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1 | INTRODUCTION

The use of stereotactic radiosurgery (SRS) for patients with 1-4
intracranial metastases has been widely accepted as a standard treat-
ment.> A recent study has shown that treating 5-10 brain metas-
tases with SRS is a safe option and results in similar survival

compared to patients treated for

2-4 brain metastases.?

Abstract

The purpose of this work was to compare dose distributions between two radio-
surgery modalities, single-isocenter volumetric modulated arc therapy (VMAT), and
GammaKanife Perfexion (GK), in the treatment of a large number (>7) of brain metas-
tases. Twelve patients with 103 brain metastases were analyzed. The median num-
ber of targets per patient was 8 (range: 7-14). GK plans were compared to
noncoplanar VMAT plans using both 6-MV flattening filter-free (FFF) and 10-MV
FFF modes. Parameters analyzed included radiation therapy oncology group confor-
mity index (Cl), 12, 6, and 3 Gy isodose volumes (V12 Gy, V6 Gy, V3 Gy), mean and
maximum hippocampal dose, and maximum skin dose. There were statistically signif-
icant differences in Cl (2.5 + 1.6 vs 1.6 + 0.8 and 1.7 £ 0.9, P < 0.001, P < 0.001),
V12 Gy (28 £ 6.1 cc vs 3.0+ 5.2 cc and 3.1 £54 cc, P =0.003, P < 0.001), and
V3 Gy (323.0 £ 294.8 cc vs, 880.1 + 369.1 cc and 937.9 £ vs 361.9 cc, P = 0.005,
P = 0.001) between GK versus both 6-MV FFF and 10-MV FFF. No significant dif-
ferences existed for maximum hippocampal or skin doses. In conclusion, highly opti-
mized VMAT produced improved conformity at the expense of a higher V12 Gy and
V3 Gy volume when compared with highly optimized GK.
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GammakKnife (GK) radiosurgery has historically been the preferred
option.3 However, the treatment time for more than five brain
metastases with the GK becomes long (1-3 h) especially for aging
Co-60 sources. Furthermore, a long GK treatment ties up valuable
clinical resources in a radiation oncology department because of the
physical supervision requirement of the radiation oncology physicist

and radiation oncologist by regulatory bodies. Linear accelerator-
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based SRS is an increasingly utilized alternative to GK because of its
wider availability and the potential for rapid (20 min) treatment
delivery through high-intensity flattening filter-free (FFF) modes.*

Liu et al.> demonstrated that plan quality between GK Perfexion
and single-isocenter, multiple noncoplanar VMAT is comparable, with
the exception of an increased volume of low dose (<3 Gy) to normal
brain using VMAT. However, this study only examined six cases each
with 3-4 small brain metastases and only evaluated the dosimetry
with 6-MV FFF plans. Thomas et al.® demonstrated equivalent con-
formity, dose fall-off, V12 Gy, and low dose spill between GK and
single-isocenter VMAT using the 10-MV FFF beam model for 28
cases (median number of targets per case of three). A limitation of
their study was the analysis of dosimetry using the older GK Model
C and not the GK Perfexion. The GK Perfexion has the potential to
provide a dosimetric improvement compared to its predecessor
through the convenient delivery of hybrid shots produced by an
inverse-planning algorithm that optimizes target coverage, selectivity,
and gradient index.” On the other hand, McDonald et al.® deter-
mined that single-isocenter VMAT delivered significantly more dose
to the normal brain compared to GK Perfexion for all dose levels
studied. However, their study examined cases with only 2-5 brain
metastases and did not use either the 6-MV FFF or 10-MV FFF
beam models. A recent study by Zhang et al.? looking specifically at
hippocampal-sparing for cases with 3-10 brain metastases (median
of six metastases per plan), concluded that GK Perfexion plans
demonstrated significantly lower V12 Gy, V8 Gy, and V4 Gy irradi-
ated brain volume compared to single-isocenter VMAT. However,
this study grouped cases with a relatively few number of metastases
(3) together with cases containing many metastases (10) and did not
compare dosimetry between both the VMAT 6-MV FFF and 10-MV
FFF beam models.

