Commissioning of modulator-based IMRT with XiO treatment planning system.
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ABSTRACT
This paper describes the procedures for the correction of the modulator thickness and
commissioning of XiO treatment planning system (TPS) for the modulator based intensity
modulated radiation therapy (M-IMRT). Our modulator manufacturing system adopted methods
in which the modulator is milled using a floor-type computer-aided numerical control milling
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machine (CNC-mill) using modulator data calculated by XiO TPS.
XiO TPS uses only effective attenuation coefficients (EAC) for modulator thickness
calculation. This paper describes a modified method for modulator thickness. A two-dimensional
linear attenuation array was used to correct the modulator thickness calculated by XiO. A
narrow-beam geometry was used for measuring the linear attenuation coefficient (LAC) at
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off-axis positions (OAP) for varying brass thickness. An equation for two dimensional LAC ratio
(2D-LACR) can be used to calculate the corrected modulator thickness. We assumed that the
broad beam EAC of a small field varies with the brass thickness and the OAP distance in the same
way as that of LACR. Therefore, the two-dimensional EAC (2D-EAC) is equal with the EAC
corrected by using the LACR.
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We evaluated the dose distribution for 3 geometric patterns and one clinical case for low
energy x-ray (4 MV) with the large field size (20 x 20 cm2). At each pattern, the optimized brass
modulator had a good agreement with the dose and the dose distribution calculated by TPS. Our
method for the correction of the brass modulator thickness using the 2D-LACR is effective in
accuracy improvement of M-IMRT in XiO TPS.
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The important problem for the brass modulator is the milling condition such as the drill
diameter and the cutting pitch size. It is necessary for the accuracy improvement of M-IMRT that
the “softening“ effect and the “hardening” effect of the beam are considered for dose calculation
in the patient and modulator profile design.

1
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1. INTRODUCTION
Intensity modulated radiotherapy (IMRT) is a major development in the delivery of
three-dimensional conformal radiation therapy. A major advantage that IMRT offers is a more
conformal radiation dose to the planning target volume (PTV) and minimize the dose to
surrounding normal tissues. IMRT is based on the use of optimized non-uniform radiation beam
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intensities incident on the patient. Either computerized dynamic multileaf collimator (D-MLC)
IMRT1, 2) or segmental MLC (S-MLC) IMRT3,4) have been most commonly used. Another
method such as physical modulator (compensating filter) IMRT (M-IMRT) 5-7) ,
intensity-modulated arc therapy (IMAT)8,9), helical tomotherapy IMRT10), and Robotic linear
accelerator IMRT11) are available in modern radiation therapy. The University of North Carolina
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began to develop the compensator-IMRT technique in 1993 before any accelerator MLC systems
were commercially available12).
We focused in M-IMRT in these methods because it has many advantages over S-MLC
IMRT and D-MLC IMRT. The advantages of M-IMRT in comparison to the traditional IMRT
with the MLC are fine spatial resolution, a variation of consecutive intensity gradation, lower
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monitor units and short treatment time, the possibility of larger field sizes (no need for split fields),
a good daily reproducibility, and less complicated quality assurance (QA) procedure13). The
most important advantage is the application for a moving target IMRT and large field IMRT. Ehler
et al14) reported that M-IMRT consistently provided the most temporally uniform dose to the
moving target while DMLC provided the least. Many commercial three-dimensional treatment
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planning systems (3D-TPS) including XiO treatment planning system (TPS) (CMS. Inc., St.
Louis, Missouri, USA) are available to calculate the MLC field shape and the leaf sequence
pattern and also to design the modulator for IMRT. We performed commissioning for M-IMRT
with XiO TPS.
Our modulator manufacturing system adopted a method, in which the modulator is
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milled using a floor type computer-aided numerical control milling machine (CNC-mill) with the
modulator data calculated by XiO TPS using .decimal(Sanford, FL, USA) application. The data
file is sent to a filter delivery service, and a modulator is machined in the factory. But our hospital
does not use such a delivery service. Therefore, we decided to machine a modulator in our
institution. The problem is that a user cannot specify cutting materials, because this application of
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XiO TPS is specialized for a filter delivery service by .decimal. Modulator materials used in XiO
are fixed to a specific brass called “decimalbrass”, and it is not possible to use different modulator

