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Chapterr 8 

Discussionn and conclusions 

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.. External features 

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.. Internal features 

Localizationn of the tumor 

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]. 

Localizationn of bone structures 

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.. Direct versus indirect localization 

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.. Dynamic characteristics of portal imaging 

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.. Detectors 

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.. Shape verification of dynamically shaped fields 

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.. Target volume delineation 

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.. Respiration 

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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Figuree 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.. Adaptive radiotherapy 

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.. Future developments 

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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