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A B S T R A C T

Background and purpose: This study developed a trajectory search method for biaxially rotational dynamic-
radiation therapy (BROAD-RT) using a new O-ring-shaped linac, aimed at identifying a patient-specific trajec-
tory in a commercial treatment planning system. Subsequently, its efficacy in the treatment of pancreatic cancer
was assessed.
Materials and methods: BROAD-RT is a beam delivery technique in which the gantry and O-ring are simulta-
neously rotated around two axes. A beam’s eye view-based structure map was generated, and the Dijkstra al-
gorithm was then applied to explore the BROAD-RT for minimizing radiation doses to critical organs in
RayStation. This procedure was evaluated in 10 patients with pancreatic cancer. For each patient, two different
plans were created: volumetric modulated arc therapy (VMAT) plan with coplanar and BROAD-RT trajectory.
The effects of different trajectories on the plan and dosimetric indices were assessed for each delivery technique.
Results: The mean modulation complexity score for VMAT (MCSv) and aperture area (AA) (×103 cm2) were 0.3
± 0.0 and 24.8 ± 3.9 for the coplanar trajectory and 0.4 ± 0.1 and 35.2 ± 7.1 for the BROAD-RT trajectory,
respectively, with both MCSv (p = 5 × 10− 5) and AA (p = 0.0002) values significantly higher for the BROAD-RT
trajectory. Dose difference between the coplanar and BROAD-RT trajectories reduced the dose to the stomach
and duodenum.
Conclusions: Our study conducted an automated search for patient-specific BROAD-RT trajectory using a new O-
ring-shaped linac and implemented these trajectories in RayStation. Dose distributions were reduced in the
intermediate-dose regions with BROAD-RT trajectory.

1. Introduction

Recent advances in non-coplanar radiotherapy emphasize its rele-
vance in modern cancer treatment, particularly in stereotactic radio-
surgery and stereotactic body radiation therapy [1]. Studies have shown
that additional degrees of freedom can enhance the therapeutic ratio,
either by escalating the dose to the target or reducing the dose to critical

organs at risk (OARs) [2–6].
In recent years, dynamic non-coplanar volumetric modulated arc

therapy (VMAT) has garnered increased attention for its superior dose
distribution. There are two ways to achieve dynamic non-coplanar
VMAT: dynamic trajectory radiation therapy (DTRT) and biaxially
rotational dynamic-radiation therapy (BROAD-RT). DTRT employs non-
coplanar arc beam arrangements with simultaneous gantry and couch

* Corresponding author at: Department of Radiation Oncology and Image-Applied Therapy, Graduate School of Medicine, Kyoto University, 54 Kawahara-cho,
Shogoin, Sakyo-ku, Kyoto 606-8507, Japan.

E-mail addresses: hhideaki@kuhp.kyoto-u.ac.jp (H. Hirashima), hiroki.adachi.wz@hitachi-hightech.com (H. Adachi), tono@kuhp.kyoto-u.ac.jp (T. Ono),
m_nkmr@kuhp.kyoto-u.ac.jp (M. Nakamura), yukat@kuhp.kyoto-u.ac.jp (Y. Ono), takaiwai@kuhp.kyoto-u.ac.jp (T. Iwai), myossy@kuhp.kyoto-u.ac.jp
(M. Yoshimura), mizo@kuhp.kyoto-u.ac.jp (T. Mizowaki).

Contents lists available at ScienceDirect

Physics and Imaging in Radiation Oncology

journal homepage: www.sciencedirect.com/journal/physics-and-imaging-in-radiation-oncology

https://doi.org/10.1016/j.phro.2025.100698
Received 2 September 2024; Received in revised form 26 December 2024; Accepted 9 January 2025

mailto:hhideaki@kuhp.kyoto-u.ac.jp
mailto:hiroki.adachi.wz@hitachi-hightech.com
mailto:tono@kuhp.kyoto-u.ac.jp
mailto:m_nkmr@kuhp.kyoto-u.ac.jp
mailto:yukat@kuhp.kyoto-u.ac.jp
mailto:takaiwai@kuhp.kyoto-u.ac.jp
mailto:myossy@kuhp.kyoto-u.ac.jp
mailto:mizo@kuhp.kyoto-u.ac.jp
www.sciencedirect.com/science/journal/24056316
https://www.sciencedirect.com/journal/physics-and-imaging-in-radiation-oncology
https://doi.org/10.1016/j.phro.2025.100698
https://doi.org/10.1016/j.phro.2025.100698
https://doi.org/10.1016/j.phro.2025.100698
http://crossmark.crossref.org/dialog/?doi=10.1016/j.phro.2025.100698&domain=pdf
http://creativecommons.org/licenses/by/4.0/


