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ARTICLE INFO ABSTRACT

Keywords: Background and Purpose: OXRAY is a new O-ring-shaped radiotherapy system delivering biaxially rotational
Non-coplanar VMAT dynamic-radiation therapy (BROAD-RT), a technique that enables non-coplanar volumetric-modulated arc
Coplanar VMAT

therapy (VMAT) for large target volumes without requiring couch movement. The purpose of this study was to
evaluate the benefits of BROAD-RT and to perform an integration test to confirm the plan deliverability and its
accuracy from the treatment planning system to OXRAY for patients with nasopharyngeal carcinoma.

Methods and Materials: We compared treatment plans for BROAD-RT and coplanar VMAT (COVMAT) created in
RayStation for 15 patients with nasopharyngeal cancer using the Wilcoxon signed-rank test. P values less than
0.05 were considered statistically significant. Additionally, we confirmed the plan delivery accuracy of BROAD-
RT from the treatment planning system to OXRAY; gamma passing rates (GPRs) and delivery time were evalu-
ated. The criteria for pass and fail were >95 % at y3%2 mm.

Results: BROAD-RT significantly improved the homogeneity and conformity index of planning target volume and
reduced dose volume indices compared with COVMAT in Dg o3 . for the brainstem, Dg o3 (. for the left optic
nerve, Dy o3 ¢ for the brachial plexus, Dpyean for each submandibular gland, Dpean for the oral cavity, and Dpean
for each parotid gland. All plans for BROAD-RT passed the integration test; the mean GPR (3 %/2 mm) was above
95 % and the median delivery time was 209 s.

Conclusions: BROAD-RT delivered by OXRAY passed the integration test, and it demonstrated the potential
benefit of improving the dose distribution compared with COVMAT for patients with nasopharyngeal carcinoma.

Head and neck
Nasopharyngeal carcinoma
BROAD-RT

skull base to the superior mediastinum [4]. Importantly, the head and
neck region contain many vital organs related to quality-of-life functions

Introduction

Nasopharyngeal carcinoma is a rare disease, accounting for 0.7 % of
all cancers worldwide; its geographical distribution is unequal, with 70
% of cases occurring in East and Southeast Asia [1]. Radiotherapy for
nasopharyngeal carcinoma is the standard treatment not only for early
stage to locally advanced disease but also for selected cases of metastatic
disease [2,3], which requires large irradiation fields ranging from the

such as communication, nutrition, and respiration. However, the large
radiation fields for the head and neck region cause great damage to vital
organs, leading to adverse side effects [5].

Compared to three-dimensional conformal radiotherapy (3D-CRT),
intensity-modulated radiation therapy (IMRT) and coplanar volumetric-
modulated arc therapy (COVMAT) can improve the dose coverage for

Abbreviations: IMRT, intensity-modulated radiation therapy; COVMAT, coplanar volumetric-modulated arc therapy; 3D-CRT, three-dimensional conformal
radiotherapy; BROAD-RT, biaxially rotational dynamic-radiation therapy; DWA, Dynamic WaveArc®; OAR, organ at risk; GTV, gross tumor volume; CTV, clinical
target volume; PTV, planning target volume; DVIs, dose-volume indices; HI, homogeneity index; CI, Paddick conformity index; MUs, monitor units.
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tumor volume by decreasing the dose to adjacent organs. This approach
has improved tumor control for patients with head and neck cancer [6].
Despite recent advancements in radiotherapy, many patients continue to
experience severe adverse effects, highlighting the need for further en-
hancements in radiotherapy techniques [7]. In recent years, non-
coplanar VMAT techniques that effectively reduce low- and
intermediate-radiation doses have garnered increasing attention [8].
However, non-coplanar VMAT is not commonly used for head and neck
cancer because it is time consuming and has the potential risk of colli-
sion with the patient [9-13].

In 2008, Mitsubishi Heavy Industries, Ltd., Japan, introduced the
Vero4DRT system, an advanced image-guided radiation therapy system
featuring unique capabilities for clinical use [14]. A distinctive feature is
the biaxially rotational dynamic-radiation therapy (BROAD-RT), also
known as three-dimensional unicursal irradiation [15]. This technique
enables non-coplanar VMAT by simultaneous gantry and O-ring rotation
without patient couch movement. This approach is also referred to as
Dynamic WaveArc® (DWA), a part of BROAD-RT, and it is known to
enhance dose distribution across various treatment sites [16-19].
However, the DWA in Vero4DRT possesses three critical limitations:
limited radiation field size [20,21], which makes it unsuitable for
treating large tumors; lack of gimbal operation support during VMAT
[22]; and user-dependent customization of DWA trajectories con-
strained by mechanical limitations. Vero4DRT encountered some chal-
lenges in interfacing with the treatment planning system, which resulted
in significant delays in its development [23].

