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Abstract

Purpose

To develop a simplified volumetric modulated arc therapy (VMAT) technique for more accu-

rate dose delivery in thoracic stereotactic body radiation therapy (SBRT).

Methods and Materials

For each of the 22 lung SBRT cases treated with respiratory-gated VMAT, a dose rate mod-

ulated arc therapy (DrMAT) plan was retrospectively generated. A dynamic conformal arc

therapy plan with 33 adjoining coplanar arcs was designed and their beam weights were

optimized by an inverse planning process. All sub-arc beams were converted into a series

of control points with varying MLC segment and dose rates and merged into an arc beam

for a DrMAT plan. The plan quality of original VMAT and DrMAT was compared in terms of

target coverage, compactness of dose distribution, and dose sparing of organs at risk. To

assess the delivery accuracy, the VMAT and DrMAT plans were delivered to a motion phan-

tom programmed with the corresponding patients’ respiratory signal; results were compared

using film dosimetry with gamma analysis.

Results

The plan quality of DrMAT was equivalent to that of VMAT in terms of target coverage, dose

compactness, and dose sparing for the normal lung. In dose sparing for other critical

organs, DrMAT was less effective than VMAT for the spinal cord, heart, and esophagus

while being well within the limits specified by the Radiation Therapy Oncology Group. Deliv-

ery accuracy of DrMAT to a moving target was similar to that of VMAT using a gamma crite-

rion of 2%/2mm but was significantly better using a 2%/1mm criterion, implying the

superiority of DrMAT over VMAT in SBRT for thoracic/abdominal tumors with respiratory

movement.
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Conclusion

We developed a DrMAT technique for SBRT that produces plans of a quality similar to that

achieved with VMAT but with better delivery accuracy. This technique is well-suited for

small tumors with motion uncertainty.

Introduction
Stereotactic body radiation therapy (SBRT) delivering an ablative high dose to tumors is highly
effective for controlling individual metastases or early-stage, non-metastatic primary tumors
[1–4]. In order to deliver a large fractional dose to the tumor while minimizing normal tissue
toxicity, both highly conformal dose delivery at the tumor site and rapid dose fall-off away
from the target are key requirements for SBRT.

A wide spectrum of SBRT techniques that use modern treatment machines in which the
image guidance capability enables high precision tumor targeting is available, from three-
dimensional conformal radiotherapy (3DCRT) to intensity modulated radiotherapy (IMRT) or
volumetric modulated arc therapy (VMAT) [5].

In 3DCRT, 7–11 static non-coplanar beams are used to achieve highly conformal dose dis-
tribution. However, it requires more time to plan the customized beam arrangement and
deliver the treatment because of the variability in gantry, collimator, and couch positions.

Tumor motion due to respiration is an additional challenge in SBRT for thoracic and
abdominal tumors. For free-breathing delivery, the irradiation volume should be large enough
not to miss the tumor at any point of the respiratory cycle. Further, a necessary margin to
account for setup uncertainties can lead to an irradiation volume that is 2–3 times larger than
the tumor volume itself. Several strategies such as active breath holding [6], abdominal com-
pression [7], and respiratory gating [8] have been employed to counter the effect of respiratory
motion. However, these may not be sufficient to obtain high conformal dose delivery at the
tumor site as well as a rapid fall-off of the dose to the surrounding healthy tissues.

In pursuit of the maximal dose differential between the tumor and surrounding normal tis-
sue, techniques comprising intensity modulation and the shortening of treatment time using
coplanar arc delivery have been developed. The more technologically advanced IMRT or
VMAT is especially used for thoracic/abdominal SBRT. IMRT and VMAT usually confer a
dosimetric advantage over 3DCRT, especially when the target volume is geographically com-
plex or is in close proximity to vital structures [9]. However, the more technically demanding
IMRT and VMAT increase treatment complexity by involving the dynamic control of multileaf
collimator (MLC) leaf positions. There is a concern that the dynamic complexity of the treat-
ment techniques could increase the uncertainty of dose delivery. For lung or abdominal tumors
particularly, their respiratory-induced movement can interplay with the dynamic MLC leaf
motion of IMRT and VMAT and result in significant hot and cold spots in the tumor.
Although the interplay effect might be clinically ignorable [10], some deviations from the
planned dose are inevitable. Moreover, its unpredictable characteristics may affect the safe use
of SBRT in cases where a large fractional dose is required.

Unlike IMRT/VMAT, in which a small portion of the tumor is sequentially irradiated,
3DCRT irradiates the whole tumor volume at once with their open fields of uniform intensity.
Therefore, it precludes any interplay between the MLC leaf motion and tumor respiratory
motion, is less affected by patient movement during a treatment session, and is less amenable
to MLC positioning errors. 3DCRT, as a result, is expected to minimize any discrepancy
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between the planned and delivered treatment, especially when there is large respiratory motion
or significant modulation in IMRT and VMAT.

