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Chapte rr  1 

Introductio n n 

1.1.1.1. General introduction 

Radiotherap y 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 Figur e 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) 

Figur ee 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.. Advance s in radiotherap y 

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. 

Verificatio nn of patien t setu p 

Inn the following paragraphs, various approaches to establish the patient setup 
aree described. 
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Externa ll  feature s 

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]. 

Porta ll  imagin g 

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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Chapte rr  2 

Feasibilit yy  of geometrica l verificatio n of patien t setu p 
usin gg bod y contour s and compute d tomograph y data 

Lennertt S. Ploeger, Anja Betgen, Kenneth G.A. Gilhuijs and Marcel van Herk 

In:In: Radiotherapy & Oncology 66, 225-233 (2003) 

Abstrac t t 

Backgroundd and Purpose: Body contours can potentially be used for patient 
setupp verification in external-beam radiotherapy and might enable more 
accuratee setup of patients prior to irradiation. The aim of this study is to test 
thee feasibility of patient setup verification using a body contour scanner. 
Materiall and Methods: Body contour scans of 33 lung cancer and 21 head-
and-neckk cancer patients were acquired on a simulator. We assume that this 
datasett is representative for the patient setup on an accelerator. Shortly 
beforee acquisition of the body contour scan, a pair of orthogonal simulator 
imagess was taken as a reference. Both the body contour scan and the 
simulatorr images were matched in 3D to the planning CT scan. Movement of 
skinn with respect to bone was quantified based on an analysis of variance 
method. . 
Results:: Setup errors determined with body-contours agreed reasonably well 
withh those determined with simulator images. For the lung cancer patients, the 
averagee setup errors (mm) + 1 standard deviation (SD) for the left-right, 
cranio-caudall and anterior-posterior directions were 1.2  2.9, -0.8 + 5.0 and -
2.33  3.1 using body contours, compared to -0.8  3.2, -1.0  4.1 and -1.2
2.44 using simulator images. For the head-and-neck cancer patients, the setup 
errorss were 0.5  1.8, 0.5  2.7 and -2.2  1.8 using body contours compared 
to-0.44  1.2, 0.1 +2.1,-0.1  1.8 using simulator images. The SD of the 
setupp errors obtained from analysis of the body contours were not significantly 
differentt from those obtained from analysis of the simulator images (F-test, 
p<0.05).. Movement of the skin with respect to bone (1 SD) was estimated at 
2.33 mm for the lung cancer patients and 1.7 mm for the head-and-neck cancer 
patients. . 
Conclusions:: Measurement of patient setup using a body-contouring device is 
possible.. The accuracy, however, is limited by the movement of the skin with 
respectt to the bone. In situations where the error in the patient setup is 
relativelyy large, it is possible to reduce these errors using a computer-aided 
setupp technique based on contour information. 
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2.1.2.1. Introduction 

Inn radiotherapy, accurate setup of patients is important because deviations in 
deliveredd beam geometry may lead to decreased tumor control. In addition, 
irradiationn of adjacent normal tissue can cause complications. The severity of 
complicationss depends on the volume of irradiated tissue, the treatment dose 
andd the anatomy that is affected. It is therefore important to accurately 
reproducee both the machine setup and the setup of the patient. As delivery 
proceduress become more complex and treatment machines more advanced, 
carefull treatment verification becomes even more necessary. 

Typically,, the patient setup in external beam radiotherapy is based on ink 
markss on the surface of the skin. This setup is usually verified by comparing 
portall images acquired during treatment delivery with reference images 
acquiredacquired during treatment planning. The reference images show the planned 
positionn of bony structures in relation to the radiation field, which is compared 
withh their actual position during treatment [9]. When used with a formal 
verificationn protocol, portal imaging is very efficient to eliminate large 
systematicc errors [2]. In some cases, setup verification based on portal 
imagingg of the treatment fields is difficult. Intensity modulated radiotherapy 
(IMRT)) [20], for instance, often renders only a limited amount of bone 
structuress visible in the portal images. Methods were described to deal with 
multiplee small fields for verifying the patient setup. These employ large 
localizationn fields [12] or combine several small fields into a single image [5]. 

Mostt verification imaging is performed using megavoltage x-ray beams, 
limitingg the verification to bone, but systems are also being developed that 
havee a kilovoltage x-ray source integrated in the linear accelerator. These 
systemss allow acquisition of diagnostic quality images and cone-beam 
tomographicc imaging [13]. The latter technique greatly improves soft tissue 
resolution.. Another technique employs marks that are implanted in the tumor 
andd visualized using kilovoltage or megavoltage imaging [15]. Both techniques 
directlyy estimate the tumor position, rather than bone or skin surrogates. 
Nonetheless,, the techniques require either a complex treatment machine or 
ann invasive procedure that is not practical for all treatment sites. 

Besidess these radiographic methods, body contours can potentially be used 
forr patient setup verification in external-beam radiotherapy and might enable 
moree accurate setup of patients prior to irradiation (i.e., computer-aided 
setup).. Skin-based setup verification, if proven useful, is non-invasive, 
potentiallyy fast and relatively easy to implement, and requires no radiation [3]. 
Besidee for setup verification and patient positioning, a contour-scanning 
devicee can be used to monitor patient movement during treatment. 

Patientt positioning using surface data was studied by MacKay era/. [14], 
Hadleyy et al. [10,11] and Soete et at. [17]. In the study of MacKay et a/., 
surfacess of twenty patients with prostate cancer were derived from the CT 
scann to estimate the possible advantage of using a "real" body contour 
scanner.. They showed that corrections based on surface data can be as 
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effectivee as those derived from bone, especially in the lateral direction. Hadley 
etet al. used video cameras that were calibrated to the beam coordinate system 
off a radiation therapy machine, using the surface patch correlation (SPC) 
technique.. Patient positioning errors were quantified by aligning a surface 
modell of the patient to the video images. It was found that the SPC technique 
hadd difficulty matching the surface along the patients' cranial-caudal direction 
inn the pelvic region, while showing better results in the lateral and anterior-
posteriorr directions. Soete etal. demonstrated, for 17 prostate cancer 
patients,, that patient positioning using infrared marks improves the setup 
accuracyy along the AP and lateral axes. 

Thee first aim of this feasibility study is to quantify the accuracy of registering 
bodyy contours for verification of the setup of patients with lung cancer or 
head-and-neckk cancer. Because setup verification based on x-ray imaging is 
thee established technique, it would be desirable that the accuracy of a setup 
errorr measured using contour information is comparable to the accuracy 
measuredd using portal images. The second aim is to evaluate the potential 
accuracyy of body contours for computer-assisted setup. The tumor sites in this 
feasibilityy study (lung and head-and-neck) were chosen because they are 
expectedd to be associated with extremes in patient stability. 

2.2.. Material  and methods 

Inn this feasibility study, a simulator was employed to collect body contour and 
kilo-voltagee localization images. A simulator was used because a contour-
scanningg device had already been installed. The linear accelerators in our 
hospitall were not yet equipped with body contour devices. We assumed that 
resultss obtained on the simulator were representative for the patient setup on 
thee accelerator. Both the body contours and the set of simulator images were 
matchedd in 3D to the planning CT scan to estimate the setup error. Finally, the 
setupp errors determined with the body contour technique were compared with 
thosee obtained with the simulator images. In the next paragraphs, the 
proceduree is explained in more detail. 

2.2.1.. Acquisitio n of bod y contour s 

Bodyy contours were acquired on a simulator (BBC Dynaray TS), using a DCD-
11 scanning device (Par Scientific, Odense, Denmark). Two laser diode light 
sourcess positioned on the head of the gantry project a line on the patient's 
surfacee in the longitudinal direction. A 3D surface was scanned by rotating the 
gantry.. Two CCD cameras, also mounted on the head of the gantry 
(orthogonall to the laser sources), captured images at predefined gantry 
angless (from -180  to +180  at 2  intervals), and the gantry position was 
recordedd by a potentiometer mounted on the simulator. The curves as they 
appearr in the images were recorded. The coordinates of the points on these 
curvess were computed in 3D using the calibrated position of the cameras and 
thee lasers. Finally, a 3D contour was obtained. An example of a body-contour 
scann obtained with this device is shown in Fig. 2.1. 
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Figur ee 2.1 Example of a body contour scan of a lung cancer patient. The scanner acquires 
longitudinall contours by rotating the gantry. 

Qualityy assurance of the system was performed periodically by scanning a 
carefullyy positioned phantom. This phantom was constructed from PVC and 
hass a pyramid shape of 15 cm high with a 30x30 cm2 base (Fig. 2.2). Balls of 
aa different synthetic material (POM) were attached to the surface of the 
pyramidd using nylon screws for subsequent use of the phantom in the CT 
scanner.. A contour scan was made approximately biweekly during a 4-month 
period.. Matching the scanned contour to the expected position and shape of 
thee phantom gave estimates of deviations in the scanner, which were 
subsequentlyy used to correct the data. . 

Figur ee 2.2 Phantom applied for determining the accuracy of the body contour scanner and its 
regularr quality assurance. 
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2.2.2.. Patien t setu p procedur e 

Alll patients were positioned by aligning ink marks on the skin or on the 
surfacee of the mask to the room-mounted orthogonal lasers. For all 
participatingg patients, CT data was acquired (HiSpeed LX/i, General Electric, 
Fairfield,, USA). At the end of the simulator session, x-ray images were 
acquiredd in orthogonal directions (AP and lateral views). The body contour 
wass scanned immediately after acquisition of the simulator images. 

Thee lung cancer patients (33 in total) were not immobilized but the arms of the 
patientss were positioned in a reproducible way, either above the head or along 
thee body depending on the position of the tumor and the direction of the 
beams.. A planning CT scan was obtained prior to simulation (first 19 patients) 
orr after simulation (last 14 patients). For the first 19 patients, the average time 
betweenn acquisition of the CT scan and the simulator session was 8 days. For 
thee last 14 patients, the CT scan was acquired on the same day as the 
simulatorr session. The patients were tattooed with small marks, over which 
skinn marks were periodically redrawn. 

Thee head-and-neck cancer patients (21 in total) were immobilized during both 
thee CT scanning procedure and the simulator session using a thermoplastic 
maskk (Orfit Industries n.v., Wijnegem, Belgium). As a result, the body contour 
scannerr detected the mask instead of the patient itself. On average, the CT 
scann was acquired 9 days prior to the simulator session. The marks used to 
alignn the patients were drawn on the mask. 

2.2.3.. Determinatio n of setu p error s fro m th e bod y contour s 

Too determine the setup errors from the body contours, the scanned contours 
weree matched to the planning CT. Firstly, the skin surface (for the lung cancer 
patients)) or the mask surface (for the head-and-neck cancer patients) was 
automaticallyy extracted from the CT scan. For this purpose, the outer contours 
off objects exceeding a value of -500 Hounsfield units were located in each 
slice.. Next, in the body contour scans, the contour points corresponding to 
artifactss and the arms of the patient were manually erased. Finally, the 
alignmentt between the body contours and the CT surface was established 
automaticallyy using chamfer matching [19]. If the resulting match was 
consideredd inadequate because the contour was not entirely aligned with the 
CTT surface, the match was adjusted manually (10% of all cases). The result is 
aa transformation (3 translations and 3 rotations) indicating the displacement of 
thee patient at the simulator with respect to the CT scan. It was assumed that 
transformationss of a higher order did not occur. To verify the correctness of 
thiss procedure, it was also applied to the pyramid phantom. 

2.2.4.. Determinatio n of setu p error s fro m th e simulato r image s 

Too determine the setup errors from the simulator images, these images were 
matchedd to the planning CT. This reference procedure was based on 
alignmentt of digitally reconstructed radiographs (DRRs) in two orthogonal 
beamm directions with the corresponding simulator images [6]. A modified 
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versionn of the automated 3D/2D matching method of Gilhuijs et al. [8] was 
usedd for this purpose, based on grey value matching [16]. After matching, 3 
translationss and 3 rotations were obtained that again described the 
misalignmentt of the patient at the simulator with respect to the CT scan. 
Alignmentss established by automated matching were manually adjusted if 
thesee alignments were rejected based on visual assessment (in 20% of the 
lungg cancer cases and 0% of the head-and-neck cancer cases). 

Forr all match results, the axes are defined as follows: the X-axis corresponds 
withh the left-right direction, the Y-axis with the cranio-caudal direction, and the 
Z-axiss with the anterior-posterior direction of the patient. The positive X-axis 
extendss towards the left side of the patient, the positive Y-axis towards the 
craniall side, and the positive Z-axis towards the anterior side. Translations in 
X,, Y and Z-direction are denoted by Tx, Ty and Tz, and rotations are denoted 
byy Rx, Ry and Rz. 

2.2.5.. Data analysi s 

Ann analysis of variance was performed using the method presented by 
Gilhuijss et al. [7] for assessing the magnitude of the components that 
contributee to the overall accuracy. The setup errors were assumed to be 
normallyy distributed. The following model was used: 

SS = b + Sbs+5S. 

BB = b + 3B, (2.1) 

DD = Sbs+Ss-SB, 
wheree vectors s and ê denote the measured position of the skin (using the 
bodyy contour scanner) and that of the bone (using thee simulator images), 
respectively.. The true, unknown position of the bone is given by t>. Movement 
off skin with respect to bone is represented by sbs. The accuracy of the skin 
registrationn procedure is given by ss, and the accuracy of registering the bone 
byy sB. The difference between s and B is denoted by b. Note that the true 
setupp of bone is eliminated in b. The following equations for the variances 
correspondd with this model: 

0- .%=s\W. VV (2-2) 

wheree «is a placeholder for the X, Y, and Z-coordinate. The standard 
deviationn of the skin registration procedure was estimated to be 0.5 mm and 

,, for the translations and rotations, respectively [19]. The remaining 
individuall standard deviations were solved from Eq. 2.2. Outliers were 
iterativelyy excluded from the analysis of variance, where an outlier was 
definedd as a measurement that exceeded 3 times the standard deviation. To 
assesss the reliability of the analysis of variance, a Monte Carlo study based 
onn this model was performed. In this Monte Carlo study, random samples 
weree taken for the unknown variables in Eq. 2.1 from normal distributions with 
standardd deviations as solved from Eq. 2.2. The number of samples was set 
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too the number of patients in each group. Next, the standard deviations were 
estimatedd again and compared with the input standard deviations. 

2.3.2.3. Results 

Thee measured position (translation) and orientation (rotation) of the pyramid 
phantomm fluctuated as a function of time (Fig. 2.3). For the rotation around the 
Z-axiss a time-trend was observed. The mean absolute translations were 
largestt along the Y and Z-axes. The measured rotations were small, but 
rotationss around the X and Y-axis show a systematic deviation. The mean 
(mmm or )  1 SD are: Tx=0.9  0.3, Ty=-1.5  0.3, Tz=-1.1  0.3, and Rx=-0.2
0.1,, Ry=0.1 , Rz=0.0 , for the quality assurance data over the four-
monthh period. These data include both setup errors of the phantom and errors 
inn the body-contouring device. In an experiment where the phantom was 
repositionedd on the treatment couch six times, we found that the 
reproducibilityy of setting up the phantom was better than 0.4 mm (SD) for the 
translationss and better than 0.1 degree (SD) for the rotations. 

Figur ee 2.3 Position and orientation of the pyramid phantom in 3D over a period of 20 weeks. 
Translationss in X, Y and Z-direction are denoted by Tx, Ty and Tz, and rotations are denoted 
byy Rx, Ry and Rz. For visual purposes, the points are connected. 

Thee setup deviations in translationn found from the simulator images correlated 
withh those found from the body contour scans, for both patient groups (Fig. 
2.44 and Fig. 2.5). The standard deviations of the translations were 
comparable,, but some of the means differed (Table 2.1 and Table 2.3). The 
resultss for rotations were similar (Table 2.2 and Table 2.4). The standard 
deviationss of setup errors derived from the body contours and the setup errors 
derivedd from the simulator images were not found to be significantly different 
(usingg p<0.05) for the translations, given the result of an F-test (p>0.10). For 
thee lung cancer patients, the difference of the standard deviations of the 
rotationss around X measured using both techniques was significant (p=0.03). 
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Furthermore,, for both patient groups, the means of the translations in the Z-
directionn measured using both techniques differed significantly (p<0.02 in a 
Student'ss t-Test). For the lung cancer patients, this was also the case for the 
translationss in the X-direction (p=0.0O1). In clinical application, it is possible to 
correctt for these systematic deviations once their magnitude is known. 
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Figur ee 2.4 Comparison of the translation component of setup errors determined for lung 
cancerr patients (n=33), in the X (LR)-direction, the Y (CC)-direction, and the Z (AP)-direction. 
Thee horizontal axis denotes the setup error measured using simulator images, while the 
verticall axis denotes results using the body contour scan. The straight line is for visual 
comparisonn only. 
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Figur ee 2.5 Comparison of the translation component of setup errors determined for head-
and-neckk cancer patients (n=21) by the two different methods, in the X (LR)-direction, the Y 
(CC)-direction,, and the Z (AP)-direction. Note that the scale of this figure is not the same as 
thee scale used in Fig. 2.4. The straight line is for visual comparison only. 

Thee accuracy of body contours for computer-assisted setup was evaluated by 
assessingg the standard deviation of the measured difference in setup using 
thee simulator images and the setup measured using the body-contouring 
device.. For both patient groups and in almost all directions the standard 
deviationn of the differences was similar to the standard deviation of the 
measuredd setup deviations. The only exception was observed for the lung 
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cancerr patients in the Y-direction, showing a possible reduction of the setup 
error. . 

Tablee 2.1 Means  1 standard deviation (SD) of the translation component of setup errors 
foundd for lung cancer patients measured using either the simulator images or the body 
contouringg device. The third column shows the means  1 SD of the pair-wise difference of 
bothh measurements. The smaller value for SD of the difference in the Y direction (third 
column)) indicates that the measurements based on the simulator images are correlated with 
thee measurements based on the body contours. 

(mm) ) 

TranslationTranslation  measured Translation 
usingusing simulator 
images images 

MeanMean  SD 

measuredmeasured using body 
contouringcontouring device 

MeanMean  1 SD 

1.22 9 

-0.88  5.0 

-2.33 1 

DifferenceDifference of 
translations translations 
measuredmeasured using both 
techniques techniques 
MeanMean  SD 

X(LR) ) 

Y(CC) ) 

Z(AP) ) 

-0.88  3.2 

-1.00 1 

-1.22 4 

-2.00 1 

-0.11  2.9 

1.11 5 

Tablee 2.2 Means  1 SD of rotational components of setup errors found for lung cancer 
patients. . 

) ) 

RotationRotation  measured Rotation  measured Difference of 
usingusing simulator images using body contouring rotations  measured 

devicedevice using both techniques 
MeanMean  1 SD Mean  1 SD Mean  1 SD 

X(LR) ) 

Y(CC) ) 

Z(AP) ) 

-0.22 1 

0.44 1 

0.55 1 

-0.22  0.8 

0.11 2 

0.66 1 

0.00 2 

0.33 6 

0.00 7 

Tablee 2.3 Means  1 SD of the translation component of setup errors found for head-and-
neckk cancer patients. 

(mm) ) 

TranslationTranslation  measured Translation 
usingusing simulator images measured using body 

contouringcontouring device 

MeanMean  SD MeanMean  SD 

DifferenceDifference of 
translations translations 
measuredmeasured using both 
techniques techniques 
MeanMean  SD 

X(LR) ) 

Y(CC) ) 

Z(AP) ) 

-0.44 2 

0.11 1 

-0.11 8 

0.55 8 

0.55 7 

-2.22 8 

-0.99  2.2 

-0.55  2.8 

2.11 2 



28 8 Chapterr 2 

Tabl ee 2.4 Means  1 SD of rotational components of setup errors found for head-and-nec k 
cancerr patients. 

C) ) 

RotationRotation  measured Rotation  measured Difference of 
usingusing simulator images using body contouring rotations  measured 

devicedevice using both techniques 
MeanMean  1 SD Mean  1 SD Mean  SD 

X(LR) ) 
Y(CC) ) 

Z(AP) ) 

-1.11 0 
0.30.3  1.1 

0.88 4 

-1.00 7 
0.00 8 

0.44 3 

-0.11  1.1 
0.44  2.3 

0.44 1 

Basedd on the Monte Carlo experiment, the accuracy of the individual standard 
deviationss determined using analysis of variance is in the order of 1 mm (1 SD 
translations)) and 0.5  (1 SD rotations), for both lung cancer patients and 
head-and-neckk cancer patients. Given the accuracy of the method, the 
standardd deviations of the true setup (ob), the match based on the simulator 

imagess (crSg), and the bone to skin movement {oShs) are comparable (Table 

2.55 and Table 2.6). Some values could not be computed because the analysis 
off variance yielded a negative estimate. These invalid values occurred 
becausee the estimated standard deviations differed from the real standard 
deviationss of the population because data was obtained for a small number of 
patients. . 

Tablee 2.5 Standard deviations (SD) due to setup inaccuracies and due to matching 
inaccuraciess for lung cancer patients, separated using analysis of variance. The standard 
deviationn of registering the bone structures is given by O5B . The standard deviation of 

movementt of skin with respect to bone is represented by <JS^ and the standard deviation of 

thee setup error of the bone structures by a . Translations in X, Y and Z-direction are denoted 

byy Tx, Ty and Tz, and rotations are denoted by Rx, Ry and Rz. The standard deviations are 
comparable,, given the estimated reliability of 1 mm and . *This value could not be 
computed. . 

SDD Lung 

aassB B 

aasshs hs 

Tx x 

1.9 9 

1.5 5 

2.0 0 

Ty y 
(mm) ) 
1.5 5 

1.6 6 

2.4 4 

Tz z 

1.0 0 

2.3 3 

1.6 6 

Rx x 

0.9 9 

0.3 3 

0.5 5 

Ry y 

n n 
1.2 2 

0.8 8 

0.2 2 

Rz z 

0.4 4 
* * 

0.9 9 

Tablee 2.6 Standard deviations (SD) due to setup inaccuracies and due to matching 
inaccuraciess separated for our group of head-and-neck (H&N) cancer patients. The symbols 
inn this table are the same as in table 2.5. *This value could not be computed. 

SDH&N N 

aas. s. 
aasshs hs 

a a 
b b 

Tx x 

1.1 1 

1.7 7 

0.4 4 

Ty y 
(mm) ) 

1.5 5 

1.5 5 

1.5 5 

Tz z 

1.4 4 

1.0 0 

1.0 0 

Rx x 

0.7 7 
* * 

0.2 2 

Ry y 

H H 
1.3 3 

0.7 7 
* * 

Rz z 

1.0 0 

0.5 5 

0.9 9 
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2.4.2.4. Discussion 
Thee accuracy of using body contours for setup verification was found to be 
limited,, possibly by movement of the skin with respect to bone. More 
specifically,, when the bone match is used as a reference, two sources of 
inaccuracyy limit the overall accuracy of the use of body contours for setup 
verification.. Firstly, the body contours were measured and matched to the 
referencee contour with finite accuracy. We estimated that the standard 
deviationn of this skin registration procedure, aSs, was 0.5 mm and . 

Secondly,, movement of the skin with respect to the bone limits the overall 
accuracy.. Estimates for the standard deviation of this movement were 
obtainedd using the analysis of variance technique and are listed in tables 2.5 
andd 2.6. The use of body contours is advantageous for reduction of setup 
errorss only when the variance of the errors of the patient setup is larger than 
thee combined variances of the two sources mentioned above. Because the 
standardd deviation of the differences of the setup deviations found from the 
simulatorr images and the setup deviations found from the body contour scans 
iss assumed to contain only these two sources (see Eq. 2.1), the standard 
deviationn of the difference is an indication of the achievable gain using contour 
information.. The initial accuracy of patient setup in this study was found to be 
high.. This could explain why only a reduction of the standard deviation of the 
differencess was observed for the lung cancer patients in the Y-direction. 

Whenn bone is considered to be the most accurate reference of the target 
volume,, movement of the skin relative to the bone will reduce the setup 
accuracyy achievable with body contours. Thus, movement of the skin with 
respectt to the bone has an important contribution to the overall inaccuracy. In 
aa study where various immobilization devices were compared, no reduction in 
overalll patient movement was noted [18]. Similar results were found in an 
unpublishedd study performed in our hospital. It is likely that this outcome is 
alsoo caused in part by movement of the skin with respect to the bone. To 
minimizee the role of movement of the skin with respect to the bone, 
immobilizationn devices that attempt to fixate on bone rather than skin are 
preferred. . 

Usingg contour information for patient setup verification implicitly assumes that 
thee shape of the patient does not change dramatically during the period of the 
treatment.. In this study, only a single contour scan was acquired for each 
patientt (shortly before or after the CT scan) and few problems with matching 
weree encountered. However, weight loss may be more severe over the full 
periodd of treatment. One can expect that weight loss results in changes in 
shapee that become apparent when parts of the contour fit well to the reference 
contourr (e.g., parts close to the ribs), while a mismatch is observed for other 
partss (e.g., at the abdomen). Such an observation may indicate the necessity 
too select a new reference contour or to re-plan the treatment. 

Anotherr potential problem to accurately register the contours of the patient is 
respiratoryy motion, especially in the lung area. This motion causes 
deformationss in the CT scan, which are mostly in transversal direction, as a 
resultt of the slice-by-slice scanning (Fig. 2.6a). The body contour scan is 
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acquiredd using a different scanning technique, namely by rotating the gantry. 
Ass a result, respiratory motion causes deformations of the body contour scan 
inn the left-right direction (Fig. 2.6b). Matching the CT scan to the body contour 
scann might be hampered by these distortions. 

(a)) (b) 

Figur ee 2.6 Motion deformations in CT and body contour data. In (a) a sagittal reconstruction 
off a CT scan is shown. Because the patient breathes freely during scanning, slices are 
acquiredd at an arbitrary phase between inhalation and exhalation. In (b) a surface rendering 
off the body contours of the same patient shows elevations on the surface in the cranio-caudal 
directionn because the 3D surface is obtained by rotating the gantry. The accuracy of matching 
thee contours may be influenced by these distortions. 

Otherr discrepancies in the patient setup derived from the body contours and 
derivedd from the portal images may be caused by the equipment used in this 
study,, i.e., the CT scanner, the body contour scanner, and the simulator. An 
attemptt was made to minimize the systematic deviations of the body contour 
scannerr by correcting for the results found from the phantom calibration 
measurements.. After such a correction, only random variations in this 
equipmentt are included. A measured series of body contour scans showed 
thatt the random variation of the body contour scanner is smaller than 0.4 mm. 
Thee systematic deviations of the means of the patient setup errors in the Z-
directionn apparently are caused by other sources, probably related to a 
transferr error in the setup procedure of the patient on the simulator. A possible 
explanationn for the relatively large average deviation between the translation 
measuredd using the simulator images and the translation measured using the 
body-contouringg device for the head-and-neck cancer patients in the Z-
directionn is that the mask is not always correctly extracted from the CT scan. 
Inn that case, the acquired body contour is not matched to the mask surface, 
butt to the more dorsally located skin. The large average deviation in the X-
directionn for lung cancer patients is possibly caused by elasticity of the skin 
withh respect to bone. 
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Thee standard deviation of the movement of the skin with respect to the 
internall anatomy is smaller than the combined random and systematic setup 
errorr as measured by Erridge et al. [4] (respectively 4.1, 5.1, and 2.8 mm in X, 
Y,, and Z-direction for lung cancer patients) and Bel et al. [1] (respectively 2.3, 
2.0,, and 2.6 mm for head-and-neck cancer patients). Two factors contribute to 
thiss difference. Firstly, inaccuracies in redrawing the ink marks will lead to 
systematicc errors. By using tattooed marks, this inaccuracy can be avoided. 
Secondly,, the body contour scan provides more information about the patient 
setupp than a few ink marks hence allowing a more accurate patient setup, 
providedd that there are no dramatic changes in the contours of the patient. 
However,, because the skin is mobile, the mark is more likely to move more 
thann the overall patient contour (relative to the internal anatomy). 

