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Abstract

Purpose

This study aimed to evaluate the dosimetric accuracy of respiratory gated volumetric modu-

lated arc therapy (VMAT) for lung stereotactic body radiation therapy (SBRT) under simula-

tion conditions similar to the actual clinical situation using patient-specific lung phantoms

and realistic target movements.

Methods

Six heterogeneous lung phantoms were fabricated using a 3D-printer (3DISON, ROKIT,

Seoul, Korea) to be dosimetrically equivalent to actual target regions of lung SBRT cases

treated via gated VMAT. They were designed to move realistically via a motion device

(QUASAR, Modus Medical Devices, Canada). Using the lung phantoms and a homoge-

neous phantom (model 500–3315, Modus Medical Devices), film dosimetry was performed

with and without respiratory gating for VMAT delivery (TrueBeam STx; Varian Medical Sys-

tems, Palo Alto, CA, USA). The measured results were analyzed with the gamma passing

rates (GPRs) of 2%/1 mm criteria, by comparing with the calculated dose via the AXB and

AAA algorithms of the Eclipse Treatment Planning System (version 10.0.28; Varian Medical

Systems).

Results

GPRs were greater than the acceptance criteria 80% for all film measurements with the sta-

tionary and homogeneous phantoms in conventional QAs. Regardless of the heterogeneity

of phantoms, there were no significant differences (p > 0.05) in GPRs obtained with and

without target motions; the statistical significance (p = 0.031) was presented between both

algorithms under the utilization of heterogeneous phantoms.
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Conclusions

Dosimetric verification with heterogeneous patient-specific lung phantoms could be suc-

cessfully implemented as the evaluation method for gated VMAT delivery. In addition, it

could be dosimetrically confirmed that the AXB algorithm improved the dose calculation

accuracy under patient-specific simulations using 3D printed lung phantoms.

Introduction

Respiratory gated volumetric modulated arc therapy (VMAT) has been reported to sustain

tumor dose conformity and normal organ sparing despite the significant target motion

induced by the patient’s respiration during beam delivery [1–3]. Recently, gating technology

in VMAT has become clinically available to improve the dosimetric efficacy of stereotactic

body radiotherapy (SBRT) to respiratory moving targets.

Currently, respiratory gated VMAT is one of the most complicated techniques used in radi-

ation therapy. During beam delivery, the dose rate, gantry rotation speed, and multi-leaf colli-

mator (MLC) leaf motions are modulated in order to achieve the desired dose distribution.

Also, gated VMAT is intentionally interrupted to synchronize with the patient’s respiratory

cycle using a respiratory patient monitoring (RPM, Varian Medical Systems, Palo Alto, CA,

USA) system [4].

Common sense suggests that end-to-end verification procedures in a realistic simulation

should be employed in the clinical planning phase before the implementation of such a com-

plicated beam delivery technique. Two factors should be considered for the realistic simulation

of gated VMAT delivery in lung SBRT. One is the patient-specific heterogeneity near the target

and the other is the target motion induced by the patient-specific respiratory pattern.

Many published reports have addressed the dose calculation errors of lung SBRT, in which

the electronic disequilibrium due to lung heterogeneities in the small field irradiations should

be taken into account [5,6]. AcurosXB (AXB), which is a Class-C dose calculation algorithm

based on a Linear Boltzmann Transport Equation, was developed as an alternative approach to

the Monte Carlo simulation method. Under heterogeneous conditions, the AXB algorithm has

been shown to produce a more valid and accurate dose calculation than the Anisotropic Ana-

lytical Algorithm (AAA) or the Class-B model-based dose calculation algorithm [7].

Unstable breathing patterns and asynchronous target motions to respiratory phases might

significantly affect the accuracy of dose delivery in gated radiotherapy [8,9]. Several studies

have suggested that respiratory-induced tumor movement should be considered in overall

radiation therapy procedures such as treatment planning, image guidance, beam delivery, and

QA verification [10–14].

Recently, several studies on gated VMAT for SBRT have reported using a homogeneous

dynamic phantom under both static and gating conditions [1,3,13,15]. However, no study has

shown the dosimetric results of gated VMAT while considering the heterogeneity and realistic

target motion in lung SBRT.

Conventional phantoms in QA tasks were composed of mainly water equivalent and homo-

geneous material and formed as simple shapes like boxes, cylinders and spheres. For some het-

erogeneity conditions, slabs made of lung tissue and bone equivalent materials might be

appended to the homogeneous media. However, the patient-specific implementation of actual

organ tissues has been morphologically limited with such phantoms. In addition, the realistic

respiratory motions have generally not been considered [1,3,4].
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In this study, the dosimetric verification of gated VMAT using 3D printed patient-specific

lung phantoms was performed by simulating real patients’ target movements and the heteroge-

neity around the targets. Also, the relative verification using a stationary homogeneous phan-

tom as the reference of conventional QA was carried out to examine the usefulness of the

heterogeneous phantom.

