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Dosimetric Impact of Lesion Number, Size, and Volume on
Mean Brain Dose with Stereotactic Radiosurgery for Multiple
Brain Metastases
Alonso La Rosa 1,† , D Jay J. Wieczorek 1,2,†, Ranjini Tolakanahalli 1,2, Yongsook C. Lee 1,2, Tugce Kutuk 1 ,
Martin C. Tom 1,2, Matthew D. Hall 1,2, Michael W. McDermott 3,4 , Minesh P. Mehta 1,2, Alonso N. Gutierrez 1,2

and Rupesh Kotecha 1,2,4,*

1 Department of Radiation Oncology, Miami Cancer Institute, Baptist Health South Florida,
Miami, FL 33176, USA

2 Department of Radiation Oncology, Herbert Wertheim College of Medicine, Florida International University,
Miami, FL 33199, USA
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† These authors contributed equally to this work.

Simple Summary: There is an increasing incidence of patients diagnosed with multiple brain metas-
tasis (MBM) in the modern era. Although stereotactic radiosurgery (SRS) has been shown to result in
similar survival with less neurocognitive deterioration for patients with MBM, the intracranial disease
extent, both in quantity and volume, able to be treated with modern dedicated SRS platforms has
yet to be empirically demonstrated. In this study, we evaluate the effect of the number and volume
of lesions treated on mean brain dose using two dedicated intracranial SRS delivery technologies.
We found that mean brain dose linearly increased with the number of lesions and total gross tumor
volume (GTV), while selected metrics associated with radiation necrosis risk (i.e., V8 Gy, V10 Gy, and
V12 Gy) had quadratic correlations to the number of lesions and the total GTV. This study shows that
it is dosimetrically feasible to treat MBMs with SRS.

Abstract: We evaluated the effect of lesion number and volume for brain metastasis treated with SRS
using GammaKnife® ICON™ (GK) and CyberKnife® M6™ (CK). Four sets of lesion sizes (<5 mm,
5–10 mm, >10–15 mm, and >15 mm) were contoured and prescribed a dose of 20 Gy/1 fraction.
The number of lesions was increased until a threshold mean brain dose of 8 Gy was reached; then
individually optimized to achieve maximum conformity. Across GK plans, mean brain dose was
linearly proportional to the number of lesions and total GTV for all sizes. The numbers of lesions
needed to reach this threshold for GK were 177, 57, 29, and 10 for each size group, respectively;
corresponding total GTVs were 3.62 cc, 20.37 cc, 30.25 cc, and 57.96 cc, respectively. For CK, the
threshold numbers of lesions were 135, 35, 18, and 8, with corresponding total GTVs of 2.32 cc,
12.09 cc, 18.24 cc, and 41.52 cc respectively. Mean brain dose increased linearly with number of
lesions and total GTV while V8 Gy, V10 Gy, and V12 Gy showed quadratic correlations to the
number of lesions and total GTV. Modern dedicated intracranial SRS systems allow for treatment
of numerous brain metastases especially for ≤10 mm; clinical evidence to support this practice is
critical to expansion in the clinic.

Keywords: radiosurgery; GammaKnife; inverse optimizer; CyberKnife; multiple brain metastases;
mean brain dose
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1. Introduction

Brain metastases (BM) are the most common intracranial tumors diagnosed in adults,
occurring in one of every three oncologic patients. Increasingly, with the transition from
CT to MRI-based screening and enhanced diagnostic imaging using dedicated thin-slice
MRI sequences, patients are more commonly diagnosed with multiple brain metastases
(MBM) in clinical practice [1,2].

The management of patients with MBM has evolved over time. Although historically,
these patients were treated with whole brain radiation therapy (WBRT), more recently,
patients with MBM and high-performance status at presentation may be treated with hip-
pocampal avoidant WBRT (HA-WBRT) to reduce the risk of neurocognitive decline (NCD)
following treatment. Using a HA-WBRT approach, the risk of NCD was less in comparison
to WBRT (HR 0.74; 95%; CI 0.58–0.95, p = 0.02), however was still observed in >50% of
patients [3,4]. Furthermore, the neurocognitive difference emerged starting at the fourth
month, a concern for the vast majority of brain metastasis survivors over 6 months. There-
fore, the significant proportion as well as early incidence of neurocognitive deterioration
has led to a paradigm shift of treating patients with MBM to be considered for SRS [4].

