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Abstract
Purpose: Interest and application of stereotactic radiosurgery for multiple brain metastases continue to increase. Various planning
systems are available for linear accelerator (linac)ebased single-isocenter multiple metastasis radiosurgery. Two of the most advanced
systems are BrainLAB Multiple Metastases Elements (MME), a dynamic conformal arc (DCA) approach, and Varian RapidArc (RA), a
volumetric modulated arc therapy (VMAT) approach. In this work, we systematically compared plan quality between the 2 techniques.
Methods and Materials: Thirty patients with 4 to 10 metastases (217 total; median 7.5; Vmin Z 0.014 cm3; Vmax Z 17.73 cm3) were
planned with both Varian RA and MME at 2 different institutions with extensive experience in each respective technique. All plans had a
single isocenter and used Varian linac equipped with high-definition multileaf collimator. RA plans used 2 to 4 noncoplanar VMAT arcs
with 10MVflatteningfilter-free beam.MMEplans used 4 to 9 noncoplanarDCAs and 6MVflatteningfilter-free beam, (minimumplanning
target volume [PTVmin] Z 0.49 cm3; PTVmax Z 27.32 cm3; PTVmedian Z 7.05 cm3). Prescriptions were 14 to 24 Gy in a single fraction.
Target coverage goal was 99% of volume receiving prescription dose (D99% � 100%). Plans were evaluated by Radiation Therapy
Oncology Group/Paddick conformity index (CI) score, 12 Gy volume (V12Gy), V8Gy, V5Gy, mean brain dose (Dmean), and beam-on time.
Results: Conformity was favorable among RA plans (median: MME CIRTOG Z 1.38; RA CIRTOG Z 1.21; P < .0001). V12Gy and V8Gy

were lower for RA plans (median: MME V12 Z 23.7 cm3; RA V12 Z 19.2 cm3; P Z .0001; median: MME V8Gy Z 53.6 cm3; RA
V8Gy Z 44.1 cm3; P Z .024). V5Gy was lower for MME plans (median: MME V5Gy Z 141.4 cm3; RA V5Gy Z 142.8 cm3; PZ .009).
Mean brain was lower for MME plans (median: MME Dmean Z 2.57 Gy; RA Dmean Z 2.76 Gy; P < .0001).
Conclusions: For linac-based multiple metastasis stereotactic radiosurgery, RapidArc VMAT facilitates favorable conformity and
V12Gy/V8Gy volume compared with the MME DCA plan. MME planning facilitates reduced dose spill at levels �V5Gy.
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Introduction

Brain metastases are the most common form of brain
tumor and remain a challenge for multidisciplinary cancer
care. Surgery, whole brain radiation treatment, and ste-
reotactic radiosurgery (SRS) are all used in the treatment
of brain metastases. Radiosurgery has become a staple in
the management of brain metastases.1-5 Gamma Knife,
Cyberknife, and linear accelerator (linac)ebased SRS are
all widely used modalities.

Linac-based SRS methods for the treatment of a single
lesion include circular arcs with stereotactic cones, dy-
namic conformal arcs (DCA) with multileaf collimator
(MLC), intensity modulated radiosurgery, and volumetric
modulated arc radiosurgery with a linac isocenter posi-
tioned at each target. For multiple brain metastases, the
planning effort and delivery time of this technique are
proportional to the number of lesions. The treatment time
for a single target is approximately 15 to 20 minutes and
increases with the treatment of additional metastases.

Many institutions now treat multiple metastases with a
single isocenter using a volumetric modulated arc therapy
(VMAT) technique.6-9 Clark et al. were the first to publish
the feasibility of this technique using the Varian Eclipse
RapidArc (RA) in 2010,7 and provided a planning recipe
in a subsequent paper in 2012.8 An initial group of works
implied that VMAT should always produce poorer dosi-
metric quality in terms of conformity index (CI) and low
dose spill.9-11 However, later work compared the dosi-
metric parameters using an updated version of the Clark
2012 technique on 28 patients with multiple metastases
with the dosimetry of a Gamma Knife 4C unit and ach-
ieved clinically equivalent results between the
modalities.12

Liu et al13 performed a similar dosimetric comparison
to Perfexion, the newer generation of Gamma Knife, and
achieved similar results. However, the quality of single
isocenter VMAT is heavily dependent on planner expe-
rience and the particular treatment planning system.
Planning time is typically an initial 15 to 30 minutes of
optimization configuration and an additional 10 to 15
minutes of computation per iteration of optimization.