Ourr results do not agree with the results found in earlier studies [10,14,17]. 
Thesee studies showed reduction of standard deviations of the setup error by 
incorporatingg surface information for prostate cancer patients, especially in the 
laterall and AP direction. However, no gain was achieved in cranio-caudal 
directionn in these studies. In contrast, we found that only in cranio-caudal 
directionn the standard deviation of the differences of the setup errors is 
smallerr than the standard deviation of the setup error (for our group of lung 
cancerr patients). Although it is not possible to transfer the results for prostate 
cancerr patients directly to lung and head-and-neck cancer patients, a higher 
degreee of correspondence was expected. One possible explanation for this 
differencee is that the benefit of inclusion of contour information depends on 
thee magnitude of the existing setup errors. The standard deviations of the 
setupp errors in the populations used in our study are considerably smaller 
thann those reported in the previously mentioned studies. For the lung cancer 
patients,, the standard deviation in cranio-caudal direction is largest (4.1 mm), 
andd therefore only for this group of patients and in this direction the standard 
deviationn of the differences was smaller than the standard deviation of the 
setupp errors. The standard deviations of the setup errors found in this study 
correspondd with the setup deviations found in our hospital by Erridge et al. for 
lungg cancer patients and by Bel et al. for head-and-neck cancer patients. 

AA second explanation for the difference is that we used a high-resolution 3D 
bodyy contour scan in longitudinal direction (covering 511 points over a length 
off 50 cm). In the study of MacKay et al. the body contour was derived from CT 
data,, which often encompassed only 10 cm in the longitudinal direction. As a 
result,, the resolution of the contour scan in this direction is as low as the 
longitudinall resolution of the CT scan, i.e., 5 mm, while the resolution of our 
contourr scanner is 1 mm in this direction. In the study of Soete et al., only a 
limitedd amount of contour information was used. Furthermore, localization of 
thee patient in longitudinal direction was imprecise because the cameras were 
locatedd caudal to the foot end of the patient. 

Soetee et al. suggest a third cause for deviations that may occur. It is possible 
thatt pelvic rotation around a lateral axis as a result of breathing motion is not 
noticedd by their infrared system, while a relatively large shift of the patient in 
longitudinall direction is observed in the portal (or simulator) image. Using the 
infraredd system, the rotation cannot be measured because the marks that are 
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usedd are roughly configured within a single plane. Similarly, the matching 
proceduree in the study of MacKay et al. did not include rotations. Possibly, 
includingg rotations during matching improves the measurement accuracy for 
translations. . 

Ourr study complements the patient groups in the studies mentioned above 
withh results for lung cancer and head-and-neck cancer patients. The main 
technicall differences are the use of a specialized body contour scanner for 
acquisitionn of the surface data, instead of surfaces derived from a series of CT 
scanss or partial surfaces, and the inclusion of rotation in the analysis. 
AdvancedAdvanced scanners, as suggested by MacKay et al., will allow for shorter 
acquisitionn times of the body contours, and potentially less artifacts remain. 
Therefore,, it is possible that the reported accuracy will improve with more 
advancedd scanners. Furthermore, the authors believe that a scanner that 
requiress a gantry rotation for the acquisition of the body contours, as the one 
thatt was used in our study, is not practical for use on the accelerator due to 
thee time required per patient. A scanner of this type also rules out any real-
timee measurements. Consequently, it is advantageous if the scanner is not 
mountedd to the head of the gantry. Apart from the differences in scan time, we 
assumee that our measurements are representative for different types of 
scanners,, i.e., our observations are not restricted to our particular hardware. 

Itt is clear that verification based on portal imaging and verification based on 
patientt contours both are indirect techniques because neither directly provide 
informationn about the location of the tumor. Portal imaging quantifies the 
positionn of the bone structures, whereas the surface techniques quantify the 
positionn of the skin. The advantage of portal imaging is that the treatment 
beamm itself is used for acquiring the images; while the advantage of surface 
techniquess is that these are potentially fast, and do not deliver any dose to the 
patient.. In portal imaging, motion of the tumor relative to the bone limits the 
accuracy,, while for the surface technique the accuracy is limited by motion of 
thee tumor relative to the skin. 

2.5.2.5. Conclusions 

Verificationn of patient setup by using patient contours is feasible, but the 
accuracyy is limited with respect to the bone structures to 3 mm (1 SD) for lung 
cancerr patients and head-and-neck cancer patients. For cases where a higher 
accuracyy is desired, other techniques such as portal imaging or cone-beam 
tomographicc imaging should be employed. An important prerequisite for the 
accuratee use of a body contour scanner is a quality control program for the 
equipmentt by phantom measurements. 
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Abstrac t t 

Backgroundd and Purpose: For radiotherapy of prostate cancer, the patient is 
usuallyy positioned in the left-right (LR) direction by aligning a single mark on 
thee skin with the projection of a room laser. The aim of this study is to 
investigatee the feasibility to improve patient setup along the LR axis using a 
room-mountedd video camera in combination with previously acquired CT data. 
Materiall and methods: The camera was mounted in the treatment room at the 
caudall side of the patient. For 22 patients with prostate cancer 127 video and 
portall images were acquired. The setup error determined by video imaging 
wass found by matching video images with rendered CT images using various 
techniques.. This setup error was retrospectively compared with the setup 
errorr derived from portal images. It was investigated whether the number of 
correctionss based on portal imaging would decrease if the information 
obtainedd from the video images had been used prior to irradiation. Movement 
off the skin with respect to the bone structures was quantified using an 
analysiss of variance method. The SD of the magnitude of motion of the skin of 
thee patient with respect to the bone was estimated to be 1.1 mm. 
Results:: The measurement of the setup error was most accurate for a 
techniquee where outlines and groins on the left and right side of the patient 
weree delineated and aligned individually to the corresponding features 
extractedd from the rendered CT image. The standard deviation (SD) of the 
systematicc and random components of the setup errors derived from the 
portall images in the LR- direction were 1.5 and 2.1 mm, respectively. When 
thee setup of the patients was retrospectively adjusted based on the video 
images,, the SD of the systematic and random errors decreased to 1.1 and 1.3 
mm,, respectively. From retrospective analysis, a reduction of the number of 
setupp corrections (from 9 to 6 corrections for 127 fractions) was expected 
whenn the setup would have been adjusted using the video images. 
Conclusion:: Video imaging is an accurate technique for measuring the setup 
off prostate cancer patients in the left-right direction. The outline of the patient 
iss a more accurate estimate of the setup of the bone structures than the mark 
onn the patient's abdomen. 
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3.1.3.1. Introduction 

Portall imaging plays an important role for measurement and improvement of 
thee patient setup in external beam radiotherapy [1]. Because verification of 
patientt setup is widely performed, the magnitude of setup errors for various 
treatmentt sites is well documented. There is evidence that for patients with 
prostatee cancer the setup error along the left-right (LR) axis is larger than the 
setupp error along the other axes [9]. In our hospital, the random setup error 
alongg the LR axis is larger (1.9 mm SD) than along the anterior-posterior axis 
(1.44 mm SD) and the cranio-caudal axis (1.1 mm SD) [8]. 

Conventionally,, the patient is positioned by aligning marks on the skin to the 
projectionn of the room lasers. The larger magnitude of the setup errors in the 
LR-directionn may be explained by the fact that only a single mark on the 
patient'ss abdomen is available for alignment to the room lasers. For the 
anterior-posteriorr (AP) direction, accurate localization of the isocenter of 
patientss treated in the pelvic area is often achieved by using a fixed-height 
techniquee [6]. For the cranio-caudal (CC) direction, the setup is based on the 
alignmentt of two lateral marks on the skin and the mark on the abdomen, 
althoughh a mismatch of this latter mark is allowed. The lateral marks are likely 
too be more stable than the single mark on the patient's abdomen because of 
theirr proximity to the pelvic bone. Therefore the mark on the abdomen is 
ignoredd when it is not possible to align all three marks simultaneously. 

Imagingg of the skin of the patient may improve the setup of the patient prior to 
irradiation.. Many institutions use correction protocols to reduce systematic 
setupp errors [2]. When the initial patient setup is improved, fewer corrections 
aree required because the setup errors remain within the limits. Since 
correctionss are labor intensive, a reduction of the workload of the radiation 
technologistss and of the number of acquired portal images might be achieved. 
Thiss is especially important for intensity-modulated radiotherapy, where 
treatmentt fields are typically too small for patient setup verification purposes, 
makingg the use of enlarged localization images necessary. 

Variouss authors proposed incorporation of body contour information to 
improvee the setup accuracy [7,13,16]. Some studies showed improvement of 
thee setup accuracy of prostate cancer patients in the lateral and AP directions 
[13,16].. Registration of surface data to a model of the patient requires a 
dedicatedd contouring device to acquire a 3-dimensional surface description. 
Currently,, there are no solutions commercially available for use in the 
treatmentt room. 

Otherr groups utilize video cameras to improve the accuracy of the patient 
setupp [11,14]. The methods described by Milliken era/, and Johnson etal. are 
aimedd at computer-assisted setup of patients. They used an interactive 
techniquee that is based on real-time subtraction of images. In this technique, 
livee video images are aligned with a reference video image, usually taken 
duringg the first radiation fraction. The advantage of this technique is that it is 
fast,, sensitive and easy to implement. A disadvantage, however, is that any 
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setupp error at the time that the reference video image is acquired results in a 
systematicc error over the course of the treatment. Furthermore, using the 
subtractionn method, the accuracy may be compromised when the outer 
contourr changes during treatment, i.e., due to respiration or weight loss. 

Inn the above-mentioned studies, the inherent inaccuracy of video imaging with 
respectt to portal imaging was not quantified in detail. When bone is 
consideredd as a reference of the target volume, movement of the skin of the 
patientt with respect to the bone structures limits the overall accuracy. An 
estimatee for the magnitude of movement of the skin of the patient relative to 
bonee structures is therefore required to evaluate the potential use of a video 
basedd technique. 

Inn this paper a straightforward solution for improvement of the setup accuracy 
iss presented. We propose to use a video camera and planning CT data to 
improvee patient positioning in the LR-direction only, i.e., to solve problems 
relatedd to the use of a single mark on the patient's abdomen. In this study, a 
retrospectivee evaluation of video images is performed and the results are 
comparedd with patient setup errors determined from portal images. The aim of 
thiss feasibility study is to test the potential improvement of the patient setup 
alongg the LR-axis using a room-mounted video camera compared to the 
conventionall patient setup using the mark on the patient's abdomen. 

3.2.3.2. Material  and methods 

Videoo images were acquired with a room-mounted camera. The position of 
thiss camera with respect to the isocenter and the scale of the images was 
establishedd by imaging a phantom. Video images and portal images of 
patientss with prostate cancer were acquired. Because two different modalities 
weree used for estimating the setup error, we will refer to the setup error 
estimatedd from video images as the video setup error and the error estimated 
fromm portal images as the portal setup error. The video setup error of the 
patientss was determined independently from the portal setup error and the 
errorss were compared. In the next sections, details of the procedure will be 
presented. . 

Imag ee acquisitio n 

AA commercially available web camera (Axis 2100 Network Camera, Axis 
Communicationss AB, Lund, Sweden) was used. The original wide-angle lens 
wass replaced by a zoom lens (Kowa Optimed Inc., Torrance, CA, USA), 
adjustedd for a field-of-view of 50 cm x 37.5 cm at the isocenter. The camera 
wass mounted on the ceiling under an oblique angle of approximately 50  at 
2.77 m from the isocenter at the caudal side of the patient (Fig. 3.1). In this 
way,, the patient was visible regardless of the gantry rotation of the linear 
accelerator.. The images consisted of 640 x 480 pixels, i.e., the pixel size was 
0.88 mm x 0.8 mm. 
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Figur ee 3.1 Schematic diagram of the position of the camera with respect to the isocenter. The 
givenn angles and distances are based on the phantom measurements. 

Althoughh the camera was never directly exposed to irradiation, an increasing 
numberr of pixels of the CCD chip of the camera became irresponsive over the 
coursee of time due to radiation damage. By applying a median filter to the 
images,, this effect was almost completely suppressed. However, after 10 
monthss the quality of the filtered images was no longer acceptable and the 
cameraa was replaced. 

Forr calibration of the camera, a custom-made phantom was developed. On 
thiss box-shaped phantom, painted ball bearings were placed in a grid at 6 cm 
intervals.. After careful alignment of the phantom to the room lasers, a video 
imagee was acquired. To calibrate the camera setup, a 3-dimensional (3D) 
computerr model of the phantom was iteratively aligned to the appearance of 
thee phantom in the image by performing shifts, rotations and perspective 
transformations.. The calibration procedure was repeated regularly during the 
coursee of this study to evaluate the stability of camera setup. Next, the 
perspectivee distortion was corrected using a back-projection algorithm. This 
proceduree adjusts the image in such a way that a (conceptual) plane through 
thee isocenter, parallel to the treatment table, appears as a rectangle instead of 
aa trapezium (Fig. 3.2). 
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(a)) (c) 

(b)) (d) 

Figur ee 3.2 Video images before and after correction for perspective distortion. Image (a) 
showss an unprocessed image of the phantom used for calibration, and image (b) shows an 
unprocessedd image of a prostate cancer patient. Images (c) and (d) show the result after 
applyingg the back projection algorithm. 

Portall images were acquired using both a liquid-filled ionization chamber 
EPIDD (Varian PortalVision Mark II, Varian Inc., Palo Alto, CA, USA) and an 
amorphouss silicon flat panel imager (Elekta Oncology Systems Ltd., Crawley, 
Westt Sussex, United Kingdom). Acquisition of portal images and video 
imagess was synchronized, i.e., a video image was acquired directly after 
acquisitionn of each portal image in AP direction. Portal images were also 
takenn in the lateral direction to estimate the 3D setup error. 

Patien tt  grou p 

Imagess of 22 patients with prostate cancer were acquired. The patients were 
treatedd with both 8 MV AP and 18 MV lateral beams on an Elekta SL20i 
acceleratorr (Elekta Oncology Systems Ltd., Crawley, West Sussex, United 
Kingdom).. None of the patients were immobilized. Setup of the patients was 
performedd according to the standard technique, where the skin marks were 
alignedd to the projection of the room lasers. A CT scan was available for all 
patients.. In total, 127 video images and the same number of portal images 
weree acquired. Our clinical setup verification procedure based on portal 
imagess was applied to correct the patient setup when needed [2]. This 
proceduree uses the shrinking action level protocol and is based on the 
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measurementt of two or more fractions. The initial threshold for the length of 
thee vector was set to 6 mm. This way, it is possible to remove systematic 
setupp errors while the number of acquired and analyzed portal images is low. 

Referenc ee imag e fo r measurin g th e displacemen t wit h respec t to 
th ee planne d treatmen t positio n 

Fromm the CT scan a volume rendering was created that shows the skin of the 
patientt comparable to the appearance of the patient in video images (Fig. 
3.3).. The main parameter for the algorithm is a threshold that is used for 
detectingg the skin of the patient. In this study, a value of -500 Hounsfield units 
wass used. The resulting volume rendering was perspective corrected using 
thee procedure for video images to create an image that was comparable to the 
videoo images. 

Figur ee 3.3 An example of a volume rendering created from a CT scan used for comparison 
withh video images. The volume rendering was created in the same geometry as the video 
imagess and then perspective corrected to make it resemble a video image. 

Matchin gg technique s 

Videoo images of patients were matched to the volume-rendered CT image 
andd - independently - to the video image of the first fraction. For the first 
method,, the video setup error with respect to the planned position was 
measured.. In the second method, the video setup error with respect to the first 
fractionn was determined. Based on this information, it was possible to 
comparee the accuracy of matching a pair of video images to the accuracy of 
matchingg a video image to a rendered CT image. All methods (video as well 
ass portal based) measured the setup error in the LR-direction only and for the 
remainderr of this paper the term setup error refers to the LR-direction only. 
Alignmentt of the studied video image with the reference image was also 
allowedd in the CC-direction during registration for all described methods to 
improvee the stability of the matching algorithm. 
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Forr quantifying the operator variations all matches were performed by three 
observers.. Firstly , the images were matched manually. Using this technique, 
thee studied video image was shifted by the keyboard while the reference 
imagee remained in place. In a "combined image view" [18] the reference 
imagee and the video image acquired for a specified field were displayed 
simultaneously.. In this view, the upper-left and lower-right quadrants are used 
forr displaying the reference image, while the upper-right and lower-left 
quadrantss are used for displaying the studied video image. The user 
interactivelyy controls the point where the images are cut and it is possible to 
togglee between the reference and the studied video image. The 
correspondencee of the images was best checked visually by quickly 
alternatingg their display. 

Thee secon d group of matching techniques used delineated features of the 
patient.. The outline of the abdomen and part of the legs and the groins of the 
patientss were manually delineated in all collected video images and the 
renderedd CT image. The outlines always included the indentation where the 
abdomenn connects to the legs and were extended in both directions over a 
distancee of at least 5 cm. Each delineated feature consisted of several line 
segments.. Selected parts of the delineation in a video and a reference image 
weree matched automatically by minimizing the sum of the shortest distances 
betweenn the line segments of a delineated feature drawn in both the video 
imagee (Fig. 3.4) and the reference image (e.g., Fig 3.3). 

Figur ee 3.4 Delineated structures used for matching: the right outline (A), the right groin (B), 
thee left groin (C), and the left outline (D). 

Finally ,, the position of the abdominal mark in the video images was 
determinedd to investigate the correlation between the portal setup error and 
thee position of the mark. 
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Comparin gg th e video-base d matc h to th e porta l matc h 

Forr each patient, between 2 and 11 image pairs (on average 6) consisting of a 
portall and a video image were acquired. The portal images were matched in 
2DD [5] to estimate the portal setup error with respect to the planned position. 
Forr data analysis, the match results were separated into systematic and 
randomm errors [3]. The possibility of reducing both the systematic and random 
errorss was analyzed by retrospectively adjusting the portal-based setup 
deviationn using the video data. However, the magnitude of the potential 
improvementt is limited by both the matching accuracy of the reference 
techniquee (i.e., matching the portal images to the digitally reconstructed 
radiographs)) and the video technique. To separate these sources of 
inaccuracy,, an analysis of variance was performed. 

Analysi ss  of varianc e 

Inn the analysis of variance [4], the following model was used: 

(3.1) ) 
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wheree S and B denote the measured position of the skin of the patient (using 
thee video images) and the bone structures (using the portal images), 
respectively.. The true position of the bone is given by b, having variance a\. 
Thiss is the setup error of the bone structures of the patient after alignment of 
thee patient to the room lasers. Movement of the skin of the patient with 
respectt to bone is represented by Sbs (variance: <T^ ). The accuracy of the 

proceduree to register the skin of the patient is given by Ss (variance: ajs), and 

thee accuracy of registering the bone structures by SB (variance: a2
Ss). The 

differencee between S and B is denoted by D. From Eq. 3.1, the following 
equationss were derived for the variances in the setup of all patients: 

<rJ=<r6
22 + < , (3-2) 

^ - 22 _ / T 2 J . / - P 2 I / T 2 

Thee left sides of the equations were directly calculated from the data. To solve 
thee unknowns on the right side of the equation, one more variancee needs to 
bee known. Since three observers measured the patient setup based on the 
mismatchh of a video image and a reference image (either a rendered CT 
imagee or a video image) independently, it is possible to estimate the intra-
observerr variation of the registration procedure of the skin of the patient, a2

Ss. 
Thatt is, once the intra-observer variation is established, it is possible to solve 
thee remaining variances <r2,<rj and a\E from Eq 3.2. The intra-observer 

variationn of the registration procedure of the skin of the patient was obtained 
ass follows. In the pair-wise difference between observers P and Q, both b and 
SSbsbs are eliminated: 
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SSQQ-S-SPP=b=b + ölu+Ss.e-(b + öl„+ö sA (3.3) 
wheree Sp and SQ denote the position of the skin patient measured by these 

twoo observers. When a third observer R is added, three equations similar to 
Eq.. 3.3 are obtained. The corresponding random variation of the registration 
proceduree of the skin of the patient is given by SSP, SSQan6 SSR. From Eq. 

3.3,, the following relation for the variances of the differences of 
measurementss performed by observers P and Q is derived: 
o\o\ =<J]  + <rj . (3.4) 

°S.QP°S.QP °S,Q °S,P 

Similarr equations hold for the differences between observers R and P and 
betweenn R and Q. The variances of the differences in measurements of the 
positionn of the skin are denoted by al , crl and crl for the differences 
rr  J °S,QP °S.RP °S,RQ 

betweenn Q and P, R and P, and R and Q, respectively. The variances of the 
randomm variations in operator P, Q, and R {CT]SP , o\ and <J]SR , respectively) 
weree solved from Eq. 3.4. These three variations were averaged to obtain an 
estimatee for the variation of the registration procedure of the skin of the patient 
a]a] . To assess the reliability of the analysis of variance technique, a Monte 
Carloo study based on the model was performed. 

Video-base dd correction s 

Finally,, it was investigated whether there is potential to reduce the number of 
correctionss based on portal imaging if the information obtained from the video 
imagess would be used prior to irradiation. For this purpose, the actual number 
off setup corrections that were performed for the patients in this study was 
comparedd with the number of corrections of setup errors found in a re-
evaluationn of the data. In this re-evaluation the result of the video match was 
subtractedd from the LR setup error measured with the portal images. 
However,, the correction procedure still worked on the vector length of the 
portall setup error, i.e., in 3D [2]. As a result, it was not possible to reduce the 
numberr of corrections that were required because of errors in the CC-direction 
andd the AP-direction. 

3.3.3.3. Results 

Calibratio n n 

Calibrationn measurements of the position of the camera were started directly 
afterr installation, at day 0. Shortly after installation, a relatively large drift with 
respectt to the initial camera pose was observed (Fig. 3.5). The main source of 
thiss drift was sagging around the left-right axis of the camera, probably caused 
byy the weight of the zoom lens. Because the camera was attached to the 
ceilingg of the treatment room under an oblique angle of approximately 50", 
thiss sagging appeared as a translation of the phantom in cranio-caudal 
direction.. Furthermore, a small rotation around the vertical axis of the camera 
wass observed which appeared as a shift of the phantom in the LR direction. 
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Figur ee 3.5 Calibration results for the video camera over a period of more than 100 days. 
Translationss are specified in the cranio-caudal (CC) direction, the left-right (LR) direction and 
thee anterior-posterior (AP) direction, and rotations around the AP axis, CC axis or LR axis. 
Shortlyy after mounting the camera, the deviations are largest due to sagging of the camera. 
Becausee the camera was attached to the ceiling of the treatment room under an oblique angle 
off approximately , this sagging appears as a translation of the phantom. 

Patien tt  measurement s 

Firstly,, results are given for matching CT to video. On average, the systematic 
andd random portal setup errors after subtraction of the video setup error were 
smallestt and most consistent between the observers for a technique where 
thee outlines and groins were matched separately to the corresponding 
featuress of the rendered CT image. For this technique the SD of the 
systematicc and random video setup errors were 1.1 mm and 1.3 mm, 
respectively,, while the SD of the portal setup errors were 1.5 mm and 2.1 mm, 
respectively.. The lowest intra-observer variability was found for the same 
technique,, while the highest variability was found for the manual matching 
method.. As derived from the analysis of variance, the largest contribution to 
thee measured setup errors was due to the setup error of the bone structures 
(Tablee 3.1), while the standard deviation of movement of the skin with respect 
too bone was estimated to be 1.1 mm. 
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Tablee 3.1 Standard deviations (in mm) due to setup inaccuracies and matching inaccuracies 
forr matching CT to video . These results were obtained for 22 prostate cancer patients and 
thee components were separated using analysis of variance. The standard deviation of the 
setupp error of the bone structures is given by ab, the standard deviation of movement of the 

skinn with respect to bone by <J5 , and the standard deviation of registering the bone 

structuress by aSjt . The bottom row indicates the RMS of the stochastic error of the computed 

value,, which was determined in a Monte Carlo study. 

n=22 n=22 

Estimatedd value 
RMSS error 

CTCT** ^  asB 

2.33 1.1 0.8 
0.88 0.6 0.6 

Similarr results were obtained for video-to-video matching (Table 3.2). Here, 
thee video image that was acquired simultaneously with the portal image of the 
firstt fraction was used as the reference video image, while for portal image 
analysiss the first portal image was used as a reference image. For this video-
to-videoo matching procedure, the standard deviations (SD) of systematic and 
randomm portal setup errors after subtraction of the video setup error were 
smallestt for the same matching technique as for the video to CT match. The 
SDD of the setup error of the bone structures with respect to the reference 
portall image was larger than the SD of the setup error with respect to the 
planningg CT scan (3.5 mm versus 2.3 mm), because the portal setup error 
duringg the first fraction was relatively large. 

Tablee 3.2 Standard deviations (in mm) due to setup inaccuracies and matching inaccuracies 
forr matching vide o to video . The symbols are the same as those used in Table 3.1. 

n=22 n=22 

Estimatedd value 
RMSS error 

** a*.
3.55 0.7 1.3 
1.22 0.7 0.7 

Thee agreement between the systematic video setup errors determined using a 
renderedd CT image and the portal setup error was high (Fig. 3.6). 
Furthermore,, the correlation between the video setup error and the portal 
setupp error was higher than the correlation between the mark position and the 
portall setup error. This indicated that video imaging has the potential to 
reducee setup corrections based on portal imaging because the video setup 
errorr corresponds well with the portal setup error. This reduction of the 
numberr of setup corrections was indeed observed when the setup was 
retrospectivelyy adjusted based on the video images: 9 corrections were 
actuallyy performed, while the number of corrections for the retrospectively 
adjustedd setups would have been 6. 
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Figur ee 3.6 Plot of the systematic setup error established from the mark on the skin of the 
patientt and the video setup error established from the patient outlines, versus the portal 
patientt setup error. Each diamond or square represents the systematic setup error of one 
patient.. The video images were matched by aligning patient outlines and groins determined in 
thee video image to the reference outlines in a rendering of the external of the patient from the 
CTT scan. The dotted line is for visual comparison only. 

