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a b s t r a c t

The aim of this study is to calculate the JO-IMRT dose distributions based on the AAPM TG-119 using
Monte Carlo (MC) simulation and Prowess Panther treatment planning system (TPS) (Panther, Prowess
Inc., Chico, CA). JO-IMRT dose distributions of AAPM TG-119 were calculated by the TPS and were
recalculated by MC simulation. The DVHs and 3D gamma index using global methods implemented in
the PTW-VeriSoft with 3%/3 mm were used for evaluation. JO-IMRT dose distributions calculated by TPS
and MC were matched the TG-119 goals. The gamma index passing rates with 3%/3 mm were 98.7% for
multi-target, 96.0% for mock prostate, 95.4% for mock head-and-neck, and 96.6% for C-shape. The dose in
the planning target volumes (PTV) for TPS was larger than that for the MC. The relative dose differences
in D99 between TPS and MC for multi-target are 1.52%, 0.17% and 1.40%, for the center, superior and
inferior, respectively. The differences in D95 are 0.16% for C-shape; and 0.06% for mock prostate. Mock
head-and-neck difference is 0.40% in D99. In contrast, the organ curve for TPS tended to be smaller than
MC values. JO-IMRT dose distributions for the AAPM TG-119 calculated by the TPS agreed well with the
MC.
© 2021 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

In radiotherapy, intensity-modulated radiation therapy (IMRT)
is developed to overcome the limitations of the 3D-CRT technique
[1,2]. IMRT provides the radiation doses more suitable to the tumor
by dividing the fields into multiple irregular beam segments [3].
Jaws-only IMRT (JO-IMRT) is an alternative technique that could be
applied in a LINACwithout the multileaf collimator (MLC) to deliver
the IMRT plan, which technique requires more complexity than
conventional MLC-IMRT, and the possibility of large errors in the
dose distribution [4,5]. Furthermore, the JO-IMRT plan is composed
of many small beam segments. Therefore, quality assurance (QA)
phys@yahoo.com (D. Thanh Tai).

by Elsevier Korea LLC. This is an
for the JO-IMRT plan before treatment is one of the important steps,
requires a lot of technical skill, experience as well as equipment,
and also an indispensable step in the treatment process [6]. QA for
JO-IMRT plans can be carried out using a variety of dosimetric de-
vices, methods, and so forth to verify the accuracy of JO-IMRT dose
distributions. In our previous works [7e11], we performed QA for
the JO-IMRT plans using both experimental dosimetry and MC
simulation for the head-and-neck cancer cases. In 2009, a set of test
cases included multi-target, mock prostate, mock head-and-neck,
and C-shape has been developed by the (American Association of
Physicists in Medicine) Task Group 119 (TG-119) to estimate the
overall accuracy of planning and delivery of IMRT treatments [12].
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Since TG-119 has been published until now, researchers have
shown an increased interest in not only IMRT but also volumetric
modulated arc therapy (VMAT). Dinesh et al. (2012) [13] compared
VMAT and IMRT plans using AAPM TG-119 test cases. Their IMRT
and VMAT planning results matched TG-119 goals. Nithya et al.
(2015) [14] created the TG-119 test plans for IMRT and VMAT using
Monaco treatment planning system (TPS), and compared their re-
sults with the reports of Ezzell et al. [12] and Dinesh et al. [13]. They
also achieved the goals mentioned in AAPM TG-119 using the
Monaco TPS. Ashokkumar et al. (2017) [15] validated the commis-
sioning of upgraded 6MV FFF beam dosimetrically using AAPM TG-
119 benchmark plans for VMATand to compare with IMRT plans for
both FF and FFF photon beams. Nainggolan et al. (2019) [16] eval-
uated VMAT and IMRT in Eclipse TPS using the TG-119. It can be
seen that most of the above studies only calculated the dose dis-
tributions in TPS and did not include results from MC simulations.
MC simulation is proposed as an appropriate dose verification for
treatment plans instead of experimental evaluations measured by
ionization chambers, film or two-dimensional (2D) array detectors
and so on [6,17,18]. In 2018, Onizuka et al. [19] performed MC
simulation to verify VMAT dose distributions of TPS using the
AAPM TG-119 structure sets. Their results pointed out that the MC
simulation and 3D gamma analysis is useful to verify the dose
distributions. Hence, the aim of this study is to verify the JO- IMRT
dose distributions from Prowess Panther TPS (evaluated) by
comparing the plan dosimetry with MC simulation (reference)
using the AAPM TG-119 test cases, which is not found anywhere.
2. Materials and methods

