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metastases compared with C-arm linear accelerator (linac) based plans. C-arm linac

ulated arc therapy (VMAT) and non-coplanar VMAT with 1, 3 and 5 non-coplanar
arcs, respectively (NC1, NC3 and NC5). For 20 patients, six plans with a prescription
dose of 30 Gy in three fractions were generated. The gradient index (Gl), conformity
index (Cl), maximum dose (D.,) of organs at risk (OARs), normal brain tissue vol-
ume (V3 gy—V24 Gy), monitor units (MUs) and beam on time (BT) were evaluated. The
Gl of CyberKnife plans (3.60 + 0.70) was lower than IMRT (6.21 + 2.26, P < 0.05),
VMAT (6.04 + 1.93, P < 0.05), NC1 (5.16 £ 1.71, P < 0.05), NC3 (5.02 + 1.59,
P < 0.05) and NC5 (5.03 + 1.72, P < 0.05). The CI of the VMAT plans (both copla-
nar and non-coplanar) was larger than IMRT and CK plans. The D,y for most OARs
of the CyberKnife plan was lower than the C-arm linac based plans, although some
differences were not statistically significant. The normal brain tissue volume of
CyberKnife plan was lower than the C-arm linac based plans, and the normal brain
tissue volume of non-coplanar VMAT plans was lower than IMRT and VMAT plans
at high-moderate dose level. However, the MUs and BT of CyberKnife plans was
more than C-arm linac based plans. CyberKnife plan was better than C-arm linac
based plans in protecting normal brain tissue and OARs for patients with multiple
brain metastases. C-arm linac based plan with non-coplanar arc provided better pro-
tection of normal brain tissue than coplanar plan. However, the BT of CyberKnife

plan was longer than C-arm linac based plans.
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1 | INTRODUCTION

Due to improved outcome of systemic therapy against primary can-
cers and more sophisticated examination, up to 40% of patients with
systemic cancer have brain metastases.? At the same time, the over-
all incidence of brain metastases is also increasing.

Various treatment modalities exist for brain metastases, such as
surgical resection, chemotherapy, molecular targeted therapy, whole-
brain radiotherapy (WBRT), stereotactic radiosurgery (SRS) and
hypofractionated stereotactic radiotherapy (HFSRT). WBRT, a tradi-
tional technique for treating brain metastases, has been proved to
increase cognitive decline without improving survival.>® Sahgal et al?
found that the routine use of SRS + WBRT remained debatable
when compared with SRS alone. Although WBRT showed greater
distant brain control rates, it showed no effect on survival and
increased adverse impact on patient cognition and quality of life.

However, SRS increases risk of neurological morbidity from
radionecrosis.*> Minniti et al® found that HFSRT reduced the risk of
radionecrosis as compared with SRS and associated with better local
control. Lehrer et al” made an international meta-analysis of trials
and found that HFSRT offered a relative reduction of radionecrosis
while maintaining or improving 1-year local control rate when com-
pared to SRS. Therefore, HFSRT is effective to treat brain metas-
tases, associates with better local control and reduces risk of
radionecrosis as compared with SRS.8-1°

Treatment planning of brain metastases is complicated because
there are many critical and radiation-sensitive structures including
brainstem, eyes, and lenses in the brain. Therefore, a sharper dose
falloff outside the targets is needed to protect organs at risk (OARs)
and normal brain tissue better. There is a long history of conven-
tional C-arm based linear accelerator used to treat brain metastases.
Beside conventional C-arm based linear accelerator, there are some
distinctive technologies, such as Gamma Knife (GK) and CyberKnife
(CK). Due to non-coplanar beams and the non isocentric nature of
CK, the advantage of CK is quick dose falloff and better protection
of normal brain tissue.!* CK contains a high-resolution image-guided
tracking system to adjust the angle of beams during treatment to
ensure the accuracy of the treatment. The shortcoming of GK and
CK is that the treatment time is much longer than conventional C-
arm linear accelerator (linac) based plans such as intensity-modulated
radiation therapy (IMRT) and volumetric modulated arc therapy
(VMAT).*? The dose falloff of IMRT and VMAT is not as quick as GK
and CK. However, non-coplanar technology has been used in C-arm
linac based plans to improve their dose falloff.