As aptly described in a recent debate [11] on the appropriate technique for lung SBRT, “a
good SBRT technique not only generates good plans but also delivers them without devia-
tions.” In this regard, we aimed to develop an SBRT technique that has a plan quality compara-
ble to that of IMRT and VMAT, and that is as simple to implement as 3DCRT to improve
accuracy of dose delivery.

In this study, we present a novel SBRT technique that adds the dose rate modulation capa-
bility to dynamic conformal arc beam delivery or, equivalently, that eliminates the intensity
modulation of MLC from VMAT. In such a way, the technique can deliver a highly conformal
dose to the tumor while minimizing the dose to the normal tissues without any concern regard-
ing the interplay effect. The performance of the proposed technique is demonstrated from both
plan quality and delivery accuracy perspectives.

Materials and Methods

1. Patients selection and four-dimensional computed tomography
(4DCT) simulation
A total of 22 lung cancer patients treated using VMAT SBRT from Jun 2013 to January 2014
[12] were selected for the study. After taking into account the location and size of the tumor
and its range of respiratory motion, 10 VMAT cases with respiratory gating and 12 cases with-
out gating were enrolled. This 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. For planning purposes, 4DCT images were acquired using a CT simulator (LightSpeed
RT 16, GE healthcare, Waukesha, WI) during free breathing; during image acquisition, the
patients’ respiratory data were recorded using a real-time position management system (RPM,
Varian medical systems, Mountain View, CA). The 4DCT images were then synchronized with
the respiratory data and sorted by respiratory phase into 10 bins. The entire 10-bin data were
transferred to the Varian Eclipse treatment planning system for contouring and planning.

The gross tumor volume (GTV) was delineated on the end-expiratory phase CT image. No clini-
cal target volume (CTV) was defined. For gated treatment, each directional tumor motion from the
end-expiratory position was measured from the 10-phase 4DCT images either for full respiratory
phases or for the respiratory gating window of 30%–70%. The final decision for gated treatment
was made by accounting for the degree of internal target volume (ITV) margin reduction, breathing
regularity, and proximity to critical structures. The measured non-isotropic 3D tumor motion was
added to the GTV to define the ITV for non-gated or gated radiotherapy. The ITV was expanded
with an isotropic 5-mmmargin, resulting in a planning target volume (PTV) that accounted for the
uncertainties associated with target definitions and inter- and intra-fraction variations. Organs at
risk (OARs), including the lungs, spinal cord, esophagus, and heart, were also contoured.

Tumor characteristics are summarized in Table 1. The PTVs of the 22 cases ranged from 4.8
to 40.3 cm3. The tumor motion ranged between 0.1 and 1.9 cm. Taking into account the range
of tumor motion, regularity of breathing, and proximity to critical structures, respiratory-gated
SBRT [13] with a reduced motion range of 0.3–0.8 cm after gating was selected for treatment in
10 out of the 22 cases.

2. VMAT plan
With the delineated target and OAR volumes on the exhale CT data, VMAT plans were gener-
ated using inverse optimization of the Eclipse treatment planning system. Dose was calculated
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using the Eclipse anisotropic analytical algorithm (AAA) with correction for tissue heterogene-
ity. All plans employed the use of flattening-filter-free 6 MV photon beams of a Varian True-
beam linear accelerator [14]. The VMAT plans utilized two either half or full-rotating coplanar
arcs to minimize dose delivery at the contralateral lung.

The prescribed doses for the PTV were 60 Gy in 4 fractions for ten patients and 60 Gy in 5
fractions for twelve patients. The following planning objectives for the PTV, based on the Radi-
ation Therapy Oncology Group (RTOG) lung SBRT protocols [15–17], were adopted: 1) 95%
of the PTV to receive the prescribed dose whilst maintaining hot spots within the PTV; 2) 99%
of the PTV to receive>90% of the prescribed dose, and 3) the conformity index (the ratio of
the total volume that receives 100% of the prescribed dose to the PTV) to be<1.2.

Additional planning objectives for highly compact dose distribution were as follows: 1) high
dose spillage, defined as the amount of normal tissue that receives 105% of the prescription
dose, should not exceed 15% of the PTV volume; 2) maximum dose to normal tissue in 2.0 cm
in all directions from the PTV (D2cm) should not exceed 50%–77% of the prescribed dose,
depending on the size of the PTV; and 3) R50% (the ratio of the volume that receives 50% of the
prescribed dose to the PTV) was not to exceed 2.9–5.9, depending on the size of the PTV. As
for the dose–volume constraints for OARs, the target volume of the total lung that received 20
Gy (V20) was<10%. For other OARs, such as the spinal cord, heart, and esophagus, the maxi-
mum point dose limitations recommended in the RTOG protocols were adopted.

Table 1. Tumor characteristics with and without gating.

