RAP CONFERENCE PROCEEDINGS, VOL. 8, PP. 1-4, 2023
ISSN 2737-9973 (ONLINE) | DOI: 10.37392/RAPPR0OC.2023.01
RAP-PROCEEDINGS.ORG

flh

|
RAP2023

TOWARDS THE IMPLEMENTATION OF A PHANTOM FOR THE LOW CONTRAST EVALUATION
OF ELECTRONIC PORTAL IMAGING DETECTORS (EPID): A THEORETICAL STUDY

Nektarios Kalyvas", Marios K. Tzomakas', Vasiliki Peppa?,
Antigoni Alexiou?, Georgios Karakatsanis?, Anastasios Episkopakis®4,
Christos Michail', loannis Valais', George Fountos', loannis S. Kandarakis'

1Radiation Physics, Materials Technology and Biomedical Imaging Laboratory, Department of Biomedical
Engineering, University of West Attica, Egaleo, Athens, Greece
2General Hospital of Athens Alexandra, Department of Radiotherapy, Athens, Greece
3Elekta, Athens, Greece
4Medical Physics Laboratory, Medical School, National and Kapodistrian University of Athens, Athens, Greece

Abstract. Electronic Portal Imaging Systems (EPIDs) are used in Radiotherapy treatment as part of the patient
positioning verification check and for portal dosimetry purposes. The quality control of the imaging performance of an
EPID is performed with dedicated phantoms. In this work, an examination through Monte Carlo (MC) simulation is
presented in order to determine an appropriate step wedge phantom configuration for measuring low contrast
differences in EPIDs. The PENELOPE based MC software package PenEasy was used. A simple geometry of a narrow
cone beam with a cross section of 0.00053 cm? at 100 cm distance was assumed. A 2 MeV beam was considered to
impinge on a 4 cm water equivalent phantom in conjunction with a metal sheet of Pb, Al, Fe or W positioned at 80 cm
distance. At 100 cm distance a Gd202S:Tb scintillator, as part of an EPID responsible for detecting X-rays was assumed.
The Gd202S:Tb thicknesses considered were 0.02cm and 0.03 cm. All the metal thicknesses were allowed to range from
0.1 cmto 1.5 cm per 0.1 cm step. The optical photons escaping to the Gd202S: Tb output were calculated by an analytical
formula for each metal thickness. Hence, if a wedge metallic pattern from 0.1 cm to 1.5 cm is assumed to be constructed,
then the optical photon output originating from each step, as well as the signal contrast between two steps would be
known. It was found that a combination of Pb, Fe and W materials can be used for a step wedge phantom design.
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1. INTRODUCTION

Electronic Portal Imaging Systems (EPIDs) are used
in radiotherapy treatment as part of the patient
positioning verification [1]-[3]. In recent years, the use
of EPID systems for patient dosimetry purposes has also
been reported [4]-[8]. It is therefore of essence to test
the imaging performance of these detection devices. The
assessment of the imaging performance of an EPID is
performed with dedicated phantoms and methods as
part of the quality control procedure [9], [10]. The
phantoms may contain areas of low and high atomic
number materials of different shapes so that parameters
like image contrast, resolution and noise, to be
evaluated [11], [12]. In this work the first step in the
design of a phantom for image contrast assessment is
presented. The phantom was assumed to follow a step
wedge form inside a water equivalent material. The
steps may allow for different contrast values calculation.
Furthermore, by altering the material of the steps the
achieved contrast may be diversified. The radiation
interactions within the materials have been simulated
by the PENELOPE based Monte Carlo (MC) simulation
package [13]-[15]. The EPID was assumed to have a
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Gd»0-S:Tb based scintillator, also known as phosphor
detector. The light generation in the Gd»0-S:Tb and its
propagation towards the phosphor output was
examined with analytical formulas obtained from
literature [16]. It was found the Fe, W and Pb might be
good choices for a step wedge phantom.

2. MATERIALS AND METHODS

2.1. X-ray photons interactions

The PENELOPE based MC software package
PenEasy [17] was used in order to determine all X-ray
photons energy deposition processes. A narrow
monoenergetic 2 MeV photon beam of conical shape
with a cross section equal to 0.00053 cm? at 100 cm
distance was assumed. The beam was designed to
impinge on a 4 cm water phantom, which was placed at
80 cm distance from the radiation source. At the output
surface of the water phantom, opposite the beam
entrance, different metal sheets of Pb, Al, Fe or W were
considered. The metal thickness was allowed to range
from 0.1 ¢cm to 1.5 cm in 0.1 ¢cm steps. A separated
simulation was executed per each metal type and
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thickness combination. At a distance of 100 cm from the
X-ray source, corresponding to the isocenter of a
LINAC, that is 20 cm beyond the water-metal
combination, a Gd=0.S:Tb phosphor material was
placed. The thicknesses of Gd»0.S:Tb considered were
0.02 cm and 0.03 cm. The simulation setup can be seen
in Figure 1. The presented setup considers the EPID at
the dosimetric calibration point of a LINAC, that is the
isocenter.