Huang et al14 proposed single-isocenter DCA to treat
multiple brain metastases and showed that this has similar
plan quality as multi-isocenter DCA plans, with lower
peripheral dose spread but worse conformity than VMAT
plans. A commercially available planning software using
a similar technique developed by BrainLAB AG (Feld-
kirchen, Germany), Multiple Metastases Element (MME),
has been adopted by some institutions. MME uses a
preconfigured set of DCAs with a single isocenter to treat
up to 15 metastases in 1 session. MME then optimizes the
weight for each arc to achieve the best overall conformity
among all targets. Planning time for optimization and
dose calculation is 2 to 4 minutes, which dramatically
improves the planning efficiency. MME also reduces the
variability in plan quality among different skill level
planners owing to minimal adjustable parameters.

In this interinstitutional study involving Thomas Jef-
ferson University (TJU) and the University of Alabama at
Birmingham (UAB) radiation oncology departments, we
compared the planning quality of these 2 single-isocenter
multiple metastasis linac-based SRS planning approaches.
A total of 30 patients with 217 cumulative brain metas-
tases were included. Each institution contributed 15 pa-
tients with 4 to 10 brain metastases. This study is different
from previous works9-13 because of the increased number
of patients and metastases, and plans were generated by
users who already had extensive experience using the
planning techniques.

Methods and Materials

Case selection and characteristics

Thirty patients (15 from each institution) who had 4 to
10 brain metastases and were treated with single-isocenter
linac-based SRS were selected for this study. Fifteen
previously treated patients from TJU were identified with
cases that had been planned with BrainLAB MME and
treated on a Varian TrueBeam STx Linac system equip-
ped with high-definition HD120 MLC using 6 MV
photon flattening filter-free (FFF) mode.

Digital Imaging and Communications in Medicine
(DICOM) files of the computed tomography images and
structure sets were de-identified and sent to UAB for
replanning with RA. Fifteen patients who were planned
with RA and treated on either Varian TrueBeam STx or
Edge with HD120-MLC using 10 MV FFF mode (these
linear accelerators are identical platforms; differences in
accessories that accompany the Edge are not germane to
planning dosimetry) were identified from UAB. Digital
Imaging and Communications in Medicine files of the
images and structure sets were de-identified and sent to
TJU for replanning with MME. Prescriptions for each
target were not altered between the plans.

For most metastases, TJU prescription selections for
each metastasis are largely based on the Radiation Ther-
apy Oncology Group (RTOG) 9508 study.15 UAB prac-
tices are similar except that a maximum 20 Gy instead of
24 Gy at the highest dose level is favored. The prescrip-
tion dose for each target in this series ranged from 14 to
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24 Gy in a single fraction and was selected based on in-
dividual target volume and clinician preference. Plans
were normalized according to a planning goal 99% of the
target volume coverage with its prescription dose. Case
characteristics were target numbers (min Z 4, max Z 10;
median Z 7.5), individual target volume (TVmin Z 0.014
cm3; TVmax Z 17.73 cm3; TVmedian Z 0.35 cm3), and
planning target volume (PTVmin Z 0.49 cm3; PTVmax Z
27.32 cm3; PTVmedian Z 7.05 cm3).
Thomas Jefferson University planning technique
for single-isocenter multiple metastases using
BrainLAB Elements

TJU has been using MME to plan and treat patients
with multiple brain metastases since 2015. More than 150
patients and 600 metastases have been treated. MME is a
dedicated automatic planning software for multiple brain
metastases designed to treat multiple targets (up to 15 in
the current version) simultaneously with a single setup
isocenter using multiple noncoplanar DCAs. The iso-
center location is placed at the center of mass of all PTVs
and is not adjustable by planner.

