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Objective: To evaluate and compare the dosimetric plan
quality for noncoplanar volumetric arc therapy of single
and multiple brain metastases using the linear accelera-
tor-based radiosurgery system HyperArc and a robotic
radiosurgery system.

Methods: 31 tumors from 24 patients were treated by
stereotactic radiosurgery using the CyberKnife system.
CT images, structure sets, and dose files were trans-
ferred to the Eclipse treatment planning system for the
HyperArc system. Dosimetric parameters for both plans
were compared. The beam-on time was calculated from
the total monitor unit and dose rate.

Results: For normal brain tissue, the received volume
doses were significantly lower for HyperArc than for
CyberKnife_G4 and strongly correlated with the plan-
ning target volume (PTV) for cases of single brain
metastasis. In addition, the difference in volume dose

INTRODUCTION

Brain metastases occur in 20-40% of patients suffering
systemic cancer,' and stereotactic radiosurgery (SRS)
offers an effective clinical treatment. In fact, the aggres-
sive treatment of brain metastases improves the prog-
nosis of patients,” increasing their life expectancy.
However, there is increased possibility that other brain
metastases appear in different locations. For brain metas-
tasis reirradiation, it is important to increase the normal
brain sparing by accurately concentrating the dose to the
tumor. For a highly concentrated tumor dose, several
systems have been developed for clinical use,” including
radiosurgery systems based on y knife and linear accel-
erator, where the latter mainly comprises two methods:
CyberKnife (Accuray, Inc., Sunnyvale, CA, USA) and
volumetric modulated arc therapy (VMAT) with generic
linear accelerators.

between CyberKnife_G4 and HyperArc was propor-
tional to the PTV. For multiple brain metastases, no
significant difference was observed between the two
stereotactic radiosurgery systems, except for high-dose
region in the normal tissue. In low dose for brain minus
PTV, when the maximum distance among each target
was above 8.0cm, HyperArc delivered higher dose than
CyberKnife_G4. The mean = SDs for the beam-on time
were 15.8 £ 5.3 and 5.6 + 0.8 min for CyberKnife_G4 and
HyperArc, respectively (p < .01).

Conclusion: HyperArc is best suited for larger targets in
single brain metastasis and for smaller inter tumor tumor
distances in multiple brain metastases.

Advances in knowledge: The performance of HyperArc
in comparison with CyberKnife_G4 was depended on
defined margin and tumor distances.

In CyberKnife, a linear accelerator is mounted on and
controlled using a flexible robotic arm. To achieve a higher
dose concentration, several hundred treatment beams from
over a thousand possible beam directions are used. These
beams are delivered in either an isocentric manner via
circular collimators of varying sizes* or a non-isocentric
manner using multiple pencil beams.”

For SRS, VMAT with flattening filter-free beams provides a
high dose rate to the target and shortens the treatment time
compared with the traditional flattening filter beams.®™
A novel VMAT system called HyperArc (Varian Medical
Systems, Inc., Palo Alto, CA, USA) employed along with
improved planning strategies aims to achieve higher confor-
mity.”!! In fact, Ohira et al® and Slosarek et al'! found that
HyperArc delivers a lower dose to the brain compared with
standard noncoplanar VMAT given its optimization algo-
rithm for SRS-VMAT.
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In this study, we compared the dosimetric plan quality of
HyperArc and CyberKnife for a single target. The outcomes
from this study can serve as guidelines to select the most suitable
machine to treat single and multiple brain metastases.

METHODS AND MATERIALS

Patient data and CyberKnife treatment planning

45 tumors from 28 patients were treated using a CyberKnife
model G4 (Accuray, Inc.) at the CyberKnife Center, Soseikai
General Hospital, Kyoto, Japan. 31 of the tumors in 24 patients
were treated for single targets and the remaining 14 tumors in
4 patients were treated for multiple targets. Written informed

Ueda et a/

consent was obtained from all patients, and the Institutional
Ethics Committee approved this study (Osaka International
Cancer Institute review board number: 1706089007). Tables 1
and 2 list the tumor location, size and number per treatment and
case.