Physics and Imaging in Radiation Oncology 33 (2025) 100698

2

rotation, which can be realized with C-arm linac [7–12]. It reduces doses
to the OAR by delivering radiation beams from angles that avoid direct
entry through the OAR while maintaining the target dose compared to
static non-coplanar beam alignment in many disease sites [7–12].
Conversely, BROAD-RT performs VMAT by simultaneously rotating the
gantry and the O-ring using an O-ring linac [13–18]. Unlike coplanar
VMAT, one of the advantages of BROAD-RT is its ability to continuously
rotate the gantry and O-ring without requiring patient couch adjust-
ments [13–18]. These approaches have also been revealed for improving
the dose distribution across various treatment sites [7–17].

Determining the patient-specific trajectory plan reduces the dose to
the OAR and improves the target conformity compared with coplanar
VMAT [7–12]. Studies utilizing C-shape linacs have proposed various
trajectory optimization methods, including geometrical [7–9] and
fluence-based approaches [10–12], which have shown superior dose
distribution compared to coplanar VMAT. However, these methods have
not been implemented in clinical practices, since not being commer-
cialize products [7–12]. Moreover, without regulatory approval as
medical devices, their clinical application remains prohibited.

This study aimed to develop patient-specific trajectory strategies for
BROAD-RT in pancreatic cancer cases and evaluate OAR sparing in
comparison with coplanar VMAT. Furthermore, BROAD-RT deliver-
ability and dosimetric accuracy were evaluated utilizing a commercial
O-ring linac and treatment planning system (TPS).

2. Methods

2.1. Features of the OXRAY system

In this study, non-coplanar rotational treatment delivery was
explored using a revised version of the Vero4DRT-system (Mitsubishi
Heavy Industries Ltd., Tokyo, Japan), the OXRAY system (Hitachi High-
Tech Ltd., Tokyo, Japan) (Fig. 1) [19]. The comparison of machine
specifications between Vero4DRT and OXRAY is shown in Supple-
mentary Materials and Table S1.

2.2. Beams eye view-based structure map generation and trajectory
exploring algorithm

We devised a geometry-based approach that was created by a beam’s
eye view (BEV)-based structure map using a Python script in RayStation
(ver. 2023B; RaySearch Laboratories, Stockholm) to determine the
patient-specific trajectory (Fig. 2). At each source position for the BEV, a
Python script was employed to identify the region of interest (ROI)
within the planning target volume (PTV) to determine the patient-
specific trajectory for the target.

The gantry and O-ring rotation was set from − 180◦ to 180◦, while the
O-ring rotation range varied from − 45◦ to 45◦ considering collision,
both adjusted in 5◦ increments to account for potential collisions. This
resulted in a total of 1,296 control points (72 gantry points × 18O-ring
points), which represent all possible combinations of gantry and O-ring
angles. Manipulation points, defined as gantry and O-ring angle posi-
tions, where the direction of O-ring rotation can be altered, were
selected from these control points. Details are described in Section 2.3.
Additionally, to define collision regions between the linac and patient,
we used computer-aided design to determine allowable gantry and O-
ring rotation angles [17]. The resulting cost values were visualized in a
structure map (Fig. 2).

For each position of the radiation source, we identified the voxels
that intersected with the beam path, which is conical shaped where the
base approximates the outline of the PTV as viewed from the BEV. We
then calculated the number of voxels from the body surface to the iso-
center, considering the PTV and OARs. The number of PTV and OAR
voxels within the MLC field for the PTV geometry was counted in the
BEV. Notably, voxel counts were measured up to the isocenter to provide
a clear representation of the depth of voxels involved. In this study, the
stomach and duodenum were specifically designated as OARs. The cost
of each control point for each source position, which determined the
gantry and the O-ring angle, was calculated using the following formula:

