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CompensatingCompensating setup verification fields 

Abstract t 

Purpose: : 
Portall  images of conformal treatment fields are often not suitable for setup 
verificationn purposes because they contain insufficient bony structures. 
Therefore,, additional rectangular fields are frequently applied for setup 
verificationn purposes. It is the aim of this study to reduce the dose distortions 
inducedd by these extra fields by appropriately adjusting the beam weights and 
wedgee angles of the treatment fields. 

Material ss and methods: 
AA second treatment plan for the setup verification session is generated, with 
ann identical beam setup as the original plan, but which also includes two 
orthogonall  setup verification fields. An algorithm is developed, based on 
vectorr analysis methods, that adjusts the beam weights and wedge angles of 
thee treatment fields in such a way that both the dose at the isocenter and the 
dosee homogeneity over the PTV are conserved. 

Results: : 

Thee algorithm was applied to three clinical cases. The number of MUs for the 
setupp verification fields, using a liquid filled electronic portal imaging device, 
variedd between 16 MU in the head and neck region up to 34 MU for lateral 
imagess in the pelvic region. In all cases, the method yielded a treatment plan 
includingg two orthogonal setup verification fields with a similar dose 
distributionn over the PTV as the original treatment plan without the setup 
verificationn fields. 

Conclusion: : 

Thee dose distortions resulting from the acquisition of orthogonal verification 
imagingg can be neutralized by modifying the original beam weights and 
wedgee angles of the treatment fields. 

Keyy Words: 
portall  imaging, treatment planning, optimization. 
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Introductio n n 

Ann increasing number of institutions is using portal imaging systems to 
monitorr the setup accuracy. The treatment fields are often not suitable for 
matchingg purposes because the amount of bony structures in conformal 
treatmentt fields is often too small or the images are too vague (1) to be used 
forr matching purposes. Furthermore, portal images for setup verification 
purposess arc frequently acquired with AP or lateral beams, which generally 
doo not coincide with the treatment fields (2). 
Thee number of monitor units required to obtain a portal image of satisfactory 
qualityy highly depends on the system used. Electronic portal imaging systems, 
basedd on fluoroscopy generally only need 3 to 4 MU to outline the bony 
structures,, but organ motion studies involving radio-opaque markers (3-5), 
showw that 20 MU for large fields and 30 MU for smaller fields are needed to 
gett adequate images for marker localization (6). Film measurements usually 
requiree also more MUs. An exposure of 15 MU to 30 MU is common using 
conventionall  films for megavolt imaging, although new types of fast film also 
givee good results at lower exposures (4 MU-8 MU). 
Thee exposure for image acquisition in scanning matrix systems is generally 
non-negligiblee as well. The portal images in our institution are acquired with 
aa matrix ionization detector (Varian PortalVision™ (7,8)). Two orthogonal 
verificationn images (approximately 15x15 cm2) are taken to determine the 
patient'ss position. The number of MUs for the setup verification fields varies 
betweenn 16 MU (2 frames, 125 MU/min) in the head and neck region up to 34 
MUU (4 frames, 200 MU/min) for lateral images in the pelvic region. 
Thesee orthogonal setup verification fields distort the planned dose distribution 
inn three ways. Firstly, the target dose increases, due to the additional dose 
deliveredd by the setup verification fields. Secondly, the dose homogeneity 
overr the PTV is affected, due to the dose gradients of the fields, and finally, 
thee dose to the tissues surrounding the target increases, due to the larger field 
sizee of the setup verification fields. This large field size is necessary to 
identifyy sufficient bony anatomical landmarks on the verification image. 
Consequently,, the dose increase to the tissues surrounding the target can only 
bee minimized by a reduction of the number of MUs for the setup verification 
fields. . 