A SCENARIA CT scanner was employed (Hitachi, Ltd., Tokyo,
Japan). The CT images at slice thicknesses of 1.00 or 1.25 mm, 512
x 512 pixel matrix, and field of view of 35 cm were transferred
to the Multiplan treatment planning system (Accuray, Inc.). For
gross tumor volume delineation, a T} weighted MRI scan with
contrast medium (gadolinium) was registered to the CT images.

Table 1. Information used in this study of patients treated with CyberKnife G4

Patient Tumor Sex Tumor location PTV [cm’] Marginal dose [%] Number of beams
1 1 M Right temporal lobe 0.97 94.16 37
2 2 F Right parietal lobe 1.3 93.81 42
3 3 F Right temporal lobe 44 79.17 102
4 4 F Left cerebellum 0.03 86.94 34
5 5 F Cerebellum 2.6 87.16 135
6 6 F Right occipital lobe 0.2 90.37 41
6 7 F Right temporal lobe 0.1 91.91 41
7 8 F Right temporal lobe 1.1 93.94 42
8 9 F Right temporal lobe 0.65 89.29 42
9 10 M Left temporal lobe 0.1 86.51 42
10 11 M Right occipital lobe 0.21 93.77 41
10 12 M Right thalamus 0.1 82.09 41
10 13 M Left parietal lobe 0.04 88.13 42
10 14 M Right cerebellum 0.04 90.61 42
11 15 M Right frontal lobe 0.01 98.65 30
11 16 M Right temporal lobe 0.02 98.15 37
11 17 M Right parietal lobe 0.02 97.55 40
11 18 M Right temporal lobe 0.03 90.16 52
12 19 F Left frontal lobe 0.01 97.83 42
13 20 M Left occipital lobe 0.01 96.28 42
14 21 M Right frontal lobe 0.7 90 35
15 22 F Right occipital lobe 0.7 93.05 41
16 23 M Right temporal lobe 0.2 79.39 30
17 24 M Left parietal lobe 2.6 91.74 72
18 25 M Right frontal lobe 0.1 90.24 25
19 26 M Right parietal lobe 1.7 91.36 39
20 27 F Right cerebellum 0.06 91.52 40
21 28 F Left occipital lobe 0.1 89.09 38
22 29 F Left parietal lobe 0.012 95.17 42
23 30 M Left occipital lobe 0.9 814 24
24 31 F Left temporal lobe 2.7 93.99 42

F, female; M, male; PTV, planning target volume.
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F, female; M, male; PTV, planning target volume.
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The planning target volume (PTV) was created by adding no
margin to the gross tumor volume (GTV). The CyberKnife_G4
planning was performed by inverse planning. An optimization
algorithm (Raytracing) using grid size of 1.25 mm was iterated
until it achieved the institutional ideal dose distribution deter-
mined by physicians. The obtained number of beams are listed
in Tables 1 and 2. The dose was prescribed to the isodose line
conforming to the PTV. The marginal dose in each plan was
defined as the percentage (100% represents the maximum dose)
of an isodose curve covering the PTV and is also listed in Table 1.
For normalization, a dose of 25 Gy in one fraction was used as
prescribed dose.

For the dose-volume constraints in organs at risk (OARs), we
used the development by Timmerman et al.'? Specifically, the
constraints followed that Dy, (i.e., doses expressed in grays to
0.2 cm?® of the volume) of the optic pathway reached up to 8 Gy,
D (i.e., doses expressed in grays to 1 cm”’ of the volume) of the
brainstem reached up to 10 Gy, and Vy, (i.e., volume receives
doses exceeding 14 Gy) of whole brain minus PTV reached up
to 7 cm®. In cases with some plans, such as patients 6, 10, and 11
in Table 1, the accumulated dose from all plans was evaluated for
dose constraining.