In June 2023, Hitachi Ltd. released its second-generation O-ring-
shaped image-guided therapy system, OXRAY [24]. With improved
mechanical performance and a close collaboration with RaySearch
Laboratories AB, OXRAY was able to integrate BROAD-RT (Dynamic
SwingArc®) with the gimbal head rotation, leading to extended-field
non-coplanar radiotherapy with customizable trajectories. These im-
provements have addressed the critical limitations in Vero4DRT.

We report on a comparison of an integration test using this novel
BROAD-RT with gimbal planning approach for 15 nasopharyngeal car-
cinoma case datasets to quantify the potential benefit of BROAD-RT with
gimbal using customizable trajectories and enlarge the radiation fields
with gimbal swinging up to 3° without couch movement to reduce the
organ-at-risk (OAR) dose compared to that in COVMAT. The delivery
accuracy was evaluated by irradiation verification in phantom
experiments.

Methods and Materials
System overview of OXRAY

OXRAY utilizes a sturdy O-ring-shaped structure and gimbaled head
with an ultracompact C-band linear accelerator. A brief comparison of
the specifications of Vero4DRT, OXRAY, and TrueBeam is shown in
Table 1. The gantry rotates within the ring at a maximum speed of 7°/s,
allowing + 185° rotation. Additionally, the O-ring rotates around its
vertical axis with a maximum speed of 6°/s within a range of + 60°. The
gantry and ring can rotate independently while the treatment couch is
fixed. OXRAY offers X-ray energies of 6 MV and 6 MV-flattening filter
free (FFF), with maximum dose rates of 600 MU/min and 1200 MU/min,
respectively. The image guidance system includes a dual kilovoltage X-
ray imaging system, able to perform a fast dual-source cone-beam
computed tomography requiring only 15 s of scanning time. Moreover, a
robotic treatment couch is available to correct the patient position with
five degrees of freedom (three axes of translation and two axes of
rotation).

The gimbaled head can rotate with two orthogonal gimbals, inde-
pendently allowing pan and tilt rotations of up to + 3°. The maximum
rotational speed is 6°/s. With this rotational capability, the beam swing
can reach up to + 50.3 mm in each direction on the isocenter plane. This
enables an irradiation coverage area up to 30 x 30 cm, although the
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Table 1
Comparison of specifications among Vero4DRT, OXRAY, and TrueBeam.
Vero4DRT OXRAY TrueBeam
Mechanical
characteristics
Gantry rotational 7°/s 7°/s 6°/s
speed
O-ring rotational 3°/s 6°/s N/A
speed
Gantry stroke +185° +185° +185°
O-ring stroke +60° +60° N/A
Table stroke N/A N/A +100°
Irradiation system
Gimbal stroke +2.5° +3.0° N/A
Beam energy (dose 6 MV (500 6 MV (600 MU/ 4 MV (250 MU/
rate) MU/min) min) and min),
6 MV-FFF (1200 6 MV (600 MU/
MU/min) min),
8 MV (600 MU/
min),
10 MV (600 MU/
min),
15 MV (600 MU/
min),
6 MV-FFF (1400
MU/min), and
10 MV-FFF (2400
MU/min)
Maximum field size 15 x 15 cm 20 x 20 cm 40 x 40 cm
(without gimbal
rotation)
30 x 30 cm (with
gimbal rotation)
MLC leaf width 5 mm (30 2.5 mm (16 pairs: 5 mm (40 pairs:
pairs) +40 mm of the +200 mm of the
isocenter) isocenter)
5 mm (32 pairs: 10 mm (20 pairs:
other) other)
MLC speed@iso 50 mm/s 65 mm/s 25 mm/s
Imaging system
Orthogonal kV X-ray
imaging device
(FPD)
SAD 100 cm 105.97 cm 100 cm (variable)
Pixels 1,024 x 768 1,440 x 1,440 (2 1,024 x 768
(2x2 x 2 binning)
binning)
Bit depth 14 16 16
Resolution@iso 0.21 mm 0.15 mm 0.38 mm
Pixel area@iso 21 x 16 cm 21 x 21 cm 39.7 x 29.8 cm
CBCT FOV 21 (diameter) 21 (diameter) x 24 (diameter) x 18
x 16 cm 21 ¢cm40 cm (full fan mode)
(diameter) x 21 45 (diameter) x 16
cm (FPD position  cm (half fan mode:
shift) FPD position shift)
MV X-ray imaging
device (EPID)
Pixels 1,024 x 1,024 1,536 x 1,536 (2 1,280 x 1,280
(2x2 x 2 binning)
binning)
Bit depth 16 16 16
Resolution@iso 0.18 mm 0.13 mm 0.33 mm
Pixel area@iso 18 x 18 mm 19.8 x 19.8 cm 43 x 43 cm
Positioning system
Positioning function = ExacTrac Hitachi PIAS kV X-ray imaging
technology
IR camera Integration
Robotics 5-axis + O-ring
rotation

