Calculation of MLC in-air outputs using a leaf-field output subtraction method
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Purpose: It is very important for the convolution dose calculation method to obtain information about how the in-air
output, Sc (or collimator scatter factor) changes inside and outside of the multileaf collimator (MLC) field.
Introducing a leaf-field output subtraction method, we calculate the in-air output for an MLC system. The leaf-field
output subtraction method is to subtract the reduced in-air output due to each MLC leaf from the in-air output due to
the jaw-collimator field. Methods: We employed a two-Gaussian source model for the radiation sources of the x-ray
target and flattening filter. For calculation of in-air outputs at MLC fields, we took into account the structure of the
MLC. Further, we took into account the attenuation of the MLC using a set of x-ray spectra that was a function of
off-axis distance. We redesigned the MLC structure using (1) a simple structure MLC model and (2) a fine structure
MLC model. Results: The two-Gaussian source model was effective especially in the neighborhood of the radiation
field. The simple and fine structure MLC models could reflect the complex x-ray leakages from the rounded leaf end
and tongue-groove of the actual MLC. For typical MLC fields, we calculated sets of in-air output distributions.

NOTES:
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Introduction

In order to give a precise prescription dose in radiation therapy, we should use an accurate radiation therapy planning
system. The convolution (or superposition) method [1-6] has been developed as a high-precision dose calculation
algorithm. The technique spatially convolves the primary x-ray intensity with the dose kemel in media that describes the
transport and energy deposition by secondary particles. The primary x-ray intensity can be evaluated using the in-air
output along each rayline emanating from the source for a given radiation field..

Ahnesjo et al [ 7] have reported a method for calculating in-air outputs for MLC-shaped fields using a convolution model.
Recently, the in-air output has been evaluated using single-Gaussian-source models [8, 9], two-Gaussian-source models
{10}, or three-Gaussian-source models [11]. In this paper, we propose to use a new type of two-Gaussian-source model
for calculation of in-air outputs. One component is used for calculation of in-air outputs from the x-ray target (including
the primary collimator) and the other for calculation of in-air outputs from the flattening filter. This two-Gaussian-source
model is effective for calculation of in-air outputs for any field, including fields around the zero-area field. At the
MLC-field beam irradiation, the complex structure of each MLC leaf with a partially curved end and a tongue-groove
design should, in general, be taken into account {12}]. For calculation of in-air outputs for MLC fields, we introduce a
leaf-field output subtraction method. This method is to subtract the reduced in-air output due to each MLC leaf from the
in-air output due to the jaw-collimator field. The method is effective for evaluation of the in-air output variation due to
the leaf and interleaf transmission depending on the MLC leaf construction.

Theory

1. For jaw-collimator fields

As in Figure 1, we calculate the in-air outputs at the isocenter (P) using
Jjaw-collimator fields, where we set three planes (the target, flattening filter, and

isocenter planes). As x-ray output sources, we take the x-ray target and the Uoper o
flattenming filter. Let the large-field in-air output from the x-ray target be unity, Lowsr daw| ow b
and let the large-field in-air output from the flattening filter be a,. For a Tap

jaw-collimator field size (4,,) measured at the isocenter plane. the in-air output

at point P from the x-ray target can be calculated [8-10] as
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where Sy is the rectangular area on the target plane, projected back from point P
via the jaw collimator, Rr is the distance between the origin O (at the x-ray target

point) and the area element (dSy); Ar2 is the effective radius of the extended

source of photons, measured on the x-ray target plane. Similarly, the in-air OUtput  seccsnter plene o
from the flattening filter can be calculated using / PHarare e}
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Gpld,)= m L expl -R“ A, /2) MS, . & Figure 1. Disgram showing the geometry for §;
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. . . R calculation at the isocenter (P). Points Or and G5
where S is the rectangular area on the flattening filter plane, projected back from are the origins on the x-ray target plane and
point P via the jaw collimator, Ry is the distance between the origin O (at the flaticning filter planc. sespectively. S7 and Sy are

. R . L. . . the visible arcas from point P via the jaw
middle of the flattening filter) and the area element (dSr); 4772 is the effective  yiimator. measurcd on the x-ray target planc and

radius of the extended source of photons, measured on the flattening filter plane. the Nlattening filter planc. respectively. Ry i the

Put distance between the origin Or and the arces

o clement (dS7). Rr is the distance between the

I](Ajwﬂ )=(l+gq 'C:lw)x EGT{Ainw)+ GF(AJAIW 13 3) ongin Or and the arca clement (dSe). TAD is the

where (™ is the side of the equivalent square field for the jaw-collimator field distance between the x-ray - target and the
aw isocenter.

