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ABSTRACT

Background: It is essential to evaluate the accuracy of dose calculation for treatment
planning systems (TPSs). This study's primary goal was to evaluate the accuracy of
dose calculation for I1ISOgray TPS in the presence of a wedges in the treatment fields.
Materials and Methods: GATE (Geant4 Application for Tomography Emission) as a
Monte Carlo (MC) code was utilized to model the 6 MV photon beam of an Elekta
Compact linac. It did MC code verification for three different field sizes and three
depths for open, and wedged fields with gamma index tool. Following the
confirmation, the percentage depth dose (PDD) and dose profile were calculated using
the TPS and compared with the simulation results. In the next step, the TPS dose
calculations for the 10x10cm?2 field with different wedge angles were compared by the
result from analytical formula. Results: The PDD and dose profiles for open fields met
the gamma index criteria. However, there was disagreement for large wedged fields.
The dose profiles of wedge angles using Petti analytical equation were compared to
I1SOgray dose profiles. Results showed that dose profile points with all wedge angles
meet the gamma index criteria except for the 45° wedge angle. Conclusions: The
results indicated that the disagreement between MC and TPS dose calculations
increases by increasing wedge angle and field size. The uncertainty is due to TPS dose
calculation algorithm causing noticeable disagreement. A MC-based TPS for dose
calculation is recommended to reduce the error in dose calculation or at least medical
physicist consider this issue.

INTRODUCTION

Dose calculation in heterogeneous areas is a
controversial topic in radiotherapy. The primary tool
for dose distribution calculation is the treatment
planning system (TPS) (1. However, based on various
studies, Monte Carlo (MC) simulation is account as
the gold standard for calculation of dose distribution
(2. 3). Compared to TPS, the MC method has high
accuracy for dose calculation in heterogeneous areas
*.5). The main disadvantage of the MC method is its
time-consuming nature and this makes it to not be
infrequently used in routine clinical practice 2.6-9). In
general, this is a limiting factor because as accuracy
increases, computational time also increases;
therefore, it must make a compromise on this issue
(10), Considering the importance of TPS as the primary
tool for dose calculation and treatment process (1%
12), ensuring the accuracy of treatment plans is one of
the main concerns of a medical physicist. Wedge
filters are normally used as a treatment plan tool to

adjust dose distribution and to improve the dose uni-
formity in the target volume. When a wedge filter is
introduced into the beam path, the dose distribution
is modified and the overall quality of the treatment is
improved (13.14), [n Elekta linacs, motorized wedges
with a fixed angle of 602 are used, and a combination
of open and wedged fields can achieve an effective
isodose curve with a slope between 1-609 (15-20),
Several researchers have simulated and validated
medical linacs using MC codes, compared MC results
with experimental measurements, and discussed the
factors affecting the simulation (21-26). On the other
hand, some studies have evaluated the simulations of
wedge filters in treatment fields (21-25.27-31), Kinhikar
et al. in 2007 29 and Elhassan et al. in 2008 (28)
assessed the accuracy of TPS for the motorized
wedge of the tele-cobalt machine. Dawod et al in
2014 (16) and Behjati et al. in 2018 (15 evaluated the
accuracy of TPS for the motorized wedge of the
Elekta Linac. Recently, Gamit et al in 2020 (7
considered the effective isodose angles for Elekta
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Versa HD motorized wedge. They were done by
comparing dosimetry and Monaco TPS results. They
announce that the maximum deviation is 92 for 6 MV,
which is higher than the results of Kumar et al in
2012 B2) and Petti et al in 1985 (18) studies. According
to the literature, the accuracy of [SOgray TPS
(DosiSoft, France) dose calculations has not been
investigated in full detail. Therefore, due to the wide
use of [SOgray TPS in different radiotherapy
departments, the evaluation of the accuracy of this
TPS. The novelty of this work is the accurate
investigation of several fields with different wedge
angles.

The investigators in the current research
simulated and validated Elekta compact linear
accelerator (Elekta AB, Stockholm, Sweden) with MC
for three field sizes and depths for open and wedged
fields (60°). Then compared the PDD and the dose
profile for wedged fields (5°, 10°, 15° 20°, 30°, and
45°) in TPS and MC simulation to evaluate the
accuracy of the TPS.