2

materials prepared by user. We cannot use “decimalbrass”, therefore we developed a method to
correct a difference of effective attenuation coefficient (EAC) of “decimalbrass” and our brass.
Dose calculations involving modulators requires consideration of the hardening of the

70

primary photon spectrum, beam contamination from the modulator scattered photons, and
electron15-19). Jiang et al5) called these effect “beam perturbations” and they described the scatter
kernels and energy spectral changes. The change in percentage depth dose (PDD) caused by beam
hardening is not significant as that by the mean beam energy. The dose distribution can be
calculated from the optimized fluence profile of primary photons without the necessity of
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considering the scattered photons. The scattered photons influenced in the surface dose are
independent of the modulator pattern, and secondary electrons do not have large influence for the
deep depth dose. The “beam perturbations” through the modulator are not considered in XiO dose
computations20). In XiO, the beam modeling process under the modulator is complex and difficult
and takes much time and does not include in the commissioning procedure for the .decimal
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compensator21). Therefore in this study, we did not perform the beam modeling corresponding to
modulator and used a simple beam model (open field and without treatment aids).
The calculation of the modulator thickness from an intensity map (IM) using the EAC.
In XiO, the modulator thickness is calculated by only one EAC that measured in CAX and under
an average modulator thickness (3 cm) slab21, 22). However, Weber et al16) reported that dose
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calculations involving beam modulators that consider only the EAC and the local thickness of the
modulator can yield large errors. Jiang et al5) reported that the calculation of the transmission data
for polyenergetic beams is using either analytical method or Monte Carlo simulation. And the
point source model can be used in the process of modulator design and modulator thickness
calculation is necessary for considering the only primary photons. Dimitriadis et al23) reported that
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the broad beam attenuation coefficient varies in a similar manner for large field sizes with filter
thickness. We use the narrow beam geometry because of the reduced amount of scatter involved.
The linear attenuation coefficient (LAC) of the modulator due to materials, thickness and off-axis
position (OAP) in the field are evaluate and consider to correcting the EAC by a LAC array to
improve more accurate dose distributions for M-IMRT.
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Our correcting procedure for the brass modulator thickness consists of two phases.
The first phase is the process to correct the difference of the modulator thickness by the physical
density of the brass material. This process uses the EAC acquired in a specific condition and the
correction for the changes of the EAC depends on the modulator material. The second phase is the
process to correct a modulator thickness array. We measured the two-dimensional LAC