Our work is the first study that compares GK Perfexion plans to
single-isocenter multiple noncoplanar volumetric modulated arc ther-
apy (VMAT) plans utilizing both VMAT 6-MV FFF and 10-MV FFF

beam models in patients with seven or more brain metastases.

2 | METHODS

2.A | Patients, treatment volumes, and dose

Magnetic resonance (MR) scans of 12 patients with at least seven
brain metastases who were originally treated with GK Perfexion were
selected for this study. These cases were selected because of long
beam-on times with GK which ranged from 92.3 to 280 min. Gadolin-
ium-enhanced 2-mm slice MRI T1-weighted sequences from a 1.5 T or
3.0 T scanner were used by radiation oncologists and neurosurgeons
to contour the gross tumor volume (GTV) in the GammaPlan treatment
planning system (v 10.1.1, Elekta AB, Stockholm, Sweden). No margin
was added to the GTV to define the planning target volume (PTV). The
MRI and structures were exported via DICOM to Eclipse (v 11, Varian
Medical Systems, Palo Alto, CA, USA) for VMAT planning. The SRS
doses were prescribed according to the size of the lesions following

recommendations of radiation therapy oncology group (RTOG)

90-05'° and ranged from 15 to 21 Gy. Doses were modified to
respect nearby organ-at-risk tolerance, including optic nerve and chi-
asm maximum doses of 10 Gy and a brainstem maximum dose of
12 Gy.

2.B | Treatment planning

The GammaPlan treatment planning system was used to generate
GK Perfexion plans using the tissue-maximum ratio (TMR) dose algo-
rithm with a 1-mm dose grid size and skull measurements.* For
each plan, manual shot placement in concert with inverse planning
was used to optimize target coverage, selectivity, and gradient
index.” Planner adjustments ensured that >99.5% of each lesion was
covered by the prescription dose. Out of 103 lesions, the majority
were prescribed to the 50% isodose line with 1, 7, 6, 4, and 3
lesions prescribed to the 80%, 70%, 65%, 60%, and 55% iso-
dose lines, respectively. No attempt was made to minimize
hippocampal dose.

The Eclipse treatment planning system was used to generate
VMAT plans using the progressive resolution optimization algorithm
for TrueBeam (Varian Medical Systems, Palo Alto, CA, USA), 6-MV
FFF and 10-MV FFF beam models with a high definition (2.5-mm
leaf width at isocenter) multileaf collimator (MLC). For consistency,
the same homogenous skull volume from GK planning was used for
VMAT planning and dose calculation in analogy to the GK TMR dose
calculation. The final dose calculation was performed using the Ani-
sotropic Analytical Algorithm using a 1-mm grid size. All VMAT plans
were optimized using 4-6 noncoplanar partial arcs according to the
template established by Liu et al.”> Dose control tuning structures in
the form of volumetric rings were created according to the template
established by Clark et al.* to optimize and control dose correspond-
ing to high (prescription dose of each target), medium (12 Gy), and
low (6 Gy) dose levels. One isocenter was used for all targets and
was placed at the geometric center of mass of all targets calculated
by Eclipse. All VMAT plans were generated to ensure that >99.5%
of each lesion was covered by the prescription dose. Therefore, a
“plan normalization value” between 96.6 and 99.0% was used after
VMAT optimization to ensure this target coverage condition. As in

GK planning, no attempt was made to minimize hippocampus dose.

2.C | Dosimetric analysis

The three-dimensional dose matrices of both GK and VMAT were
exported in DICOM RT format to MIM (MIM software Inc., Cleve-
land, OH) for analysis and comparison. All dose matrices encom-
passed the entire skull volume at a dose calculation resolution of
1.0 mm. The dosimetric parameters that were analyzed included:
RTOG conformity index (Cl) and 12 Gy isodose volume (V12 Gy) for
each target and patient, as well as 6-Gy and 3-Gy isodose volumes
(V6 Gy and V 3 Gy), mean/maximum hippocampal dose, maximum
skin dose, and beam-on time for each patient. The RTOG Cl = PV/
TV, where PV is the prescription dose volume and TV is the target
volume.'? The VMAT beam-on time was calculated using a dose rate
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of 1400 MU/min for 6-MV FFF and 2400 MU/min for 10-MV FFF.
The GK beam-on time was recorded from the GK treatment plan
printout (GK dose rates of 2.390-3.022 Gy/min).

