 

changing the multileaf collimator (MLC) leaf positions.  
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Godley et al.
(68)

 used deformable registration for replanning in an ART 

procedure to correct for large deformations in prostate cancer treatment. The 

obtained deformation fields from planning CT and scans on the treatment 

days was used to deform the delivered dose to match the planning CT, 

which was used for replanning in the ART procedure. Van Kranen et al.
(69)

 

developed a deformable registration method that can be used in an ART 

procedure to correct for anatomy changes during radiotherapy of head-and-

neck cancer patients. They demonstrated the feasibility of plan adaptation 

for systematic deformations based on an average anatomy measured with 

deformable registration. Validation showed that plan adaptation on an 

average anatomy led to higher local setup accuracy for bony anatomy. 

Methods that rely on the adaptation of the MLC leaf-positions are described 

by, for example, the following groups. Court et al.
(70)

 used a slice-by-slice 

registration to calculate the final leaf positions. The shift within a slice could 

then be projected to a shift of the corresponding MLC leaf pair for each 

treatment segment for each gantry angle. Mohan et al.
(71)

 calculated the new 

leaf positions by deforming the reference image to the image of the day and 

deformed the intensity distribution accordingly in an online strategy. From 

the differences in the projected contours in the beam’s-eye-view (BEV) of 

the target and normal structures drawn on the images of the day and on the 

planning images, a set of deformation vectors were derived and used for 

intensity deformation. A leaf sequencing procedure then produced the beam 

apertures (i.e., leaf-positions) to be used for the day of treatment. Fu et al.
(72)

 

accounted for interfractional target motion and deformation by adapting the 

original IMRT leaf positions. The leaf positions for each subfield were 

automatically adjusted, based on the position and shape changes of target 

projection in the BEV. Feng et al.
(73)

 used deformable registration in an 

online correction strategy by adjusting the treatment apertures. They used 

the 3D geometric transformation matrix to morph the treatment apertures. 

The segments were deformed in one step eliminating the approximations 

associated with leaf sequencing. 

However, most of the above described methods are elaborate. Therefore, 

nowadays research focuses on faster and even more accurate methods to 

determine the amount of deformation by means of deformable registration.  
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ROTATION CORRECTION AND SUBBOOSTING 

Different kinds of correction strategies to correct for prostate and SV motion 

are currently being developed and implemented in the clinic
(74)

. The first 

IGRT correction strategies typically only corrected for translations by shifting 

the treatment table
(75)

. Correcting for prostate rotation around the main 

rotation axis, the LR axis
(41)

, could not be achieved with the table as the 

rotations are normally too large to correct for with a tilt-and-roll table
(76-77)

. 

With ART, correcting for large rotations is possible
(40,42)

. However, ART only 

compensates for systematic errors and significantly increases the workload 

because it necessitates replanning. Therefore, fast and online correction 

methods are preferred for rotation and deformation. Likely, the first methods 

to be implemented focus on rotation corrections only, as correcting for 

deformations is still quite difficult. 

Wu et al.
(78)

 describe a method to correct online for the rotational component 

in the sagittal plane only by rotating the collimator angles for lateral beams. 

Intensities can be modified online with the calculated transformation 

parameters or with a quick reoptimization. However, the SV were excluded 

in this study, as non-rigid organ motion cannot be corrected for with this 

online method, and have to be corrected for in an offline protocol. Rijkhorst 

et al.
(79)

 developed a strategy to correct for rotation of prostate and SV 

motion together by means of gantry and collimator angle adjustment which 

can be used for offline and online IGRT protocols. This method is based on 

rotation correction around the dominant motion axis, the LR axis, and 

assumes that prostate and SV move together as a rigid object
(39)

. With this 

method of compensating for prostate rotations, safe and straightforward 

implementation of margin reduction and/or improved local control through 

dose escalation is achievable.  

Current radiotherapy involves treatment of the entire prostate (and SV). 

More knowledge is becoming available of the exact location of the tumor 

inside the prostate. One way to obtain the exact tumor location is by 

combining two imaging modalities, diffusion weighted imaging and dynamic 

contrast-enhanced MRI, which was studied by Groenendaal et al.
(80)

 They 

quantified whether the two imaging modalities were consistent in what 

voxels they determine as being suspicious of tumor tissue. However, large 

variation in consistency between the two imaging modalities was found. In 

the future, one may choose to give an extra boost to that part of the prostate 

where the dominant tumor focus is located
(81)

. For that purpose, rotation 

correction based on markers will be beneficial, because the position of the 
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boosted part is located closer to the marker configuration than the SV, and, 

as the boosted part is mainly inside the prostate gland it will be less prone to 

deformation, and more affected by rotation of the prostate gland
(82)

. 

 

MARGINS 

Reduction of margins is the way to reduce side-effects of irradiation. 

Especially in case of hypofractionation, when higher doses per fraction are 

delivered. The balance between irradiating the tumor and avoiding irradiation 

of any organs at risk (OARS) becomes a question of the size of treatment 

margins around the clinical target volume (CTV). The correction strategies 

as described in the previous paragraph give rise to many studies on 

reduction of the margins, which is an ongoing challenge for tumor sites with 

large internal and/or interfractional motion and where sensitive OARS are 

located close to the tumor. 