Cost = Non,m − Ntn,m, (1)

whereNon,m denotes the number of OAR voxels intersected by the BEV at

Fig. 1. Appearance of the OXRAY system. The OXRAY system includes a gimbaled X-ray head, a dual kV X-ray imaging subsystem, an electronic portal imaging
device, and a robotic treatment couch with five degrees of freedom (i.e., three translational axes and two rotational axes, pitch, and roll) for patient set-up correction.
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each gantry (n) and O-ring angle (m), and Ntn,m corresponds to the total
number of PTV voxels in the BEV at each gantry and O-ring control
point. Regarding weight setting, we chose not to apply different weights
to the target and OARs. Introducing multiple weights would increase
computational complexity and compromise the model’s simplicity. We
also excluded considerations such as exit dose and OAR thickness to
maintain simplicity. The primary objective of this study was to develop a
practical and robust optimization method. Therefore, we focused on the
entrance dose volume at each angle, aiming to balance adequate target
coverage with OAR avoidance, while keeping the cost function
straightforward.

2.3. Selection of patient-specific trajectory

Subsequently, trajectory optimizations were conducted using the
Dijkstra algorithm [20], which determined the trajectory with minimum
cost based on the structure map. This algorithm was developed
considering the traveling salesman problem, which is a classic optimi-
zation problemwhere the goal is to determine the shortest possible route
that visits a set of points once and returns to the origin, wherein the
gantry/O-ring was represented as several control points connected to
each other. The shortest paths from a starting control point to all other
control points were calculated in a weighted graph. Fig. 3a shows the
least-cost trajectory generated using the Dijkstra’s algorithm.

This study aimed to enhance beam delivery efficiency by minimizing
unnecessary interruptions caused by continuous adjustments of the O-

ring during beam delivery. The trajectory’s direction was defined by the
Supplementary Material.

2.4. Patient selection, contouring and treatment planning

We retrospectively analyzed 10 patients with borderline resectable
pancreatic cancer who were treated using a single full-arc VMAT with
breath-hold technique between January 2020 and December 2022. This
study was approved by our Institutional Review Board (R1446-2) and
adhered to the ethical principles outlined in the Helsinki Declaration.
Targets and OARs were delineated by certified radiation oncologists,
based on a previously reported institutional protocol [21,22].

In this context, Dijkstra’s trajectory refers to the BROAD-RT trajec-
tory. For each patient, two different single full-arc plans were created
using RayStation (ver. 2023B): VMAT plan with coplanar and BROAD-
RT trajectory. VMAT plans were created for both the coplanar and
BROAD-RT trajectory RayStation (ver. 2023B). The treatment plan was
designed to meet the clinical goals and dose-volume constraints speci-
fied in Supplementary Table S2.

2.5. Plan evaluation

The trajectory score (TS) was quantitatively assessed for each tra-
jectory, as follows:

TS =
1
n
∑n

i=1

∑m

j=1

Cost(i, j)
MaxCost(i)

, (2)

Fig. 2. Workflow of beams eye view (BEV)-based structure map generation. The procedure is as follows: (i) view the region of interest (ROI) of each gantry and O-
ring angle on BEV, (ii) count target and organ ROI voxels until isocenter plane, (iii) cost value calculation, and (iv) generate a BEV-based structure map. The upper
figure on the BEV-based map shows the color map calculating the number of voxels on BEV at each gantry and O-ring position. The lower figure on the BEV-based
map shows script-based BEV and BEV in RayStation. Positive values in the BEV-based structure map indicate OARs predominantly in the MLC field, whereas negative
values indicate PTV predominantly in the MLC field along the PTV geometry identified in the BEV.
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where n and m represent the total number of gantry and O-ring control
points, and i and j denote the values of the gantry and O-ring control
points on the structure map. Further, Cost(i, j) represents the structure
map value at (i, j), and Max Cost(i) denotes the maximum map cost. TS
was scored on a scale of 0–1 for each gantry angle, enabling independent
evaluation irrespective of the ROI volume. Path length was assessed by
evaluating the Euclidean distance of each trajectory, with higher values
indicating longer paths and lower values indicating shorter paths.

