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Background: Single-isocenter (SI) noncoplanar volumetric modulated arc therapy (NC-VMAT) has
been widely used in stereotactic radiosurgery (SRS) or hypofractionated stereotactic radiotherapy (HSRT)
for multiple brain metastases (BMs). However, it is critical to verify patient positioning at a noncoplanar
couch angle. This study aimed to compare the noncoplanar setup discrepancies between kilo-voltage/mega-
voltage image (kV/MV) orthogonal image pairs with a 2-dimensional/3-dimensional (2D/3D) matching
mode and noncoplanar cone-beam computed tomography (NC-CBCT) with a 3D/3D matching mode in SI
NC-VMAT HSRT for multiple BMs.

Methods: Twenty patients with multiple BMs [2-5] who underwent SI NC-VMAT HSRT were enrolled
in this study. Prior to each noncoplanar field delivery, both kV/MV orthogonal image pairs and NC-CBCT
were used to determine setup errors. The setup error values reported by NC-CBCT were defined as the gold
standard and compared to those reported by kV/MV orthogonal image pairs. The Bland-Altman analysis
method was utilized to assess the agreement of the two positioning modalities.

Results: In total, 104 kV/MV image pairs and NC-CBCT scans were acquired. The mean setup error
differences (SEDs; absolute values) between the two positioning systems were 0.17 mm, 0.21 mm, 0.16 mm,
0.22°, 0.18°, and 0.17° in the vertical, longitudinal, lateral, yaw, pitch, and roll directions, respectively. The
maximum SEDs regarding translation and rotation occurred in the longitudinal and yaw directions at 0.60 mm
and 0.8°, respectively. Bland-Altman analysis showed excellent agreement between the two positioning
modalities, and the 95% limits of agreement (LOAs) never exceeded 0.6 mm and 0.6° in the translational and
rotational directions, respectively. Only 4.80% of SEDs exceeded the tolerance of 0.5 mm/0.5°.
Conclusions: Orthogonal kV/MV image pairs with 2D/3D matching mode could provide comparable
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accuracy for noncoplanar positioning as NC-CBCT with 3D/3D matching mode.
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Introduction

Current radiotherapy methods for multiple brain metastases
(BMs) are shifting from whole brain radiation therapy (WBRT)
to stereotactic radiosurgery (SRS) or hypofractionated
stereotactic radiotherapy (HSRT) because of the better
prognosis and fewer toxicity of SRS/HSRT compared
to WBRT (1-4). Both SRS and HSRT require highly
conformal and steep dose distributions to reduce the dose
as low as possible to surrounding normal brain tissue (NBT)
or critical organs at risk (OARs).

"To achieve the above goals, a linear accelerator (LINAC)-
based single-isocenter (SI) noncoplanar volumetric
modulated arc therapy (NC-VMAT) delivery technique has
been commonly employed (5-9). However, the successful
application of such a technique is highly dependent on the
patient positioning accuracy. One of the important issues is
the setup uncertainty derived from couch rotation. Several
studies have shown that setup errors occurred after the
couch rotation, even though accurate patient positioning
was achieved at a couch angle of 0° (10,11). These setup
errors may degrade target coverage, result in increased
damage to surrounding NBT and OARs, and thus adversely
affect the treatment outcome. Utilizing a large planning
target volume (PTV) margin may compromise the couch
rotation-induced uncertainties to a certain degree, but
it causes more NBT to be irradiated than necessary and
increases the risk of radiation necrosis (12,13). Therefore,
reverification of the patient setup after rotating the couch
is particularly important for intracranial SI multiple-target
NC-VMAT SRS/HSRT.

Cone-beam computed tomography (CBCT) has been
widely used for patient positioning guidance during
treatment (14,15). In our previous work, noncoplanar
CBCT (NC-CBCT) was demonstrated to have excellent
positioning accuracy for noncoplanar setup corrections
based on a limited scanning range (150°-200°) and couch
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rotations (within +45°). However, NC-CBCT has a
relatively long image acquisition and setup verification time
(approximately 2 min for each nonzero couch angle) (16),
which will prolong the overall treatment time. Furthermore,
for larger couch rotations (>+45°), using NC-CBCT for
setup verification is nearly impossible due to the poor image
quality caused by the small scanning range (<150°).