UNIFORM MARGIN REDUCTION 

More precise localization of the prostate allows safe reduction of the margins 

around the CTV. This was shown by, Nuver et al.
(42)

, who developed an 

offline ART procedure, as described previously in the first protocol, to reduce 

the margins uniformely from 10 mm to 7 mm around prostate and SV. Wu et 

al.
(78)

 stated that with their online IGRT strategy, including correction for 

rotational organ motion, for prostate only, a minimum margin of 3 mm 

around the prostate was necessary with ideal image registration. However, 

additional margins will be needed to correct for deformations, e.g., in case 

SV are involved in the treatment. Rijkhorst et al.
(83)

 compared four different 

correction strategies for prostate plus SV, from online setup to full motion 

correction. They showed that with online corrections for both translations 

and rotations, treatment margins of 4 mm were sufficient in 15 of 19 patients, 

whereas the remaining four patients had an underdosed CTV volume <1%. 

In addition, the online corrections resulted in similar or lower doses to the 

rectum and bladder. Care should be taken not to reduce the margins too 

much as the residual error for a given IGRT technique as well as the 

available organ motion data has to be taken into account
(84)

. 

NON-UNIFORM MARGIN REDUCTION 

Correcting for deformations is becoming more and more an issue in prostate 

cancer treatment for high risk patients, i.e., when SV are included in the 
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target, and the associated margin design as well. As the forementioned 

methods mainly use uniform margins for prostate and SV, many studies now 

investigate the applicability of non-uniform margins. Meijer et al.
(85)

 used 

deformable registration to warp the delivered dose distributions back to the 

dose in the planning CT scan. On the basis of the geometric extent of the 

underdosed areas, a set of anisotropic margins was derived to ensure a 

minimal dose to the CTV of 95% for 90% of the patients. The margins, when 

aligning the patient to implanted gold-markers, were 3 mm for the prostate 

and 8 mm for the SV. Van der Wielen et al.
(86)

 also determined deformation 

of the prostate and SV relative to intraprostatic fiducial markers by means of 

a deformable registration method. They found considerable SV displacement 

with respect to the prostate gland. Mutanga et al.
(87)

 used this information, 

together with measurement and intra-fraction displacement errors, to derive 

margins for prostate and SV by tracking voxels inside the planned dose 

distribution. They stated that margins could be reduced to 4 mm for the 

prostate gland and to 7 mm for the SV to guarantee adequate dose 

coverage. Liang et al.
(88)

 used a binary image mask for rigid image 

registration to determine daily organ motion. They found that when including 

the SV in the treatment, margins of 4.5 mm to the SV and 3 mm to the 

prostate are recommended for IMRT with prostate-only guidance. The 

smaller margins for the SV found by Liang et al.
(88)

 may be attributed to 

differences in registration technique, or may be due to differences in patient 

protocol, like dietary prescriptions, which is, however, not clear from their 

paper. Another study on non-uniform margin design for prostate and SV was 

presented by Van Kranen et al.
(89)

 Where previously developed margin 

recipes
(58-59)

 were based on rigid objects and which assume that all objects 

move in the same direction, their study focused on margin design for 

deformable and differential moving targets. For example, for uniform 

differential moving objects they showed that the margin for a 90% coverage 

for the systematic component in the Van Herk margin recipe, depends on 

the amount of differential moving objects and on the correlation between 

these objects. Based on this work, we explained in CHAPTER 5 the 

adaptations to the Van Herk margin recipe, for the SV, which could be 

considered as two differential moving objects. More insight in the kind of 

motion and/or deformation of individual moving objects will be necessary to 

develop appropriate margins for all kinds of movements. 
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CONCLUSIONS 

The past decade advances in image-guided radiotherapy (IGRT) for prostate 

cancer are enormous. This thesis describes steps that were taken to 

develop a method for reliable and accurate prostate localization that could 

be used for online or offline IGRT with a cone-beam computed tomography 

(CBCT) device mounted on the accelerator.  

From this thesis one may conclude that we succeeded in developing a non-

invasive procedure for IGRT of the prostate based on three-dimensional 

(3D) grey-value registration of (CB)CT scans of the prostate, i.e., without the 

use of implanted markers. The method provides the possibility to guide on 

prostate, seminal vesicles and organs at risk. It has been clinically 

implemented in an offline adaptive radiotherapy protocol in combination with 

registration on markers, for efficiency reasons. By that, it becomes slightly 

invasive, but one can still use the CBCT data to guide on prostate, seminal 

vesicles, organs at risk and potentially on elective regions.  

When applying the 3D grey-value registration algorithm in combination with 

CBCT scans one has to take into account that a dietary protocol is required 

to guarantee a high reliability. For methods like ultrasound and marker-

based registration methods, one has to keep in mind that related effects of 

probe pressure and deformation, respectively, can have a large influence on 

the accuracy.  