2.1. JO-IMRT plan in Prowess Panther TPS

Computed tomography (CT) images of four structure sets were
downloaded directly from the AAPM website (www.aapm.org) and
imported into Prowess Panther TPS. Fig. 1 shows the structures of
Multi-Target (a), Mock Prostate (b), Mock Head-and-Neck (c), and
C-shape (d). The JO-IMRT dose distributions of these cases were
calculated by the collapsed-cone convolution (CCC) algorithm using
the 6 MV photon beam generated by a Siemens Primus LINAC
(Siemens Medical Solutions, Concord, CA). All the JO-IMRT beam
Fig. 1. AAPM TG-119 s
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parameters, dose prescriptions, and planning objectives followed
the TG-119 guidelines [12].
2.2. Monte Carlo simulation

2.2.1. Modeling of Siemens Primus head configuration using the
BEAMnrc

The head configuration of the Siemens Primus M5497 LINAC at
the Dong Nai General hospital was modeled by the EGSnrc-based
BEAMnrc code for 6 MV photon beam. All material components,
dimensions of the accelerator consisting of a target, primary colli-
mator, flattening filter, internal ionization chamber, mirror, and
secondary collimator were provided by the vendor and detailed in
the published works [20,21]. The percentage depth dose (PDD) and
dose profiles for a field size of 2 � 2, 5 � 5, and 10 � 10 cm2 were
calculated using the DOSXYZnrc code. The measurements were
performed using ionization chamber CC13, with a cavity volume of
0.13 cm3 with a length of 5.8 mm and a radius of 3 mm (IBA
Dosimetry, Germany), in a water phantom with dimension of
50 � 50 � 30 cm3. The ionization chamber was controlled by the
Omni Pro-accept V7.4c through the CU500E block (IBA Dosimetry,
Germany), which was responsible for providing ± 300 V for the
chamber, and controlling the chamber to the correct position to
measure. The PDD and dose profiles at SSD ¼ 100 cm for field sizes
of 2 � 2, 5 � 5, and 10 � 10 cm2 were measured to compare the
results from MC simulations.
2.2.2. Calculation of JO-IMRT dose distributions as per TG-119 test
cases

After the JO-IMRT dose distributions of the four tests was
calculated by Prowess Panther TPS, All parameters of isocenter,
field size, SSD, gantry angles, and DICOM plan files were imported
into the DOSCTP [22,23], which was used for the calculation of 3D
dose distribution using MC simulation. The calculation grid size
was set at 0.3 � 0.3 � 0.3 cm3. Source number 8 in the library of
DOSXYZnrc codes [11] was used with MC parameters. The electron
and the photon cut-off energies were: ECUT ¼ 0.70 MeV and
PCUT ¼ 0.01 MeV, respectively. The number of history was equal to
2 � 109.
tructure sets [12].

http://www.aapm.org


Fig. 2. Flowchart showing the main process for comparing the MC and TPS dosimetry using the gamma index.
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2.2.3. Data analysis method
The DVH and gamma index (3%/3 mm) were used to compare

the MC and TPS results. The DVH was determined using the CERR
program [24] and the gamma index was implemented in the Ver-
isoft (PTW) program. Fig. 2 shows the flowchart of themain process
of the MC and TPS comparison using the gamma index.

In the first step, The RS.dcm and RD.dcm files were exported by
TPS and then imported into the Verisoft. In the second step,
the.*3ddose file from the MC simulation using the EGSnrc code was
converted to RD.*dcm by combining between the DOSCTP and
CERR. The RD.*dcm files from simulation associated with RS.*dcm
file were also used as an input in the Verisoft-PTW to perform an
evaluation of the 2D and 3D global gamma criteria of 3% dose dif-
ference (DD) and 3 mm distance to agreement (DTA) [12].

The confidence limit (CL) was calculated based on the results
from the 3D gamma analysis by equation (1):

CL¼ð100�meanÞ þ 1:96s (1)

where mean is the mean percentage of points passing gamma
criteria and s is the standard deviation.

The relative percentage dose difference between MC and TPS
was calculated according to equation (2) [25]:
Fig. 3. Comparison of measured (solid lines) and MC - calculate
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DDð%Þ¼100� ðjDMC � DTPSjÞ
DPres

(2)

In Eq. (2), DD: relative percentage dose difference of MC with
TPS, DMC: the absolute dose of Monte Carlo, DTPS: the absolute dose
of TPS, DPres: the prescription dose

We also calculated the conformity index (CI) [26] and homo-
geneity index (HI) [27] for all tests using equation (3):

CI¼ PTVref

PTV
� PTVref

Vref
(3)

In Eq. (3), Vref is the volume of the organwhich is outlined by the
prescription isodose-line. PTVref is the volume of PTV which is
outlined by the prescription isodose-line.