3
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(2D-LAC) for various sets of modulator thickness and OAP. We revised the EAC by the 2D-LAC
and made the function for modifying the modulator thickness.
This paper describes the procedures of the correction of the modulator thickness using
modified EAC and the commissioning of the dose distributions for the M-IMRT using .decimal
application in XiO TPS.
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2. MATERIALS AND METHODS
In this study, we used 4 MV x-ray beams from Varian 2100 (Varian Medical Systems,
Palo alto, CA, USA). We used XiO three-dimensional treatment planning system version 4.33. A
superposition method 24)(calculating matrix pitch: 0.2 cm) was selected for dose calculation. An
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intensity map (IM) matrix size is 0.5 cm and the IM consists of about 45 levels. The modulator
thickness (t) calculated by XiO is obtained in two-dimensional matrix (x, y) and each matrix
distance is 0.2 cm. The coordinate system (x, y) is defined at the bottom plane of the modulator (x
is cross-line direction and y is in-line direction).
The modulator material is the third-level brass (Japan Industrial Standards: JIS C2801,
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physical density: 8.47 g/cm3) and the maximum thickness is 6 cm and the minimum thickness is
0.6 cm (base plate thickness). The brass registered in XiO is “decimalbrass” and its maximum
thickness is 5.08 cm. The maximum field size in our system is 22 cm x 22 cm at isocenter.
The brass modulator was milled by CNC-mill (Robodrill α-T14iDs, FANUC LTD.
Oshino, Yamanashi, JAPAN) (Fig. 1a). The CNC-mill has three drills, whose radii are 1 cm, 0.5
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cm, and 0.3 cm. The machine mills the brass by a raster scan method. By this method, the machine
cuts the brass in a cross-line (transverse) direction and moves to a step-over in-line (radial)
direction and cuts it again in the cross-line direction. In the cross-line direction along the path of
the cutter, we interpolate linearly the thickness data. However the resolution in the in-line
direction depends on the step-over distance such as 0.2 cm. Figure 1b shows the brass modulator
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that is attached to a wedge filter slot of a linear accelerator collimator head, and the source to
wedge slot distance was 57.6 cm.
The measurement devices are as follows.
・0.6-cm3 thimble type ion chamber (A12: Standard imaging. Inc., WI, USA) for the
measurement of the EAC and the LAC value.
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・0.13-cm3 thimble type ion chamber (CC13: Scanditronix-Wellhoefer. Inc.,
Schwarzenbruck, Germany) used with the three dimensional water phantom (OmniPro-Accept,
version 6.3: Scanditronix-Wellhoefer. Inc., Schwarzenbruck, Germany) for the measurement of

4

the dose profile in water.
・Radiographic film (EDR-2, Eastman Kodak Company, Rochester, NY, USA) for
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measurement of the two dimensional dose distribution. DD-System version 2.1 (R-Tech. Inc.,
Tokyo, JAPAN) was used to analyze the EDR-2 film.
・Solid water phantom (Gammex RMI, WI, USA) was used to measure the EAC and
for EDR-2 film.
・Mini phantom (Toyo medic. Inc., Tokyo, JAPAN: diameter is 4 cm) made by PMMA
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material was used to measure the LAC and the measurement depth was 10 cm.

2A. Measurements of EAC
Transmissions of brass material were measured in the solid water phantom with a
0.6-cm3 ion chamber. A 1 cm thick slab of the brass was placed in the beam at level of wedge filter
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tray (57.6 cm from the source). Measurements of EAC for the brass was made at the depth of 10
cm in the solid water phantom for the field size of 5 x 5 cm2, 10 x 10 cm2, 15 x 15 cm2, 20 x 20 cm2,
and 25 x 25 cm2 at 90 cm source-to-surface distance (SSD).

2B. Corrections of EAC for modulator material
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We corrected the difference of the modulator thickness by the difference of EAC of the
brass and “decimalbrass” registered in XiO using the EAC from calculating dose distribution of
calcu
measure
XiO ( meff
) and measured EAC ( meff
). XiO designed the IM for a two tone pattern

geometry shown in Figure 2a. We obtained doses at two symmetric points (OAP ±5cm) on the
dose distribution calculated with XiO. We assumed the thickness of brass t for the XiO
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calculation.
We made the modulator calculated by the plan mentioned above and measured a beam
profile by Blue Phantom. We measured dose at two symmetric points (OAP ±5cm). We assume
measure
real thickness of brass t’; the measured EAC ( meff
) is obtained from the measured dose

distribution.
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We assumed that the thickness t’ cm of the brass of

meffmeasure was necessary to obtain

the same transmission as the thickness t cm.
Therefore,
(1)

5

Thus the modulator thickness matrix
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after the density correction is given

by:
(2)
where

is the modulator thickness matrix before the density correction

(original brass thickness matrix data by XiO).
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2C. Measurements of LAC for various brass thickness and off-axis positions (OAP).
We used Mini-phantom in the air and measured the change in attenuation
characteristics with the distance from the beam axis. A change of attenuation coefficient in the
field is a function of distance of a radial direction from central axis (CAX). In other words
distribution of
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in field is function

of radial distance

.

