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Purpose: Noncoplanar beams and arcs are routinely used to improve dosimetry for intracranial cases, but their application for
extracranial cases has been hampered by the risk of collision. This has led to conservative beam selection whose impact on plan
dosimetry has not been previously studied.
Methods and Materials: A full-body 3-dimensional patient surface was acquired using optical cameras for a single lung patient at the
time of computed tomography simulation. Eight stereotactic body radiation therapy (SBRT) plans were created for the patient, with
varying degrees of noncoplanarity and deliverability. The plans included volumetric modulated arc therapy and intensity modulated
radiation therapy (IMRT) plans ranging from simple, coplanar arcs to multiple noncoplanar arcs and IMRT beams. A total of 70 fields
were created across the 8 plans, of which 21 fields were undeliverable with a 5-cm buffer. Organs-at-risk (OARs) metrics including
R50, Dmax 2 cm from the PTV, lung V20, and chest wall V30 were evaluated. Five expert SBRT dosimetrists from 5 institutions
evaluated field deliverability, with or without the guidance of the clearance map.
Results: In the dosimetry evaluation, a clear trend in increasing dosimetric compactness and OAR sparing is observed with increasing
plan noncoplanarity. R50, Dmax 2 cm, lung V20, and chest wall V30 decreased 41%, 39%, 43%, and 57%, respectively, from plan 1 (2
coplanar partial arcs) to plan 8 (19 noncoplanar IMRT beams). In the observer tests, the expert dosimetrists’ ability to accurately
discern beam deliverability because of collision significantly increases with the clearance map. The errors in predicting colliding fields
were eliminated using the whole-body surface and clearance map, and the user was able to select fields based on plan quality and
patient comfort instead of being overly conservative.
Conclusion: The study shows that incorporating a personalized, whole-body clearance map in the treatment planning workflow can
facilitate the adoption of noncoplanar beams or arcs that benefit the SBRT plan dosimetry.
© 2024 The Author(s). Published by Elsevier Inc. on behalf of American Society for Radiation Oncology. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Introduction
C-arm gantry systems are the most common type of
external beam radiation therapy delivery device today. In
contrast to ring gantry systems, where moving compo-
nents are enclosed and the couch cannot rotate, they typi-
cally include a gantry with 1 degree of rotational freedom
and a couch with a minimum of 3 translational and 1
rotational degrees of freedom. C-arm gantry systems are
versatile in delivering a wide range of treatments with
varying field sizes, body sites, and noncoplanarity.

With 1 degree of gantry rotation freedom, C-arm gantry
systems can deliver coplanar radiation therapy with the
patient couch stationary at zero degrees. However, what
makes a C-arm gantry system versatile is its flexibility to
deliver noncoplanar radiation therapy with a combination
of gantry and couch rotations. Noncoplanar beams are
essential in intracranial stereotactic radiosurgery (SRS) to
significantly improve the dose gradient and reduce normal
tissue doses.1 Noncoplanar radiation therapy for body sites
has been recently intensified for superior dosimetry using
static intensity modulated radiation therapy (IMRT)2-14 and
volumetric modulated arc therapy (VMAT)4,15,16 beams.
These recent noncoplanar methods primarily solved the
mathematical problems of selecting noncoplanar beams and
arcs for optimal dosimetry. A common challenge still exists
in defining the safe beam space that is free of collision.

Because of the exposed moving gantry, collision has
been a nonnegligible concern in external beam radiation
therapy using C-arm systems. Several methods have been
conventionally employed to minimize the risk. These
methods include pressure and proximity sensors, laser
guard, and computer-aided design (CAD) modeling.
These safety interlocks are triggered when the moving
gantry is within a certain distance of the patient or couch,
and the gantry motion is stopped to protect the patient
and equipment. Because of their reactive nature, they do
not prospectively prevent plans with potential collision
beams from being generated, or present planners with the
full range of options for plan improvement. Other solu-
tions such as ClearCheck (RadFormation) assess the com-
puted tomography (CT) and couch configuration for
potential collisions during the planning process but do
not assess all elements that may cause a collision (eg, the
patient surface outside the volume of the CT scan).

For coplanar beams, the risk of collision is low and can
usually be predicted for patients with extremely lateral
tumors or large circumferences. The low frequency of col-
lision is, therefore, manageable as long as conservative
limits are placed on beam location and arc length. How-
ever, for noncoplanar radiation therapy, because of the
couch rotation, the chance for the gantry to collide with
the patient significantly increases, and with it, the poten-
tial for patient harm, equipment damage, treatment delay,
and need for replanning. Moreover, prediction of the
collision can be unreliable because of the unintuitive visu-
alization of the collision space for the C-arm systems. As
a result, many dosimetrists avoid or minimize the use of
noncoplanar beams outside intracranial SRS, despite their
potential dosimetric benefit.