Case No. PTV (cm3) GTV (cm3) Tumor Location Tumor motion Max.
range (cm)

Tumor motion Gated
range (cm)

1 40.3 12.4 RUL 0.8 -

2 10.3 1.7 RML 1.3 0.4

3 20.3 4.3 RML 0.7 -

4 8.1 1.1 RUL 0.5 -

5 10.9 1.7 LLL 1.9 0.5

6 14.9 2.8 LUL 0.6 0.3

7 8.4 0.9 RUL 0.7 -

8 5.1 0.3 RUL 0.6 -

9 4.8 0.4 RUL 0.4 -

10 5.8 0.4 RML 1.0 0.3

11 10.8 1.2 RUL 0.7 -

12 5.3 0.3 LLL 1.9 0.5

13 7.1 1.0 LUL 1.9 0.3

14 15.5 3.4 LUL 0.1 -

15 6.9 1.1 LLL 0.7 -

16 12.3 1.6 RLL 1.7 0.8

17 10.7 1.5 LLL 1.8 0.6

18 9.4 1.5 RUL 0.7 0.3

19 13.7 2.5 LUL 0.6 0.5

20 12.8 1.8 RLL 1.0 -

21 7.1 0.9 LUL 0.4 -

22 7.8 0.6 RUL 0.7 -

Abbreviations: PTV, planning target volume; LLL, left lower lobe; RLL, right lower lobe; RML, right middle lobe; LUL, left upper lobe; RUL, right upper lobe.

doi:10.1371/journal.pone.0158053.t001
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3. Dose rate modulated arc therapy (DrMAT)
A schematic illustration of the steps in plan development is presented in Fig 1. DrMAT plans
were retrospectively generated and consisted of three main steps: 1) the generation of multiple
static beams for a static conformal therapy (sCOT) plan and optimization of their field weights,
2) the conversion of each static beam of the sCOT plan into an arc beam for a dynamic confor-
mal arc therapy (dCAT) plan, and 3) merging all dCAT arc beams into a single DrMAT beam.
Each of the procedures is described in detail below.

1) sCOT (static conformal therapy). A sCOT plan consisting of 33 static fields located
11° apart from each other and covering approximately full gantry rotation was created. MLC
leaves of each field were initially positioned such that its aperture coincided with the shape of
the PTV in the beam’s eye view (Fig 2). Collimator angle of each static field in the sCOT plan
was fixed at 0°. Given the planning objectives for the PTV and OARs the optimal beam weights
for each field were determined in the Eclipse inverse planning environment using a field weight
optimization algorithm [18]. Unlike full IMRT optimization, field weight optimization modi-
fies the beam weights only without the creation of an optimal fluence map. This option is avail-
able for open fields and fields that contain blocks or static MLCs. Since it only supports a

Fig 1. Development process for a dose rate modulated arc therapy (DrMAT) plan via intermediate stages of a static conformal therapy (sCOT)
plan and a dynamic conformal arc therapy (dCAT) plan. Abbreviations: AAA, anisotropic analytical algorithm; MU, monitor unit.

doi:10.1371/journal.pone.0158053.g001
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pencil beam dose calculation algorithm (PBC) of Eclipse, the dose distribution was re-calcu-
lated using the AAA algorithm after beam weight optimization.

Since the MLC of each beam of the sCOT plan was initially set to tightly fit the PTV, the
dose coverage of the PTV was not enough in the superior-inferior (SI) direction due to an
insufficient penumbral margin (Fig 2). In the axial direction, the same dose volume was spilled
over the PTV because of the coplanar arrangement of the sCOT beams, and its distribution
was dependent on their beam weights. To identify the optimal penumbral margin around the
PTV, the distance between the PTV and the isodose volume that covered 95% of the PTV (sup-
posed to be the prescribed dose) was measured in each left-right, anterior-posterior, and supe-
rior-inferior direction. Subsequently, a pseudo target, i.e., a virtual PTV was created from the
PTV by addition or subtraction of the distance in each direction. Finally, the MLC shape of
each beam initially fitted to the PTV was readjusted to fit the virtual PTV.

2) dCAT (dynamic conformal arc therapy) plan. After achieving optimal field weights
for the 33 sCOT beams, each static field was manually converted into a dynamic arc beam with
its MLC aperture and beam weight (equivalent to the corresponding MUs). Each converted arc
beam covered gantry rotation range of ± 5.5° from the gantry angle of the static beam to fill the
gantry rotation space between the adjacent static beams of the sCOT plan. At this time, a static
MLC was converted into an arc segment consisting of 6 MLC control points, such that the

Fig 2. Virtual PTV, a pseudo target for an optimal field aperture: a) the PTV (red) and the isodose volume (blue) that covered 95% of PTV when each
field aperture was set such that MLC (yellow) was tightly fitted to the PTV in its beam’s-eye view; b) the isodose volume (blue) that covered 95% of
PTV after MLC (yellow) of each field was readjusted to fit the shape of the virtual PTV in its beam’s-eye view. Abbreviations: PTV, planning target
volume; MLC, multileaf collimator.

doi:10.1371/journal.pone.0158053.g002
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aperture shape of the MLC changed according to the shape of the virtual PTV at every 2.2° in
the gantry angle. Thus, a multiple arc plan, named the dynamic conformal arc therapy (dCAT)
plan, which consisted of 33 contiguous arc fields with the gantry rotating at every 11° was
generated.