Thee first aspect can be dealt with in several ways. The most elementary 
methodd of compensating the increase of total tumor dose is by omitting a 
treatmentt session. This procedure is only appropriate if the total dose 
contributionn of the given number of setup verification fields approximates the 
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fractionn dose. Consequently, the possibilities to increase (or decrease) the 
totall  number of verification images during the treatment course are limited. In 
addition,, the dose per fraction in setup verification sessions is higher than in 
normall  sessions, which is undesircd from a biological point of view. A 
somewhatt more sophisticated method is to compensate the additional dose 
contributionn during the setup verification session itself by a proportional 
reductionn of the original number of ML's of the treatment fields, yielding an 
unalteredd dose at the isocentcr. The second problem of increased dose 
inhomogeneityy over the PTV still remains, however. To overcome this 
problem,, we can generate an additional treatment plan for the setup 
verificationn sessions, with an identical beam setup as the original plan, but 
whichh also includes two orthogonal setup verification beams. 
Itt is the aim of this study to develop a method to acquire new beam weights 
andd wedge angles for the treatment fields in this setup verification plan, 
withoutt the workload of manually optimizing these parameters. An algorithm 
iss developed which optimizes the beam weights and wedge angles of the 
treatmentt beams. The algorithm is implemented in a software routine that is 
integratedd in our 3D treatment planning system (9). 

Figuree 5-1: Schematic representation of the original plan. OP. (left) and the setup verification 
plan.. SVP. (right). The tumor (dark grey) is situated in the crosslire. while the organ at risk 
(black)) is kept outside the treatment fields 
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Material ss and Methods 

Considerr a multi-field technique, with all fields conformed to the PTV 
(Fig.. 5-la). We refer to this treatment plan as the original plan (OP). The 
associatedd setup verification plan (SVP) contains the treatment fields of the 
OPP and two additional orthogonal setup verification fields (Fig. 5-lb). The 
beambeam weights of both plans are defined at the isocenter and are normalized to 
11 {b =D /D, , ',Yb. =1). The aim is to determine a new set of beam 

weightss and wedge angles for the SVP, without affecting the dose distribution 
overr the PTV as produced by the OP. This is accomplished in five steps: 
1.. Wedged beams are decomposed into an open segment and a segment with 

thee maximum physical wedge angle available. 
2.. Beam weights of the setup verification beams are derived from the number 

off  MUs required for portal imaging. 
3.. Dose gradients of each segment are determined. 
4.. New sets of beam weights for the SVP are determined based on these dose 

gradientss and an optimization algorithm is used to find the optimal set of 
beambeam weights. 

5.. Corresponding open and wedged segments are merged. 
Inn the next section, each of these steps is described in more detail. 

/.. Decomposing wedged beams 

Eachh wedged beam with beam weight b-, and wedge angle Wj is decomposed 
intoo an open segment (6open.i) a nd a segment with maximum wedge angle 
(VVmax.i)) using the following expression (10,11) 

"tan(irr ) 

tan(( w ) 
++ . / - (1) ) 

bbtt h 
wheree /denotes the ratio of the slopes of the central-axis depth-dose curves 
forr the open and wedged fields, ƒ differs from unity due to the presence of 
scatteredd radiation and beam hardening. For most clinical field sizes ( 5 x5 
cm22 to 15 x 15 cm2), ƒ ranges between 1.00 and 1.08. The expression in Eq. 1 
cann therefore be approximated by: 

hh
 a. . .=1

 b^, = tan(u;) ( 2) 

h,h, b<  tan(wnmi) 
Inn this way, a set ofp beams with p beam weights and q wedge angles {wit h 
p>q)p>q) is converted to a set of {p+q) beam segments with {p+q) beam weights. 
Thee wedge angle of each segment is either zero or maximal. 
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2.2. Determination of verification field beam weights 

Sincee the sum of the beam weights of the SVP is one, the beam weights of the 
setupp verification fields can be calculated using the following expression 
basedd on the ESTRO formalism (12): 

br^DTlD^br^DTlD  ̂ =/>„  -U, 0H(c)T(z,c)/Dt, , (3) 

withh b^F=  beam weight of setup verification field i, 

D^1'' = dose contribution of setup verification field i 

^fractionn = dose Per fraction, 

DDRR = dose per MU under reference conditions, 
UUtt = desired number of MUs for setup verification field i, 
OR(C)OR(C) = output ratio in full-scatter conditions for field size c\ 
T(z,c)T(z,c) = tissue-phantom ratio at depth z and field size c. 
Ann additional correction is applied to account for tissue inhomogeneities. The 
magnitudee of this correction is calculated by our treatment planning system. 