To address this challenge, collision prediction has been
studied. To predict the collision, the geometry of the linac
components and patients needs to be estimated. In the
first computerized collision prediction study, Humm17

approximated the machine and patient geometry with
simple geometric shapes, including cylinders and cuboids.
The estimation was subsequently refined with more
detailed geometric models.18-21 The geometry of the linac
components can be assumed to be invariant without engi-
neering modification to the system. However, substantial
variation exists in the individual patient size, setup posi-
tions, setup devices, and the planning isocenter. Comput-
erized collision prediction is inaccurate without such
patient-specific information.

Nioutsikou et al22 extracted the patient surface infor-
mation from planning CT for patient-specific collision
prediction. However, planning CTs are typically limited
to the region of interest for radiation therapy, where the
collision is less likely to happen. Capturing the entire
body length in CT would unnecessarily expose the patient
to ionizing radiation and exceed the CT scan duration. Yu
et al23 studied the feasibility of using optical cameras to
capture the patient surface for collision prediction. They
found that the optically captured surfaces are well suited
and accurate for collision modeling and prediction in
treatment planning. However, the handheld 3-dimen-
sional (3D) scanners used for human subject surface
imaging were impractical for the clinical workflow. More
recently, room-mounted 3D cameras have been investi-
gated. These wide-angle cameras provide a large field of
view sufficient for whole-body patient surface imaging in
the simulation position. Therefore, they can be seamlessly
integrated into the clinical workflow for collision model-
ing. A pertinent question to be answered is if the
enhanced computerized collision prediction can be trans-
ferred into more use of noncoplanar beams for improved
patient dosimetry. The case study is designed to answer
that question.
Methods and Materials
A lung stereotactic body radiation therapy (SBRT)
patient was selected for the study under UCLA IRB#12-
001882. The patient received diagnosis of non-small cell
lung cancer in the upper right lung. At the same session
of acquiring the planning CT, 3D surface images were
obtained with a pair of wide-angle 3D cameras
(VisionRT) (Fig. 1). Like existing VisionRT cameras,
structure IR lights were projected to the surface for



Figure 1 A pair of experimental wide-angle 3-dimensional cameras mounted on both sides of the computed tomography couch
capture the entire patient length.
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distance reconstruction. The field of view of the surface
camera at the patient setup position is approximately 2 m.
The accuracy of surface measurement has been deter-
mined to be under 2 mm using a cubic phantom. The 3D
surface image acquisition took under 1 second.

Besides the optical surface measurement, a separate
patient surface was also extracted from the CT and rigidly
registered to the optical surface. The closest distances
from the gantry and the patient surface with couch and
gantry rotation are calculated based on the registered
patient surface and the machine CAD model using
MapRT (VisionRT). A margin or buffer in centimeter can
be user-selected with a larger margin for a more conserva-
tive collision estimation. The simulation CT was trans-
ferred to the planning system (Eclipse, Varian) for
treatment planning. Organs at risk (OARs), including the
lung, heart, brachial plexus, bronchus, esophagus, and spi-
nal cord, were contoured. The planning target volume
(PTV) was generated by adding a 1-cm margin to the visi-
ble lung tumor. In total, 54 Gy/3 fractions were prescribed
to cover 95% of the PTV using 6-MV X rays.

The patient was to be treated using a TrueBeam system
(Varian Medical). The machine CAD model was obtained
via 3D scanning and postprocessing to model subcompo-
nents and motion trajectories. The patient’s optical sur-
face was digitally processed to be separate from the CT
couch. Registration of the optical and CT patient surfaces
connected the optical surface with plan isocenter and sub-
sequently the patient setup position. A clearance map was
then created based on the patient and machine geometric
model, as shown in Fig. 2.

The following 8 volumetric VMAT or IMRT plans
were created for the patients as shown in Table 1: plans 1
to 6 were directly created in Eclipse; plans 7 to 8 were cre-
ated first with automated 4p beam orientation optimiza-
tion using the method published by O’Connor et al.24 The
beams as visualized in Fig. 3 were then imported into
Eclipse for final optimization and dose calculation. In
total, there are 70 individual arcs or fields for the 8 plans.