A schematic illustration of the procedure used to transform each static beam of the sCOT
plan into a sub arc beam of the dCAT plan is presented in Fig 3.

3) DrMAT (dose rate modulated arc therapy) plan. Finally, the dCAT plan composed of
33 adjoining arc beams was merged into a single arc VMAT beam, referred to as the dose rate
modulated arc therapy (DrMAT) plan. The DrMAT beam is a single arc plan comprising 166
total control points, less than 177 (the maximum number of control points for a single arc in
Varian VMAT), that change the dose rate and the shape of MLC at every 2.2° in gantry
rotation.

For this purpose, a DICOM plan file of the dCAT was exported from Eclipse, modified into
DrMAT using an in-house Matlab program (MathWorks, Natick, MA, USA), and then re-
imported into Eclipse for dose calculations.

Fig 3. Schematic illustration of the procedure to transform (a) a static conformal therapy (sCOT) plan into (b) a dynamic conformal arc therapy (dCAT)
plan. Abbreviations: PTV, planning target volume; MLC, multileaf collimator.

doi:10.1371/journal.pone.0158053.g003
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The DrMAT plan created is a single arc VMAT plan that does not involve fluence modula-
tion, but delivers an optimal dose rate and field shaping vs. gantry angle modulation. Safe and
efficient delivery of the DrMAT plan was then automatically determined via the Eclipse plan-
ning system taking into account the specified technical limits of the treatment machine includ-
ing the maximum allowed dose rate, the speed and acceleration of gantry rotation and the
maximum speed of leaf motion.

4. Plan quality
The plan quality of DrMAT was compared with that of VMAT using the following dosimetric
parameters for the target and OARs: 1) conformity index (CI) defined as the ratio of prescrip-
tion isodose volume to the PTV [19]; 2) D2cm, the maximum dose at 2 cm from the PTV in any
direction as % of the prescribed dose (PD), D2cm (Gy) = % × PD; 3) R50%, the ratio of 50% iso-
dose volume of the prescribed dose to the PTV; 4) homogeneity index (HI) defined as the ratio
of the maximum PTV dose to the prescribed dose; 5) the maximum point dose to the spinal
cord, esophagus, and heart; and 6) V20 of normal lung following the aforementioned RTOG
protocols.

Paired t-tests were used to compare CI, HI, and D2cm while the Wilcoxon signed rank test
was used for R50% as the distribution of R50% did not qualify the normality test. Similarly, the
paired t-test was used to compare the maximum point dose to esophagus, while Wilcoxon
signed rank tests were used for V20, and the maximum point doses to the spinal cord and heart.

5. Delivery accuracy
The DrMAT plans were delivered using a clinical linac to verify the feasibility of its clinical
application in the 10 cases treated by respiratory-gated VMAT. To evaluate the impact of respi-
ratory motion on the dosimetric accuracy of the actual treatment, both the DrMAT and
VMAT plans were delivered on a one-dimensional moving phantom (QUASAR™, Modus
Medical Devices Inc., London, Canada) under two different delivery scenarios; static and gated
delivery. During the gated beam delivery for each case, the moving phantom was controlled in
the longitudinal direction by the respiratory signal recorded during 4DCT acquisition of the
same patient. The magnitude of the phantom movement that represented the tumor motion
was set such that the amplitude of the respiratory signal produced the full range of tumor
motion measured from 4DCT data.

The delivered dose distribution was measured using EBT3 films with an Epson 10000XL
scanner through a FilmQA Pro software (Ashland Advanced Materials, Wayne, NJ, USA) fol-
lowed by the procedure described by Lewis et al [20, 21]. All irradiated film images were con-
verted to a dose map using a calibration response curve measured during the experiment. The
measured dose distribution was compared with the calculated dose distributions via gamma
analysis either with dose tolerance of 2% within 2 mm or of 2% within 1 mm. The gamma crite-
ria for SBRT selected in this study were more stringent and demanded a higher accuracy as
compared to that used for conventional IMRT, where 3%/3mm is generally accepted.