3.4.3.4. Discussion 

VideoVideo imaging is an accurate technique for estimating the portal setup error of 
prostatee patients in the LR direction, i.e., a good correspondence between the 
resultss based on portal imaging and video imaging was observed. Because 
thee setup of the patients was verified by our correction protocol that aims to 
removee systematic errors, almost no reduction of the systematic portal setup 
errorr in the LR direction was observed. However, a significant improvement of 
thee random component of the patient setup in the left-right direction can be 
achievedd when it is possible to correct the patient setup accurately based on 
thee results of the video matching. Because this study is a feasibility study, the 
resultss of the video match were not actually used to shift the patient. 

Thee best results were obtained fora technique where the outlines and groins 
weree matched separately to the corresponding features of the rendered CT 
image.. The following reasons possibly explain why this technique was 
superiorr to other tested methods. Firstly, because the features were matched 
separately,, deformations in the outline of the patient because of e.g. weight 
losss were allowed. Then, the LR translation is estimated accurately and is 
independentt of a setup error in the CC-direction. Finally, since the 
delineationss essentially follow the top of each leg, the method tries to find a 
mismatchh between the location of the axis of symmetry of the patient during 
acquisitionn of the CT scan and during treatment. Apparently, this combination 
off allowing deformations while looking for symmetry gives the best results. 
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Usingg the video system, the SD of the systematic and random errors of the 
retrospectivelyy adjusted patient setup (1.1 and 1.3 mm) became comparable 
too the errors in the cranio-caudal direction (1.2 and 1.0 mm) and thee anterior-
posteriorr direction (1.3 and 1.5 mm), for this group of 22 prostate cancer 
patients.. Without video imaging, the SD of systematic and random setup 
errorss in the left-right direction were larger: 1.5 and 2.1 mm, respectively.. 

Johnsonn et al. also showed that it was possible to reduce setup errors using a 
video-basedd patient positioning system [11], for a different patient group 
(head-and-neckk cancer patients). The main addition of our study, besides 
focusingg on a different patient group, is that our proposed method allows 
measurementt of the patient setup error with respect to the CT data. Both the 
optimall method found in this study (based on delineated features) and the live 
subtractionn method of Johnson et al. are potentially extendable to be 
automatedd for reduction of the workload. 

Hadleyy [7] proposed an automated system to register a surface model of the 
patientt to the video images of the patient during treatment. The advantage of 
suchh a system is the ability to quantify the patient setup in 3D. A reported 
disadvantage,, however, is the limited accuracy to quantify positioning errors in 
patientss with prostate cancer. The most notable inaccuracy in establishing the 
patientt setup was along the cranio-caudal axis, probably due to the cylindrical 
shapee of patients in the pelvic area. In our study, the setup errors were not 
quantifiedd in this direction. Although the accuracy in the LR and AP directions 
reportedd by Hadley was better than the accuracy in the CC-direction, they 
weree probably adversely influenced by the inaccurate result in the CC 
direction.. Although a disadvantage of our technique is that we measure the 
setupp error in one direction only, this simple procedure proved successful for 
alll patients and has a very high accuracy. 

Inn contrast to techniques that locate the skin of the patients, radiographic 
techniquess that locate the target volume more directly are currently being 
developed.. Examples of these techniques are cone-beam tomographic 
imagingg [10] and visualization of implanted marks [15]. Cone-beam CT 
imagingg involves acquisition of multiple kilo-voltage radiographs as the gantry 
rotatess through 360 degrees of rotation. A back-projection algorithm is applied 
forr reconstructing the volumetric image. The setup of the patient can be 
adjustedd according to the imaged location of the target volume before the 
treatmentt starts. A simpler, but more invasive procedure utilizes implanted 
marks.. Fiducial marks of radiopaque material, often gold, are implanted in or 
nearr the tumor. The projected location of the marks with respect to the field 
edgee is established using portal images. Deviation of the location of the mark 
withh respect to the planned position is used to correct the patient, either 
beforee or after the actual treatment. For patients with prostate cancer it was 
shownn that marks can be automatically detected in portal images obtained 
withh 1-2 MU [12]. 

Thee advantage of both techniques is that the position of the target volume is 
directlyy visualized and therefore motion of the target volume with respect to a 
referencee structure (e.g., bone structures or skin marks) becomes irrelevant. A 
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disadvantagee of the cone-beam CT technique, however, is that it requires 
elaboratee and expensive modifications to the treatment machine, while the 
techniquee that utilizes implanted marks requires implantation of the mark 
usingg a modified biopsy needle or surgery. Furthermore, both methods are 
basedd on x-ray imaging and are therefore poorly suited for setup assistance 
whilee the technicians are in the room. 

Anotherr approach is to use stereoscopic x-ray imaging to measure setup 
errorss of the pelvic bone by means of orthogonal verification films. It was 
shownn that x-ray assisted patient positioning improves setup accuracy at the 
costt of an increased treatment time [17]. 

WeWe are currently investigating the feasibility of replacing the rendered CT 
imagess with video images. For this purpose, we mounted a camera in the CT 
roomm as an alternative method to obtain reference images. This solution 
allowss for measuring the displacement with respect to the planned treatment 
positionn based on video images only, i.e., without the need to acquire the CT 
scann and create the volume rendering. A more important advantage of a 
referencee image acquired with a video camera is that the field-of-view is not 
limitedd by the number of slices in the CT scan (e.g., as in Fig. 3.3). 

Besidess quantitative analysis of the video images, the images appear to 
containn additional valuable information about causes for setup errors. For 
instance,, non-reproducible positioning of the legs was revealed for some 
patients.. More careful positioning possibly avoids relatively large setup errors. 
Ass a result, it is possible that the gain of video imaging will be larger than our 
resultss indicate. 

3.5.3.5. Conclusions 

Videoo imaging is an accurate method for determining the left-right position of 
patientss with prostate cancer. The outline of the patient is a more accurate 
estimatee of the setup of the bone structures than the mark on the patient's 
abdomen.. Thus, improvement of setup of patients with prostate cancer in the 
left-rightt direction by means of video imaging is possible, depending on the 
accuracyy of setup corrections. It is anticipated that the additional work of 
analyzingg the video images will be compensated by fewer corrections. The 
largestt source of inaccuracy in the video matching is movement of the skin of 
thee patient with respect to the bone structures (1.1 mm SD). 
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Abstrac t t 

Ann important condition for the safe introduction of dynamic intensity 
modulatedd radiotherapy (IMRT) using a multileaf collimator (MLC) is the ability 
too verify the leaf trajectories. In order to verify IMRT using an electronic portal 
imagingg device (EPID), the EPID response should be accurate and fast. Non-
instantaneouss dynamic response causes motion blurring. The aim of this 
studyy is to develop a measurement method to determine the magnitude of the 
geometricall error as a result of motion blurring for imagers with scanning 
readout.. The response of a liquid-filled ionization chamber EPID, as an 
examplee of a scanning imager, on a moving beam is compared with the 
responsee of a diode placed at the surface of the EPID. The signals are 
comparedd under the assumption that all EPID rows measure the same dose 
ratee when a straight moving field edge is imaged. The measurements are 
performedd at several levels of attenuation to investigate the influence of dose 
ratee on the response of the detector. The accuracy of the measurement 
methodd is better than 0.25 mm. We found that the liquid-filled ionization 
chamberr EPID does not suffer from motion blurring under clinical 
circumstances.. Using a maximum gradient edge detector to determine the 
fieldd edge in an image obtained by a liquid-filled ionization chamber EPID, 
errorss smaller than 1 mm are found at a dose rate of 105 MU/min and a field 
edgee speed of 1.1 cm/s. The errors reduce at higher dose rates. The 
presentedd method is capable of quantifying the geometrical errors in 
determiningg the position of the edge of a moving field with sub-pixel accuracy. 
Thee errors in the field edge position determined by a liquid-filled ionization 
chamberr EPID are negligible in clinical practice. Consequently, these EPIDs 
aree suitable for geometric IMRT verification, as far as dynamic response is 
concerned. . 
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4.1.4.1. Introduction 

Intensityy modulated radiotherapy aims at the accurate delivery of conformal 
dosee distributions, e.g., for concave target volumes by applying photon beams 
havingg non-uniform beam intensities [3,13]. Although there are several ways 
too deliver intensity modulated beam profiles, in this paper we shall only 
considerr the use of a dynamic multileaf collimator [5,12,14,19]. Dynamic 
multileaff collimation requires a complex delivery procedure and careful on-line 
treatmentt verification. 

Variouss techniques for verifying dose distributions for dynamic MLC 
treatmentss have been published. Early work focused on the applicability of a 
specificc dynamic MLC system to correctly deliver a desired dose distribution. 
Wangg etal. [18] placed a film normal to the beam in a homogeneous phantom 
too record the dose. A routine quality assurance check using film to give an 
overalll assessment of the mechanical accuracy of all leaf pairs is presented 
byy Chui et al. [4]. Recently, procedures have been developed to verify an 
IMRTT treatment on a per treatment basis. Dosimetric verification applying a 
fluoroscopicc EPID has been presented by Pasma etal. [10], while Ma etal. [7] 
showedd a procedure to verify a prescribed intensity modulated x-ray beam 
patternn using a Gd202S scintillation screen. The procedure of Pasma et al. 
verifiess the leaf trajectory calculation and the mechanical and dosimetrical 
performancee of the treatment unit, while the technique of Ma et al. verifies that 
thee IMRT treatment is correctly executed without machine faults. Both 
techniquess verify the dynamic treatment in the absence of the patient. Van 
Eschh et al. [15] presented a method based on the comparison of measured 
andd predicted dose. These authors use a liquid-filled ionization chamber EPID 
forr acquiring the images, and aim at verifying the actual treatment, i.e., with 
thee patient on the treatment couch. On-line verification of the geometry of a 
dynamicc MLC, during the treatment of the patient, adds the possibility to stop 
thee treatment when a mechanical error occurs. For this purpose, work has 
beenn done to compare measured leaf positions with prescribed leaf positions 
byy Partridge etal. [8] and James etal. [6]. Partridge etal. compared various 
EPIDss and showed that with suitable modifications or additions, very similar 
accuraciess can be obtained with the systems. The method described by 
Jamess et al. combines off-line quantitative analysis with on-line qualitative 
analysis,, using a commercial fluoroscopic EPID. James etal. state that image 
acquisitionn times must be below 140 ms in order to ensure coincidence of the 
maximumm gradient in the image with the 50% dose level. 

Beforee a scanning imager can be applied for the verification of dynamic 
multileaff collimation both motion distortion and motion blurring should be 
addressedd [17]. Motion distortion occurs because each scan line is sampled at 
aa different instant in time. Therefore, an object moving perpendicular to the 
scann direction appears skewed in the portal image. Motion blurring occurs 
whenn the dynamic response of the detector is non-instantaneous. As a result 
off this, the field edge position determined from the EPID image might be 
laggingg compared with the real field edge. Little information is available about 
thee dynamic response of commonly used portal imagers. To be useful in a 
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typicall clinical setting, the geometrical error caused by a non-instantaneous 
dynamicc response must be known and be less than a few mm at the plane of 
thee isocenter. We are currently developing a system for dynamic MLC 
verificationn based on a scanning EPID. Our method for verifying a DMLC 
patternn will be described in a future publication. 

Thee aim of this study is to develop an accurate method to test the suitability of 
aa given scanning EPID for geometrical verification of IMRT, i.e., to obtain a 
measurementt method for the dynamic response. One should perform this 
measurementt as an acceptance test. The method is applied to measure the 
dynamicc response of the liquid-filled ionization chamber EPID, which is a 
commonlyy used EPID. Within this article we use the word 'response' to refer 
too the response of a single ionization chamber, while the term 'EPID response' 
referss to the response of a collection of ionization chambers. 

4.2.4.2. Materials  and Methods 

Thee EPID response to a photon beam shaped by a moving diaphragm is 
measured.. A reference of the radiation field edge, indicated by a diode, is 
comparedd with estimates of the radiation field edge obtained from the EPID 
image.. The accelerator and EPID are described in section 4.2.1, the geometry 
off our dynamic test prescriptions is described in section 4.2.2. In section 4.2.3, 
thee experimental setup for the reference signal is described, while the image 
analysiss is described in section 4.2.4. To validate the experiment and to 
investigatee the behavior at higher speeds, the error in the detected position of 
thee field edge is also obtained from a simulation study (section 4.2.5). 

4.2.1.. Lina c and detecto r 

Alll experiments are performed using an 8 MV x-ray beam delivered by an 
Elektaa SL 18 accelerator fitted with an experimental dynamic MLC. Attenuator 
platess of 1 cm thick Rose-metal having an x-ray transmission of 64 % are 
insertedd in the beam approximately 10 cm below the head of the accelerator 
too produce various dose rates. 
Thee portal imager used is a Varian PortalVision Mark II (Varian Inc., Palo Alto, 
CA,, USA). Each scan line is recorded at a slightly different instant in time, and 
acquisitionn of a complete frame takes 1.3 s in full resolution mode. The 
effectivee area of the EPID is 32.5 x 32.5 cm2. A single image consists of 256 
pixell rows and 256 pixel columns. The focus-detector distance is 1.65 m. The 
EPIDD acquisition hardware and software are extended to perform analogue to 
digitall conversion (ADC) of both the percentage monitor units (MU) signal 
providedd by the accelerator and the diode response. The MU signal and the 
diodee signal are recorded in alternation for each EPID row and are stored with 
thee image file. 

4.2.2.. Dynami c MLC Prescriptio n 

Ourr test prescriptions consist of 2 control points. A control point specifies 
wheree the leaves should be positioned when a certain dose is delivered. In 
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thiss experiment only a single diaphragm is moving while the opposing 
diaphragmm and the leaves remain in their extreme open positions. A single 
movingg diaphragm is used to ensure that all EPID rows measure the same 
dosee rate. Using a diaphragm will give the same results as can be derived for 
ann MLC because the penumbra of a leaf is essentially the same as the 
penumbraa of a diaphragm. Furthermore, we assume that the gap between a 
pairr of leaves in clinical practice is large enough to prevent that opening and 
closingg effects within the EPID interfere, i.e., equilibrium is always reached 
priorr to a drop of the signal. In order to avoid problems with the maximum 
gradientt edge detector the diaphragms in the orthogonal direction are 
positionedd in such a way that the projected edges are visible at the borders of 
thee portal images. The first control point specifies that the diaphragm has an 
offsett of +9 cm at the plane of the isocenter when 0 % of the dose is given, 
whilee the second control point specifies that the diaphragm has an offset of -9 
cmm when 100% of the dose is given. Consequently, the distance traveled by 
thee diaphragm is 18 cm at the plane of the isocenter after 100% of the dose is 
given,, corresponding with 29.7 cm at the surface of the EPID. For the first 
seriess of measurements the field size increases, i.e. the field is opening. For 
thee second series, a closing field is measured. 

Thee ratio between the given number of monitor units and the dose rate 
producedd by the accelerator specifies the leaf speed. For all measurements 
thee number of monitor units was set to 110 MU, while the dose rate was set to 
4000 MU/min, thus yielding a speed of 18 cm/16.5 s = 1.1 cm/s at the plane of 
thee isocenter. This is the maximum speed at which the current, experimental 
Elektaa dynamic MLC is found to run reliably. 

4.2.3.. Experimenta l setu p 

AA p-type silicon diode (photon field detector), with an active volume of 0.45 
mmm diameter base and 2.5 mm length (Scanditronix), is placed on the EPID 
(seee Fig. 4.1) underneath 1 cm tissue-equivalent build up material. The diode 
iss coupled to a dose-rate read out device. The longitudinal axis of the diode is 
alignedd with and centered on an EPID column, not necessarily the center 
columnn of the EPID. The row position of the diode is irrelevant, since in this 
experiment,, the response to a single moving diaphragm is measured. Correct 
positioningg of the diode is verified by examination of a portal image of an open 
fieldd with the diode mounted on the EPID. The diode is moved until its 
projectionn is exactly symmetric relative to a pixel column. There is a small 
remainingg error. Because the opening and closing series are measured on 
differentt days this remaining error in diode placement differed for both series. 
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Figur ee 4.1 Schematic view of the experimental setup for measuring the dynamic response of 
aa closing field. The profile used for data analysis is extracted from the pixel column where the 
diodee is mounted, because this pixel column serves as time axis when the diaphragm 
movementt is perpendicular to the scan direction of the EPID. Because of the scanning 
process,, the radiation field edge for a moving diaphragm appears skewed in the portal image 
ass indicated by the dotted line. 

Multiplee samples of the diode signal are obtained during acquisition of a single 
portall image. Each diode measurement is recorded simultaneously with an 
EPIDD scan line, i.e., the scan line number serves as the time axis. The profile 
usedd for data analysis is extracted from the pixel column where the diode is 
mounted.. For this experiment, only diaphragm movement perpendicular to the 
scann direction of the EPID is used. All pixels are assumed to have the same 
dynamicc response. When the diaphragm covers the diode, the entire pixel 
columnn is covered. Because of the scanning process, the radiation field edge 
forr a moving diaphragm appears skewed in the portal image as indicated by 
thee dotted line in Fig. 4.1. Using this observation, we are able to compare the 
EPIDD response with the reference diode response with a time resolution equal 
too the interval between two scan lines (5 ms). The pixels behind the diode 
wheree the beam is attenuated are ignored, as well as the pixels on the edge of 
thee image that are obscured by the static diaphragms. 

Imagee acquisition is started by the use of an automatic beam trigger, based 
onn the measured response of the central 8 rows. Once the average pixel 
valuee exceeds a threshold, images are acquired until the beam stops. The 
amountt of dead time between the acquisition of two images is kept minimal by 
storingg the images temporarily in computer memory. This way, the dead time 
iss 0.2 s. For each field, 9 or 10 images were obtained. 

Inn two situations a measurement is discarded. Firstly, when the intersection 
betweenn the column of interest and the diaphragm is behind the diode, the 
measuredd response may be inaccurate. Secondly, measurements are 
discardedd when the diaphragm crosses the column of interest during the dead 
timee between image frames. The experiments are repeated in order to have at 
leastt 10 usable measurements for each setup. 
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Inn total, 8 different setups are measured: an opening and a closing field, and 
eachh field attenuated by 0, 2, 4 and 6 Rose-metal plates of 1 cm thickness 
each,, respectively. 

4.2.4.. Imag e analysi s 

Bothh the EPID response along the column with the diode as well as the diode 
signall are joined in order and plotted for all recorded images as a function of 
thee recorded percentage ML) value. All values are linearly interpolated. 

Inn each plot, the position of the radiation field edge is determined in three 
ways.. Firstly , the reference field edge is obtained as the position that 
correspondss with 50% of the maximum dose rate measured with the diode. 
Secondly ,, our clinical edge detector [1] is used to locate the position that 
correspondss with the maximum gradient of the linearized EPID response. The 
EPIDD response is linearized using the relation for static dose response [2]. 
Severall coordinates are averaged when the field edge is partly collinear with 
thee pixel column at the diode position. When no coinciding point is found, the 
positionn of the field edge is obtained by interpolating the points closest to the 
pixell column at the diode position. Thirdly , the field edge position is 
establishedd as the position that corresponds with 50% of the maximum of the 
linearizedd EPID response rather than the position of the maximum gradient. 
Deviationss between the reference field edge and the other edge estimators 
aree found as an error in time. The errors are converted to distances by 
incorporatingg the speed of the diaphragm (1.1 cm/s). Finally, these distances 
aree back projected to the plane at the isocenter. 

4.2.5.. Simulatio n of th e dynami c respons e of a liquid-fille d 
ionizatio nn chambe r EPID 

Forr static radiotherapy verification, the liquid-filled ionization chamber EPID is 
readd out with the equilibrium ion-pair concentration, while during dynamic 
IMRTT verification, read out of the induced current is performed without ion-pair 
equilibrium.. For an opening field the ion pair concentration is still below the 
equilibriumm concentration, while for a closing part the previously formed ion 
pairss are still present. The dynamic response of a single EPID chamber is 
simulatedd as described in the appendix, and the position of the field edge is 
determinedd in two ways. The first edge estimator locates the position that 
correspondss with 50% of the maximum of the linearized response taken from 
thee simulation, while the second edge estimator locates the position that 
correspondss with the maximum gradient of the linearized response of the 
simulation. . 
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4.3.4.3. Results 

AA portal image acquired during diaphragm movement is shown in Fig. 4.2. 
Thee white line indicates the horizontal position of the diode, and the black line 
iss the field edge as detected by the maximum gradient edge detector. The 
motionn distortion effect is clearly visible: the straight diaphragm appears 
skewedd in this portal image. 

Figur ee 4.2 Portal image acquired during diaphragm movement. The white line indicates the 
horizontall position of the diode, and the black line is the field edge as detected by the clinical 
edgee detector. The motion distortion effect is clearly visible: the straight diaphragm appears 
skewedd in this portal image. 

Inn Fig. 4.3, the results for an experiment with a closing field and 2 attenuator 
platess are shown at the plane of the isocenter. The solid line represents the 
linearizedd pixel values combined from 9 portal images, and the dotted line 
representss the diode response. The fluctuations in the linearized pixel values 
indicatee individual image frames and are due to the longer path lengths 
throughh the attenuator plates of the photons incident at the borders of the 
EPID.. The vertical line at 52.4% MU corresponds with the location of the 
maximumm gradient in the EPID image. The zoomed image shows the errors in 
moree detail. The error in monitor units when the maximum gradient edge 
detectorr is applied is determined as the deviation between the vertical line and 
thee dotted line, i.e, 52.35 MU-52.6 MU = -0.25 MU, while the error in the 
positionn at 50% of the maximum linearized pixel value is 52.85 MU-52.6 MU = 
0.255 MU. Given that the diaphragm speed is 180 mm/110 MU, the errors are 
equall to 0.41 mm for this experiment. 
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Diodee and EPID response for a closing field 

200 40 60 80 100 

Percentagee monitor units 
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responsee response 

Figur ee 4.3 Comparison of the response of the diode and the EPID for an experiment with a 
closingg field and 2 attenuator plates. The solid line represents the linearized pixel values 
combinedd from 9 portal images, and the dotted line represents the diode response. The 
fluctuationss in the linearized pixel values indicate individual image frames. The vertical line at 
52.4%% MU corresponds with the location of the maximum gradient in the EPID image. The 
smalll deviations between the three lines are the errors in field edge determination as a result 
off the non-instantaneous dynamic response of the EPID. 

Fig.. 4.4 summarizes all results: the mean errors in detected field edge at the 
planee of the isocenter are plotted as a function of the number of attenuator 
plates,, together with 1 SD error bars. The standard deviation is 0.25 mm or 
smaller.. The error using the maximum-gradient edge detector is always 
smallerr than the error in the position at 50% of the maximum linearized pixel 
valuee and the error increases with the number of attenuator plates. The error 
inn the detected edge is 0.7 mm or smaller (for the opening fields), while the 
errorr in determining the position at 50% of the maximum linearized pixel value 
iss 1.1 mm or smaller (for the closing fields). The performance of the maximum 
gradientt edge estimator is better. The error is up to 0.8 mm smaller compared 
too the error found from the position at 50% of the maximum linearized pixel 
value. . 
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Figur ee 4.4 The mean errors due to motion blurring in the detected field edge for a liquid-filled 
ionizationn chamber EPID for (a) a closing field and (b) an opening field, together with 1 SD 
errorr bars for a diaphragm speed of 1.1 cm/s at the plane of the isocenter. The error using the 
maximum-gradientt edge detector is always smaller than the error in the position at 50% of the 
maximumm linearized pixel value and the error increases with the number of attenuator plates. 

Figs.. 4.5 and 4.6 show the same errors computed from the simulation study. 
Fig.. 4.5 shows the results for a leaf speed of 1.1 cm/s and Fig. 4.6 for a leaf 
speedd of 2.5 cm/s, which are the maximum speeds of the current, 
experimentall Elekta dynamic MLC system and the Varian dynamic MIX 
system,, respectively. Sufficient pulses are simulated to assure that the open 
partt of the beam reaches equilibrium. The results are similar to those found 
fromm the experiments, i.e., the performance of the maximum gradient edge 
estimatorr is better and the errors on the opening side are larger than the 
errorss on the closing side. 
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Figur ee 4.5 The mean errors found from a simulation study due to motion blurring in the 
detectedd field edge for a liquid-filled ionization chamber EPID for (a) a closing field and (b) an 
openingg field, for a diaphragm speed of 1.1 cm/s at the plane of the isocenter. The error using 
thee maximum-gradient edge detector is always smaller than the error in the position at 50% of 
thee maximum linearized pixel value and the error increases with the number of attenuator 
plates. . 
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Figur ee 4.6 The mean errors found from a simulation study due to motion blurring in the 
detectedd field edge for a liquid-filled ionization chamber EPID for (a) a closing field and (b) an 
openingg field, for a diaphragm speed of 2.5 cm/s at the plane of the isocenter. The error using 
thee maximum-gradient edge detector is always smaller than the error in the position at 50% of 
thee maximum linearized pixel value and the error increases with the number of attenuator 
plates. . 

AA simulation of the dynamic response of a liquid-filled ionization chamber 
EPIDD with 6 attenuator plates for a stepwise change in dose rate is given in 
Fig.. 4.7. At t=0 s, the beam switches on and as a result of ion-pair formation 
thee 50% level is reached in 0.1 s. When the beam is switched off at t=4 s, as a 
resultt of ion-pair recombination the 50% level is reached in 0.2 s. 
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Figur ee 4.7 Simulation of the dynamic response of a liquid-filled ionization chamber EPID with 
66 attenuator plates for a stepwise change in dose rate. At t=0s, the beam switches on and as 
aa result of ion-pair formation the 50% level is reached in 0.1 s. When the beam is switched off 
att t=4 s, as a result of ion-pair recombination the 50% level is reached in 0.2 s. 
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4.4.4.4. Discussion 

Wee developed a new measurement method with high accuracy for quantifying 
thee geometrical error in an EPID image as a result of non-instantaneous 
dynamicc response using a diode with fast dynamic response as a reference. 
Too ensure that the dose rate is the same for all EPID rows, a single 
diaphragmm for shaping the dynamic beam is used. A high time resolution is 
obtainedd by moving the leaf or diaphragm perpendicular to the scan direction 
off the EPID. In this way, a line-by-line analysis is done, instead of a frame-by-
framee analysis. Other scanning imagers, e.g., amorphous silicon imagers, can 
bee validated for dynamic IMRT verification using the same technique. 

Thee accuracy of the measurement method is high due to interpolation at 
severall stages and independence of fluctuations in accelerator output. 
Interpolationn of the percentage MU values, the pixel values and the 
coordinatess of the field edge results in measurement accuracy better than the 
pixell size. Fluctuations in accelerator output are factored out because the 
diodee response is recorded simultaneously with the EPID response. Even 
thoughh the measurements are only performed with a single diaphragm, the 
resultss are expected to be similar when an EPID is applied for verification of 
thee leaves, provided that the penumbra width of the leaf is similar to the 
penumbraa width of the diaphragm. A simulation study based on fitted values 
forr the penumbra of both a leaf and a diaphragm showed that for our DMLC 
thee results would differ 0.1 mm at most, for clinical dose rates. Although Fig. 
4.33 shows some location dependent difference in measured linearized pixel 
values,, the gradient due to this variation is very small compared to the effect 
duee to a passing field edge. By using a set of calibration images with the 
attenuatorr plates inserted it would have been possible to reduce these 
locationn dependent differences. 