Pb, Al Fe, W
[0.1cm > 1.5¢m]
per 0.1cm]

20cm
°

source 2 MeV photons

4 cm water

80 ecm 0.02 cm or 0.03cm
Gd,0,5:Th

Figure 1. Graphical representation of the MC simulation
geometry for testing the energy absorption in Gd.O.S:Tb for
different metal sheets

2.2. Optical photons creation and propagation

Gd20:S:Tb is utilized in EPID systems [2], [11], [12]
since it efficiently absorbs the X-ray photons and
converts the absorbed X-ray energy to optical photon
energy. The optical photons that escape the phosphor
part of the EPID are subsequently absorbed into the
silicon pixelated array and finally converted to bit
values. During this work it has been assumed that the
number of optical photons escaping the scintillator can
provide information regarding the signal, as well as for
the signal differences i.e. the contrast. The creation of
the optical photon energy per absorbed X-ray is
described by the intrinsic conversion efficiency (nc)
describing the percentage of the absorbed X-ray power
converted to optical photon power. If the absorbed
X-ray energy (E) and the optical photon energy (E) are
known, then the calculation of (E/Ex)nc is the number
of the optical photons created in the scintillator [16],
[18].

The number of the optical photons escaping the
scintillator (L) can be described by a literature-based
equation [18]:

L=Y Eu = Q(EIM, @

The reasoning behind Equation 1 is that the
Gd20-S:Tb thickness (T) can be divided into N layers of
equal dimension At and the contribution of each layer i,
i=1to N, to the output can be summed. In Equation 1,
Eabs is the energy from one photon absorbed in the
scintillator, while Qi(E) is the contribution of layer i to
the total absorbed energy fraction in the scintillator.
Therefore the product of EasQi(E) corresponds to the
energy absorbed in layer i and the calculation of
(EabsQi(E)/Ex)nc provides the number of the optical
photons generated in layer I [18].

Only a fraction of these optical photons, denoted
hereafter as M; will escape to the output. M;is a function
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of optical photon transport parameters in mass and can
be calculated by the following formula [16]:

M = wlo ™ + (oo ™
(o +10, o+ 10, —(0 =10, o — 70, 0" (2)

where o is the reciprocal diffusion length and 7 is the
inverse relaxation length, both functions of the optical
photon absorption and scattering coefficients.
Parameter p accounts for the optical photon reflection
phenomena in the phosphor output (po) or input (p:)
[16]. Typical values for the calculation of the parameters
of equations 1 and 2 were obtained from literature as:
E)=2.46€V, nc=0.18, 0=30 cm?/g [16], 7= 0 /0.03 [16],
[18]=1000 cm?2/g and po, p: were set equal to 1 [19].

2.3. Contrast calculation

The MC simulation was executed for different metal
and thickness combinations. For each combination, a
corresponding Eaps in Gd20.S:Tb was calculated. The
value of Qi(E) considered was the one calculated only for
the water part of the phantom. Therefore, for each metal
and its thickness, a unique Eqbs was estimated by MC
and the corresponding L value was subsequently
derived by using equations 1 and 2. The differences of
the L values are a measure of contrast for different metal
sheets thicknesses, or steps. If the difference is
calculated per 1 step (0.1 cm), per 2 steps (0.2 cm) etc.,
then the potential of step wedge shaped metallic
structure placed at the exit of the water phantom can be
considered to act as a contrast phantom.

In this work, the step contrast (SC) was calculated as:

Ls B Ls+ste
SC = L—" x100%

s (3)

where Ls is the signal value corresponding to the metal
of thickness s and Ls+step is the signal corresponding to
the metal of thickness s+step. The SC value
corresponding of adjacent phantom steps provide the
minimum perceived contrast for the specific material.
The ability of the EPID to image the phantom signal
differences may be associated with its ability to image
real patient tissue differences, which in turn are
associated with differences in the absorbed dose to the
patient. Such a phantom may be useful to examine the
extent of using an EPID device for patient dosimetry.