The plan and dosimetric indices were evaluated for both the coplanar
and BROAD-RT trajectory plans. The theoretical delivery time for the
VMAT plans was calculated by the TPS for both the coplanar and
BROAD-RT trajectories. Plan parameters such as monitor unit (MU),
Paddicks conformity index (CI) [23], modulation complexity score for

VMAT (MCSv) [24], and aperture area (AA) were assessed. The VMAT
plans with the coplanar and BROAD-RT trajectories were evaluated for
dosimetric parameters. The dose covering 98% (D98%) of the PTV and
the maximum dose (Dmax) were considered for the target. Volumes
receiving 42 Gy (V42 Gy), 39 Gy (V39 Gy), 36 Gy (V36 Gy), 30 Gy (V30 Gy),
20 Gy (V20 Gy), and 10 Gy (V10 Gy) were evaluated for the stomach and
duodenum. Dosimetric indices of D2 cc, V20 Gy, and mean dose were
assessed for the PRV of the spinal cord (PRV_Spinal Cord), kidney, and
liver. The Paddicks CI and ratio of the X% isodose line volume to the PTV
volume (RX%) were evaluated. Statistical analyses were conducted
using a paired t-test, with statistical significance set at p < 0.05.

Fig. 3. Patient-specific trajectory with Dijkstra algorithm on BEV-based structure map. (a) Path trajectory on the structure map, (b) deliverable patient-specific
trajectory plot, and (c) deliverable manipulation points, (d) BORAD-RT trajectories in each patient. Plotted points are summarized in a table. In the clinical
workflow, plotted points in the table are entered while editing for treatment planning system trajectory.
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3. Results

The mean ± standard deviation (SD) of TS in trajectory indices were
0.69 ± 0.04 for the coplanar trajectory and 0.36 ± 0.04 for the BROAD-
RT trajectory, with a significant reduction in TS observed for the
BROAD-RT trajectory (p = 1 × 10− 8) (Table 1). The mean ± SD of the
Euclidean distance in the trajectory indices were 1.0 ± 0.0 for the
coplanar trajectory and 1.2 ± 0.1 for the BROAD-RT trajectory, with a
significant long in the Euclidean distance observed for the BROAD-RT
trajectory (p = 2 × 10− 6) (Table 1). The mean ± SD of delivery time
for the coplanar and BROAD-RT trajectories were 69.8 ± 11.1 s for the
coplanar trajectory and 94.1 ± 8.0 s for the BROAD-RT trajectory, with
the BROAD-RT trajectory requiring significantly more time (p =

0.0004). The mean ± SD of MU were 1083 ± 141 MU for the coplanar
trajectory and 799 ± 95 MU for the BROAD-RT trajectory, with the
BROAD-RT trajectory showing a significantly lower MU (p = 3 × 10− 5).
The mean MCSv and AA (×103 cm2) were 0.3 ± 0.0 and 24.8 ± 3.9 for
the coplanar trajectory and 0.4 ± 0.1 and 35.2 ± 7.1 for the BROAD-RT
trajectory, respectively, with both MCSv (p = 5 × 10− 5) and AA (p =

0.0002) values significantly higher than the BROAD-RT trajectory. The
computation time required for trajectory determination was less than 1
min, and the planning time needed for each method to meet dose con-
straints was less than 30 min. Fig. 3d shows the BROAD-RT trajectory
determined by the Dijkstra algorithm.

Dosimetric indices were satisfied in all trajectory plans for the VMAT
plan. The VMAT plan with the coplanar trajectory exhibited a statisti-
cally significantly higher mean dose to the left kidney compared to

BROAD-RT (p = 0.03). Fig. 4 illustrates the average dose-volume his-
togram and the 95% confidence level between the two trajectories.
Fig. 5 displays the representative dose distributions for the two trajec-
tories. The intermediate-dose region for the stomach and duodenum
decreased compared to the coplanar trajectory while maintaining the
target dose. In the stomach, the V10Gy in the BROAD-RT’s plan was
reduced by 10% compared to that in the coplanar trajectory. The
BROAD-RT trajectory resulted in lower doses to the PRV than the
coplanar trajectory.

Conformity indices, such as Paddicks CI, R30%, R50%, and R70%,
for the two trajectories did not vary significantly (Table 1). The dose-
volume histogram comparison indicates that the BROAD-RT trajectory
plan statistical significantly reduced the dose to selected OARs while
maintaining target coverage comparable to the coplanar trajectory plan
(Fig. 4).