HyperArc treatment planning

The CT images and structure sets used for the CyberKnife_G4
treatment planning were transferred to a treatment planning
system prototype (Eclipse v. 15.5, Varian Medical Systems, Inc.,
Palo Alto, CA, USA.). All HyperArc plans were designed on the
Edge radiosurgery system with a high-resolution multileaf colli-
mator, 2.5 mm leaf width (Varian Medical Systems, Inc., Palo
Alto, CA, USA.). During HyperArc planning, various parame-
ters are automatically optimized. For instance, the isocenter is
positioned at the center of the PTV, and the collimator angle and
field size are optimized to reduce the dose to OARs and normal
tissues depending on the structures. In addition, four arc fields,
three of which are noncoplanar, are also arranged: one full or
half coplanar arc with couch rotation of 0° and three half nonco-
planar arcs with couch rotations of 315, 45, and 90° (or 270°).
Virtual dry run function was implemented to stave off collision
of a gantry and a couch during four arcs.

The photon beam energy used for the arcs was 6 MV flat-
tening filter-free. Inverse treatment planning for HyperArc was
performed using Photon Optimizer (Varian Medical Systems,
Inc., Palo Alto, CA, USA.) with optimization resolution of 1.25
mm. An SRS normal tissue objective (NTO) was used to generate
treatment plans with steep dose decays in space from target-spe-
cific dose levels to low asymptotic dose levels. The objective auto-
matically recognizes spatial arrangements of targets for which
dose bridging among targets is likely to occur and attempts to
prevent dose bridging at levels higher than 17% of the prescrip-
tion. In the HyperArc treatment plan, optimization was repeated
for the PTV dose, such as Dg; and D, (i.e., doses expressed in
grays to 95 and 2% of the volume, respectively), matched with
those of the CyberKnife_G4 treatment plan. To obtain the dose
distribution, the lower and upper objectives were set at PTV. As
lower objective, the average of Do, was 24.2 £ 0.7 Gy. As upper
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Figure 1. Dose distributions for CK and HA with target volumes
of 0.1 (A, B) and 4.4 cm? (C, D) in single metastasis cases. The
colored lines represent different isodose lines. Cyan and white
represent the low-isodose lines of 3.0 and 6.0 Gy, respectively.
At target volume of 4.4 cm?, the isodose volume for HA is
clearly smaller than that for CK. CK,CyberKnife; HA, HyperArc;
PTV, planning target volume.

po

it

é/ 22
—
—

(a) CK plan PTV 0.1 cm?

(b) HA plan PTV 0.1 cm?

-

(c) CK plan PTV 4.4 cm?®

objective, the average of D, was 27.7 + 1.6 Gy. In OAR:s, there
was no upper objective for organs during optimization. For dose
calculation, the anisotropic analytical algorithm was used with
grid size of 1.25 mm.

Data analysis

To assess treatment plan quality, dosimetric parameters were
calculated from the dose volume histogram of the PTV and
normal tissues of the brain, brain stem, optic chiasma, optic
nerves (ONs), and eyes. The homogeneity index (HI), confor-
mity index (CI), and gradient index (GI) were defined as

Dmax
Dprescribed’

TVPV?
(TV x PV)’

GI = %,where Dmax and Dprescribed denote the maximum
and prescribed doses, respectively,'® CI is a measure of the radi-
ation distribution fitness to the shape of the radiosurgical target,
TVPV, TV, and PV represent the volume of the target covered
by the prescription dose, target volume, and prescription isodose
volume, respectively,'* GI represents the dose fall-off, and PV50
denotes 50% of the prescription isodose volume.'* In normal
tissues except for the brain, Dmean denotes the mean dose and
Dyg is the dose expressed in grays to 98% of the volume. To eval-
uate the sparing rate in the brain, its region minus PTV ratio that
receives doses exceeding 21, 18, 15, 12, 6, and 3 Gy (V,1, Vg,
Vis, Via, Vi, and V3, respectively) were determined. Finally, to
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determine the treatment efficacy, the beam-on time per tumor
was calculated as

Beam-on time [min]=Total monitor unit/dose rate [pt/min].

The set dose rates were 800 p/min and 1400 wmin for
CyberKnife_G4 and HyperArc, respectively. In every field for
HyperArc plan, the dose rate was maintained at the maximum
of 1400 p/min.