3. RESULTS

The Eaps in Gd20.S:Tb was calculated by MC
simulation with an uncertainty below 1% for each metal
type and thickness combination. When the Pb metal was
considered the Eaps variations in Gd»0.S:Tb ranged
from 7.7 keV to 4.9 keV and from 4.7 keV to 3 keV for
scintillator thickness of 0.03 cm and 0.02 cm,
respectively. The corresponding values for Al were
approximately 10 keV and approximately 6.2 keV for all
the Al metal thicknesses. The Fe metal sheets induced
higher energy absorption in the scintillator when
compared to that of Pb. Specifically, Eabs ranged from
5.5 keV to 4.9 keV and from 8.8 keV to 7.8 keV for
Gd20.S:Tb thickness of 0.02 c¢m and 0.03 cm,
respectively. The corresponding values for W which
were the lowest of all were calculated as 7.5 keV to
3.5 keV and from 4.5 keV to 2.1 keV, respectively.



N. Kalyvas et al., Towards the implementation of a phantom..., RAP Conf. Proc., vol. 8, 2023, 1-4

In Figure 2, the Percentage Depth Dose (PDD)
(i.e. Qi(E)) of the fractional energy absorption
distribution for different depth positions in Gd=0.S:Tb,
as calculated by MC is demonstrated. The uncertainty of
the simulation was below 1.5% for both 0.02 ¢m and
0.03 cm scintillator thicknesses. It may be observed
from the figure that the peak dose is near the entrance
of the phosphor material. The shape of the curve is
sigmoid, although for the 0.03 c¢m thickness a linear
absorption trend is demonstrated from 60 um to
210 pum depths. This result differs when compared to the
shape of PDD curves of water phantoms. The
differences can be attributed to the highest atomic
number and density of Gd-0.S:Tb with respect to water.
Both the atomic number and density affect the
probability of X-ray absorption and scatter. In addition,
the sudden drop near the exit of the phosphor material
might be due to the effect of the air after the material
which alters the number of backscatter photons.

In Figure 3, the number of optical photons per
X-ray, as it has been calculated by Equation 1 is shown.
The higher values are observed for Al metal sheet, since
its lower density of 2.7 g/ecm3 compared to 11.35 g/cm3
of Pb, 19.3 g/cm3 of W and 77.87 g/cm3 of Fe [20] inhibits
radiation absorption. Therefore more radiation impinge
on Gd-0.S:Tb surface increasing light yield.
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Figure 2. The fractional percent depth dose, Qi(E), as
calculated by MC simulation for 0.02 ¢cm and 0.03 cm
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Figure 3. The number of optical photons escaping Gd-0.S:Tb
for all metal types, metal sheet thickness and scintillator
thickness combinations

In Figure 4, the contrast for Pb, Al, Fe and W for
0.02 cm Gd20.S:Tb, as calculated by Equation 3 is
shown. The thinner part Ls in Equation 3 is compared to
a thicker part Ls+contrast step for contrast steps 0.1 cm,
0.2 cm, 0.3 cm and 0.4 cm metal sheet.

It can be seen from Figure 4 that Al as a material
cannot provide reliable signal differences, at least for

the specific simulation geometry and energy deposition
uncertainty. If Pb, Fe and W are considered, then
contrast calculations ranging from 2% for Fe up to 20%
for W can be safely obtained. These values are related to
the signal value differences between the steps. On the
contrary an almost unchanged value like the case of Al
cannot contribute to reassuring signal differences as
shown in Figure 4 and Figure 5. Similar, conclusions can
be derived when the 0.03 cm phosphor thickness is
considered. The corresponding contrast results are
shown in Figure 5.

emFe emw

Figure 4. Optical photon percent signal contrast as calculated
by Equation 3 relative to thinner part Ls for 0.02 cm
Gd20-S:Tb thickness

emFe emw

Figure 5. Optical photon percent signal contrast as calculated
by Equation 3 relative to thinner part Ls for 0.03 cm
Gd-0-S:Tb thickness

The presented results of Figure 3 are affected by the
geometry of the simulation and specially by the distance
between the X-ray source and the EPID [21]. In clinical
LINAC setups the EPID is in a distance larger than
100 cm. This may affect the beam scatter component
entering the scintillator and the Eaps values calculated.
We do not however perceive this difference as an
obstacle for proposing a phantom design.

Despite the aforementioned concerns the
construction of a step wedge phantom with Pb, Fe and
W seems a prominent solution for contrast evaluation.
The contrast range would be specific for every LINAC,
since it is affected by the operating MV as well as the
presence or not of a flattening filter [22].

4. CONCLUSION

An initial theoretical study was performed to
determine possible materials for fashioning a step
wedge phantom for EPID quality control procedures. It
was found that Pb, W and Fe could be utilized.
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