Forr this experiment, diode placement is critical. Incorrect diode placement 
leadss to a systematic measurement error, because the dose rate at the EPID 
columnn is measured earlier or later than the reference dose rate at the diode. 
Thee magnitude of the error is limited to a quarter of a pixel when the diode is 
positionedd in such a way that the projected image of the diode is symmetrical, 
e.g.,, when the thickest part of the diode is centered on top of a pixel column. 
Forr a field with an ideal stepwise penumbra this measurement error is 
1.27/4=0.322 mm at the EPID surface, or 0.19 mm at the plane of the 
isocenter.. Improved means for diode placement would eliminate part of this 
problem. . 

Thee agreement between the measurements, given in Fig. 4.4, and the results 
off the simulation study, given in Fig. 4.5, is reasonable, especially for the 
setupss with a closing field and the setups with an opening field and few 
attenuatorr plates. A difference in penumbra width and a lag in the diode 
responsee might explain deviations. Currently, the simulation study uses the 
samee penumbra for all setups. Also, due to inhomogeneity of the attenuator 
platess the transmission per plate might deviate from 64%, the factor used in 
thee simulation study. The measurements and the results of the simulation 
studyy also show a systematic difference, e.g., the error for a closing field 
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withoutt attenuator plates is negative while the same error from the simulation 
studyy is positive. This is explained by the lag in the diode response. 
Measurementss employing asynchronous readout show that the diode signal is 
reducedd with a factor 2 in 25 ms when the beam shuts off. With a diaphragm 
speedd of 1.1 cm/s, this yields an additional deviation of at least 0.28 mm for 
thee measurements, again depending on penumbra width. 

Onee can understand the effect of dose rate on the errors presented in Figs. 
4.44 to 4.6 as follows. The geometrical error as a result of motion blurring 
wouldd be absent if the equilibrium is reached without delay and drops to zero 
immediately.. In reality, reaching the equilibrium state takes a certain amount 
off dose and the equilibrium ion pair concentration follows the square root of 
thee dose rate. For instance, the equilibrium ion pair concentration is only V2 
higherr when the dose rate is twice as high. Because the amount of ion-pair 
formationn initially follows the dose rate linearly the equilibrium is reached 
soonerr at higher dose rates. The drop in pixel values depends on 
recombinationn of previously formed ion pairs. Obviously, when less ion pairs 
aree available, recombination takes longer, i.e., at a lower dose rate the 
responsee is slower. 

Surprisinglyy the error found for the opening fields is larger than the error found 
forr the closing fields, for both edge estimators. One would expect the 
opposite,, since the ion-pair formation is faster than the decay, see Fig. 4.7 
andd the appendix. An explanation for this effect is derived from the difference 
inn shape of the dynamic response to an opening and a closing field. The 
responsee to an opening field is given by the hyperbolic tangent (tanh) of the 
dosee rate, while the response to a closing field is hyperbolic. Linearizing the 
pixell values involves computing the square of the pixel values. This operation 
causess a point of inflection in the graph of the opening field, i.e., in the 
hyperbolicc tangent. As a result of this point of inflection, both edge estimators 
detectt the instant the field edge of the opening field passes later than the 
instantt the closing field edge passes, see Fig. 4.8. This graph clearly shows 
thatt both the instant corresponding with a linearized pixel value at 50% of the 
maximumm value and the instant corresponding with the maximum gradient are 
laterr for the opening field. 
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Timee after field edge passes (s) 

Figur ee 4.8 The linearized dynamic response of a single chamber of the liquid-filled ionization 
chamberr EPID, obtained from a simulation study where the beam is not attenuated, in 
percentagee of the maximum. An ideal stepwise penumbra is simulated. The rising line is the 
responsee to an opening field, while the dropping line is the response to a closing field. Both 
thee instant that the linearized pixel value is at 50% of thee maximum value and the instant 
wheree the gradient is maximal are closer to the instant the field edge passes for the 
decreasingg field at t=0 s. 

Thee results of this study regarding the liquid-filled ionization chamber EPID 
agreee with results found by Partridge et al. [9]. These authors showed that 
variouss EPIDs provide very similar results when comparing measured and 
prescribedd trajectories. Three different kinds of imagers were used in that 
study,, including the liquid-filled ionization chamber system. Because no 
systematicc deviation between the liquid-filled ionization chamber EPID and the 
otherr imagers was found, it was not expected that the dynamic response of 
thee liquid-filled ionization chamber system would be inaccurate. However, the 
designn of this experiment did not allow for detection of the systematic errors 
causedd by the EPID. 

Thee transmission through 3 attenuator plates corresponds with transmission 
throughh approximately 60 cm of patient tissue. Fig. 4.6 shows that at the 
openingg side the error found by the most efficient edge estimator for 3 
attenuatorr plates at a diaphragm speed of 2.5 cm/s is 1.6 mm at the plane of 
thee isocenter. The value of 1.6 mm can therefore be considered as an upper 
limitt for the error under clinical conditions. 

4.5.4.5. Conclusions 

AA method for accurate verification of the dynamic response of a scanning 
EPIDD was presented. The method is applicable for any type of scanning 
detector.. The liquid-filled ionization chamber EPID is fast enough for dynamic 
IMRTT verification purposes, provided that distortion as a result of scanned 
read-outt is addressed. 

Forr a liquid-filled ionization chamber EPID it has been shown that the 
maximumm gradient edge detector is more accurate in locating the radiation 
fieldd edge compared with locating the position at 50% of the maximum dose 
rate,, for a dynamic field. Therefore, the maximum gradient edge detector 
shouldd be employed for locating the dynamic field edge. 
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4.6.4.6. Appendix 

Thee algorith m used to simulat e the dynami c respons e of a liquid-fille d 
ionizatio nn chambe r EPID 

Initially,, the amount of ion pairs is set to zero for the chamber. As a result of 
incidentt photons the amount of formed ion pairs is computed and added using 
thee differential equation given by van Herk [16], 

^^ = A U O - a * ( 0 '. (4.1) 

Acceleratorr pulses are simulated after every At interval. The duration of a 
pulsee is assumed to be infinitely short. Therefore, the ion pair concentration 
increasess stepwise with the amount of new-formed ion pairs Nin during each 

pulse.. When the chamber is fully masked by a leaf, Nin is set equal to zero, 
whilee for a location close to a leaf edge Nin is obtained using a measured 
penumbraa shape. 

Thee ion pair concentration between the pulses is computed from 

^ ll  = -an{tf. (4.2) 
dt dt 

Thee solution to this differential equation is 
n(t)n(t) = ^ , (4.3) 

whilee the general solution is 

n(/)) = — l —  (4.4) 
aa  t + C, 

With h 

C,== ! (4.5) 
11 n(t-At) 

itt is found that 

n(t)n(t) = n(t~At) (4.6) 
\\ + a-n(t-At)-t 

betweenn the pulses, i.e., with t in (0, At]. Note that the same equation holds 
forr a part of the EPID that no longer receives incident photons. The 
recombinationn constant a needed for the simulation is obtained from an 
experimentt using ultra slow readout [11] and was found to be 3.121x10"16 m V 
1 1 

Thee shape of the ion-pair formation curve is also derived analytically. The 
solutionn for the differential equation is 

««I)=I)=  ,4.7) 
a a 

i.e.,, for continuous radiation the ion-pair formation curve has the shape of a 
hyperbolicc tangent, see Fig. 4.7. 
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Abstrac t t 

Inn order to guarantee safe delivery of dynamic intensity modulated 
radiotherapyy (IMRT), verification of the leaf trajectories during the treatment is 
necessary.. The aim of this study is to develop a method for on-line verification 
off leaf trajectories using an electronic portal imaging device with scanning 
read-out,, independent of the multileaf collimator. Examples of such scanning 
imagerss are electronic portal imaging devices (EPIDs) based on liquid-filled 
ionizationn chambers and those based on amorphous silicon. Portal images 
weree acquired continuously with a liquid-filled ionization chamber EPID during 
thee delivery, together with the signal of treatment progress that was generated 
byy the accelerator. For each portal image, the prescribed leaf and diaphragm 
positionss were computed from the dynamic prescription and the progress 
information.. Motion distortion effects of the leaves were corrected based on 
thee treatment progress that was recorded for each image row. The aperture 
formedd by the prescribed leaves and diaphragms was used as the reference 
fieldd edge, while the actual field edge was found using a maximum-gradient 
edgee detector. The errors in leaf and diaphragm position were found from the 
deviationss between the reference field edge and the detected field edge. 
Earlierr measurements of the dynamic EPID response showed that the 
accuracyy of the detected field edge was better than 1 mm. To ensure that the 
verificationn was independent of inaccuracies in the acquired progress signal, 
thee signal was checked with diode measurements beforehand. The method 
wass tested on three different dynamic prescriptions. Using the described 
method,, we correctly reproduced the distorted field edges. Verifying a single 
portall image took 0.1 s on an 866 MHz personal computer. Two flawss in the 
controll system of our experimental dynamic multileaf collimator were correctly 
revealedd with our method. Firstly, the errors in leaf position increased with leaf 
speed,, indicating a delay of approximately 0.8 s in the control system. 
Secondly,, the accuracy of the leaves and diaphragms depended on the 
directionn of motion. In conclusion, the described verification method was 
suitablee for detailed verification of leaf trajectories during dynamic IMRT. 
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5.1.5.1. Introduction 

Improvingg dose distributions in radiotherapy by the use of intensity-modulation 
hass gained wide interest [2,20]. One technique for delivering intensity 
modulatedd beam profiles is the dynamic use of a multileaf collimator (i.e., the 
DMLCC technique) [15-17]. While all forms of radiotherapy require careful 
verificationn of the treatment delivery, verification of a DMLC requires special 
attentionn because of the more complex delivery technique [3,6,8]. 

WeWe distinguish between verification of dose and verification of geometry in 
dynamicc MLC treatments. Several techniques for verifying dose distributions 
forr dynamic MLC treatments were published. Chui et al. [A] presented a 
routinee quality assurance check using film to give an overall assessment of 
thee mechanical accuracy of all leaf pairs. Wang era/. [19] recorded the 
depositedd dose using a film placed normal to the beam in a homogeneous 
phantomm to verify that the distribution predicted by the planning systems was 
actuallyy delivered. To validate treatment plans, Xing et al. [21] separated 
qualityy assurance of the leaf sequencer from the dynamic MLC delivery 
systemm and developed a computer algorithm for the verification of the leaf 
sequences.. Pasma era/. [12] developed a new method for dosimetric 
verificationn of intensity-modulated beams utilizing a charge-coupled device 
camera-basedd fluoroscopic electronic portal imaging device (EPID), while a 
proceduree to verify a prescribed intensity modulated x-ray beam pattern using 
aa Gd202S scintillation screen was presented by Ma et al. [9]. Curtin-Savard ef 
al.al. [5] described a dosimetric verification procedure of an intensity-modulated 
beamm delivered in the segmented approach, prior to treatment. Van Esch et 
al.al. [18] presented a method based on the comparison of measured and 
predictedd dose. Van Esch et al. used a liquid-filled ionization chamber EPID to 
acquiree the images, with the intent of off-line verification of the actual 
treatment.. In the remainder of this paper we focus on geometrical verification 
off dynamic MLC treatments. 

Real-time,, on-line verification of the geometry of a dynamic MLC, during 
patientt treatment, allows interruption of the treatment when a mechanical error 
occurss and allows a detailed investigation of the mechanical performance of a 
DMLCC system. For this purpose, work was done to compare measured leaf 
positionss with prescribed leaf positions by Partridge et al. [10,11] and James 
etet al. [6]. Partridge and co-workers compared various EPIDs, including the 
liquid-filledd EPID, for verifying beam delivery on an Elekta dynamic MLC. The 
performancee of the three systems was shown to be very similar. The method 
describedd by Jamess ef al. combines off-line quantitative analysis with on-line 
qualitativee analysis, using a commercial fluoroscopic EPID. However, this 
methodd is not directly applicable to scanning detectors. Ramsey ef al. also 
addressedd geometrical verification of dynamic intensity modulated 
radiotherapyy (dynamic IMRT), with emphasis on verification of conformal 
dynamicc arc and intensity modulated arc treatments, where dose is delivered 
duringg gantry rotation [14]. Their method is based on the stored leaf positions 
inn a MLC log file, and is therefore not independent of the accelerator. An 
independentt check was, however, obtained by detecting the position of a leaf 
usingg an external video tracking system. This latter technique is not applicable 
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inn routine clinical use. The papers of James and Ramsey do not mention a 
techniquee for validation of the correctness of the progress information. Lack of 
suchh validation might cause the verification procedure to be dependent on 
inaccuraciess in the MLC. 

Beforee a scanning imager is applied for the verification of leaf and diaphragm 
positionss during treatment with the DMLC technique both motion blurring and 
motionn distortion should be addressed. Motion blurring occurs if the dynamic 
responsee of a detector is non-instantaneous. In a previous study, we 
comparedd the response of our liquid-filled EPID with a reference diode to 
measuree the magnitude of motion blurring. We found that the error in field 
edgee position determined with a liquid-filled ionization chamber EPID is 
negligiblee in clinical practice (less than 1 mm) [13]. Keller et at. [7] performed a 
theoreticall study on the verification possibilities of dynamically collimated 
treatmentt beams with a scanning liquid-filled ionization chamber EPID, based 
onn the differential equation describing the creation and recombination of ions. 
Althoughh that paper addresses issues related to the dynamic nature of that 
typee of EPID, it does not describe a method for handling motion distortion 
causedd by the EPID system. Motion distortion occurs because each row is 
sampledd at a different instant in time, and movement of an object 
perpendicularr to the scan direction causes the object to appear skewed in the 
portall image (if the object covers more than 1 image row). When the scanning 
characteristicss of a detector are known, it is possible to predict the magnitude 
off motion distortion and to use such a detector for the verification of the leaf 
positionn during dynamic IMRT. 

Thee aim of this study is real-time, on-line treatment verification of all leaf and 
diaphragmm positions during a dynamic IMRT treatment, independent of the 
MLC.. The verification technique is designed for a scanning imager. Examples 
off scanning imagers are liquid-filled ionization chamber EPIDs and 
amorphouss silicon based EPIDs. The algorithm that will be presented 
generatess a reference field edge that includes motion distortion based on the 
dynamicc prescription and information of the progress. This reference field 
edgee is compared with the leaf and diaphragm positions measured in portal 
imagess to perform verification of dynamic IMRT. 

5.2.5.2. Materials  and methods 

AA method was developed for real-time, on-line treatment verification of all leaf 
andd diaphragm positions during a dynamic IMRT treatment. A scanning liquid-
filledd ionization chamber EPID was used to acquire images during execution 
off dynamic IMRT. A disadvantage of this imager is that within the time needed 
too acquire a single frame, leaves or diaphragms can travel a noticeable 
distance.. This imager, the accelerator and their relation to one another are 
describedd in section 5.2.1. The dynamic prescriptions used to test the method 
aree described in section 5.2.2. In addition to the dynamic prescription, 
verificationn of the leaf and diaphragm positions during dynamic IMRT requires 
thatt progress information is available for determining the shape and position 
off the reference edge. The proposed means to obtain this information is 
describedd in section 5.2.3. The algorithm used for generating the reference 
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fieldd is described in section 5.2.4. The method to detect the actual field edge 
andd the method to compare this field edge with the reference field edge are 
describedd in section 5.2.5. 

5.2.1.. Image r and Accelerato r 

Thee portal imager used in this study was a Varian PortalVision Mark II (Varian 
Inc.,, Palo Alto, CA, USA). The effective area of the EPID is 32.5 x 32.5 cm2, 
andd a single image consists of 256 pixel rows and 256 pixel columns. Each 
roww of the image is recorded at a slightly different instant in time, and 
acquisitionn of a complete frame takes 1.3 s in full resolution mode. Acquisition 
off a single pixel row takes 5 ms, 5 ps of which is actual read-out time per pixel 
(1.33 ms per row). The focus-detector distance was 1.65 m. The position of the 
projectedd isocenter was determined by acquiring portal images of 10 x 10 cm2 

fieldss for collimator rotations of 0,90, 180 and 270 degrees. The position of 
thee projected isocenter was established by averaging the coordinates of the 
detectedd field edges of all four images. The EPID acquisition hard- and 
softwaree were extended to perform analogue-to-digital conversion (ADC) of 
thee percentage monitor units (MU) signal provided by the accelerator, as well 
ass the response of a diode used as a reference for validation of the MU signal 
off the accelerator. The ADC is performed in the 1.3 ms acquisition time of an 
imagee row. According to the manufacturer, this percentage MU signal is used 
too control the DMLC. The MU signal and the diode signal were recorded in 
alternationn for each EPID row and were stored together with the image file. 
Thiss procedure established an electric connection with an existing signal 
(scopee output) and did not influence or delay the MU signal of the accelerator. 

Alll experiments were performed using an 8 MV x-ray beam delivered by an 
Elektaa SL 18 acceleratorr fitted with an experimental dynamic MLC. The gantry 
wass set to 0 degrees for all measurements to eliminate the effect of gravity on 
leaff and diaphragm motion, while the dose rate was set to 400 MU/min. 

5.2.2.. Dynami c MLC Prescription s 

AA dynamic MLC prescription consists of two or more control points, where a 
controll point specifies all the leaf and diaphragm positions when a certain 
percentagee of the total dose has been given. The leaf speed is controlled by 
thee ratio of the specified number of monitor units and the dose rate produced 
byy the accelerator. In this paper, we will call a left leaf or diaphragm moving to 
thee right a "closing leaf or diaphragm", and a left leaf or diaphragm moving to 
thee left an "opening leaf or diaphragm" (closing and opening field, 
respectively).. A similar naming convention is used for the right leaf. 

Threee different test prescriptions were used. The first test prescription 
describedd a diaphragm closing and opening consecutively, and consisted of 4 
controll points. In this experiment only a single diaphragm was moving while 
thee leaves and the opposing diaphragm remained in their initial positions. The 
pairr of diaphragms at the 90-degree angle was positioned in such a way that 
thee projected edges were visible at the borders of the portal images. Fig. 5.1 
illustratess the prescribed trajectory of the moving diaphragm. During the first 
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10%% of the delivery there was no movement, i.e., for the first and the second 
controll point an offset of +9 cm at the plane of the isocenter was specified. At 
thee third control point, corresponding with 55% of delivered dose, an offset of -
99 cm was specified. At the fourth and final control point the initial location of 
thee diaphragm was specified, i.e., the diaphragm was programmed to return to 
itss starting point. Consequently, the distance traveled by the diaphragm was 
366 cm (2x18 cm) at the plane of the isocenter after 100% of the dose was 
given,, corresponding to 59.4 cm at the surface of the EPID. For this 
measurementt the total number of monitor units was set to 600 MU. The 
resultingg speed of the diaphragm during movement thus was 36 cm/(90%x90 
s)) = 0.44 cm/s at the plane of the isocenter. 
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Figur ee 5.1 Dynamic prescription for a moving diaphragm. The prescription consisted of 4 
controll points which determined the position of the diaphragm at certain points during the 
deliveryy of dose. In the Elekta implementation, treatment progression is expressed as the 
integratedd percentage of delivered monitor units. The diaphragm was prescribed to remain in 
itss initial position during the first 10% of the treatment, then to move to the opposite direction 
andd back during the remaining 90% of the treatment. 

Inn the second test prescription the 17 leaves around the center closed and 
openedd with different but fixed speeds, ranging from 0.09 cm/s to 0.8 cm/s. 
Thiss prescription was used to study the effect of velocity on leaf and 
diaphragmm position error. For this measurements, the number of monitor units 
wass set to 300 MU, i.e., the fastest leaf in this prescription moved with a 
speedd of 36 cm/45 s = 0.8 cm/s at the plane of the isocenter. This is close to 
thee maximum speed at which the current, experimental Elekta dynamic MLC 
wass found to run reliably. 

Thee third test prescription was a more realistic leaf pattern consisting of 6 
controll points where leaves move from left to right with different and varying 
speeds.. Only the backup diaphragms and the 8 leaves around the center 
movedd during this prescription. The prescription concerned a head and neck 
treatment,, where the leaves moved faster around the spine. Again, the 
numberr of monitor units was set to 300 MU. The speed of the fastest leaf in 
thee sliding window prescription was 0.7 cm/s. An anthropomorphic pelvis 
phantomm was irradiated during execution of the third prescription to estimate 
thee possible influence of a patient in the beam. 
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5.2.3.. Progres s informatio n 

Forr our verification purposes, progress information (% MU) should be 
availablee for each image row. Because progress information is a percentage 
off the total dose, the best provider for this information is the accelerator itself. 
However,, using the accelerator for providing this signal without taking 
additionall measures compromises the independence of the verification 
procedure.. Therefore, the signal from the accelerator was validated with an 
independentt reference, a dosimeter, beforehand. This validation step was 
performedd once before running the test prescriptions. Supplementary 
measurementss showed that the MU signal was very stable (within a period of 
twoo months). 

Gainn and offset correction of the signal after ADC was performed to calibrate 
thee progress values. The offset was measured before the beam was switched 
on,, and the gain was determined after termination of the beam. The acquired 
signall was corrected for outliers that were caused by electronic interference or 
switchingg glitches in the signal. In our accelerator the percentage integrated 
MUU signal was updated only once per 24 image rows, i.e., once per 120 ms. 
Inn order to obtain values at a higher time resolution, the signal was 
interpolated.. Computationally, this was accomplished by filtering the stored 
valuess using a uniform filter with a kernel size of 24 elements. 

Thee processed signal was verified using a diode as a reference. This 
experimentt was performed with an 18x18 cm2 static field. The diode, covered 
withh some buildup material, was placed at the surface of the EPID within the 
field,, and was connected to a dose rate read-out device. The measured dose 
ratee was integrated to yield the dose signal. Both the integrated MU signal and 
thee dose signal measured by the diode were acquired shortly after the beam 
switchedd on. The root-mean-square difference of both signals after gain and 
offsett correction was minimized to quantify the lag in the MU signal provided 
byy the accelerator. Finally, extrapolating and shifting the processed signal 
yieldedd the correct progress information in case of any delay in the progress 
signal. . 

5.2.4.. Algorith m fo r generatin g a referenc e fiel d edg e 

Givenn the control points of a dynamic MLC prescription and the progress 
information,, sufficient information was available to compute the reference field 
edgee for a scanning EPID. For each leaf and diaphragm, the prescribed 
positionn was computed, as a scanning detector would "see" it. In other words, 
wee computed how the field edges in all portal images should appear. The 
algorithmm consists of two steps. In the first step, a list of coordinates for all the 
cornerr points of the front sides of the leaves and diaphragms is obtained, 
whilee in the second step intersections for all EPID rows overlapped with 
leavess and diaphragms are included. In this way, the reference edge includes 
alll detail present in an EPID image. 

Thee first step is illustrated in Fig. 5.2, which shows how corner points are 
collected.. A beam's eye view showing a moving leaf rotated 45 degrees 
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abovee the EPID is depicted. Although we concentrate on a leaf in the 
descriptionn of the algorithm, the same algorithm is also used for the 
diaphragm.. The column on the right side shows the percentage integrated MU 
valuess per row, i.e., the interpolated and delay corrected values based on the 
244 percentages MU recorded around the time of the read-out of that specific 
row.. At first, we focus on leaf motion only, ignoring the response of the 
detector.. For each percentage MU, the position of the corner point based on 
thee leaf prescription is computed (the small circles). In other words, motion of 
aa leaf that is prescribed to move from location F, in the plane of the isocenter 
att control point / (corresponding with MU,%) to location F+ i at control point 
/'+11 (corresponding with MUM%) is described by equation (5.1), where J(p)\s 
thee location of the corner point for a percentage MU p in the interval MUi to 
MUMUMM: : 

I(I( --p)=h+p)=h+Ji~Ji~MUMUMrrMrr iL+liL+l --l)l) <5-1> 
MUiMUi +1 - MUi 

Duringg acquisition of a portal image the y-coordinate of the scanned row of the 
EPID,, back projected to the plane of the isocenter, is described by equation 
(5.2): : 

FIDFID  detector size 

pjpj + i-pj) FDD 
wheree FDD equals the focus-detector distance, and FID the focus-isocenter 
distance.. The percentages MU p,and p;+i are acquired during read-out of rows 
yy andy'+1 and p is a percentage MU larger than or equal to the percentage MU 
recordedd during read-out of rowy (p;) and smaller than or equal to the 
percentagee MU recorded during read-out of rowy'+1 (py+i). Therefore, equation 
(5.2)) describes the scanned row after read-out of EPID rowy', but before read-
outt of EPID row/4-1, with sub-pixel accuracy. In other words, the recorded 
percentagess in the nearest rows are interpolated in the case where p does not 
correspondd with an image row, in order to obtain a sub-pixel accurate 
referencee field edge. This equation assumes that the isocenter is projected in 
thee center of the portal image. 

,, . , . #detectorrows p-pj 
r(p)r(p) = \j z ' 
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Figur ee 5.2 Illustration of the algorithm used for computation of the reference field edge. The 
picturee shows a beams eye view of a leaf rotated 45 degrees above an EPID. The squares 
indicatee EPID pixels, and the column on the right side shows the % integrated monitor units 
(MU)) recorded at the end of each image row after read-out of that particular row. For each % 
integratedd MU, the position of a corner point is computed, based on the leaf prescription (the 
smalll circles). The corner point is captured in the EPID image at the instant where the 
scanningg read-out "overtakes" the moving leaf, here at 44.7 % integrated MU. This algorithm 
iss applied to the corner points of all leaves and diaphragms to reconstruct the expected shape 
off the field edge in the portal image. 

Thee corner point of the leaf is captured in the EPID image when r{p) equals 
thee y-coordinate of l(p), i.e., the position where the scanned read-out 
"overtakes"" the moving leaf. The result of this algorithm is a percentage p and 
thee corresponding EPID row/, where) is the row where the corner point is 
aboutt to be captured. When there is no solution for p where r(p) equals the y-
coordinatee of I(p), the leaf or diaphragm is outside the field of view of the 
EPID.. Only in that case the inspected corner point is ignored. An entire list of 
thee coordinates of all the front sides of the beam-shaping devices is obtained 
byy applying the same algorithm to the corner points of all leaves and 
diaphragms.. To validate the algorithm the reference field edge was computed 
manuallyy for a limited set of percentages MU. 

Soo far, it is possible to compute the position of the corner points. Since 
considerablee motion variability can occur in between the detection of corners 
of,, e.g., a diaphragm, a second step is needed to compute the reference 
shapee in more detail. 