Future developments in IGRT will probably result in even more accurate 

treatment of the prostate, although clinical trials will be necessary to prove 

the benefits of these new methods. 
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SUMMARY 

One of the major sources of concern in radiotherapy of prostate cancer is 

organ motion, i.e., the prostate position will vary from day to day. Image-

guidance of the prostate provides possibilities to correct for organ motion 

and improve the accuracy of treatment. By means of a computed 

tomography (CT) scan, organs and surrounding tissues can be visualized in 

three dimensions (3D). The introduction in the clinic of a cone-beam CT 

(CBCT) device, which can be mounted on the linear accelerator, gave rise to 

the main objective of this thesis. That is, the development of a method for 

reliable and accurate prostate localization for online or offline image-guided 

radiotherapy (IGRT) using a CBCT device. To study the impact of marker-

based and ultrasound-guided prostate localization strategies on prostate 

(and seminal vesicle) displacement were other aims of this thesis. 

CHAPTER 1 is a general introduction regarding the treatment of prostate 

cancer. In particular, treatment of the prostate by external beam radiation is 

reviewed. In addition, the rationale and objectives of this thesis are 

described. 

The development of an automatic rigid 3D grey-value registration (3D-GR) 

algorithm for prostate (including seminal vesicles) localization was described 

in CHAPTER 2. The 3D-GR algorithm was first tested on conventional CT 

scans and had a success rate of 91% compared to contour registrations. 

The accuracy for rotations and translations ranged between 1.3 - 2.4 

degrees (1 SD) and 0.7 - 1.3 mm (1 SD), respectively. The developed 

automatic 3D-GR method was therefore suitable for position verification of 

the prostate. 

In CHAPTER 3, the applicability of the developed 3D-GR algorithm was tested 

on CBCT scans, for which image quality differs from conventional CT scans. 

By improving the image quality of CBCT scans by reducing the field-of-view 

in craniocaudal direction (from 25 to 10 cm), and by applying a fallback grey-

value registration procedure for registration failures (registration was 

repeated with a fixed rotation point locked at the prostate apex), a success 

rate of 83% could be achieved. The main cause for unsuccessful registration 

was moving gas in the rectum during CBCT image acquisition, which 

affected CBCT image quality. As long as the amount of non-stationary gas in 
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the rectum is limited, CBCT scans are suitable for position verification of the 

prostate. 

CHAPTER 4 evaluated the influence of a dietary protocol on CBCT image 

quality, which is an indirect indicator for intrafraction prostate motion, and on 

interfraction prostate motion. Image quality was, as we found in the previous 

chapter, affected by motion (e.g., moving gas) during imaging and it 

influences the performance of automatic prostate localization on CBCT 

scans. A diet group (i.e., patients to which a diet plus mild laxative was 

described during the course of radiotherapy treatment, 2005) was 

retrospectively compared with a non-diet group (2004). The dietary protocol 

significantly reduced the incidence of faeces, gas and moving gas: from 

55%, 61%, and 43% of scans in the non-diet group to 31%, 48%, and 28% 

in the diet group, respectively (all p < 0.001). Since there is a known relation 

between gas and short-term prostate motion, intrafraction prostate motion 

probably also decreased. The success rate of 3D-GR on CBCT scans 

increased from 83% to 94% (p < 0.001). A decrease in random interfraction 

prostate motion also was found, which was however not significant. Using a 

dietary protocol is therefore advisable, also without CBCT-based image 

guidance. 

Residual interfraction displacement of seminal vesicles (SV) and the efficacy 

of rotation correction on SV displacement in marker-based prostate IGRT 

was quantified and investigated in CHAPTER 5. Also, the target registration 

error (TRE) for the SV due to marker registration inaccuracies and the 

impact on margin design was determined. Correlations between prostate 

gland rotations and SV displacement were determined, as well as 

correlations between the individual SV displacements. SV registration 

success rate was 99% and displacement amounts were comparable. 

Considerable residual SV displacement was observed: systematic and 

random residual SV displacements were 1.6 mm and 2.0 mm in left-right 

(LR), and 2.8 mm and 3.1 mm in anteroposterior (AP) direction. Rotation 

correction barely reduced residual SV displacement, suggesting 

displacement relative to the prostate gland that is not captured by the marker 

position. Prostate gland rotation around LR-axis correlated with SV AP 

displacement (R
2
=42%), and a correlation existed between both SV for AP 

displacement (R
2
=62%). There was considerable correlation between 

random error of SV displacement and TRE (R
2
=34%). Marker registration 

error partly explains SV displacement when correcting for rotations, which is 

therefore not advisable. Margin design for SV should take these 

uncertainties into account.  
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Prostate displacement resulting from probe pressure on the abdomen during 

transabdominal ultrasound image acquisition for prostate localization was 

quantified and described in CHAPTER 6. Largest prostate displacement 

occurred in the posterior direction in all volunteers. Absolute prostate 

displacement was less than 5 mm in 100% of the volunteers after 1.0 cm of 

probe displacement, in 80% after 1.5 cm, in 40% after 2.0 cm, in 10% after 

2.5 cm, and 0% after 3.0 cm. To achieve good-quality ultrasound images, 

the probe required an average displacement of 1.2 cm, and this resulted in 

an average prostate displacement of 3.1 mm. No correlations were observed 

between prostate displacement and prostate-probe distance or bladder size. 