2.D. | Statistics

Dosimetric outcomes for GK, VMAT 6-MV FFF, and 10-MV FFF
plans were compared using a Kruskal-Wallis test because of the
non-normal distribution of values. For statistical analysis of the CI
and V12 Gy for each target, each tumor was considered to
represent independent information. The V6 Gy, V3 Gy, mean
hippocampal dose, maximum hippocampal dose, maximum skin
dose, and beam-on time were tested using patient (N = 12) values
with Kruskal-Wallis testing employed. Multiple comparison testing
was based on Dunn-Bonferroni tests. SPSS, version 21 was used
for analysis with a P value less than 0.05 considered statisti-
cally significant. No overall correction for multiple testing was
applied.

3. | RESULTS

A total of 103 brain metastases were analyzed. Mean tumor volume
was 1.16 cc (range: 0.01-19.95 cc) and the median number of tar-
gets per patient was 8 (range: 7-14). Figure 1 illustrates the isodose
distribution of GK, 6-MV FFF, and 10-MV FFF for a typical patient
with eight brain metastases. The dose distributions appear qualita-
tively similar.

Table 1 indicates significantly improved target prescription dose
conformity of VMAT compared with GK for both the per-target
(N = 103) and per-patient (N = 12) analysis. No significant difference
in Cl between VMAT 6-MV FFF and 10-MV FFF was observed.
V12 Gy was significantly lower with GK vs both 6-MV FFF and 10-
MV FFF for the per-target analysis. However, there was no signifi-
cant difference in V12 Gy between GK and VMAT for the per-
patient analysis.

The mean tumor volume (1.16 cc) was used as a cutoff value
between small lesions (N = 89) and large lesions (N = 14) to determine
if there was a difference in GK vs VMAT related to the size of the
tumor. Analogous to the results with the total tumor group, both the
small lesion group and the large lesion group demonstrated significant
improvements in conformity index with VMAT compared to GK
(P < 0.001). Also, analogous to the total tumor group, the small lesion
group demonstrated a significantly lower V12 Gy for GK compared to
VMAT (P < 0.001). However, the large lesion group did not show a
significant difference in V12 Gy between GK and VMAT (P = 0.920).

For V6 Gy, there was no significant difference between GK and
6-MV FFF, however, GK was significantly smaller compared to 10-
MV FFF. For V3 Gy, GK was significantly smaller compared to both
6-MV FFF and 10-MV FFF. This is illustrated in Fig. 2 which displays
the dose-volume histograms for a typical patient, where the PTV is
the total combined volume of all eight lesions with prescription
doses ranging from 15 to 18 Gy. From Fig. 2, it is apparent that a
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larger amount of normal brain tissue is irradiated at lower doses
(<6 Gy) for the VMAT plans compared to GK.

There was no significant difference between GK and 6-MV FFF
for mean hippocampal dose. However, GK yielded significantly lower
mean hippocampal dose compared to 10-MV FFF. No significant dif-
ferences existed for the maximum hippocampal and skin doses. GK
demonstrated a significantly longer beam-on time compared to both
6-MV FFF and 10-MV FFF.

4 | DISCUSSION

Our study demonstrated that the volume of brain receiving 12 Gy
was statistically significantly smaller with GK than with VMAT for
the per-target (N = 103) analysis. However, this difference was not
observed in the per-patient (N = 12) analysis. A possible explanation
for this could be due to the challenge of having different-sized tar-
gets combined into a per-patient total which adds too much vari-
ability while at the same time compressing the sample size, thus
making the results nongeneralizable. Liu et al. also analyzed the
V12 Gy for each target (N = 19) and patient (N = 6) in their statis-
tical analysis but found no significant difference. Although the clini-
cal implication of the statistically significant difference in our study
is unknown, the volume receiving 12 Gy in a single fraction has
been demonstrated to predict for both asymptomatic and symp-
tomatic radionecrosis.?>* However, the mean values of V12 Gy
for GK and VMAT in our study were well below the threshold of
5.8 cc which has been related to a 10% risk of radionecrosis.'*
When the mean tumor volume (1.16 cc) was used as a cutoff value
between small lesions (N = 89) and large lesions (N = 14), the large
lesion group failed to demonstrate a significant difference in
V12 Gy between GK and VMAT. This result may be due to the use
of the largest (16 mm) collimator in GK to achieve sufficient dose
coverage for a large volume and keep treatment times reasonable.
However, the sample size (N = 14) is small and a larger study is
required to validate this result.