3.3. Dose gradients 

Twoo dose distributions defined in a certain volume are identical, if the 
followingg two conditions are simultaneously true: a) somewhere in the 
volumee the dose values are identical and b) the dose gradients are identical 
overr the entire volume. The dose gradient at a single point can be decomposed 
intoo the dose gradients induced by the individual beam segments. A number 
off  simplifying assumptions are made, previously described by Sherouse (13), 
regardingg the dose gradient induced by a single beam segment within the 
crossfire:: (/) The incidence of each beam segment is perpendicular to the 
patient'ss surface. Consequently, the induced dose gradient of an open beam 
segmentt is axial, i.e., coincides with the central axis. (2) The addition of a 
wedgee induces a transaxial component in the dose gradient, i.e., perpendicular 
too the central axis, without affecting the axial component. (3) All beam 
segmentss of equal beam quality have the same axial specific dose gradient in 
thee region of the crossfire. 

Thee specific dose gradient VÖt of a beam segment i is defined as the dose 
gradientt divided by the dose contribution of the beam segment at the isocenter 
(V/ )) = VD / Dx). The axial component of the specific dose gradient, V/) , is 

directedd towards the focus. The magnitude of the axial component for each 
beambeam quality at the isocenter is obtained from PDD-curves (SSD = 90 cm, 10 
xx 10 cm") and varies between 0.043 cm"' for 18 MV-beams and 0.056 cm'1 for 
44 MV-beams. For the wedged beam segments, a transaxial gradient is 
induced,, V£>,, perpendicular to the axial gradient. The radial orientation is 
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dependentt on the wedge orientation and collimator angle. The magnitude of 
thee transaxial component for the wedged segments is expressed as: 

VDUU =VD u tan(irmi>i) (4) 

Consequently,, the magnitude of the total specific dose gradient for a wedged 
segmentt is given by: 

[V/).|| = ftöj +VÖJ = VÖiü /cos(vvn;[vi). (5) 

4.4. Solution space of beam weights 

Thee condition that the dose distributions over the PTV of the OP and SVP are 
similar,, requires an identical dose gradient of both distributions throughout 
thee PTV. Since the PTV is within the cross-fire of all beams, the resulting 
dosee gradient at the isocenter is the vector sum of the dose gradients induced 
byy the separate beam segments, or: 

fs/Dfs/D .isvp = YVÖ ' 
Z—II  I.X I t^i 1.\ 1 

YyöYyöxxyVTyVT = Jv/)L/  />;* 

wheree the fourth equation expresses the normalization constraint. The indices 
x,, y and z denote the right-left, feet-head and dorsal-ventral direction in the 
patientt system respectively. The transformation of VÖ_ j and 
VD i tt into VZ)v,V/)v and VZ>,is determined by the collimator, gantry and 

turntablee rotations (Appendix A). The right-hand terms in the first three 
equationss are theoretically zero, since this implies a zero dose gradient at the 
isocenter,, which is equivalent to the treatment planning optimization criterion 
off  a homogeneous dose distribution over the PTV. Since we neglect the 
effectss of non-perpendicular beam incidence and tissue inhomogeneities in 
calculatingg the specific dose gradients, the calculated dose gradients of the OP 
andd the SVP at the isocenter may differ from the actual dose gradients. 
However,, the actual dose gradients of the OP and SVP are very similar if the 
calculatedd dose gradients of the OP and SVP are equal, because of the 
correlatedd beam setup. 
Thiss set of equations has n unknowns (6,svl'... l\v) and usually has no 
solutionss for n<4. For n=4, there exists generally one single solution. For 
mostt clinical conformal beam setups n is greater than 4 and for these cases, no 
uniquee solution is expected. Usually, there is a n-4 dimensional family of 
beamm weight solutions. This solution space can be found using a set of 
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singularr value decomposition techniques (Appendix B.l). A cost function in 
combinationn with an optimization algorithm is used to select the combination 
off  beam weights for the optimal SVP (Appendix B.2 and B.3). 