HI¼D2% � D98%

DP
(4)

In Eq. (4), D2% and D98% represent doses received at 98% and 2%
of the volume coverage, respectively. Dp demonstrates the pre-
scription dose.
d (dots) dose profiles (a) and PDDs (b) of a 2 � 2 cm2
field.



Fig. 4. Comparison of measured (solid lines) and MC - calculated (dots) dose profiles (a) and PDDs (b) of a 5 � 5 cm2
field.
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3. Results

3.1. Modeling of Siemens Primus head configuration using the
BEAMnrc

The PDD was normalized at a depth of 1.5 cm and the dose
profiles were calculated andmeasured at depths of 5, 10 and 20 cm.

Figs. 3, 4 and 5 illustrate a comparison of the measured and MC-
calculated PDDs and dose profiles at 2 � 2, 5 � 5, and 10 � 10 cm2

photon fields, respectively. The measured and calculated MC PDDs
agreed within 2% up to a depth of 30 cm, except at the build-up
region (3.9% of maximum dose difference). Similarly, dose profiles
also agreed within 2%, except in the penumbral regions at depths of
5, 10, and 20 cm (2.6% of maximum dose difference). The Siemens
Primus head configuration was therefore well modeled by the
BEAMnrc.
3.2. Calculation of JO-IMRT dose distributions based on the TG-119
test cases

3.2.1. The dose-volume histograms (DVH)
Fig. 6 shows a comparison of DVH calculated by TPS and MC

using the TG-119 structural sets. It can be observed that the DVH
calculated by the TPS agreed well with the MC.
Fig. 5. Comparison of measured (solid lines) and MC - calculated
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The results from the DVH are summarized in Table 1. The relative
dose differences between TPS and MC were 1.52%, 0.17%, and 1.40%
in D99 at the center, superior, and inferior, respectively for multi-
target, 0.06% in D95 for mock prostate, 0.40% in D99 for mock
head-and- neck, and 0.16% in D95 for C-shape.

Fig. 7 represents a minimum, 25%, 50%, 75%, and maximum
values in order, and the dot inside the box is the mean value in each
parallel bar of the box plot. As one can see from Fig. 7, the CI, HI of
TPS and MC were similar. The average CI and HI were 0.70 and 0.74,
0.21 and 0.17 for TPS and MC, respectively.
3.2.2. Gamma evaluation
We calculated the 2D and 3D gamma indices by comparing TPS

and MC calculated dose distributions. The 2D analysis was con-
ducted by considering each transversal, coronal and sagittal planes.
The 3D analysis evaluated the total volume. Generally, the gamma
index passing rate with 3%/3 mm criteria for the head-and-neck
cases is the lowest among the TG-119 test cases. This is a com-
plex case due to the left and right parotids and spinal cord located
very near the PTV. Otherwise, the multi-target case is the easiest
cases with the highest gamma index passing rate of 98.7%.

Fig. 8 illustrates a comparison of 2D gamma distributions with
3%/3 mm criteria in transversal (Fig. 8a), coronal (Fig. 8b), and
sagittal (Fig. 8c) planes for the multi-target case. The 2D gamma
(dots) dose profiles (a) and PDDs (b) of a 10 � 10 cm2
field.



Fig. 6. DVH comparisons of the TPS and MC for Multi-target (a), Prostate (b), Head-and-Neck (c), C-Shape (d).

Table 1
Dosimetric difference indices between MC and TPS.

Structure Parameter Goal (cGy) Our work (cGy) Onizuka et al. (2018) (cGy) Ezzell et al. (2009)
(cGy)

TPS MC DD(%) TPS MC DD(%)

Multi e Target
Central D99 >5000 4973 4894 1.52 5130 5060 1.35 4955

D10 <5300 5284 5298 0.27 5280 5310 0.58 5455
Superior D99 >2500 2608 2617 0.17 2600 2480 2.31 2516

D10 <3500 3449 3770 6.17 3300 3600 5.77 3412
Inferior D99 >1250 1324 1251 1.40 1350 1260 1.73 1407

D10 <2500 2393 2054 6.52 2320 2300 0.38 2418

Mock Prostate
PTV D95 >7560 7316 7311 0.06 7580 7460 1.54 7566

D5 <8300 7952 7977 0.32 7920 7990 0.90 8143
Rectum D30 <7000 6971 6755 2.77 6610 6680 0.90 6536

D10 <7500 7498 7473 0.32 7540 7520 0.26 7303
Bladder D30 <7000 4894 4692 2.59 4180 4390 2.69 4394

D10 <7500 6572 6177 5.06 7140 7140 0.00 6269

Mock Head/Neck
PTV D90 >5000 4999 4978 0.40 5140 5070 1.35 5028

D99 >4650 4112 4076 0.69 4850 4710 2.69 4704
D20 <5500 5493 5500 0.85 5260 5390 2.50 5299

Cord Dmax <4000 3714 3664 0.96 3920 4050 2.50 3741
Parotid D50 <2000 1898 1972 1.42 1900 2040 2.69 1798