Abbreviations: MLC, multi-leaf collimator; FPD, flat panel detector; SAD, source-
axis distance; iso, isocenter; CBCT, cone beam computed tomography; FOV, field
of view; EPID, electronic portal imaging device; IR, infrared; N/A, not available;
FFF, flattening filter free; MU, monitor unit.
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maximum field size of the multi-leaf collimator (MLC) is 20 x 20 cm.
Overview of the integration test

OXRAY is a new radiotherapy system, and its robustness has not been
evaluated so far. Thus, we conducted an integration test according to
actual clinical flow. First, we created test plans on a treatment planning
system (RayStation version 2023B; RaySearch Laboratories, Stockholm,
Sweden) using actual clinical data. Next, we transferred the plans from
RayStation to OXRAY and confirmed that OXRAY could translate the
plans into operation. Finally, through geometric and dosimetric assess-
ments, we confirmed that OXRAY could successfully deliver the planned
doses with required accuracy.

Patient data

We enrolled 15 nasopharyngeal carcinoma patients who had un-
dergone definitive radiotherapy at our institution between 2015 and
2021. Patients were immobilized in a supine position by a thermoplastic
mask (Uni-frame Thermoplastics; CQ Medical, Avondale, PA, USA). CT
images were acquired using a 512 x 512 matrix with < 2.5 mm slice
thickness (voxel size, 0.97 x 0.97 x 2.5 mm) on the LightSpeed RT
platform (GE Healthcare, Little Chalfont, UK) and SOMATOM Definition
(Siemens Medical Systems, Erlangen, Germany). The study protocol was
approved by our Institutional Review Board (R1048).

Patient characteristics

The median age was 58 years (range, 30-84), and 11 patients (73.3
%) were male. The clinical stage was II in six (40.0 %), III in six (40.0 %),
and IVA in three patients (20 %) according to the criteria of the Union
for International Cancer Control 8th edition [25].

Contouring targets and organs at risk

The gross tumor volume of primary tumor (GTVp) and that of lymph
node metastases (GTVn) were delineated with reference to CT and
magnetic resonance imaging (MRI) data and the findings of
fluorodeoxyglucose-positron emission tomography (FDG-PET); fiber-
optic endoscopic findings were also referred to the GTV. MRI and FDG-
PET were fused to CT using rigid image registration. GTV was defined as
GTVp plus GTVn. The high-risk clinical target volume (CTV) was the
GTV area plus a margin of 5 mm and the whole nasopharyngeal mucosa.
The intermediate-risk CTV included the GTV area plus a margin of 10
mm, high-risk lymph node area, and adjacent structures of the naso-
pharynx. Low-risk CTV included the low-risk lymph node area. Planning
target volume (PTV) was defined as each CTV plus a 5-mm setup margin
trimmed to 3 mm under the skin [4]. Brainstem, spinal cord, cochlea,
submandibular gland, parotid gland, oral cavity, optic nerve, temporal
lobe, lens, eyeballs, brachial plexus, hippocampi, and larynx were
delineated as the OARs [26]. Organs located on both sides of the body,
except for the lens, eyeballs, brachial plexus, and hippocampus, were
delineated separately. Planning OAR volume (PRV) margins on the
brainstem, spinal cord, and optic nerve were 3 mm. All critical struc-
tures, such as OARs, were first manually contoured by medical physi-
cists, and radiation oncologists then assessed and revised the structures
for accuracy. Target volumes were contoured by expert radiation
oncologists.

