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Abstract

In this study, the potential of a newly developed simulation toolkit, GATE for the simulation of
electronic portal imaging devices (EPID) in radiation therapy was evaluated by characterizing the
performance of the metal plate/phosphor screen detector for EPID. We compared the performances of
the GATE simulator against MCNP4B code and experimental data obtained with the EPID system in
order to validate its use for radiation therapy.
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1 . Introduction and incorrect beam alignment bl
Radiation therapy is the most common method of
treating cancer among the several treatment options for

cancer. The goal of radiation therapy is to deliver a
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prescribed dose as accurately as possible to a tumor [

region while minimizing the dose distribution to the

neighboring normal tissues " The standard course of

treatment is divided into daily fraction of about 2 Gy

dose, delivered over a period of 5~7 weeks for a total y P— - l

of 50 to 70Gy cumulative dose B Because of daily - Q *, 5 § U

treatment, discrepancies in field placement occur frequently —:—f?m ‘:.IE

by patient movement, improper placement of shielding ww o T -

blocks, shifting of skin matks relative to internal anatomy Fig. 1. Schematic diagram of video camera
based EPID
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Therefore, the frequent monitoring methods of
patient positioning are needed to reduce the frequency
of these discrepancies. Portal imaging is a process to
form an image of the patient during radiation treatment
for ensuring that the correct region of the patient
receives the radiation therapy and that the surrounding
tissues are spared. The video camera or CCD-based
electronic portal imaging device (EPID) is still the most
popular detector system among various EPIDs [4-7].
(Fig. 1) The x-ray detector consists of a metal plate and
a phosphor screen. The metal plate generates high
energy electrons when irradiated by therapeutic x-ray
with energy in order of 4 ~ 25 MV, the phosphor
screen converts electrons into visible light, and the light
diffuses through the screen and exits the rear surface of
the x-ray detector which is viewed by video camera via
a 45mirror. The video signal is digitized and the
digitized image can be viewed on a monitor. Metal
plate/phosphor screen is largely responsible for the
total performance of the EPID because it is the first
stage of transferring an anatomical information in the
image chains of system. Therefore the optimal design
of the metal plate/phosphor screen as an x-tay detector
for EPID is needed. Monte Catlo simulations ate
essential tools to assist in designing new medical imaging
devices and optimizing data acquisition protocols. In
this work, we presented the use of the GATE (Geant4
Application for Tomographic Emission) Monte Carlo

platform i

to perform simulations of EPID. Two
quantities, such as detection efficiency and spatial resolution,
were considered as a touchstone of good performance. The
mega-voltage x-ray spectrum from 6 MV linear
accelerator (LINAC) and the characteristics of the metal
plate/ phosphor screen have been investigated. We
compated the petformances of the GATE simulator
against Monte Carlo N-Particle, version 4B (MCNP4B)
code " and experimental data obtained with the EPID

system in order to validate its use for radiation therapy.

II. Materials and Methods

1. X—ray Beam of Clinical LINAC
For  the

treatment  of  deep-seated  tumors,
mega-voltage x-rays in the range of 4 to 25 MV are
used. LINAC is the most popular device for this
application M The energy spectrum of bremsstrahlung
x-ray produced by the clinical LINAC is difficult to
measure directly because detectors sensitive to photon
energy cannot be used in the high photon flux
produced by the accelerator. The bremsstrahlung
spectrum from LINAC was obtained by using GATE
code. The simulation geometry and dimensions of
LINAC were designed based on the accurate geometrical
data of 6 MV LINAC (Siemens, Mevatron KD) to
match the actual experimental setup. This consisted of an
electron beam, a shielded and water- cooled gold target,
a stainless steel flattening filter and ion chambers. For
the incident electron beam, a 5-deg cone-shaped with
kinetic energy of 5.58 MeV, incident perpendiculatly on
the target was considered. The emerging photons were
collected into ten energy bins, each of width 0.558
MeV, at a distance 100 cm from the target. The energy
spectrum was computed by multiplying the number of

photons in a given bin by the energy at the center of
the bin.