In addition to NC-CBCT, kilo-voltage/mega-
voltage image (kV/MV) orthogonal image pairs with a
2-dimensional/3-dimensional (2D/3D) matching mode
were demonstrated to have potential capability for
noncoplanar setup verification (17-19). However, most
previous works focused only on phantom measurements,
which cannot fully mirror realistic clinical scenarios. kV/
MV image pairs have several distinct advantages, including
faster patient positioning verification at all possible couch
angles with less ionizing radiation (20-22). To the best of
our knowledge, no study has been conducted to compare
the positioning accuracy of kV/MV image pairs to NC-
CBCT at noncoplanar couch angles under treatment of
intracranial multiple-target HSRT.

This study aimed to compare the setup discrepancies
at nonzero couch angles measured by kV/MV orthogonal
image pairs in 2D/3D matching mode and NC-CBCT in
3D/3D matching mode and determine whether kV/MV
image pairs can be used as a noncoplanar image guidance

method in ST NC-VMAT HSRT for multiple BMs.

Methods
Patient selection, contouring, and prescription

From May 2021 to October 2022, 20 patients with 2—5 BMs
who received SI NC-VMAT HSRT were enrolled in the
present study. This study was conducted in accordance
with the Declaration of Helsinki (as revised in 2013). This
study was reviewed and approved by the ethics committee
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Table 1 Summary of patient, tumor, and treatment characteristics

Characteristics Value

Age (years)

Median 63

Range 42-80
Gender

Male 9

Female 11

Site of the primitive tumor (n)
NSCLC 16
Breast 4

No. of targets (n)
2 lesions
3 lesions

4 lesions

w »~ 00 O

5 lesions

No. of noncoplanar couch angles (n)

—_

For 2 lesions
For 3 lesions

For 4 lesions

N NN

For 5 lesions
PTV,, volume (cm?®)
Median 11.7

Range 3.6-23.5
Dose/fractionation

36 Gy/3 3

33 Gy/3 2

30 Gy/3 10

27 Gy/3 5

NSCLC, non-small cell lung cancer; PTV,,, composite planning
tumor volumes for multiple-target patients.

of the West China Hospital and individual consent for this
retrospective analysis was waived.

Each patient was positioned supine on the couch and
immobilized using the frameless thermoplastic mask system
(Sichuan Ruidi Medical Science and Technology Co.,
Ltd., Chengdu, China). All patients underwent computed
tomography (CT) scans with 1-mm (n=13) or 2-mm
(n=7) slice spacing, which were registered with magnetic
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resonance imaging (MRI) scans to define the gross tumor
volume (GTV) and OARs. The GTV was uniformly
expanded by a 2-mm margin to form the PTV. The PTVs
of all metastases were combined into composite planning
tumor volumes for multiple-target patients (PTV,)). In
addition, the whole brain, optic pathway, lens, brain stem,
eyes, cochlea, and basal ganglia were contoured as OARs.
The prescription dose was 27-36 Gy in three fractions,
which were based on the tumor size and location and was
administered every other working day per fraction. All plans
were normalized such that 99% of the PTV,; received a
100% prescribed dose. The median time interval between
patient localization (CT/MRI) and radiotherapy was 5 days
(range, 3-7 days). Table 1 shows the patient, tumor, and
treatment characteristics.

HSRT treatment planning and device

All HSRT plans were designed on a Varian Eclipse
treatment planning system (TPS; v13.5, Varian Medical
System, Palo Alto, USA) using the SI NC-VMAT delivery
technique with 6 MV flattening filter free photon beams and
a maximum dose rate of 1,400 monitor units per minute. All
treatments were performed using Varian Edge'™ LINAC
(Varian, Palo Alto, California, USA), which was equipped
with a high-definition multi-leaf collimator (MLC), a kV
on-board imager (OBI) system, a MV electronic portal
imaging device (EPID), and a PerfectPitch™ robotic couch
for setup correction in six degrees of freedom (6DOF),
including vertical, longitudinal, lateral, yaw, roll, and pitch
directions (Figure S1). The OBI system includes a kV
imaging panel mounted on the LINAC gantry orthogonally
to the MV beam axis (Figure S1) and provides software for
patient position verification, such as orthogonal kV/MV
image pairs (2D/3D matching mode) and CBCT 3D/3D
matching mode).