Using 3D printing technology, some studies have reported on the various patient-specific

applications of homogeneous mediums in radiation therapy (e.g., skin bolus, compensators,

and patient-specific phantoms) [16–18]. However, the patient-specific heterogeneity has been

rarely implemented except of the 3D printed lung phantoms employed in this study.

Previously, using the 3D printed lung phantoms, some papers were published to confirm

the accuracy of the Cyberknife Xsight Lung Tracking System [19] and to report the prelimi-

nary results of a single case [20]. However, even if the same phantoms had been partially

enrolled in the previous studies, the utilization as imaging phantom and the preliminary study

of 3D printing fabrication methods would be clearly distinguishable with the aim of this study.

In the previous article reporting a single event, the fabrication processes of 3D printed lung

phantom was mainly mentioned without any statistical analysis. For a robust conclusion on

the dosimetric accuracy of gated VMAT under realistic conditions, patient specificity should

be considered by enrolling more cases.

Materials and methods

3D-printed patient-specific moving lung phantom

A new approach was applied to produce patient-specific lung phantoms using 3D printing

technology based on patients’ computed tomography (CT) data in this study. While the mor-

phology of lung tissue is too complex to be completely implemented with generic 3D printers,

the effective similarity and accuracy of physical density for dosimetric applications was mainly

considered in fabricating the lung phantoms.

Six patients who had been treated with gated VMAT for lung SBRT were enrolled in this

study. The patients were selected to involve various and representative conditions as much as

possible for phantom fabrication. The tumor volumes, location, lung tissue volume (LTV),

respiratory motion amplitudes, and target margins of the six cases are summarized in Table 1.

Table 1. The tumor volumes, respiratory-tumor motion, and tumor margins for six cases.

No GTV (cc) Location aLTV

(cc)

Full motion

(mm)

Margin (mm)

Patient Phantom cITV dPTV

P1 1.9 2.1 LUL 290.0 7.2 2.6 5.0

P2 4.4 4.6 RUL 305.7 12.4 1.8 5.0

P3 8.3 9.3 RUL 251.5 13.5 3.8 5.0

P4 17.9 18.6 LLL 186.9 14.6 3.6 5.0

P5 8.8 8.9 RUL 134.5 17.6 3.2 5.0

P6 21.5 22.1 RLL 226.1 15.6 3.5 5.0

Mean 10.47 10.93 232.45 13.48 3.08 5.0
bSD 7.68 7.85 64.42 3.56 0.75

Abbreviations: GTV, gross tumor volume; ITV, internal target volume; PTV, planning target volume; LLL, left lower lobe; LUL, left upper lobe; RLL, right lower lobe;

RUL, right upper lobe.
aLTV, lung tissue volume with a mesh structure with a 2 mm air gap except for the tumor site in the 3D printed patient lung phantom
bSD, standard deviation
cITV = GTV + gating phase window (30–70%)
dPTV = ITV + 5 mm isotropic margin

https://doi.org/10.1371/journal.pone.0208685.t001
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The average amplitude of respiratory tumor motions during free breathing was 13.48 ± 3.56

mm, which was reduced to 3.08 ± 0.75 mm as residual movements within the gating window.

While the average volume of the actual gross tumor volumes (GTVs) was 10.47 cm3 (ranging

1.9–21.5 cm3), the mean value of the 3D printed tumor volumes was 10.93 cm3 (ranging 2.1–

22.1 cm3). The study was approved by the Institutional Review Board of Asan Medical Center,

and informed consent was waived because of the retrospective nature of the study.

As shown in Fig 1(A), the lung phantoms were designed on the basis of the end-of-exhale

phase image extracted from a 4D-CT (LightSpeed RT16, GE Healthcare, USA) data set. The

phantom insert was designed to be cylindrical with a diameter of 8 cm and length 15 cm to fit

into the respiratory motion device (QUASAR, Modus Medical Devices, Canada), while the

center of each GTV was placed at the middle of the phantom. The cylindrical insert could be

split in half in order to embed EBT3 film (Gafchromic, International Specialty Products,

Wayne, NJ) for 2D dose measurements.

A radiodensity of -700 Hounsfield units (HU) observed in the end-of-exhale phase images

was set as a threshold to distinguish between high-density areas like the GTV and pulmonary

veins and the low-density regions in lung tissues. In 3D printing the phantoms, the region

filled with mesh structure was intended to represent the lung tissue around tumors in the

phantoms. On the other hand, the fully filled regions with filament material were represented

for volumes with water equivalent density in lung tissues.

Fig 1(C) shows the rendering image (left) and 3D-printed lung phantom (right) represent-

ing the tumor and surrounding lung tissue of the six lung cancer patients.

The DICOM files including segmented contours were imported to the 3D Slicer program

(version 4.3.1, NIH-supported open-source platform, http://www.slicer.org) [21], in which the

geometric information of contours was converted to a Standard Tessellation Language (STL)

format. Using a CreatorK program (ROKIT, Seoul, Korea), the STL file was translated in G-

Fig 1. 3D printed lung phantom. (a) The GTV volume and location of the six patient cases, (b) Design of a 3D printed lung phantom, (c) Rendering image (left)

and fabricated 3D-printed lung phantom (right).

https://doi.org/10.1371/journal.pone.0208685.g001
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cord format for a Fused Deposition Modeling (FDM) based 3D-printer (3DISON, ROKIT,

Seoul, Korea). As 3D printing specifications for lung phantoms, 0.4 mm nozzle diameter, 1.75

mm filament diameter, 215˚C nominal nozzle temperature, 0.3 mm layer thickness, and 40

mm/s printing speed were set. The filaments consisting of poly-lactic acid (PLA) with a density

of 1.2 g/cm3 was utilized as the filling material.