Inn this second step, all intersections between rows of the portal image and line 
segmentss formed by connected corner points are inspected. For each 
intersectingg row, the corresponding position l{pj) is computed from equation 
(1).. Let l(p\)describe the first corner point and J(p2) the second corner point 
off a single leaf or diaphragm, where pi and pi are the percentages MU that 
aree recorded for EPID rows;'? ar\dj2, respectively. For all EPID rows where the 
correspondingg percentage MU pj is between pi and P2 the corner position 
J(pi)J(pi) is computed from equation (5.1), i.e., all EPID rows between j1 and;2 are 
considered.. The resulting list of intersecting coordinates is inserted in the list 
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off coordinates from step 1. At the end, a list of coordinates for the diaphragms 
andd a list of coordinates for the leaves are obtained. Because an EPID image 
onlyy shows the resulting field aperture, the intersection of both coordinate lists 
iss determined to yield the final reference for the field edge. 

5.2.5.. Establishin g the geometrica l erro r 

Thee actual field edge was detected using a maximum-gradient edge detector 
[1],, and the deviations between the detected field edge and the reference field 
edgee were quantified. The error in leaf or diaphragm position was defined as 
thee shortest distance between the reference leaf or diaphragm coordinates 
andd the detected field edge, in the direction of the movement. If the reference 
edgee of a left leaf or diaphragm was to the right of the actual leaf or 
diaphragm,, it was defined as a negative error; if it was to the left it was 
definedd as a positive error. If the reference edge of a right leaf or diaphragm 
wass to the left of the actual leaf or diaphragm, it was defined as a negative 
error;; if it was to the right it was defined as a positive error. 

5.3.5.3. Results 

Thee computation time needed for verification of a single portal image was 0.1 
ss on the applied personal computer (866 MHz, 512 MB memory). This time 
includedd generation of the reference field edge, detection of the radiation field 
edgee and computation of the distances between the radiation field edge and 
thee reference edge. Assuming that the algorithms were implemented correctly, 
thee accuracy of the verification procedure depends only on the dynamic 
responsee of the tested EPID, which is better than 1 mm [13]. 

Inn Fig. 5.3, the ML) signal provided by the accelerator after processing is 
shown,, together with the reference signal obtained with a diode dosimeter. A 
lagg of 285 ms in the percentage MU signal was measured by shifting the 
measuredd MU signal to the left until alignment with the reference signal was 
obtained.. This lag is caused by the design of the experimental dynamic MLC. 
Forr the measurements the MU signal was obtained from a scope output 
device.. The MU measurements of the accelerator were first handled in 
softwaree before the signal was propagated to this scope output. Hence, this 
lagg was expected to be highly reproducible and to remain stable during the 
entiree treatment, although it might change with different software versions of 
thee controller of the accelerator. 
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Figur ee 5.3 Verification of the progress signal provided by the accelerator using a diode as a 
reference.. The lag in the MU signal provided by the accelerator was estimated by shifting the 
MUU signal to match the diode signal. For this purpose the root-mean-square of the difference 
off both signals for various shifts was minimized and a lag was yielded of 285 ms. This delay 
inn the progress signal was accounted for in the verification procedure. 

AA portal image acquired during the first prescription where only the diaphragm 
movess is shown in Fig. 5.4. The motion distortion effect as a result of scanned 
read-outt is clearly visible: the straight diaphragm moving perpendicular to the 
scann direction appears at different positions for each row in the recorded 
image.. The white dashed line represents the position of the diaphragm at the 
instantt the top line is scanned, i.e., the straight diaphragm appears skewed. 
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Figur ee 5.4 Portal image acquired during execution of a dynamic IMRT prescription showing 
motionn distortion. As a result of the scanned read-out, a straight diaphragm moving 
perpendicularr to the scan direction will appear at different positions for each row in the 
recordedd image. The white dashed line represents the moving diaphragm at the instant the 
topp image row is scanned. After 1.3 s, when the bottom row is scanned, the diaphragm 
traveledd a noticeable distance. 
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Inn Fig. 5.5, portal images overlaid with the reference field edge are shown for 
alll three prescriptions. Fig. 5.5 (a) is taken while the diaphragm moved with a 
speedd of 0.44 cm/s, Fig. 5.5 (b) while the leaves move with different but fixed 
speed,, and Fig. 5.5 (c) during execution of the more realistic leaf pattern, 
wheree leaves move from left to right. The field edge as detected by our 
maximumm gradient edge detector is displayed in white, the generated 
referencee edge in grey. Fig. 5.5 (a) clearly shows that skewing of the field 
edgee was accurately reproduced. All three images show a lag in the actual 
positionn of the leaves and the diaphragm compared to the reference position. 

Slidingg window detectedd field edge 
predicted d 
referencee edge 

(c) ) 

Figur ee 5.5 Three portal images taken during execution of each of the test prescriptions. In 
(a),, a portal image of a moving diaphragm from right to left with a speed of 0.44 cm/s is 
shown.. The portal image in (b) was acquired during execution of the prescription where 
leavess move with different but fixed individual leaf speed, and (c) shows a portal image 
acquiredd during delivery of the more realistic leaf pattern, where leaves move from left to right 
withh different and varying individual leaf speeds. The field edge as detected by our maximum-
gradientt edge detector is indicated in white, while in grey the predicted reference edge is 
shown. . 

Fig.. 5.6 shows the errors for all images taken during movement of the single 
diaphragm.. In this graph, the average error over the entire diaphragm as 
shownn on the EPID is plotted versus the image number. The error bars 
indicatee the variation of the errors 1 SD) over the length of the diaphragm. 
Mostt variation of the errors is due to fluctuations in diaphragm speed during 
delivery,, which was also observed visually from the computer screen that 
displayss a processed camera image of the MLC during the experiment. In the 
firstt three images, where the diaphragm is not moving, a small error in 
determiningg the projected isocenter becomes visible. During the closing part 
off the prescription, the magnitude of the errors is smaller than during the 
openingg part. At the turning point between closing and opening, some rows 
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capturee the field edge when it has a speed of 0 cm/s resulting in a smaller 
averagee error between the detected field edge and the reference field edge. 
AtAt this point, the variation of the errors is largest because two opposite 
diaphragmm speeds are captured in a single frame, as in Fig. 5.7. 
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Figur ee 5.6 Measured errors in diaphragm position (the absolute value was taken). The error 
barss indicate the variation of the errors 1 SD) over the length of the diaphragm. In the 
beginning,, the error in diaphragm positioning was small because the diaphragm remained in 
thee initial position as specified by the prescription. After four portal images were acquired, the 
diaphragmm started to move from right to left. After 26 images were taken, the diaphragm 
startedd to move in the opposite direction. For this image the variation over the length of the 
diaphragmm was larger than the mean error. The (absolute) average errors were smaller when 
thee diaphragm was closing (0.5 cm versus 0.7 cm). 

Figur ee 5.7 Portal image taken during execution of the test prescription. The diaphragm was 
programmedd to return during the acquisition of this portal image. For this image, the variation 
off the errors over the diaphragm was largest because two opposite diaphragm speeds were 
capturedd in a single image. According to the prescription, the diaphragm was programmed to 
movee in opposite direction approximately halfway during acquisition of this image, but as a 
resultt of the lag the actual turning point was in the last part of the acquisition. 
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Thee errors found for the experiment with different but fixed leaf speeds are 
givenn in Fig. 5.8. Each dot corresponds with the average error found for a 
singlee leaf in a single portal image taken during execution of the prescription: 
analysiss of each portal image yielded an error for each of the 17 leaves 
becausee 17 leaves were present in a single portal image. Both graphs 
demonstratee a linear relation between leaf speed and deviation indicating that 
theree is a delay. The slope of the graph for the closing leaves in Fig. 5.8 
correspondss with a total delay of 0.79 s, and the slope of the graph for the 
openingg leaves with a total delay of 1.14 s, while the standard deviations of 
thee differences with the fitted values are 0.05 cm and 0.06 cm, respectively. 
Thesee delays are comprised of the aforementioned delay of the MU signal of 
0.2855 s and any additional delay in the control system of the dynamic multileaf 
collimator. . 
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Figur ee 5.8 Measured errors in leaf position during the prescription where the left set of leaves 
movedd from left to right and back, i.e., the leaves were closing and opening, respectively. 
Duringg execution of this prescription, the leaves moved with different but fixed speeds. While 
closing,, the slope of the errors is smaller (0.79 s) compared to the slope during the opening 
stagee (1.14 s). 

Thee results for the sliding window prescription are given in Fig. 5.9. In this 
graph,, the errors are plotted as a function of the prescribed leaf speed. In Fig. 
5.99 (a), the errors for the closing leaves are given, while in Fig. 5.9 (b) the 
errorss for the opening leaves are given. Again, a linear relation between leaf 
speedd and deviation is observed. The slope in Fig. 5.9(a) corresponds with a 
delayy of 0.64 s (SD of differences with fitted values: 0.08 cm), and the slope in 
Fig.. 5.9 (b) with 1.06 s (SD of the differences: 0.05 cm). 
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Figur ee 5.9 Measured errors in leaf position during the sliding window prescription. During 
executionn of this prescription, the leaves moved with different and varying speeds. Fig. (a) 
showss the errors for the closing leaves, while Fig. (b) shows the errors for the opening leaves. 
Thee slope in Fig. (a) is 0.64 x leaf speed, while the slope in Fig. (b) is 1.06 x leaf speed. 

Alll three results show that the error for a closing leaf or diaphragm is smaller 
thann the error for an opening leaf or diaphragm. 

5.4.5.4. Discussion 

Wee developed a system that determines prescribed leaf and diaphragm 
positionss for each acquired portal image during dynamic IMRT. The computed 
leaff and diaphragm positions are compared with the positions of the actual 
leavess and diaphragms. For each portal image, the deviation between 
individuall leaves and diaphragms established using the described algorithm 
andd the detected field edge are determined. In this way, it is possible to 
monitorr the treatment continuously, even though the image acquisition time is 
non-negligible,, i.e., the system does not require that portal images are 
snapshots.. Even modern scanning detectors, such as amorphous silicon 
detectorss have finite acquisition times that cause motion artifacts, and the 
methodd described in this paper is capable to handle the resulting motion 
distortedd images. An amorphous silicon detector will have a shorter read-out 
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timee per image row. As a consequence, the acquired images may show less 
motionn blurring. On the other hand, the amorphous silicon panels integrate the 
dosee over the entire frame time thereby possibly increasing motion blurring. 
Becausee the geometrical effect of motion blurring in the liquid-filled EPID 
alreadyy is less than 1 mm, the accuracy of the verification procedure of 
dynamicc IMRT using an amorphous silicon detector will improve only slightly 
comparedd to the accuracy of the liquid-filled EPID. One of the main 
advantagess of the amorphous silicon detector is, however, the higher frame 
rate. . 

Twoo flaws in the control system of our experimental dynamic multileaf 
collimatorr were correctly revealed with our method. Firstly, the errors in leaf 
positionn increase with leaf speed, indicating a delay of approximately 0.8 s in 
thee control system. Secondly, the accuracy of the leaves and diaphragms 
dependss on the direction of motion. A more detailed discussion of the first flaw 
follows.. At the moment, it is unknown which part of the DMLC is responsible 
forr the direction dependence. However, it is more likely a mechanical problem 
thann a shortcoming of the optical tracking system. 

Theree are various explanations possible for the deviations we found between 
thee detected and the reference field edge. Firstly, one could argue that the 
deviationss are caused by a delay in either the image detector or the 
acquisitionn of the percentage integrated MU. Concerning the detector used in 
thee study, we concluded that for a dose rate of 105 MU/min or higher the 
geometricall error as a result of slow dynamic response is less than 1 mm [13]; 
aa dose rate of 400 MU/min is used in this study. The study of Keller et al. [7] 
confirmss that the liquid-filled EPID can be employed to determine the leaf 
positions,, but they pose a constraint on the image acquisition frequency to 
alloww reliable verification of leaf motion. According to this constraint, the 
frequencyy should be between 0.9 and 1.45 Hz for the leaf and diaphragm 
speedss used in this study, while it is actually only 0.7 Hz. In essence, we are 
undersamplingg the delivery. This undersampling is acceptable for the following 
reasons.. First of all, the leaf speed is so low that the possible magnitude of 
movementt between samples is limited. Hence, the above-mentioned 
constraintt is too rigid. For instance, one could imagine that the maximum 
expectedd error would occur when the leaf moves with the maximum speed in 
thee reverse direction, and then turns around to arrive at the correct location in 
time.. The accelerations involved in such movements are unlikely to occur and 
mayy even be physically impossible. Secondly, the undersampling is also 
acceptablee if we consider the verification to be a sampled test that will not 
alwayss detect small random errors, but whichh will always detect systematic 
errorss in leaf position. The impact on the patient dose averaged over all 
fractionss of such random errors is probably very small compared with any 
systematicc errors. 

AA possible delay in recording the percentage MU provided by the accelerator 
iss not responsible for the deviations. Since the same ADC hardware is used 
forr acquiring both the percentage MU signal as the portal image itself, any 
delayy in this process factors out for this measurement. Secondly, one could 
arguee that a lag in the percentage MU signal of the accelerator explains the 
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deviations.. However, this signal is validated with an independent dosimeter, 
andd the delay we ran into is removed. As a consequence, it is likely that the 
differencess between the reference field edge and the detected field edge are 
thee result of an error in the positioning of the leaves and diaphragms. This 
findingg is supported by the fact that for lower leaf speeds in Fig. 5.8 and Fig. 
5.9,, the error is smaller. Furthermore, the error is less than 1 mm during 
acquisitionn of the first three images in Fig. 5.6, where the diaphragm is not 
moving.. Because the error is linear with the leaf or diaphragm speed, the lag 
indicatess a delay in the MLC. 

Inn a previous publication we compared the response of the EPID with the 
diodee measurement and found that the response of the EPID was nearly 
instantaneouss (less than 50 ms delay). The total lag whichh is causing an error 
inn the position of the leaves in this study is much larger, approximately 0.8 s. 
Thiss lag includes the lag of 0.285 s described in Fig. 4.3. Similar large lags in 
thee leaf position were found in the diode study. For instance, figure 4.3 in our 
publicationn [13] shows a negligible lag between the diode and the EPID, but 
accordingg to the prescription the diaphragm should pass the diode around 
50%% MU, while in reality it passes approximately 0.5 s later. The same lag is 
observedd when the final position of the moving diaphragm (at the hard 
transitionn between light and dark) is examined in Fig. 5.10. This figure shows 
thee final portal image subtracted from the first for the third test prescription. 
Thee transition occurs because the EPID scans from top to bottom and inserts 
zeross in the portal image when the beam shuts off. According to the 
prescription,, the final position of the collimator should match the first when the 
beamm shuts off. Therefore, no residual difference should be visible in the 
subtractionn image. However, a difference is apparent because the hard 
transitionn does not intersect the tip of the dark wedge (on the right). This is 
anotherr independent demonstration of the existence of a lag. There is 
evidencee that the lag is influenced by a secondary computer system 
monitoringg the serial status line of the accelerator. The somewhat larger delay 
inn this study compared with our previous study, appears to have been 
introducedd by a modification in this secondary computer system. Our finding 
concerningg the lag in the control system was strengthened by a confirmation 
off the manufacturer. At the present time, this experimental DMLC is not in 
clinicall use. 
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Diaphragmm did not 

Figur ee 5.10 Final portal image subtracted from the first. Because the transition from white to 
darkk occurs when the beam shuts off, the residual error on the right indicates that the moving 
diaphragmm did not completely return to its initial position during irradiation. This indicates that 
theree is a lag in the MLC system: the diaphragm did not move to the final prescribed position 
whilee the beam is still on. 

Ann advantage of our system is that it does not rely heavily on information 
providedd by the accelerator or the MLC. Furthermore, the described system is 
applicablee for routine clinical use, because both the accelerator and the MLC 
aree unchanged and the patient in the beam does not influence the edge 
detection.. In contrast, the method described by Ramsey et al. [14] requires 
validationn of the MLC log file with an external video tracking system, making it 
difficultt to verify routine clinical treatments. In our study, only the MU signal of 
thee accelerator is utilized instead of a complete log file. The accuracy of the 
MUU signal should be validated regularly. 

Thee results of figures 5.6, 5.8 and 5.9 show the same trend. The relation 
betweenn the leaf speed and the observed error found in Fig. 5.8 and Fig. 5.9 
iss similar. The larger variation in errors found in Fig. 5.9 is caused by sudden 
changess in speed and acceleration of the leaves. For example, when a leaf 
startss to move at relatively low speed after high-speed movement at the 
changee of control points, its error in positioning initially is the result of the 
earlierr high-speed movement. Figures 5.6 and 5.8 show less variation 
becausee the errors are obtained for movement with a constant speed. 
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5.5.5.5. Conclusions 

AA system for real-time, on-line treatment verification of all leaf and diaphragm 
positionss during a dynamic IMRT treatment, independent of the MLC was 
presented.. The system is capable of analyzing portal images acquired using a 
scanningg detector. The system is based on an algorithm that generates the 
referencee field edge for each porta! image acquired during the treatment. 
Motionn distortion is addressed by incorporating a signal for the progress of the 
treatment.. That signal must be validated with an independent reference 
beforehand,, because it is the only parameter that controls the reference field 
edge.. The system verifies a portal image within 0.1 s on a standard personal 
computerr (866 MHz, 512 MB memory) and therefore is fast enough for on-line 
verificationn purposes. 
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Abstrac t t 

Independentt verification of the leaf trajectories during each treatment fraction 
improvess the safety of IMRT delivery. In order to verify dynamic IMRT with an 
electronicc portal imaging device (EPID), the EPID response should be 
accuratee and fast such that the effect of motion blurring on the detected field 
edgee position is limited. In the past, it was shown that the errors in the 
detectedd position of a moving field edge determined by a scanning liquid-filled 
ionizationn chamber (SLIC) EPID are negligible in clinical practice. 
Furthermore,, a method for field shape verification of dynamic IMRT was 
successfullyy applied using such an EPID. 

EPIDss based on amorphous silicon (a-Si) arrays are now widely available. 
Suchh a-Si flat panel imagers (FPIs) produce portal images with superior image 
qualityy compared to other portal imaging systems, but they have not yet been 
usedd for field shape verification of dynamic IMRT. The aim of this study is to 
quantifyy the effect of motion distortion and motion blurring on the accuracy of 
fieldd edge detection for an a-Si FPI and to investigate its applicability for the 
fieldd shape verification of dynamic IMRT. 

Wee found that the error in the detected field edge is smaller than 0.025 cm at 
aa field edge speed of 0.8 cm/s. Hence, the effect of motion blurring on the 
accuracyy of the field edge detection is negligible in clinical practice. 
Furthermore,, the a-Si FPI was successfully applied for the verification of 
dynamicc IMRT. The verification method revealed a delay in the control system 
off the experimental DMLC that was also found using a SLIC EPID. 
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6.1.6.1. Introduction 

Thee application of a dynamic multileaf collimator (DMLC) to deliver intensity 
modulatedd radiotherapy (IMRT) requires careful field shape verification due to 
itss complex delivery procedure [3,5]. Various techniques for verifying leaf and 
diaphragmm positions have been published. Vieira et al. [12] describe an off line 
qualityy assurance procedure to verify the accuracy and reproducibility of a 
DMLCC using a CCD-camera based electronic portal imaging device (EPID). 
Jamess ef al. [4] describe a combination of off-line quantitative analysis with 
on-linee qualitative analysis using a similar type of EPID. Partridge et al. [7] 
describee a comparison of three different verification systems, each using a 
differentt electronic portal imaging technology to track leaves positions during 
beamm delivery. It was shown that the performance of these systems was very 
similar,, with an overall accuracy in comparing measured and prescribed 
collimatorr trajectories of approximately 0 mm. 

Onee of the systems included in the comparison of Partridge et al. uses a 
scanningg liquid- filled ionization chamber (SLIC) EPID. A more detailed 
descriptionn of the applied verification method is found in Chapter 5. Before this 
scanningg imager was applied for the field shape verification of dynamic IMRT, 
wee quantified the effect of motion distortion and motion blurring of this EPID 
[Chapterr 4]. Motion distortion occurs because each scan line is sampled at a 
differentt instant in time, such that an object moving perpendicular to the scan 
directionn appears skewed in the portal image. Motion blurring occurs when the 
dynamicc response of the detector is non-instantaneous, such that the field 
edgee position determined from the portal image might be lagging the actual 
fieldd edge position. 

EPIDss based on amorphous silicon (a-Si) arrays are now widely available. 
Suchh a-Si flat panel imagers (FPIs) produce portal images with superior image 
qualityy compared to other portal imaging systems [1], but they have not yet 
beenn used for field shape verification of dynamic IMRT. Similar to SLIC 
EPIDs,, a-Si FPIs are scanning devices, such that motion distortion occurs 
whenn imaging moving objects. In contrast to SLIC EPIDs, the reading of a-Si 
FPIss is proportional to the dose instead of the dose rate. As a consequence, 
thee lack of equilibrium ion-pair concentration induced by dynamic IMRT 
causingg asymmetrical motion blurring for the SLIC EPIDs [Chapter 4] does not 
occurr for a-Si FPIs. However, motion blurring does occur for a-Si FPIs 
becausee the panel integrates the incoming signal during the frame acquisition 
time.. Hence, a moving object is blurred over the distance traveled during the 
integrationn time of the panel. Additionally, a-Si FPI exhibit a phenomenon 
calledd image lag or ghosting [11], i.e., signal present in frames subsequent to 
thee frame in which it was generated. This ghosting attributes to motion 
blurring. . 

Thee aim of this study is to quantify the effect of motion distortion and motion 
blurringg on the accuracy of field edge detection during dynamic IMRT for an 
a-Sii FPI and to investigate its applicability for the verification of dynamic IMRT 
usingg the method described in Chapter 5. 
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6.2.6.2. Materials  and Methods 

Portall images were recorded using an a-Si FPI during execution of dynamic 
IMRT.. Firstly, photon beams shaped by a moving diaphragm were recorded 
andd compared with the response of a diode to measure the dynamic response 
off the EPID. Secondly, photon beams shaped by moving leaves were 
recordedd to test the method for field shape verification. The imager and the 
acceleratorr are described in Sec. 6.2.1 and the experimental setup is 
describedd in Sec. 6.2.2. In Sec. 6.2.3, the image analysis is described. 

6.2.1.. Image r and accelerato r 

Inn this study an Elekta iViewGT a-Si FPI was applied (Elekta Oncology 
Systemss Ltd., Crawley, West Sussex, United Kingdom). The iViewGT 
comprisess a metal build-up plate, a scintillation layer (133 mg/cm2 Gd202S:Tb) 
convertingg x-rays to optical photons and a large area pixelated array, where 
eachh pixel is composed of an a-Si photodiode and an a-Si thin film transistor 
(TFT).. (Normally the iViewGT has a 1 mm copper build-up plate. The FPI 
appliedd in this study has an additional 2.5 mm of copper to absorb most of the 
loww energy scattered photons [6,8] for dosimetric applications.) While the TFT 
iss in a non-conducting stage, optical photons are converted to electron-hole 
pairss within the a-Si photodiode, integrating the signal. The array is read out 
byy sequentially switching columns of TFTs to a conducting state, transferring 
chargee from the pixels to the charge sensitive amplifiers. Two columns are 
scannedd at a time, starting from the opposing edges to the center (See Fig. 
6.1).. The scanning time for such a column pair is 524 us, while the acquisition 
timee for the whole frame equals 285 ms yielding a frame rate of about 3.5 
framess per second. (Images were acquired using in-house developed 
software.. The Elekta iViewGT acquisition software applies a different 
'acquisitionn mode' with a different acquisition time.) The detector consists of 
10244 x 1024 pixels with a pixel pitch of 400 urn yielding an x-ray sensitive 
surfacee of approximately 41 cm * 41 cm. To limit the required space for 
storage,, images were downsized and stored at a 512 * 512 resolution. The 
detectorr was mounted on a retractable arm at a focus-detector distance of 
1.600 m and was oriented such that it scans in the Xg direction. (The subscript 
gg refers to the gantry coordinate system defined by Siddon [10]. For a 0
gantryy angle, Xg corresponds to the left-right direction and Yg corresponds to 
thee superior-inferior direction.) The position of the projected isocenter and the 
orientationn of the EPID were determined by acquiring and analyzing portal 
imagess of 10 * 10 cm2 fields for collimator rotations of , , 180  and . 
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Figur ee 6.1 Schematic view of an iViewGT a-Si FPI indicating its scanning pattern. Due to the 
bi-directionall scanning process, the radiation field edge of a diaphragm that moves 
perpendicularr to the scanning direction appears as a V-shaped edge in the portal image. This 
shapee is indicated by the dotted line. 

Thee EPID requires both a gain and offset correction to take into account the 
pixell sensitivity and dark current, respectively. The image for gain correction 
wass acquired once before the experiment. The image for offset correction was 
updatedd before each measurement. Bad pixels were removed by taking the 
averagee value of neighboring pixels. The amount of ghosting of a FPI 
dependss on the duration of exposure and differs from panel to panel. Ghosting 
iss often described in terms of the nth frame lag [11] (Lag|„) given by the ratio 
off the pixel signal in frame n, to that in the frame immediately following 
radiationn (frame zero). In Fig. 6.2, Lag|„ is depicted for the panel applied in 
thiss experiment following an exposure of 200 MU at a dose rate of 400 
MU/min.. It was found that Lag|n < 5  10 3 for n > 39. Typically, the first frame 
lagg Lag|j is reported, which for this panel equals 0.076. 
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Figur ee 6.2 Lag|„ measured for the FPI applied, following an exposure of 200 MU at a dose 
ratee of 400 MU/min. Lag|, equals 0.076 and Lag|„ < 5  10"3forn > 39. 

Thee experiments were performed with an 8 MV x-ray beam produced by an 
Elektaa SL20i (1997) equipped with the Javelin control system and fitted with 
ann experimental DMLC. The gantry was set to 0  to eliminate the effect of 
gravityy on leaf and diaphragm motion, while the collimator was set to 90  such 
thatt diaphragm and leaf motion were perpendicular to the scanning direction 
off the FPI. The accelerator provides progress information from a scope output 
withh an update frequency of 8.3 Hz. This information is delayed by 285 ms, 
duee to communication lag between the control systems; a phenomenon found 
onn other linac types as well [13]. To obtain the correct values for the progress 
information,, the signal was interpolated and the delay was removed using the 
proceduree described in Chapter 5. 

Thee field shape verification method and the characterization of the dynamic 
responsee require the recording of additional signals such as the above 
mentionedd progress information and the response of a diode used as a 
referencee (see Sec. 6.2.2). To that end, a DT322 data acquisition board (Data 
Translation,, Marlboro, MA, USA) was added to the iViewGT PC. During the 
experiments,, the sample frequency was set to 2 kHz per channel. 

Inn order to synchronize the recorded signals with the portal images, also the 
end-of-framee signal of the FPI was recorded with the data acquisition board. 
Givenn this signal, the read-out time of each EPID column relative to the diode 
signall and/or progress information was determined. Note, however, that prior 
too the read-out, the FPI integrates the incoming signal over the frame 
acquisitionn time of 285 ms, such that on average the signal is generated 142.5 
mss (half the frame acquisition time) before it is read-out. 