In this study, both coplanar and NC-CBCT images
were acquired using OBI with a modified “head” scanning
protocol (125 kV, 93.75 mAs) and a full-fan type, with a
gantry speed of 6°/s. Axis slices were reconstructed using a
field of view of 26.2 cm, 512x512 matrix, and 1.0-mm slice
thickness, with a resolution of 0.51x0.51x1.00 mm’. The kV
images were obtained using 74 kV and 1.4 mAs. The MV
images were obtained using the 2.5 MV imaging beam with
a “High Quality” mode that typically required 1.5 monitor
unit. For each plan, the treatment isocenter was positioned
at the center of the PTV,;. In our previous work, NC-
VMAT with limited couch rotation (within +45°) combined
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with NC-CBCT with a limited scanning range (150°-200°)
was demonstrated to markedly improve the plan quality and
setup accuracy in SI multiple-target HSRT (16). Therefore,
the SI NC-VMAT plan contained a couch angle of 0° and
one to two nonzero couch angles (Tuble 1), which were
chosen from 30°, 330°, 45° and 315°. For each couch angle,
1-2 arcs were used, and the collimator angle of each arc
was adjusted depending on the spatial distribution of the
BMs so that optimal MLC movement could be achieved. To
reduce out-of-field dose leakage, the jaw-tracking function was
applied during planning optimization. In addition, to reduce
the island blocking problem and in-field dose leakage, each
plan was optimized using our previously proposed method, in
which each arc only irradiates one or partial lesions (23,24).
Dose calculation was performed using an analytical anisotropic
algorithm (AAA) algorithm with 1-mm calculation grid.

Positioning system quality assurance

To avoid collisions, the available gantry rotation range
for NC-CBCT scans and kV/MV image pair acquisition
corresponding to different couch angles (Table S1) were
determined via an anthropomorphic head phantom
(Chengdu Dosimetric Phantom, Chengdu, China). An
isoCal verification was run to verify the congruence of
the kV and MV isocenters, which was found to be within
0.2 mm. At our institution, daily Winston-Lutz (W/L) tests
demonstrated a mean isocentric accuracy of 0.30 mm. These
shifts are within the tolerance of 1 mm recommended by
the AAPM TG142 for SRS (25).

Patient setup procedure and treatment delivery

A flowchart showing the initial setup for treatment is given
in Figure 1. The patient was initially aligned to the isocenter
on the couch by matching room lasers to landmarks on the
skin at a couch angle of 0°. Thereafter, the first coplanar
CBCT image was acquired and registered to the reference
planning CT created by the TPS system with the bony
matching method. After automatic CBCT/planning CT
registration or manual registration, when necessary, the
calculated setup errors in 6DOF were corrected remotely
from the console by using PerfectPitch™ robotic couch.
After that, a second CBCT scan was taken and again
matched with planning CT to ensure that the shifts were
applied correctly. If the residual setup error was within
the specific tolerance of 0.5 mm/0.5°, the patient was
considered accurately positioned. Otherwise, this correction
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process was repeated until the specific tolerance was
eventually met, and then all arcs at a couch angle of 0° were
treated. Then, the couch was rotated toward the nonzero
angle, and the patient was imaged with orthogonal kV/
MV image pairs, which were automatically registered with
corresponding digitally reconstructed radiographs (DRRs)
from planning CT using a user-defined region of interest
including the whole skull and a 2D/3D matching mode.
"To ensure the accuracy of automatic image registrations, a
senior therapist checked the overlap of the skull using the
split view. If necessary, manual adjustments were made until
the skull was completely aligned. Afterwards, the senior
physician evaluated and reviewed the registration results.
Finally, these reported shift values with kV/MYV image pairs
in 6DOF were recorded.

Without applying correction shifts from kV/MV image
pairs to the couch, NC-CBCT was acquired and matched
with reference planning CT using the 3D/3D matching
mode. Then, calculated setup errors in 6DOF from NC-
CBCT registrations were recorded for comparison with
those from kV/MV orthogonal image pairs. Again, if the
resulting setup errors reported by NC-CBCT exceeded the
tolerance, the corresponding correction was applied with the
aid of the PerfectPitch™ robotic couch and verified by NC-
CBCT until the setup error was within the tolerance and
then the treatment was started. The whole setup procedure
was repeated for every further couch rotation angle.
Note that the patient position correction at the coplanar
or noncoplanar couch angle was solely based on CBCT.
To eliminate interobserver variability in the process, all
registrations were performed by one experienced physician.