As shown in Fig 2, a respiratory motion simulator consists of cylindrical inserts and Quasar

respiratory moving device. A homogeneous insert module (insert model 500–3315, acrylic

materials) was employed as reference phantom to clarify the dosimetric effect of the heteroge-

neity of patient-specific lung phantoms.

Validation of the patient-specific phantom

As shown in Fig 3(A), the lung tissue area with HU values lower than -700 was filled with

mesh structure of 0.3 mm thick strips by 2 mm spacing in the 3D printing process. The LTV

was defined as the mesh region inside the cylindrical phantom, presented as the green colored

area in Fig 3(B). To confirm the similarity of the 3D-printed phantom to the actual lung tumor

site, the average HU values of the tumor and surrounding lung tissue were compared. Addi-

tionally, the dosimetric impact of LTV was evaluated by overriding the original CT numbers

of the selected area to obtain HU values. The original HU values in LTVs were manually reas-

signed with air equivalent values (-1000 HU), nominal lung value (-785 HU), and water equiv-

alent values (0 HU) in the treatment planning system. The dose in the original CT was

compared with the calculated dose in the corrected images using the gamma passing rate

(GPR) of 3%/0 mm criteria using the OmniPro I’mRT (IBA Dosimetry, Germany) software.

4D-CT scan and VMAT planning

The six patient-specific breathing patterns were acquired for more than 4 minutes using the

RPM system during plan CT scanning, as shown in Fig 4. The acquired motion data could

repeatedly be reproduced over 60 minutes using a Quasar programmable respiratory motion

program.

As shown for the fifth case in Fig 5(A), the 4D-CT image set of the patient-specific phantom

was acquired with 1.25 mm slice thickness and sorted into 10 phases via the advanced worksta-

tion (AW, GE Healthcare) system. Also, the 4D-CT images for planning of the phantoms were

taken with dummy EBT film insertion.

Fig 2. 4D phantom with 3D printed lung phantom. The inserts are either a 3D printed lung phantom (inhomogeneous) or a homogeneous phantom.

https://doi.org/10.1371/journal.pone.0208685.g002
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In the Eclipse TPS, the GTV was manually contoured on the end exhale-phase image of the

4D-CT set. As shown in Fig 5(B), to impose the tumor volume on the residual movement

within the respiratory gating window, each internal target volume (ITV) was generated based

on the maximum intensity projection image for the breath phases ranging from 30 to 70%.

Finally, the 5mm isotropic extension for planning target volume (PTV) margin was applied at

the ITV. In the end-exhale phase, the double arc VMAT plans for 6 phantoms were established

using the Eclipse TPS version 10.0, as shown in Fig 5(C). A 6 MV photon beam with 600 MU/

min dose rate was employed to deliver a 5 Gy prescription dose to the PTV. The AAA and

AXB algorithms were utilized to calculate the plan doses of VMATs with 2.5 mm grid size.

Beam delivery

The VMAT verification plans were delivered via a TrueBeam STx system (Varian Medical Sys-

tems, Palo Alto, CA) equipped with a high-definition multi-leaf collimator (HDMLC-120) and

RPM system. Prior to beam delivery, the image guidance was applied similar to the actual clinic

setting, using 2D fluoroscopic and 3D cone beam CT images acquired using the onboard imaging

system. The dosimetric films were subjected to be exposed only under treatment beam deliveries.

Fig 3. The lung tissue volume (LTV) of the phantom. (a) The LTV is filled with 0.3 mm strips with a 2 mm air gap to match the lung density. (b) The green area is

the LTV in the phantom.

https://doi.org/10.1371/journal.pone.0208685.g003
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To compare with the conventional QA procedures, the same plans were delivered under static

conditions with stationary phantoms and the gated conditions with realistic phantom motions.

Comparison of dosimetric accuracy and statistical analysis

The gamma analysis was performed to compare the calculated plan dose with the measured

film dose maps. As recommended for QA procedures of SBRT cases with HDMLC, the criteria

for 2D global GPR were set to have a 2% dose difference and 1 mm distance to agreement with

10% low-dose threshold for all pixels in each 6 × 12 cm region of interest, in which 80% of

GPR would be recommended as an acceptance threshold[22]. The digitized images were

extracted from the irradiated film via a flat panel scanner (Epson 10000XL, NISCA Inc.) in 48

bit red-green-blue (RGB) mode at a resolution of 72 dpi (0.35 mm pixel size). Using FilmQA

pro 2015 (Ashland Inc., Bridgewater, NJ) software, the images were converted to 2D dose dis-

tributions, which were compared with plan doses. By comparing between VMAT plans and

corresponding film measurement, the 8 GPR sets for 6 treatment cases were generated under

the combinations of conditions for the target motions, the heterogeneities of phantoms, and

the dose calculation algorithms. Since each set of GPR values did not meet the regularity verifi-

cation, the Wilcoxon signed rank test was performed using SPSS Statistics version 20.0 (IBM

Corp., Armonk, NY, USA) to determine the statistical significance of QA results under various

conditions. Statistical significance was set at p< 0.05.