Results

1. Plan quality
Fig 4 shows a typical example of the isodose distribution of each intermediate stage plan
(sCOT and dCAT), the final DrMAT, and the original VMAT plan. As expected, in low dose
region the dose distribution of dCAT is smoother than that of sCOT because of the transition
from discrete static beams to continuous arc beams, while it is the same as that of the DrMAT.
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Dose–volume histograms (DVHs) of the same case show that although the DrMAT plan
had the similar PTV coverage as that of the VMAT plan, i.e., 95% of the PTV received 60 Gy of
the prescribed dose, it had much higher hot spots in the GTV and PTV as compared to those
in VMAT (Fig 5). From an SBRT perspective of tumor ablation, however, the hotspots of
DrMAT, which were caused by the removal of intensity modulation from VMAT that
improved dose homogeneity inside the tumor, are not clinically meaningful as long as they are
well confined within the tumor. As for OAR dose sparing, although both the plans satisfied the
dose constraints of the RTOG lung SBRT protocols, a slightly better reduction in the OAR
doses was achieved with the VMAT plan vis-a-vis the DrMAT plan.

There was no significant difference between the DrMAT and VMAT plans with respect to
the CI, D2cm, R50%, and lung V20, which indicates a comparable plan quality with respect to tar-
get conformity and dose compactness around the target volume, while both plans also meet the
criteria of the RTOG protocols (Table 2).

The maximum PTV dose of the DrMAT was significantly higher than that of the VMAT by
approximately 20%, which led to a much higher HI, because of a lack of intensity modulation
(as already explained).

With regard to the increased hotspots due to DrMAT as opposed to VMAT, mean doses of
the GTV and the PTV-GTV, averaged over the 22 patients, were increased by 14.3% and 4.7%,
respectively. The total MUs of the DrMAT plan were smaller than those of the VMAT plan by
about 20%. The ability to shorten the treatment time is an important advantage of the DrMAT
in such a time intensive treatment like SBRT.

Fig 4. Example of dose distributions for Case no. 9: a) static conformal therapy (sCOT) plan, b) dynamic conformal arc therapy (dCAT) plan, c) dose–rate
modulated arc therapy (DrMAT) plan, and d) volumetric arc therapy (VMAT) plan.

doi:10.1371/journal.pone.0158053.g004
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With respect to lung V20, both the VMAT and DrMAT plans appear to be similar and far
below the dose limits of the RTOG protocols. This may be caused by the small GTV size in this
study and the reduced ITV margin with motion management of respiratory-gated treatment.
Small-sized lung tumors (2–4 cm in length) are frequently encountered at our institution due
to the availability of advanced diagnostic modalities and the frequent screening of suspected
patients.

However, the maximum point dose to the spinal cord, heart, and esophagus for the DrMAT
plans are significantly higher than those of the VMAT plans, but still well below the dose con-
straints of the RTOG protocols (Table 3).

Fig 5. Comparison of dose-volume histograms between DrMAT (▲) and VMAT (■) plans for the same Case no. 9. Abbreviations: GTV, gross
tumor volume; PTV, planning target volume.

doi:10.1371/journal.pone.0158053.g005

Table 2. Dosimetric characteristics of the VMAT and DrMAT plans.

VMAT (Mean ± SD) DrMAT (Mean ± SD) p value

CI 1.03 ± 0.03 1.04 ± 0.03 0.287

D2cm (Gy) 45.7 ± 4.7 44.0 ± 5.8 0.135

R50% 4.64 ± 0.46 4.58 ± 0.67 0.733

HI 1.11 ± 0.02 1.29 ± 0.09 < 0.001

DGTV (Gy) 64.4 ± 1.0 73.6 ± 4.4 <0.001

D(PTV-GTV) (Gy) 63.4 ± 0.4 66.4 ± 2.2 <0.001

MUs 3505 ± 610 2879 ± 397 < 0.001

Abbreviations: CI, Conformity index; D2cm, Maximum dose at 2cm from PTV in any direction as % of prescribed dose (PD); R50%, Ratio of 50% isodose

volume to the PTV; HI, Homogeneity index (= maximum PTV dose/prescribed dose); MUs, Monitor units

doi:10.1371/journal.pone.0158053.t002
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2. Delivery Accuracy
The DrMAT plan was successfully delivered using a Truebeam linac without any interlocks,
which demonstrates that the machine parameters for delivering the simplified VMAT plan are
well within the limits specified for the machine.

Control point is a building block for all dynamic treatments, where a number of machine
parameters can be varied. During beam delivery, all the machine parameters are checked every
10 or 50 ms to ensure that the obtained values are the same as the planned values at the deliv-
ered MUs, and if they are not equal, beam is held off until they are all at the right positions.
The delivery of the DrMAT plan was accomplished by the sequential execution of 166 control
points each of which specified MLC leaf positions, dose rate, and gantry rotation speed as a
function of MUs.

Fig 6 shows one example of the DrMAT plan presenting modulation of dose rate and gantry
speed as a function of gantry angle implemented by 166 control points with 2.2° intervals.

For the Truebeam machine used in the study, the maximum dose rate and gantry speed
were set to 1200 MU/min and 4.8 deg/s, respectively. To maximize the delivery efficiency, i.e.,
minimize the delivery time, either the dose rate or gantry speed was chosen as the maximum
value.

