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Chapte rr  5 

AA metho d for geometrica l verificatio n of dynami c 
intensit yy  modulate d radiotherap y usin g a scannin g 
electroni cc  porta l imagin g devic e 
Lennertt S. Ploeger, Monique HP. Smitsmans, Kenneth G.A. Gilhuijs and 
Marcell van Herk 

In:In: Medical Physics 29, 1071-1079 (2002). 

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~MUMUMrrMrriL+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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Determinationn of delay in MU signal 
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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. 

Error ss measure d for movin g diaphrag m 
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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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