{4;,w) and a, is the monitor-backscatter coefficient. Then H(4;,,) expresses the total in-air output for a certain amount of
the monitor unit (MU). Using a reference field of A;,,~10X 10 cm?, the in-air output factor (S;) for the jaw-collimator
field (4;.w) can be described as

Sc(Ap) = H(A, )/ H(4,, =10x10). 4

2. For MLC Fields (the leaf-field output subtraction method)

ICCR - 2007 426 Volume 1



For calculation of in-air outputs for MLC Xerey torget plane
fields (Figure 2(a)), we use a simple or 1 A

fine structure MLC model for the actual Fiartaning itor pla - FI~~__
MLC (Figure 2(b)). Each MLC leaf is
reconstructed using a thin MLC plate;
however, performing the same x-ray

attenuation along each rayline as the real n
MLC leaf does. In order to take into ™"
account in-air output increases due to the | omec /] \mc |

x-ray transmission through the MLC
leaves, we propose a leaf-field output
subtraction method. Moreover, in order
to take into account the variation of the
in-air output within and outside a
jaw-collimator field, we introduce a fsccenter plane
source OCR (OCRouce) function, which o \

Cartral exis.

expresses the relative in-air water Figure 2, Diagrams showing the gecometry of (&) the real MLC structure and (b) a simple or fine
collision kerma as a function of off-axis structure MLC model (thin MLC leaf plates are put at the top of the real MLC).

distance (R) for an imaginary infinite jaw-collimator field, letting OCR,yune(0)=1 at the isocenter (R=0) (showing the
in-air output variation caused by the design of the flattening filter). The details on the OCRouree function will be
published elsewhere.

We calculate the in-air output at an arbitrary point P on the isocenter plane using an MLC field with a jaw-collimator
field (4jqw), as follows:

(1) Using the simple structure MLC model

This model enables us to calculate at high speed, remodelling each MLC leaf into a simple structure having a constant
thickness. The rounded leaf end and the tongue-groove sides are redesigned to have simple cuts, letting its thin MLC
plate perform the same x-ray attenuation along each rayline as the simple structure MLC does. On referring to Figure 3,
the in-air output (S,) factor at point P for an MLC field with a jaw-collimator ficld (4;,w) can be calculated as

SAMLC)=[H(A,,, )~ H,,J-OCR (RY/ H{A,, =10x10) s> 5)
with
Hyc=0+gq ~C;"‘)x Z:(l—T,‘M)[C?,}(A,MH-G,V(Amf s 6)
2 7
G (Av) = o /2) [, expl=R,* 12, 12)* s, M
8
Gr(Ao)= W j exp[-R,* (2, {2)'WS), 8)
where S’y is the common rectangular area on N
the x-ray target plane, projected back from g /
point P via the jaw collimator and via the thin ) A Le /

MLC plate; S'x be the common rectangular
area on the flattening filter plane, projected
back from point P via the jaw collimator and
via the thin MLC-leaf plate; Oy is the x-ray
target point; Ry is the distance between Oy (7 e’
and the area element (dS7): Of is the .
intersection of the flattening filter plane and
line P-O7; Ry is the distance between Of and
the area element (dS'F); R is the off-center
distance for point P, measured on the
isocenter plane; H(Ajw=10%10)socenter I8 the
in-air output (Equation (3)) at the isocenter
(R=0) for a reference open jaw-collimator R
field of Ajpy=10%10 cm’ (OCRqurec(0)=1 at
the isocenter); and Tiar IS the Xx-ray Figure 3. Diagrams showing cases where point P cxists (a) outside and (b) inside the
transmission factor for the my]ine N passing jaw-collimator ficld. Tbc_ line (7) is the raylinc that passes the middle point of the common
through the middle point of the common ecngulararca on the thin MLC platc.

rectangular area on the thin MLC-leaf plate with respect to St or S5 (Thes<1) (note that the rayline (T) may be inside or
outside the jaw-collimator field). it should be noted that when T,.r=1, the MLC-leaf virtually does not exist in the
jaw-collimator field.

Cordrel exss
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(2) Using the fine structure MLC meodel

Using this model, we can take into account detailed x-ray leakages from many small sections of each MLC-leaf. As
illustrated in Figure 4, each pair of MLC leaves (L=1-Ly) is divided into sections of a matrix (N, M) (N=1-Ny, M=1-My)
according to the MLC structure. Let Ad,(N,M,L) denote showing the small rectangular area (on the isocenter plane) for
a section (N,M) of a pair of thin ML.C-leaf plates (L). Then the n-air output factor can be calculated as

SAMLC)=[H(A,, )~ Hy,J-OCR . (R)/ H(A,, =10x10) 0 )]
with
Ly M 2X,
Hye =1+, CEX .3 3 [~ Ty (N, M LYG (A (N, M, L) + G (A (N, M. )] (10)
L=l A=) N=}
, il
G, (AA (N M. L)) = m] exp[-R,} /A, i2) S, (11)
G (BAdy (N, M L)) = — [ exp[-R, /A, /2) WS, (12
f teaf » ”(,{F 12)3 sy ¥ F Fe
where S'7 be the common rectangular field on the x-ray target dan faig

plane, projected back from point P via the jaw collimator and via
the thin MLC-leaf for A4,,{N,M.L), S+ be the common
rectangular area on the flattening filter plane, projected back from

[ R,

point P via the jaw collimator and via the thin MLC-leaf plate for »=1 2 3, %Q_ £ T4
A d N.ML); Ry is the distance between the x-ray target point I /" ”"*g ;,
(O7) and the area element (dS’7); Ry is the distance between the { 5 L
rayline-dependent point {(Of) and the area element (dS5); R is the gi \ )
off-center distance for point P, measured on the isocenter plane; ' * ]

and T, {N,M,L) is the x-ray transmission factor for the rayline Bark-B LaaD § ) m-L:~Auon
passing through the middle point of the common rectangular area
projected back on the thin MLC-leaf plate with respect 10 S'1 OF  Figyre 4, Diagram showing how the matrix (N.Af.L) is taken using
SF (Theai=1) (note that the rayline may be inside or outside the the fine structure MLC model.