6.2.2.. Experimenta l setu p 

Thee experimental setup for the characterization of the dynamic response was 
similarr to the setup described in Chapter 4, so here we suffice with a 
summary.. A p-type silicon diode (Scanditronix Medical AB, Uppsala, Sweden) 
wass placed on the EPID with its longitudinal-axis pixel accurately parallel to 
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thee EPID rows. During this experiment only a single diaphragm was moving, 
whilee all the other diaphragms were set at +12.5 cm. The moving diaphragm 
eitherr travels from +9 cm to -9 cm to obtain a 'closing' field (field size 
decreases)) or from -9 cm to +9 cm to obtain an 'opening' field (field size 
increases).. Images were recorded using the a-Si FPI while the dose rate 
signall from the diode and the end-of-frame signal from the panel were 
recordedd with the data acquisition board. The number of MUs was set to 150, 
whilee the dose rate was set to 400 MU/min, thus yielding a collimator speed of 
0.88 cm/s. The 'opening' and 'closing' fields were recorded 16 times to improve 
thee signal to noise ratio. 

Inn order to test the field shape verification method for its ability to track leaves, 
twoo other DMLC prescriptions were used. In the first prescription, the 18 
leavess around the center open or close with different but fixed speeds, 
rangingg from 0.03 cm/s to 0.7 cm/s. The other prescription was a more 
realisticc leaf pattern where leaves move from left to right with different and 
varyingg speeds. The speed of the fastest leaf was 0.7 cm/s. 

6.2.3.. Image analysi s 

DynamicDynamic Response 

Inn order to study the effect of the dynamic response of the a-Si FPI, firstl y the 
diodee signal was plotted as a function of time. The time at which the moving 
diaphragmm crossed the diode center is given by the instant at which the diode 
dosee rate signal reaches 50% of its maximum value. Secondly , our clinical 
maximumm gradient based edge detector [2] was applied to determine the time 
att which the detected field edge crossed the EPID row coinciding with the 
diodee center. The field edge position during the dead time of the imager was 
obtainedd by interpolation. Furthermore, several coordinates were averaged in 
casee the field edge was partly collinear with the pixel row at the diode position. 
Notee that, given a pixel pitch of 0.5 mm at the plane of the isocenter, the 
uncertaintyy in the exact position of the diode center in the portal images is 
maximall 5 mm. Thirdly , the EPID signal of the row coinciding with the 
diodee center was plotted as a function of time and the instant at which the 
signall equaled 50% of the maximum EPID response was determined. Again, 
thiss gives an estimation of the time at which the moving diaphragm crossed 
thee diode center. Finally , the deviations between the reference time (using 
thee diode signal) and the other estimated crossing times were calculated. 
Thesee deviations were converted from time to distance using the diaphragm 
speedd (0.8 cm/s). These distances describe the error E in the detected portal 
fieldd edge. 

FieldField Shape Verification 

Inn order to verify the field shape of a dynamic IMRT delivery, firstly, the 
progresss signal was shifted to compensate for the delay of 285 ms described 
inn Sec. 6.2.1. Additionally, the signal was filtered with a uniform filter to 
eliminatee the stair step pattern caused by the low update frequency, 
effectivelyy increasing its time resolution. Next, the geometrical error of the field 
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shapee was determined. To that end, the field edge was detected in the portal 
imagee using our clinical edge detector (The detected field edge was 
determinedd at the pixel grid.). Then, a prescribed field edge was computed, as 
describedd in Chapter 5, using the progress information and the MLC 
prescriptions,, i.e., for each leaf and diaphragm, the prescribed position was 
computedd including the effect of motion distortion. The geometrical error in 
leaff or diaphragm position was defined as the shortest distance from the 
prescribedd leaf or diaphragm position to the detected field edge in the 
directionn of movement. 

Thee verification software was tested using artificially generated images and 
signals.. Given an effective pixel size of 0.05 cm at the plane of the isocenter, 
discretizationn of the portal field edge induced discretization noise uniformly 
distributedd with a standard deviation of 0.014 cm (equal to the standard 
deviationn of a uniform distribution over the interval [-0.025 cm, 0.025 cm]). 
Simulatedd delays in the control system were detected by the software with an 
accuracyy better than 1 ms. 

6.3.6.3. Results 

6.3.1.. Dynami c Respons e 

Ann example of a portal image depicting a moving diaphragm of an 'opening' 
fieldfield is shown in Fig. 6.3. The white line indicates the field field edge as detected 
byy the clinical field edge detector; the black line indicates the row coinciding 
withh the diode center. Due to motion distortion, the straight edge of the moving 
diaphragmm appears as a V-shaped line. The distance traveled by the 
diaphragmm within 1 frame-time is 0.23 cm such that the V-shape is rather 
shallow. . 
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Figur ee 6.3 Example of a portal image of a rectangular field with a single moving diaphragm 
(0.88 cm/s). The white line indicates the field edge as detected by the clinical field edge 
detector.. The black line indicates the row where the diode is placed as reference for the 
motionn blurring measurements. Due to motion distortion, the straight edge of the moving 
diaphragmm appears as a V-shaped line. 

Thee results of the various field edge detection techniques are summarized in 
Tablee 6.1. The mean error Ë and standard deviation aE in the detected field 
edgee using the location of the 50% EPID signal and the clinical edge detector 
withh respect to the 50% diode signal are shown for the closing and opening 
fields.. In the upper part of the table, the actual read-out time of the EPID 
columnss were used to relate the portal images to the dose rate signal. Clearly, 
theree is a bias for both field edge detection techniques. In the lower part of the 
table,, the read-out time was compensated for the fact that an EPID row is 
read-outt after the incoming signal is integrated over a period of 285 ms (see 
Sec.. 6.2.1). The remaining errors were all less than or equal to 0.025 cm, 
indicatingg that the effect of motion blurring on the accuracy of field edge 
detectionn is clinically irrelevant. 
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Tablee 6.1 The mean error E and standard deviation oE in the detected field edge for closing 
andd opening fields. The errors were determined by comparing the field edge detected using 
50%% of the maximum diode dose rate signal with the field edge detected in the portal images 
usingg the maximum gradient or 50% of the maximum EPID signal. The mean and standard 
deviationss are computed from 16 experiments. In the upper part of the table, the actual 
read-outt time of the EPID columns were used to relate the portal images to the dose rate 
signal.. Clearly, there is a bias for both field edge detection techniques. In the lower part of the 
table,, the recorded read-out time was compensated for the fact that prior to the read-out, the 
FPII integrated the incoming signal over the frame acquisition time of 285 ms, i.e., on average 
thee signal was generated 142.5 ms before the recorded read-out time. The remaining errors 
aree small for both portal field edge detection techniques indicating that the effect of motion 
blurringg on the accuracy of field edge detection is clinically irrelevant. 

Closingg Field 
Openingg Field 
Closingg Field 
Openingg Field 

50%% of pixel value 
EE (cm) crE (cm) 

-0.1077 0.012 
-0.1111 0.014 
0.0077 0.012 
0.0033 0.014 

Maximumm gradient 
EE (cm) aE (cm) 

-0.0899 0.016 
-0.1155 0.015 
0.0255 0.016 

-0.0011 0.015 

6.3.2.. Field Shap e verificatio n 

Fig.. 6.4 shows portal images that were acquired during the execution of 
severall dynamic IMRT prescriptions. On each portal image the predicted 
referencee field edge is indicated by the grey contour, while the detected field 
edgee is indicated by the white contour. Fig. 6.4aa depicts a diaphragm moving 
upwardss with a speed of 0.8 cm/s. The motion distortion of the straight 
diaphragmm is visible both in the detected and in the reference field edge. Fig. 
6.4bb depicts a portal image of moving leaves with different but fixed speeds 
whilee Fig. 6.4c shows a portal image of a more realistic leaf pattern where the 
leavess move downwards with different and varying speeds. All three images 
showw a lag in the positioning of the leaves and or diaphragm, i.e., the distance 
fromm the detected edge to the reference field edge depends on the speed of 
thee diaphragm and leaves. 
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Figur ee 6.4 Portal images acquired during the execution of several dynamic IMRT 
prescriptions.. Each portal image is overlaid with the prescribed field edge in grey and the 
detectedd field edge in white. Fig. 6.4(a) depicts a diaphragm moving upwards with a speed of 
0.88 cm/s, Fig. 6.4(b) depicts a portal image of leaves moving upwards with different but fixed 
speedss and Fig. 6.4(c) depicts a portal image of a more realistic leaf pattern where the leaves 
movedd downwards with different and varying speeds. The differences between the grey and 
thee white contours indicate the geometrical error induced by the limitations of the 
experimentall DMLC system. 

AA more detailed analysis of this lag is shown in Fig. 6.5, where the 
geometricall error of each leaf is plotted as a function of leaf speed. The data 
wass obtained for closing leaves with different but fixed leaf speeds. The speed 
off the leaves was obtained from the prescription while the frames at the 
beginningg and the end of the experiment were omitted because the leaf speed 
wass not constant for these frames and the DMLC does not run reliable during 
thee startup of irradiation. The dots represent the average error of each leaf 
andd the error bars represent twice the standard deviation. There is a linear 
trendd indicating there is a delay in the control system. In Chapter 5 we 
presentedd an identical analysis of a similar experiment, where a slope of 0.79 
ss was found for the closing leaves. For this experiment, we found by least 
squaress minimization a slope of 0.87 s. The slopes are similar but there is a 
statisticallyy significant difference (using a Student's t-Test, p<0.05). This can 
bee caused by by a small rotational misalignment of one or both of the EPIDs 
inn the order of 0.2  or a change in the control system of the DMLC. 
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Closerr inspection of Fig. 6.5 reveals that the standard deviation of the 
geometricall error of the leaves increases with speed. For the leaves with the 
lowerr speeds, the standard deviation of the geometrical error is about 0.016 
cm,, i.e., the variation for these leaves is dominated by discretization of the 
detectedd field edge (see Sec. 6.2.3). For the leaves with the higher speeds, 
standardd deviations up to 0.035 cm are found, indicating variations in the 
speedd of these leaves. 

Errorss measured in leaf position moving with different but fixed speed 
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Figur ee 6.5 Measured geometrical error as a function of leaf speed for the experimental DMLC 
system.. The data was obtained for closing leaves with different but fixed leaf speed. The 
speedd of the leaves was obtained from the prescription. The dots represent the average error 
off each leaf over its trajectory and the error bars represent twice the standard deviation. The 
slopee of the error is 0.87 s, which represents a delay in the DMLC control system. 

6.4.6.4. Discussion 

Inn this study, the effect of motion blurring on the accuracy of the detected field 
edgee was quantified for an a-Si FPI. The effect was found to be clinically 
irrelevant.. For an a-Si FPI, there are at least two causes for motion blurring: 
ghostingg and the fact that the panel integrates the signal over the frame time. 
Assumingg a moving object with a constant speed, the blurring of this object 
inducedd by the integration of the signal can be modeled as a convolution of 
thee 'instantaneous' image with a rectangular filter having a width of v-TFr with 
vv denoting the speed of the moving object and TFr = 0.285s denoting the 
framee time of the panel. To estimate the magnitude of ghosting we model the 
dynamicc effect of ghosting as a convolution with the normalized derivative of 
Lag|„.. This model assumes that the response of the a-Si FPI is linear with 
dose.. The equivalent rectangular width of the total blurring filter (the width of a 
rectangularr filter having the same area as the convolution of the normalized 
derivativee of Lag|n and the rectangular blurring filter described above) equals 
1.082-v-rfr,, i.e., only 8.2% longer than for an imager without ghosting. Hence, 
integrationn is the dominant factor of motion blurring for the FPI applied in this 
study. . 
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Clearly,, the amount of motion blurring depends on the TFr and on the speed 
off the moving object. In this study, TFr was short compared to the speed; the 
distancee traveled within TFr was at most 0.23 cm. In clinical practice, however, 
wee average 4 frames into one image, in order to save storage space, yielding 
ann acquisition time of 1.1 s. The Varian AS500 FPI averages frames in 
hardwaree [1] yielding an image acquisition time of 2 seconds. Such averaging 
givess rise to an undersampling of the delivery. That is, given the maximum 
speedd of 0.8 cm/s used in this study, the maximum distance traveled within 1 
imagee increases up to 1.6 cm. The effect of frame averaging on the shape of 
thee penumbra is shown in Fig. 6.6a. Because such an averaged penumbra 
reducess high frequencies (see Fig. 6.6b), a steepest-gradient based field edge 
detectorr will be inaccurate. Field edge detection based on the 50% signal 
levell does not have this drawback, but this field edge detection technique is 
nott applicable for field shape verification during actual patient treatment due to 
inhomogeneitiess of the patient. Hence, averaging of frames is undesirable for 
thee field shape verification of dynamic IMRT. 
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Figur ee 6.6 a) Profile of the penumbra region in an image of a rectangular field with a moving 
diaphragmm (0.8 cm/s) derived from a single frame (solid curve) and from a 7-frame average 
(dashedd curve), b) The gradient of these curves. The high frequencies in the 7-frame average 
aree reduced such that the gradient is almost constant in this region. Field edge detection 
basedd on steepest gradient becomes therefore inaccurate. 

Thee errors in the lower part of Table 6.1 are all less than or equal to the 
uncertaintyy in the exact position of the diode center in the portal images 
describedd in Sec. 6.2.3. The errors for the closing field are slightly larger than 
forr the opening field, however a small change in the estimated diode position 
couldd reverse this order. Nevertheless, with respect to the closing field, the 
differencee between the mean errors for the different field edge detection 
techniquess are small but statistically significant (p < 0.05), independent of the 
actuall position of the diode center. There are several factors such as 
ghosting,, energy dependence and head scatter that cause subtle changes in 
thee shape of the penumbra region and may therefore explain small differences 
inn the position of the maximum gradient and the 50% signal level. 
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Thee field shape verification method is sensitive to small rotations of the EPID 
relativee to the collimator. For the experiments described here, the orientation 
off the EPID relative to the collimator could be accurately determined using the 
10x100 cm2 fields for different collimator angles. In clinical practice, such 
calibrationn fields are not available, while the exact EPID orientation depends 
onn the gantry angle as a result of mechanical deformations. Hence, field 
shapee verification of dynamic IMRT in clinical practice requires the 
implementationn of a flex correction to eliminate the effect of mechanical 
deformations.. As an alternative, the collimator rotation can be automatically 
estimatedd using, for instance, a Hough-transform [9]. 

6.5.6.5. Conclusions 

Thee effect of a non-instantaneous dynamic response was investigated for an 
a-Sii FPI. It was shown that the error in the field edge position is less than or 
equall to 0.025 cm for a diaphragm moving with a speed of 0.8 cm/s. Hence, 
thee effect of motion blurring on the accuracy of edge detection is negligible in 
clinicall practice. The a-Si FPI was successfully applied for the verification of 
dynamicc IMRT. The verification method revealed a delay in the control system 
off the experimental DMLC that was also found using a SLIC EPID. 
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Abstrac t t 

Inn external beam radiotherapy, portal imaging is applied for verification of the 
patientt setup. Current automatic methods for portal image registration, which 
aree often based on segmentation of anatomical structures, are especially 
successfull for images of the pelvic region. For portal images of more 
complicatedd anatomical structures, e.g., lung, these techniques are less 
successful.. It is desirable to have a method for image registration that is 
applicablee for a wide range of treatment sites. In this study, a registration 
methodd for two-dimensional (2D) registration of portal and reference images 
basedd on intensity values was tested on portal images of various anatomical 
sites.. Tests were performed with and without preprocessing (unsharp mask 
filteringg followed by histogram equalization) for 96 image pairs and six cost 
functions.. The images were obtained from treatments of the rectum, salivary 
gland,, brain, prostate, and lung. To get insight into the behavior of the various 
costt functions, cost function values were computed for each portal image for 
20,0000 transformations of the corresponding reference image, translating the 
referencee image in a range of 1 cm and rotating 0 degrees with respect to 
thee clinical match. The automatic match was defined as the transformation 
associatedd with the global minimum (found by exhaustive search). Without 
preprocessing,, the registration reliability was low (less than 27%). With 
preprocessing,, about 90% of the matches were successful, with a difference 
withh our gold standard (manual registration) of about 1 mm and 1 degree SD. 
Alll tested cost functions performed similarly. However, the number of local 
minimaa using mutual information was larger than for the other tested cost 
functions.. A cost function based on the mean product of the corresponding 
pixell values had the smallest number of local minima. In conclusion, grey 
valuee based registration of portal images is applicable for a wide range of 
treatmentt sites. However, pre-processing of the images is essential. 
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7.1.7.1. Introduction 

Patientt setup in external beam radiotherapy is often verified by means of an 
electronicc portal imaging device (EPID), which takes images of the patient 
usingg the treatment beam [12]. As part of the image analysis procedure to 
determinee the setup error, the projected anatomy in a portal image is matched 
withh the projected anatomy in a reference image [2]. Generally, anatomy 
matchingg is preceded by field edge matching to determine scale, position and 
orientationn of the portal imager relative to the treatment beam. A reference 
imagee is usually either a digitized simulator image or a digitally reconstructed 
radiographh (DRR). 

Inn figure 7.1, a clinical anatomy match is illustrated by combining a portal 
localizationn image [12] and a corresponding reference image into a single 
view.. Because of the higher energy of the treatment beam and the larger 
dimensionss of the focal spot, portal images have a lower contrast and are 
relativelyy noisy and blurred, compared to diagnostic radiographs. To our 
knowledge,, most automatic anatomy matching algorithms for portal images 
thatt are in current clinical use are based on segmentation of anatomical 
featuress from the images [10]. These algorithms have a high failure rate for 
imagess with complicated bone structures, such as lateral images of the pelvis, 
andd for images that contain few rigid bones. Therefore it is often necessary to 
performm manual template matching [4], which is time consuming. One way to 
improvee the accuracy and reliability of image analysis is to perform a full 
three-dimensionall (3D) analysis by registering the 3D CT data with a pair of 
portall images [9,14,17,20]. Because of the complexity of 3D-2D matching, 2D 
imagee analysis is still used on a large scale. Dong etal. [6,7] describe a 
methodd of 2D-2D registration of a pair of portal images by means of cross 
correlation.. The reported accuracy of their method was within 1 mm and 1 
degreee in phantom studies. In this study we test a grey value based 
registrationn method for anatomy matching of portal images with DRRs and 
simulatorr images for 96 clinical image pairs of a number of treatment sites. 
Variouss grey value cost functions are evaluated. A cost function is a measure 
off the correspondence of two images; in this case a portal image and a 
transformedd reference image. A cost function is usable when the 
transformationn that corresponds with the global minimum of the cost function 
iss a clinically acceptable anatomy match. The purpose of this study is to find a 
costt function that is applicable for anatomy matching on a wide range of 
treatmentt sites, i.e., the cost function should work for most clinically used 
portall images. Both accuracy and reliability of the matching procedure are 
investigated. . 
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Figur ee 7.1 Images of the pelvic region made for patient setup verification. From left to right: 
ann electronic portal localization image, a DRR reference image, and a "combined image view" 
showingg an anatomy match of this pair of images. 

7.2.7.2. Materials and methods 

7.2.1.. Clinica l data 

Thee cost functions were evaluated using pairs of a portal and a reference 
imagee that were registered in the past as part of our standard clinical 
proceduree of patient setup verification [1]. The images were selected at 
randomm from five different treatments sites: rectum, salivary gland, brain, 
prostate,, and lung. We started by doing a preliminary study, selecting just one 
patientt for each of the five treatment sites [5]. This was followed by a 
comprehensivee study, having 9 or 10 patients per treatment site. Of each of 
thee selected patients a pair of anterior-posterior images and a pair of lateral 
imagess was used (Fig. 7.2). As a result, the preliminary study included 10 
pairss of a portal and a reference image; the comprehensive study included 96 
imagee pairs. The portal images were mostly localization images, which 
showedd sufficient anatomy to perform the analysis. These images were 
acquiredd with a liquid-filled ionization chamber EPID (PortalVision Mark II, 
Variann Inc., Palo Alto, CA). With this EPID it is necessary to use a relatively 
highh dose to obtain images that are of adequate quality for our clinical 
verificationn procedure. Typically 3 frames are acquired and averaged to obtain 
aa single portal image, and thereby a dose of up to 20 monitor units is used. 
Thee dose used for portal imaging is limited because usually only about 30 
percentt of the fractions are imaged. This imaging dose is taken into account 
duringg treatment planning. The reference images were sometimes digitized 
simulatorr images (from Varian XimaVision and BBC Dynaray TS simulators) 
butt mostly DRRs. The DRRs were calculated using in-house developed 
softwaree from CT data [22] acquired using a GE HiSpeed CT/i system. Slice 
spacingg ranged from 3 mm (prostate) to 5 mm (lung). The DRRs, portal 
imagess and simulator images had a resolution of 256 x 256 pixels. Each pixel 
wass stored as a 16-bit integer, having about 10 significant bits. The area 
displayedd in the images was typically 21 x 21 cm2, measured in a plane 
thoughh the isocenter. The anatomy matches of the selected pairs of images 
thatt were done in the clinic were taken as "ground truth", i.e., the judgment of 
thee cost functions was based on how much their results deviated from 
previouss clinical results. These clinical matches have a precision of about 1 
mmm SD [8]. 
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Figur ee 7.2 Examples of portal images from the five different treatments sites that were 
includedd in the study. From left to right: rectum, prostate, brain, salivary gland, and lung. For 
eachh patient, an anterior-posterior (upper row) and a lateral portal image (lower row) was 
used. . 

7.2.2.. Field edg e detectio n and imag e preprocessin g 

Forr each portal image the radiation field edge was detected automatically 
usingg the method presented by Bijhold et al. [3]. The method consists of two 
phases:: global image segmentation and edge adjustment based on the 
gradientt of the image intensity. From the field edge, a binary mask image was 
createdd with non-zero values inside the field and zero values outside the field. 
Thiss mask image was eroded by 12 pixels to eliminate any influence of the 
radiationn field edge on the automatic matching procedure. The pixels in the 
imagess that correspond to the zero pixels in the mask image were excluded 
fromm the cost function computation. 

Preprocessingg was applied to both the portal and the reference image: 
unsharpp mask filtering [19] followed by histogram equalization. The unsharp 
maskk filter makes local changes in the image more apparent. It creates a 
blurredd version of the image and subtracts this from the original. The key 
parameterr of this filter is the kernel size used for blurring the image. We chose 
aa square kernel of 15 x 15 pixels, which is about 12x12 mm2 at the 
isocenter;; this kernel size is of the same order of magnitude as the ridges and 
edgess of bone structures and we found that it performed well, based on visual 
inspectionn of the images. Histogram equalization was applied to the region of 
thee portal and reference image inside the field edge to further enhance the 
contrastt of the images, and to make the portal and the reference image more 
comparablee (Fig. 7.3). 

Wee performed tests without and with these preprocessing steps. Before the 
calculationn of the cost functions, the number of bits per pixel was reduced to 8 
bitss to decrease the size of the grey value cross-histogram (described in the 
nextt paragraph). 
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(a) ) (b) ) 
Figur ee 7.3 A match of a portal image and a DRR displayed in a combined image view: (a) the 
raww images, and (b) the images after applying unsharp mask filtering followed by histogram 
equalization. . 

7.2.3.. Cos t Function s 

Fourr cost functions were tested in the initial study and six in the 
comprehensivee study. For portal image A and transformed reference image 6, 
thee following formulas define these cost functions. In the following equations, 
GA{Ï)GA{Ï) and Ga(i) denote the grey values of pixel /' in image A and B. GA and 

GBGB denote the mean grey value of image A and 6, respectively. The number 
off pixels is n, and the grey value histograms for image A and B are given by 
HHAA and He- The investigated cost functions were computed from a cross-
histogram,, HAB- A cross-histogram counts for each grey value in image A and 
imagee B how often this pair of grey values coincides at the same location in 
bothh images. For mutual information, the use of a cross-histogram was 
essential,, while for the other cost functions the cross-histogram was only used 
forr computational reasons. The following cost functions were tested. 

Forr Mutual information (Ml) we used the formula: 

MIMI = Y,HAB(j,k)/n* log "AB^)
n - + log(n) (7.1) 

Thiss function, also known as relative entropy, has been used for a wide range 
off problems, including multi-modality image registration [16]. As cost function, 
wee used minus Ml. Because it is known that the performance of mutual 
informationn depends strongly on the population of the cross histogram [18], 
wee also varied the bin size of the histograms from 1 to 128 grey levels (i.e., 
fromm 256 to 2 bins). Because the cost functions were computed for images 
havingg 8 bits per pixel, the largest bin size implies that the images were simply 
segmentedd into black and white prior to matching. 

Roott mean square of the pixelwise differences (RMS): 
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RMS=RMS= ^GA(i)-GB(i))2/n (7.2) 
VV i=0 

Thiss cost function puts a relatively large penalty on larger pixel value 
differences,, but does not depend on the absolute pixel value, i.e., it responds 
equallyy to a distinct grey value difference in dark regions and bright regions. 

Thee negated mean pixelwise product (PROD): 
M - l l 

PRODPROD = - £GA(I) * GB(I) I n (7.3) 
i=0 0 

Thiss cost function is similar to a correlation function. It favors high pixel 
values,, so it is expected to respond strongest to bone structures. 

Thee mean absolute pixelwise difference (DIFF): 

DIFFDIFF = ]T \GA(I) -GB(i)\ln (7.4) 
i=0 0 

Thiss cost function is similar to RMS, responding equally to matching pixels 
thatt have a high intensity, and matching pixels with a low intensity. However, 
inn comparison to RMS, less emphasis is put on large differences. 

Normalizedd cross correlation [18]: 
n- ll  _ 

Y,(GA(i)-GA)(GY,(GA(i)-GA)(GBB(i)-G(i)-GBB) ) 
NCCNCC = t

 ,=0
 t (7.5) 

\^(GA(i)-GA)\^(GA(i)-GA)22 j£(GB(i)-GB)2 

''  1=0 V '=0 

Thiss is the classical function for image registration. As cost function we used 
minuss NCC. It was used by Lemieux et al. [15] to register CT data and 
radiographs.. It is similar to PROD, but it makes use of pixel values relative to 
thee average grey level, so it responds equally to higher and lower intensity 
values. . 

Correlationn ratio [21] (CR), using image A as template and image B as floating 
image,, is defined as follows: 

-5>r(G,( i) |G4i )) = g) 
nn g 

CRCR = \ (7.6) 
Var(GVar(GBB) ) 

Inn this formula, Var denotes the variance and g denotes any grey value in 
imagee A or B. Therefore this function measures the variance in image S for all 
pixelss in image A with the same gray value. As cost function we used minus 
CR.. The CR function has the strongest response when each grey value in one 
imagee corresponds to a single grey value in the other image. 