Treatment planning

COVMAT and BROAD-RT plans were generated in a research version
of RayStation version 2023B. The dose calculation algorithm in all
treatment plans was collapsed cone in RayStation, and the grid size was
set to 2 mm. Because of the limitation of the maximum field size, OXRAY
cannot cover the entire PTV with COVMAT for patients with
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nasopharyngeal carcinoma. Additionally, the extended irradiation field
associated with gimbal rotation enables irradiation from more non-
coplanar angles. Thus, COVMAT plans were created for the 6-MV flat-
tened photon beam generated by TrueBeam (Varian Medical Systems,
Washington DC, USA) using a two-full-rotation coplanar arc trajectory.
In addition, BROAD-RT plans were created for a 6-MV flattened photon
beam generated by OXRAY using two non-coplanar dynamic trajectories
with a gimbal rotation of + 2° in the tilt direction, to extend the irra-
diation range in the cranio-caudal direction; the value was set in
RayStation manually (Supplementary Fig. 1). Fig. 1 shows the arc tra-
jectories of BROAD-RT and COVMAT. To avoid multiple comparisons,
we selected the representative trajectory in BROAD-RT using the
following methodology. First, a template trajectory in OXRAY, which
can avoid shoulder irradiation, was selected. We developed a collision
map software available for OXRAY to evaluate the risk of collision at any
ring and gantry angle, which is not implemented in RayStation [18]. To
improve the flexibility of optimization, the ring angle was set to the
maximum value by referring to the collision map. In addition, the tra-
jectories were simplified to shorten the delivery time (Supplementary
Fig. 2) [27]. We defined manipulation points as gantry and ring angle
positions where the direction of O-ring rotation can be changed.
Manipulation points of the trajectories used in this study are shown in
Supplementary Table 1.

The prescribed dose of 70 Gy in 35 fractions was administered to 95
% of the high-risk PTV (PTV70 Dgs,) for each plan. The simultaneous
integrated boost technique was used to deliver 70 Gy, 63 Gy, and 56 Gy
for PTV70, intermediate-risk PTV (PTV63), and low-risk PTV (PTV56),
respectively, in 35 fractions. Dose constraints and priority of planning
are listed in Table 2. PRV dose constraints were not set; however, PRV
was used for optimization structures.

To minimize planning bias and ensure consistency, we developed a
script that automatically applied the same optimization conditions as a
template and performed three rounds of automatic optimization for each
plan. Specifically, this script inserted a standardized set of optimization
parameters for all plans and automatically ran three consecutive opti-
mization cycles. After this automated process, if any dose constraints
were not met, we made a single manual adjustment by modifying the
weight of the relevant ROI. This approach allowed us to maintain a high
degree of consistency across all plans while minimizing manual inter-
vention. After target delineation, planning optimization was performed
by the radiation oncologist, and the quality and acceptability of the plan
were evaluated together by the radiation oncologist and medical
physicist.

Plan evaluation

Dose-volume indices (DVIS) for Dg%, D]o%, DSO%; Dgo%, and Dgg% of
PTV and Dggy, of GTVp were evaluated. In addition, DVIs for OAR, such
as Do o3 ¢c for the brainstem, spinal cord, optic nerve, lens, eyeball, and
temporal lobe, and Dyean for submandibular gland, oral cavity, parotid
gland, cochlea, hippocampi, and larynx were assessed. Homogeneity
index (HI), defined as (D29, — Dggy;)/Ds0%, was calculated for each PTV
[28]. Paddick conformity index (CI), defined as (Vpry, ref)2/(VpTv X
Vref), was calculated for each PTV. Vpry, ref is the PTV volume within the
prescribed dose, Vpry is the PTV volume, and V. is the volume in the
body [29]. The CI of PTV63 and PTV56 is underestimated because doses
of 63 Gy and 56 Gy or more are delivered to PTV70 and PTV70 + PTV63,
respectively. Therefore, V¢ values of 63 Gy and 56 Gy were excluded
from PTV70 and PTV70 + PTV63, respectively. Our study was given a
rating score according to the RATING guidelines, which provides a
quality framework of recommendations and contributes to the quality of
planning studies and the resulting publications [30].

In addition, to assess plan complexity, we evaluated two complexity
indices, modulation complexity score for VMAT (MCSv) and aperture
area variability (AAV), in both COVMAT and BROAD-RT [31,32]. The
calculated monitor units (MUs), planning time from optimization to
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Fig. 1. (a) Arc trajectories of BROAD-RT; both trajectories were modified to avoid shoulder irradiation. Additionally, the trajectories of RING angle were modified
with reference to a collision map. The angle of gimbal tilt rotation was —2° for the arc on the left side and +2° for the arc on the right side. (b) Arc trajectories of
coplanar VMAT. Abbreviations: BROAD-RT, biaxially rotational dynamic-radiation therapy.