Jjaw-collimator field).

Methods and results

The experimental study was conducted using 4 and 10 MV x-ray beams from a linear accelerator (Varian, CL-2100C,
Mark 11 StandardMLC-80). The in-air measurement for jaw-collimator S{(4;.+) data was performed for square fields at
the isocenter using a 0.6-cm” Farmer type ionization chamber, whose axis was arranged in parallel with the central axis.
The ionization chamber was inserted into a polystyrenc mini-phantom “ cmé) or brass buildup caps. When using the
mml-phdmom, the ionization chamber was placed at a depth of 10 g/cmy’. The thicknesses of the brass buildup caps were
1.0 g/cm’ for 4 MV x-rays and 2.5 g/cm” for 10 MV x-rays. Figure 5 shows two sets of S, data for (a) 4 MV x-rays and
{b) 10 MV x-rays, measured and calculated (Equation (4)) at the isocenter, where the calculations were performed using
A71=0.2857 cm, Ap=2.533 cm, @;=0.0015 cm™', and a-=0.0608 for 4 MV x-rays, and A=0.2995 cm, Az=3.097 cm,
a=0.0015 cm'l, and ¢,=0.083 for 10 MV x-rays; these sets of values werc derived based on the measured sets of S, data.
Regarding the 4 MV x-ray beams, the minimum and maximum deviations of lhe calculated values are ~0.18% to +0.17%
for 4jw=1.5x1.5 to 40x40 cm®, ~0.33% to +0.27% for Ajw=1x1 to 40x40 cm?. Regarding the 10 MV x-ray beams, the
minimum and maximum deviations of the calcu]ated values are ——0 14% to +0. 13% for Amwl 9x1.9 to 40x40 cm

~0.14% to +0.13% > ; Se
for Apw=13x1.3 10 1o} ommemn '
40x40 cm’. It can be |
understood that for

Jaw-Sc fori4 MV z-rays | Jaw-Sc Snr 18 MV x-rays

Mosured (minipisntom axd brass buildug cap) Mesured (miniphantom sad brass buildup np)

each of the 4 and 10 L R e L Coteuteced
MV x-ray beams, the osji- . Caleubated ipuintswuree) Jesh - T Catculated (poini suuree)

calculated S, values
agree well with the
measured onec and
that both 4 and 10

0 19 ) D) 6 6 i i) 3 W
MV x-ray S curves Seruaee fiedd ide rem) Sauare fiekd side (em)
coincide  well  With  Figure 5. Sets of S, data at isocenter for jaw square ficlds for {a) 4 MV x-rays and (b) 10 MV x-rays. The dotted marks
each other. were measured. The solid line was calculated assuming the x-ray target was an obscured source and the broken line

The broken lines in assuming the X-ray target was a point source.

Figure 5 are calculated using 2+=0 cm (the x-ray target source is assumed to be a perfect point source), showing very
different data from the measured ones at small fields. Therefore, it can be understood that for points around field borders,
the in-air output calculation should not carried out using A;=0 cm. It should be noted that sets of S.(Aj.w) data measured
at different off-axis distances are almost the same with each other; this means that the above-described integrations can
be performed at any off-axis distance using a certain set of values for ir, &g, a1, and a;.
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For calculation of Tis values (attenuation of the MLC leaf), we used sets of x-ray spectra as a funcnon of off-axis
distance (not shown in this paper). For an MLC irregular field with a jaw-collimator ficld of 4j,,=9%9 em” (Figure 6),
using the simple structure MLC model, we calculated how the in-air output factor (S;) changes along lines (a) and (1)) on
the isocenter plane (Figure 7). Also for an MLC irregular field with a jaw-collimator field of 4jW=12x12 cm”, we
caiculated a two dimensional S, distribution using the fine structure MLC model (Figure 8). However, the results are not
illustrated in this paper.