4. Discussion

This study demonstrates the application of the Dijkstra algorithm to
determine the patient-specific trajectory for BROAD-RT using a new O-
ring-shaped IGRT system linac. The proposed technique is particularly
beneficial in scenarios requiring high-dose delivery to the target while
minimizing exposure to OARs, such as in hypofractionated radiotherapy
applications. Our method employs an automated approach for selecting
non-coplanar trajectories using a trajectory optimization algorithm to
compare dose distributions for pancreatic cancer in a clinical context.
This approach is unlike earlier research that relied on manual static

Fig. 3. (continued).
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beam orientation selection and emphasizes the unique focus of our work
on clinical implementation. By introducing a cost function based on
structure map, in our experiments, we simplified and streamlined the
process, optimizing beam direction to minimize doses to OARs. The
process begins with the creation of a BEV-based structure map for each
patient. We then applied the Dijkstra algorithm to identify the trajectory
with the lowest cost through this map. In the current approach, the
isocenters are positioned at the center of the PTV. This approach is based
on the rationale that isocenters are conventionally placed at the center
of the target during treatment planning. Deviation from this positioning
could affect the consistency of the map score. However, this study did
not address cases where the isocenter is located outside the PTV center,
as such occurrences were infrequent and considered negligible. Select-
ing a non-coplanar arc trajectory allowed for more flexible beam
orientation compared to coplanar arcs, potentially reducing OAR doses
and mitigating treatment plan complexity.

The treatment plan utilizing the BROAD-RT trajectories demon-
strated improvement in plan indices, including MU andMCSv, compared
to the coplanar trajectory. This reflects the complexity of treatment
planning and highlights the potential for streamlining the process
through individually tailored trajectories. By contrast, coplanar trajec-
tories often require intricate optimization due to their consistent paths,
regardless of the patient’s organ position and shape. From these metrics,
the robustness of the plan is considered to have shown improvement.
Effective beam orientation optimization not only simplifies treatment

planning but also ensures unobstructed beam delivery [1,14,25]. This
study optimized the beam incidence direction by accounting for the
unique anatomical features and positions of each patient’s organs,
leading to a patient-specific treatment plan.

The path length determined by the BROAD-RT trajectory was longer
than that of the coplanar trajectory because of non-coplanar trajectory,
resulting in a longer delivery time. In terms of delivery time, however,
previous studies reported treatment times ranging from 3 to 8 min for
doses of 2 to 12 Gy per fraction in DTRT [7–12]. This is much longer
than the approximately 1.5 min (2.8 Gy/fraction) for BROAD-RT
observed in our study. Additionally, no constraints, such as being
limited to the research mode, exist. Therefore, the extended delivery
time associated with the BROAD-RT trajectory does not pose a barrier to
its clinical applications.

The BROAD-RT trajectory reduces the intermediate-dose regions for
the stomach, duodenum, and kidney, such as V20 Gy, V10 Gy, and the
mean dose, compared with the coplanar arc trajectory (Table 1). Pre-
vious research correlated low- and intermediate-dose regions of the
stomach and duodenum with gastrointestinal toxicity [26]. Therefore, a
simple reduction of these dose ranges to OARs (stomach and duodenum)
can be clinically advantageous. In our case, no significant differences
were observed in OARs of the VMAT plan between the coplanar and
BROAD-RT trajectories due to intensity modulation. Nevertheless, the
intermediate-dose region in the stomach and duodenum was effectively
reduced while maintaining the target dose. This is in contrast to the
coplanar trajectory, due to the selection of a trajectory that avoided
these organs. The optimized trajectories did not explicitly optimize in-
tensity modulation but were determined based on an optimization
method that prioritizes OAR avoidance as a criterion for selecting
rotational trajectories. Tailoring the selection of OARs based on indi-
vidual cases may potentially reduce the irradiation dose to the OARs.
The conformity indices of Paddicks CI, R70%, R50%, and R30% for the
BROAD-RT trajectory were not significantly different compared to the
coplanar trajectory. However, they showed a trend toward higher dose
conformity (Fig. 5 and Table 1). Several studies have demonstrated that
non-coplanar delivery methods, such as 4π therapy, static non-coplanar
beams, and DTRT, improve both target dose distribution and conformity
in OAR doses [1–17]. As a result, the dose distribution maintains a more
uniform and predictable pattern, reducing irregularities and reducing
the plan complexity.