MATERIALS AND METHODS

In the current study, an Elekta Compact (with 6
MV photon beam) linear accelerator which was
installed in the radiotherapy department at Imam Ali
hospital of Bojnurd, Iran, was simulated and
validated. To achieve this goal a water phantom with
60x60x60 cm3 size (PTW, Freiburg, Germany),
Semiflex ionization chamber 31010 (PTW-Freiburg,
Freiburg, Germany) and ISOgray TPS in the
mentioned department was used. The simulations
were done with Gate 7.2 (Ubuntu 16.04, Geant4 10.2)
and MC codes were run on a personal computer with
the following performances: Intel Core i7 CPU with
3.2 GHz and 8GB RAM. MATLAB R2015b (MathWorks
Inc,, MA) was used to read and extract the data from
MC output files. Validation of simulated code were
done with the Gamm Index code, which it wrote in
MATLAB m-file. Three parts as below done the study:

Experimental measurement

The selected PDD and dose profiles for three field
sizes (including 5x5, 10x10 and 20x20 cm?) at three
depths (5, 10, and 20 cm) were measured for the
open and wedged fields. The typical quality control
tests were performed for the linac before
measurements. To increase the accuracy of
dosimetry, relative dosimetry was done according to
the TG-106 protocol (33).

MC simulation
The geometrical details and the composition of
each linac's components were modeled and
simulated at source to skin distance (SSD) of 100 cm.
The electron beam characteristics used in the
simulation included two half Gaussian curves with
average energy of 6.05 MeV. The standard deviations

(sigma) for each half Gaussian curve were 0.15 and
0.35 MeV. A one-dimensional beam (beam1d) with
1.98° standard deviation (sigma_r) was defined for
the source. The PDD and dose profile for 10x10 cm?
field size in 10 cm depth were simulated and then
compared with the corresponding data from
experimental measurement. The gamma index (with
2%-2mm criteria) was used to verify the energy of
the electron and linac head simulation. The gamma
index results for all three field sizes' PDDs and the
dose profiles for all investigated field sizes and
depths for the open and wedged fields were present-
ed in table 1. After verification of the reference field
size (namely10x10 cm?), to increase the accuracy of
simulation and validation, two small and large field
sizes (5x5 and 20x20 cm?) were simulated and
verified at 10 cm depth. The results presented in
table 1 demonstrates that the pass rates for PDDs
were more than 98% and for dose profiles 100% of
points passed the gamma index for all the open and
wedged fields.
Table 1. Gamma index (2%-2mm criteria) pass rates for

experimental measurement and MC’s PDDs and dose profile
comparison for open and wedged fields. *Percentage Depth

Dose
Fieldsize(cm’) | 5x5 | 10x10 | 20x20
PDD’
Open field 98.68% 98.68% 98.68%
Wedge field 98.68% 98.68% 98.68%
Dose Profile (Open Field)
Depth (cm)
5 100% 100% 100%
10 100% 100% 100%
20 100% 100% 100%
Dose Profile (Wedged field)
Depth (cm)
5 - 100% -
10 100% 100% 100%
20 - 100% -

In the following steps, the Elekta motorized wedge
with a 602 angle was modeled, simulated, and then
verified for the exact field sizes and depths.
Verification for open and wedged fields was done
using a gamma index tool with 2%-2mm criteria and
experimental measurement data for comparison.

The phase-space method was utilized to increase
the simulation speed and placed after the ionization
chamber just before the X-Jaw. In the wedged field
model, the phase space was located before the wedge
to achieve the proper dose profile. It runs the first
part of the phase space code for 2x109 particles. The
second part of the code considered the phase space a
source, and it tracked 4x101%and 6x1010 particles for
open and wedged fields. The dose distribution and
dosimetric quantities were calculated, respectively.

ISOgray TPS evaluation

The PDDs and the dose profiles for the exact three
field sizes and depths for the open and wedged (602)
fields for MC and TPS results were compared and the
accuracy of dose calculation of ISOgray TPS were
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evaluated.