$c T IR A NI S I - : 4
Y : . .
i | Ul ;‘"“‘“‘"  MLC fleld Se cateutated slong line (a); . MLC field Sc calculated along line (b)
£ 10 , 18 . r—— A
o - ] . :
B - i : i
I | X — MY xrap T 16 MY sray
!l 1 25[ 85 : e ‘\1\ srenle 5 : S S 4?!:“‘ x-ravs
Figare 6. Geometry of an MLC b) E ‘ 5
irregular field with a jaw ficld of g4 i 8.0 H : .
ApmI9 om’. MLC-S. calculations e orr-cuterad‘gum(:m 54 s oﬂ'—cumreti?sum(cn) i
were performed along lines (3) and ) o o
ure 7. Two sets o -S. data calculated along (a) line {a) and (b) }ine (b) in Figure 6.
). Figure 7. T ts of MLC-S, data calculated along (a) line () and (b) line (b) in F 8

The in-air output distribution has very fine variations and
they are very difficult to be measured accurately, so that
whether these types of in-air output distributions are
reasonable should be checked using in-phantom dose
assessment. The leaf~field outpur subtraction method may
improve the accuracy of convolution dose calculation
especially for IMRT (intensity modulated radiation
therapy).

] A

Conclusions

For calculation of in-air outputs, we proposed a bl:

two-Gaussian source model for the radiation sources of the  Figure 8. Diagrams showing an MLC structure with the rounded leaf end

x-ray target and ﬂaucmng filter. For calculation of in-air #nd tongue-groove views. For calculstion of the x-ray transimission for cach
for MLC fields. we furth d a leaf-field leat, seven sections of 1-VH were taken in the leaf width direction. The I

outputs lor L ields, we un. er_ propose aﬁ ea_/:_ e section was further divided into 3 subscetions {a-¢). Therefore, the final

output subtraction method, redesigning the MLC structure  sections were l(A), Ha(B), Bo(B), He(B). HI(A), IV(C1+C2),

using (1) a simple structure MLC model and (2) a fine V(T1+D2+C2), VICI=DI+C2). and VIKD D,

structure MLC model, by which the complex x-ray leakages {rom the rounded leaf end and tongue-groove sides of the

actual MLC leaf could be taken into account. It has been found that the two-Gaussian source model was effective

especially in the neighborhood of the radiation field border.
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Introduction of an off-axis collimator scatter factor (SC) and a source off-center ratio
(OCRsource) for calculation of off-axis in-air outputs

F Komai*, A Iwasaki, S Kimura, M Seino, M Sasamori
Hirosaki University, Hirosaki, Aomori, JP

Purpose: When using convolution methods, it is important to obtain an in-air output distribution for a given open
jaw-collimator field. We propose a method for calculating the off-axis in-air output. The flattening filter is so
designed that the in-air output may increase with the off-axis distance. Methods and results: We introduce an off-
axis collimator scatter factor {S¢) and a source off-center ratio (OCR ) for calculating off-axis in-air outputs. The
off-axis Sc factor is remade using the jaw-collimator factor (#,..) proposed by Zhu and Bjimgard, expressing the in-
air output variation caused by setting the jaw collimators in an infinite field. The OCR o, €xpresses the in-air
output variation with the off-axis distance at an infinite jaw-collimator field. We calculate the in-air output as a
product of the off-axis S¢ factor and the OCRure. The study was carried out using open jaw-collimator fields of a
linear accelerator producing 4 and 10 MV x-rays. For evaluation of the H. factor we took the x-ray target as a
small obscure radiation source and the flattening filter as a large obscure radiation source. It was assumed that each
of the radiation sources had a Gaussian lateral spread. The H,,,, factor expression was rebuilt based on S factor data
measured at isocenter. The OCR e Was evaluated by taking into account both the off-axis S¢ factor and the off-
axis spectral change for in-air dose data measured along a transversal line across a jaw-collimator field using an
ionization chamber with an acrylic buildup cap. It has been found that the OCR . increases with the off-axis
distance, showing the off-axis in-air output variation caused by the design of the flattening filter and that taking into
account the off-axis spectral change for deriving OCR,our data is effective when using buildup caps of high Z
materials.

NOTES:
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Introduction

In order to calculate the dose at a point in a medium irradiated by high-energy photons, the convolution method utilizes the
primary photon beam intensity in the medium as a parameter along each rayline emanating from the source. It is fundamental to
obtain in-air output data on a plane for a given open field formed by the jaw collimator system. For calculation of the off-axis
in-air output, we propose to use an off-axis collimator scatter factor (Sc) and a source off-center ratio {OCRsourec). The off-axis
Sc factor is remade using the jaw-collimator factor (},.) proposed by by Zhu and Bjdrngard [1], expressing the in-air output
variation caused by setting the jaw collimators in an infinite field. This time, the Hj. factor is evaluated using a Gaussian
source mode! for each of the flattening filter and the x-ray target. The OCRgur.e expresses the in-air output variation with the
off-axis distance in an infinite jaw-collimator field, showing the off-axis in-air output vanation caused by the design of the
flattening filter. We calculate the off-axis in-air output as a product of the off-axis S¢ factor and the OCRource.-

Theory

The theoretical study is carried out using open jaw-collimator fields that are rectangular in shape. As in figure 1, we calculate
the in-air output (OP) at an arbitrary point (Xy,Y;) on the isocenter plane for a given jaw-collimator field (4,) measured at the
isocenter, The > origin O of the orthogonal Xo and Yo coordinates is set at the isocenter. Then the off-axis distance for point (X5, Yo}
is Ro=(Xo’+%:")"" on the isocenter planc.