Table 2
Dose constraints and priority of planning.
Structure Index Dose constraints Priority
Hard Soft

Body Dmax <77 Gy <80 Gy High
PTV70 Dosv, 70 Gy High
PTV63 Dsoo 63 Gy 61.0-64.9 Gy High
PTV56 Dsoo% 56 Gy 54.0-57.7 Gy High
GTV Dogo >73 Gy >70 Gy High
Spinal cord Drax < 40 Gy < 46 Gy High
Brainstem Drax <54 Gy <63 Gy High
Brachial plexus Dmax <66 Gy <70 Gy Moderate
Optic nerve Dmax <55 Gy <60 Gy Moderate
Temporal lobe Dmax <63 Gy <74 Gy Moderate
Lens Dmax <6 Gy <10 Gy Moderate
Eyeballs Drax <35 Gy <45 Gy Moderate
Submandibular gland Dmean <39 Gy <50 Gy Low
Parotid gland Dmean <26 Gy <30 Gy Moderate
Oral cavity Dimean <45 Gy <50 Gy Moderate
Larynx Dimean <30 Gy <45 Gy Low
Cochlea Dmean <45 Gy <50Gy Moderate

Abbreviations: PTV, planning target volume; GTV, gross tumor volume; Dy,
max dose to structure; Dy, minimal dose to most exposed x% of structure;
Dinean, mean dose to structure.

completion of dose distribution calculation, and delivery time were also
recorded.

Geometric and dosimetric accuracy

To assess the geometric accuracy of BROAD-RT, two types of log files
were collected: the MLC log file and the control log file. These files
recorded both planned and actual values for the MLC position, gantry
angle, O-ring angle, gimbal pan angle, gimbal tilt angle, and MU at 20-
ms intervals. The mean absolute error (MAE) was calculated for each
parameter.

To assess the dosimetric accuracy, the calculated and measured dose
distributions of BROAD-RT were assessed according to global gamma
analysis using ArcCHECK (Sun Nuclear, Melbourne, FL, USA)
(Supplementary Fig. 3). The criteria of gamma passing rate (GPR) were
3 % of the planned maximum dose as the dose-difference criterion and 2
mm as the distance-to-agreement criterion, with a 10 % threshold; the
criteria for pass and fail were > 95 % at y3%2mm according to AAPM-
TG218 [33].

Statistical analysis

DVIs, HI, CI, MCSv, and AAV for BROAD-RT and COVMAT were
compared using the Wilcoxon signed-rank test. P values less than 0.05
were considered statistically significant. All statistical analyses were
conducted with R (version 4.3.1, the R Foundation for Statistical
Computing, Vienna, Austria).

Results

The median PTV volume (PTV70 + PTV63 + PTV56) was 995.6 cm®
(range, 678.6-1201.0). The representative dose distributions are shown
in Fig. 2. A comparison of HI and DVIs is shown in Table 3. Dose-volume
histograms are shown in Fig. 3. BROAD-RT significantly improved HI of
PTV70/63/56 and CI of PTV70/56 compared with COVMAT. Addi-
tionally, BROAD-RT enabled a significant dose reduction compared with
COVMAT in Dg o3  for the brainstem, Dg 3 . for the left optic nerve,
Dg.03 cc for the brachial plexus, Dyean for the left submandibular gland,
Dmnean for the right submandibular gland, Dyean for the oral cavity, Dpean
for the left parotid gland, and Dp,ean for the right parotid gland. No
significant difference was found in Dg o3 . (spinal cord, right optic
nerve, temporal lobe, eyeballs, and lens) and Dpean (left cochlea, right
cochlea, hippocampi, and larynx). No OARs achieved significant dose
reduction by COVMAT compared with BROAD-RT.

The mean + standard deviations (SDs) of MCS and AAV were 0.21 +
0.03 and 0.13 + 0.02, respectively, for COVMAT, and 0.11 + 0.01 and
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BROAD-RT m
)

Fig. 2. Representative dose distributions of BROAD-RT and COVMAT (axial, sagittal, and coronal views). Red arrows indicate that BROAD-RT reduced brainstem
dose compared with COVMAT. Yellow arrows indicate that BROAD-RT reduced oral cavity dose compared with COVMAT. Blue line indicates that BROAD-RT
provided a steeper dose gradient around deep parotid glands, resulting in a dose reduction of parotid glands compared with COVMAT. Abbreviations: BROAD-

RT, biaxially rotational dynamic-radiation therapy; COVMAT, coplanar VMAT.