C-Shape
PTV D95 >5000 5011 5003 0.16 5080 5030 1.00 5010

D10 <5500 5478 5491 0.26 5500 5580 1.60 5440
Core D5 <2500 2498 2357 2.82 2380 2500 2.40 2200
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passing rates with 3%/3 mm criteria were 98.7%, 96.7%, 94.5% at
transversal, sagittal, and coronal planes, respectively.
4102
Fig. 9 gives information about 2D gamma distributions of 3%/
3 mm in the three planes (transversal (Fig. 9a), coronal (Fig. 9b),



Fig. 7. A comparison of (a) CI and (b) HI between TPS and MC.

Fig. 8. Comparison of the 2D gamma between TPS and MC for multi-target case.

Fig. 9. Comparison of 2D gamma between TPS and MC for the mock prostate case.
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sagittal (Fig. 9c)) for the mock prostate case stood at 98.9%, 99.4%,
98.8%, respectively. The maximum difference in gamma passing
rates is as high as 5.2%. Positions that did not meet local gamma
criteria are mainly at lower doses and low gradient areas.

A comparison of 2D gamma distributions with 3%/3 mm criteria
in transversal, coronal, sagittal planes for the head-and-neck case is
shown in Fig. 10. There was 97.4% gamma passing rate with criteria
of 3%/3 mm in a transversal plane (Fig. 10a), 99.5% in sagittal
(Fig. 10b) and 90.5% in coronal (Fig. 10c) plane. The 2D gamma in
coronal plane demonstrated worse results than did the transversal
4103
and sagittal plane
Fig. 11 shows the comparison for the dose distributions of the

MCwith TPS in the C-Shape case using global gamma criteria of 3%/
3 mm in the PTW-Verisoft.

The gamma passing rate for the C-Shape case was 98.5% for
transversal (Fig. 11a), 100% for coronal (Fig. 11b), and 94.3% for
sagittal (Fig. 11c). Figs. 8, 9, 10 and 11 illustrate the results of eval-
uating 2D gamma index on transversal, sagittal, and coronal planes
of Multi-target, Prostate, Head-and-Neck and C-Shape case. It was
highly consistent that the discrepancies occurred at the boundary



Fig. 10. Comparison of 2D gamma between TPS and MC for the head-and-neck case.

Fig. 11. Comparison of 2D gamma between TPS and MC for C-Shape case.

Table 2
3D gamma passing rate with of 3%/3 mm criteria.

Test % Gamma (3%/3 mm)

Multi - Target 98.7
Mock Prostate 96.0
Head-neck 95.4
C-shape easy 96.6

Mean 96.7
Standard deviation 1.44
CL ¼ (100 - mean) þ 1.96 s 6.14
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regions (i.e. high-dose dose areas) due to the effect of deterioration
and scattering near the air, the surfaces indicate this difference.
With a 3%/3 mm gamma criterion and a 10% threshold dose, the
overall pass rate with local gamma (2D Gamma) is on average less
than 3.8%. The maximum difference in the pass rate was as high as
9.5%, in the coronal plane for the head-and-neck case.

The radiotherapy practice requires 3D dose verification based on
actual patient anatomies. The 3D gamma is an extension of the 2D
gamma index into another dimension, allowing for consideration
and evaluation of the entire volumetric patient dose distribution.
The 3D gamma passing rate for the TG 119 test cases are summa-
rized in Table 2.

The average 3D gamma index passing rates with 3%/3mmof TPS
with MC were 98.7%, 96.0%, 95.4%, and 96.6%, for Multi-target,
Prostate, Head-and-Neck, and C-Shape, respectively. The CL ob-
tained from the 3D gamma analysis for all cases were 6.14%. All
these CLs were agreed well according to the TG 119
recommendation.
4104
4. Discussion

AAPM TG-119 proposed 4 test for testing the accuracy of IMRT
planning and delivery system. In this study, we applied the test
based on the TG-119 to evaluate the accuracy of the JO-IMRT
technique, implemented in Prowess Panther TPS on Siemens Pri-
mus LINAC using MC. To achieve this goal, the head of LINAC was
simulated and the JO-IMRT dose distributions were determined
using TPS and MC simulation.

By determinating the mean energy, full width at half maximum
of the initial beam [20] together with the application of variance
reduction techniques in MC simulation using the EGSnrc code [21],
the PDDs and beam profiles in Figs. 3, 4 and 5 between MC and
measurement for the 2 � 2, 5 � 5 and 10 � 10 cm2

field size are in
good agreement, which helps to increase the accuracy of calcu-
lating the JO-IMRT dose distribution.