Burghelea et al. reported that there was no clear superiority between
Dynamic WaveArc (DWA) and coplanar VMAT in dose distribution
comparisons for pancreatic cancer [15]. However, considering that
Vero4DRT cannot perform a collimator rotation, DWA was recom-
mended in practice for targets with irregular shapes [15]. Additionally,
they indicated that the trajectories used were pre-defined in the TPS,
suggesting that patient-specific trajectory selection could further
improve the dose distribution. Compared to Vero4DRT, OXRAY enables
improved O-ring rotation speed and intensity modulation, making it
possible to create treatment plans using patient-specific trajectories.
Consequently, in this study, unlike the results in their paper, it became
clear that the dose distribution of BROAD-RT improved compared to
coplanar VMAT. This personalized treatment planning approach ac-
counts for individual anatomical differences and variations in the loca-
tion of OARs, thereby aiming to improve treatment outcome.

Our research demonstrates that patient-specific non-coplanar tra-
jectory plans reduce the dose to OAR and improve the target conformity
compared to the coplanar trajectory plans, consistent with several pre-
vious reports [7–12]. Therefore, developing these techniques should
consider their clinical practicality. Although studies on determining
patient-specific non-coplanar trajectories using a C-shaped linac in
research mode and a research version of TPS are ongoing, their feasi-
bility in clinical practice has not been addressed to date [7–12]. Hence,
the strength of our approach lies in its seamless compatibility with a
commercial TPS and its feasibility for clinical use, in stark contrast to
DTRT [7–12]. Therefore, our method can be considered a viable

Table 1
Mean ± standard deviation of trajectory score, Euclidean distance, delivery
time, plan quality, and dosimetric indices in VMAT plans with coplanar and
BROAD-RT trajectories.

coplanar Dijkstra p value

Manipulation point [median (min −

max)]
​ 8 (5–10) ​

Trajectory score 0.69 ± 0.04 0.36 ± 0.04 1×10− 8

Euclidean distance 1.0 ± 0.0 1.2 ± 0.1 2×10− 6

Delivered time [s] 69.8 ± 11.1 94.1 ± 8.0 0.0004
Plan index ​ ​ ​
MU ​ 1082.5 ±

141.0
798.7 ± 94.7 3×10− 5

MCSv ​ 0.3 ± 0.0 0.4 ± 0.1 5×10− 5

AA (×103 cm2) 24.8 ± 3.9 35.2 ± 7.1 0.0002
Dosimetric index ​ ​ ​
PTV D98% [Gy] 36.3 ± 0.3 36.3 ± 0.3 1.00
​ Dmax [Gy] 45.9 ± 0.2 45.8 ± 0.2 1.00
Stomach V42 Gy [cm3] 0.0 ± 0.0 0.0 ± 0.0 1.00
​ V39 Gy [cm3] 0.1 ± 0.1 0.1 ± 0.2 0.69
​ V36 Gy [cm3] 1.6 ± 1.8 1.6 ± 1.8 0.87
​ V30 Gy [cm3] 5.8 ± 4.7 5.2 ± 4.6 0.63
​ V20 Gy [cm3] 23.8 ± 14.0 21.9 ± 13.1 0.92
​ V10 Gy [cm3] 69.5 ± 29.7 55.9 ± 26.6 0.19
Duodenum V42 Gy [cm3] 0.0 ± 0.0 0.0 ± 0.0 0.34
​ V39 Gy [cm3] 0.2 ± 0.3 0.1 ± 0.2 0.49
​ V36 Gy [cm3] 9.3 ± 4.7 8.2 ± 5.1 0.35
​ V30 Gy [cm3] 17.3 ± 6.8 15.9 ± 7.3 0.49
​ V20 Gy [cm3] 29.3 ± 9.2 28.5 ± 11.6 0.30
​ V10 Gy [cm3] 46.4 ± 16.3 44.7 ± 14.8 0.33
PRV_Spinal Cord D2 cc [Gy] 24.6 ± 2.8 23.3 ± 3.0 0.32
Right kidney V20 Gy [cm3] 0.01 ± 0.01 0.01 ± 0.01 0.22
​ Mean dose [Gy] 6.5 ± 1.2 6.4 ± 1.5 0.82
Left kidney V20 Gy [cm3] 0.04 ± 0.04 0.04 ± 0.03 0.63
​ Mean dose [Gy] 7.7 ± 8.7 8.2 ± 7.8 0.03
Liver Mean dose [Gy] 5.3 ± 2.8 6.3 ± 3.8 0.07
Conformity index 0.83 ± 0.05 0.84 ± 0.03 1.00
R70% ​ 2.61 ± 0.28 2.58 ± 0.24 1.00
R50% ​ 4.94 ± 0.53 4.87 ± 0.41 1.00
R30% ​ 12.65 ± 1.67 12.17 ± 1.83 1.00