The couch angles of the noncoplanar DCA are pre-
configured in planning templates. In this study, 6 different
templates were used for each case, and the plan that
achieved the best conformity was selected as the final
plan. The first template consists of 5 couch angles with
40� separations at 0�, 40�, 80�, 340�, and 300�, respec-
tively (IEC 61217 convention). The second one consists
of 5 couch angles at 10�, 50�, 90�, 350�, and 310�. The
third one consists of 6 couch angles at 0�, 35�, 70�, 355�,
320�, and 285� (35� separation). The fourth one consists
of 6 couch angles at 10�, 42�, 74�, 350�, 318�, and 286�

(32� separation). The fifth one consists of 6 couch angles
at 0�, 30�, 60�, 90�, 330�, 300� (30� separation). The last
one consists of 6 couch angles at 20�, 48�, 76�, 340�,
312�, 284� (28� separation). The MME optimizer selects
couch angles from the available set and the final plan
usually consists of 4 to 6 different couch angles.

The start and stop gantry angles for each arc are first set
to default values (10� to 170� when couch angles are be-
tween 0� and 90�; 190� to 350� when couch angles are
between 270� and 360� [IEC 61217 convention]). The arcs
are automatically modified during optimization. Two arcs
are delivered for each couch angle (one forward swept, one
reverse swept). Collimator rotation is used to smear out the
inter-MLC leaf radiation leakage. The MLC leaves are
shaped to conform to each individual PTV, with an addi-
tional margin of up to 1 mm selected automatically during
optimization. The target volumes irradiated by each arc are
chosen to maximize the number of targets while mini-
mizing leakage radiation to nontarget tissue.

Each leaf pair is only allowed to treat 1 PTV at any time.
For each arc,MMEwill try to include asmanymetastases as
possible to treat. However, if >1 target is in line with a
single leaf pair, MME will select one to treat in one arc and
then generate another arc in the reverse direction on the
same table angle for each remaining lesion to prevent the
phenomenon, referred to as “island-blocking,”16,17 from
occurring, whereby a leaf pair is open across 2 in-line tar-
gets with nontarget tissue exposed in between.

After the automatic assignment of PTVs to each arc,
the arc weights are optimized to achieve the best overall
conformity. Because the dose prescriptions to the PTVs
are enforced (>99% target volume receives prescription
dose) during the optimization, the CI is given by the ratio
between the volume surrounding the PTV receiving
greater than the prescribed dose and the volume of the
PTV. If perfect conformity is achieved, the CI score is 1.

Planning time for optimization and dose calculation was
approximately 2 to 4 minutes per planning template,
depending on the complexity of the case. The total planning
time using all 6 templates was typically 20 to 30 minutes.
Plans were developed usingMME version 1.5 for the 6MV
FFF beam of a Varian TrueBeam STx equipped with an
HD-120 MLC. The dose was calculated using a pencil-
beam algorithm with a calculation grid of 1 mm.
University of Alabama at Birmingham planning
technique for single-isocenter multiple
metastases SRS using Eclipse RapidArc

The UAB technique was initially developed in 20107,8

and has since been refined. More than 1000 cases have
been treated with this technique since 2010, targeting at
least 3000 lesions with the current average annual of 150
patients with brain tumors in 2017. A large number of
cases with >10 targets have been treated with this tech-
nique up to a maximum of 27.

At its core, this VMAT technique uses a single iso-
center placed at the multiple target centroid, and 3
concentric rings of tuning structures encompassing each
target to enforce dose falloff in a stepwise fashion. The
inner ring drives conformity, the middle drives the 50%
isodose volume, and the outer drives the 40% isodose
volume. These ring structures were used to help achieve
highly conformal prescription doses to targets while
reducing moderate and low-dose spills. A separate
constraint on the brain volume with targets excluded pe-
nalizes the low-dose spill. If a target is in close proximity
to a critical structure, such as the brain stem or optic
apparatus, additional optimization criteria are added to
prioritize organ avoidance.

Plans consisted of 2 to 4 VMAT arcs: one 360� axial
arc and up to three 180� noncoplanar half arcs at couch
angles of 45�, 90�, and 315� (IEC convention). The
collimator angles were set to 30� or 45� and modified as
needed to minimize island blocking between lesions,16,17

and jaw tracking was enabled. The plans were normalized
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such that the prescription dose covered 99% of the
composite target volume.

The detailed configuration and dose optimization
criteria have been previously published as part of an
earlier study,8,12 circulated widely and are also made
available here in Appendix E1 (available online at https://
doi.org/10.1016/j.adro.2019.10.007).