The induced uncertainty associated with this process needs to be carefully 

evaluated to determine a safe margin to be employed during online 

ultrasound image-guided radiotherapy of the prostate. 

CHAPTER 7 contains a general discussion of the results, and a comparison to 

other studies in prostate IGRT. In addition, future directions are described 

In CHAPTER 8 conclusions from this thesis are described. One may conclude 

that we succeeded in developing a non-invasive procedure for prostate 

IGRT based on 3D grey-value registration of (CB)CT scans of the prostate, 

i.e., without the use of implanted markers. The method has been clinically 

implemented in an offline adaptive radiotherapy protocol using CBCT scans. 

Later, markers have been added for efficiency reasons because we started 

correcting the patients in an online fashion. When applying the grey-value 

registration algorithm in combination with CBCT scans, one has to take into 

account that a dietary protocol is required to guarantee a high reliability. For 

methods like ultrasound and marker-based registration methods one has to 

keep in mind that related effects of probe pressure and deformation, 

respectively, can have a large influence on the accuracy. 
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SAMENVATTING 

Een belangrijk aandachtspunt in de radiotherapiebehandeling van 

prostaatkanker is orgaanbeweging. Tijdens de behandeling kan de 

prostaatpositie namelijk van dag tot dag variëren door orgaanbeweging. 

Beeldgeleide radiotherapie (‘image-guided radiotherapy’, IGRT) van de 

prostaat biedt mogelijkheden om orgaanbeweging te corrigeren en daarmee 

de behandelingsnauwkeurigheid te verhogen. Op een 'computed 

tomography' (CT) scan kunnen organen en omliggende weefsels in drie 

dimensies (3D) worden bekeken. De introductie in de kliniek van een 'cone-

beam' CT (CBCT) scanner die op het bestralingstoestel gemonteerd is, gaf 

reden tot het voornaamste doel van dit proefschrift: Het ontwikkelen van een 

methode waarmee de prostaatpositie nauwkeurig en betrouwbaar bepaald 

kan worden met behulp van deze CBCT scanner. Met deze methode kan 

zowel dagelijks (online) als eenmalig (offline) voor veranderingen in 

prostaatpositie gecorrigeerd worden. In de rest van het proefschrift wordt de 

invloed van een aantal andere prostaatlokalisatietechnieken op de residuele 

verplaatsing van de prostaat en zaadblaasjes beschreven. 

HOOFSTUK 1 geeft een overzicht van de behandeling van prostaatkanker, en 

beschijft de doelstellingen van het proefschrift. 

HOOFDSTUK 2 beschrijft de ontwikkeling van een automatische methode om 

de prostaat te lokaliseren gebaseerd op een rigide 3D grijswaarden 

registratie (GR) algoritme. Het 3D-GR algoritme werd getest op 

conventionele CT scans en had een succespercentage van 91% ten 

opzichte van een registratiemethode op basis van ingetekende 

prostaatcountouren. De nauwkeurigheid voor rotaties en translaties ligt, 

respectievelijk, tussen 1.3 – 2.4 graden (1 SD) en tussen 0.7 en 1.3 mm (1 

SD). De ontwikkelde automatische 3D-GR methode is daarmee inderdaad 

geschikt voor prostaatlokalisatie. 

In HOOFDSTUK 3 wordt de toepasbaarheid van het ontwikkelde 3D-GR 

algoritme getest op CBCT scans. In deze scans is prostaatlokalisatie 

moeilijker doordat de beeldkwaliteit slechter is dan in conventionele CT 

scans. Nadat de beeldkwaliteit van de CBCT scans was verbeterd door de 

beeldgrootte te verkleinen (dit reduceert verstrooide röntgenstraling) en de 

registratieprocedure was aangepast, werd een succespercentage van 83% 

behaald. De aanpassing houdt in dat mislukte registraties worden 
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gecorrigeerd door de registratie te herhalen met  een gefixeerd rotatiepunt 

onderin de prostaat, waar de prostaatbeweging het kleinst is. De 

voornaamste reden voor het mislukken van een registratie was de 

aanwezigheid van bewegend gas in het rectum tijdens het opnemen van de 

CBCT scan, waardoor artefacten in de scans optreden. Zolang de 

hoeveelheid bewegend gas in het rectum klein is, zijn CBCT scans geschikt 

voor prostaatlokalisatie. 

HOOFDSTUK 4 evalueert de invloed van een dieetprotocol op de CBCT 

beeldkwaliteit en op interfractiebeweging (dag tot dag beweging) van de 

prostaat. De beeldkwaliteit van de CBCT scans wordt gereduceerd door 

beweging (zoals bewegend gas) tijdens het opnemen van de scans, en de 

beeldkwaliteit kan daardoor gezien worden als een indirecte indicator voor 

snelle prostaatbeweging (prostaatbeweging tijdens het scannen wordt 

namelijk meestal veroorzaakt door gas in het rectum). Een dieetgroep (met 

patiënten waaraan een dieet plus een mild laxeermiddel werd 

voorgeschreven gedurende de radiotherapiebehandeling) werd retrospectief 

vergeleken met een niet-dieetgroep. Het dieetprotocol reduceerde significant 

het voorkomen van faecaliën, gas en bewegend gas: van 55%, 61% en 43% 

in de niet-dieetgroep naar 31%, 48% en 28% in de dieetgroep (p< 0.001). 