Statistical analysis

The percentage of absolute setup error differences
(SEDs) (difference = kV/MV image pairs - NC-CBCT)
between kV/MV image pairs and NC-CBCT >0.5 mm in
translational directions or >0.5° in rotational directions was
determined. The Bland-Altman method (26) was used to
analyze the agreement between the two positioning systems.
The 95% limits of agreement (LOAs) [mean = 1.96 standard
deviation (SD)] were determined to evaluate whether the
difference between the upper and lower limits was within a
clinically acceptable range (0.5 mm and £0.5°).

Results

In total, 104 pairs of kV/MV and NC-CBCT alignment
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Roughly align patient using room
lasers at couch angle of 0°

Y

Acquire first coplanar CBCT
for initial setup verification

Y

Apply couch correction

Y

Acquire second coplanar CBCT
to verify corrected positioning

Preset tolerance met?
(0.5 mm/0.5°)

Apply couch Acquire another
correction coplanar CBCT

Start treatment until all
coplanar field(s) are finished

Preset tolerance met?
(0.5 mm/0.5°)

Noncoplanar treatment

field(s) remain? Treatment finished

Rotate couch to next | Acquire kV/MV image pairs, register, and record
planned couch angle ” shifts with no couch adjustments made

Y

Acquire noncoplanar CBCT, register, verify setup errors and
record shifts for comparison with kV/MV image pairs

Preset tolerance met? Aoly couch correction N Acquire another noncoplanar
(0.5 mm/0.5°) pply - CBCT for setup correction
T No
Deliver treatment field(s) for . Yes Preset tolerance met? _
corresponding couch angle - (0.5 mm/0.5°) D

Figure 1 Flowchart of the workflow from patient positioning to treatment using CBCT and kV/MV image pairs in single-isocenter
intracranial multiple-target hypofractionated stereotactic radiotherapy with noncoplanar volumetric modulated arc therapy. CBCT, cone-
beam computed tomography; kV/MYV, kilo-voltage/mega-voltage.
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Table 2 Results of the absolute SEDs between kV/MV orthogonal image pairs and NC-CBCT for all patients, as well as the percentage of SEDs
larger than 0.5 mm/0.5° between the readings via the two positioning methods in 6DOF

Translational (mm)

Rotational (°)

Difference

Vertical Longitudinal Lateral Yaw Pitch Roll
Minimum 0.00 0.00 0.00 0.00 0.00 0.00
Maximum 0.50 0.60 0.40 0.80 0.60 0.50
Mean 0.17 0.21 0.16 0.22 0.18 0.17
Standard deviation 0.12 0.14 0.10 0.16 0.11 0.13
% of SEDs >0.5 mm or >0.5° in each direction (%) 0 0.96% 0 2.88% 1.92% 0
% of SEDs outside 0.5 mm/0.5° 4.80%

SEDs, setup error differences; kV/MV, kilo-voltage/mega-voltage; NC-CBCT, noncoplanar cone-beam computed tomography; 6DOF, six

degrees of freedom.

sets were obtained from 20 patients. One kV/MV image
pairs were not performed because of technical failure. The
deviation between the setup errors of the two positioning
methods was evaluated separately for each direction.

Table 2 shows the absolute SEDs between the kV/MV
image pairs and NC-CBCT. The setup errors from the
latter were designed as reference values. The mean (SD)
of the absolute SEDs was 0.17 (0.12) mm, 0.21 (0.14) mm,
0.16 (0.10) mm, 0.22° (0.16), 0.18° (0.11), and 0.17° (0.13)
in the vertical, longitudinal, lateral, yaw, pitch, and roll
directions, respectively. Among the results, the maximum
absolute SEDs regarding translation and rotation were
0.6 mm and 0.8°, which occurred in the longitudinal and
yaw directions, respectively. The percentages of fractions
with absolute SEDs >0.5 mm or >0.5° were 0%, 0.96%,
0%, 2.88%, 1.92% and 0% for the vertical, longitudinal,
lateral, yaw, pitch, and roll directions, respectively. The
percentage of absolute SEDs outside the tolerance of
0.5 mm/0.5° was 4.8%.