With the maximum dose rate and gantry speed, the maximumMUs for a DrMAT control
point (2.2°) was 9.2 MU. If MUs of a certain DrMAT control point were larger than 9.2 MU,
the maximum value of 1200 MU/min was chosen for the dose rate while the gantry speed was
variably slowed down according to the required MUs. In contrast, if MUs of a certain control
were smaller than 9.2 MU, the gantry speed was set at the maximum speed of 4.8 deg/s while
the dose rate was decreased accordingly. There were 3 control points for which MUs were less
than 9.2 MUs in the case of Fig 6. Averaged over the 22 cases, the modulation ranges of the
dose rates and gantry angles were 471 ± 479 MU/min and 2.9 ± 0.8 deg/s, respectively.

As can be seen in Fig 7, compared with the gated DrMAT case, the delivered isodose lines in
the gated VMAT case are slightly broader than the planned isodose lines. This is observed for
both the target region as well as the surrounding dose gradient region and can be explained by
the following facts. First, within the target, VMAT employed an MLC fluence modulation by
sophisticatedly patching the borders between multiple field segments to improve the dose uni-
formity within the target, presuming no tumor motion. However, this does not work when
respiratory tumor motion is involved. Second, in the dose gradient region, VMAT employed
an MLC fluence modulation to achieve the highest dose gradient around the tumor, again by
sophisticatedly patching the borders between multiple field segments, presuming no organ
motion. However, respiratory motion degrades the sharp dose gradient and broadens the iso-
dose lines compared with the planned ones.

Table 3. Comparison of critical structure doses between the VAMT and DrMAT plans.

Critical structures RTOG protocol VMAT DrMAT p value

Lung V20 < 10.0 3.0 (1.4–6.3) 2.9 (1.4–5.7) 0.936

Max. point dose (Gy):
Spinal Cord

21.9 6.9 (3.5–11.9) 10.1 (3.3–15.6) < 0.001

Max. point dose (Gy): Heart 30.0 8.5 (0.3–21.7) 10.1 (0.3–25.7) 0.004

Max. point dose (Gy):
Esophagus

25.2 7.6 (4.0–10.9) 11.9 (6.4–15.6) < 0.001

Abbreviations: RTOG, Radiation Therapy Oncology Group; VMAT, volumetric arc radiation therapy; DrMAT, dose rate modulated arc therapy. Data are

presented mean values (range) (N = 22).

doi:10.1371/journal.pone.0158053.t003
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Fig 7 shows one example of the resulting dose maps of the VMAT and DrMAT plans deliv-
ered under two different scenarios (static or gating delivery) were compared with the corre-
sponding calculated dose maps. The performance of the VMAT and DrMAT plans for static
delivery is similar. However, the DrMAT plan is superior to the VMAT plan for gating deliv-
ery, which is attributable to the absence of the interplay effect between MLC movement and
tumor motion with DrMAT.

In the case of static delivery, both VMAT and DrMAT show similar dose delivery accuracy
in gamma evaluation with either 2%/2mm or 2%/1mm criteria (Table 4). On the contrary, in
the case of gated delivery the dose delivery accuracy of VMAT sharply drops to 87.5%, dosime-
trically unacceptable level of decrease from 2 mm to 1 mm in distance-to-agreement. Consider-
ing that these performances are achievable with gated delivery, which effectively limits the
tumor motion to within about 5 mm, without appropriate motion management the delivery
accuracy of VMAT could more sharply drop to clinically unacceptable levels as increasing
tumor motion and intensity modulation despite the agreement level of 2%/2mm.

Fig 8 shows scatter plots of gamma evaluation for DrMAT and VMAT plans, which demon-
strates that the dose delivery accuracy of DrMAT is superior when tumor motion is involved.

Discussion
A challenge of SBRT is to deliver an ablative dose to the tumor while keeping the dose to the
surrounding normal organs under the tolerance dose limit. Therefore, highly conformal

Fig 6. Variations of dose rate and gantry speed as a function of gantry angle, which are executed using a total of 166 control
points for a DrMAT plan. Note that every 5 control points at 2.2° intervals have the same values because an 11° sub-arc of the dCAT is
equally divided by them.

doi:10.1371/journal.pone.0158053.g006
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Fig 7. Comparison between the planned and delivered dose distribution for DrMAT and VMAT plans of Case
no. 6: a) VMAT plan for static delivery, b) DrMAT plan for static delivery, c) VMAT plan for gating delivery, d)
DrMAT plan for gating delivery. The thick and thin lines represent the plan and delivered isodose levels
normalized to the prescribed dose, respectively. Note that apparent difference in the dose distributions (e.g.,
the 100% area) is because they are recalculated ones on a motion phantom, which is different with the
patient in the whole size, isocenter location, and density distribution.

doi:10.1371/journal.pone.0158053.g007

Table 4. Gamma evaluation passing rates for VMAT and DrMAT plans.