Results

By fusing CT images of the patients and those of their corresponding phantoms as shown in

Fig 6, the morphologic agreements for all cases were observed to be good. For evaluating the

dosimetric properties of the patient-specific phantoms, the HU reassignments with CT num-

bers of air (-1000), of water (0) and of patient’s lung in the LTV region were carried out. In Fig

7(A), the 2D dose distribution (a) for the double arc VMAT plan calculated via AXB algorithm

Fig 4. Patient-specific respiratory data. Six patient-specific breathing patterns were acquired from the Varian RPM system during planning CT scan for each

patient.

https://doi.org/10.1371/journal.pone.0208685.g004
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was compared with the TPS doses based on the reassigned CT images as shown in Fig 7(B)

and 7(C) through the gamma index analysis of 3%/0 mm criteria. The GPR for the dose based

on the uncorrected CT was observed to be 94.4% in the reassignment with -813 HU, while the

GPR was 62.5% in the case of CT number reassignment with -1000 HU of air, as shown in Fig

Fig 5. 4D-CT scan of the 4D-lung phantom for case P4. (a) A respiratory motion device and the 3D-printed lung

phantom insert. The EBT3 film could be placed inside phantoms. (b) 4D-CT image set of the lung phantom was sorted in

phases. The images listed from left to right correspond to the breathing phases of end-inhale (0%), mid-exhale (30%), end-

exhale (50%), and mid-inhale (70%), respectively. The 17.9 mm full motion was reduced to 3.6 mm residual motion in the

30–70% gating window. (c) VMAT plan dose distribution for the lung phantom at the end-exhale (50%) phase.

https://doi.org/10.1371/journal.pone.0208685.g005
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Fig 6. Image registration between the patient CT and lung phantom CT. Both CT image were used in the coronal plane.

https://doi.org/10.1371/journal.pone.0208685.g006

Fig 7. Dosimetric evaluation of the phantoms with lung density reassignment. (a) Axial and sagittal images of the lung phantom are shown. The phantom lung

regions were implemented with a mesh structure with 2 mm spacing. The plan dose of 2 arc VMAT is shown in the coronal plane. (b) The CT number of the

phantom LTV was replaced by the average lung CT number in the patient’s image (-813 HU). The dose distributions based on the original and reassigned images

were compared in the gamma index map. (c) For the HU reassignment with air (-1000 HU), the GPR was 62.5%.

https://doi.org/10.1371/journal.pone.0208685.g007
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7. The average CT radiodensity in the LTV of the patients was -813 HU, while the average in

the phantom LTV was -785 HU.

For all cases summarized in Table 2, the average GPR with 3%/0 mm criteria was

99.04 ± 2.28% between the original phantom dose and the dose based on the images reassigned

with patient-specific LTV CT numbers, while the average GPRs were 74.67% ± 14.07% for the

air and 86.30% ± 11.18% for the water CT number reassignments. While the differences in CT

number between the patients and the phantoms (mean ΔHU of GTV = 12.7 and mean ΔHU of

LTV = 22.3) were observed, the dosimetric influences of those differences were not significant

as evidenced by GPRs between patients and phantoms in Table 2.

In this study, the two types of phantoms (6 heterogeneous and 1 homogeneous) were

employed under the two different VMAT delivery conditions (static and gating) and the two

types of dose calculation algorithms (AAA and AXB). Here, the static condition indicated that

phantoms were stationary without any beam delivery interruption, and the gating condition

meant that phantoms were moving in patient-specific patterns during gated beam delivery. As

shown in Fig 8, 2 GPRs were generated from the film measurements under the static and gat-

ing conditions for one plan dose, while 2 GPRs were generated for the plan doses calculated by

AAA and AXB algorithms for one film measurement.

Table 3 shows the GPRs of 2%/1 mm criteria between the calculated plan dose and mea-

sured film dose for the influences of respiratory target motion and the lung tissue heterogene-

ity, using six heterogeneous and one homogeneous phantom.

Regarding the condition of beam delivery, no significant differences in GPR were observed

(homogeneous phantom, p = 0.844 for AAA and 0.313 for AXB; inhomogeneous phantom,

p = 0.094 for AAA and 0.563 for AXB). On the other hand, there were significant differences

between GPRs of the AAA and AXB algorithms for inhomogeneous phantoms (p = 0.031 for

both static and gating conditions).

Discussion

To validate the implementation of lung tissue in the patient-specific phantom, the TPS-calculated

doses and HU values of both the lung tissue and tumor of each patient were compared to values

of the lung phantoms. Although the EBT film sheet of 0.2 mm thick water equivalent materials

Table 2. HU value of GTV and LTV for six cases and the GPRs (3%/0 mm) compared under various material assignments of LTV in the lung phantoms.