0.11 £ 0.02, respectively, for BROAD-RT. The differences between the
two techniques were statistically significant (p < 0.05).

The median value of MUs and delivery time for BROAD-RT (range:
min-max) were 1296 MU (1185-1478) and 209 s (192-247), respec-
tively, and those for COVMAT were 807 MU (722-1008) and 146 s
(139-157), respectively. The median value of planning time from opti-
mization to completion of dose distribution calculation for BROAD-RT
and COVMAT was 212 s (192-247) and 146 s (139-157), respectively.
The overall RATING score was 98 % (supplementary Table 2).

The MAE for the gantry angle, O-ring angle, pan angle, tilt angle,
MLC position, and MU during BROAD-RT was 0.10°, 0.06°, 0.02°, 0.06°,
0.05 mm, and 0.3 MU, respectively. All plans of BROAD-RT passed the
integration test, and the mean + SD of GPR (3 %/2 mm) was 98.4 + 0.9
%.

Discussion

We conducted the integration test to evaluate the efficacy of BROAD-
RT and confirm the plan deliverability and its accuracy from the treat-
ment planning system to OXRAY for patients with nasopharyngeal car-
cinoma. BROAD-RT significantly improved the dose distribution
compared with COVMAT, without couch movement. Furthermore, the
BROAD-RT plans passed the integration test, and the delivery accuracy
and delivery time of BROAD-RT were clinically acceptable.

A typical non-coplanar VMAT technique that can be delivered on a
conventional C-arc linac uses a fixed-angle couch; however, beam di-
rections are limited because of the fixed-angle couch position
[11,12,34]. In this regard, a trajectory VMAT technique that combines
dynamic couch rotation with dynamic gantry rotation (non-coplanar
dynamic trajectory VMAT) potentially overcomes the limited beam di-
rections without collision and can provide beam directions with high
flexibility. Fix et al. reported the concept of non-coplanar dynamic tra-
jectory VMAT for head and neck cancers [13]. Bertholet et al. reported
that non-coplanar dynamic trajectory VMAT for head and neck cancers
is deliverable on C-arm linac with high dosimetric accuracy [9,35].
However, non-coplanar dynamic trajectory VMAT was not yet clinically
available because of factors such as long delivery time, complicated
movement of the treatment couch, and working only in developer mode.

In contrast, OXRAY has already been clinically implemented, enabling
the application of BROAD-RT in the treatment of patients with head and
neck cancers. Notably, BROAD-RT operates without requiring couch
movement, enabling a higher ring rotation speed compared to the table
rotation speed of C-arm platforms (6°/s vs. 3°/s). Compared to non-
coplanar dynamic trajectory VMAT, these features contribute to
shorter treatment durations and a reduction in couch positioning errors
induced during the treatment process [36]. This study is the first to
report the potential application of BROAD-RT for nasopharyngeal car-
cinoma based on direct comparison of key dosimetric parameters and
delivery times of the BROAD-RT and COVMAT plans.

BROAD-RT significantly improved the dose distribution compared
with COVMAT, without couch movement. Leitao et al. generated whole-
neck plans for 20 nasopharyngeal carcinoma patients using COVMAT or
the typical non-coplanar VMAT technique. Their results indicated that
the typical non-coplanar VMAT significantly reduced the dose to OARs
with similar target coverage compared with COVMAT (mean dose
reduction of the left parotid, right parotid, left submandibular gland,
and oral cavity by 3.9 Gy, 2.2 Gy, 3.8 Gy, and 2.6 Gy, respectively) [11].
Subra et al. developed whole-neck plans for 22 patients with head and
neck cancers; they also indicated that typical non-coplanar VMAT
significantly reduced the dose to OARs with similar target coverage
compared with COVMAT (mean dose reduction of the parotid glands,
larynx, and oral cavity by 3 Gy, 4 Gy, 5 Gy, and 4.3 Gy, respectively)
[37]. These reports support our results that BROAD-RT significantly
reduced the dose to OARs compared with COVMAT. Although the
typical non-coplanar VMAT for head and neck cancers could not achieve
improvement in PTV homogeneity in previous studies [11,37], BROAD-
RT resulted in a significant improvement compared with COVMAT.
Notably, this advantage might be attributed to the higher flexibility of
the beam directions in BROAD-RT, although it is not a direct comparison
between BROAD-RT and the typical non-coplanar VMAT [13,35].