5.5. Merging corresponding open and wedged segments. 
Afterr establishing a set of beam weights for the open and wedged segments of 
thee SVP, Eq. 5 is used again for merging corresponding open and wedged 
segmentss into a single beam. The inverse transformation yields a continuous 
spectrumm of wedge angles. The returned wedge angle has therefore to be 
roundedd off to the nearest wedge angle that is clinically available. 

Results s 

Thee algorithm is applied to three clinical eases, a prostate case, a lung case, 
andd a brain case. The dose per fraction was 2 Gy for all cases and all fields 
weree conformally shaped to the PTV. 

ProstateProstate case 

Thee prostate patient, who participated in a dose escalation study, was 
conformallyy irradiated up to a dose of 68 Gy to the isocenter on the prostate 
andd seminal vesicles plus a 10 mm margin. In addition, the patient received a 
conedd down boost (prostate + no margin towards the rectum and 5 mm 
elsewhere)) of 10 Gy. A three-field technique was applied with an 8 MV 
anterior-posteriorr beam and two wedged lateral 18 MV beams. Fig. 5-2a 
showss the beam setup and dose distribution of the original plan for the first 68 
Gy.. In 10 out of 39 fractions, verification images were recorded of an open 8 
MVV anterior-posterior and a 18 MV right lateral field (both 16x16 cm2). 20 
MUU and 34 MU were delivered for the anterior and lateral setup verification 
field,, respectively. The dose contribution at the isocenter of these setup 
verificationn fields was 43 cGy. 
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Figuree 5-2: Three-field prostate technique as optimized by the dosimetrist (a). The black 
arrowss symbolize the individual dose gradients of the decomposed beam segments. The dose 
distributionn of the setup verification treatment obtained by a proportional reduction of the 
numberss oI'MUs is displayed in (b). The white arrows denote the dose gradients induced by 
thee setup verification fields. The dose distribution of the optimized setup verification plan is 
displayedd in (c). 
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Tablee 5-1: MU-prescription. beam weights and wedge angles of the original prostate plan, 
thee setup verification plan obtained by a proportional reduction of the MU numbers and the 
optimizedd setup verification plan. 
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Thee dose increase due to the setup verification fields can easily be 
compensatedd by multiplying the numbers of MUs of the original plan with a 
factorr 0.785 (-(200-43)/200) (Tabic 5-1). This renormalization docs, 
however,, not compensate the dose gradients induced by the setup verification 
fieldss (Fig. 5-2b). In addition, a dose increase of 10% to the right femoral 
headd is observed, i.e. 2 Gy in 10 setup verification sessions. This is also 
undesirable.. The optimized SVP has a similar dose distribution in the PTV as 
thee original plan (Fig. 5-2c). As might be expected, the algorithm subtracts 
thee beam weights from the additional setup verification fields completely 
fromm the open segments of the treatment fields with corresponding gantry 
angles.. As a consequence, the dose to the right femoral head does not 
increase.. Since the beam weights of the wedged segments remain unaltered, 
thee wedge angle of the right lateral field increases. If the treatment fields have 
otherr gantry angles or turntable angles than the setup verification fields, it is 
nott evident, to what extent the individual beam weights and wedge angles 
havee to be adjusted. This is illustrated in the next cases. 

LungLung case 

Thee patient discussed here was treated up to a dose of 68 Gy. The OP 
consistedd of two wedged beams, AP and right-lateral, and one open oblique 
beam,, all 8 MV (Fig. 5-3). The corresponding SVP had in addition two 
orthogonall  fields (AP and left lateral), both 15 x 15 cm2. The number of 
monitorr units required for these setup verification fields was 18 MU for each 
fieldfield resulting in an additional 30 cGy at the isocenter. As for the prostate 
case,, this supplementary dose can be compensated by a renormalization of the 
beamm weights (Table 5-2), but again, this correction does not counterbalance 
thee induced dose gradients over the PTV (Figs. 5-3a and 5-4). In the 
optimizedd SVP, the dose gradients induced by the setup verification fields arc 
neutralizedd by a reduction of the beam weight of the oblique beam (Figs. 5-3b 
andd 5-4) 
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Figuree 5-3: Three-field lung technique including two orthogonal setup verification fields 
indicatedd by the dashed lines. The isodose lines indicate the percent dose difference between 
thee setup verification plan obtained by proportional reduction and the original plan (a). In 
(b)) the percent dose difference between the optimized setup verification plan and the 
originall  plan is plotted. 