No. HU of GTV HU of LTV Gamma passing rates (3%/0 mm)

Patient Phantom aΔHU Patient Phantom aΔHU cPatient vs. Air dPatient vs. Phantom ePatient vs. Water

P1 78 92 14 -821 -784 37 59.24 99.82 80.77

P2 34 53 19 -813 -785 28 62.47 94.39 78.68

P3 49 55 6 -794 -801 -7 64.09 100 70.71

P4 53 65 12 -717 -708 9 88.83 100 99.28

P5 36 46 10 -788 -757 31 86.46 100 94.19

P6 33 48 15 -818 -782 36 86.95 100 94.19

Mean 47.2 59.8 12.7 -791.8 -769.5 22.3 74.67 99.04 86.30
bSD 17.2 17.1 4.5 39.0 33.3 17.6 14.07 2.28 11.18

aΔHU: HU difference between patient CT image and lung phantom CT image
bSD, Standard deviation
cPatient vs. Air, = GPR between phantom doses, with the reassignments of the original patient and of air CT number
dPatient vs. Phantom = GPR between phantom doses, with and without the reassignments of the original patient
ePatient vs. Water = GPR between phantom doses, with the reassignments of the original patient and of water CT number

https://doi.org/10.1371/journal.pone.0208685.t002
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Fig 8. The analysis of the gamma passing rates (2%/1 mm) between the calculated dose and the measured dose comparing VMAT techniques under the static and

gating conditions using both homogeneous and inhomogeneous phantom (3D-printed patient-specific moving phantom) in the P2 case. The treatment planning

dose was applied using the AAA or the AXB dose calculation algorithm.

https://doi.org/10.1371/journal.pone.0208685.g008

Table 3. The gamma analysis (2%/1 mm criteria) results of the homogeneous and inhomogeneous phantoms (patient-specific lung phantom) for the six cases.

Homogeneous Inhomogeneous

AAA AXB dp-value AAA AXB dp-value

P1 aStatic 83.2 81.4 0.094 54.7 80.2 0.031�

P2 87.7 83.3 51.5 81.7

P3 86.1 86.4 60.1 84.3

P4 89.1 81.3 81.6 81.9

P5 85.3 84.0 79.8 80.9

P6 91.6 91.4 83.8 86.0

P1 bGating 90.5 90.4 0.438 47.5 86.8 0.031�

P2 90.5 84.5 53.7 82.2

P3 88.0 87.4 58.1 75.8

P4 88.8 89.7 75.2 78.2

P5 83.0 83.3 71.8 73.1

P6 87.8 85.4 78.9 86.3
cp-value 0.844 0.313 0.094 0.563

Mean aStatic and bGating 87.6 85.7 66.4 81.5
eSD 2.8 3.4 13.4 4.2

aStatic: VMAT plan delivered under the static condition (non-tumor motion and non-gated delivery)
bGating: VMAT plan delivered under the gating condition (tumor motion and gated delivery)
c p-value between GPRs of Static and of Gating conditions for each algorithm
d p-value between GPRs of AAA and of AXB conditions
eSD, Standard deviation

�Values significant with respect to a p-value of 0.05.

https://doi.org/10.1371/journal.pone.0208685.t003
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could provide the influence of the dosimetric measurements in air, any impacts of film measure-

ments would hardly be expected for the lung phantoms with mesh structures formed as the 40

plastic sheets of 0.3 mm thickness. By the plan dose comparisons in various CT number reassign-

ments, the patient-specific lung phantoms were dosimetrically verified for utilization in this study.

As the consideration of the low sample size would be critical in studying the 6 enrolled

cases, all measurements under possible conditions of the homogeneity of phantoms, dose cal-

culation algorithms, and beam delivery conditions were performed. Through the independent

measurements for the 6 enrolled cases under various conditions, 48 GPRs could be generated.

As summarized in Table 3, GPRs of the static and gating conditions were not significant

regardless of the kinds of enrolled phantoms (p> 0.05). This means that the protocol of beam

delivery with 30–70% phase gating was well operated for the breathing patterns of the six

patients shown in Fig 4.

The GPRs between calculation algorithms were statistically significant for heterogeneous

(p = 0.031) phantoms in both static and gating conditions. The statistical significance between

algorithms under heterogeneous condition reflects the known fact that the doses calculated

using the AAA algorithm would not be proper for lung SBRT cases. These results were consis-

tent with the previously reported studies of the AXB algorithm, which has been reported to

show improved dose accuracy compared to the AAA algorithm in heterogeneous media and

near interfaces of different material densities [23–26].

Under the realistic conditions of the gating delivery for target motions and the heteroge-

neous environments for VMAT, among 6 GPRs for AXB calculation, 50% passed and the

other 50% of cases were marginally lower than the acceptance threshold 80%, while all GPRs

of AAA failed. For the conventional QA condition of static delivery and homogenous condi-

tions, GPRs were all acceptable for both AAA and AXB calculations. For dosimetric verifica-

tion of gated VMAT for lung cancer, both dose calculation accuracy and patient breathing

pattern should be considered due to the heterogeneous media of lung tissue with tumor

motion. However, the conventional method has not generally reflected these issues.