Our results are consistent with the data presented by Zhang et
al.? but contradictory to the data presented by Liu et al.®> and Tho-
mas et al.° One possible explanation for this may be that our study
and the study by Zhang et al. analyzed plans with a median of eight
and six targets, respectively per case while the study by Liu et al.
and Thomas et al. had only a median of three targets per case. The
increased V12 Gy with VMAT for a larger number of lesions may be
due to the more complex MLC leaf movement required to simultane-
ously treat many lesions spread over a geometrically diverse treat-
ment area. It is conceivable that in these scenarios the inverse
optimizer must find the global minimum in an increasingly more com-
plex solution space and thus plan quality may degrade.

The major advantage of a linear accelerator-based treatment
using a single-isocenter to treat multiple targets is the greatly
improved efficiency of delivery. However, the drawback of a single-
isocenter treatment is that spatial errors are magnified when the tar-

get is not at the isocenter. Therefore, it is common in linear
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(b)

(c)

Fic. 1.

accelerator-based SRS to add an additional 1-2 mm margin to the
GTV for generation of the PTV. This margin accounts for uncertain-
ties in the CT to MR image fusion process, setup error, and the pos-
sibility of movement between imaging and treatment with a
frameless delivery.’® Ezzell*® studied the spatial accuracy of two
frameless linac-based SRS systems as a function of distance from the
isocenter. The conclusion was that a 1-mm PTV margin was appro-
priate for targets up to 7-8 cm from the isocenter while for dis-
tances of 10 cm or more, a margin up to 2 mm could be prudent
depending on the imaging modality used for alignment. No margin
was added to the GTV in our work since we designed our study to
use the same volume for VMAT planning that would typically be

used in GK planning. However, it should be noted that an additional

Isodose distributions for (a) GammaKnife (b) VMAT 6 MV FFF (c) VMAT 10 MV FFF plans for a representative patient with 8 brain
metastases.

margin for frameless VMAT delivery would be expected to further
increase the V12 Gy compared to GK.

Despite treating a large number of metastases in our study, nei-
ther GK nor VMAT violated the hippocampal dose constraints
(D100% < 9 Gy and maximum dose <16 Gy) recommended by
RTOG 0933.1¢ Nevertheless, GK demonstrated a trend toward a sta-
tistically lower mean hippocampus dose compared to VMAT
(Table 1). This result may be due to the higher photon energies used
in linear accelerator SRS and the presence of MLC leakage radiation
as discussed below. In our study, no attempt was made to minimize
hippocampal dose during VMAT and GK treatment planning. How-
ever, the ability to directly take the hippocampus dose into account

during VMAT optimization may be advantageous.*”
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TaeLe 1 Statistical comparative analysis of plan quality metrics between GammaKhnife (GK), VMAT 6 MV FFF, and VMAT 10 MV FFF.

