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Chapterr 1 

Introduction n 

1.1.1.1. General introduction 

Radiotherapy y 

Radiotherapyy is an important method for treatment of cancer patients, next to 
surgeryy and chemotherapy. In radiotherapy, high-energy photon beams are 
usedd to damage and kill cancer cells and stop them from dividing. Like 
surgery,, radiotherapy is a local treatment; cancer cells and normal cells are 
onlyy affected in the treated area. An advantage of radiotherapy is that it can 
bee applied without surgery for some types of tumor and hence puts a smaller 
strainn on the patient. External beam radiotherapy is usually given over several 
weekss in daily fractions. The treatment takes only a few minutes per fraction, 
andd hospitalization of the patient is not required. Because the beams pass 
throughh surrounding tissue and safety margins around the target volume are 
used,, some irradiation of healthy tissues around the tumor is unavoidable. As 
aa consequence some normal tissue damage is caused which is related to the 
dosee given and the irradiated volume of the tissue. The most common short-
termm side effects are fatigue, loss of appetite, nausea, redness of the skin, hair 
loss,, and inflammation of tissue, e.g., inflammation of mucous membranes. A 
lesss common side effect is a decrease in the number of white blood cells, 
especiallyy in patients who also receive chemotherapy. Late side effects of 
radiotherapyy develop gradually over several months or years after the end of 
treatment.. In those few individuals with serious late effects (generally less 
thann 5% of patients who received high-dose radiation) problems are often 
severee and treatment of the late effects is extremely difficult. Late side effects 
includee scarring, damage to the nerves and damage to heart and lung tissue. 
Inn rare cases, a secondary malignancy may be induced. To minimize 
complications,, it is important to avoid irradiating healthy tissue by reducing 
marginss around the target volume. For this purpose, accurate reproducibility 
off both the machine setup and the setup of the patient is required. A reduction 
off margins around the tumor permits one to deliver a higher dose to the target 
volumee and to increase the probability of local tumor control without 
increasingg normal tissue complication. As procedures in radiotherapy become 
moree complex, careful verification of the performance of the treatment 
machinee becomes even more necessary. For instance, when the beam shape 
iss adjusted dynamically, on-line verification is advised [32]. 

1.2.1.2. Typical treatment procedure in radiotherapy 

Duringg a typical treatment procedure the following steps are taken. At an early 
stage,, ink marks are drawn on the skin to align the patient to room-mounted 
lasers,, see Figure 1.1. The location of the marks is usually based on practical 
experience,, but it is also possible to draw the marks guided by radiographic 
methods. . 
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(a)) (b) (c) 

Figuree 1.1 Patient with prostate cancer in a typical setup (a). In (b), a reference image, 
createdd after planning, shows the position of the anatomy with respect to the beam. In (c), a 
portall image shows the actual setup during treatment. The flat plate behind the patient in (a) 
iss the electronic portal imaging device used to obtain the image in (c). 

Next,, a planning CT scan is made, that shows the target volume and 
surroundingg anatomy. The skin marks are made visible in the CT scan by 
placingg small metal marks on top of the ink marks. Next, the target volume is 
delineatedd in the planning CT scan and the treatment is planned. The beams 
aree planned relative to the patient marks visible on the CT scan and reference 
imagess are created for verification using the beam geometry (Fig. 1b). After 
planningg and dose calculation the treatment starts. The treatment consists of 
multiplee fractions delivered daily such that healthy irradiated tissues can 
recover.. A disadvantage of fractionation, however, is that daily setup 
deviationss (setup errors) may occur. 

Too minimize the setup errors, geometrical verification of patient setup is 
performed.. The most common technique for geometrical verification of the 
patientt setup relative to the beam is portal imaging (Fig. 1c). A transmission 
imagee (i.e., a portal image) obtained at the beam-exit side of the patient is 
usedd to image the shape of the beam and the anatomy of the patient, in 
particularr bone, during treatment. By comparing the position of the projected 
bonee structures relative to the beam with an appropriate reference, the 
agreementt between the planned setup and the actual setup is verified. Our 
hospitall is an important contributor to the development of portal imaging 
techniquess for verification of the patient setup (e.g., [3,6,12,29]). 