In detail on the variation of case by case, the GPR differences between the algorithms for

the case of P1, P2, and P3 were more than 20 with the stationary condition for the heteroge-

neous phantoms, while the others were less than 5. Also, when the verification of lung phan-

tom fabrication qualities were examined by the HU reassignment with air value, the

reductions in GPR for these three cases were much greater than the others. All the above

occurred since in relative comparison with other cases, these three phantoms were presented

to have tumor volume smaller than 10 cm3, as well as LTVs larger than 250 cm3. Those results

well reflected that the larger disequilibrium of charged particles caused by the more heteroge-

neous condition enlarged the GPR differences between dose calculation algorithms.

This study has some limitations. Organ deformations in accordance with target movements

could not be implemented with the 3D-printed phantom and only one-dimensional move-

ment in the superior and inferior directions was available to simulate the respiratory organ

movements using the motion device. Furthermore, the experiment involved only 6 cases, as

printing individual phantoms is time and resource-intensive. On average, a single phantom

fabrication takes about 24 hours. This 3D printing process might not be practical for the gen-

eral patient-specific QA. However, for the end-to-end verification of new treatment techniques

like this study, it is pretty certain that there is a lot of benefit in the clinical adaptation phase.

Conclusions

The usefulness of heterogeneous patient-specific lung phantoms moving in actual breathing

patterns was evaluated to be essential in such verification processes of gated VMAT delivery.
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In addition, it was dosimetrically confirmed that the AXB algorithm improved the dose calcu-

lation accuracy under patient-specific simulations using 3D printed lung phantom. The most

critical factor which affected the accuracy of gated VMAT in lung SBRT was determined to be

the dose calculation algorithm accuracy rather than target movements in the enrolled cases for

this study.

Supporting information

S1 Table. The entire GPR data set with 3%/3 mm, 2%/2mm and 2%/1mm criteria of the

homogeneous and inhomogeneous phantoms (patient-specific lung phantom) for the six

cases. Abbreviations: GPR: gamma passing rates.

(PDF)

Author Contributions

Conceptualization: Jungwon Kwak, Si Yeol Song.

Data curation: Chiyoung Jeong, Sung-woo Kim, Su Ssan Kim, Si Yeol Song, Eun Kyung Choi,

SeungDo Ahn.

Methodology: KyoungJun Yoon, Byungchul Cho, Eun Kyung Choi.

Supervision: Byungchul Cho, Sang-Wook Lee.

Writing – original draft: KyoungJun Yoon.

Writing – review & editing: Jungwon Kwak, Si Yeol Song.

References
1. Thirumalai Swamy S, Anu Radha C, Arun G, Kathirvel M, Subramanian V. Performance evaluation of

gated volumetric modulated arc therapy. International Journal of Radiation Research. 2016; 14(2):81–

90. https://doi.org/10.18869/acadpub.ijrr.14.2.81

2. Li R, Mok E, Han B, Koong A, Xing L. Evaluation of the geometric accuracy of surrogate-based gated

VMAT using intrafraction kilovoltage x-ray images. Medical physics. 2012; 39(5):2686–93. https://doi.

org/10.1118/1.4704729 PMID: 22559639; PubMed Central PMCID: PMC3344884.

3. Qian J, Xing L, Liu W, Luxton G. Dose verification for respiratory-gated volumetric modulated arc ther-

apy. Physics in medicine and biology. 2011; 56(15):4827–38. https://doi.org/10.1088/0031-9155/56/15/

013 PMID: 21753232; PubMed Central PMCID: PMC3360016.

4. Nicolini G, Vanetti E, Clivio A, Fogliata A, Cozzi L. Pre-clinical evaluation of respiratory-gated delivery of

volumetric modulated arc therapy with RapidArc. Physics in medicine and biology. 2010; 55(12):N347–

57. https://doi.org/10.1088/0031-9155/55/12/N01 PMID: 20484779.

5. Chow JC, Seguin M, Alexander A. Dosimetric effect of collimating jaws for small multileaf collimated

fields. Medical physics. 2005; 32(3):759–65. https://doi.org/10.1118/1.1861413 PMID: 15839348.

6. Knoos T, Wieslander E, Cozzi L, Brink C, Fogliata A, Albers D, et al. Comparison of dose calculation

algorithms for treatment planning in external photon beam therapy for clinical situations. Physics in

medicine and biology. 2006; 51(22):5785–807. https://doi.org/10.1088/0031-9155/51/22/005 PMID:

17068365.

7. Bush K, Gagne IM, Zavgorodni S, Ansbacher W, Beckham W. Dosimetric validation of Acuros XB with

Monte Carlo methods for photon dose calculations. Medical physics. 2011; 38(4):2208–21. https://doi.

org/10.1118/1.3567146 PMID: 21626955.