The experimental setup for the transmission measurements is shown in Figure 3.
Attenuation coefficient measurements with a narrow-beam were carried out at an extended SSD
and for a small field size. The ion chamber was set up coaxially with beam and field size were 3 x
3 cm2 at isocenter which is sufficient to enclose the mini phantom. Asymmetric jaws were used
to define the size of square fields at OAP. Measurements were performed for each OAP using
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gantry angle (θ) of 1.2°, 2.3°, 3.4°, 4.6°, and 5.7°, corresponding to the distance of 2.0, 4.0, 6.0,
8.0, and 10.0 cm from the central axis (CAX), respectively. The brass attenuator thicknesses were
0.5, 1.0, 2.5, 4.0, and 6.0 cm. The 2D-LAC was obtained by
(3)
where
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cm.

is the LAC when the modulator thickness is t cm and the OAP is r
is the incident dose when the OAP is r cm and

is the transmission dose when

the modulator thickness is t cm and the OAP is r cm.
A linear attenuation coefficient ratio (LACR) is defined by the ratio of the LAC
(

) and the reference LAC (

). The LACR (

) is thus:
(4)
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We expressed the specific change of the LACR depending on the brass thickness and the OAP by
a cubic polynomial approximation as follows:

6

(5)
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where

,

,

, and

are also cubic polynomials of brass thickness

cm. We call

the LACR array the two dimensional linear attenuation coefficient ratio (2D-LACR).

2D. Modulator thickness correction method using 2D -LACR
The 2D-LACR is a function to express the relative change of the LAC as a function of
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the OAP and the modulator thickness, and it is normalized by the reference position and thickness.
We corrected the thickness of the brass modulator by the difference of the physical density with
equation (1), and its reference was the LAC of 5 cm of the OAP and 5.08 cm of the brass thickness.
We decide the same point for the LACR reference point.
We assumed that the change of the EAC due to the OAP and the brass thickness was
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proportional to the 2D-LACR. We considered that the EAC changed by the OAP and the brass
thickness was corrected approximately by using the 2D-LACR, therefore the brass thickness
could be corrected. This correction includes the scatter component of the EAC and evaluates a
primal energy fluence change of the OAP. We call the EAC array the two-dimensional effective
attenuation coefficient ratio (2D-EAC) :
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(6)
As for the relation of the final collected modulator thickness matrix
the physical density corrected modulator thickness matrix

and

by equation (2), both

transmissions are equal in a basic condition of the density correction.
(7)
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From equation (6) and (7),
(8)
2D-LACR (

) is 1.0 in a basic condition, and the corrected modulator thickness is equal

to the thickness after the density correction. We can calculate the corrected modulator thickness
by dividing the density correction of the modulator thickness matrix
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by the 2D-LACR.

2E. Dose verification of geometric patterns using an ion chamber.
We prepared three simple patterns (A, B, C). Pattern A had the oblique intensity

7

distribution in the cross-field direction. Pattern B was a pyramidal pattern. Pattern C was a
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reversed pyramidal pattern. We calculated the dose distribution for three geometric patterns by
XiO and designed two types (with or without correct thickness) of the modulator for each pattern.
We measured dose profiles along the main axis direction (in-line (90), cross-line (0)) and two
diagonal directions (diagonal (45,135)), by CC13 ion chamber using Blue Phantom.
Measurement was for 8cm (average depth in the head and neck region) depth and SSD was 92cm.
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We inspected the dose distribution accuracy of the modulator by comparing the measured dose
and the calculated dose.