The trial was divided into 2 stages, with the first stage
focusing on the dosimetry quality comparison among the
8 plans. We focused on the following metrics for the plan
quality comparison without losing generality: R50 mea-
suring the ratio between the 50% isodose volume and the
PTV is considered one of the most important metrics for
the quality of a lung SBRT plan. Smaller R50 indicates



Figure 2 The patient surface image is registered with the machine model to calculate beam clearance, which is expressed as a
2D couch-gantry angle map using a pre-FDA version MapRT (VisionRT), which subsequently received FDA clearance in June
2023. Collision zones are shown in red. Yellow dots denote the individual beams. Beams causing collision with the user-defined
buffer are highlighted in the left-side table. The right side shows the 3D rendering of the machine and patient surface. The couch
and gantry can be maneuvered to achieve different positions corresponding to a specific beam for interactive viewing of the colli-
sion clearance.
Abbreviations: 2D = 2-dimensional; 3D = 3-dimensional; FDA = Food and Drug Administration.
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more rapid dose falloff outside of the target and better
sparing of the surrounding normal tissues from high-dose
spillage.25 Highly relevant to lung SBRT, the maximum
dose 2 cm away from the PTV strongly correlates with
treatment related to toxicities, particularly for patients
with centrally located long tumors.26 The third metric is
lung V20, which has been correlated with the risk of
Table 1 Plan characteristics by coplanarity and collision

Plan ID Technique
No. of coplanar
beams/arcs

No. of nonc
beams/arcs

1 VMAT 2 partial 0

2 VMAT 2 full 0

3 VMAT 1 2

4 VMAT 1 2

5 IMRT 4 6

6 IMRT 4 6

7 IMRT 1 19

8 IMRT 1 19

Total 16 54

Abbreviations: IMRT = intensity modulated radiation therapy; VMAT = volum
radiation-induced pneumonitis.27 The last metric is chest
wall V30, which has been correlated with the risk of severe
chest wall pain and rib fracture.28

In the second stage, 5 different reviewers from institu-
tions across Europe and the United States with experience
in planning noncoplanar lung SBRT plans were recruited
to assess the individual field deliverability (with treatment
oplanar
No. of beams/arcs
colliding with a
5-cm buffer

No. of actual
colliding beams/arcs

2 0

2 0

2 0

3 1

0 0

0 1

8 5

4 0

21 7

etric modulated arc therapy.



Figure 3 Beam arrangements for individual plans.
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planning experience ranging from 3 to over 20 years).
They were first requested to assess the deliverability with-
out the clearance map and then with the clearance map.
Using the clearance map, they were able to reduce the pre-
defined 5-cm buffers for couch and patient individually
based on their individual discretion and clinical experi-
ence. The number of correct and incorrect responses was
documented.
Results
There is a clear trend of decreasing R50 with increasing
plan noncoplanarity (Fig. 4). The trend is consistent with
the observation from 4p lung SBRT optimization8 and
with other metrics including maximum tissue dose 2 cm
from the PTV, lung V20, and chest wall V30. The nonco-
planar arc plans performed similarly to 10-field noncopla-
nar IMRT plans, whereas the 20 noncoplanar IMRT plans
performed the best. Isodose comparisons between the
least compact 2-partial arc VMAT and the most compact
4p plans are shown in Fig. 5. Both plans are deliverable
without collision. The reduction of high-dose spillage
with 4p radiation therapy is evident.

In the second stage, the ability for the experienced
dosimetrists to determine collision situation with or with-
out the clearance map was evaluated. Table 2 summarizes
the results, where the users selected a buffer size based on
their own clinical preferences (1 planner used 2-cm
buffer, 3 planners used 3-cm buffer, and the final planner
used 4-cm buffer). Without the clearance map, the dosi-
metrists were able to correctly identify most
nondeliverable beams (59 of 66, 89%), although the detec-
tion accuracy using the clearance map was 100%. There is
a much larger difference for the deliverable beams. With-
out the clearance map, the dosimetrists tended to be more
conservative and incorrectly rejected 101 beams (36% of
all deliverable beams). In contrast, applying the clearance
map, all nondeliverable plans were reliably identified by
the collision map. Using additional data available from
the clearance map, based on the visualization of the
respective patient, and specifically the relationship
between the gantry and the patient, the dosimetrists
rejected 34 of the 284 deliverable beams (12%) because
they felt that the gantry was too close to the patient,
despite the fact that the map indicated no collision.
Discussion
The correlation between dose falloff outside the target
and plan coplanarity has been well established for intra-
cranial radiation, leading to the predominant use of non-
coplanar beams in the brain SRS treatment.29 There has
been a similar motivation to improve the body radiation
therapy conformality and compactness, particularly with
the emergence of SBRT treatments. A dedicated SBRT
system, CyberKnife,30 was invented on a platform differ-
ent than the conventional C-arm gantry. A lightweight
linear accelerator was mounted on a robotic arm to
deliver noncoplanar, nonisocentric treatments. Both sys-
tems showed distinct conformality improvements31,32

compared with coplanar treatment, but they were incom-
patible with IMRT and inefficient for treating larger



Figure 5 Isodose comparison of 2 deliverable plans.

Figure 4 Organs-at-risk dosimetric comparison of the 8 plans.
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tumors. However, noncoplanar geometry is less com-
monly used on the ubiquitous C-arm system for SBRT.