8. Keall PJ, Mageras GS, Balter JM, Emery RS, Forster KM, Jiang SB, et al. The management of respira-

tory motion in radiation oncology report of AAPM Task Group 76. Medical physics. 2006; 33(10):3874–

900. https://doi.org/10.1118/1.2349696 PMID: 17089851.

9. Li XA, Keall PJ, Orton CG. Point/counterpoint. Respiratory gating for radiation therapy is not ready for

prime time. Medical physics. 2007; 34(3):867–70. https://doi.org/10.1118/1.2514027 PMID: 17441231.

10. Viel F, Gete E, Duzenli C, Lee R. Developing QA Procedures for Gated VMAT SABR Treatments2013.

100 p.

Dosimetric evaluation of VMAT for lung SBRT via 3D printing

PLOS ONE | https://doi.org/10.1371/journal.pone.0208685 December 26, 2018 13 / 14

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0208685.s001
https://doi.org/10.18869/acadpub.ijrr.14.2.81
https://doi.org/10.1118/1.4704729
https://doi.org/10.1118/1.4704729
http://www.ncbi.nlm.nih.gov/pubmed/22559639
https://doi.org/10.1088/0031-9155/56/15/013
https://doi.org/10.1088/0031-9155/56/15/013
http://www.ncbi.nlm.nih.gov/pubmed/21753232
https://doi.org/10.1088/0031-9155/55/12/N01
http://www.ncbi.nlm.nih.gov/pubmed/20484779
https://doi.org/10.1118/1.1861413
http://www.ncbi.nlm.nih.gov/pubmed/15839348
https://doi.org/10.1088/0031-9155/51/22/005
http://www.ncbi.nlm.nih.gov/pubmed/17068365
https://doi.org/10.1118/1.3567146
https://doi.org/10.1118/1.3567146
http://www.ncbi.nlm.nih.gov/pubmed/21626955
https://doi.org/10.1118/1.2349696
http://www.ncbi.nlm.nih.gov/pubmed/17089851
https://doi.org/10.1118/1.2514027
http://www.ncbi.nlm.nih.gov/pubmed/17441231
https://doi.org/10.1371/journal.pone.0208685


11. Court LE, Seco J, Lu XQ, Ebe K, Mayo C, Ionascu D, et al. Use of a realistic breathing lung phantom to

evaluate dose delivery errors. Medical physics. 2010; 37(11):5850–7. https://doi.org/10.1118/1.

3496356 PMID: 21158297.

12. Cardenas A, Fontenot J, Forster KM, Stevens CW, Starkschall G. Quality assurance evaluation of deliv-

ery of respiratory-gated treatments. Journal of applied clinical medical physics / American College of

Medical Physics. 2004; 5(3):55–61. https://doi.org/10.1120/jacmp.v5i3.2002 PMID: 15753939; PubMed

Central PMCID: PMC5723481.

13. Wen C-D, Lancaster C, Ackerly T. ESTABLISHING QA METHODS FOR RESPIRATORY GATED

SBRT FOR LUNG AND LIVER CANCERS2012.

14. Kincaid RE Jr., Yorke ED, Goodman KA, Rimner A, Wu AJ, Mageras GS. Investigation of gated cone-

beam CT to reduce respiratory motion blurring. Medical physics. 2013; 40(4):041717. https://doi.org/10.

1118/1.4795336 PMID: 23556887; PubMed Central PMCID: PMC3618091.

15. Viel F, Lee R, Gete E, Duzenli C. Amplitude gating for a coached breathing approach in respiratory

gated 10 MV flattening filter-free VMAT delivery. Journal of applied clinical medical physics / American

College of Medical Physics. 2015; 16(4):78–90. Epub 2015/07/29. https://doi.org/10.1120/jacmp.v16i4.

5350 PMID: 26219000; PubMed Central PMCID: PMCPmc5690016.

16. Su S, Moran K, Robar JL. Design and production of 3D printed bolus for electron radiation therapy. Jour-

nal of applied clinical medical physics / American College of Medical Physics. 2014; 15(4):4831. https://

doi.org/10.1120/jacmp.v15i4.4831 PMID: 25207410.

17. Ehler ED, Barney BM, Higgins PD, Dusenbery KE. Patient specific 3D printed phantom for IMRT quality

assurance. Physics in medicine and biology. 2014; 59(19):5763–73. https://doi.org/10.1088/0031-

9155/59/19/5763 PMID: 25207965.

18. Zhu X, Driewer J, Li S, Verma V, Lei Y, Zhang M, et al. Technical Note: Fabricating Cerrobend grids

with 3D printing for spatially modulated radiation therapy: A feasibility study. Medical physics. 2015; 42

(11):6269–73. https://doi.org/10.1118/1.4932223 PMID: 26520719.

19. Jung J, Song SY, Yoon SM, Kwak J, Yoon K, Choi W, et al. Verification of Accuracy of CyberKnife

Tumor-tracking Radiation Therapy Using Patient-specific Lung Phantoms. International journal of radia-

tion oncology, biology, physics. 2015; 92(4):745–53. https://doi.org/10.1016/j.ijrobp.2015.02.055 PMID:

25936598.