Het is hoogstwaarschijnlijk dat daarmee intrafractie prostaatbeweging ook 

verminderd zal zijn. Het succespercentage van 3D-GR op CBCT scans nam 

toe van 83% naar 94% (p < 0.001). Tevens werd er een afname in 

willekeurige interfractie prostaatbeweging gevonden, die echter niet 

significant was. Een dieetprotocol is derhalve aan te bevelen tijdens 

bestraling van prostaatpatiënten, zelfs als geen IGRT wordt gebruikt. 

In HOOFDSTUK 5 wordt residuele verplaatsing van zaadblaasjes (‘seminal 

vesicles’, SV) na IGRT van de prostaat met behulp van geïmplanteerde 

markers onderzocht. Het succespercentage voor SV-registratie was 99% en 

verplaatsingen van linker en rechter SV waren vergelijkbaar. Er werden 

behoorlijke residuele SV-verplaatsingen waargenomen: systematische en 

random verplaatsingen waren 1.6 mm en 2.0 mm in link-rechts (LR) en 2.8 

mm en 3.1 mm in voor-achter (‘anteroposterior’, AP) richting. Correctie van 

rotatie van de markers reduceerde de residuele SV-verplaatsing nauwelijks, 

hetgeen vervorming van de SV ten opzichte van de prostaat suggereert. De 

random fout van SV-verplaatsing was verder voor een groot deel te 

verklaren door miniscule foutjes in de de markerposities die sterk worden 

uitvergroot op afstand van de markers indien rotatiecorrectie wordt 

toegepast. Rotatiecorrectie is daarom niet aan te raden. Voor het definiëren 
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van veiligheidsmarges tijdens bestraling van de SV zullen deze 

onzekerheden in acht moeten worden genomen.  

Prostaatverplaatsing tijdens ultrasound (US) beeldgeleide prostaatlokalisatie 

als gevolg van druk op de buik door de US sensor wordt beschreven in 

HOOFDSTUK 6. Deze studie werd uitgevoerd op gezonde vrijwilligers. De 

absolute prostaatverplaatsing was minder dan 0.5 cm in 100% van alle 

vrijwilligers na 1.0 cm buikverplaatsing door de sensor, in 80% na 1.5 cm, in 

40% na 2.0 cm, in 10% na 2.5 cm en 0% na 3.0 cm. Om goede kwaliteit 

ultrasound-beelden te verkrijgen zou de buik 1.2 cm verplaatst moeten 

worden, hetgeen resulteerde in een gemiddelde prostaatverplaatsing van 

0.31 cm. De onzekerheid van deze methode moet zorgvuldig geëvalueerd 

worden om een veilige marge te bepalen voor online US prostaat IGRT. 

HOOFDSTUK 7  bevat een algemene discussie van de resultaten van 

voorgaande studies en worden mijn bevindingen met andere studies in 

prostaat IGRT vergeleken. 

HOOFDSTUK 8 beschrijft de conclusies van dit proefschrift. Uit dit proefschrift 

mag men concluderen dat we erin geslaagd zijn een niet-invasieve methode 

te ontwikkelen voor IGRT, gebaseerd op 3D grijswaarden registratie van 

(CB)CT scans van de prostaat, zonder gebruik van geïmplanteerde markers. 

De methode is in eerste instantie klinisch geïmplementeerd in een protocol 

waarbij, gebruik makend van CBCT scans, eenmalig voor verandering in 

prostaatpositie gecorrigeerd wordt. Later zijn markers toegevoegd om de 

efficiëntie te verhogen omdat dagelijkse correctie werd geïntroduceerd. 

Wanneer het grijswaarden registratie algoritme gebruikt wordt in combinatie 

met CBCT scans is een dieetprotocol noodzakelijk om een hoge 

betrouwbaarheid te garanderen. In alle prostaat IGRT methoden dient 

rekening gehouden te worden met overblijvende onnauwkeurigheden. 
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Van 1991 tot 1995 studeerde zij Analytische Chemie aan de Hogeschool 

Utrecht. Aansluitend studeerde zij, van 1995 tot 1997, Scheikunde, met als 

specialisatie Fysische Chemie, aan de Universiteit Utrecht, waar zij haar 

doctoraal behaalde. In 1998 ging zij werken als onderzoeksmedewerker /  

programmeur bij Het Nederlands Kanker Instituut – Antoni van 

Leeuwenhoek Ziekenhuis, afdeling Radiotherapie, te Amsterdam. In 2003 

begon zij, bij hetzelfde instituut, aan haar promotieonderzoek ‘Image-guided 

radiotherapy of prostate cancer’, waarvan dit proefschrift het resultaat is. 