Statistical analysis

The Wilcoxon signed-rank test implemented on the Statistical
Package for the Social Sciences (IBM Co., New York, USA)
was used to determine significant differences among the corre-
sponding system indices in the two systems.

RESULTS

The dose distributions for small and large targets for single
brain metastasis cases in the axial, sagittal and coronal planes
are shown in Figure 1. The volume of the small target was
0.1 cm? and that of the large target was 4.4 cm®. In the small
target, the expansion of isodose lines was similar for both
CyberKnife_G4 and HyperArc, whereas in the large target, low
isodose lines such as 6.0 and 3.0 Gy for CyberKnife_G4 were
clearly larger than those for HyperArec.

Table 3 summarizes some dosimetric parameters for the PTV
and OAR in single metastasis cases. In the PTV, no significant
differences were found for D,, Dys, Dgg, and HI. In contrast,
significant differences were found for CI and GI. Figure 2(a)
shows the relationships between PTV and GI values. Indeed,
the GI values were highly dependent on the target volume in
CyberKnife_G4 and HyperArc. The mean + SD of the differ-
ences among GI for CyberKnife_G4 and HyperArc was 0.7
9.5. Figure 2(b) shows the relationships between PTV and these
differences. When the PTV is below 0.03, the GI differences for
CyberKnife_G4 and HyperArc exhibit large variations.

In the volume of the brain minus PTV, V3, Vi, V15, V5, Vg, and
V), i.e. volumes receiving more than 3, 6, 12, 15, 18, and 21 Gy,
respectively, for HyperArc were significantly smaller than those
for CyberKnife_G4, as shown in Table 3. The Dmean values are
equal for CyberKnife and HyperArc. Box plots of the dose for the
brain minus PTV are shown in Figure 3. In V3, Vi, and Vy,, the
maximum value, upper whisker, and upper quartiles for HyperArc
were lower than those for CyberKnife_G4. The median value was
almost the same for CyberKnife_G4 and HyperArec.

In Figure 4, the dose for the brain minus PTV plotted against
PTV is depicted for each treatment system. For both systems,
strong correlations above 0.88 were found between dose
and PTV. Notably, the OAR sparing for HyperArc increased
with the PTV. The estimated dose for brain minus PTV was
described with linear regression for both systems. CyberKnife
can track the patients’ position during irradiation, and thus
eliminates setup errors. On the other hand, HyperArc cannot
track the patients’ position during irradiation and may
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Table 3. Dosimetric comparison between CyberKnife and HyperArc for single and

multiple brain metastasis
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Single brain metastasis (31 plans) Multiple brain metastasis (five plans)
Structure Dosimetric CyberKnife HyperArc CyberKnife HyperArc
parameters Mean + SD Mean + SD p value Mean + SD Mean + SD p value
PTV D, [Gy] 27.5+1.5 27.5+13 .55 27.3+£09 27.3+0.7 .55
Dy [Gy] 24803 249403 33 25.0 + 0.4 25.1+04 33
Dys [Gy] 252+0.2 252+0.2 91 253+0.3 254+0.3 91
HI 1.1+£0.1 1.1£0.1 .55 1.1£0.0 1.1£0.0 .55
GI 14.6 +£19.5 14.1 £25.1 <.01 9.6 £5.0 13.9+£8.9 .08
CI 0.6+0.2 0.8 £0.2 <.01 0.4+0.2 0.7+0.2 <.01
Brain sub. Vi [em’] 1.3+1.6 0.5+0.5 <.01 21+12 1.1+£0.7 <.05
PV Vis [cm’] 20+24 09+0.8 <.01 33+1.8 20+1.2 <.05
Vis [cm’] 29+33 20+£23 <.01 4.7 2.5 35+£20 <.05
Vi [cm’] 4.1+4.7 2.1%£20 <.01 6.8+3.5 58+32 13
Vs [cm’] 11.9+13.9 6.6 £6.3 <.01 21.9 £10.6 21.7+11.3 94
V; [cm’] 35.0+43.6 18.7 £18.7 <.01 83.7 £47.1 93.9+594 .38
Brain stem Dyean [Gy] 04+0.6 02+03 45 0.6 +0.4 1.0£0.5 07
D, [Gy] 1.0+1.4 0.7 £ 0.6 .05 1.1+£13 14+1.1 11
Optic chiasm Dyean [Gy] 03+0.5 0.2+02 29 0.7 £0.7 0.6 +0.6 91
D, [Gy] 0.7+£0.9 04+04 .04 14+1.0 1.3+£0.7 .80
Left ON D ean [GY] 0.2+0.6 02+0.3 .61 04+04 0.5+04 .86
D, [Gy] 0.6+1.1 0.4 +0.5 77 0.5+0.7 0.6+0.7 .76
Right ON D ean [GY] 02+0.3 02+0.2 72 0.6+04 0.6+0.4 .56
D, [Gy] 0.6 +0.7 04+0.3 .09 09+09 0.9+0.7 .70
Left eye D nean [GY] 0.1+0.1 0.1+0.1 .32 0.1+0.2 0.2+0.1 .83
D, [Gy] 02+0.3 0.1+0.1 .36 0.4+0.4 02+0.1 .34
Right eye D ean [Gy] 0.1+0.2 0.1+0.1 02 0.5+0.6 02+0.1 27
D, [Gy] 02+03 0.2+0.1 23 0.7 +0.7 0.3+0.1 23