For the other wedge angles, the effective doses
with the combination of MC open and wedged fields
using the Petti equation (1) (8 for 5, 10, 15, 20, 30,
and 452 wedge angles in 10x10 cmZ?field size and 10
cm depth were calculated.

o
tanHW +f—l (1)

tan 6,

B is the wedged field weighting factor normalized
to one by open field weighting factor (4), 6wand 6g
are nominal and effective wedge angles, respectively,
and the f factor is the ratio of the slopes of the PDD
curves for the open and wedged fields. The following
formula presents the effective wedge distribution
(D): D= (A x Do) + (B x Dw) (2)

In this formula A and B are the proportions of the
open (Do) and wedged (Dw) fields, respectively
(A+B=1) 18),

In the last step, the effective isodose curves that
resulted from the equation (1) were compared with
ISOgray results. TPS's accuracy was evaluated using
the gamma index tool with 2%-2 mm criteria.

Statistical analysis

In this study, R Software (version R-3.4.1, by the
Foundation for Statistical Computing Company,
Vienna, Austria) was used to perform the statistical
analyses. Statistical significance was evaluated using
the t-test and a p-value of less than 0.05 was
accounted as a statistical significance.

RESULTS

ISOgray TPS evaluations

The authors in the current study performed a
two-stage evaluation of the TPS for the open and
wedged fields. First, the PDDs for three field sizes
(including 5x5, 10x10, and 20x20 cm? fields) were
compared, and then investigated the dose profiles at
three depths (5, 10, and 20 cm). In all evaluations, the
gamma index with 2%-2 mm criteria were used.

Figure 1 illustrates the PDDs for open and wedged
fields of 5x5, 10x10, and 20x20 cm? field sizes. The
corresponding gamma index values are listed in
table 2. Based on table 2, the PDDs for all the open
and wedged fields meets the criteria, with a pass rate
of 100%. The investigators did not observe any
statistically significant differences in these fields. The
p-values for the open fields were 0.824, 0.773, and
0.995 for the 5x5, 10x10, and 20x20 cm? field sizes,
respectively. Similarly, for the wedged fields, the
p-values were 0.788, 0.859, and 0.941 for the same
field sizes.

In figure 2, the dose profiles for open and wedged
fields at depth of 10 cm are displayed for field sizes of
5x5, 10x10, and 20x20 cm2. The corresponding

gamma index results are listed in Table 2. Based on
the results in table 2, the gamma index values for the
dose profiles of open fields meet the criteria,
indicating no statistically significant difference
between the MC and TPS dose profiles. The p-values
for the open fields are 0.804, 0.929, and 0.922 for the
5x5, 10x10, and 20x20 cm? field sizes, respectively.
However, the dose profile points for the wedged
fields fail to meet the gamma index criteria for the
20x20 cm?field size, although there is no statistically
significant difference. The p-values for the wedged
fields are 0.947, 0.789, and 0.996 for the 5x5, 10x10,
and 20x20 cm? field sizes, respectively.

Evaluation of TPS's effective wedge angle

In the final stage, the researchers compared the
dose profiles of the investigated wedge angles,
calculated wusing the Petti analytical equation
(equation 1), with the ISOgray dose profiles. The
gamma index was used for this comparison. Figure 3
illustrates the MC and TPS dose profiles, as well as
the gamma index results for the effective wedge
angles (5, 10, 15, 20, 30, and 45°) at the reference
field size and depth.

The gamma index results for the effective wedge
angles, using a 2%-2mm criteria for MC and TPS
comparison (10x10 cm? field size) for 5, 10, 15, 20,
30, and 4592 wedge angles, are presented in Table 3.
According to the Table 3, dose profile points with all
wedge angles meet the gamma index criteria, except
for the 452 wedge angle. But also, there was not any
statistically significant difference and the p-values for
the wedge angles of 5, 10, 15, 20, 30, and 452 are
0.965, 0.976, 0.986, 0.998, 0.976, and 0.928,
respectively.

The nominal wedge angles and corresponding
effective wedge angles, determined through
experimental measurement, MC, and TPS isodose
curves, are presented in table 4. The effective wedge
angles were obtained by fitting a line to the isodose
curves following the guidelines of the ICRU24
protocol G4,

Table 2. Gamma index (with 2%-2mm criteria) pass rates for

TPS and MC’s PDDs and dose profiles comparison (three open
and wedge field). *Percentage Depth Dose

Field size (cm’) | 5x5 | 10x10 | 20x20
PDD’

Open field 100% 100% 100%

Wedged field 100% 100% 100%
Dose Profile

Depth (cm)

Open field 100% 100% 100%
Wedged field 100% 86.67% 59.60%

Table 3. Effective wedge angles’ gamma index pass rates with
2%-2mm criteria for MC and TPS comparison (10x10 cm?2 field

size).
Wedge Angle () 2%-2mm

5 100%
10 100%
15 100%
20 100%
30 100%
45 88%
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Table 4. Calculated effective wedge angles obtained from experimental measurements, MC and TPS isodose curves.