Setup of the tuning structures requires approximately 5
to 10 minutes for each plan, and optimization and
calculation of the plan for a 1-mm dose grid require
approximately 10 to 15 minutes. Optimization and
calculation time are heavily dependent on calculation grid
size and hardware specifications. Plans were developed
using Eclipse version 13.6 (Varian Medical Systems, Palo
Alto, CA) for the 10 MV FFF beam of a Varian Edge
equipped with an HD-120 MLC. The HD-120 has a 2.5-
mm leaf width in the central 8 cm and 5-mm leaf width in
the remaining peripheral region. Dose was calculated
using the analytical anisotropic algorithm, version 13.6.

Plan comparison and dosimetric parameter
extraction

Dose-volume results often vary between treatment
planning systems for the same 3-dimensional dose dis-
tribution owing to algorithmic and beam modeling dif-
ferences, particularly for very small targets.18-20

Therefore, we chose to use a third-party software plat-
form for dosimetric analysis. Additionally, neither insti-
tution had made modifications to the default beam model
other than the standard measurement values prescribed by
the TG-51 normal commissioning process for the treat-
ment plans generated here.21 Computed tomography im-
ages, structure sets, and 3-dimensional dose matrices (1-
mm dose grid) of all 60 plans were sent to MIM after
calculation (MIM Software Inc, Cleveland, OH, version
6.5.7) for dose-volume histogram (DVH) analysis. In this
manner, inter-treatment planning system dose-volume
dependency uncertainty was eliminated. Each institution
has performed robust verification of its respective beam
model and performs patient-specific dosimetric quality
assurance for multiple targets in each of its radiosurgery
plans.

At the level of the entire plan, the following parameters
were extracted: V12Gy (cm

3), V8Gy (cm
3), V5Gy (cm

3), and
mean brain dose (Dmean). The nomenclature described by
Mayo et al22 was followed for reporting dose-volume
metrics. For each individual target, the following param-
eters were extracted: Paddick CI, RTOG CI, and per-
centage volume covered by prescription dose (coverage).

RTOG CIZ
PIV

TV
ð1Þ

Paddick CIZ
TV2

PIV

TV �PIV
ð2Þ
Both RTOG and Paddick CIs are included for reader
preference and ease of reference. All parameters were
compared using a paired 2-tailed Wilcoxon signed-rank
test at a prespecified level of significance of .05. The
Wilcoxon signed-rank test was chosen to avoid the pop-
ulation normality assumption required of a parametric
paired test. Mean and median statistics are reported for
each parameter, but statistics are reported upon the me-
dian because the Wilcoxon signed-rank test was used.
Results

Both MME and RA were able to achieve clinically
satisfactory plans in all cases. Among individual targets
(217 total), conformity was favorable for RA plans (me-
dian � standard deviation: RTOG_CI (MME) Z 1.38 �
0.25; RTOG_CI (RA) Z 1.23 � 0.32; P < .0001; PCI
(MME) Z 0.70 � 0.1; PCI (RA) Z 0.77 � 0.12; P <
.0001). Mean target coverage by prescription dose was
97.5 � 2.3% for MME and 96.9% � 2.5% for RA plans
(P Z .007). Maximum target doses were not a studied
parameter in this investigation, but no target dose exceed
175% of the prescription.

Table 1 summarizes in detail the number of metastases,
prescription dose, total PTV volume, V12Gy, V5Gy, and
mean brain dose of the MME and RA plans. When
comparing each case, V12Gy was favorable among RA
plans (median: V12Gy [cm3]; MME Z 23.7 cm3; V12Gy

[cm3]; RA Z 19.2 cm3; P < .0001). As shown in
Figure 1, RA plans achieved less V12Gy for 26 of 30
cases. The few cases in which MME plans achieved
comparable or less V12Gy were all among those with small
total PTV (VPTV < 2.1 cm3). V8Gy was favorable among
RA plans (median: V8Gy [cm

3]; MME Z 53.6 cm3; V8Gy

[cm3]; RA Z 44.1 cm3; P Z .024). V5Gy was favorable
among the MME plans (median: V5Gy [cm3]; MME Z
141.4 cm3; V5Gy [cm

3]; RA Z 142.8 cm3; P Z .009). As
shown in Figure 2, MME plans achieved less V5Gy (cm

3)
for 25 of 30 cases. Figure 3 shows the distributions of
mean brain doses between techniques plotted against total
target volume. We observed a slightly lower mean brain
dose in MME plans compared with RA (median: MME
Dmean Z 2.57 Gy; RA Dmean 2.76 Gy; P < .0001) is
evident.