1.2.1.. Advances in radiotherapy 

Withoutt having access to modern radiotherapy equipment, often rectangular 
fieldss were applied. Although rectangular fields are still in use for less critical 
treatments,, a novel technique was developed for treatments where a higher 
levell of precision was desired. The main objective is to avoid overdosage of 
neighboringg tissues. The important refinement to the technique utilizing 
rectangularr fields was the introduction of custom-made blocks, which (largely) 
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preventt the deposition of dose outside the target area. This technique is often 
referredd to as conformal radiotherapy (CRT). This way, a better localization of 
thee high-dose volume is achieved and as a result it is possible to increase the 
dosee to the target volume. A disadvantage of this technique is that it is highly 
labor-intensivee because blocks have to be cast for each patient and for each 
beam.. Subsequently, the blocks need to be inserted in the beam during each 
fraction.. By using the multi-leaf collimator instead of blocks these problems 
aree solved. However, it is not possible to conform the shape of the high dose 
regionn to the tumor in all cases for concave target volumes. A solution to this 
problemm is intensity modulated radiotherapy (IMRT), where the intensity of 
dosee across the field is modulated. Delivery of IMRT was already possible for 
severall decades using compensator blocks made of metal. Casting and 
applicationn of these blocks involves again a high workload, and therefore an 
alternativee technique was developed, based on the multi-leaf collimator. This 
techniquee is described in detail in the next session. 

1.3.1.3. Intensity modulated radiotherapy 

Modernn radiotherapy accelerators are equipped with computer controlled 
multi-leaff collimators for quickly delivering a radiation beam using a field that 
iss conformed to the shape of the tumor. The multileaf collimator defines an 
irregularlyy shaped field by positioning leaves (typically 40 to 120) in front of 
thee radiation beam. The leaves travel on moveable carriages and move 
independentlyy into the beam in order to block off radiation. Field shapes are 
definedd either statically (after interrupting the beam) or dynamically (without 
interruptingg the beam) [33]. In the latter case, often referred to as dynamic 
intensityy modulated radiotherapy (dynamic IMRT), the intensity of the photon 
beamm is dynamically modulated to produce a more homogenous irradiation of 
thee tumor and better sparing of healthy tissues. Potentially, delivery of 
dynamicc IMRT takes less time than delivery of static IMRT. The accuracy of 
thee delivered treatment depends even more critically on correct positioning of 
thee patient, on the correct shape and orientation of the moving beams and on 
thee absence of motion of the patient during dose delivery. Verification of 
dynamicc IMRT is an important issue, because the safety of radiotherapy may 
bee compromised by the concept of moving beams [32]. 

1.4.1.4. Verification strategies 

Verificationn of both the moving beam and the setup of the patient during 
dynamicc IMRT can be divided into on-line and off-line verification. 
Furthermore,, both geometrical and dosimetric verification can be performed. 
Inn the next paragraphs, the various strategies are explained in more detail. 

Verificationn of patient setup 

Inn the following paragraphs, various approaches to establish the patient setup 
aree described. 
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Externall features 

Ann option is to use external features of the patient for the actual setup 
proceduree or for verification of the setup. Examples of currently applied 
techniquess are 3D body contouring, video imaging of the skin or alignment of 
severall marks attached to the skin. The most principal difference with setup 
verificationn utilizing portal imaging is that body contours are registered instead 
off bone. This is a disadvantage when the target volume is moving with bone, 
butt when the target volume moves with the skin (e.g., in the breast) this is an 
advantage.. In the latter case it is likely that external features give a more 
accuratee representation of the position of the target volume. Determining the 
locationn of external features of the patient is potentially fast and relatively easy 
too implement. External features might allow for computer-aided setup, before 
irradiatingg the patient, because it is not required that the technicians leave the 
roomm using this imaging modality. Another application of external features 
couldd be monitoring of movement of the patient. 

Simplifiedd implementations of contour-based setup verification employ skin 
markss (e.g., reflective) attached to the skin of the patient [24,26], or fiducial 
markss fixed to customized ear moulds or bite blocks [30]. Conceptually, a 
partiall representation of the skin or the skull of the patient is obtained using 
thesee techniques, instead of the entire contour or several bone structures. 
Advantagess are the speed and ease of analysis. However, inaccurate 
repositioningg of the fiducial marks on the patient may limit the overall 
accuracy. . 

Thee use of body contour information for patient setup in radiotherapy was 
alreadyy proposed in 1991 [4]. The described techniques were based on 
projectingg a fringe pattern on the patient's surface [19] or on the use of 
multiplee camera views [13,14]. However, the body contour scanning devices 
thatt are currently commercially available for radiotherapy application are slow. 

Severall authors proposed the use of video imaging to reproduce the patient 
setupp more accurately [8,21]. The most important features in video images are 
thee outline of the patient and details on the surface of the skin. Video imaging 
cann provide a high precision, low-cost measure of the patient position and is 
generallyy very fast [16]. 

Portall imaging 

Typically,, the patient setup is verified after treatment (i.e., off-line) by 
comparingg portal images with reference images. The most discernable 
featuress in portal images are the boundaries of the radiation field and 
projectionss of bony structures. Portal image analysis involves the following 
twoo steps. Firstly, the radiation field edge of the portal image is registered with 
thee radiation field edge of the reference image. Secondly, the projected bone 
structuress detected in the portal image are registered with the projected bone 
structuress in the corresponding reference image. The setup error is obtained 
ass the difference between the results of the above-mentioned registration 
procedures.. When the position of the imager with respect to the beam is 
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accuratelyy known for all gantry angles, registration of the field edge may be 
skipped. . 