To confitm the GATE simulation result, MCNP4B
code was used for the same conditions and Schiff
specttum  was also calculated using the following
equation M This is a relatively simple analytical form
and has been used extensively for estimating the

specttum shape from a high energy accelerator.
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where
Ep : total energy of incident electron [MeV]
E : scattered electron total energy [MeV]
b : bremsstrahlung photon energy [MeV]
o : rest energy of electron [0.511 MeV]
s atomic number of target material

C : dimensionless constant

DN

. Detection Efficiency

In this study, the detection efficiency is defined as
the total absorbed energy in the phosphor screen per
incident x-ray. Sincethe number of optical photons
generated is directly proportional to the total absorbed

energy in a given phosphor screen.

In order to determine the energy absorption within
the phosphor screen, GATE and MCNP4B codes were
used. The x-ray detector was simply modeled, which
consisted of coppet plate (0~50 mm) in contact with
Gdz05S  layer (0.3mm). Despite of complexity of
phosphor screen matetial composition, the density of
Gd2028, which is assumed to be homogeneous mono-
layer, was reduced to 3.67g/cm accounting for polyurethane
polymer-binder and small air pockets within a realistic

[13-14]

phosphor layer . For the incident x-ray beam, a
pencil beam with bremsstrahlung spectrum as calculated
in the above section, incident perpendicularly on the
x-ray detector was considered. Locally distributed energy
absorption was estimated in cubic cells of phosphor
layer in both simulations. The total absorbed energy
was computed by adding the absorbed energy in a

given cell.

3. Spatial Resolution

To fully charactetize the detector behavior it is
necessary to have a model of optical photon transport
out of the phosphor screen. The spatial resolution is
defined by the full width at half maximum (FWHM) of
a point spread function, which is the distribution of the

optical photon-flux over the surface of the phosphor

screen opposite to metal side. It is assumed that the
optical photon generated in the center of a small cubic
box of which total intensity is proportional to the total
absorbed energy in the box and then propagates
isotropically. The optical photon-flux collected over the
solid angle of a rectangular pixel of size 2X 2Y can

be expressed by i

z

3/2 dX d.y

Y X Napl
P@=LL 4z ><(xz+y2+zz) 3.1

where x y and g are 2-dimensional coordinates of
the end-sided phosphor screen and distance to the light
source, respectively. Ny is the number of photons
generated at which the x-ray energy is absorbed within

phosphor screen and can be calculated by

E
Nopt :gx;bs
E 3.2

opt

In Eq. 3.2, is the intrinsic conversion efficiency in
the range of 15~20 % [18'19], Eop: and Egup are the
optical photon energy (2.28 ¢V for 545 nm wavelength
from Gd2O.5:Tb) and the locally absorbed energy

within  phosphor screen from the secondary fast

electrons, respectively.

Locally distributed energy absorption was estimated
in 100x100x100n1" cubic cell of phosphor layer by
GATE and MCNP4B simulations as described in the
previous section. Then, the center point of the cell was
assumed to be the representative position as the optical
photon-source point. Based on the Monte Catlo
simulated spatial distribution of energy absorption, the
distribution of optical photon flux collected by 10X10
m’ pixel area as a function of pixel position on the free
surface of the phosphor screen was calculated by Eq.

3.1 and Eq. 3.2 using a hand-made C program.

To confirm the simulated spatial resolution, the
experimental measurement was carried out. The line
spread function is equal to the integral of the point
spread function and the derivative of the edge spread

function ®". To determine the edge spread function of
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metal plate/phosphor screen, a density profile of a film
across an edge was measured. A lead block with
dimensions of 20X10X5cr’ was placed on a film
cassette and across half of the x-ray field of 6 MV
LINAC (Siemens, Mevatron KD) with 167 cm SSD.
The 135mg/cif-coverage Lanex screen attached onto a
2mm-thick copper plate was placed in the film cassette
with the phosphor layer of the detector in contact with
the portal film (Kodak, X-Omat V film) which is
commonly used for the therapy verification. The film
was exposed by the x-ray intensity of 50 MU (Monitor
Unit, IMU may be calibrated to equal 1 ¢Gy at 100 cm
SSD for a 10x10m’ field size at 5 cm-depth in water).
The shape of the edge spread functions were measured
with film digitizer passing through the image of the
edge, perpendicular to the edge length. Thirty scans
were made and these scans were averaged together to
reduce uncertainty in the final estimation of the edge

spread function.