Metric Modality Mean * SD

Cl (N = 103) GK 25+16 <0.001
6-MV FFF 1.6+0.8
10-MV FFF 1.7 +09

CI (N =12) GK 1.6 + 0.3 0.001
6-MV FFF 12 +0.1
10-MV FFF 1.2+0.1

V12 Gy (N = 103) (cm®) GK 28+ 6.1 0.003
6-MV FFF 3.0+52
10-MV FFF 31+54

V12 Gy (N = 12) (cm®) GK 24 + 21 0.835
6-MV FFF 25+ 17
10-MV FFF 26 + 18

V6 Gy (N = 12) (cm?) GK 81.1+729 0.09
6-MV FFF 143.7 + 81.1
10-MV FFF 167.5 £ 87.5

V3 Gy (N = 12) (cm?) GK 323.0 £ 294.8 0.005
6-MV FFF 880.1 + 369.1
10-MV FFF 937.9 + 361.9

Mean Hippo (N = 12) (Gy) GK 1.9+13 0.06
6-MV FFF 34+13
10-MV FFF 3.6+14

Max Hippo (N = 12) (Gy) GK 57 £ 6.8 0.1
6-MV FFF 71+42
10-MV FFF 72+43

Max Skin (N = 12) (Gy) GK 6.9 + 3.0 0.3
6-MV FFF 55+18
10-MV FFF 54+20

Beam-on (N = 12) (min) GK 147.6 £ 49.3 0.01
6-MV FFF 10.8 + 2.1
10-MV FFF 64+ 12

Cl, conformity index; Hippo, hippocampus.

Our study also demonstrated a larger volume of brain receiving
low doses (<3 Gy) with VMAT compared to GK. This result is consis-
tent with the findings of Liu et al.> With an increasing number of
lesions, VMAT will require large movements of the MLC between
scattered targets. This will result in an increase in MLC leakage radi-
ation which may manifest itself as more energy is deposited at low-
dose levels (i.e.,, <3 Gy). This dose level is comparable to a single

irradiation and
I 18

fraction of whole-brain is considered clinically

insignificant. Rahman et a analyzed the long-term risk of sec-
ondary malignancy from low doses to normal brain following linac-
based SRS. Based on 23 yr of data, these authors found no
increased risk of secondary malignancy compared to the general
population.

A limitation of our study was the absence of CT data to produce
heterogeneity-corrected VMAT plans. All of the patients selected for

our study were originally treated with GK using MR-only planning,

GK vs 6-MV FFF (p)

GK vs 10-MV FFF (p) 6-MV FFF vs 10-MV FFF (p)

<0.001 1.0
0.001 0.805

<0.001 1.0
0.705 0.865
0.01 1.0
0.001 1.0
0.01 1.0

<0.001 0.02

as is common practice in GK planning, and then replanned with
VMAT. We acknowledge that typical VMAT plans would be gener-
ated using heterogeneity corrections derived from the electron den-
sity information in CT data. However, linear accelerator dosimetry
studies using both human skull phantoms®? and canine skulls?® have
found that the impact of heterogeneity correction in the brain, away
from low density cavities, was small. Therefore, dose perturbations
due to head heterogeneities can be considered a second-order effect
and are not expected to significantly change the results of this
study.

With the recent introduction of commercial single-isocenter plan-
ning algorithms for simultaneously treating multiple brain metastases,

21-28 or automated

either using automated dynamic conformal arcs
VMAT,?*2¢ more dosimetric comparison to GK is required. These
studies have already demonstrated a reduction in monitor units com-

pared with conventional VMAT. However, dosimetric improvements,
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Fic. 2. Dose-volume histograms of the PTV, brain, and
hippocampus between GammakKnife (GK), VMAT 6 MV FFF, and
VMAT 10 MV FFF plans for the representative patient with 8
metastases. The PTV is the total combined volume of all 8 lesions
with prescription doses ranging from 15 to 18 Gy. Notice the larger
volume of brain receiving doses less than 6 Gy with VMAT.

if any, need to be better quantified to determine if there is indeed a
dosimetric benefit for cases containing a large number of brain

metastases. This will be the subject of a future investigation.

5 | CONCLUSION

Our study is the first work that compares GK Perfexion plans to sin-
gle-isocenter multiple noncoplanar VMAT plans and compares both
VMAT 6-MV FFF and 10-MV FFF beam models for a large number
of brain metastases. Although the low-dose spillage was found to be
statistically greater with VMAT than GK, the clinical significance of
this remains unknown. For patients requiring a single course of SRS,
the improvement in efficiency with VMAT most likely outweighs the
small increase in integral dose. However, as many of these patients
require multiple courses of SRS, the cumulative effect of low-dose
spillage could become clinically significant.
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