The OCRgoune is defined as the ratio of the in-air output at point (X, o) to that at the origin O using an imaginary infinite
jaw-collimator field. We can usually take it symmetrical with respect 1o the central axis. In this paper, we put it as a function of
off-axis distance (Ro); namely, OCRoue(0)=1 for Re=0. The M. factor is reconstructed using the concept of Zhu and Bjamgard
{1]. 1t expresses the in-air output variation caused by setting the jaw collimator in an infinite field. We take the x-ray target
(including the primary collimator) as a small obscure radiation source and the flattening filter as a large obscure radiation source,
assuming that each of the radiation sources has a Gaussian lateral spread. First, without taking into account the effect of the
monitor-backscatter from the jaw collimator for the monitor unit (MU), we calculate the in-air output at the center of a large
jaw-collimator field as unity from the x-ray target and as a; from the flattening filter. Second, using the off-axis Sc factor
defined as a ratio of two H,,. factors with a monitor-backscatter coefficient {a;) and using the OCRgour., We calculate the in-air
output {OP) at point {Xy,Ys) as follows:

OP(X o, Y01 Ag ) = Sc{ Xga Yp3 A Y OCR youee (Rp )y H
where

St X, Yoi Ag) = Hipy (X Yoi Ay )/ H gy (X g, Y31 0% 10), 2
with

Hy X Yo; 4) = (140, Coyx[1-Gp(Xg, Yy) + @y - Gp( X, Yy, 3

1 2 .
Gr(-‘*o,Yo)=mLtﬂﬂ ~R; P UAri2) WS, )
Gp(Xg,¥p)= WL oxpl-Re Hap ISy 5

The area (Sy) is taken at the x-ray target plane, and the area (Sr) at the flattening filter plane that is situated at the bottom of the
flattening filter. Ry is the distance between the origin Or and the area element (dSy), and Ar /2 is the effective radius of the x-ray
target. Rr is the distance between the origin O and the area element (dSr), and Ar /2 is the effective radius of the extended
source of photons on the flattening filter plane. In Eq. (3), the monitor-backscatter factor (l+a,-(3%) is calculated using the
side (3 of the equivalent square field for the jaw-collimator field (4o). Note that the Hi. factor of Eq. (3) becomes infinite
forC,‘j‘*m and zero for G3=0; therefore, the off-axis Sc factor cannot be normal:zed at an infinite field nor at zero field
Accordingly, the off-axis Sc factor is normalized using a reference field of 10x10 cn?, semng the center of the reference field at
point (X,,Yp). It can be seen that the in-air output (OP) at the isocenter for 40=10x10 cm’ is calculated as unity. The off-axis Sc
factor can also be defined as

Sc{Xg.Yys Ay} = OP(Xy, ¥y Ay Y OP(X,, Y10 x10). 6)

it can be scen from Egs. (3)«(5) that the off-axis Sc¢ factor should not depend on the measuring point {Xo,Yo) and that the
constants of Ar, A, a1, and a; can be determined based on measurable off-axis Sc data at any point (X, %p).
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For evaluation of OCRyure data by measurement, we take a case in which a typical ionization chamber with a buildup cap is
irradiated in free air. Then it can be understood that the in-air chamber reading (Kcqp) virtually reflects the in-air collision kerma
defined using the buildup cap material. Here both points (X, Ys) and (0,0) should be inside a jaw-collimator field (4o) and the
center of the jaw-collimator field (4o) should coincide with point (0,0). We introduce a factor of OCRy, for point (X, Yo), which
is defined as

OCR (2p (Xgs Y55 Ap ) = Keap (X0, Yoi dp )/ Ko (0,0: 4 ). (N

It should be noted that the OCR.y; is measurable. We also introduce a factor of OCR e for point (X, ¥o) that is evaluated using
the water collision kerma (K yuer), Which is defined as

OCR water (X4 Y03 4p) = K sates (X 0> Y3 4g )/ Kaser (0,05 49 ). ®

By taking into account the off-axis spectral difference at points {X;,Ys) and (0,0) for the OCR and OCRuue functions, the
relationship between the two OCR factors becomes

%%&E)AE}{%(&)/ Flap 'E%(Ro;&}AEE#n(E,)/me
OCR el Ko Yo o) = OCR X, o Ap )X 22L x-L . ®
P HCRTAVYA PEATYS W (T ATV P CATY) W

fec} fo}

where Wo(Ro; £;) expresses the energy fluence for photon energy £, and energy bin width AE; (i=1—im,) at an off-axis distance of
Re=(Xs™+Ys")'"?. Note that the OCR waer function is derived without taking into account the photon attenuation within the buildup
cap. Using the Hj. factor, the OCRme for an imaginary infinite field can be calculated as

i o (00, 4))
OCR,y1d Xgu Y5390) = OCR o (X, Yoy Ag I x— 2200 (10)
tert 4 0 10 0+7p Hou (X0 Toi o)

We put OCR ource(Roy"OCR wmer{ Ap, Yo;0) using Ro={Xo2+ Yo?) 2, then we have OCRucd 0)=1 for Ro=0.
Methods and results