Gamma criteria Static delivery (%) Gating delivery (%)

VMAT DrMAT VMAT DrMAT

2% within 2mm 99.7 ± 0.2 99.6 ± 0.3 98.2 ± 1.2 99.0 ± 1.1

2% within 1mm 96.1 ± 2.2 95.9 ± 2.1 87.5 ± 8.4 93.3 ± 3.6

Abbreviations: VMAT, volumetric modulated arc therapy; DrMAT, dose rate modulated arc therapy.

doi:10.1371/journal.pone.0158053.t004
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radiation dose at the target site and rapid dose fall-off in the surrounding normal tissues is crit-
ical for SBRT. To this end, the use of IMRT and VMAT techniques is rapidly growing in SBRT,
with superior plan quality in terms of both target dose conformity and critical structure dose
sparing [10, 22].

In the majority of lung SBRT cases, however, the target volume is small enough that 3DCRT
can generate plans of clinically acceptable quality. In our study cohort, PTV was tiny, ball-
shaped, and about 2–4 cm in diameter. Therefore, the dose to the OARs was far below the
threshold for severe injury to the lung, esophagus, or spinal cord. In this study, DrMAT
resulted in 19%, 57%, and 46% higher maximum point doses to the heart, esophagus, and spi-
nal cord, respectively, compared to those with VMAT. However, this may be caused by the fact
that the planning objectives of OARs imposed for inverse optimization were already satisfied.
Considering the subtle gain achieved by VMAT, the excessive intensity modulations appear to
be unnecessary, or even a source of delivery uncertainty; the choice of IMRT and VMAT
should be made wisely and only when more critical structure sparing is necessary.

In an effort to improve dose sparing to OARs whilst retaining the delivery technique as sim-
ple as 3DCRT, Ross et al. [23] developed a modified dynamic conformal arc therapy (DCAT)
that can be easily implemented on common treatment planning systems. It consists of six
coplanar conformal arcs with 59° each and 1° gap between arcs, where beam weights of each
arc were manually and repeatedly adjusted to optimize target coverage and dose sparing to
OARs. In a study comparing 3DCRT, DCAT, and VMAT [24], VMAT and DCAT improved
dose distributions to the PTV, but VMAT was superior to DCAT in terms of both high-dose
spillage (CI) and low-dose spillage (D2cm and R50%). Moreover, DCAT resulted in 14%, 78%,
and 92% higher maximum point doses to the heart, esophagus, and spinal cord, respectively,
compared to those with VMAT. They concluded that DCAT planning requires a delicate bal-
ance to achieve OAR constraints while not violating high- and low-dose spillage indices.

In this study, we use a far greater number of arcs, i.e., 33 sub arc beams in DrMAT, and
achieved field weight optimization through dose–volume based inverse planning process to
automatically determine optimal beam weights for each arc component. Furthermore, the use
of a pseudo target can solve heterogeneous dose distribution around the tumor caused by the
eccentric beam weights determined via the field weights optimization. In this way DrMAT
achieves equivalent plan quality both with respect to high-dose and low-dose spillage.

Fig 8. Scatter plots of gamma passing rate between the DrMAT and VMAT plans: a) 2%/2mm and b) 2%/1mm.

doi:10.1371/journal.pone.0158053.g008
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Furthermore, when comparing the aforementioned results on dose sparing to OARs between
DrMAT and DCAT with respect to VMAT, it appears that dose–volume-based inverse plan-
ning of DrMAT is somewhat effective in OAR sparing by figuring out the optimal field weights
for 33 sub arcs.

Another alternative approach, referred to as beam-controlled arc therapy (BCAT), has also
been investigated [25]. In this approach, the radiation beam is controlled on or off while deliv-
ering intensity-modulated arc therapy. By employing linear-programming-based dose optimi-
zation to each aperture weight, the radiation beam was held off at control points with zero
weights rather than the beam weight modulation via dose rate and gantry speed. By removing
unnecessary beam apertures with beam-holds at certain gantry angles BCAT was superior to
VMAT in dose sparing to OARs and in dose uniformity for head and neck cancers by up to
17% and 57%, respectively. However, simultaneous use of this method with respiratory-gated
treatment is a challenge.

An additional challenge of SBRT in thoracic and abdominal tumors is the respiratory tumor
motion. The respiratory gating technique aims to spare the surrounding normal tissue by
reducing the component of the PTV to account for respiratory motion. In our study cohort,
the free-breathing tumor motion ranged from 0.1 to 1.9 cm. Considering the ranges of tumor
motion with and without gating, regularity of breathing, and proximity to critical structures,
ten out of the 22 cases were treated with respiratory-gated SBRT with their reduced tumor
motion range of 0.3 to 0.8 cm after gating.