The non-coplanar VMAT for head and neck cancers has been re-
ported to be time consuming, limiting its integration in clinical practice
[8]. Bertholet et al. reported that the delivery time of whole-neck irra-
diation for locoregionally advanced oropharyngeal carcinoma using
non-coplanar dynamic trajectory VMAT with one or two full arcs was
10.4 min [35]. Gayen et al. also reported that the mean delivery time of
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Table 3
Comparison of homogeneity index, conformity index, and dose-volumetric
indices between BROAD-RT and COVMAT.

BROAD-RT COVMAT p-value
Mean SD Mean SD

PTV70 HI 0.12 0.03 0.15 0.04  <0.001
CI 0.82 0.06 0.76 0.10 0.01

Dogy, (GY) 67.98 1.02 67.55 1.09 0.005

Dosy, (GY) 70.03 0.02 70.00 0.00 0.002

Dooys (GY) 71.35 0.42  71.66 0.61 0.002

Dsoo, (GY) 74.26 1.12  75.13 1.40 0.001

Diow% (GY) 75.78 1.53 77.38 1.92 <0.001

Day, (Gy) 76.72 1.84  78.90 239  <0.001

PTV63 HI 0.27 0.03 0.31 0.05 0.002
CI 0.67 0.08 0.65 0.08 0.14
Dogy, (GY) 54.15 1.96 53.16 2.03 0.41
Doso, (GYy) 58.16 1.57 57.31 1.60 0.21
Dogss (Gy) 60.79 141 60.21 1.23 0.23

Dsov (GY) 65.68 1.19 66.29 1.30 0.002

Doy (Gy) 68.98 1.33  70.66 1.91  <0.001

Doy, (Gy) 71.72 1.23  73.58 2.09 <0.001

PTV56 HI 0.09 0.02 0.12 0.03 <0.001

CI 0.38 0.10 0.31 0.09  <0.001

Dogy, (GY) 55.44 1.39  54.47 1.58  <0.001

Doss; (Gy) 56.61 118 55.98 1.26 0.004
Dooy, (GY) 57.31 1.06  56.98 1.16 0.06

Dso9 (GY) 58.49 1.07 59.01 1.22 0.005

Dios (Gy) 59.41 122 60.48 145  <0.001

Dy, (Gy) 60.56 1.56 61.83 1.81  <0.001
GTVp Dogo, (Gy) 72.74 1.00 72.43 0.99 0.36
Left parotid gland Dmean (Gy) 28.91 7.30  29.78 7.00 0.02
Right parotid gland Dmean (Gy) 27.03 591 27.79 5.83 0.03

Oral cavity Dmean (Gy) 35.79 6.76 40.10 6.69 <0.001
Larynx Dmean (Gy) 30.62 6.25  30.46 7.67 >0.99

Brain Stem Dg,o3 cc (Gy) 40.94 10.65 48.38 7.09  <0.001
Spinal Cord Dg o3 cc (Gy) 36.46 321 3751 4.03 0.15
Left cochlea Dmean (Gy) 39.26 16.54  40.71 16.99 0.21
Right cochlea Dmean (Gy) 33.65 9.26  35.64  10.50 0.33

Left Glnd_Submand Dmean (Gy) 63.17 9.03 64.90 8.50 <0.001

Right GInd_Submand Dmean (Gy)  66.12 5.18 67.39 5.89 0.004

Left optic nerve Do o3 cc (Gy) 2488 21.51 2839 19.96 0.03
Right optic nerve Dy o3 cc (GY) 30.97 18.07 38.85 17.14 0.17
Temporal lobe Dg o3 ¢ (Gy) 72.46 4.27 72.85 5.34 0.50
Hippocampi Dmean (Gy) 6.60 4.21 6.11 2.97 0.93
Brachial plexus Dg 3 cc (GY) 65.20 5.59  66.21 5.55 0.04
Eyeballs Dg o3 cc (Gy) 23.17 7.18  20.40 9.03 0.08
Lens Do o3 cc (GY) 5.72 3.53 4.40 1.44 0.14

Abbreviations: PTV, planning target volume; BROAD-RT, biaxially rotational
dynamic radiation therapy; COVMAT, coplanar volumetric modulation arc
therapy; HI, homogeneity index; CI, Paddick conformity index; SD, standard
deviation; Glnd_Submand, submandibular gland.