Thee analysis of the cost functions was done by exhaustive search to allow for 
aa detailed investigation of the behavior of the cost functions. For each 
matchedd pair of portal and reference images the cost function values were 
calculatedd for more than 20,000 transformations (31 x 31 x 21). These 
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transformationss were generated by varying the translation from -1 to +1 cm in 
horizontall and vertical direction from the clinical match, and by varying the 
rotationn from -10 to +10 degrees. The step size was 0.7 mm for translation 
andd 1 degree for rotation. The search range of 1 cm and 10 degrees 
correspondss with the range of expected setup errors in our clinical practice. 
Thee transformation that corresponds to the global minimum of the calculated 
costt function values was selected as the automatic match. This match was 
consideredd successful if the following holds for the difference between the 
clinicall match and the found match: 

^A/^+A^+A^ 22 <4 (7.7) 

wheree Atx and Aty denote the difference in millimeters in horizontal translation 
andd vertical translation, respectively, and A& denotes the difference in 
degreess in rotation. A threshold of 4 mm or 4 degrees was chosen rather 
arbitrarilyy as a clinically acceptable limit on the registration accuracy. In 
addition,, it is expected that registration errors exceeding this threshold will 
easilyy be detected using visual verification methods such as shown in Fig. 7.1. 
Forr each cost function the number of successes was counted, and the 
averagee and the standard deviation of the results of the successful matches 
weree computed to determine the accuracy compared with the ground truth. In 
addition,addition, the number of local minima within the search range was counted. A 
locall minimum of a cost function was defined as a transformation (Atx, Aty, 
A0)A0) that does not have a neighboring transformation with a smaller cost 
functionn value. 

7.3.7.3. Results 

Inn our preliminary study of 10 image pairs, we looked at the effect of 
preprocessingg [5]. We found that when no preprocessing was applied, all 
testedd cost functions performed poorly (Table 7.1). Ml performed best, but still 
hadd 6 failures out of 10. The best results were achieved when both 
preprocessingg steps were combined: unsharp mask filtering followed by 
histogramm equalization. In this case RMS and DIFF were successful for all 10 
imagee pairs. Therefore we decided to use both of these preprocessing steps 
inn our comprehensive study. 

Tablee 7.1 Results of the preliminary study: The number of successful matches (out of 10) for 
eachh of thee cost functions and preprocessing steps. Ml denotes mutual information, RMS 
denotess the root mean square of the pixel difference, PROD denotes the product of the 
pixels,, and DIFF denotes the average absolute pixel difference. 

Noo filter 
Histogramm equalization 
Unsharpp mask 
Unsharpp mask + 
histogramm equalization 

Ml l 
4 4 
4 4 
9 9 
7 7 

RMS S 
1 1 
1 1 
9 9 
10 0 

PROD D 
0 0 
0 0 
5 5 
9 9 

DIFF F 
1 1 
1 1 
4 4 
10 0 

Inn the comprehensive study two more cost functions were included. In this 
study,, the number of successes and the displacement with respect to the 
clinicall match were established. The success rate was between 89 and 92 
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percentt (Table 7.2). The standard deviation of the difference between the 
clinicall match and the resulting minimum of the cost function wass about 1.0 
mmm for translation, and about 1.0 degree for rotation. We found that images of 
patientss with prostate cancer were easiest to match, having a successful 
matchh in 95 to 100 % of the cases (Table 7.3). Images of the lung were more 
difficultt to match automatically. 

Tabl ee 7.2 Overview of the performance of the cost functions for 96 image pairs. The success 
ratee counts the automatic matches that are within a sphere of 4 mm and 4 degrees around 
thee clinical match as a success. The mean (standard deviation) of the difference with the 
clinicall match is shown for the image pairs that are counted as a success for all cost functions 
(79%).. In all cases, unsharp mask filtering followed by histogram equalization was used as 
preprocessing.. CR denotes correlation ratio and NCC denotes normalized cross-correlation. 

Successs rate 
Horizontall translation 
(mm) ) 
Verticall translation 
(mm) ) 
Rotationn (degrees) 

Ml l 

92% % 

0.11 (0.9) 

0.11 (1.1) 

-0.11 (0.9) 

RMS S 

91% % 

0.11 (0.9) 

-0.1(1.0) ) 

0.0(0.9) ) 

PROD D 

89% % 

0.00 (0.9) 

-0.2(1.0) ) 

-0.11 (0.9) 

DIFF F 

91% % 

0.11 (1.0) 

-0.11 (1.0) 

-0.11 (0.9) 

CR R 

89% % 

0.11 (0.9) 

0.11 (1.0) 

0.0(1.0) ) 

NCC C 

90% % 

0.00 (0.9) 

0.11 (1.0) 

0.00 (0.9) 

Tablee 7.3 The success rate of the cost functions per treatment site. 

Parotis s 
Rectum m 
Prostate e 
Brain n 
Lung g 

Ml l 
95% % 
90% % 
100% % 
88% % 
85% % 

RMS S 
90% % 
90% % 
95% % 
88% % 
90% % 

PROD D 
90% % 
85% % 
95% % 
94% % 
80% % 

DIFF F 
90% % 
90% % 
95% % 
88% % 
90% % 

CR R 
95% % 
90% % 
95% % 
81% % 
80% % 

NCC C 
90% % 
90% % 
95% % 
81% % 
90% % 

Thee above-mentioned results were based on the global minimum found by 
exhaustivee search. However, for a more sophisticated search algorithm, the 
numberr of local minima is an important characteristic of the cost functions. 
Whenn there are only few local minima, faster optimization algorithms can be 
used.. The PROD cost function has the smallest number of local minima, while 
Mll has by far the most local minima (Table 7.4). Figure 7.4 illustrates the 
differencee on a typical example. Since the position of the global minimum is 
thee same, Ml (Fig. 7.4a) and PROD (Fig. 7.4b) both resulted in the same 
accuracy,, because exhaustive search was used. However, the large number 
off local minima of Ml will probably hamper a faster optimization algorithm. 

Tablee 7.4 Mean and SD of the number of local minima for 20,000 computed cost function 
values,, determined for 96 image pairs and all tested cost functions. 

Mean n 
SD D 

Ml l 
82.5 5 
37.9 9 

RMS S 
15.2 2 
8.4 4 

PROD D 
12.0 0 
8.3 3 

DIFF F 
16.2 2 
8.8 8 

CR R 
42.8 8 
18.9 9 

NCC C 
19.2 2 
9.1 1 
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Figur ee 7.4 Typical contour plots for mutual information (Ml) (a) and the mean product of the 
correspondingg pixel values (PROD) (b). Function values are shown for translations along both 
thee X and the Y axis, with respect to the clinical match. Darker areas correspond to lower 
values.. The plots shown here are obtained from the same lateral portal image of a prostate 
patient.. For both cost functions the global minimum corresponds to the clinical anatomy 
match.. Unlike PROD, Ml contains many local minima, thereby hampering most minimization 
algorithms. . 

Inn general, mutual information should perform well without any preprocessing 
forr multi-modality matching [13,16]. Therefore, the performance of the Ml cost 
functionn for our 96 image pairs was also tested without preprocessing. For our 
testt set of 96 image pairs, this resulted in a success rate of only 27 percent. 

AA bin size of 64 for the grey level histograms was chosen for the computation 
off Ml. This was motivated by the observation that the success rate of Ml 
largelyy depended on the bin size. For a bin size of 64, the success rate was at 
itss highest, i.e., 92 % (Table 7.5). The number of local minima decreased for 
largerr bin sizes, but still 82 local minima were found on average for this bin 
size.. The influence of the applied bin size was also investigated for the other 
costt functions but no improvement was observed. 

Tablee 7.5 Influence of histogram bin size on the success rate of Ml for 96 image pairs. The 
imagess were preprocessed using unsharp mask filtering followed by histogram equalization. 

Binn size 

Success s 
rate e 

Mean n 
number r 
off local 
minima a 

1 1 

77% % 

477.2 2 

2 2 

82% % 

366.3 3 

4 4 

84% % 

257.4 4 

8 8 

84% % 

169.6 6 

16 6 

86% % 

113.2 2 

32 2 

90% % 

87.5 5 

64 4 

92% % 

82.5 5 

128 8 

86% % 

75.4 4 
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7.4.7.4. Discussion 

Wee tested several cost functions for grey value matching of portal and 
referencee images. The portal images were made by a liquid-filled ionization 
chamberr EPID, using a relatively high dose of up to 20 monitor units per 
image.. Our hospital is currently in a process of replacing these imaging 
devicess by amorphous silicon (a-Si) detectors. These a-Si detectors offer an 
imagee quality that is good enough for our clinical verification procedure when 
22 to 5 monitor units are used. 

WeWe found a good success rate and accuracy when preprocessing was 
applied.. The success rate of about 90% is reasonable, if one considers that 
ourr previous registration method [10] has a poor success rate for treatment 
sitess other than the pelvic area. There were no systematic differences 
betweenn the clinical matches and the matches found at the minimum of any of 
thee tested cost functions. The cost function that calculates the mean pixelwise 
productt (PROD) performed best. Its number of local minima is smallest, while 
itss accuracy and reliability is comparable to the other tested cost functions. 
WeWe will therefore implement this technique in our clinically used portal image 
analysiss system. However, this technique still fails occasionally. For this 
reason,, manual matching remains necessary as a fallback procedure. 

Goodd results were obtained for most treatmentt sites. The good results for 
imagess of the pelvic region were in accordance with our expectation because 
portall images of this region contain much bone structures. The largest number 
off failures occurred for small radiation fields of the brain, where little 
anatomicall detail is visible. As expected, registration of lateral images (which 
generallyy are noisier because of the larger patient thickness in that direction) 
failedd more often compared to anterior-posterior images, but the difference 
wass fairly small (about 10 percent). The performance of the different cost 
functionss is virtually identical when preprocessing is applied. Apparently, our 
preprocessingg procedure makes the images relatively easy to match for any 
appropriatee cost function. The unsharp mask filter reduces low frequency 
intensityy variations that are caused by the shape of the body; these variations 
aree different in portal and reference images. The subsequent histogram 
equalizationn stretches the image contrast and thereby further improves the 
pixel-valuee correspondence between both images. Nevertheless, the 
correspondencee between the images was not always perfect, for instance due 
too variable anatomy such as gas in the rectum or due to a mark that indicates 
thee isocenter (Fig. 7.1). The results might be further improved by leaving the 
markk out. 

Nonee of the cost functions worked very well without preprocessing. Good 
resultss of mutual information for registration of unprocessed images were 
reportedd for 3D-3D registration [13]. There are mixed reports on 3D-2D 
registration.. Kim etal. [14] reported successful matching of CT-data and 
megavoltagee radiographs of a chest phantom based on mutual information. 
However,, Penney et al. [18] tested six similarity measures for matching CT-
dataa and fluoroscopy images, and found mutual information to be worse than 
thee other tested measures. They argued that for their 2D-3D registration the 
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2DD cross histogram might be too sparsely populated because there were not 
enoughh pixels involved. This might be the reason why our results show a poor 
performancee for Ml without preprocessing as well. Our poor results when 
matchingg unprocessed images with mutual information might also be due to 
thee poor signal-to-noise ratio and the low sharpness of portal images. This is 
inn line with results of Hadley ef a/. [11]: they found that mutual information 
performedd well when matching digitally reconstructed portal radiographs to 
DRRs,, but the performance was poor when matching clinical portal films. 
Anotherr possible explanation might be that the 2D projection images are not 
optimallyy suited for the Ml cost function, since separate anatomical regions 
aree projected onto the same region, and therefore overlap in the image. As a 
result,, the projection image shows anatomical details in slowly varying 
intensities,, and there is no direct correspondence between grey value and 
anatomy.. Of course, a similar effect occurs in boundary regions for 3D-3D 
registration,, where boundary voxels contain overlapping anatomy, but for 2D-
2DD registration of projection images the effect is much more pronounced, 
sincee virtually all pixels contain overlapping anatomy (see, e.g., Fig. 7.1). In 
addition,addition, because the x-ray energy applied for portal and reference images is 
different,, the relative contrast of bone and soft tissue differs; thereby further 
reducingg the correspondence of grey value regions. The improvement of the 
resultt of Ml for larger bin sizes may partly be explained by the fact that certain 
anatomicall structures are depicted by a large range of pixel intensities. The 
problemm with single intensity value matching by mutual information was also 
discussedd by Roche etal. [21]. 

Thee other cost functions gave surprisingly similar results in terms of accuracy 
andd reliability. It seems that there are subtle differences in the reliability when 
separatingg the performance according to tumor location. However, generally 
thesee differences correspond to one failure more or less and hence are 
irrelevant.. The largest differences are found in the number of local minima. 
Thee cost functions that look at correspondence of grey value regions, Ml and 
CR,, have the largest number of local minima. The cost functions based on 
pixell value differences, DIFF and RMS had a smaller number of local minima, 
whilee the PROD function had the smallest number of local minima. A possible 
advantagee of PROD is that it focuses mostly on the bright details, i.e., the 
bonee structures, which are in a more stable position than dark details, such as 
airr pockets. 

Anatomyy matching based on the calculation of 31 x 31 x 21 cost values takes 
aboutt 5 minutes on a Pentium III 866 MHz personal computer. This is clearly 
unacceptablee for clinical use. The choice of the cost function did not have 
muchh influence on the match speed. We found that the duration of a match 
changedd only a few percents, when the cost function was changed. About 30 
percentt of the time was spent during computation of the result of the cost 
function,function, while much more time was spent doing the image transformations. 
Thiss means that the largest reduction of the computation time can be 
achievedd by reducing the search space. In the future we will therefore 
investigatee which optimization algorithm performs best for this problem. 
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7.5.7.5. Conclusions 

Too obtain good results when matching a portal and a reference image 
automaticallyy by means of a cost function, preprocessing of the images is 
essential.. As preprocessing technique we applied unsharp mask filtering 
followedd by histogram equalization. The cost function that calculates the mean 
pixelwisee product (PROD) performed best. Its number of local minima is 
smallest,, while its accuracy and reliability is comparable to the other tested 
costt functions. The standard deviations of the results are of the same order of 
magnitudee as the inter-clinician variation, i.e., the accuracy of this automatic 
matchingg technique is similar to manual registration. 

Inn conclusion, 2D grey value matching of portal and reference images is 
feasiblee and forms a useful alternative for methods based on segmented 
anatomy.. The processing speed remains to be optimized. 
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Discussio nn and conclusion s 

Dynamicc intensity modulated radiotherapy (dynamic IMRT) is a modern 
treatmentt technique in which the dose delivered to the patient is modulated by 
motionn of the beam-shaping devices. The overall goal of this thesis was to 
developp a comprehensive strategy to verify the treatment delivery and to 
accuratelyy position patients during dynamic IMRT. Especially in case of 
dynamicc IMRT, the safety and effectiveness of the treatment depends critically 
onn accurate setup of the patient. This goal consisted of three parts. Firstly , 
neww techniques were developed for more accurate setup of the patient. In 
contrastt to verification of the setup by means of portal imaging, the developed 
techniquess were aimed at improving the accuracy of the setup prior to 
treatment.. Two techniques for improvement based on the outer contour of the 
patientt were described in this thesis. The first technique utilized a 3-
dimensionall contour of the patient and the second technique was based on 
videoo images of the patient. Secondly , a new technique for geometrical 
verificationn of dynamically created fields was developed. In order to guarantee 
safee delivery of dynamic IMRT, verification of the trajectories of the beam-
shapingg devices during the treatment was pursued using portal imaging. 
Thirdly ,, the current method to establish the patient setup from portal images 
wass improved. 

8.1.8.1. Verification  of  patient  setup 

Ass treatment plans become more sophisticated and the field size reduces, 
moree beam angles will typically be applied. As a result, a greater demand will 
bee placed on speed of verification. An option to avoid labor-intensive 
proceduress is to automate common verification tasks. 

AA current technique to deal with oblique fields is to acquire localization images 
att orthogonal angles of 0  and , which are easier to interpret. The 
assumptionn is that there is no motion of the patient between the localization 
imagee and the treatment. Organ motion or motion of the patient as a whole 
may,, however, violate this assumption. A first order approach to estimate the 
positionn of the target volume is to use external features of the patient detected 
usingg one or more cameras. Cameras are currently already in use in nearly all 
clinicss to visually monitor the stability of the patient during treatment. 
However,, in cases where a higher accuracy is desired visualization of the 
internall anatomy of the patient is preferred. 

8.1.1.. Externa l feature s 

Inn this thesis two techniques for improvement of patient setup based on 
externall features of the patient were tested. An application of body contour 
informationn for patient setup was already proposed in 1991 by Berry et al. [1] 
andd the first application of video imaging to setup patients dates back to 1975 
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[5].. Body contours and video imaging are, however, still not widely used to 
setupp patients. A fundamental drawback of the external features of the patient 
too estimate the patient setup is the mobility of the skin with respect to the 
positionn of the tumor. We computed that the magnitude of this motion was 
limitedd to approximately 2 mm in SD for patients treated in the head-and-neck 
andd lung region. Because of the careful patient positioning (e.g., using head, 
armm and knee support) initial setup errors were very small and little 
improvementt could be obtained by using information from body contours. 

Advancess in radiotherapy and also in the computer industry enabled more 
sophisticatedd methods to gather and analyze information about the patient's 
external.. As a result we were, for instance, able to quickly compute a 
referencee for the patient setup based on the planning computed tomography 
(CT)) scan using a volume rendering technique. The main advantage of this 
approachh is that it is possible to compare the patient setup with the planned 
position,, whereas a system based on a video image acquired during an early 
fractionn [27] will transform a random error during that fraction into a systematic 
errorr for all fractions. 

8.1.2.. Interna l feature s 

Localizatio nn of the tumo r 

Inn contrast to techniques that rely on external features of the patients, 
radiographicc techniques were proposed that focus on localization of 
anatomicall features closer to the target volume. Examples of these 
techniquess are cone-beam tomographic imaging [15] and visualization of 
implantedd marks [28]. Cone-beam CT imaging involves acquisition of multiple 
kilo-voltagee radiographs as the gantry rotates through 360 degrees. A back-
projectionn algorithm is applied to reconstruct the volumetric image. The setup 
off the patient can be adjusted according to the imaged location of the target 
volumee before the treatment starts. The difference with a conventional CT 
scannerr is that the CT scan is acquired on an accelerator instead of on a 
dedicatedd CT scanner. A disadvantage of current cone-beam CT imaging is 
thee relatively low quality of the electron density representation, mainly due to 
scatteredd radiation leading to extensive cupping artifacts [16]. This makes 
directt dose calculation from cone beam CT data inaccurate, but is not 
expectedd to hamper soft tissue localization. 

Thee challenge is to define the position of the target volume while the patient is 
stilll on the treatment couch. For patients with prostate cancer, it is possible to 
employy an alternative technique. For these patients, it was found that changes 
inn the shape of the target volume are limited [6], while the target volume 
showss considerable movement. This assumption facilitates the localization 
process,, because it is possible to use a reference delineation of the target 
volume.. This reference delineation is used as a template to locate the target 
volume,, thereby replacing a delineation task by a more simple localization 
task. . 
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AA simpler, but more invasive procedure utilizes implanted marks. Fiducial 
markss of radiopaque material, often gold, are implanted in or near the tumor. 
Thee projected location of the marks with respect to the field edge is 
establishedd using portal images. Deviation of the location of the mark with 
respectt to the planned position is used to correct the patient, either before 
treatmentt (on-line) or the next day (off-line). For patients with prostate cancer 
itt was shown that marks can be automatically detected in portal images 
obtainedd with a small amount of dose (1-2 monitor units) [23]. 

Localizatio nn of bon e structure s 

AA more common technique to minimize setup errors is geometrical verification of 
patientt setup using portal imaging. This is an indirect technique to verify the patient 
setupp because the position of the bone structures relative to the beam is verified 
ratherr than the position of the tumor. This procedure is either performed in two [10] or 
threee [9,11] dimensions. In chapter 7, a method based on grey value matching of 
portall images was developed to automatically estimate the patient setup for a wide 
rangee of treatment sites. This method is a useful alternative to methods based on 
segmentedd anatomy. Strategies based on segmented anatomy are most successful 
whenn applied to sites with well-discernable bone structures, e.g., the pelvic area. The 
algorithmm based on grey values was also integrated in our 3D matching program. 
Consequently,, we were able to accurately measure the setup of the bone structures 
inn 3D for a difficult treatment site like lung in chapter 2. These measurements acted 
ass a reference for quantification of the accuracy of setup based on body contours. 
On-linee matching in 3D becomes feasible when the processing time can be further 
reduced. . 

8.1.3.. Direc t versu s indirec t localizatio n 

Thee use of internal features to setup patients appears to be preferred over the 
usee of indirect measures such as external features or bone structures 
becausee the position of the target volume is directly visualized and therefore 
motionn of the target volume with respect to a reference structure (e.g., bone 
structuress or skin marks) becomes irrelevant. However, there are several 
reasonss why the techniques outlined in section 8.1.2 are not widely used. 
Firstly ,, the treatment time per patient will be prolonged. In most situations this 
iss unacceptable because of the limited available resources for radiotherapy 
(treatmentt machines as well as staff). Secondly , implementation of cone 
beamm imaging requires a major and costly upgrade of the treatment machine, 
whilee the technique of cone beam imaging and interpretation of the generated 
resultss is still under development. Thirdly , implantation of fiducial marks is not 
alwayss tolerable. Implantation of the marks requires surgery and hence puts a 
largerr strain on the patient and makes planning of the treatment procedure 
moree difficult. 

8.2.8.2. Geometrical  verification  of  dynamic  IMRT 

8.2.1.. Dynami c characteristic s of porta l imagin g 

Portall imaging is conventionally used to verify the shape of statically shaped 
radiationn fields (e.g., [2]). For verification of dynamically shaped fields, it is 
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necessaryy to detect the portal field edge in a series of portal images. Portal 
fieldd edge detection in images acquired during dynamic therapy differs from 
edgee detection in static images in two ways. Firstly, the images are acquired 
whilee the response of the imager may be incomplete. Secondly, the size and 
shapee of the field edge depends on the delivered number of monitor units. For 
portall images taken during static radiotherapy, the dosimetric definition of the 
fieldd edge corresponds with the position of the maximum intensity gradient in 
thee penumbra [3]. As a result of motion blurring, this position of the maximum 
gradientt can shift. Therefore, it is required to determine the influence of 
motionn blurring on the accuracy of field edge detection. For static IMRT, there 
iss no motion blurring and in this case portal field edge detection is possible 
usingg existing techniques. Motion blurring is common to all typess of detectors. 
Thee effect of motion blurring in the image depends on the characteristics of 
thee detector. In this thesis, motion blurring was addressed for both a liquid-
filledd ionization chamber EPID and an amorphous silicon flat panel imager fa-
Sii FPI). Although it is expected that many liquid-filled ionization chamber 
EPIDss will be replaced by a-Si FPI devices in the near future, we showed that 
thee described method for measuring the magnitude of motion blurring remains 
valid. . 

8.2.2.. Detector s 

Electronicc portal imaging devices either measure dose rate (e.g., in liquid-filled 
ionizationn chamber EPIDs) or dose {e.g., in amorphous silicon EPIDs). This 
differencee is especially important when dynamic fields are imaged. When 
dosee rate is quantified, a part of the EPID that is no longer exposed to 
irradiationn will show a drop in response. A measured response of a portal 
imagerr that is linear with dose will remain in place until the value is cleared 
afterr digitization. An EPID that is linear with dose integrates the incoming 
signall over the acquisition time of a full frame; such that on average the signal 
iss generated halfway the acquisition of a frame. Consequently, a correction for 
thee actual moment at which dose was collected is required. 

Tablee 1 summarizes dynamic properties for commonly used detectors applied 
forr verification of field shapes during dynamic IMRT. 

Tablee 1 Overview of commonly used detectors 

Typee of EPID 

Measures: : 

Acquisition n 
technique e 

Selected d 
references s 

Liquid-filled d 
ionization n 
chamber r 
EPID D 

dosee rate 

scanning g 

[19,33,34,36] ] 

Fluorescent t 
screenn / 
amorphous s 
Silicon n 

dose e 

scanning g 

[7,24] ] 

Fluorescent t 
screenn / video 
camera a 

dosee rate 

approximately y 
snapshot t 

[17,32,38] ] 

Heavyy crystal 
scintillatorr / 
videoo camera 
(customm built) 

dosee rate 
pulsee by 

pulse e 

[30] ] 
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Motionn distortion does not occur in detectors that take snapshots, although 
motionn blurring may be caused by the scintillation screen that is used in video 
andd amorphous Silicon based detectors. From an implementation point of 
view,, the scanning detectors used in this thesis are therefore not the most 
optimall detectors for verification of dynamic IMRT because a method was 
neededd to correct for motion distortion. However, this is not the only factor that 
influencee one's choice for a detector (other important factors are, e.g., 
availability,, detected quantum efficiency (DQE) and geometrical 
deformations). . 

8.2.3.. Shap e verificatio n of dynamicall y shape d field s 

Ann important part of geometrical verification of dynamic IMRT is verification of 
thee correct size and shape of the dynamically created fields. The field shape is 
definedd by the prescription and the leaf speed is controlled by the ratio of the 
givenn number of monitor units and the dose rate produced by the accelerator. 
Consequently,, it is evident that verification requires that progress information 
iss available for each image. Because progress information is a percentage of 
thee total dose, the best provider for this information is the accelerator itself. A 
disadvantagee of this setup is that the independence of the verification 
proceduree is compromised when no additional measures are taken. 
Therefore,, a percentage monitor units (MU) signal from the accelerator should 
bee validated with an independent reference beforehand. After acquisition of 
thiss percentage MU signal, a method is needed for labeling ('tagging') the 
imagess with the signal. 

Variouss techniques for acquisition of the percentage MU signal and tagging 
thee images with this signal were described. Firstly, a digital pulse produced by 
thee accelerator (e.g., at every 1/64th of a monitor unit for an Elekta 
accelerator)) can be applied [13,31]. The advantage of this signal is that it is 
thee fundamental dosimetry signal of the treatment machine. However, it 
requiress detailed knowledge of the monitor chamber circuitry. Alternatively, it 
iss possible to use an analog scope output signal that provides the same 
information.. This technique was chosen in our studies (chapters 4, 5 and 6). 
Ass noted, applying this signal for field shape verification requires that any 
flawss in this signal are recognized and eliminated prior to use. In particular, 
thee signal provided by the accelerator we used for our experiments was 
delayedd by about 285 ms (chapters 5 and 6). 

Labelingg the images with the %MU signal is possible in several ways. 
Partridgee et al. [31] had no access to the imager's data acquisition hardware 
orr software. Therefore, they designed a device that displays the %MU signal 
inn front of the scintillation screen used for image formation. This device was 
calledd a decade display because the %MU was indicated by means of one of 
tenn LEDs being lit. A similar technique, where a custom-built dose acquisition 
systemm is optically interfaced to both the camera control unit of the EPID and 
thee monitor unit (MU) channel of the accelerator was used by Glendinning et 
al.al. [13]. Our implementation utilized a custom extension of the hardware and 
softwaree for acquisition of EPID images to enable digitizing an additional 
signal.. An advantage was that we were able to store this signal with the image 
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file,, such that no additional provision for combining this signal with the images 
wass needed and synchronization between the EPID and the percentage MU 
signall was inherently ensured. Implementation on a larger scale, however, 
wouldd be greatly facilitated if manufacturers provided a simple interface 
betweenn the accelerator and the system for acquisition of portal images. 
Ideally,, this interface should be standardized to support radiotherapy 
departmentss with equipment from various manufacturers. 