Figure 2 shows the Bland-Altman plots (Figure 2A)
and summarizes the distribution of the percent inverse
cumulative frequency of absolute SEDs in 6DOF (Figure 2B).
The mean deviation and 95% LOA of the two positioning
modalities were -0.01 (-0.43 to 0.41) mm, 0.18 (-0.18 to
0.53) mm, 0.05 (~0.30 to 0.40) mm, 0.04° (=0.49 to 0.57°),
-0.10° (-0.46 to 0.26°) and -0.00096° (-0.42 to 0.42°) for
the vertical, longitudinal, lateral direction, yaw, pitch, and
roll directions, respectively. Figure 3 shows a representative
example for image registrations at a couch angle of 315°
using both positioning systems. The setup differences
between the two positioning systems were found to be small
in 6DOF (red wireframe).
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Discussion

In this study, we evaluated the consistency of couch shifts
reported by two positioning systems regarding noncoplanar
setup verification, namely, kV/MV orthogonal image pairs
with 2D/3D matching mode and NC-CBCT with 3D/3D
matching mode. The results clearly showed that there
were very small differences in shift values between the two
positioning methods. To the best of our knowledge, this
is the first report focusing on evaluating shift detection
discrepancy between kV/MV orthogonal image pairs and
NC-CBCT in HSRT for multiple intracranial BMs under
clinical conditions.

Intracranial SI multiple-target HSRT places great
demands on patient positioning accuracy due to the high
dose per fraction, steep dose gradient, and heightened
sensitivity to setup error, especially for small lesions and
those far from the isocenter (27,28). Such characteristics
leave little room for intracranial SI multiple-target HSRT
to average out positional errors in the conventional
multifractionated treatment course, and it is important to
reverify the patient position after rotating the couch (29). In
our previous study, we found that even setup correction was
made at the 0° couch angle, but 57.10% of the measured
noncoplanar setup errors still exceeded the tolerance of
0.5 mm/0.5° after rotating the couch for noncoplanar
treatment in intracranial HSRT (16).

Currently, both kV/MV orthogonal image pairs and
NC-CBCT are available for noncoplanar setup verification.
Overall, the absolute SEDs between the two positioning
systems was small at 6DOF, with maximum absolute SEDs
of 0.6 mm and 0.8° in the translational and rotational
directions (7able 3), respectively. Although the upper 95%
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Figure 2 Evaluation results of the absolute SEDs between two matching modes. (A) Bland-Altman plots of the difference between kV/MV
image pairs and NC-CBCT-based couch shifts; (B) distribution of inverse cumulative frequency of absolute SEDs between two positioning
systems with respect to 6DOF. SD, standard deviation; SEDs, setup error differences; kV/MYV, kilo-voltage/mega-voltage; NC-CBCT,

noncoplanar cone-beam computed tomography; 6DOE, six degrees of freedom.
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Figure 3 Registrations of actual positioning image with planned positioning image by both systems at a couch angle of 315°. (A) Registration
between NC-CBCT and planning CT with 3D/3D matching mode (purple wireframe). (B) Registration between kV/MV orthogonal
image pairs and corresponding DRR images with 2D/3D matching mode (green wireframe). The setup error was presented as the “couch
shift” value after aligning the registration (red wireframe). Note that brain lesions were not visible on either NC-CBCT or kV/MV images.
Therefore, both positioning systems were performed based on the bony anatomy of the skull (yellow arrows). NC-CBCT, noncoplanar
cone-beam computed tomography; CT, computed tomography; PTV, planning target volume; R, right; L, left; A, anterior; P posterior; H,
head; F, foot; HFS, head-first supine; kV/MYV, kilo-voltage/mega-voltage; DRR, digitally reconstructed radiograph; 2D, 2-dimensional; 3D,

3-dimensional.

of LOA in the longitudinal direction (0.53 mm) and yaw pairs met the tolerance value (7able 2). It should, however,
direction (0.57°) exceeded the tolerance of 0.5 mm/0.5°, be noted that the accuracy of both positioning systems is
more than 95% of the absolute SEDs of the measurement limited by the resolution of couch digital readouts, which
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Table 3 Results of the absolute SEDs between kV/MV orthogonal image pairs and NC-CBCT regarding different CT slice thicknesses (1-mm
CT slice thickness for 13 patients; 2-mm CT slice thickness for 7 patients), as well as the percentage of SEDs larger than 0.5 mm/0.5° between

the readings via the two positioning methods in 6(DOF

With 1-mm CT slice thickness for noncoplanar

setup verification (n=39)