There are a lot of dosimetry comparison studies,*>'* such as GK
vs CK,® GK vs coplanar VMAT,*® GK vs non-coplanar VMAT 718
coplanar IMRT vs coplanar VMAT,*? non-coplanar IMRT vs coplanar
VMAT,?° coplanar VMAT vs non-coplanar VMAT.?? However, no
direct comparison between CK and C-arm linac based plans (includ-
ing IMRT, coplanar VMAT and non-coplanar VMAT) has been pub-
lished. The aim of this study was to compare plan quality and
delivery efficiency of CK and C-arm linac based plans (IMRT, copla-
nar VMAT and non-coplanar VMAT)for multiple brain metastases
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using HFSRT, to find the strengths and weaknesses of conventional

C-arm linac based plans and robotic radiosurgery.

2 | METHODS

2.A | Patients

This study was approved by our Institutional Review Board, and
written informed consent requirement was waived. All the image
data were de-identified by anonymization and analyzed retrospec-

tively. There were 20 patients included in this study.

2.B | Treatment plans

All structures were delineated on Eclipse system (Varian Medical
System Inc., USA, version 13.6). The image sets including all delin-
eated structures were transferred via DICOM-RT (Digital Imaging
and Communications in Medicine-radiotherapy) to the CK Multiplan
system (Accuray Inc., USA, version 4.6) for treatment planning. The
planning target volume (PTV) and OARs, including brainstem, eyes,
lenses, optic nerves, optic chiasm, pituitary,?? were delineated by an
experienced radiation oncologist. Normal brain tissue was defined as
healthy brain tissue minus PTV. The prescribed dose (D,) was 30 Gy
in three fractions.?® The tolerance level of OARs for maximum dose
was set according to TG101.2% The percentage of the PTV receiving
at least the D, was 95%.

2.B.1 | CK plan

The CK VSI radiosurgery system (Accuray Inc., USA) contains a
compact 6-MV linear accelerator and a computer-controlled six-axis
robotic manipulator. The system combines a high-resolution image-
guided tracking system to adjust the angle of beams during treat-
ment to guarantee the accuracy of the treatment. In this study,
CK plans were performed via skull tracking and RayTracing
algorithm. More than one iris collimators were used for each plan.
Collimators were chosen such that one collimator diameter was
approximately equal to the central part of the largest lesion and
the other was small enough to cover the tumor's smallest features.
The therapeutic dose was prescribed to 70%-80% of the isodose
line.

2.B.2 | C-arm linear accelerator based plans

In this study, C-arm linac based plans were designed based on True-
Beam linear accelerator at Eclipse system. These plans were created
for delivery using the 6MV photon beam, with the Varian High Defi-
nition 120 multileaf collimator (MLC). All doses were calculated by
means of an analytical anisotropic algorithm. The type of MLC
motion was sliding window. The single isocenter was set at the cen-
ter of mass of all brain metastases. The collimator angle was
adjusted according to the location and size of the tumor in the

Beam's Eye View.
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IMRT plan was optimized with seven coplanar fields with a couch
angle of 0°. VMAT plan consisted of two coplanar arcs of 356° opti-
mized simultaneously and delivered with opposite rotation (clock and
counter-clock wise). The first arc started at a gantry angle of 182°
and stopped at a gantry angle of 178°. The second arc started at a
gantry angle of 178° and stopped at a gantry angle of 182°. The
couch angle was set to 0° for both arcs.

Three types of non-coplanar VMAT plans were designed in this
study. The first non-coplanar VMAT plan (NC1 plan) consisted of
one full arc (couch angle: 0°) and one half arc (couch angle: 90°).
The second non-coplanar VMAT plan (NC3 plan) consisted of one
full arc (couch angle: 0°) and three half arcs (couch angle: 45°, 90°
and 315°). The third non-coplanar VMAT plan (NC5 plan) consisted
of one full arc (couch angle: 0°) and five half arcs (couch angle: 30°,
60°, 90°, 330° and 300°).

2.C | Evaluation tools

The gradient index (GI)?° described the steepness of the dose
gradient from high (D,) to medium (50% of D,) dose levels. The

conformity index (CI)?®

was calculated to evaluate the degree of
conformity of the dose distribution. The maximum dose was used
to evaluate the dose to OARs. Normal brain tissue was evaluated by

Vy ay- The indices were defined as follows:

1. Gl = Vs0y pp/Vp Where Vsoy pp is 50% of the prescription iso-
dose line volume, and V,, is the prescription volume.

2. Cl= (th)z/(Vt % Vp), where Vi, is the PTV volume within the pre-
scribed isodose surface, V. is the PTV volume and V, is the pre-
scription volume.

3. Vioy = Vigy Ve, Where V, g, is the volume receiving no less
than x Gy, V; is the PTV volume.

In addition, to investigate the efficiency of CK plan with respect
to C-arm linac based plans, delivery parameters were recorded in
terms of monitor units (MUs) and beam on time (BT).