AA limitation of portal imaging is that the view is restricted to the boundaries of 
thee radiation field (see for example Fig. 1c). This limitation becomes especially 
importantt for dynamic IMRT, where the small field sizes usually expose only a 
limitedd amount of the anatomy. A solution for this problem is to acquire 
localizationn images, i.e., images of a larger field, at the cost of a small amount 
off dose outside the target volume [15]. 

Methodss to improve patient positioning at each treatment session (i.e., on-
line)) were proposed by several authors [1,2,17,27]. Although many authors 
reportedd that on-line corrections based on portal imaging are beneficial in 
termss of accuracy of patient setup [10,28], the time needed for each fraction 
increasess accordingly [9]. In many cases, this makes introduction of on-line 
techniquess based on portal images unacceptable. 

AA possible approach to deal with the problems associated with on-line setup 
verificationn is to improve the automated method for establishing setup errors. 
Therefore,, improvement of the performance of techniques for anatomy 
matchingg is an option to increase the accuracy of patient setup. 

Generally,, dosimetric verification assesses the correctness of every step 
takenn prior to treatment. A dosimetric verification procedure verifies 
calculationn of the leaf trajectory, correct transfer of the leaf-sequencing file to 
thee treatment machine, and the mechanical and dosimetrical performance of 
thee treatment unit [23]. Verification of the overall treatment is often performed 
beforee the patient is treated or the analysis is performed afterwards, i.e., these 
aree off-line techniques. Either films placed in phantoms [31] or plain film [7] 
aree used for this purpose. In vivo measurements at selected points are 
possiblee using dosimeters [7,22]. 

Thee focus of this thesis is geometrical verification of dynamic IMRT. 
Geometricall verification can be subdivided in field shape verification and 
patientt setup verification. Verification of patient setup is not restricted to 
dynamicc IMRT, although this type of treatment in particular puts very high 
demandss on the accuracy of the patient setup. 

Variouss methods were described for the analysis of statically shaped fields, 
e.g.,, [5,11,20,25]. To allow verification of a series of dynamically shaped 
fields,, it is required that these techniques are extended. Because it is not 
practicall to analyze dynamically shaped fields using portal film, the use of an 
electronicc portal imaging device is required. 

Verificationn of the moving beam can be either independent of the control 
systemm of the accelerator or may utilize one or more subcomponents of the 
controll system. Examples of systems that depend on the control system are 
logg file analysis [18] or methods utilizing the camera mounted in the head of 
thee accelerator. A system that does not depend on the accelerator (or its 
subcomponents)) will intercept most geometrical errors during delivery, 
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whereass some errors (e.g., an incorrect reading by the control system) may 
remainn unnoticed in a dependent system. 

1.5.1.5. Purpose of this study 

Thee first aim of this study is to test the feasibility of improving the accuracy of 
thee setup by using the external contours of the patient. Firstly, the feasibility of 
patientt setup verification using a body contour scanner will be tested. 
Secondly,, the potential improvement of the patient setup using a room-
mountedd video camera compared to the conventional patient setup using a 
skinn mark will be investigated. 

Thee second aim of this study is to develop and test means to verify leaf 
trajectoriess during dynamic IMRT using commonly applied electronic portal 
imagingg devices, independent of the multileaf collimator. 

Thee third aim is to develop and test methods for automated verification of the 
setupp of patients in various treatment sites, using portal images. Existing 
techniquess were mostly restricted to the pelvic region. 

1.6.1.6. Outline of this thesis 

Thiss thesis focuses on a complete procedure for verification of dynamic IMRT. 
Thiss procedure consists of three parts. Firstly, the position of the patient prior 
too treatment delivery is verified using external features of the patient. 
Secondly,, the shape of the beam is continuously verified using portal imaging. 
Thirdly,, the patient setup during treatment delivery is verified using portal 
imaging. . 
Inn the first part, the feasibility of geometrical verification of patient setup using 
bodyy contours is assessed (chapter 2) and an investigation is performed to 
estimatee the possible improvement of patient setup when video imaging is 
appliedd (chapter 3). In the second part, the behavior of a commonly used 
scanningg portal imaging device during dynamic IMRT is investigated and the 
dynamicc properties (i.e., motion blurring) of this imager are established 
(chapterr 4). A method is developed based on a scanning imager, taking into 
accountt the effect of motion distortion (chapter 5). The effects of motion 
blurringg and motion distortion are also analyzed for a more modern 
amorphouss silicon detector (chapter 6). In the third part, a method based on 
greyy value matching of portal images is developed to estimate the patient 
setupp for a wide range of treatment sites (chapter 7). In the last chapter, the 
resultss are discussed, and conclusions and directions for future work are 
presentedd (Chapter 8). 
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