Daarnaast volgde zij, van 2004 tot 2007, een opleiding in Professionele 

Communicatie (Transactionele Analyse, Neurolinguïstisch Programmeren en 

Systemisch Werken) en in 2009 de vervolgopleiding Systemisch Werken, 

beiden bij Phoenix Opleidingen te Utrecht. 

Monique is getrouwd met Daniël Reuling en samen hebben zij drie kinderen, 

Cas (8), Simon (4) en Bente (2). 

 

 



172 - Miscellaneous 

 

DANKWOORD 

Wow, het is zover! Mijn proefschrift is af! Heerlijk om nu eindelijk dit dankwoord te mogen 

schrijven! 

HARRY BARTELINK  Als gewezen hoofd van de afdeling Radiotherapie wil ik je bedanken voor 

de mogelijkheid mijn promotieonderzoek bij Het Nederlands Kanker Instituut – Antoni van 

Leeuwenhoek Ziekenhuis uit te voeren. Het heeft mij veel gebracht. Mijn oprechte dank.  

MARCEL VAN HERK  Als promotor ben je voor mij altijd een bron van inspiratie geweest. De 

passie die jij voor de toegepaste medische wetenschap uitstraalt is onbeschrijflijk. Dat heeft mij 

altijd gemotiveerd mijn onderzoek te doen. Ik vond het dan ook erg fijn om voor en met je te 

werken en ik heb ontzettend veel van je geleerd. Ik ken je inmiddels al zo lang en je vrolijkheid 

en ‘hoihoi’ ga ik zeker missen! Dankjewel voor alles! 

JOOS LEBESQUE  Als co-promotor wil ik je graag bedanken voor je waardevolle aanvullingen op 

mijn manuscripten en voor het motiveren om door te gaan met schrijven, ook al duurde het 

schrijven van artikelen soms lang.  

DAVID JAFFRAY  You were the one that made my PhD study financially possible by acquiring 

the NCI grant. As one of the projectleaders I would like to thank you for all the effort you put into 

correcting my manuscripts and for arranging the approval for collaboration which was needed to 

publish the Toronto data. In particular I would like to thank you for given me the opportunity to 

visit the Princess Margaret Hospital, Toronto, Canada, where I met your inspiring group. In 

particular, I would like to thank DOUGLAS MOSELEY  and JEFFREY SIEWERDSEN  for working 

together and the great fun during the late-night experiments on the cone-beam CT scanner. For 

me, visiting your group was unforgettable! ThanX for that! 

KENNETH GILHUIJS  en JAN-JAKOB SONKE  Als projectleiders wil ik jullie graag bedanken voor 

jullie waardevolle commentaar op een groot deel van mijn manuscripten en voor jullie oprechte 

belangstelling in het verloop van mijn promotieonderzoek. Ik kon altijd bij jullie binnenlopen om 

te overleggen of voor zo maar een praatje. Niets was teveel en fijn dat dat kon. Dank jullie wel. 

FLORIS POS  Jij kwam als radiotherapeut het prostaat image-guidance project versterken. 

Samen hebben we gezwoegd aan het dieetartikel. Je was altijd zeer betrokken en je liep altijd 

wel eens binnen om te vragen hoe het ging met de voortgang. Dankjewel hiervoor. 

JOSIEN DE BOIS  Als research laborante heb je aan al mijn onderzoeken meegewerkt en 

daarvoor heb je heel veel werk verzet. Dank voor al je hulp. 

XAVIER ARTIGNAN  My French is not so well, I hope your English still is! Thank you for working 

together and your contribution to my thesis. You were a real friend at the time you visited our 

institute. Merci tellement! 

ANS VAN STIJGEREN  Jij was de diëtiste die ervoor zorgde dat de patiënten gemotiveerd bleven 

om het dieetprotocol te volgen. Ik wil je hier graag voor bedanken en voor de gezellige lunches 

die we af en toe samen hadden. 
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PATRICIA FEWER  Dankjewel voor alle ondersteuning, hulp en gezelligheid al die tijd. En echt 

geweldig dat je tot op het allerlaatste moment nog steeds een plekje voor me reserveerde op de 

afdeling!! 

JOCHEM WOLTHAUS  en SIMON VAN KRANEN  Ik vond het erg leuk om tegelijkertijd met jullie 

mijn promotietijd te doorlopen. En of we nou wel of niet bij elkaar op de kamer zaten, ik kon 

altijd bij jullie aankloppen voor hulp, of voor zo maar een praatje. Dank jullie wel voor alle 

gezelligheid en steun. En echt superfijn dat jullie mij als paranimfen willen bijstaan tijdens de 

verdediging van mijn proefschrift! Jochem, jij gaf het goede voorbeeld, en Simon, jij nog heel 

veel succes met je eigen promotie! 

LENNERT PLOEGER  Ik kwam op jouw promotieonderzoeksproject werken. Niets was je teveel 

om mij te introduceren in de wereld van programmeren. Als dat er niet geweest was, was dit 

proefschrift er waarschijnlijk nooit van gekomen. Dus daarom, een speciaal dankjewel! 