2F. Dose verification of geometric patterns using EDR-2 film.
We measured the two-dimensional dose distributions for three patterns (A, B, C) of
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modulator using EDR-2 film. The EDR-2 film was placed at 8 cm depth in the solid water
phantom and the source-to-film distance was 100 cm. We used γ – method25) for the comparison
of the dose distributions of the calculations and the measurement results. The levels of the
evaluation criteria were 3mm 3%, 4mm 4%, and 5mm 5% using the DD-system.
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2G. Dose verification of complex pattern (Pharynx model) using EDR-2 film.
We generated a seven-field IMRT plan with XiO (Fig. 9a) for a PMMA prism phantom.
This phantom includes a pharyngeal target, neck lymph nodes, parotid glands and spinal cord. We
measured two-dimensional dose distributions using EDR-2 films. The EDR-2 film was placed at
isocenter plane for each section (transverse, coronal, sagittal). The method for measurements and
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evaluation are the same as ⅡF. The levels of the evaluation criteria were 4mm 4% using the
DD-system.

3. RESULTS
3A. Measurements of EAC
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The EAC of 1 cm brass slab for 4 MV, 10 x 10 cm2 x-ray beam was 0.4058cm-1. The
EAC depended on the field size and it decreased slowly when the field size becomes large. The
EAC were 0.4082 cm-1, 0.4058 cm-1, 0.4046 cm-1, 0.3977 cm-1, and 0.3879 cm-1 for the field size
of 5 x 5 cm2, 10 x 10 cm2, 15 x 15 cm2, 20 x 20 cm2, and 25 x 25 cm2, respectively. The range of
variation of EAC was about 5.0 %.
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3B. Corrections for EAC of modulator materials

8

We show the transmission dose distributions calculated by XiO and the measured dose
of the brass modulator (Fig. 2b.) of IM (Fig. 2a). In this case, the maximum thickness of the
modulator was 5.08 cm and the minimum thickness was 0.6 cm. The calculated EAC
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-1

0.3754 cm and the measured EAC

was

-1

was 0.3271 cm .

Therefore, the modulator thickness corrected by the physical density

is

as follow from equation (2),

The dose transmission of 5.08 cm thickness of “decimalbrass” and the brass for 4 MV
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x-ray are 18.62 % and 23.10 %, respectively. The brass thickness of equal dose transmission
factor to “decimalbrass” is 5.83 cm.

3C. Measurements of LAC by combination of various brass thicknesses and OAP.
The measurements of the LAC were carried out for the various modulator thickness (t)
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and OAP (r) and the results are shown in Table 1. The LAC decreases with the increase of the
brass thickness and the LAC increases with the decrease of the OAP (cm). The LAC decreases
when the brass thickness becomes thick and the OAP is near the field edge. The maximum
variation of the LAC was 0.0572 cm-1 (14.3 %) and it was larger than 0.0203 cm-1 (5.0 %) of the
maximum variation of the field size.
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The LAC was normalized at the reference value, which was 0.3819 cm-1 (the brass
thickness was 5.08 cm and the OAP was 5 cm). This is the LACR in Fig. 4. The constants (a1 ~ d4)
in the equation (5) are listed in Table 2. The average of the difference from the absolute value to
calculated value was ±0.11 %. Its standard deviation is 0.083 %. The error of this formula is less
than 0.38%.
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3D Modulator thickness optimization method using 2D-LACR
Table 3 shows the corrected brass thickness after the thickness correction calculation
using the 2D-LACR. In this case, the function of 2D-LACR was approximated using an actual
value up to 10 cm of the OAP, but it was extrapolated up to 13cm. It was constant for more than 13
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cm OAP.
The optimized correction brass thickness decreases generally because the reference
LAC for the normalization is 5 cm OAP and 5.08 cm brass thickness. On the other hand, when the
brass thickness is thicker than the reference modulator thickness, the corrected quantity becomes
positive value.