Figure 4 shows the ratio of 4 parameters (V12Gy, V8Gy,
V5Gy, and Dmean) between MME and RA plans. For the 6
cases in our data set in which total target volume was
<2.1 cm3, absolute differences were small, MME was
favorable for each of the V8, V5, and mean brain dose
parameters. For the V12 parameter, MME was favorable
in 4 of 6 cases. For the remaining 24 cases with PTV >2.1
cm3, V12 favored RA plans (ratio mean 1.24). In these
cases, while MME plans still predominantly had favorable
V5 and mean brain dose, the respective relative differ-
ences were much smaller.

https://doi.org/10.1016/j.adro.2019.10.007
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Table 1 Number of metastases, prescription dose, total planning target volume, V12Gy volume, V8Gy, V5Gy, and mean brain dose
of the Element and VMAT plans of the 30 cases in this study

No. Metastases/ case Rx VPTV V12Gy (cm
3) V8Gy (cm

3) V5Gy (cm
3) Mean brain dose

(Gy)

(Gy) (cm3) Elements VMAT Elements VMAT Elements VMAT Elements VMAT

mean 7.4 17.8 8.96 27.2 22.4 57.8 52.4 158.3 174.8 2.66 3.03
median 7.5 18 7.05 24.0 19.2 53.6 44.1 141.4 142.8 2.57 2.76
P-value < .0001 .024 .009 < .0001

Abbreviations: Rx Z prescription; VMAT Z volumetric modulated arc therapy; VPTV Z total PTV volume.
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Figure 5 depicts the relationship between the 2 mo-
dalities for a representative case (n Z 9 targets, total PTV
Z 6.24 cm3; Rx Z 16 Gy to all targets). Figure 5 (top)
shows a side-by-side comparison of dose distribution on
the axial, sagittal, and coronal planes. Figure 5 (bottom)
shows the DVH of normal brain tissue of this case. Note
that the normal brain DVHs cross at 6.8 Gy, which rep-
resents the dose level below which MME has reduced
low-dose spill. This case was representative of the ma-
jority of cases in which small but persistent and statisti-
cally significant differences persisted between the 2
modalities For dose levels ranging from approximately 6
Gy to the prescription dose, RA produced favorable
isodose spill and for dose levels below approximately 6
Gy, MME produced favorable isodose spill.

Figure 6 illustrates this phenomenon by showing a plot
of the absolute difference at each point in the brain DVH
line for the 2 techniques averaged across all 30 cases. The
dose level at which the plotted difference in brain volume
crosses the x-axis and becomes >0 represents the dose
level (~ 6 Gy) above which RapidArc plans demonstrate
superior performance. Below this dose level, MME plans
demonstrate superior performance, most notably around
the 2 Gy isodose line.
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Figure 1 Comparison of 12 Gy isodose volume
Because this was a treatment planning study involving
replanning, treatment times could not be compared, but
the authors recognize the importance of treatment time in
plan consideration. Treatment time is equal to the beam-
on time, plus the beam-off time required for room entry,
table adjustments, patient positioning corrections, and
reimaging. All RA plans in the UAB method use one 360�

axial arc, and between 1 and 3 nonaxial 180� arc posi-
tions. RA plans rotate through each arc position once. All
MME plans used between 4 and 6 noncoplanar table
angles with 160� gantry arc length. MME plans some-
times generate 2 gantry arc rotations at the same table
position. The total number of arcs were 7.3 � 1.4 (range,
5-10) for MME plans and 3.8 � 0.6 (range, 2-4) for RA
plans. The median number of table positions was 5
(range, 4-6) for MME plans and 4 (range, 2-4) for
RA plans.

The total gantry rotation angles were 1168� � 223� for
MME plans and 872� � 100� for RA plans. The total
number of monitor unit (MU) were 6871 � 1392 for
MME plans and 10225 � 3449 for RA plans. The gantry
on the TrueBeam STx platform cannot rotate faster than
359� per minute. For MME plans, average beam-on time
is approximately 6 to 9 minutes at 6 MV FFF (1400 MU/
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min). Only slight gains in beam-on time would be realized
in 10 MV FFF (2400 MU/min) as the plans are still gantry
rotation rate constrained. For RA plans, average beam-on
time is 3 to 4 minutes in 10 MV FFF. If operated in 6 MV
FFF mode, this time would be expected to increase to 4.5
to 6.6 minutes.