MARNIX W ITTE  en ROMAN BOHOSLAVSKI  Mijn laatste ‘officiële’ kamergenoten. Jullie kan ik 

natuurlijk niet vergeten! Dank voor de steun en gezelligheid gedurende de laatste maanden van 

mijn promotietijd. Misschien wel wat veel gemopper door mij tijdens de laatste loodjes en op de 

files, maar verder hoop ik dat het wel meeviel met mij die laatste maanden op één kamer! ;)  

Daarnaast wil ik graag mijn collega’s van de research bedanken voor alle gezelligheid en steun. 

Uit de goeie ouwe tijd van ‘het Computerlab’: NIELS DEKKER, MICHEL FRENAY, ANJA 

BETGEN, ADRIAAN TOUW , PETER VAN DE VEN, NICO JESSURUN, ROEL STEENBAKKERS, 

PETER REMEIJER, CHRISTOPH SCHNEIDER, LAMBERT ZIJP, JOOP DUPPEN, MADDALENA 

ROSSI, GERBEN BORST, ROB LOUWE, LUC BOS, MISCHA HOOGEMAN, K IRSTEN DEURLOO, 

MARTIJN ENGELSMAN, YVETTE SEPPENWOOLDE, W ILLIAM KLEIN-ZEGGELINK, TONNIS 

NUVER, LEAH MCDERMOTT, MARKUS WENDLING en BEN MIJNHEER. En uit later goeie tijden: 

JOHAN DE BOER (die fantastische slingers zal ik nooit vergeten!), SUZANNE VAN BEEK, 

ANGELO MENCARELLI, ERIK-JAN RIJKHORST, VANESSA MEXNER, JASPER NIJKAMP, 

RIANNE DE JONG, SIMON RIT, HAN KREWINKEL, CAROLIEN MAAS, RAIJKO TOPOLNJAK, 

ANTON MANS, MARTIJN EENINK, MARTIJN BARSINGERHORN, TANJA ALDERLIESTEN, JOERI 

HONNEF en alle COLLEGA’S die ik niet bij naam heb genoemd. 

Tevens wil ik graag de promotiecommissie, professor BARTELINK, professor DEN HEETEN, 

professor LAGENDIJK, professor NIESSEN en professor VERHEIJ, bedanken voor het lezen en 

beoordelen van mijn proefschrift en voor hun aanwezigheid tijdens mijn promotie.  

Naast mijn collega’s wil ik ook graag nog een aantal mensen bedanken die voor mij belangijk 

zijn geweest ten tijde van mijn promotieonderzoek. 

Graag wil ik W IBE en JANNIE VEENBAAS, MORTEN HJORT, en JOKE GOUDSWAARD  van 

Phoenix Opleidingen bedanken voor de verkregen inzichten, hun begeleiding en feedback. Het 

was een waardevolle aanvulling tijdens mijn promotietijd! 

Mijn vriendinnen! Lieve CHANTAL, sinds de middelbare school spreken we nog steeds geregeld 

af voor een gezellig etentje om even bij te praten over werk, moederschap en andere dingen. 

En dat is nog altijd erg gezellig! Dankjewel voor alle gezelligheid en steun al die jaren! Lieve 

TESSA, een onvergetelijke kennismaking (!) midden in een nacht in mijn studententijd was het 

begin van onze vriendschap. Af en toe ‘een bakkie doen’ is heerlijk samen met jou. Ook jij, 

bedankt voor alle steun al die jaren. Dikke zoen! Lieve RENSKE  en lieve W IEKEL, mijn 

basketballvriendinnen! (Red.: Wat? Jij, Monique: basketballen? – Ja, inderdaad!) We hebben 
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ontzettend veel lol gehad samen. Ook na mijn basketballtijd bleven we elkaar zien, en dat heb 

ik altijd erg fijn gevonden. Dank jullie wel voor alle steun en gezelligheid al die jaren! Lieve 

YVONNE, jou leerde ik kennen tijdens de zwangerschapsgym en dat was een gezellige tijd. En 

ook nu nog zien we elkaar geregeld en praten dan bij over de kids en over werk, en dat is nog 

steeds erg leuk! Dear LISA, thanks for being that special Friend! Lieve SUZANNE, wij kwamen 

elkaar tegen tijdens de 3-jarige opleiding bij Phoenix. Je bent een heerlijk mens en waar we het 

ook over hebben, het is altijd gezellig. Fijn dat we elkaar nog steeds zien! En dan nog vriend 

PETER, jou ontmoette ik in ons gezellige studentenhuis in Zeist. Dankjewel voor al je interesse 

in mijn promotieonderzoek en voor alle gezelligheid! En, dankzij jou is het eerste ijsje van het 

jaar altijd weer een klein feestje! Daarnaast wil ik ook graag alle andere VRIENDEN, 

KENNISSEN EN STUDIEGENOOTJES  bedanken voor hun interesse, steun en gezelligheid!  