BrainBrain case 

Thiss patient was treated with a non-coplanar technique tip to a close of 30 x 2 
Gy.. The OP consisted of four obliquely incident 8 MV wedged fields. The 
correspondingg SVP had in addition two orthogonal fields, AP and left lateral, 
bothh 14 x I I cm2 (Fig. 5-5a). The number of monitor units applied for these 
setupp verification fields was 16 ML', resulting in a dose of 28 cGy at the 
isocenter.. The differences in the dose distributions over the PTV of the SVP 
andd the OP are negligible (Fig 5-5b). 
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Figuree 5-4: Dose volume histograms of the PTV of the original lung plan, the setup 
verificationn plan obtained by a proportional reduction and the optimized setup verification 
plan. . 

Discussion n 

DoseDose distributions 

AA method is developed to correct the distorted dose distribution induced by 
thee acquisition of verification images. A new setup verification plan (SVP) is 
constructed,, that includes the dose distribution of the setup verification fields. 
Thee beam weights of these setup verification fields are directly related to the 
desiredd number of MUs. An iterative optimization process adjusts the 
remainingg beam weights. In the resulting SVP. the setup verification beams 
havee to be regarded as large treatment fields, with relatively small fixed beam 
weightss (Tables 5-1, 5-2 and 5-3). The SVPs produce similar dose 
distributionss over the PTV as the corresponding original plans (OPs) (Fig. 5-
2).. This means that the OP and SVP are mutually exchangeable as far as it 
concernss the dose distribution over the PTV. The total number of verification 
imagess to be taken can therefore be adjusted almost freely during the 

93 3 



ChapterChapter 5 

Tablee 5-2: MU-preseription, beam weights and wedge angles o[ the original lung plan, the 
setupp verification plan obtained by a proportional reduction of the MU numbers and the 
optimizedd setup verification plan. 
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treatmentt course. The dose increase to the irradiated volume outside the PTV 
iss limited, but still may lead to a restriction of the total number of verification 
imagess to be taken, if the dose to organs at risk in the OP is critical. 

ClinicalClinical implementation 

Thee algorithm is implemented in a software routine that interacts with our 3D 
planningg system. After the dosimetrist has made a copy of the OP and has 
addedd the setup verification fields to this copy, the dosimetrist enters the 
desiredd number of MUs for the setup verification fields and the dose per 
fraction.. The new beam weights are subsequently calculated {withi n a second) 
andd the old beam weights are replaced. After a check of the resulting dose 
distribution,, the MU-prescription for the SVP is calculated. The additional 
workloadd for the dosimetrist to generate the SVP and recalculate the MU-
numbcrss in this procedure is estimated to be about 15 minutes per patient. 
Thiss is considered to be reasonable in relation to the total workload of several 
hourss per patient for the dosimetrist. 

OtherOther applications 

Withh a small modification, the presented method can also be used to quickly 
generatee a set of beam weights and wedge angles for an arbitrary beam setup, 
resultingg in a fairly homogeneous dose distribution over the PTV. If we 
replacee the right hand terms of the first three equations in Eq. 6 by zero, the 
correspondingg beam weight solutions theoretically have no dose gradient at 
thee isocenter. This method yields fine results in homogeneous patients with 
perpendicularlyy incident beams (Appendix C). The presence of tissue 
inhomogeneitiess and obliquely incident beams may degrade the dose 
homogeneity.. In any case, this application can be a useful planning aid for 
dosimetristss to quickly find a set of initial beam weights and wedge angles for 
anyy isocentric treatment technique and shall be subject of further 
investigation. . 
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Figuree 5-5: Four-field brain technique including the orthogonal setup verification Holds (a). 
Dosee volume histograms o\' the PTV of the original brain plan and the optimized setup 
verificationn plan (b). 