For each investigated parameter, significance of the differences
observed among the techniques was computed with Wilcoxon signed
rank test using Statistical Package for Social Science software (version
24.0, IBM SPSS Statistics) and the threshold was set to 0.05.

3 | RESULTS

Twenty patients (median [range] age 67 [36-81] years; 12 males and
eight females) with 66 brain metastases were included in this study.
The number of lesions ranged from 2 to 7 (two lesions: 9, three
lesions: 4, four lesions: 1, five lesions: 5, seven lesions: 1). The vol-
ume of lesions ranged from 0.02 to 52.25 cm®, median 0.76 cm?®.
The total lesion volume for each patient ranged from 0.28 to
54.42 cm®, median 4.82 cm?®.

Figure 1 presents the isodose distribution for a representative

case (with four lesions) in three axial planes across the extension of

the metastases for the six plans under investigation. From a qualita-
tive perspective, the illustration showed the differences in terms of
gradients and dose bridging mitigation among the various solutions.
It could be observed that the CK plan provided a steeper dose gradi-
ent (V12 gy of this example for CK, IMRT, VMAT, NC1, NC3 and
NC5 was 130.52, 303.87, 302.27, 206.97, 191.21 and 179.57 cm?®
respectively). Figure 2 shows how the average normal brain tissue
volume changed with dose. As Fig. 2 shows, the lines of IMRT,
VMAT and the three non-coplanar VMAT plans were higher than
the line of CK, and the lines of the three non-coplanar VMAT plans
were very close. The lines of the three non-coplanar VMAT plans
were lower than the lines of IMRT and VMAT when the dose was
larger than 6 Gy. However, they were higher than the lines of IMRT
and VMAT when the dose was lower than 6 Gy.

Table 1 shows the dosimetric parameters and delivery parame-
ters of the six plans. The Gl was the lowest for CK plan, followed by
NC3, NC5, NC1, VMAT and IMRT plans. The values of Gl were com-
parable among the three non-coplanar VMAT plans (P > 0.05). The
Cl of the VMAT plans (both coplanar and non-coplanar) was larger
than IMRT and CK plans. The MUs were the highest for CK plan,
followed by IMRT, VMAT, NC1, NC3 and NC5 plans. There was no
significant difference between IMRT and VMAT plans (P > 0.05).
The BT was the longest for CK, followed by IMRT, VMAT, NC1,
NC3 and NC5. Table 2 summarizes the maximum dose for OARs of
the six plans. The maximum dose for most OARs of the CK plan was
lower than the C-arm linac based plans although some differences
were not statistically significant. Table 3 shows the normal brain tis-
sue volume receiving specific dose (24-3 Gy) of NC1, NC3 and NC5
plans. The normal brain tissue volume for NC5 plan was lower than
NC3 plan and NC1 plan (V1 g,—Ve cy) although some differences
were not statistically significant. However, the average normal brain
tissue volume receiving 3 Gy (V3 g,) was the lowest for NC1 plan,
followed by NC3 and NC5 plan.

4 | DISCUSSION

There are many treatment techniques for multiple brain metastases,
each with its own characteristics.2%?” In this study, we compared six
plans including CK, IMRT, VMAT, NC1, NC3 and NC5. As the results
indicate, the dose falloff of CK plan was evidently sharper than the
C-arm linac based plans. The dose falloff of the three non-coplanar
VMAT plans was similar and it was sharper than the coplanar plans
(both IMRT and VMAT plans). They were observed in the Gl and
V3 6y—V24 gy Of normal brain tissue. Cao et al** had compared dose
metrics for six different plans. They found that the V4, g, of CK and
GK plan was smaller than coplanar and non-coplanar VMAT plans.
Molinier et al** had compared dose metrics for coplanar and non-
coplanar VMAT. They found that the V4o g, of non-coplanar VMAT
plan was smaller than coplanar VMAT for both single and multiple
lesion cases. It illustrated that the plan with non-coplanar beam, such
as CK and non-coplanar VMAT plans, had an advantage over decreas-
ing normal brain tissue and protecting the cognition of patients with
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Dose distributions of CyberKnife (CK), intensity-modulated radiation therapy (IMRT), volumetric modulated arc therapy (VMAT), non-

coplanar VMAT with one non-coplanar arc (NC1), non-coplanar VMAT with three non-coplanar arc (NC3) and non-coplanar VMAT with five
non-coplanar arc (NC5) plans in the axial plane (upper), coronal plane (center), and sagittal plane (lower) for a typical patient.
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multiple brain metastases. As some patients needed to receive
intracranial re-irradiation due to intracranial recurrence, it seemed sen-
sible to set the dose to the normal brain as low as possible.