Dx, dose x% of volume; CI, conformity index; Gl, gradient index; HI, homogeneity index; ON, optic nerve; PTV, planning target volume; SD, standard
deviation; Vx, the organ-at-risk volume ratio that receives a dose exceeding x Gy.

require some margin for PTV. Figure 4 shows the estimated
dose obtained from as triangles in gray and yellow adding to
1- and 2 mm margins. Adding margin to the PTV, V3 and Vy
for HyperArc is almost the same as that for CyberKnife_G4.
Vi, for HyperArc is larger than that for CK. Figure 5 shows
the changing dose distributions for HyperArc at GTV-to-PTV
margin of 0, 1, and 2 mm in the same cases of Figure 1. The
expansion of the isodose line is clear when margin increases.
For the small target (Figure 5 (a)), the irradiated volumes V3
and Vi, adding 1 mm to the margin were 2.1 and 2.6 times
as large as the no-margin PTV, and adding 2 mm 2.8 and 3.5
times, respectively. For the large target (Figure 5 (b)), the irra-
diated volumes V3 and V, adding a 1 mm margin were both
1.6 times as large as the no-margin PTV, and adding 2 mm 1.9
and 1.8 times, respectively.

The dose distributions for cases of multiple brain metastases
in the axial, sagittal, and coronal planes are shown in Figure 6.

These cases exhibit different distances among targets. For short
distance among targets (Figure 6 (a) and (b)), the expansion
of isodose lines was similar for both CyberKnife_G4 and
HyperArc, whereas for larger distances (Figure 6 (c) and (d)),
low isodose lines such as those at 3.0 Gy for HyperArc were
clearly larger than those for CyberKnife_G4. In Figure 6 (a)
and (b), Vg and V; for brain minus PTV in CyberKnife_G4
were 28.2 and 91.4 cm® and in HyperArc were 21.0 and 78.1
cm’, respectively. In Figure 6 (c) and (d), V4 and V; for brain
minus PTV in CyberKnife_G4 were 27.5 and 110.1 cm® and in
HyperArc were 30.8 and 142.7 cm?, respectively.