With 2-mm CT slice thickness for noncoplanar
setup verification (n=65)

Difference Translational (mm) Rotational (°) Translational (mm) Rotational (°)
Vertical Longitudinal Lateral Yaw Pitch Roll Vertical Longitudinal Lateral Yaw Pitch Roll
Minimum 0 0 0 0 0 0 0 0 0 0 0 0
Maximum 0.50 0.50 0.40 0.70 0.60 0.50 0.40 0.60 0.40 0.80 0.50 0.50
Mean 0.18 0.17 0.15 0.22 0.18 0.16 0.17 0.28 0.17 0.22 0.17 0.18
Standard deviation  0.13 0.11 0.10 0.16 0.12 0.13 0.11 0.15 0.11 0.18 0.11 0.13
% of SEDs 0 0 0 1.54% 3.08% 0 0 2.56% 0 5.13% 0 0

>0.5 mm or >0.5°
in each direction

SEDs, setup error differences; kV/MV, kilo-voltage/mega-voltage; NC-CBCT, noncoplanar cone-beam CT; 6DOF, six degrees of freedom.

is 0.1 mm for translational directions and 0.1 degrees for
rotational directions. This means that the tolerance of
0.5 mm/0.5° in the present study can be considered
equivalent to the tolerance of <0.6 mm and <0.6°. Therefore,
it can be concluded that excellent agreement between
the two positioning methods was achieved in terms of
noncoplanar setup verification, suggesting that kV/MV
image pairs can be used accurately for setup verification at
noncoplanar couch angles.

However, it is interesting to note that absolute SEDs in
the longitudinal and yaw directions were larger than those
in other translational and rotational directions, respectively.
Li et al. (30) have also reported similar results by
investigating the positioning discrepancies between Varian
CBCT and oblique kV/kV image pairs from BrainLab
ExacTrac X-ray (BrainLAB AG, Feldkirchen, Germany)
for setup verification in intracranial radiosurgery. There
are several potential reasons for this phenomenon. First,
the difference in CT slice thickness might be a potential
source of observed differences. The reference CT images
in this study had two slice thicknesses, i.e., 1 and 2 mm.
However, the CT image resolution in other directions
(vertical and lateral) was the same for both kinds of CT,
which was 0.97 mm. Therefore, image registration could
introduce a larger uncertainty in the longitudinal direction.
We analyzed the discrepancy of SEDs in 6DOF from NC-
CBCT registrations and kV/MV orthogonal image pairs
in different CT slice thicknesses, and larger SEDs in the
longitudinal direction were observed for CT scans with
2 mm (n=7) slice spacing (7able 3). However, because of the
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limited number of patients in each group (13 patients vs.
7 patients), a statistical analysis of the difference between
the two groups was not performed. Murphy ez /. (31)
have demonstrated that the precision of head positioning
improves by a factor of 2 when the CT slice thickness
is reduced from 3.0 to 1.5 mm. More measurements are
necessary in the future to determine whether there is a
permanent tendency for larger SEDs in the longitudinal
direction.

Second, intrafraction patient motion might contribute
to the found differences as well. Although the time interval
between the kV/MV and NC-CBCT measurements
was only a few minutes, patient motion might still occur
between image acquisitions. Hoogeman et 4/. (32) conducted
a study to quantify intrafractional patient motion and its
time dependence in patients immobilized with thermoplastic
masks and found that patients could still move, especially
in the longitudinal and rotational directions. Third, the
larger SEDs in the longitudinal direction might be due to
systematic offsets inherent in kV and MV imaging systems,
which induces higher systematic uncertainties in the
longitudinal direction when using kV/MV image pairs or
CBCT. Even using rigid registration for brain positioning,
Chang et al. (33) found that the mean image registration
accuracy of CBCT with conventional CT was 0.28 mm
(SD =0.10). Therefore, high coincidence of kV imaging
systems and MV beam delivery are essential for accurate
image guidance. Further investigation on the reason why a
larger SEDs between the two positioning systems occurred
in the longitudinal and rotational directions is expected in
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future studies. Another interesting observation is that the
statistical data points exhibit a wider distribution along
the x-axis direction in longitudinal and lateral directions
than statistical data points in other directions (Figure 2A).
This phenomenon can be explained by the fact that the
relatively large setup errors are more likely to occur in the
longitudinal and lateral directions after the couch rotation,
which has been demonstrated by our previous study (16).