[II. Results and Discussions

1. Bremsstrahlung Spectrum

Simulated bremsstrahlung intensity by GATE and
MCNP4B and Schiff intensity spectrum were represented
in Fig2. The mean energy of the bremsstrahlung x-ray
is 1.57 MeV. As shown in Fig.2, the GATE simulation
result provides teasonable agreement with MCNP4B
simulation and a theoretical model. The normalized
number spectrum is, then, implemented to the source
input of Monte Catlo simulation for estimating the
detection efficiency of metal plate/phosphor screen

detector.

2. Detection Efficiency

For the incident bremsstrahlung x-ray with the
mean energy of 1.57 MeV, the detection efficiency is
shown in Fig3 in unit of percentage for the 0.3
mm-thick phosphor screen as a function of the metal

thickness. The result shows that the GATE provides

reasonable agtreement with MCNP4B within 5% error.
The detection efficiency rapidly approaches to the
maximum value at a range of 1.5 ~ 2.0 mm of metal
thickness and then decreases very slowly as the metal
thickness increases. This characteristic can be analyzed
by the electron flux emitted from the metal plate and
the electron path length in the phosphor screen e,
The number of eclectrons penetrating metal plate
depends upon their energies and corresponding path
lengths, so that the total absorbed energy distribution in

the phosphor screen as a function of metal thickness

shows a maximum value.
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Fig. 2. Simulated bremsstrahlung
intensity by GATE (line histogram) and
MCNP4B (dot histogram) and Schiff
intensity (line) spectrum were
represented.
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Fig.3. Detection efficiency for 0.3
mm-thick phosphor as a function of the
metal thickness.
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The distribution of the optical photon flux collected
by 10X10m’ pixel area on the free surface of the
phosphor scteen as function of the pixel position was

simulated for 0.3 mm-thick phosphor layer with 2.0mm

Line spread function

Line position (mm)

Fig. 4. Measured and simulated line
spread functions of the 2 mm-thick
copper plate and 0.3 mm-thick phosphor
screen.

3. Spatial Resolution

thickness of the metal plate. To quantify the spatial
resolution, the edge spread function was fitted with the
second-order exponentially decay curve as obtained
from portal film. For comparing the measured edge
spread function and the calculated point spread
function, these are converted into line spread functions
by differentiation and integration, respectively. Three
line spread functions obtained by GATE, MCNP4B
and measurement are shown in Fig4, and are agreed
well to each other in error boundaries. The FWHMs of
the line spread functions appear to be 0.34 mm and
0.43 mm, for simulation and measutement, respectively.
Unlike the simulation model, the phosphot screen is
supported on a plastic support [22] and is bonded to the
metal plate by plastic tapes so that the phosphor is not
in direct contact with the metal plate in measurement.
Also the scattering effects of the incident x-ray by
surrounding materials including the film cassette were
not considered in simulation. Since the high energy
clectrons emitted from the metal plate can spread in

the plastic support and tapes before entering the

phosphor and the film can be exposed by the scattered
radiation, so that the measured FWHM is lager than

the simulation one.

VI. Conclusion

We have validated the use of GATE, a newly
developed Monte Carlo code for the simulation of
medical  imaging systems, for radiation therapy
application by demonstrating the feasibility and accuracy
of performing a simulation of EPID system. The
bremsstrahlung spectrum from clinical LINAC and the
detection efficiency as well as the spatial resolution for
vatious combinations of metal plate /phosphor screen
as a detector of video camera-based EPID were estimated
by GATE simulation and vetified by MCNP4B simulation
and the expetimental measurements. This result can be
used to determine the optimal thickness of metal plate
and phosphor screen for specific application. The good
agreement between GATE, MCNP4B simulated and
measured results supported the potential of GATE for

the simulation of clinical radiotherapy systems.
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