Chin et al33 discussed the feasibility of improving treat-
ment plan conformality using noncoplanar beams gener-
ated by a linac. With the availability of stereotactic
localization and CT for 3D treatment planning, the idea
was implemented for intracranial stereotactic radiosur-
gery (SRS).34,35 The advantages of noncoplanar geometry
over coplanar geometry are evident in SRS cases. Feasibil-
ity studies of noncoplanar beams were extended to head
and neck treatments and showed superior sparing of
OARs, such as the parotid glands.36,37 Other than the
greater demand for conformality in these cases, an impor-
tant reason driving the earlier adoption in brain and head
and neck tumors was the straightforward accessibility of
noncoplanar angles. In these cases, the entire hemisphere
above the shoulders could be used for beam entrances
without leading to a collision hazard. Other body sites are
more challenging. Using a crude collision avoidance tech-
nique, Derycke et al38 showed that for stage III lung can-
cer treatments, the spinal cord dose constraint could be
satisfied if a simple noncoplanar beam arrangement was
employed but not if coplanar beams were employed.
Because of the significantly greater conformality from the
noncoplanar beam arrangement, it became part of several
Radiation Therapy Oncology Group (RTOG) SBRT pro-
tocols (RTOG 0236, 0618, and 0813).39 Further studies
have shown that noncoplanar beams generally improve
dose conformality.40,41 The current study confirms the
previous observation, and more extensive use of the



Table 2 Correctness of detecting the collision and subsequent beam deliverability with or without the clearance map

Clinical assessment
without clearance map Clinical assessment with clearance map

Ground truth—total no. of
fields across all reviewers

Correct
responses

Incorrect
responses

Correct
responses

Incorrect
responses

With additional
clinical discretion

Ground truth
Nondeliverable for chosen buffer size

66 59 (89%) 7 (11%) 66 (100%) 0(0%) 2/66 (3%)*

Ground truth
Deliverable for chosen buffer size

284 183 (64%) 101 (36%) 284 (100%) 0 (0%) 34/284 (12%)y

*Respondent comment: the therapist will make small adjustments in the treatment room to make the gantry clear.
yRespondent comment: some fields were deliverable but considered too uncomfortable because of the machine near the patient’s face.
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noncoplanar beams significantly improves the dose com-
pactness and reduces dose spillage and OAR doses. How-
ever, the enthusiasm for using noncoplanar geometry has
not been translated into strong clinical adoption yet. First,
human operators find it difficult to select high-quality
noncoplanar beams using only experience and intuition.42

Second, noncoplanar beams may more likely lead to colli-
sions and be undeliverable. Third, following current pro-
tocols, it takes significantly longer to deliver noncoplanar
beams because of the additional patient maneuvering
required by the therapists.

Solving the third challenge requires automation based on
the solution of the first and second challenges. Currently, it
is difficult for the dosimetrist to determine both the value
and the clearance of a beam. This, in combination with addi-
tional therapists’ effort and time for walking in the room
when rotating the couch, is one reason for the slow clinical
adoption. Templated noncoplanar arcs have been shown to
be safe and efficient but are limited in disease sites.43-45

For more broadly applicable noncoplanar radiation ther-
apy, the beam orientation optimization problem could be
solved mathematically and computationally.2,5-9,15,46-48 It
was also shown that a personalized clearance map can be
achieved with a 3D camera-captured patient surface.23 To
our knowledge, the current study is the first to directly
assess the human expert perception of the noncoplanar
plans, with or without the assistance of a clearance map.
Without the map as part of the planning interface,
humans tend to be highly risk-averse, rejecting many col-
lision-free beams (36% in the current study), which leads
to reduced solution space and less-optimal treatment
plans. The tediousness of assessing beam deliverability via
dry run further discourages radiation oncology clinics
from using these beams. On the contrary, with the explicit
clearance map, the confidence, accuracy, and efficiency of
beam selection all have improved, which could lead to the
long anticipated broad acceptance of noncoplanar radia-
tion therapy for body sites.

There are several limitations. First, the study is based
on a single patient case and a small number of test plans.
Although the results are consistent with previous
dosimetric studies and RTOG guidelines, a more exten-
sive study including more plans and reviewers would
strengthen the conclusion. Second, the reviewers were
exposed to the clearance map in sequence and can
develop bias because of the sequence. Nonetheless, the
large effect size strongly supports the value of integrating
a clearance map into the planning process. It is important
to note that the accuracy and reliability of the clearance
mapping solution has been studied outside this current
study (data not shown).
Conclusions
The value of using patient-specific 3D surface for guid-
ing lung SBRT planning using noncoplanar beams was
assessed in the study. With the patient-specific collision
map, the planners are better equipped to discern beams
that are both safe to deliver and dosimetrically meritori-
ous. The increased confidence led to acceptance of highly
noncoplanar plans that significantly improved dose con-
formity and compactness that would have not been con-
sidered without the map.
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