9
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3E. Dose verification of geometric patterns using ion chamber.
A pattern A was normalized at CAX (Fig. 5). The corrected beam profiles (closed
circle) agreed better with the calculation value of XiO (solid line) than the uncorrected beam
profile (open circle). The amount of maximum dose range in the diagonal profile (45°) was 133 %,

295

112 %, and 136 % for calculation by XiO, before corrected, and corrected, respectively. The
corrected measurement values agree with the calculation value within ±3 % for inside of 6 cm
OAP in main axis, but an error tends to increase at the field edge. In the beam profile at the
diagonal profile (45°), the maximum error was about ±5 % near the field edge but the good
agreement within ±3 % is shown in another diagonal direction.
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A pattern B was normalized at maximum dose point at 8.5 cm OAP in the cross-line
dose profile (Fig. 6). The dose of non-corrected profile exceeded at all positions and the
maximum error was +5.2 % at CAX. Furthermore the dose range was narrow. On the other hand,
the corrected profile agreed well with the calculated profile within ±3 % for inside of 7 cm OAP in
main axis, and within ±3 % for inside of 12 cm OAP in the diagonal axis. The under estimation of
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the dose was found around the field edge of main axis. Particularly, the dose decreased about 5 %
in the in-line profile.
A pattern C was normalized at CAX (Fig. 7). Before corrected dose profiles show
better agreement with the calculated profiles than the optimized profiles. However, the dose range
of before corrected profile is narrow. Generally, near the field edge, the modulator becomes
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thicker, and then the error is increased.

3F. Dose verification of geometric patterns using EDR-2 film.
Figure 8 shows gamma distributions. In the area inside of 10 cm OAP, the evaluation
criteria of 3mm 3% was satisfied for all patterns. In a little area of the field border where the dose
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was maximum or minimum, the error was large as more than the level of the criteria of 5mm 5%.
In the large dose gradient area, the error was large in a direction along a cross-line axis.

3G. Dose verification of complex pattern (Pharynx model) using EDR-2 film.
Figure 9(b-c) shows gamma distributions. In some little area where the dose is
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maximum or minimum, the error is large as more than the level of the criteria of 4mm 4%. Bottom
area in transverse and coronal plane has large error. Large error occurs in the field border.

10

4. DISCUSSION
We used the narrow-beam geometry for our measurements of the LAC. The fact that
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the measured LAC increases with increasing OAP means the “beam softening“ effect17, 18). And
the measured LAC decreases with increasing thickness of brass attenuator. This means the “beam
hardening” effect18, 19). Commonly used attenuation functions are considered to some problems
associated with the beam hardening, the beam softening, and the field size dependence. Chang et
al12) used the function that assumed the narrow bean EAC in the CAX, beam hardening through

330

the compensator material, beam energy variation at off axis distance and field size dependence.
Plessis26) showed the EAC of a measured value to a function depending on depth and field size
and corrected OAP. Plessis15) calculated EAC using EGS based DOSXYZ Monte Carlo
simulations. We expressed the 2D-LACR depending on the brass thickness and the OAP by a
cubic polynomial approximation. We assumed that the broad beam EAC varies in a similar
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manner for change of the 2D-LACR with the brass thickness and the OAP distance. Therefore, the
2D-EAC is equal with the EAC value corrected using the 2D-LACR as Eq. (6).
We prepared the dose distribution for 3 geometric IM patterns and evaluated the
transmission dose and dose distributions of brass modulators. The dose profile is smooth at each
direction (main axis and diagonal axis). This is the advantage of the M-IMRT delivery method.
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For all patterns, the corrected brass modulator shows a good agreement with the dose and the dose
distribution calculated by XiO within ±3 % error or less than 4mm 4% of γ-method criteria. This
result showed that dosimetric characteristics of the brass modulator using the 2D-LAC array
agreed well with the planning dose distribution calculated by XiO. But at the field border and in
the high or low dose area, the error was larger than the criteria of 5mm 5%. And in large dose
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gradient regions, the error was also large in the direction along a cross-line axis.
Figure 5 shows typically pattern with calculation dose error. That indicates the
tendency that calculated dose increases under thinner modulator thickness area and calculated
dose decreases under thicker modulator thickness area than without corrected the brass modulator.
The modulator placed in the beam, not only attenuates the primary fluence but also produces
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scattered photons and leads beam hardening effect that will reach the patient. Such results show
that the beam hardening correction through the modulator is not considered by the dose
calculation algorithms in XiO. In the outside of field, calculated dose is less than the measured
dose. Such results show that XiO dose calculation algorithm does not consider the amount of the
scattering photons from the modulator. XiO uses the superposition algorithm, which computes the
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dose by convolving the total energy released in the patient with Monte Carlo-generated energy