Table 3 also summarizes some dosimetric parameters for the
PTV and OARs in cases of multiple metastases. There are signif-
icant differences for CI, V5, Vg, and V,;. In V5, Vg and V; for
brain minus PTV, there was no significant difference between
CyberKnife_G4 and HyperArc. In three of the five plans, Vg
and V; for HyperArc were larger than those for CyberKnife.
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Figure 2. (@) PTV according to Gl. Blue represents CyberKnife,
and orange represents HyperArc. Gl is expressed in logarith-
mic scale. The Gl for CyberKnife and HyperArc suitably fitting
with the PTV. The dashed lines represent regression curves.
(b) The relationships between PTV and the differences. The
volume of the PTV is expressed in logarithmic scale. The red
dotted line represents X coordinate of 0.03. Gl, gradient index;
PTV, planning target volume.
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Figure 3. Box plots of (A) Vs, (B) Vg, and (C) V4, for brain minus
PTV in CyberKnife (CK) and HyperArc (HA). CK is represented
in blue, and HA is represented in orange. CK, CyberKnife; HA,
HyperArc; PTV, planning target volume.
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Figure 4. Relations between PTV and brain doses at (A)
V3, (B) Vg, and (C) Vy,. CK is represented in blue, and HA is
represented in orange. The relations are fitter using linear
regression with coefficient of determination R? The regres-
sion dotted line slopes for HA are lower than those for CK
in each case. As the difference in dose becomes larger, the
PTV increases. Triangles represents the estimated dose with
regression for HA when 1 (gray) and 2 mm (yellow) margins in
every direction are added to the PTV. For Vz and Vg, the 2 mm
margin added to the PTV matches the regression line for the
estimated dose in HA and CK, whereas in V;,, the matching
occurs for the 1 mm margin. CK, CyberKnife; HA, HyperArc;
PTV, planning target volume.
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Figure 5. Dose distribution for HyperArc at GTV-to-PTV mar-
gin increments of 1T mm for (A) small and (B) large targets.
Each colored line represents an isodose line, where cyan and
white represent low-isodose lines at 3.0 and 6.0 Gy, respec-
tively. GTV, gross tumor volume; PTV, planning target volume.
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The mean differences + SD for V4 and V; between HyperArc
and CyberKnife were 3.7 + 2.3 and 26.9 + 6.0 cm”. These cases
exhibited the maximum distances among tumor centers, being
above 8.0 cm. Other two cases exhibited maximum distances
below 5.0 cm.

The mean + SD for beam-on time was 15.8 + 5.3 and 5.6 + 0.8
min for CyberKnife_G4 and HyperArc, respectively (p < .01).

Figure 6. Dose distributions for CK and HA with target volumes
of (A, B) 0.5 and (C, D) 0.7 cm? in cases of multiple metasta-
ses. The maximum distance between each tumor were (A, B)
4.7 and (C, D) 9.2 cm. Each colored line represents an isodose
line, where cyan and white represent low-isodose lines at 3.0
and 6.0 Gy, respectively. CK, CyberKnife; HA, HyperArc; PTV,
planning target volume.

(c) CK plan

-
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The correlation values between beam-on time and PTV were
0.58 and -0.27 for CyberKnife_G4 and HyperArc, respectively.

DISCUSSION

We analyzed the dose distributions for CyberKnife G4 and
HyperArc to single and multiple targets in this study, whereas previ-
ously, Ruggieri et al' analyzed multiple targets of brain metastases,
and HyperArc significantly outperformed CyberKnife G4. Still,
as reirradiation is one strategy for recurring brain metastases,'>**
plans with more conformity should be determined even for a single
target.

In this study, the dose for the PTV in the HyperArc treatment
plan was almost equal to that in the CyberKnife_G4 treat-
ment plan, but the center dose can be increased when using
HyperArc, consequently increasing OAR sparing. However,
to guarantee a fair comparison between CyberKnife G4
and HyperArc, we created every plan for both systems with
the same PTV dose. In the CyberKnife system, the patients’
positions during treatment are monitored using fluoroscopy,
and intrafraction motions are dynamically compensated.'®~**
Therefore, the clinical target volume to PTV margin is
extremely small in CyberKnife. On the other hand, no data
were available on intrafraction motion for HyperArc. Conse-
quently, it remains to be evaluated whether the margin for
CyberKnife is acceptable for HyperArc, although the latter
detects the patient’s position between arcs using an onboard
imaging system. OAR sparing is shown in Figure 4 adding
setup margin for HyperArc. OAR sparing for HyperArc is
less than or equal to CyberKnife. These results indicated the
importance of the patient immobilization in HyperArec.