8.3.8.3. Improvement  of  portal  image  analysis 

Inn the last chapter of this thesis several automated methods for portal image 
analysiss were tested. Based on our findings, a technique based on grey value 
matchingg of portal images was developed that is applicable to a wide range of 
treatmentt sites. The main advantage of the new technique is that feature 
extraction,, a crucial step in most current anatomy matching procedures, is no 
longerr required thus making the procedure more generally applicable to 
variouss treatment sites. Instead, this feature extraction step is performed 
implicitlyy by applying filters to the original images to obtain preprocessed 
images.. A drawback of our novel technique is that the required computing 
powerr increased dramatically compared to the technique based on extracted 
features.. Whereas the feature-based technique reduces the amount of data 
byy inspecting relevant image structures only (i.e., bone ridges), the grey-value 
matchingg technique examines all image pixels of both the portal and the 
referencee image during each iteration. By replacing the exhaustive search 
techniquee by a regular optimization technique and by taking advantage of the 
increasedd speed of computers, the time needed to obtain the match result 
becamee acceptable (less than 30 s). 

8.4.8.4. Improvement  of  treatment  preparation 

Ass accurate patient setup on the treatment machine reaches its limits, 
attentionn moves to reduction of errors during the preparation stage. These 
errorss can be caused by incorrect delineation of the target volume or mobility 
off the target volume (e.g., respiration). Various approaches to handle these 
problemss are addressed in the sequel. 

8.4.1.. Targe t volum e delineatio n 

Thee treatment plan, consisting of beam shapes and beam directions, is based 
onn the target volume delineated during planning. Inaccuracies introduced 
duringg this stage transform into a systematic error during treatment. Target 
volumee delineation is hampered by various sources. Often, boundaries 
betweenn the tumor and surrounding tissues are hard to discern, especially in 
CTT scans. In cases where the difference in attenuation between the target 
volumee and the surrounding tissues is small, boundaries are insufficiently 
discernible.. Various techniques to optimize target volume delineation were 
proposed.. Adding another imaging modality is an option and candidate 
modalitiess are magnetic resonance imaging (MRI) and positron emission 
tomographyy (PET). MRI has the ability to distinguish tissues with different 
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chemicall properties and thereby detail becomes visible that is not distinct in 
CTT [21]. PET imaging has the ability to reveal functional information about 
processess within the patient, e.g., blood uptake or metabolism [20]. A critical 
stepp is to combine the modalities using image registration [35]. Accurate 
3D/3DD registration of CT and PET and CT and MRI for most sites outside the 
brainn is still a research topic [4,12,14,29,37]. However, by integrating the CT 
andd PET scanners in a single machine, the application of PET scanning for 
radiotherapyy planning is now becoming more widely available [22]. 

8.4.2.. Respiratio n 

Organn motion hampers both accurate imaging and treatment. In particular, 
fastt organ motion due to respiration leads to a strong distortion in imaging and 
hott and cold spots during treatment with dynamic IMRT. For this reason, there 
iss much interest in applications of gated imaging and treatment. One system 
usess video imaging to monitor movement of the abdomen of the patient in 
orderr to take this motion into account during planning and implementation of 
thee treatment [25]. It is not essential to use a camera; the patient can be 
monitoredd using several different techniques. The patient's breathing cycle is 
recordedd in order to synchronize acquisition of CT slices. When information 
aboutt the breathing cycle is used during imaging it is possible to improve 
imagee quality considerably. Current techniques that monitor breathing utilize 
thee breathing signal to gate a CT scanner [40]. This way, all CT slices are 
acquiredd during the same phase of breathing. Although the quality of the 
resultingg CT scan acquired using this procedure is considerably higher, the 
dutyy cycle of the scanner is relatively low. This implies that it is likely that the 
acquisitionn time on the CT scanner is prolonged. More recently, a procedure is 
implementedd where CT slices are acquired with free breathing [8]. 
Simultaneously,, a signal of the breathing phase is recorded. This signal is 
subsequentlyy used to select slices acquired during the various stages of 
breathing.. The tumor and the diaphragm of a lung cancer patient are better 
definedd in a breathing correlated CT because they are not smeared out over 
variouss slices (Fig. 8.1, taken from unpublished data obtained at our hospital). 
Usingg this technique it is possible to determine the trajectory of the tumor 
duringg an entire breathing phase. As a consequence, it may be possible to 
plann the treatment with anisotropic margins that still enclose the tumor. 
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Figur ee 8.1 A surface rendering of the tumor and the diaphragm of a lung cancer patient. The 
tumorr appears splitted in the planning CT scan (left), while it is well-defined in the breathing 
correlatedd scan (right). 

AA similar technique is used during treatment [39]. A video camera registers 
thee motion of a passive infrared reflective mark placed on the patient's 
abdomen.. The observed position of the mark is used to synchronize radiation 
fromm a linear accelerator with the patient's breathing cycle. However, this 
techniquee is not applicable on all linear accelerators because the accelerator 
shouldd support fast on/off switching for gated radiotherapy. 

Thee effect of respiratory motion on the deposited dose was studied by Yu et 
al.al. [43]. The interplay of the movement of the beam and the movement of the 
patientt anatomy can create 'hot' and 'cold' spots throughout the field. The 
magnitudee of the variations depends strongly on the speed of the beam 
relativee to the speed of the target volume, and the width of the scanning beam 
relativee to the amplitude of target motion. 

8.4.3.. Adaptiv e radiotherap y 

Ass an alternative method to define target volumes once, a feedback process 
thatt optimizes a patient's treatment according to the patient specific 
informationn measured during the course of treatment was developed [42]. A 
techniquee was proposed where setup adjustment was implemented by 
reshapingg the treatment field instead of the conventional approach of 
repositioningg the patient. The idea of adaptive radiotherapy was also adopted 
byy Martinez et al. [26]. A patient-specific, confidence-limited planning target 
volumee (cl-PTV) constructed in the second week of treatment permitted dose 
escalationn and led to smaller target volumes compared to the conventional 
technique.. Yan et al. [41] proposed to use the convex hull of delineated target 
volumess in CT scans acquired during the previous days. For each patient, a 
patient-specificc setup margin was also applied to the bounding volume to form 
thee final cl-PTV. It was shown that the cl-PTV has the capability to exclude the 
systematicc variation and compensate for the patient-specific random variation 
onn target location and patient setup position. 

Thee proposed techniques for adaptive radiotherapy (ART) have the potential 
too solve problems related to delineation inaccuracies. Because the target 
volumee is delineated several times, errors are averaged and hence the risk to 
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introducee systematic errors can be reduced. Using ART the impact of setup 
errorss is also reduced because measurements performed during the course of 
thee treatment control adjustments of the treatment plan, comparable to 
verificationn using portal imaging. Finally, it is likely that the average position of 
aa moving organ eventually will be determined using ART, in contrast to 
conventionall treatment planning where a single scan is used for target volume 
delineation.. However, a disadvantage of ART is that the workload will 
increasee dramatically to process the huge amount of generated data. 

8.4.4.. Futur e development s 

Ass treatment plans become more complicated, the use of verification tools 
becomess more important because more sources for errors are present. 
Providedd that no errors are caused by incorrect transfer or interpretation of 
treatment-relatedd information, errors have either a technical or a biological 
background.. All components of the treatment machine should work according 
too the specifications and movement of the patient during delivery should be as 
smalll as possible, while organ motion is preferably absent. The current 
techniquess for verification of radiotherapy are capable to detect most common 
geometricall errors related to patient setup and treatment geometry. 

Localizationn of target volumes, however, is still a major concern. Adaptive 
radiotherapyy and cone-beam tomography are possible solutions to improve 
targett volume localization. When adaptive radiotherapy and cone-beam 
tomographyy are applied, accurate delineation of the target volume is still an 
issuee that should be solved. The main challenge is to locate the target volume 
whilee the patient is on the treatment couch. The conventional approach of 
manuall delineation is not feasible, because the prolonged treatment time will 
bee unacceptable. Therefore, (semi-)automated means to produce the 
delineationn are required using image processing. Next to the above-
mentionedd technique utilizing a reference delineation, the use of snakes [18], 
regionn growing [44] or edge detection (among others) is possible. 

Anotherr point of concern is organ motion during irradiation, also called intra-
fractionn motion. For, e.g., lung cancer patients it is possible to synchronize 
irradiationn with breathing, but a general solution for less well-defined motion 
remainss to be developed. It is possible that cone-beam tomography will be 
usedd to track the target volume in the future, although the time required to 
obtainn 3D volumetric information currently is too long. In cases where the 
boundariess between the tumor and surrounding tissues are difficult to discern 
otherr modalities such as MRI or 3D ultrasound need to be integrated during 
treatment. . 

Besidess techniques that directly locate the target volume, the use of body 
contourss for patient setup will be enhanced when faster scanners with high 
resolutionn become available. When 3D surfaces are available within a fraction 
off a second, computer-assisted setup becomes feasible. For this purpose, the 
resultt of the mismatch of the body contour to a reference surface should be 
linkedd to the computer-controlled couch. Based on our results, it is expected 
thatt the accuracy of computer-assisted setup is comparable or better than 
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mark-basedd setup. A greater level of automation will also facilitate introduction 
off video imaging in the clinic. Currently, determination of the patient outlines is 
performedd manually. Automatic determination of the outlines of the patient 
shouldd be possible, although the couch surface is not the same for all 
patients. . 

Althoughh the level of accuracy that can be achieved with these indirect 
techniquess is not as high as the radiographic techniques we foresee that 
thesee techniques will be used in combination, e.g., for monitoring respiration, 
forr guidance of setup corrections and for monitoring of patient stability. 

8.5.8.5. Conclusions 

Thee first aim of this thesis was to test the feasibility to improve the accuracy of 
thee setup by using the external contours of the patient. It was shown that 
patientt setup verification using a body contour scanner is feasible, but that the 
possibilityy to reduce setup errors depends on the initial accuracy of patient 
setup.. In the second study, the potential improvement of the patient setup 
usingg a room-mounted video camera was investigated. A small reduction of 
setupp errors was possible using our proposed technique, while visual 
inspectionn of the video images showed additional possibilities for 
improvement. . 

Thee second aim of this thesis was to develop and test means to verify leaf 
trajectoriess during dynamic IMRT using commonly applied electronic portal 
imagingg devices, independent of the multileaf collimator. This objective was 
realizedd by developing a system that compares the actual leaf trajectory with 
thee planned leaf trajectory. Our system is an important tool to confirm correct 
movementt of the dynamic leaves. 

Thee third aim was to develop and test methods for automated verification of 
thee setup of patients in various treatment sites, using portal images. This 
objectivee was realized using a technique based on grey-value matching. The 
timee required to obtain the match result is acceptable for clinical use. Grey-
valuee matching of portal and reference images is feasible, accurate and thus 
formss a useful alternative for methods based on segmented anatomy. 
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Radiotherapyy is an important method to treat cancer patients. In external 
beamm radiotherapy, high-energy photon beams are planned to damage and 
killl cancer cells in order to stop them from dividing. State-of-the-art 
radiotherapyy is a complex technique for several reasons. First, multiple beam 
shapess are used from multiple directions with the intention to deliver a high 
dosee to the target volume and a low dose to surrounding tissues. For this 
purpose,, the target volume is delineated in a computed tomography (CT) 
scan.. Second, the total dose is typically delivered in several daily fractions to 
exploitt the different sensitivity of tumor cells and normal tissues to radiation. 
Priorr to each fraction the patient is repositioned on the treatment couch by 
aligningg markers on the skin of the patient to the projection of room lasers. To 
minimizee the magnitude of repositioning errors (setup errors), verification of 
patientt setup is usually performed. A common technique to verify the patient 
setupp is portal imaging. Using this technique, an image is acquired on film or 
byy using an electronic portal-imaging device (EPID) at the beam exit side of 
thee patient during irradiation. Portal images thus show the patient setup 
relativee to the beam. A novel addition to the possibilities of a radiotherapy 
machinee is to adjust the beam shape during the delivery of dose. This makes 
radiotherapyy even more complex and verification of correct delivery is 
necessaryy to assure the quality of the therapy. 

Thee following components contribute to the correct delivery of dose. First, the 
positionn of the patient relative to the beam should be carefully reproduced 
duringg all fractions. Second, all components of the treatment machine should 
workk as specified without mechanical and dosimetrical deviations in the 
treatmentt unit. In this thesis both components were addressed. 

First,, two techniques that have the potential to improve the accuracy of the 
patientt setup were studied. The value of three dimensional body contours to 
estimatee the patient setup relative to the planned position was studied. The 
plannedd position was obtained from the CT data. The body contours were 
automaticallyy matched to the skin detected in the CT scan. In this study 
patientss with lung cancer and patients with head-and-neck cancer 
participated.. Due to variations in the skin position relative to the bony 
anatomy,, only large errors (5 mm and larger) along the cranio-caudal (head to 
feat)) axis could be corrected successfully. Next, the use of a video camera to 
determinee the location of the patient was studied. In this study, patients with 
prostatee cancer participated. Our objective was to reduce setup errors along 
thee left-right axis. The setup errors along this axis are typically larger than 
alongg the axial axis and along the front-back (anterior-posterior) axis, probably 
becausee only a single marker on the abdomen of the patient is used to align 
thee patient to the room lasers. The video images were acquired in addition to 
portall images. Both the video images and the portal images were matched to 
thee CT scan acquired during the planning stage. A two-dimensional projection 
off the CT scan (a digitally reconstructed radiograph) was created for 
registrationn with the portal images, while a volume rendering that shows the 
skinn of the patient was created for matching with the video images. The 



140 0 Summary y 

outlinee of the patient in a video image was a more accurate estimate of the 
setupp of the bony anatomy than the marker on the patient's abdomen. 
Consequently,, improvement of the setup of patients with prostate cancer in 
thee left-right direction by means of video imaging is possible. 

Methodss for verification of the performance of the treatment machine in a 
situationn where the beam shape is adjusted during irradiation were developed 
inn the following studies. The advantage of this dynamic technique in 
radiotherapyy is that it is highly flexible and that the required preparation time is 
potentiallyy short. The behavior of two commonly used EPIDs was investigated 
andd the dynamic properties (i.e., motion blurring) of these imagers were 
established.. Motion blurring imposes a limit on the usability of the EPID 
becausee well-defined moving edges appear blurred in the portal images. The 
testedd imagers were a liquid-filled ionization chamber EPID and a modern 
amorphouss silicon flat-panel EPID. 

Anotherr effect that occurs during acquisition of portal images of dynamically 
shapedd fields is motion distortion, especially in EPIDs with scanning read-out. 
Thesee EPIDs sample each row or column at a different moment in time, and 
movementt of an object perpendicular to the scan direction causes the object 
too appear tilted in the portal image. Because the scanning characteristics of 
thee EPIDs were known, it was possible to predict the magnitude of motion 
distortionn and to use such detectors for verification of the location of 
dynamicallyy controlled beam shaping devices. We found that the effect of 
motionn blurring was negligible for both imagers, while the motion distortion 
wass smaller for the modern amorphous silicon EPID due to its faster 
scanning. . 

Finally,, an improved method for analysis of portal images applied for 
verificationn of the patient setup was developed. Current automatic methods for 
portall image registration, which are often based on segmentation of 
anatomicall structures, are especially successful for images of the pelvic 
regionn but often fail to register images of other anatomical regions. A method 
forr two-dimensional registration of portal and reference images based on 
intensityy values was tested for various anatomical sites. Registration of portal 
imagess based on grey values was applicable to a wide range of treatment 
sites,, provided that the images were enhanced beforehand. 

Thee developed techniques contribute to safe execution of dynamic 
radiotherapy.. The use of body contours to improve patient setup is possible, 
althoughh the described technique indirectly provides an estimate for the 
locationn of the target volume. It was shown that video imaging allows 
reductionn of setup errors of patients with prostate cancer compared to the 
clinicallyy used setup strategy. Finally, portal imaging of both the treatment 
beamm and the patient anatomy assures that the magnitude of errors during 
deliveryy is within tolerance level. 
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Samenvattin g g 

Radiotherapiee is een belangrijke behandelingsmethode voor patiënten met 
kanker.. Bij behandeling met een externe bron worden stralingsbundels 
opgezett die kankercellen moeten beschadigen of doden, met het doel de 
groeii van de tumor te stoppen. De huidige praktijk van radiotherapie is 
gecompliceerdd om verschillende redenen. Ten eerste moeten bundels 
opgezett worden vanuit meerdere richtingen om een hoge dosis af te kunnen 
leverenn in het doelgebied, terwijl de dosis in de omringende organen en 
weefselss liefst zo laag mogelijk is. Op basis van een computed tomography 
(CT)) scan, waarin de anatomie van de patiënt zichtbaar wordt gemaakt, wordt 
hett doelgebied bepaald. Ten tweede wordt de totale dosis doorgaans in 
meerderee fracties gegeven, waarvoor de patiënt iedere keer precies ingesteld 
dientt te worden. Voordat een fractie wordt afgegeven wordt de patiënt 
ingesteldd op de bestralingstafel door markeringen op de huid uit te lijnen met 
laserlijnen.. Om fouten als gevolg van herpositioneren zo klein mogelijk te 
makenn wordt de positie van de patiëntinstelling tevens regelmatig 
gecontroleerdd met een onafhankelijke methode. Een gebruikelijke techniek 
hiervoorr is het maken van beelden met behulp van de behandelende straling, 
dee portal images. Hiertoe wordt een elektronische röntgencamera achter de 
patiëntt op het toestel geplaatst, zodat de beelden zowel een projectie van de 
anatomiee van de patiënt als de vorm van de bundel tonen. De onderlinge 
verhoudingg van de anatomie en de veldvorm wordt vergeleken met een 
referentiefotoo om de fout in de patiëntinstelling vast te stellen. Recent zijn de 
mogelijkhedenn van het bestralingsapparaat uitgebreid zodat nu ook de vorm 
vann de bestralingsbundel kan variëren tijdens de afgifte van dosis 
("dynamischee intensiteits-gemoduleerde radiotherapie", of dynamische IMRT). 
Hierdoorr wordt het mogelijk om de dosis binnen het doelgebied te verhogen 
terwijll de dosis aan de omringende weefsels en organen gelijk blijft of zelfs 
afneemt.. Het doel is om de kans op genezing voor de patiënt met een 
kwaadaardigg gezwel te vergroten met tegelijkertijd een vermindering van de 
kanss op complicaties. Het gevolg is echter dat radiotherapie nog complexer 
wordtt en de noodzaak van controle verder toeneemt. 

Correctee afgifte van de bepaalde dosis vereist dat de instelling van de patiënt 
tenn opzichte van de bundel gelijk is voor alle fracties en dat alle onderdelen 
vann het bestralingsapparaat zonder problemen werken. In dit proefschrift 
wordenn technieken beschreven voor de controle van beide aspecten. 

Inn het eerste deel worden twee technieken beschreven die mogelijk geschikt 
zijnn om de nauwkeurigheid van patiëntinstelling te verbeteren. Aan de hand 
vann de buitenkant van de patiënt wordt de positie van het doelgebied binnen 
dee patiënt bepaald. Hiervoor wordt gebruik gemaakt van een scanner die vele 
contourenn van de huid bepaalt zodat de huidoppervlakte in detail wordt 
beschreven.. Deze oppervlakte wordt vergeleken met de huidoppervlakte 
zoalss deze wordt waargenomen in de CT scan. Deze studie is gedaan voor 
patiëntenn met kanker in de long en in het hoofd-hals gebied. We vonden dat 
doorr variaties van de positie van de huid ten opzichte van het bot alleen de 
grootstee fouten (5 mm en groter) verkleind konden worden. Daarnaast is een 
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studiee gedaan naar de mogelijkheid om met behulp van een gewone 
videocameraa de instelling van de patiënt te verbeteren. Deze studie is gedaan 
voorr patiënten met prostaatkanker. Het doel was om de instelling van de 
patiëntt in de links-rechts richting te verbeteren. Langs deze as zijn de fouten 
hett grootst, mogelijk doordat er alleen op de buik van de patiënt een bruikbare 
lijnn voor het instellen van de patiënt in deze richting aangebracht kan worden. 
Voorr de andere richtingen zijn meerdere lijnen beschikbaar, die tevens op 
minderr flexibele stukken huid liggen. Tegelijkertijd met het opnemen van de 
beeldenn met behulp van de videocamera zijn portal images gemaakt. Beide 
beeldenn werden vergeleken met de CT scan om de fout in de patiëntinstelling 
tee bepalen. Het bleek dat de plaats van de contour van de patiënt 
nauwkeurigerr overeenkomt met de plaats van het bot dan de lijn op de buik. 
Hett is dus mogelijk om de precisie van de instelling voor deze patiëntengroep 
tee verbeteren door middel van een videocamera. 

Daarnaa werd de haalbaarheid van controle van de vorm van een dynamische 
bundell onderzocht, waarbij in het bijzonder is gekeken naar de gevolgen van 
bewegingg op de beelden. De testen zijn gedaan voor twee verschillende 
röntgencamera's,, een die bestaat uit met vloeistof gevulde ionisatiekamers en 
eenn andere, meer moderne, die gebruik maakt van een detectorpaneel op 
basiss van amorfe siliciumkristallen. Beweging van de bundel tijdens de 
beeldvormingg heeft twee effecten: bewegingsvervaging en 
bewegingsvervorming. . 

Vervormingg wordt veroorzaakt door de manier waarop het beeld uitgelezen 
wordt.. Doordat de beelden lijn voor lijn worden gescand wordt een recht 
objectt dat zich in de bundel beweegt schuin afgebeeld. Als bekend is met 
welkee snelheid en op welke manier de lijnen worden uitgelezen is het mogelijk 
omm de vervormde veldvorm te voorspellen. We hebben programmatuur 
ontwikkeldd die de vervormde veldvorm in detail nabootst en vergelijkt met de 
gemetenn veldvorm. Op deze manier kan dynamische IMRT met de huidige 
camera'ss worden gecontroleerd. In de camera die gebruik maakt van amorfe 
kristallenn treedt minder vervorming op dan in de camera met vloeistof gevulde 
ionisatiekamerss doordat de uitleessnelheid hoger is. Bewegingsvervaging is 
afhankelijkk van de manier waarop signaal in de camera wordt waargenomen 
enn deze blijkt voor beide camera's zeer klein te zijn. 

Tott slot is gekeken of analyse van de portal beelden verbeterd kon worden. 
Mett de huidige methode is het noodzakelijk om tijdens de analyse 
anatomischee structuren van de achtergrond te scheiden. In beelden waar bot 
duidelijkk herkenbaar is, zoals in beelden van het bekkengebied, werkt deze 
methodee goed, maar voor andere doelgebieden treden vaak fouten op. In dit 
proefschriftt zijn methodes onderzocht waarbij deze tussenstap niet langer 
gemaaktt hoeft te worden. De methodes zijn getest voor verschillende 
doelgebiedenn en het bleek mogelijk te zijn om met behulp van de verkregen 
beeldenn de patiëntinstelling volledig automatisch te controleren met een 
betrouwbaarheidd van beter dan 90%. 

Dee ontwikkelde technieken dragen bij aan de veilige introductie van 
dynamischee radiotherapie. Het bepalen van de plaats van de huid (met een 
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contourscannerr of met een videocamera) leidt tot een nauwkeurige instelling 
vann de patiënt, ondanks dat de plaats van de huid alleen indirect gerelateerd 
iss aan de plaats van het doelgebied. Met behulp van een elektronische 
röntgencameraa kan zowel de veranderende veldvorm als de plaats van de 
patiëntt tijdens bestraling gecontroleerd worden. Deze technieken zullen in de 
toekomstt waarschijnlijk gecombineerd worden met geavanceerde systemen 
waarbijj de patiënt op het toestel gescand wordt. 
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Stellinge n n 
behorendd bij het proefschrift 

"Image-basedd verification of patient setup and 
treatmentt geometry in radiotherapy" 

1.. Doordat een elastisch verband bestaat tussen een enkele 
markeringg op de buik en het doelgebied binnen de patiënt is 
hett raadzaam de methode waarmee de patiënt voor 
radiotherapiee gepositioneerd wordt te verbeteren 
(ditt proefschrift, hoofdstuk 3). 

2.. Conventionele methoden voor het lokaliseren van de 
begrenzingenn van statische bestralingsvelden in 
megavoltbeeldenn zijn niet direct toepasbaar voor dynamische 
veldenn wanneer de megavoltcamera een geheugeneffect 
vertoont t 
(ditt proefschrift, hoofdstuk 5 en 6). 

3.. Door het onderdrukken van delen van megavoltbeelden die 
weinigg variatie bevatten volstaat een eenvoudige functie voor 
hett bepalen van de mate van de overeenkomst tussen een 
megavolt-- en een referentiebeeld die louter op basis van de 
grijswaardess werkt 
(ditt proefschrift, hoofdstuk 7). 

4.. Hoewel al geruime tijd wordt voorspeld dat radiotherapie 
vervangenn zal worden door meer geraffineerde technieken, 
ziett het er toch naar uit dat radiotherapie nog een lange 
toekomstt tegemoet gaat. 

5.. Fabrikanten van tafels die gebruikt worden in de CT-scanner 
enn tijdens de bestraling realiseren zich onvoldoende dat 
verderee conformatie van het stralingsveld aan het 
doelvolumee door middel van dynamische intensiteits-
gemoduleerdee radiotherapie zal worden belemmerd wanneer 
dee manier van uitzakking van beide tafels onder het gewicht 
vann de patiënt verschilt. 



6.. Er komt een momen t dat de opsla g van alle beelden die 
gebruik tt  worde n voor de planning , uitvoering , en verificati e 
vann radiotherapie , uitgedruk t in bytes het aantal cellen in het 
doelgebie dd zal overtreffen . 

7.. De tij d die men bespaar t met het haasti g ontwerpe n van een 
computerprogramm aa is een fracti e van de tijd die later 
benodig dd is voor lapwerkzaamheden . 

8.. In Afrik a gevonde n fossiele n van de modern e mens bewijze n 
geenszin ss dat de modern e mens alleen in Afrik a is ontstaan . 

9.. De plaats van de wieg speel t een prominent e rol in de 
berichtgevin gg over de wederwaardighede n van een volstrek t 
onbeken dd individu . 

10.. leder e euro die de muziekindustri e aanwend t voor het 
tegengaa nn van illegal e verspreidin g van muziek zal voor de 
meest ee muzikante n als verlore n beschouw d moeten worden . 

11.. Fanatie k spor t kijke n is nog ongezonde r dan fanatie k spor t 
beoefenen . . 

12.. Wanneer veronderstel d word t dat er een negatie f verban d 
bestaa tt  tusse n de kwalitei t van een film en de benodigd e 
hoeveelhei dd geld voor de productie , kan het bestaansrech t 
vann dure film s alleen verklaar d worde n doorda t een groo t 
gedeelt ee van het publie k meer van kwantitei t dan van 
kwalitei tt  gedien d is. 

13.. Doorda t supermarkte n de duurst e merken op gemiddeld e 
ooghoogt ee zetten , zijn klein e en grot e mensen goedkope r uit . 

Lenner tt  Ploege r 
222 augustu s 2003 
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