Note: The p-values in bold indicate statistical significance.

whole-neck irradiation for head and neck cancers using the typical non-
coplanar VMAT with two partial arcs was 12.0 min [12]. Previous
studies reported that the use of highly complex non-coplanar arcs,
incorporating gantry, table, and collimator rotations, resulted in pro-
longed beam delivery times. In contrast, our results demonstrate that the
median delivery time for BROAD-RT using two arcs was only 3.5 min.
Although a direct comparison between BROAD-RT and the typical non-
coplanar dynamic trajectory VMAT was not performed, these findings
suggest that BROAD-RT may achieve the shortest delivery time for
whole-neck irradiation among the non-coplanar VMAT techniques.
Additionally, the short delivery time of OXRAY may help ensure the
accuracy of radiotherapy because the delivery time correlates with the
intra-fractional errors [36]. Furthermore, couch movement is not
required with BROAD-RT, because of which OXRAY can minimize intra-
fractional error by image guidance before treatment. However, non-
coplanar dynamic trajectory VMAT using C-arm linac requires couch
movement, because of which it is necessary to consider intra-fractional
error caused by not only the accuracy of couch movement but also the
movement of the patient. Considering the advantage of BROAD-RT,
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which does not involve couch movement, BROAD-RT may be consid-
ered the most practical irradiation technique compared with previously
reported techniques of non-coplanar VMAT.

The dose per fraction of radiotherapy for head and neck cancers is
generally low [2]. Therefore, it is difficult to make the most use of the
high dose rate of the FFF beam. Thus, using a 6-MV flattened filter beam
has been considered sufficient for research in head and neck cancers
[9,13,35]. We expect a potential benefit of using a 6-MV FFF beam for
head and neck cancers in terms of beam-on-time efficiency, and further
research is needed.

Verifying the accuracy of the new beam delivery techniques is
essential. BROAD-RT exhibits a high level of complexity because of the
independent rotation of the gantry and ring. Our analysis showed that
BROAD-RT achieved significantly lower MCSv and AAV metric values
compared to COVMAT. This result is likely attributable to the increased
plan complexity of BROAD-RT, which utilizes a non-coplanar arc,
resulting in a higher MU value than that observed with COVMAT [8].

Further investigations into the geometric and dosimetric accuracy of
BROAD-RT were conducted. The delivery accuracy of BROAD-RT met
the clinically acceptable criteria defined by the American Association of
Physicists in Medicine Task Group 218 [33]. Moreover, the geometric
and dosimetric accuracy of BROAD-RT was found to be equivalent to
that of DWA, a similar delivery technique reported in a previous study
[38].

The complex trajectories employed in OXRAY involve numerous
manipulation points, which may potentially reduce dosimetric robust-
ness. At these manipulation points, variations in gantry or ring rotation
speed are observed, and dose rate adjustments are performed as an
alternative to beam on/off switching. Consequently, the accumulated
MU at these points slightly exceeds the planned MU. However, a pre-
vious study demonstrated that such deviations in accumulated MU have
negligible effects on the actual delivered dose [39]. Therefore, the
dosimetric robustness of BROAD-RT, even with the use of complex tra-
jectories, can be maintained, ensuring that the enhanced dose distri-
bution achieved by BROAD-RT can be safely implemented in clinical
practice.

Our study had several limitations. First, the investigation of trajec-
tory in BROAD-RT was insufficient in our study. We adjusted the tra-
jectories of BROAD-RT to reduce dose variations due to shoulder
movement. However, the non-coplanar dynamic trajectory VMAT has
the potential to minimize overlapping radiation fields between targets
and OARs [13]. Thus, creating an optimal BROAD-RT trajectory for each
patient may help achieve further improvement in dose distribution, plan
complexity, and delivery time. Second, it is unclear whether BROAD-RT
is feasible for patients with head and neck cancers because we did not
actually treat patients using OXRAY. To overcome these limitations, we
plan to investigate the optimal non-coplanar dynamic trajectory for each
patient and conduct a prospective trial to evaluate the feasibility of
BROAD-RT for head and neck cancers.

In conclusion, BROAD-RT delivered by OXRAY passed the integra-
tion test, and it demonstrated the potential benefit in improving the dose
distribution compared to that with COVMAT for patients with naso-
pharyngeal carcinoma. A prospective trial is required to evaluate the
feasibility of BROAD-RT for head and neck cancers, including naso-
pharyngeal carcinoma.
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