In this study, the three non-coplanar VMAT plans consisted of
different numbers of non-coplanar arcs. As shown in Fig. 2 and
Table 3, the normal brain tissue volume of three non-coplanar VMAT
plans was similar. However, NC5 plan still had an advantage in pro-
tecting normal brain tissue compared to NC1 and NC3 plans at high-

moderate dose level (V1 gy—Vegy). It illustrated that more non-

9 12 15 18 21 24 Gy

coplanar arcs could decrease normal brain tissue dose for multiple
brain metastases. Hossain et al?® had compared the dose metric of
three non-coplanar VMAT plans with 3, 5 and 7 arcs, respectively.
For multiple brain metastases, the normal brain tissue volume of
non-coplanar VMAT with 7 arcs was lower than non-coplanar VMAT

with 3 or 5 arc plans. Yoshio et al®’

also found that non-coplanar
VMAT plan with 6 arcs could provide better protection for normal
brain tissue than non-coplanar VMAT plan with 4 arcs. However, at

the low dose level (V3g,), the normal brain tissue volume of the
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TaeLe 1 Evaluation parameters of CK, IMRT, VMAT, NC1, NC3 and NC5 plans (x + SD).
Parameters CK IMRT VMAT NC1 NC3 NC5 P
Gl 3.60 + 0.68 6.21 +2.26 6.04 + 1.93 516 + 1.71 5.02 + 1.59 503 +1.72 a, b
d, e
Cl 0.86 + 0.08 0.81 + 0.07 0.90 + 0.04 0.89 + 0.07 0.89 + 0.07 0.91 + 0.07 a, b, c
d, e
MUs 29 031.96 + 6562.18 3319.00 + 1278.87 2968.00 + 898.66 2527.90 + 376.81 2518.25 + 348.13 2384.95 + 23147 a,b,c,
d, e
BT/min 39.05 £ 5.11 550 25 2,418 4.95 + 1.50 4.22 + 0.63 4.20 + 0.58 4.09 + 0.29 a, b,c
d, e

Note: Statistical significance P: a = CK vs IMRT, b = CK vs VMAT, ¢ = CK vs NC1, d = CK vs NC3, e = CK vs NC5.

Abbreviations: BT, treatment time; Cl, conformity index; CK, CyberKnife; Gl, gradient index; IMRT, intensity-modulated radiation therapy; MUs, monitor
units; NC1, non-coplanar VMAT with one non-coplanar arc; NC3, non-coplanar VMAT with three non-coplanar arc; NC5, non-coplanar VMAT with five
non-coplanar arc; NS, not significant; VMAT, volumetric modulated arc therapy.

TaBLe 2 The maximum dose for OARs of CK, IMRT, VMAT, NC1, NC3 and NC5 plans (x + SD).

OAR CK IMRT VMAT NC1 NC3 NC5 P
Brainstem 422 +1.7 5.32 + 237 5.09 + 248 4.27 +1.28 3.66 £ 0.95 3.84 £ 0.92 a

Lens_R 0.30 £ 0.33 1.11 £ 0.83 1.07 £ 0.73 0.99 =+ 0.33 0.97 £ 0.33 0.96 £ 0.30 a,bcde
Lens_L 0.19 £0.15 0.88 £ 0.83 112 £ 0.76 0.98 £ 0.43 0.96 £ 0.33 0.96 £ 0.30 a,b,cde
Eye R 1.72 +1.23 2.78 + 1.68 229 £ 1.37 2.04 £ 0.64 2.03 £ 0.61 1.96 + 0.60 a, b

Eye_L 1.55+1.26 233172 225+ 138 1.88 + 0.94 1.90 + 0.83 1.80 £ 0.73 a,b

Optic nerve_R 1.18 + 1.04 1.77 £ 1.25 1.78 £ 1.16 1.74 + 0.64 1.72 £ 0.65 1.78 £ 0.56 b,c d e
Optic nerve_L 1.09 £ 0.80 1.75 £ 1.65 1.60 £ 0.85 1.82 £ 0.73 1.73 £ 0.63 1.84 £ 0.52 b,cd e
Optic chiasm 1.96 + 0.89 265+171 232 +131 2.37 £ 0.65 2.25 £ 047 2.31 £ 0.47 NS
Pituitary 1.64 £0.73 1.94 +1.25 1.76 £ 0.95 1.71 £ 048 1.59 £ 0.39 1.82 £ 0.30 NS

Note: Statistical significance P: a = CK vs IMRT, b = CK vs VMAT, ¢ = CK vs NC1, d = CK vs NC3, e = CK vs NC5.