The JO-IMRT dose distribution was calculated by TPS and MC.
DVH plays an important role in evaluating the JO-IMRT plan,
because the DVH values contain not only target volumes but also
the critical organs. A comparison of DVHs calculated by TPS and MC
for the TG-119 structural sets are shown in Fig. 6. In this study, It can
be seen that in all 4 cases of the TG-119, the dose in the PTV for TPS
tends to be greater than MC. In contrast, the dose in organs for TPS
tends to be smaller than MC. This study produced results that
corroborate the findings of a great deal of the previous work [19].

Table 1 presents the dosimetric indices difference between MC
and TPS. The relative percentage dose differences between MC and
TPS were 2.68%, 1.85%, 0.72%, and 1.08% for multi-target, mock
prostate, mock head-and-neck, and C-shape. The average dose
difference between MC and TPS was 1.96%. This also agrees with
Onizuka et al. [19]. Additionally, the CI of TPS andMCwere 0.56 and
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0.65 for mock prostate, 0.78 and 0.77 for head-and-neck, 0.77 and
0.80 for C-shape. The HI of TPS and MC were 0.23 and 0.22 for
multi-target, 0.13 and 0.11 for mock prostate, 0.35 and 0.24 for
head-and-neck, 0.12 and 0.11 for C-shape. The average CI and HI
were 0.70 and 0.74, 0.21 and 0.17 for TPS and MC, respectively. As
one can see from Fig. 7, the CI and HI of TPS and MC were similar.

JO-IMRT dose distributions calculated by Prowess Panther TPS
(“evaluated”) and recalculated Monte Carlo (“reference”) were
compared using 2D and 3D gamma analysis with 3%/3 mm criteria.
Tai et al. [7] performed quality assurance of the JO-IMRT plans for
head-and-neck cancer by using MapCHECK 2 (2D gamma) and
Octavius 4D 1500 (3D gamma). The average gamma index based on
the 3%/3 mm criteria were 96.7%and 94.7%, for 2D, 3D gamma,
respectively. The results of this study for head-and-neck case of the
TG-119 indicate that the average 2D and 3D gamma was 97.4% and
95.4%, respectively. The results of the current study are consistent
with Tai et al. [7,8]. Furthermore, the average 3D gamma index
passing rates with 3%/3 mm of TPS with MC for all TG-119 test cases
were 96.9%.

The AAPM TG-119 sets of the test cases are very helpful in
evaluating the quality of the JO-IMRT plans and are imported into
the Prowess Panther TPS to calculate the dose distributions
compared with MC. The results of dose difference, DVH, gamma
analysis showed good agreement between TPS and MC.

5. Conclusions

The Prowess Panther TPS-calculated JO-IMRT dose distributions
in the study agreed well with Monte Carlo simulation based on the
AAPM TG-119 test cases. The Prowess Panther TPS is capable of
creating JO-IMRT plans not only for head-and-neck but also for
models of multi-target, prostate, and C-shape according to the TG-
119.

Financial disclosure

None declared.

Declaration of competing interest

The authors declare that they have no known competing
financial interests or personal relationships that could have
appeared to influence the work reported in this paper.

References

[1] J.C. Chow, M.K. Leung, M.K. Islam, B.D. Norrlinger, D.A. Jaffray, Evaluation of
the effect of patient dose from cone beam computed tomography on prostate
IMRT using Monte Carlo simulation, Med. Phys. 35 (1) (2008) 52e60.

[2] M. Lambrecht, D. Nevens, S.J. Nuyts, Intensity-modulated radiotherapy vs.
parotid-sparing 3D conformal radiotherapy, Strahlenther. Onkol. 189 (3)
(2013) 223e229.

[3] J.C. Chow, M. Seguin, A. Alexander, Dosimetric effect of collimating jaws for
small multileaf collimated fields, Med. Phys. 32 (2) (2005) 759e765.

[4] J. Nguyen, Method for Intensity Modulated Radiation Treatment Using Inde-
pendent Collimator Jaws, US: PROWESS, Inc., Chico, CA, 2006.

[5] M.A. Earl, C.X. Yu, Z. Jiang, D.M. Shepard, Jaws-only IMRT using direct aperture
optimization, Med. Phys. 34 (1) (2007) 307e314.

[6] F. Tang, J. Sham, C.M. Ma, J.S. Li, Monte Carlo-based QA for IMRT of head and
4105
neck cancers, J. Phys. Conf. 74 (2007), 021021.
[7] D.T. Tai, N.D. Son, T.T.H. Son Loan, H.P.W. Anson, Quality assurance of the jaws

only-intensity modulated radiation therapy plans for head-and-neck cancer,
Phys. Med. 38 (2017) 148e152.