11

deposition kernels7). The XiO system displays the mean energy of the spectrum to aid in the beam
modeling process and spectrum evaluation. Animesh20) described that the off-axis spectra have
been created on the basis of the default spectra using published changes in average energy as a
function of off-axis distance. But XiO does not consider the effect of off-axis softening in pencil
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beam kernel, a primary photon beam hardening effect and generation of scattered photon and
electrons by the modulator.
This study, we used a simple beam model (open field and without treatment aids)
based on a Jiang et al5). They used a 6 MV photon beam but we used a 4 MV photon beams.
Therefore, beam modeling with a modulator will require 4 MV photon beam so that a beam
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hardening effect is estimated than 6 MV photon beam greatly. It is thought that this is the result
that beam modeling of XiO is insufficient for the modulated beams. Furthermore, it will be
necessary to incorporate a dose calculation including influence of a beam perturbations effect by
modulator in TPS. As the photon spectrum shifts in the modulator and the flattening filter, the
energy spectrum shift correction algorithm13, 27-29) must be applied to the dose calculation method.
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The scatter dose generated from the modulator30-34) must be also applied to the dose calculation
algorithm. Chang et al35, 36) uses an in-house treatment planning system (PLanUNC, Univ. of
North Carolina), Plessis et al37) uses a fast Monte-Carlo dose calculation to solve this problem.
The accuracy of modulator design and calculated dose depends on the calculation algorithm in the
TPS.
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In this study, we assumed the IMRT treatment for head and neck region. We chose the
low energy x-ray (4 MX), the large field size (20 cm x 20 cm) and the isocenter depth of 8 cm. In
these conditions, the evaluation of the modulator design and the dose calculation are very difficult
because the change of the energy spectrum and the scatter from the modulator are very large.
Under such a condition，in the most regions in the field, the dose verification satisfies 3mm 3%
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criteria, and in all regions, it satisfies 4mm 4% criteria of the γ-method. Salz et al38) reported that
the dose deviations of the tin granules compensator amount to ± 3 % in the high-dose region,
exclude for dose gradients, and the deviations are found to be lager (up to 6%) for small areas (＜
2 cm x 2 cm) with much higher or lower fluence. Their report gave the same accuracy of the
M-IMRT with our result. The bottom area in transverse and coronal plane has large error in Figure
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9. We think that their causes are the effect of treatment couch.
We think that there are some reasons for the observed disagreements between planning
dose profile and measured one. The important problem in the M-IMRT is the milling error of
CNC-mill. CNC-mill cuts the brass by the raster technique. It cuts with data pitch (step-over

12

distance) of 0.2 cm along the in-line direction while it cuts along the cross-line direction using
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data interpolated linearly. Therefore, the resolution in the in-line direction depends on the data
pitch distance (step-over distance), the size of the cutting tool diameter and the angle of the tool
tracing the profile. In our result, the difference of the modulator thickness is 0.7 cm and the
inclination is 74 degree between two data (0.2 cm pitch) in the large dose gradient area. Along the
in-line direction, data are not interpolated, so the cutting surface becomes the stepped shape.