Conclusions s 

Thee dose distortions resulting from the acquisition of orthogonal verification 
imagess can be neutralized by modifying the original beam weights and wedge 
angless of the treatment fields. An algorithm is developed that performs the 
appropriatee modification. This algorithm corrects for both the increase in 
absolutee dose at the isocenter and for distortions of the dose gradient in the 
PTV.. The modified treatment fields and orthogonal verification fields are 
combinedd in a second treatment plan. The second plan yields a dose 
distributionn over the PTV similar to the original plan. Both plans are therefore 
mutuallyy exchangeable as far as it concerns the dose distribution over the 
PTV.. This allows the physician to adjust the number of treatment sessions 
duringg which orthogonal verification images are taken, without worrying 
aboutt the additional dose to the PTV. Attention should be given to a possible 
dosee increase to organs at risk resulting form the verification fields. 
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Appendix x 

AA Coordinate transformation 

Thee specific dose gradient of a beam segment is decomposed into an axial 
(VÖÖ ) and a transaxial (V/)M) segment. The axial component is directed 
towardss the focus, while the transaxial component is directed towards the thin 
edgee of the wedge filter. In order to determine the specific dose gradients in 
thee patient system in Eq. 5. we make use of three intermediate coordinate 
systemss originally described by Siddon (14): the fixed system (F-system), the 
gantryy system (G-system) and the collimator system (C-system). These 
Cartesiann right-handed systems all have their origin at the isocenter. The F-
systemm is fixed to the treatment room. The zF-axis is directed vertically 
upwardss and the yh-axis is horizontal and directed towards the gantry. The G-
systemm is stationary w ith respect to the gantry. The zG-axis passes through and 
iss directed to the radiation source. The yG-axis coincides with the yraxis. The 
C-systemm is stationary with respect to the collimator. The zc-axis coincides 
withh the zc,-axis. The yc -axis is directed towards the thin end of the wedge. 
Ourr patient system (P-system) is defined to be stationary with respect to the 
isocenter.. For supine positions, the Z[>-axis is directed vertically up and the yP-
axiss is directed in the feet-head direction. 
Accordingly, , 

xx = 

xx = 

''coss a 

sinor r 

0 0 
// cos/? 

0 0 

-sin/? ? 

cos/ / 

-s in/ / 

0 0 

-sinaa u 

coscrr 0 

00 1, 

00 sin/?̂  

11 0 

00 cos/?, 

sin// Ôi 

cos// 0 

00 1 

(7) ) 

(8) ) 

(9) ) 

withh a,p and / the collimator angle, the gantry angle and turntable angle, 
respectively.. Note that all coordinate systems are identical when all angular 
positionss are set to zero (Fig. 5-6). Substituting (7) and (8) into (9) yields: 
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Figuree 5-6: The different coordinate systems with all angular positions set to zero. The 
rotationn angles of the collimator, gantry and table are denoted by a. /?and y. respectively. 

sinn / cos a - cos y cos p sin a cos /sin (3 

cos/coscrr + sin /cos/?sinör -s in /s in /? 

sin/Jsino'' cos/? 

sincee VD1 = 0, VDL - VD . and VD1 = VD . 

fvA?' ' 
V2)J J 
vAï; ; 

/ / 

= = 

V V 

' V A . . 
v£ £ 0) ) 

ƒ?? Determination of the beam weights for the SVP 

B.ll  Singular  value decomposition methods 
Inn most clinical conformal beam setups, the number of freely adjustable beam 
segmentss is larger than 4. This means that no unique solution is expected for 
Eq.. 6. Usually, there is an n-4 dimensional family of beam weight solutions. 
Thiss solution space can be found using a set of singular value decomposition 
techniquess (15). First. Eq. 6 is rewritten in matrix notation. 
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(Vl\(Vl\ xx VÖ:x VD, 

VD^^  VDlA VD, 

VÖ,, . VD... VD. 

VD, , 

VD„ „ 

VD. VD. 