[8] D.T. Tai, L.T. Oanh, N.D. Son, T.T.H. Loan, J.C.J. Chow, Dosimetric and Monte
Carlo verification of jaws-only IMRT plans calculated by the Collapsed Cone
Convolution algorithm for head and neck cancers, Rep. Practical Oncol.
Radiother. 24 (1) (2019) 105e114.

[9] T.D. Tai, N.D. Son, T.T.H. Loan, N.T.H. Trang, Initial experiences of applying the
jaws-only IMRT technique in Dong nai general hospital, Vietnam, Proceedings
of International Conference on the Development of Biomedical Engineering in
Vietnam 63 (2017) 335e339.

[10] T.D. Tai, L.T. Oanh, N.D. Son, T.T.H. Loan, Evaluation of jaws-only intensity
modulated radiation therapy treatment plans using octavious 4D system, Pol.
J. Med. Phys. Eng. 24 (2) (2018) 75e78.

[11] L.T. Oanh, D.T. Tai, T.T.H. Loan, T.H. Minh, T.V. Minh, J.C.J. Chow, Dosimetric
evaluation of lung treatment plans produced by the Prowess Panther system
using Monte Carlo simulation, Biomedical Physics and Engineering Express 5
(5) (2019).

[12] G.A. Ezzell, J.W. Burmeister, N. Dogan, T.J. LoSasso, J.G. Mechalakos,
D. Mihailidis, A. Molineu, J.R. Palta, C.R. Ramsey, IMRT commissioning: mul-
tiple institution planning and dosimetry comparisons, a report from AAPM
Task Group 119, Med. Phys. 36 (11) (2009) 5359e5373.

[13] D.K. Mynampati, R. Yaparpalvi, L. Hong, H.C. Kuo, D.J. Mah, Application of
AAPM TG 119 to volumetric arc therapy (VMAT), J. Appl. Clin. Med. Phys. 13
(5) (2012) 108e116.

[14] L. Nithya, N.A.N. Raj, S. Rathinamuthu, M.B. Pandey, Analyzing the perfor-
mance of the planning system by use of AAPM TG 119 test cases, Japanese
Society of Radiological Technology and Japan Society of Medical Physics 9
(2015) 22e29.

[15] A. Sangaiah, K. Ganesh, K. Ramalingam, K. Karthikeyan, N. Jagadheeskumar,
Dosimetric validation of volumetric modulated arc therapy (VMAT) using
AAPM TG-119 benchmark plans in an upgraded CLINAC 2100CD for flattening
filter free (FFF) photon beams, Asian Pac. J. Cancer Prev. APJCP 18 (11) (2017)
2965e2970.

[16] A. Nainggolan, S.A. Pawiro, Dosimetric evaluation of volumetric modulated arc
therapy (VMAT) and intensity modulated radiotherapy (IMRT) using AAPM TG
119 protocol, Biomedical Physics and Engineering Express 9 (4) (2019)
395e408.

[17] C.Y. Yeh, C.J. Tung, C.C. Lee, M.H. Lin, T.C. Chao, Measurement-based Monte
Carlo simulation of high definition dose evaluation for nasopharyngeal cancer
patients treated by using intensity modulated radiation therapy, Radiat. Meas.
71 (2014) 333e337.

[18] C.M. Ma, T. Pawlicki, S.B. Jiang, J.S. Li, J. Deng, E. Mok, A. Kapur, L. Xing, L. Ma,
A.L. Boyer, Monte Carlo verification of IMRT dose distributions from a com-
mercial treatment planning optimization system, Phys. Med. Biol. 45 (9)
(2000) 2483e2495.

[19] R. Onizuka, F. Araki, T. Ohno, Monte Carlo dose verification of VMAT treatment
plans using Elekta Agility 160-leaf MLC, Phys. Med. 51 (2018) 22e31.

[20] D.T. Tai, N.D. Son, T.T.H. Loan, H.D. Tuan, A method for determination of pa-
rameters of the initial electron beam hitting the target in linac, in: Journal of
Physics: Conference Series, IOP Publishing, 2017, 012032.

[21] T.D. Hoang, T.T. Duong, O.T. Luong, L.T.H. Truong, Application of variance
reduction techniques in EGSnrc based Monte-Carlo method, Science and
Technology Development Journal 22 (2) (2019) 258e263.

[22] J.C. Chow, Some computer graphical user interfaces in radiation therapy,
World J. Radiol. 8 (3) (2016) 255e267.

[23] J.C. Chow, M.K. Leung, A graphical user interface for calculation of 3D dose
distribution using Monte Carlo simulations, in: Journal of Physics: Conference
Series, IOP Publishing, 2008, 012003.