The experimental study was conducted using a linear accelerator (Mitsubishi EX1-15DP) producing 4 and 10 MV x-rays. Sets
of energy fluence spectra [Wo(Rp:E))] as a function of off-axis distance (Ro) were estimated using the Waggener-lwasaki
iterative perturbation method {2]. Figure 2 shows sets of (a) 4 MV and (b) 10 MV photon fluence spectra (Pg) using a
relationship of ®o(Re:E =V o(Re;ENALLE,, where we normalize the photon fluence spectrum (Do) for each off-axis distance (Rp)
as

Sfcpo(}zo;s,):l. (n
=]

This is because such a normalized photon fluence spectrum (@) can be clearly emphasized as a function of off-axis distance
(Rp). The fact has been obtained that the logarithm of the normalized photon fluence spectrum (@) at each energy bin is almost
proportional to the off-axis distance (Ro).

For cach of the x-ray beams, the Sc factor was measured at the isocenter (Xo=Yy=0) using a lead buildup cap and acrylic
mini-phantoms of 2 and 4 cm¢. The lead buildup cap was useful for measuring Sc data at small fields. Figure 3 shows sets of S¢
data for the (a) 4 MV and (b) 10 MV x-ray beams, where the plotted marks were measured. Two sets of Ar, Ar, a3, and a; values
were derived based on the plotted marks as A7=0.394 cm, Ar=2.354 cm, a;= 0.000910 em™ . and @y =0.0506 for the 4 MV X-ray
beam and Ar=0.368 cm, A/=3.335 cm, 21=0.000573 cm™', and gz =0.0621 for the 10 MV x-ray beam. The salid lines in figure
3 were drawn using Eq. (2) with the corresponding sets of Ar, As, a1, and a; values. As may be scen from figure 3, both Sc lines
almost coincide with each other.

For measurement of OCR.,, data for each of the x-ray beams with a jaw-collimator field of 4;=40x40 cm’, we used a typical
thimble chamber with an acrylic buildup cap whose thickness was enough to avoid electron contamination for chamber readings.
Figure 4 shows OCR.,, data using Eq. (7) {in dofted marks), OCRuu. data using Eq. (10) (in white circles), and OCR,our. data
smoothed for an infinite field (in solid curves) as a function of off-axis distance (Ro) for the (a) 4 MV and (b) 10 MV x-ray
beams. It can be seen that each of the OCRouee curves generally increases with the off-axis distance (Ro). It can also be seen
that the differences between OCRcap and OCRuwner data are small except at large off-axis distances, This fact indicates that the
difference between [pel £ plap and [fenlEi)/plwuer values for cach energy bin in Eq. (9) is small when using acrylic buildup
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caps. However, when using lead buildup caps, the differences between OCR . and OCRuuer data are large (not shown in this
paper). Therefore, it can be understood that taking into account the off-axis spectral change for deriving OCRgource data is
effective when using buildup caps of high Z materials.

Conclusion

We have developed a method of calculating off-axis in-air outputs for open jaw-collimator fields using an off-axis
collimator scatter factor (S¢) and a source off-center ratio (OCRuuce). The off-axis S¢ factor is remade using the
jaw-collimator factor (Hjw) proposed by Zhu and Bjérngard [1], expressing the in-air output variation caused by setting the
jaw collimators in an infinite field The OCRgouce €xpresses the in-air output variation with the off-axis distance at an
infinite jaw-collimator field The study was carried out using open jaw-collimator fields of a linear accelerator. For
evaluation of the H. factor we took the x-ray target as a small obscure radiation source and the flatiening filter as a large
obscure radiation source. It was assumed that each of the radiation sources had a Gaussian lateral spread. The H,., factor
expression was rebuilt based on Sc factor data measured at isocenter. The OCRyource Was evaluated by taking into account
both the Sc factor and the off-axis spectral change for in-air dose data measured along a transversal line across a
Jjaw-collimator field using an ionization chamber with an acrylic buildup cap. The following results were obtained for 4 and
10 MV x-rays: (1) The OCRyur. generally increases with the off-axis distance (showing the in-air output variation caused
by the design of the flanening filter). (2) Taking into account the off-axis spectral change for deriving OCRourc. data is
effective when using buildup caps of high Z materials.
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Proposals to improve the accuracy of convolution-based dose calculation

A Iwasaki*, S Kimura, M Seino, F Komai, M Sasamori
Hirosaki University, Hirosaki, Aomori, JP

The present convolution methods have two serious problems: One is that only one dose kemnel constructed using a certain x-
ray spectrum for a given accelerating voltage is empioyed; therefore, the dose kemnel hardening effect along each rayline is
raised. The other is that the incident x-ray spectrum as a function of off-axis is not verified by measurement for each linear
accelerator; therefore, the primary beam intensity along each rayline may happen to be evaluated inaccurately. Iwasaki (2006)
has developed a method for estimating high-energy x-ray spectra using only about ten energy bins. The method can estimate a
set of spectra as a function of off-axis distance using a common set of energy bins. It has been found that the method can
estimate spectra guaranteed for all Z materials usually used in high-energy x-ray radiotherapy. In order to improve the
accuracy of dose calculation due to the convolution methods, we propose algorithms (a) to use a set of spectra as a function of
off-axis distance using a common set of only about ten energy bins, (b) to use of multiple dose kernels constructed for a
common set of energy bins, (c) to calculate the primary beam intensity for open jaw-collimator ficlds, and (d) to calculate the
primary beam intensity for MLC fields, introducing a leaf-field output subtraction method.