En mijn familie! Jullie waren mijn baken van waaruit ik vertrok. En ook het baken waarnaar ik 

terug kan keren, ook al zijn jullie er niet meer allemaal. Ik heb jullie lief en het is fijn om familie 

te hebben. Lieve PA EN MA, dank julie wel voor alles wat jullie mij gegeven hebben. De warmte 

waarmee jullie mij hebben grootgebracht is nog steeds voelbaar. Fijn dat ook jullie kleinkinderen 

daar nog van kunnen genieten! Lieve DIANA, lieve zus. Dankjewel voor al je interesse en steun. 

En ik vind het heerlijk om te zien hoe ook jij van onze kinderen geniet! Lieve FAMILIE EN 

SCHOONFAMILIE, dank jullie wel voor alle warmte die ik heb mogen ontvangen en jullie 

oprechte interesse in mij.  

En als laatste natuurlijk mijn Lief en onze kinderen! Lieve DAAN, eindelijk is het dan zover, mijn 

proefschrift is af! Je hebt mij al die jaren gesteund en in mij geloofd. Je hebt ontzettend veel 

opgevangen in ons gezin tijdens mijn promotietijd, toen ik heen-en-weer pendelde tussen 

Utrecht en Amsterdam, waar ik je heel erg dankbaar voor ben! Ik kijk uit naar de tijd na de 

promotie en we ons kunnen richten op een nieuwe toekomst, samen met onze drie prachtige 

kinderen, onze pareltjes. Lieve CAS, lieve SIMON  en lieve BENTE, wat heerlijk dat jullie er zijn! 

Ik geniet elke dag van jullie! Veel liefs en ♥♥♥. 
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LIST OF PUBLICATIONS 

Residual seminal vesicle displacement in marker-based image-guided 

radiotherapy for prostate cancer and the impact on margin design 
Smitsmans MHP, de Bois J, Sonke JJ, Catton CN, Jaffray DA, Lebesque JV, van Herk M  

Int J Radiat Oncol Biol Phys 2010 – In Press 

The influence of a dietary protocol on cone-beam CT-guided radiotherapy for 

prostate cancer patients  
Smitsmans MHP, Pos FJ, de Bois J, Heemsbergen WD, Sonke JJ, Lebesque JV, van Herk M  

Int J Radiat Oncol Biol Phys 2008;71:1279-1286 

Automatic prostate localization on cone-beam CT scans for high precision 

image-guided radiotherapy 
Smitsmans MHP, de Bois J, Sonke JJ, Betgen A, Zijp LJ, Jaffray DA, Lebesque JV, van Herk M 

Int J Radiat Oncol Biol Phys 2005;63:975-984 

Automatic localization of the prostate for on-line or off-line image-guided 

radiotherapy 
Smitsmans MHP, Wolthaus JWH, Artignan X, de Bois J, Jaffray DA, Lebesque JV, van Herk M  

Int J Radiat Oncol Biol Phys 2004;60:623-635 

Online ultrasound image guidance for radiotherapy of prostate cancer: 

impact of image acquisition on prostate displacement 
Artignan X, Smitsmans MHP, Lebesque JV, Jaffray DA, van Herk M, Bartelink H  

Int J Radiat Oncol Biol Phys 2004;59:595-601 

Leaf trajectory verification during dynamic intensity modulated radiotherapy 

using an amorphous silicon flat panel imager 
Sonke JJ, Ploeger LS, Brand B, Smitsmans MHP, van Herk M  

Med Phys 2004;31:389-395 

A method for geometrical verification of dynamic intensity modulated 

radiotherapy using a scanning electronic portal imaging device 
Ploeger LS, Smitsmans MHP, Gilhuijs KGA, van Herk M 

Med Phys 2002;29:1071-1079 

Accurate measurement of the dynamic response of a scanning electronic 

portal imaging device 
Ploeger LS, Smitsmans MHP, Gilhuijs KGA, van Herk M  

Med Phys 2001;28:310-316 
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LIST OF ABBREVIATIONS 

2D, 3D  two-dimensional, three-dimensional 

ACR  automatic contour registration 

AGR  automatic grey-value registration 

AP  anteroposterior 

ART  adaptive radiotherapy 

BEV  beam’s-eye-view 

CBCT  cone-beam computed tomography 

CC  craniocaudal 

CR  correlation ratio 

CRT  conformal radiotherapy 

CT  computed tomography 

CTV  clinical target volume 

df  degrees of freedom 

EPID  electronic portal imaging device 

FOV  field of view 

FRE  fiducial registration error 

GR  grey-value registration 

GTV  gross tumor volume 

Gy  gray (dosimetric unit) 

HU  Hounsfield units 

IGRT  image-guided radiotherapy 

IMRT  intensity modulated radiotherapy 

kV  kilovolt 

LR  left-right 

  group mean 

M  planning target volume margin 

MLC  multileaf collimator 

MRI  magnetic resonance imaging 

MUI  mutual information 

MV  megavolt 

NCC  normalized cross correlation 

NMUI  normalized mutual information 

PI  projection image 

PSA  prostate-specific antigen 

PTV  planning target volume 

R  rotation 

R
2
  squared correlation coefficient 

RMS  root mean square difference 

ROI  region of interest 

,   systematic error, random error 

SD  standard deviation 

SV  seminal vesicles 

T  translation 

TRE  target registration error 

US  ultrasound 
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