[24] J.O. Deasy, A.I. Blanco, V.H. Clark, CERR: a computational environment for
radiotherapy research, Med. Phys. 30 (9) (2003) 979e985.

[25] S. Nirmal, K. Paul, M. Ivaylo, W. Qiuwen, W. Yan, W. Jeffrey, S. Rupert,
S. Jeffrey, Monte Carloebased dosimetry of head-and-neck patients treated
with SIB - IMRT, Int. J. Radiat. Oncol. Biol. Phys. 64 (3) (2006) 968e977.

[26] D. Baltas, C. Kolotas, K. Geramani, R.F. Mould, G. Ioannidis, M. Kekchidi,
N. Zamboglou, A conformal index (COIN) to evaluate implant quality and dose
specification in brachytherapy, Int. J. Radiat. Oncol. Biol. Phys. 40 (2) (1998)
515e524.

[27] I.J. Das, Prescribing, recording, and reporting photon-beam intensity-modu-
lated radiation therapy (IMRT), Journal of the International Commission on
Radiation Units and Measurements (ICRU) 10 (1) (2010).

http://refhub.elsevier.com/S1738-5733(21)00408-3/sref1
http://refhub.elsevier.com/S1738-5733(21)00408-3/sref1
http://refhub.elsevier.com/S1738-5733(21)00408-3/sref1
http://refhub.elsevier.com/S1738-5733(21)00408-3/sref1
http://refhub.elsevier.com/S1738-5733(21)00408-3/sref2
http://refhub.elsevier.com/S1738-5733(21)00408-3/sref2
http://refhub.elsevier.com/S1738-5733(21)00408-3/sref2
http://refhub.elsevier.com/S1738-5733(21)00408-3/sref2
http://refhub.elsevier.com/S1738-5733(21)00408-3/sref3
http://refhub.elsevier.com/S1738-5733(21)00408-3/sref3
http://refhub.elsevier.com/S1738-5733(21)00408-3/sref3
http://refhub.elsevier.com/S1738-5733(21)00408-3/sref4
http://refhub.elsevier.com/S1738-5733(21)00408-3/sref4
http://refhub.elsevier.com/S1738-5733(21)00408-3/sref5
http://refhub.elsevier.com/S1738-5733(21)00408-3/sref5
http://refhub.elsevier.com/S1738-5733(21)00408-3/sref5
http://refhub.elsevier.com/S1738-5733(21)00408-3/sref6
http://refhub.elsevier.com/S1738-5733(21)00408-3/sref6
http://refhub.elsevier.com/S1738-5733(21)00408-3/sref7
http://refhub.elsevier.com/S1738-5733(21)00408-3/sref7
http://refhub.elsevier.com/S1738-5733(21)00408-3/sref7
http://refhub.elsevier.com/S1738-5733(21)00408-3/sref7
http://refhub.elsevier.com/S1738-5733(21)00408-3/sref8
http://refhub.elsevier.com/S1738-5733(21)00408-3/sref8
http://refhub.elsevier.com/S1738-5733(21)00408-3/sref8
http://refhub.elsevier.com/S1738-5733(21)00408-3/sref8
http://refhub.elsevier.com/S1738-5733(21)00408-3/sref8
http://refhub.elsevier.com/S1738-5733(21)00408-3/sref9
http://refhub.elsevier.com/S1738-5733(21)00408-3/sref9
http://refhub.elsevier.com/S1738-5733(21)00408-3/sref9
http://refhub.elsevier.com/S1738-5733(21)00408-3/sref9
http://refhub.elsevier.com/S1738-5733(21)00408-3/sref9
http://refhub.elsevier.com/S1738-5733(21)00408-3/sref10
http://refhub.elsevier.com/S1738-5733(21)00408-3/sref10
http://refhub.elsevier.com/S1738-5733(21)00408-3/sref10
http://refhub.elsevier.com/S1738-5733(21)00408-3/sref10
http://refhub.elsevier.com/S1738-5733(21)00408-3/sref11
http://refhub.elsevier.com/S1738-5733(21)00408-3/sref11
http://refhub.elsevier.com/S1738-5733(21)00408-3/sref11
http://refhub.elsevier.com/S1738-5733(21)00408-3/sref11
http://refhub.elsevier.com/S1738-5733(21)00408-3/sref12
http://refhub.elsevier.com/S1738-5733(21)00408-3/sref12
http://refhub.elsevier.com/S1738-5733(21)00408-3/sref12
http://refhub.elsevier.com/S1738-5733(21)00408-3/sref12
http://refhub.elsevier.com/S1738-5733(21)00408-3/sref12
http://refhub.elsevier.com/S1738-5733(21)00408-3/sref13