«« J 

,, s\ * 

Z_^ll '--' J_J1 l l - l > 

T"VDT"VD hnv-V": VD />SV[' 
Z ^ ii  '"  ' L->\ [ ) v i 

1 - V r i " :: /,"' ( 1 1) ) 

or. . 
AA b ' =c (12) ) 

SVP P wheree the nxn matrix A and the veetor c are known, while the vector b is 
unknown".. We now have a singular set of n equations and n unknowns. A can 
bee written as (16), 

AA = U W -V ' , (13) 

withh U and V orthonormal nxn matrices or, 
U''' • U = L-U'' = V ' • V = V VT - I , (14) 

andd W a diagonal nxn matrix with positive or zero elements at its diagonal. 
Variouss routines can be found in literature, that perform the decomposition of 
AA into U, V and W (15-18). The columns of V, corresponding to the diagonal 
elementss of W with a zero value, are the basis vectors whose linear 
combinationss span the subspace of the beam weight space, which is mapped 
too zero by A. This subspace is called the null space. The solutions of 
A-bSVI'' = c consist of any particular solution plus any vector in the null space. 

B.22 The cost function 
Iff a whole class of beam weight solutions exists, a cost function is defined 
whichh rates each solution. The ideal SVP would have beam weights identical 
too the OP, since this, trivially, results in the same dose distribution over the 
entiree irradiated volume (including the organs at risk) as optimized by the 
dosimetrist.. This SVP evidently does not exist, because this set of beam 
weightss is not a solution of Eq. 6. We therefore define the optimal SVP as the 
solutionn of Eq. 6, that: a) has beam weights close to the beam weights of the 
OP,, b) has no negative beam weights and c) has no beam weights that are 
largerr than the corresponding beam weights in the OP. Increasing beam 
weightss should be avoided, since these may result in an additional dose to the 
organss at risk. Furthermore, a beam weight can only increase if the remaining 
beamm weights decrease more. This in turn only enlarges the disparity between 
thee SVP and OP. 

Note:: bold lower-case characters denote vectors while bold upper-case characters denote 
matrices. . 
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AA cost function is derived that evaluates the beam weight differences between 
thee SVP and the OP and adds a cost for each negative beam weight. The cost 
off b is determined in three steps. 
1.. Each negative beam weight is penalized with a cost proportional to its 

magnitudee or: 

rrh^'h^' -ei-b^) (15) 

withh 0(\) the step function: 
<9(.Y)) = 1 V.v>0 

(16) ) 
0(x)0(x) = O V.v<0 

Eachh negative beam weight is subsequently truncated to zero and the remaining 
(positive)) beam weights are scaled so that the normalization constraint is fulfilled 
again. . 

2.. If a beam weight exceeds its original value, a cost proportional to the 
differencee is added or: 

Cost,Cost, = 5 > , - (/>SVP - b\w)  0{b™ - b;ir) (17) 

Thiss costlet penalizes solutions with increasing beam weights. 

3.. Each beam weight that differs from its original value, is supplementary 
penalizedd with a cost proportional to the square root of the absolute value 
off the difference or: 

co^,=Xfl,-^ v|,-*r ii  (i8> 

Thee total cost of a beam weight solution is the sum of the costlets Costu Cosh 
andd Cost?,. The ratio between the penalization weights a\, a2 and a\ is derived 
fromm experiments and was set in this study to 5:5:1. However, the outcome of the 
optimizationn process, discussed in the next section, turned out not to be very 
sensitivee to this ratio. 

Thee first two costlets penalize solutions with either negative or increased beam 
weights.. The third costlet is used for 'fine tuning' and rewards solutions with 
manyy unaffected beam weights. In addition, it induces a non-zero cost gradient 
overr the entire solution space, which facilitates the search of a minimum. In 
general,, the solution with the lowest cost is the solution with the least number of 
alteredd beam weights. 
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(0,1) ) 

Figuree 5-7: A schematical representation of the downhill wandering oi' a simplex in a 2D 
solutionn spaee tor a three-field prostate technique. The brightness of each point symbolizes 
thee total cost of the corresponding beam weight set. Note that no local minima exist. The 
initiall simplex is displayed in black. By means of reflections, extrapolations and contractions, 
thee simplex converges to a minimum. 
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B.33 The optimization process 
Thee downhill simplex method (19) is applied to find an appropriate solution. 
AA simplex is a geometrical figure consisting of m+1 non-degenerate points in 
m-dimensions.. By reflections away from the high cost point and contractions 
towardss the low cost point, the simplex wanders downhill through the tri
dimensionall topography, until it encounters a local or global minimum. 
Itt can be shown that: 