NOTES:
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Introduction

The convolution dose calculation method is one of the model-based approaches. It is convenient for 3-D calculations, especially
when using irregular fields with a non-uniform incident beam intensity. The technique spatially convolves the primary x-ray
intensity with the dose kernel in media that describes the transport and energy deposition by secondary particles. Dose kernels
for materials different from water are usually reproduced from the in-water dose kernel using the density-scaling theorem [1}.

Iwasaki [2,3] has reported a method for estimating x-ray spectra applicable for media at least from water to lead using only
about ten energy bins (the computer soft is available at Synthetic Planning Industry Co., Ltd. at HK Bldg 3F, 2-21-10
Nishiogi-minami, Suginami-ku, Tokyo 167-0053, Japan; website: www.spi-sys.co.jp; e-mail address: info@spi-sys.co.jp). Using
a common set of energy bins, the spectrum can be estimated as a function of off-axis distance. Therefore, using spectra of this
kind, we can practically perform convolution-based dose calculations based on multiple pairs of dose kernel and primary beam
intensity constructed for the energy bins. In this case, we do not need to take into account kernel hardening and beam hardening
phenomena for dose calculations [4,5]. In order to improve the accuracy of convolution-based dose calculation, this paper
proposes some important techniques regarding (a) use of spectra as a function of off-axis distance. (b) use of multiple dose
kernels, (c) calculation of the primary beam intensity for open jaw-collimator fields, and (d) calculation of the primary beam
intensity for MLC fields.

Proposals
A. Use of spectra as a function of off-axis distance

When using convolution dose calculation methods, information on the x-ray spectrum as a function of off-axis distance is very
important for accurate dose calculations. This is because they calculate the dose on the basis of primary beam intensity data
along each rayline. Especially when an x-ray beam penetrates through a wedge or compensator made of a high Z material like
lead, both the spectrum and primary beam intensity variations are generally great.

The Waggener-lwasaki iterative perturbation method [2.3] enables us to estimate sets of photon fluence spectra (®¢) as a
function of off-axis distance (R¢) using a common set of only about ten representative photon energies. Figure |1 shows an
example from a 10 MV x-ray linear accelerator, where the photon fluence spectrum (®y) at each off-axis distance (Ry) is
normahized as

imax
ZQO(RO;EL):L M

i=]

where E, is the representative photon energy of the ith energy bin. It has been found that the normalized photon fluence
spectrum (@) can be clearly emphasized as a function of off-axis distance (Ry). The fact has been obtained that the fogarithm of
the normalized photon fluence spectrum (®,) at each energy bin is almost proportional to the off-axis distance (Rg).
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B. Use of multiple dose kernels

The in-water dose kernels used for convolution methods are usually produced using Monte Carlo simulation with the interaction
point forced to the center of a large water phantom [6-9]. However, it is still not clear whether such Monte Carlo-based kernels
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allow accurate dose calculations with a wide range of field sizes and depths, especially in thorax phantoms. Using the
differential primary and scatter concept, Iwasaki [10-12] has proposed another type of in-water dose kernel, with which
perfectly accurate primary and scatter dose can be recalculated under conditions that the beam is parallel, the incident beam
intensity is uniform within and zero outside the ficld, and the primary beam attenuation coefficient along raylines is not a
function of depth and off-axis distance. In a sense, this type of in-water dose kernel is a mosaic dose kemel because it is
reconstructed using a set of semi-infinite water phantoms.

Figure 2 shows the geometry for obtaining a mosaic dose kernel: (a) H,(E,r;E;} expresses the forward primary or scatter dose at a
point (£,r), arising from the E; photon pencil-beam interaction point O (£=0,~0) situated on the phantom surface, per unit
primary water collision kerma per unit volume at point O; and (b) Hz(n,r;E;) expresses the backward primary or scatter dose at a
point (n7) on the phantom surface, arising from the E;photon pencil-beam interaction point O (n=0,=0) situated at a depth
n below the phantom surface, per unit primary water collision kerma per unit volume at point O. With respect to the Hy(§,rE)
and Ha(n,E;) functions, we can obtain H:(0,r,£,)=Hx(0.;E;) for £E—0 and n—»0. We should make dose kernels for a common
set of energy bins of the x-ray spectrum.

forny Puria _ ) _
. ar Figure 2. Diagrams showing how
2y : ki (a) the Hy(&,r;E;) function and (b)
o - the H{n:E;) function should be
; ;L used in water for a given £; photon
2 U S . . .
At . pencil-beam, where the interaction
o point is situated at point O.