http://refhub.elsevier.com/S1738-5733(21)00408-3/sref13
http://refhub.elsevier.com/S1738-5733(21)00408-3/sref13
http://refhub.elsevier.com/S1738-5733(21)00408-3/sref13
http://refhub.elsevier.com/S1738-5733(21)00408-3/sref14
http://refhub.elsevier.com/S1738-5733(21)00408-3/sref14
http://refhub.elsevier.com/S1738-5733(21)00408-3/sref14
http://refhub.elsevier.com/S1738-5733(21)00408-3/sref14
http://refhub.elsevier.com/S1738-5733(21)00408-3/sref14
http://refhub.elsevier.com/S1738-5733(21)00408-3/sref15
http://refhub.elsevier.com/S1738-5733(21)00408-3/sref15
http://refhub.elsevier.com/S1738-5733(21)00408-3/sref15
http://refhub.elsevier.com/S1738-5733(21)00408-3/sref15
http://refhub.elsevier.com/S1738-5733(21)00408-3/sref15
http://refhub.elsevier.com/S1738-5733(21)00408-3/sref15
http://refhub.elsevier.com/S1738-5733(21)00408-3/sref16
http://refhub.elsevier.com/S1738-5733(21)00408-3/sref16
http://refhub.elsevier.com/S1738-5733(21)00408-3/sref16
http://refhub.elsevier.com/S1738-5733(21)00408-3/sref16
http://refhub.elsevier.com/S1738-5733(21)00408-3/sref16
http://refhub.elsevier.com/S1738-5733(21)00408-3/sref17
http://refhub.elsevier.com/S1738-5733(21)00408-3/sref17
http://refhub.elsevier.com/S1738-5733(21)00408-3/sref17
http://refhub.elsevier.com/S1738-5733(21)00408-3/sref17
http://refhub.elsevier.com/S1738-5733(21)00408-3/sref17
http://refhub.elsevier.com/S1738-5733(21)00408-3/sref18
http://refhub.elsevier.com/S1738-5733(21)00408-3/sref18
http://refhub.elsevier.com/S1738-5733(21)00408-3/sref18
http://refhub.elsevier.com/S1738-5733(21)00408-3/sref18
http://refhub.elsevier.com/S1738-5733(21)00408-3/sref18
http://refhub.elsevier.com/S1738-5733(21)00408-3/sref19
http://refhub.elsevier.com/S1738-5733(21)00408-3/sref19
http://refhub.elsevier.com/S1738-5733(21)00408-3/sref19
http://refhub.elsevier.com/S1738-5733(21)00408-3/sref20
http://refhub.elsevier.com/S1738-5733(21)00408-3/sref20
http://refhub.elsevier.com/S1738-5733(21)00408-3/sref20
http://refhub.elsevier.com/S1738-5733(21)00408-3/sref21
http://refhub.elsevier.com/S1738-5733(21)00408-3/sref21
http://refhub.elsevier.com/S1738-5733(21)00408-3/sref21
http://refhub.elsevier.com/S1738-5733(21)00408-3/sref21
http://refhub.elsevier.com/S1738-5733(21)00408-3/sref22
http://refhub.elsevier.com/S1738-5733(21)00408-3/sref22
http://refhub.elsevier.com/S1738-5733(21)00408-3/sref22
http://refhub.elsevier.com/S1738-5733(21)00408-3/sref23
http://refhub.elsevier.com/S1738-5733(21)00408-3/sref23
http://refhub.elsevier.com/S1738-5733(21)00408-3/sref23
http://refhub.elsevier.com/S1738-5733(21)00408-3/sref24
http://refhub.elsevier.com/S1738-5733(21)00408-3/sref24
http://refhub.elsevier.com/S1738-5733(21)00408-3/sref24
http://refhub.elsevier.com/S1738-5733(21)00408-3/sref25
http://refhub.elsevier.com/S1738-5733(21)00408-3/sref25
http://refhub.elsevier.com/S1738-5733(21)00408-3/sref25
http://refhub.elsevier.com/S1738-5733(21)00408-3/sref25
http://refhub.elsevier.com/S1738-5733(21)00408-3/sref25
http://refhub.elsevier.com/S1738-5733(21)00408-3/sref26
http://refhub.elsevier.com/S1738-5733(21)00408-3/sref26
http://refhub.elsevier.com/S1738-5733(21)00408-3/sref26
http://refhub.elsevier.com/S1738-5733(21)00408-3/sref26
http://refhub.elsevier.com/S1738-5733(21)00408-3/sref26
http://refhub.elsevier.com/S1738-5733(21)00408-3/sref27
http://refhub.elsevier.com/S1738-5733(21)00408-3/sref27
http://refhub.elsevier.com/S1738-5733(21)00408-3/sref27