S i = V , r ( b ; v , ' - b ^ p )) (19) 

orr inversely, 
b™''  = b™' + Vs , ( 2 0 ) 

wheree b"vr is an n-dimensional vector in the solution space and s, is an m-
dimensionall vector in a m-dimensional space S. b^/'can be any particular 
solutionn in the solution space. V' is the mxu matrix, that is constructed by 
omittingg all columns of V that have non-zero elements in the corresponding 
columnn of W. The initial simplex is defined in S by m+1 arbitrary, but non-
degenerate,, vectors s,. 
Thee optimization process is illustrated for the prostate case. The three-field 
techniquee consists of 5 segments (3 open segments and 2 wedged segments). 
Sincee all beams are coplanar, the solution space S is of dimension 2. The 
initiall simplex is a triangle (st = (0,0), s2 = (0,1) and s.i = (1,0)). In Fig. 5-7 the 
solutionn space S with the initial simplex is displayed. Eq. 19 is used to 
calculatee b*vp, b*vpand b*vp. The local cost is indicated by the brightness. By 
reflections,, extrapolations and contractions, the simplex converges to a small 
trianglee trapped in the minimum. The optimization process is terminated if the 
decreasee in cost function value is fractionally smaller than a certain tolerance 
valuee (i.e. 10"6). 
Thee disadvantage of this optimization process is that it may get trapped in a 
locall minimum instead of a global minimum. This implies that the resulting 
solutionn may not be the best possible. We have the impression, however, that 
locall minima are not likely to occur, because of the relatively straightforward 
characterr of the cost function. In addition, the clinically importance of 
possiblee differences between the resulting solution and the solution 
correspondingg to the global minimum is questionable. 

CC Generating unifor m dose distribution s for  an arbitrar y isocentric 
beamm setup 
Iff we omit the setup verification beams and replace the right hand terms of the 
firstt three equations in Eq. 6 by zero, we have: 
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Figuree 5-8: Dose volume histogram of the lung PTV before optimization, after optimization 
andd as optimized by the dosimetrist. 

Y V DD b = 0 
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p'p' = ' 
Theoretically,, the corresponding beam weight solutions have no dose gradient 
att the isocenter. These constraints can be used in combination with the single 
valuee decomposition techniques and the optimization algorithm to construct a 
sett of beam weights and wedge angles of an arbitrary isocentric technique 
resultingg in a fairly homogeneous dose distribution over the PTV. This can 
illustratedd for the previously discussed lung case. 
Considerr the beam setup of Fig. 5-3. We will start with a plan with equal 
beamm weights and equal wedge angles (Table 5-3). This (arbitrary) 

beforee optimization 
afterr optimization 
optimizedd by dosimetrist 
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Tabicc 5-3: Beam weights and wedge angles of the initial lung plan, the optimized plan and the 
plann optimized by the dosimetrist 

initiall plan optimized plan plan optimized by the doMineimt 
banibani WL-IUIIH wedut JIIBIL- beam vvviyhts wt'dut jnyL' beam «VLIJ Ins. wt'dui- jnyL' 

APP (1.33 35" ti.41 40" 0.45 35l' 
uMiijik-- (1.33 35" (I.IX 0" 0.25 It" 

It'lll (1.33 35" UA\ 40" ilMl  411" 
lirtall 1.1)0 I t)0 I .{Ml 

combinationn of beam weights and wedge angles yields a non-uniform dose 
distributionn over the PTV as expected. The dose inhomogeneity over the PTV 
iss considerably decreased with the optimization method described above (Fig. 
5-8).. The resulting beam weights and wedge angles are comparable to those 
optimizedd by the dosimetrist. Discrepancies are due to a) the oblique 
incidencee of the left lateral beam and b) the improvement by the dosimetrist 
off the dose homogeneity over the entire PTV while accepting a non-zero dose 
gradientt at the location of the isocenter. 
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