Nominal Wedge Angle (°) Dosimetry Wedge Angle (°) MC Wedge Angle () TPS Wedge Angle (°)
5 4 4 5
10 9 9 8
15 13 14 12
20 18 18 16
30 27 28 24
45 42 43 37
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Figure 1. TPS and MC’s PDDs comparison for open and wedged fields (60°) at 10 cm depth beside the gamma index with 2%-2 mm
criteria of 5x5, 10x10 and 20x20 cm? field sizes.
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Figure 2. TPS and MC’s dose profile comparison beside the gamma index results with 2%-2mm criteria for three (5x5, 10x10, 20x20
cm?) open and wedged fields (60°) at 10 cm depth.
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Figure 3. TPS and MC's effective wedge dose profiles comparison beside the gamma index results with 2%-2mm criteria for 10x10
cm? at 10 cm depth, 5°(A), 10° (B), 15°(C), 20°(D), 30°(E), 45°(F).

DISCUSSION

The study simulated and validated the Elekta
Compact linac head using Monte Carlo GATE code for
open and wedged fields. It compared PDDs and dose
profiles with ISOgray TPS calculations. Regarding to
the gamma index results for comparing the
experimental measurement and MC simulation in
open and wedged fields (table 1), more than 98% of
points could pass the 2%-2mm criteria. Therefore,
the MC simulation codes have reliable accuracy and
can be considered the gold standard for the rest of
the study. The difference which reported in MC and
TPS dose profile comparison for three open field
sizes (table 2), may relate to TPS dose calculation
algorithms. Furthermore, the gamma index passing
rate decreases with decreasing field size and
Magbool et al in 2009 @5 and Dawod et al. in 2015
(16) studies confirm the obtained results. The reason
may be the increase of penumbra area in small fields
and electron disequilibrium in the penumbra area.
Based on the results of this study, particularly in
figure 2, TPSs dose calculation does not have enough
accuracy in out-of-treatment plan fields (penumbra
area) and the results of Berris et al. 36), Howell et al
(37), Venselaar et al. 38), and Wang et al. 39 confirm
this instance.

In wedged fields with increasing the field size,
more wedge surface is placed in the field, and the non
-uniformity increase; therefore, mismatching will
also increase. The results in Table 3 indicate that TPS
cannot calculate this non-uniformity in the direction
of wedge slope, which is reported in Fraass et al
study in 1998 (9. The incoherence between TPS and
MC simulations increased with increasing the wedge
angle for investigated effective wedge angles (tables

3 and 4). It is due to the increase in scattered photons
and delivered monitor units to the wedged field that
affect beam quality. This difference between MC and
TPS dose profiles demonstrated in figure 3. Nath et al
in 1994 (1), Pasquino et al in 2009 (2),
Momennezhad et al. in 2010 39, and Dawod et al. in
2015 (1¢) studies confirm the presented results. The
results indicate that effective wedge angles are
usually less effective than nominal wedge angles
(table 4), and the difference increases by increasing
the wedge angle. It is owing to more contribution of
the scattered rays from the presence of the wedge at
large effective wedge angles. The most significant
difference is related to the nominal and TPS effective
wedge angle at 452, which is less than the difference
reported by Behjati et al. in 2018 (15) and Gamit et al
in 2020 (17). However, it's more than the acceptable
rate suggested by ICRU24 (43),

CONCLUSION

The results of the present study indicate
significant discrepancies for small open and large
wedged fields between the MC and TPS dose profile.
The practical wedge angle was smaller than the
nominal angle, especially for larger wedges. Using a
TPS with a Monte Carlo dose calculation algorithm
can help reduce the TPS dose calculation error or at
least medical physicist consider this issue in their
treatment plans and think about the solutions.
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