In some treatment sites, such as the lung, CBCT has
obvious advantages over kV or MV portal imaging: it
provides much more information about the tumor shape
and location, where tumor-based positioning is available
(34-36). However, one should note that most brain tumors,
especially small tumors, could not be visualized clearly
in both kV/MV portal images and NC-CBCT images
(Figure 3), so both positioning systems use the skull-
based matching method for setup verification, which has
been demonstrated to be a reliable matching modality in
intracranial HSRT (37). The successful registration of
these two positioning systems is heavily dependent on the
image quality, especially the visibility of the skull. In the
present study, 2.5-MV portal imaging was used, which has
advantages in terms of high- and low-contrast resolutions
and contrast-to-noise ratio compared to 6-MV portal
imaging (38). Figure 3B shows that both kV and MV images
can identify the skull. However, the image quality of the
2.5-MV portal image was still slightly inferior to that of
the kV portal image. In theory, kV/kV image pairs may
achieve better setup verification, but it requires a gantry
rotation between image acquisition. kV and MV imagers
are naturally orthogonal to each other (Figure S1), which
provide an easy implementation for noncoplanar setup
verification because they reduce the time needed for gantry
rotation and thus shorten the setup verification time. From
the experience of our institution, the setup verification time
with kV/MV image pairs for each noncoplanar couch angle
is approximately 0.8 minutes, which is significantly less than
the setup time of NC-CBCT (16).

Prentou et al. (39) investigated the dosimetric impact
of setup errors on both targets and OARs and concluded
that if OAR sparing was also a concern, for example,
when OARs were very close to targets, more stringent
tolerance values should be applied. In the present study,
a tolerance of 0.5 mm/0.5° setup tolerance was applied,
which was stricter than that reported by Gevaert ez al. (40)
(1 mm/0.5°) and Babic er a/. (41) (1 mm/1°). The tighter
tolerance value increases the dose delivery accuracy with the
cost of increasing the number of positioning corrections,

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

and using kV/MV image pairs instead of NC-CBCT may
significantly shorten the overall setup verification time in SI
NC-VMAT HSRT. More importantly, kV/MV image pairs
can be used for setup verification even when larger couch
rotations are introduced (>x45°), where using NC-CBCT
for noncoplanar setup verification is not available.

There were some limitations in the present study.
First, only a modest number of patients were enrolled.
Additional studies with more patients and more images will
be conducted in the future. Second, all patients were from
the same hospital and thus possibly introduced some bias.
Therefore, clinical investigations from more institutions are
needed to validate the adequacy of these findings. Despite
these limitations, the quantitative data of the present study
regarding actual patients have some contribution to the
active area in the study for noncoplanar setup verifications

in SINC-VMAT HSRT for multiple BMs.

Conclusions

kV/MV orthogonal image pairs with 2D/3D matching
mode showed a good agreement with NC-CBCT with
3D/3D matching mode for noncoplanar setup correction
in NC-VMAT HSRT for multiple BMs. Furthermore,
kV/MV orthogonal image pairs require less time to assess
patient setup with a lower radiation dose and therefore
might be considered superior to CBCT in clinical practice.
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Supplementary

Table S1 The available cone-beam CT scanning range and
gantry angle for kV/MV image pairs acquisition corresponding
to couch angle

Couch CBCT scanning Arc length  Gantry angle for kV/MV

angle (°) range (°) (@] image pairs acquisition (°)
0 180-340 200 181
350 180-340 200 180
340 180-340 200 180
330 180-340 200 180
320 131-306 185 0
315 132-305 187 0
10 180-340 200 181
20 181-21 200 181
30 181-21 200 181
40 181-337 156 181
45 181-336 155 181

CT, computed tomography; kV/MV, kilo-voltage/mega-voltage

. . TM . . . .
Figure S1 Picture of the Edge " LINAC, which is equipped with image; CBCT, cone-beam computed tomography.

kV and MV imagers and a 6DOF PerfectPitch™ couch. The
coordinate system used in this study is shown. All arrows point
in the positive directions in 6DOF. MV, mega-voltage image; kV,
kilo-voltage; EPID, electronic portal imaging device; LINAC,

linear accelerator; 6DOF, six degrees of freedom.
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