Abbreviations: BROAD-RT, Biaxially ROtAtional Dynamic-Radiation Therapy;
VMAT, volumetric modulated arc therapy; PTV, planning target volume; PRV,
planning organ-at-risk volume; MU, monitor unit; MCSv, modulation complexity
score for VMAT; AA, aperture area; RX%, ratio of X% isodose line volume to PTV
volume.1.
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approach for implementing patient-specific trajectories in clinical
practice. For clinical implementation, we envision a workflow where
structure maps are created using scripts prior to treatment planning, and
trajectory selection would be based on these maps. Regarding potential

limitations, one key consideration is the verification process to ensure
that the generated trajectories can be properly read and executed by the
treatment machine’s record and verify system. Looking toward future
developments, our approach using scripts enables various improvements

Fig. 4. Mean DVH and 95% confidence level of VMAT plan between coplanar and BROAD-RT trajectories for (a) DVH of PTV-PRV, (b) stomach, and (c) duodenum.
Blue and red lines indicate the mean DVH of the coplanar and BROAD-RT trajectories. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)

Fig. 5. Dose distribution in representative patient between coplanar and BROAD-RT trajectories. Figure visualized dose distribution (coplanar and BROAD-RT
trajectories) and OARs (stomach and duodenum).

H. Hirashima et al.



Physics and Imaging in Radiation Oncology 33 (2025) 100698

8

and modifications to both structure mapping and trajectory optimiza-
tion methods for clinical implementation. What makes this particularly
interesting is that this advanced technical development is currently
uniquely achievable through the combination of RayStation and OXRAY
systems. This exclusivity provides an opportunity for pioneering de-
velopments in the field.

This study has three limitations: First, the study was limited by its
sample size and disease site. Although this investigation focused exclu-
sively on pancreatic cancer, the proposed method is applicable to all
disease sites. Further research with a larger patient cohort is required to
confirm the effectiveness of the proposed method. Second, the number
of selected organs and irradiation arcs was limited during the generation
of the structure map and set to one arc during treatment planning. In our
institution, a single full-arc VMAT technique with breath-hold was
adopted for managing tumor respiratory motion in pancreatic cancer.
Consequently, this study conducted a comparative analysis of dose dis-
tribution using single-arc VMAT technique. In our method, multiple
organs can be selected, and trajectory selection avoids the selected or-
gans. However, it remains unknown whether a trajectory with multiple-
organ selection can consistently reduce the doses to the selected organs.
Consequently, in our experiments, the number of organs was limited for
a simplified evaluation. Further, although multiple arcs were commonly
employed in the treatment planning to improve the dose distribution,
the evaluation method excluded the effect of the number of arcs to assess
the usefulness of trajectory optimization based on a structure map.
Third, we examined only one method for trajectory optimization, so we
cannot determine if this is optimal. However, we clarified that we have
demonstrated the superiority of the dose distribution using our proposed
trajectory method compared to coplanar trajectories. Fourth, we
exclusively assessed OXRAY. Even though the proposed method can be
applied to all disease sites and other linacs, it does not encompass or
evaluate the dosimetric effects on BROAD-RT. Further studies should
investigate the effectiveness of our methodology across different disease
sites and linacs, with additional optimization and validation needed to
ensure its safe and effective implementation in clinical practice.

In conclusion, our study aimed to automatically search for patient-
specific non-coplanar trajectories using a new O-ring-shaped IGRT sys-
tem. This method was successfully implemented in a commercial TPS.
By targeting specific areas while preserving intermediate-dose regions in
critical organs, our approach reduced the dose distribution in these re-
gions, consequently improving the overall quality of the treatment plan.
Further research is required to validate the effectiveness and safety of
this method in a larger cohort of patients.
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