20. Yoon K, Kwak J, Cho B, Song S, Lee S, Ahn S, et al. Development of New 4D Phantom Model in Respi-

ratory Gated Volumetric Modulated Arc Therapy for Lung SBRT. Progress in Medical Physics. 2014;

25:100–9.

21. Fedorov A, Beichel R, Kalpathy-Cramer J, Finet J, Fillion-Robin JC, Pujol S, et al. 3D Slicer as an image

computing platform for the Quantitative Imaging Network. Magnetic resonance imaging. 2012; 30

(9):1323–41. Epub 2012/07/10. https://doi.org/10.1016/j.mri.2012.05.001 PMID: 22770690; PubMed

Central PMCID: PMCPmc3466397.

22. Kim J-i, Park S-Y, Kim HJ, Kim JH, Ye S-J, Park JM. The sensitivity of gamma-index method to the posi-

tioning errors of high-definition MLC in patient-specific VMAT QA for SBRT. Radiation oncology. 2014;

9(1):167. https://doi.org/10.1186/1748-717x-9-167 PMID: 25070065

23. Han T, Followill D, Mikell J, Repchak R, Molineu A, Howell R, et al. Dosimetric impact of Acuros XB

deterministic radiation transport algorithm for heterogeneous dose calculation in lung cancer. Medical

physics. 2013; 40(5):051710. https://doi.org/10.1118/1.4802216 PMID: 23635258; PubMed Central

PMCID: PMC3651262.

24. Fogliata A, Nicolini G, Clivio A, Vanetti E, Cozzi L. Critical appraisal of Acuros XB and Anisotropic Ana-

lytic Algorithm dose calculation in advanced non-small-cell lung cancer treatments. International journal

of radiation oncology, biology, physics. 2012; 83(5):1587–95. https://doi.org/10.1016/j.ijrobp.2011.10.

078 PMID: 22300575.

25. Kroon PS, Hol S, Essers M. Dosimetric accuracy and clinical quality of Acuros XB and AAA dose calcu-

lation algorithm for stereotactic and conventional lung volumetric modulated arc therapy plans. Radia-

tion oncology. 2013; 8:149. https://doi.org/10.1186/1748-717X-8-149 PMID: 23800024; PubMed

Central PMCID: PMC3723919.

26. Huang B, Wu L, Lin P, Chen C. Dose calculation of Acuros XB and Anisotropic Analytical Algorithm in

lung stereotactic body radiotherapy treatment with flattening filter free beams and the potential role of

calculation grid size. Radiation oncology. 2015; 10:53. https://doi.org/10.1186/s13014-015-0357-0

PMID: 25886628; PubMed Central PMCID: PMC4353664.

Dosimetric evaluation of VMAT for lung SBRT via 3D printing

PLOS ONE | https://doi.org/10.1371/journal.pone.0208685 December 26, 2018 14 / 14

https://doi.org/10.1118/1.3496356
https://doi.org/10.1118/1.3496356
http://www.ncbi.nlm.nih.gov/pubmed/21158297
https://doi.org/10.1120/jacmp.v5i3.2002
http://www.ncbi.nlm.nih.gov/pubmed/15753939
https://doi.org/10.1118/1.4795336
https://doi.org/10.1118/1.4795336
http://www.ncbi.nlm.nih.gov/pubmed/23556887
https://doi.org/10.1120/jacmp.v16i4.5350
https://doi.org/10.1120/jacmp.v16i4.5350
http://www.ncbi.nlm.nih.gov/pubmed/26219000
https://doi.org/10.1120/jacmp.v15i4.4831
https://doi.org/10.1120/jacmp.v15i4.4831
http://www.ncbi.nlm.nih.gov/pubmed/25207410
https://doi.org/10.1088/0031-9155/59/19/5763
https://doi.org/10.1088/0031-9155/59/19/5763
http://www.ncbi.nlm.nih.gov/pubmed/25207965
https://doi.org/10.1118/1.4932223
http://www.ncbi.nlm.nih.gov/pubmed/26520719
https://doi.org/10.1016/j.ijrobp.2015.02.055
http://www.ncbi.nlm.nih.gov/pubmed/25936598
https://doi.org/10.1016/j.mri.2012.05.001
http://www.ncbi.nlm.nih.gov/pubmed/22770690
https://doi.org/10.1186/1748-717x-9-167
http://www.ncbi.nlm.nih.gov/pubmed/25070065
https://doi.org/10.1118/1.4802216
http://www.ncbi.nlm.nih.gov/pubmed/23635258
https://doi.org/10.1016/j.ijrobp.2011.10.078
https://doi.org/10.1016/j.ijrobp.2011.10.078
http://www.ncbi.nlm.nih.gov/pubmed/22300575
https://doi.org/10.1186/1748-717X-8-149
http://www.ncbi.nlm.nih.gov/pubmed/23800024
https://doi.org/10.1186/s13014-015-0357-0
http://www.ncbi.nlm.nih.gov/pubmed/25886628
https://doi.org/10.1371/journal.pone.0208685