The complexity of SBRT, including multiple beams, image guidance procedures and the
delivery of a large number of monitor units (MUs), may be more time intensive per fraction
than conventionally fractionated radiotherapy [26]. Intrafraction tumor position variations
that might compromise the delivered dose accuracy increase with the duration of the treatment
session [27]; furthermore long treatment times may not be tolerated by patients [28]. There-
fore, shortening the treatment duration is important for SBRT. In this study the dose delivery
efficiency of SBRT was improved by 20% using DrMAT compared to that using VMAT.

As described well in the debate article, a major concern with the use of IMRT and VMAT
for SBRT lung cancer is whether the motion of the tumor leads to significant dosing discrep-
ancy, especially while delivering a high dose per fraction. As the MLCs move across the field,
individual leaves may cover part of the target during treatment delivery. Any target movement
will result in the dose not being delivered as planned. The interplay between MLC motion, jaw
movement, gantry rotation, and target motion during free-breathing treatment with VMAT is
complex when compared to an open field like 3DCRT. Therefore, 3DCRT is expected to have a
better agreement in target coverage between the plan and delivered treatment compared with
that using IMRT and VMAT, especially when there is large respiratory tumor motion or signif-
icant modulation in IMRT or VMAT. Nonetheless, not all lung SBRT cases are best treated
with 3DCRT. Lung tumors vary in location, size, motion, and grade. IMRT and VMAT are
used only for carefully selected patients that have large tumor sizes, minimal tumor motion, or
in whom dose sparing cannot be achieved with 3DCRT owing to the proximity of critical struc-
tures. Any slight dosimetric advantages of IMRT/VMAT will be diminished or even worsen in
practice due to various uncertainties.

As demonstrated with respect to the delivery accuracy, respiratory-gated DrMAT resulted
in significantly higher gamma pass rates of 93.3 ± 3.5% when compared with 87.5 ± 8.4% of
VMAT on applying the criterion of 2% within 1 mm. As expected, the dose deviations of
VMAT were caused by the interplay effect that is strongly dependent on the speed of the beam
aperture relative to the speed of the target motion [29]. Unlike VMAT, in DrMAT the tumor is
irradiated as a whole by its motion encompassing open fields with fairly uniform intensity.
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DrMAT plan is therefore more robust than the VMAT plan when tumor motion during respi-
ration is considered.

Unless respiratory-gated SBRT that reduced the range of tumor motion within 0.5–1.0 cm,
tumor motion would increase up to 2–3 cm and cause more severe deviations between the
planned and delivered dose distribution for VMAT. In an effort to eliminate the complexity of
VMAT associated with variation of dose rate and gantry rotation speed, an alternative
approach using constant dose-rate delivery with variable angular spacing has been proposed
[30]. In a study of four cancer patients (two head-and-neck, one brain and one prostate can-
cer), the use of variable angular spacing was shown to implement constant dose-rate VMAT
plans in clinics not equipped with the new variable dose-rate-enabled machines with compara-
ble plan quality and treatment efficacy. Current implementation of DrMAT facilitates the vari-
able dose-rate approach of VMAT, but the constant dose-rate approach for DrMAT can be
easily implemented to achieve further simplification in dose delivery.

Similar to the recent use of modified DCAT to liver SBRT [31] either with or without flat-
tening-filter-free beams [32], DrMAT is also easily applicable to other abdominal cancers that
are particularly associated with respiratory tumor motion such as liver and pancreas cancers.

Having demonstrated the safety and efficacy by measurements using a moving phantom,
the DrMAT technique seems to be adapted to routine clinical practice without excessive diffi-
culty. To implement the proposed DrMAT, one needs a treatment planning system that pro-
vides beam weight optimization functionality. However, beam weight optimization has been a
well-developed function since the 3DCRT era and is still available in most commercial TPS sys-
tems to the best of our knowledge. In addition, a DICOM tool is necessary to manipulate
DICOM plan data, but the standardized protocol of DICOM RT plan removes the specific
machine dependence of a plan. However the technique would ultimately need to be tested with
patients treated under a protocol that specifies detailed requirements as follows: appropriate
selection criteria; detailed procedures of treatment planning including 4DCT, target volume
definitions, and plan evaluation methods; quality assurance procedures and evaluation meth-
odology; and treatment delivery procedures including a moving tumor setup using CBCT or
fluoroscopic imaging.

Conclusion
We developed a novel SBRT technique that achieves a plan quality comparable to that of
VMAT and is as simple to implement as 3DCRT, without compromising the plan quality in
cases where tumor motion is a significant issue. The proposed technique is compatible with the
currently available treatment planning systems and equipment.
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S1 Fig. Scatter plot of conformity index (CI) between the DrMAT and VMAT plans.
(TIF)

S2 Fig. Scatter plot of D2cm between the DrMAT and VMAT plans.
(TIF)

S3 Fig. Scatter plot of R50% between the DrMAT and VMAT plans.
(TIF)

S4 Fig. Scatter plot of PTV Dmax between the DrMAT and VMAT plans.
(TIF)
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