Abbreviations: CK, CyberKnife; IMRT, intensity-modulated radiation therapy; NC1, non-coplanar VMAT with one non-coplanar arc; NC3, non-coplanar
VMAT with three non-coplanar arc; NC5, non-coplanar VMAT with five non-coplanar arc; NS, not significant; OARs, organs at risk; VMAT, volumetric
modulated arc therapy.

TasLe 3 The normal brain tissue volume (receiving specific dose) of NC1, NC3 and NC5 plans (x + SD).

Normal brain tissue volume NC1 NC3 NC5 P
Vaq cy/cm® 17.69 + 9.61 18.38 + 10.26 18.15 + 9.48

Vas gy/cm® 299 + 16.24 29.72 + 16.48 29.33 +15.35 NS
Vig gy/cm?® 48.45 + 28.28 4643 + 26.21 4549 + 24.65 b
Vis gy/cm® 81.92 + 52.03 77.74 £ 46.91 74.5 + 4321 b
V12 gy/cm® 137.96 + 91.07 134.66 + 86.35 126.63 + 78.96 b, c
Vg oy /cm® 240.62 + 160.65 235.2 + 156.24 221.65 + 144.33 b, c
Vg cy/cm® 417.3 + 25241 415.78 + 255.96 399.14 + 252.78 c
V3 gy/cm® 728.75 + 291.03 753.14 + 318.48 748.91 + 330.21 NS

Note: Statistical significance P: a = NC1 vs NC3, b = NC1 vs NC5, ¢ = NC3 vs NC5.
Abbreviations: NC1, non-coplanar VMAT with one non-coplanar arc; NC3, non-coplanar VMAT with three non-coplanar arc; NC5, non-coplanar VMAT
with five non-coplanar arc; NS, not significant.

NC5 plan was larger than NC1 and NC3 plans, and the normal brain (V3 gy), the normal brain tissue volume of the plan with more non-

tissue volume of all the three non-coplanar VMAT plans was larger
than coplanar plans (both IMRT and VMAT plans). It was because
that beam of non-coplanar arcs passed through a lot of normal brain
tissue. The more non-coplanar arcs the plan had, the more normal

brain tissue the beam passed. Therefore, at the low dose level

coplanar arcs was larger than others.

The maximum doses of most OARs for CK plan were lower than
the C-arm linac based plans although some differences were not sta-
tistically significant (Table 2). It was because non-coplanar beams

were used in CK plan and the beams had more angles to choose to
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avoid passing OARs. Ning et al®® showed that VMAT plan with the
use of non-coplanar beams orientations significantly reduced periph-
eral doses when compared with coplanar VMAT. It illustrated that
non-coplanar radiation technology could reduce peripheral dose
around PTV and protect OARs better.

In this study, all the C-arm linac based plans were designed with a
single isocenter. It was because that single isocenter VMAT plan was
more efficient than multi-isocenter VMAT plan with an equivalent con-
formity®™. Uto et al®*? had compared the dosimetric quality and deliv-
ery efficiency for two large brain metastases between dual-isocentric
dynamic conformal arc therapy (DCAT) with mono-isocentric VMAT.
They found that the treatment time of DCAT was longer than mono-
isocentric VMAT and concluded that it was because that there was no
need to move the isocenters one after another in mono-isocentric
VMAT. The time for moving isocenter and the need for geometric veri-
fication at the other isocenter can be omitted in mono-isocentric
VMAT. Reduced treatment time could make the intrafractional error
small, improve patients' throughput, and relieve patients' distress.

In this study, the C-arm linac based plans were designed using
Eclipse system, while CK plan was designed using Multiplan system.
Different treatment planning system (TPS) may result in different
plan quality and delivery efficiency. Ruggieri et al*®* compared the
plan quality and efficiency of two different TPS, Eclipse and Multi-
pleBrainMets (Brainlab AG, Germany) for the treatment of multiple
brain metastases. They found that the two TPS were comparable in
Gl, V12 gy and MUs. However, the Cl of Eclipse plan was superior to
MultipleBrainMets plan. Narayanasamy et al®* also found that the
results of plans for the same case using different TPS were different.

5 | CONCLUSION

CK plan was better than C-arm linac based plans in protecting nor-
mal brain tissue and OARs for patients with multiple brain metas-
tases. C-arm linac based plans with non-coplanar arc also provided
better protection of normal brain tissue than coplanar plans. How-

ever, the BT of CK plan was longer than C-arm linac based plans.
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