Approximately 30 seconds to 1 minute is required for
each table position adjustment for either type of plan if no
additional imaging is performed in between couch posi-
tions, and is similar between the institutions. Because RA
plans require fewer arcs in fewer couch positions, and
despite their higher average number of MUs per plan,
they can be expected to be delivered slightly more
efficiently.
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Discussion

Treatment planning software and techniques continue
to advance; thus, capabilities should be benchmarked and
systematically evaluated. An increasingly large number of
centers have begun using linear accelerators for SRS
instead of Gamma Knife23 because of increased efficiency
and comparable plan quality. The platforms evaluated in
this study, RA and MME, are 2 of the most recently
developed treatment planning platforms for single-
isocenter multiple metastasis linac SRS.

Small previous studies have compared the 2 treatment
planning systems. Gevaert et al.24 compared these 2
techniques for 10 cases (40 metastases) and concluded
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that both V12Gy (cm
3) and V5Gy (cm3) were significantly

higher for RA plans compared with MME plans. The
Paddick CI scores for MME and RA plans in their study
were 0.65 � 0.08 and 0.67 � 0.16, respectively. In our
study, the scores were 0.70 � 0.10 and 0.77 � 0.12,
respectively. The difference between the Paddick CI
values for RA plans (0.67 vs. 0.77) suggests that neither
the RA nor the MME plans generated in their study were
fully optimized. The difference in MME plan quality
between our and Gevaert’s study is likely due to im-
provements in the optimization engine between v1.0 and
the more recently available v1.5. We realized that MME
plans are easier to achieve consistent plan quality
compared with RA plans, which can be both technique
and planner dependent. The difference in quality of the
RapidArc plans is most likely the increased sensitivity of
VMAT plans to planner experience, skill, and adherence
to previously demonstrated planning methodology. All 30
VMAT plans in our study were generated by an expert
VMAT planner who used the UAB method for single-
isocenter VMAT multiple metastasis SRS. Comparing
with Gevaert's study, this study has more patients (30 vs
10) and more targets (217 vs 40).

Another study by Narayanasamy et al.25 compared 8
patients (40 targets) and concluded that the 2 techniques
achieved comparable CI scores, V12Gy (cm3), and mean
brain dose. However, limited case numbers likely pro-
vided insufficient power to detect detailed differences
between the 2 treatment planning systems. The CI values
(inverse Paddick definition) in their study have a mean of
1.8 and 1.7 and maximum of 4.5 and 4.6 for MME and
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VMAT plans, respectively, which likely represent plans
not fully optimized.

Although RA plans tended to be more favorable for
conformity and moderate-to-high isodose metrics, and
MME plans tended to be more favorable for low-dose
metrics, both platforms were able to meet clinical plan-
ning goals and generate high-quality radiosurgery plans.
Our study design empowered detection of subtle differ-
ences in the aforementioned dosimetric quantities, but the
clinical sequelae of such differences remains uncertain.

The reason why MME plans were favorable at lower
isodose levels and RA plans were favorable at higher
isodose levels was not immediately evident; however, a
likely contributing factor is that low isodose levels (eg,
<50% isodose line reflected by the Paddick Gradient Index
or other measures of direct high-to-moderate dose falloff)
have not been historically penalized. UAB’s RA planning
methodology uses a low-dose constraint limiting the vol-
ume of the isodose volume below one-sixth of the pre-
scription dose (eg, 3 Gy for an 18 Gy prescription) but does
not penalize the dose spill below that level. MME makes a
substantial effort, even to the expense of sometimes a very
meaningful increase in treatment time, to never allow island
blocking by simply adding additional arcs as necessary. In
the version of RapidArc (13.6) tested herein, the planner
must manually select a collimator angle, and the optimizer
makes no special effort to eliminate island blocking if a
fluence pattern is identified that meets the dose-volume
criteria specified in the optimizer. The works we previ-
ously referenced with regard to this phenomenon mitigate
this by using software to select the collimator angles for
.00 20.00 25.00 30.00