The primary or scatter dose for each of the representative photon energies (E; for i=1—im) is calculated using its primary
intensity along each rayline and its primary or scatter dose kernel. On referring to figure 3 showing an irradiation for a
homogeneous water phantom, the primary dose at point P from the volume elements (4v) at points (£,r) and (n,») for the whole
energy bins (=1-imax) can be calculated as

Dpnm = ’g Hm(éar'ﬁ;) : Kco‘évrvfy)' A"‘*f prim(”sr‘ Ez) . Kco‘"'r‘ﬁ; )-Av. (2)
i izt
Similarly, the scatter dose at point P can be calculated as

[%:nl=§ Hwa":’r;Ei)'Kco‘;nEr) 'A‘H‘f Hscui(n’nEi)'Kcul(n":Ei)'m{ (3)
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The primary and scatter dose calculations are performed using the primary and scatter dose kernels [Hpol£,55E1), Hprid ,1E0),
Hyu(ErE), and Hew(n,rE)] applied to the primary water collision kerma [K.(E,E) and Ke(n,75E)] for each of the
representative photon energies (E;) along each rayline.

We produced two kinds of in-water primary dose kernels (with voxel sizes of 0.5x0.5 mm?®) in water for 10 MeV photons using
Monte Cario simulation. As illustrated in figure 4, one was (a) an ordinary primary dose kemel with the interaction point forced
10 the center of a large water phantom (the dose kernel value at the voxel of the photon interaction point O is 87.6 om™) and {b)
a mosaic primary dose kernel (the dose kernel value at the voxel of the photon interaction point O is 42.5 em™). It has been
found that around the photon interaction point, the mosaic dose kernel takes much lower dose values than the ordinary dose
kernel (the details are not clearly shown in the diagrams); however, at points far from the photon interaction point, the mosaic
dose kernel and the ordinary dose kernel take almost the same dose values. This fact may lead to severe dose calculation
differences depending on which dose kernel is used, especially for thorax irradiations with small fields. Actually, the fact has
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been obtained that the mosaic dose kernel can generally perform more accurate dose calculations in water than the ordinary dose
kernel when the field is very small (less than a radius of about 0.5 cm for 10 MeV photons).
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C. Calculation of the primary beam intensity for apen jaw-collimator fields

In order to calculate the dose at a point in a medium irradiated by x rays from a linear accelerator, the convolution method
utilizes the primary beam intensity in the medium as a parameter along each rayline emanating from the source. Therefore, it is
fundamental to obtain in-air output data on a plane for a given open rectangular field formed by the jaw collimator system. For
calculation of the in-air output, we propose a method to use a jaw-collimator factor (/uw) and a source off-center ratio
(OCRgource). The Hj. factor expresses the in-air output variation caused by setting the jaw collimator in an infinite field, as
proposed by Zhu and Bjdmgard [13]. It is evaluated using a Gaussian source model for each of the flattening filter and the x-ray
target, taking into account the monitor-backscatter effect for the monitor unit (MU). The OCR . expresses the in-air output
variation with the off-axis distance in an imaginary infinite jaw-collimator field, showing the in-air output variation caused by
the design of the flattening filter. We finally calculate the in-air output as a product of the OCRsouree and the off-axis collimator
scatter factor (Sc) derived using Hj.. factors. Figure 5 shows an OCRsure curve for a 10 MV x-ray beam from a linear
accelerator.
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D. Calculation of the primary beam intensity for MLC fields

In order to calculate the in-air output for multileaf collimator (MLC) fields, we introduce a leaf-field output subtraction method,
in which the following calculation techniques are used:

(a) A two-Gaussian-source model is used for calculating the in-air output, taking the x-ray target and the flattening filter as
output sources.

{b) Beam attenuation due to the MLC is calculated using x-ray spectra as a function of off-axis distarce.

(c) The source off-center ratio (OCRure) is introduced, showing the off-axis in-air output variation caused by the design of the
flattening filter.
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The basic constants in the two-Gaussian-source model can be derived based on collimator scatter factor (S;) data measured at
jaw-collimator fields. Figure 6 shows 4 and 10 MV x-ray in-air output distributions along line (a) across an MLC field at a
jaw-collimator field of 46=9x9 cm”. The in-air output distribution has very fine vanations and they are very difficult to be
measured correctly, so that whether these types of in-air output distributions are reasonable should be checked using in-phantom
dose assessment, The leaf-field output subtraction method may improve the accuracy of convolution dose calculation especially
for IMRT (intensity modulated radiation therapy).
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Figure 6. In-air output distributions along line (a) across an MLC field at a jaw-collimator field of A;=9x9 cm’ for 4 and 10 MV
x-ray beams.

Summary

In order to improve the accuracy of convolution dose calculation, we proposed algorithms (a) to use a set of spectra as a
function of off-axis distance using a common set of only about ten energy bins, (b) to use of multiple dose kernels constructed
for a common set of energy bins, (c) to calculate the primary beam intensity for open jaw-collimator fields, and (d) to calculate
the primary beam mtensity for MLC ficlds, introducing a leaf-field output subtraction method.
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