395

Hence the error occurs in the in-line direction. The cutting limits of the ball end-mill was
discussed by Meyer et al39), the maximum angle of the modulator inclination with the dose error
of ±2.5 % is 61 degree. Therefore, further investigation for the cutting condition or the
interpolation of data along the in-line direction in the large dose gradient area is required. This
problem depends on the modulator calculate matrix pitch vs. a drills radii.
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5. CONCLUSION
We performed a modulator based IMRT commissioning using XiO treatment planning
system. A new method was proposed for the implementation of intensity-modulated beams. This
method uses the 2D-LACR for the correction of the brass modulator thickness for IMRT and it is
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showed that overall dosimetric characteristics of the brass modulator using the 2D-LAC array
agreed well with the planning dose distribution calculated by XiO. Our method using the
2D-LACR for the correction of the brass modulator thickness for IMRT is effective in the
accuracy improvement of M-IMRT in XiO TPS.
The important problem for the brass modulator is the milling condition such as the drill
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diameter and the cutting pitch size. The “softening“ effect and the “hardening” effect of the beam
must be considered for dose calculation in the patient and modulator profile design those are
necessary in the accuracy improvement of M-IMRT.
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Figure caption
Figure 1
(a) Photograph of the floor-type computer-aided numerically controlled milling machine
(CNC-mill). (b) Photograph of the Blass modulator for geometric pattern A (oblique intensity
distribution in the cross-field direction), mounted on the accessory slot of the linear accelerator

550

gantry head.

Figure 2
(a) The intensity map for the two-tone pattern geometry designed by the XiO treatment planning

17

system. (b) Cross-line dose profile in an intensity map of the two-tone pattern geometry. The

555

solid line is calculated from the XiO treatment planning system, and the open circles indicate
measured data.

Figure 3
Schematic diagram of the setup used to measure the change in attenuation characteristics with

560

the distance from the beam axis.

Figure 4
The linear attenuation coefficient ratio (LADR) as a function of the off-axis position for various
brass modulator thicknesses for 4-MV photon beams. The linear attenuation coefficient (LAC)

565

was normalized using the reference value, which was 0.3819 cm-1 (the brass thickness was 5.08
cm and the OAP was 5 cm).

Figure 5
Relative dose profiles for geometric pattern A. The solid line represents data calculated by XiO.

570

The symbols indicate measured data. The dose profiles have been calculated with (closed circle)
and without (open circle) correction using the 2D-LACR.
Figure 6
Relative dose profiles for geometric pattern B. The solid line represents data calculated by XiO.
The symbols indicate measured data. The dose profiles have been calculated with (closed circle)

575

and without (open circle) correction using the 2D-LACR.

Figure 7
Relative dose profiles for geometric pattern C. The solid line represents data calculated by XiO.
The symbols indicate measured data. The dose profiles have been calculated with (closed circle)

580

and without (open circle) correction using the 2D-LACR.

Figure 8
Comparison of dose distributions of the calculations and the measurement results using the
gamma-value map. The levels of evaluation criteria were 3 mm 3%, 4 mm 4%, and 5 mm 5%. (a)

585

is geometric pattern A (an oblique intensity distribution in the cross-field direction), (b) is pattern
B (a pyramidal pattern), and (c) is pattern C (a reverse pyramidal pattern). The red parts indicate

18

under- or overestimated areas.

Figure 9

590

(a) Schematic image of the pharynx model phantom. This phantom includes a pharyngeal target
(red), neck lymph nodes (magenta), parotid glands (white), and the spinal cord (blue). The
gamma-value map over the transverse plane (b), coronal plane (c), and sagittal plane (d) for 4 mm
4% criterion. The red parts indicate under- or overestimated areas.
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Table 1
The linear attenuation coefficient (LAC) as a function of the brass modulator thickness for six
different off-axis positions for 4-MV photon beams.

Table 2

600

Values of ai, bi, ci, and di determined by cubic polynomial fitting of the linear attenuation
coefficient ratio (LACR) as a function of the off-axis position and brass modulator thickness
using Eq. (5).
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