lume (cc)

y, and Mean Brain Dose Quantities 

V12Gy
V8Gy
V5Gy
Mean brain dose

een the BrainLAB Multiple Metastases Elements and Varian



Figure 5 (Top) Side-by-side comparison of (left) volumetric modulated arc therapy Varian RapidArc and (right) BrainLAB Multiple
Metastases Elements dose distributions on axial, sagittal, and coronal computed tomography slice for a representative case having 9
brain metastases, each prescribed 16 Gy with a total planning target volume of 6.24 cm3, (bottom) dose-volume histogram of normal
brain tissue for each plan in this case.
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each beam with the least total in-line area between targets
across all control points. This feature is not currently native
to Eclipse 13.6, but will be in later VMAT solutions.

With regard to the magnified difference in low-isodose
spill and better performance of MME in general for cases
with low total target volume, we suspect that leakage
doses associated with leaf travel may be a contributing
factor. In addition, the shell structures used across all
plans may simply not penalize aggressively enough the
dose falloff for small targets with inherently less integral
buildup necessary for prescription coverage.

Multiple works have retrospectively associated mod-
erate isodose spills (V8Gy, V10Gy, V12Gy) with adverse
treatment effect (ie, radionecrosis).26-28 No studies have
yet correlated toxicity with low-dose spill. However, as
patients with brain metastases live longer and become
more likely to receive sequential salvage radiosurgery or
whole brain radiation treatment for distant brain failure,
the accumulation of a low dose may become an important
prognostic feature of cognitive outcome.

We did not compare differences in homogeneity or
maximum dose in this study, because neither of the in-
stitutions in this study routinely employs constraints on
the maximum dose within targets during radiosurgery
planning. We recognize that some clinicians do use hot-
spot constraints in their linac radiosurgery plans, but we



Figure 6 Mean difference between the normal brain dose-
volume histograms of BrainLAB Multiple Metastases Ele-
ments plans and Varian RapidArc plans. The gray bands indicate
the 95% confidence intervals.
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do not recommend the practice because of the associated
detriment to other aspects of plan quality.

There a few limitations of our study that bear notation.
One limitation is that the single-isocenter dynamic
conformal arc plans use a 6 MV FFF beam, whereas the
single-isocenterVMATplans employeda10MVFFFbeam.
These were unavoidable consequences of the commissioned
beamavailability at each respective institution.Comparisons
of 6 MV and 10 MV VMAT plans have been made for
spine29 and lung30 but not for multiple brain metastases. We
suspect that there are very little differences between the beam
types for high and moderate isodoses, but differences in the
shapes of the lateral edge of the penumbras between the 6
MVand 10MVFFF beamsmight cause small differences in
the low isodose volumes or the mean dose to the brain,
particularly for the treatment of small targets on field edge
being or near the penumbra. This may also explain a portion
of the magnified difference we observed between the 2
techniques for cases with very low total target volume.
Future work will seek to understand these differences spe-
cifically for multiple metastases plans in both VMAT and
single-isocenter dynamic conformal arc plans.

As newer and more advanced algorithms are developed
(eg, HyperArc option in Eclipse version 15.5), the authors
of this study will be using the same data set to evaluate. The
existing data in this study provide a good benchmark for
future studies. The authors of this study intend make
available and share the de-identified data set analyzed
herein, so that any interested readers may use the data and
develop plans using their own institution's planning soft-
ware and techniques, and compare with our results.
Conclusions

We systematically compared the plan quality of single-
isocenter RapidArc VMAT and Elements MME dynamic
conformal arc radiosurgery plans across a large number of
patients and determined that both systems reliably
generate excellent plans. This study represents the largest
and most robust plan quality comparison to date between
2 multiple metastasis radiosurgery planning platforms.

Furthermore, to our knowledge, this is the first multi-
institutional study of this kind. Sufficiently large patient
and target numbers were available to detect subtle dif-
ferences in the metrics of plan quality for both platforms.
Our data suggest that RA plans are slightly favorable for
conformity and high-to-moderate isodose levels, and
MME plans are slightly favorable for low isodose spills.
Further work will assess how continued updates to each
software platform affect these results.
Supplementary data

Supplementary material for this article is available at
https://doi.org/10.1016/j.adro.2019.10.007.
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