In multiple cases, unlike the study by Slosarek et al,'' we
found no significant difference between CyberKnife_G4 and
HyperArc in dose volumes V3, Vi, and V, for the brain minus
PTV. Specifically, in cases where the maximum distance among
tumors is above 8.0 cm, HyperArc did not reduce the brain dose
compared to CyberKnife_G4. This generally occurs in VMAT
using generic linear accelerators because multileaf collimators
cannot completely shield radiation to normal tissue between
tumors. This problem was mitigated in HyperArc planning"!
and does not occur in CyberKnife planning. Therefore, in
multiple distant tumors, HyperArc cannot reduce the low dose
compared to CyberKnife_G4.

The CI and GI for HyperArc were better than those for
CyberKnife_G4, as in the treatment plan for the latter, confor-
mity only improves with more beams. However, there is a
tradeoff between the number of beams and treatment time. We
found a mean beam-on time for the CyberKnife_G4 treatment
plan above 10 min. Hence, it is difficult to increase number
of beams for this kind of treatment as CyberKnife uses a
large number of static beams. Now, CyberKnife equipped
with multileaf collimators, CyberKnife_M6, has been devel-
oped and used in clinical practice. If CyberKnife is developed
to use arc beam, the CI and GI may be better than those for
HyperArc. Because CyberKnife is able to select various arc
beams with robotic arm.

Ueda et a/

We compared HyperArc to CyberKnife_G4, whereas Henzen
et al” evaluated the more recent CyberKnife M6 with
different wall monitor-unit distributions than G4. In addi-
tion, v. M6 improves the machine positioning and trajectory
compared to G4,>** and its plan may also improve OAR
sparing. Furthermore, v. M6 has a multimulleaf collimator
that can provide enhanced concentration for large tumors.
However, no report comparing CyberKnife G4 and M6 is
available. In addition, the Multiplan (Accuray, Inc.) treat-
ment planning system in this study was not the latest version
available. Recently, a new treatment planning system, Preci-
sion (Accuray, Inc.), equipped with the VOLO optimizer was
released for clinical practice and can reduce the planning and
treatment delivery times. Therefore, the difference of beam-on
time may be shortened using the more recent Precision
system.

A low GI indicates a steeper dose decline. Ornelas-Couto et al*®
compared CyberKnife to VMAT for spine tumors in terms of GI
and CI, and no considerable differences were found among these
systems. In the present study, the CI and GI for HyperArc were
significantly better than those for CyberKnife. Similarly, Ohira et
al’ found that HyperArc delivers better conformity than standard
and noncoplanar VMAT. These results suggest that HyperArc
has better conformity than CyberKnife.

Regarding the relations among volume doses Vj, Vg, and
V1, with PTV (Figure 4), the line slopes of the regression for
CyberKnife_G4 were higher than those for HyperArc, because
the latter achieves lower GI for large targets. In fact, the slopes
for CyberKnife_G4 were about two times those for HyperArc.
These results suggest that HyperArc can accurately concen-
trate the dose to a target particularly in large tumors. Further-
more, the beam-on time of HyperArc is independent of the
PTYV, whereas that of CyberKnife_G4 increased with the tumor
size. Hence, HyperArc contributes more than CyberKnife_G4
to treat large targets than small ones. For the volume dose in
brain minus PTV, the median values for CyberKnife_G4 and
HyperArc were almost the same because the analyzed cases
were biased towards small targets, where the irradiated volume
is usually small given the volume. Nevertheless, increasing
OAR sparing for large targets should be the goal of more effi-
cient treatments.

CONCLUSIONS

In this study, we investigated the dosimetric performance for
HyperArc and compared it to CyberKnife_G4 in single and
multiple brain metastases. In cases of single brain metas-
tasis, the plan quality of HyperArc reached the level of the
CyberKnife_G4 plans used in clinical practice, but the dose
level for HyperArc depended on the defined margin. In
cases of multiple brain metastases, decreasing the low dose
for normal brain tissue depends on the distance among
targets. Moreover, the delivery time for HyperArc does not
depend on the PTV. Overall, we consider that HyperArc
is best suited for larger targets in single brain metastasis
and for smaller inter tumor distances in multiple brain
metastases.
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