Primary SRS for patients with one to four brain metastases has been accepted into
national guidelines based on randomized data [5–8]. Additionally, based on prospective,
nonrandomized data, SRS alone for five to ten tumors and/or a total volume of up to 15 mL
may be associated with favorable outcomes in terms of local control and toxicity [6,7,9].
More recently, randomized evidence exists to support SRS alone for patients with up to
15 intracranial lesions, given the similar survival and reduced risk of neurocognitive dys-
function compared to WBRT [10]. A phase III randomized trial studying SRS vs HA-WBRT
for 5 to 20 metastases (NCT03075072) is still under accrual and will provide further prospec-
tive evidence to guide clinical practice. Despite this clinical trial eligibility, numerous
retrospective series have described the outcomes of treating MBM beyond these thresholds
with favorable local control rates and modest treatment-related toxicities [11–14]. Despite
these reports in clinical practice, the current SRS limits with regard to lesion number and
volume with modern dedicated SRS platforms have yet to be systemically studied and
empirically demonstrated.

In this study we aim to evaluate the effect of the number and volume of lesions
based on individual metastases size planned with SRS on mean dose to the brain. We
used two dedicated photon radiosurgery systems—Gamma Knife® (Elekta, Stockholm,
Sweden) and CyberKnife® (Accuray, Madison, WI, USA). The Gamma Knife® (GK) Icon™
system used in this study consists of eight movable sectors with a total of 192 60Co sources,
where the sectors can be set to four different collimator settings (4, 8, and 16 mm in
diameter) [15]. CyberKnife® M6™ (CK) utilizes a LINAC mounted on a robotic arm to
deliver radiation from hundreds of potential angles [16]. Both of these systems have a
longstanding history and published clinical evidence with SRS for MBM. Using dosimetric
surrogates for radiation necrosis risk—mean brain dose and the volume of the brain
receiving at least 8 Gy, 10 Gy, or 12 Gy—we evaluated the theoretical potential for treatment
of MBM with single fraction SRS on these two SRS delivery systems.

2. Materials and Methods

Four sizes of GTVs were contoured and grouped by lesion size: Group 1 (<5 mm),
Group 2 (5–10 mm), Group 3 (>10–15 mm), and Group 4 (>15 mm). Group sizes were
selected in finer 5 mm increments to provide better dosimetric discrimination and help
highlight any differences based on delivery technology, similar to previous series demon-
strating differences in clinical outcomes with these increments. [17] GTVs were contoured
mimicking clinical scenarios with some targets spaced far apart and some clustered together
within 1 mm distance. The distance to the closest neighboring target in three dimensions
(3D) was then measured and tabulated for each target. Volumes contoured varied from
spherical to ellipsoidal in shape resembling clinical targets. Targets were then uniformly
distributed throughout the whole brain. A normal brain structure inclusive of the GTVs
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was also contoured. The reference brain CT image set was selected as it represented an
average head CT data set. The physical dimensions of the head, volume of brain, visual-
ization of anatomical structures and spatial resolution (i.e., < 1 mm voxels) of CT images
were well suited for SRS planning. Additionally, the CT image data set was free of metal
artifacts. SRS plans were generated in the treatment planning systems (TPS) for both
GK (Leksell GammaPlan® Version 11.3.2) and CK (Accuray Precision™ Version 3.3.1.2),
respectively, and prescribed to >99.5% of the GTV receiving 20 Gy in one fraction. For GK,
treatment plans were generated using the Fast Inverse Planning (FIP) dose optimizer [18],
commercially referred to as Lightning™, with the 0.8 low dose (LD) and 0.3 beam on time
(BOT) optimization settings for Group 1, 0.7 LD/0.4 BOT settings for Groups 2 and 3, and
0.65 LD/0.4 BOT setting for Group 4 and with the coverage option enabled. These settings
were selected based on prior work testing the Lightning Optimizer and used in this study to
reduce inter-physicist variability in treatment planning [18]. Dose prescription isodose lines
were limited to at least 50% for both GK and CK plans. Resulting plans were then manually
optimized to achieve a maximum conformity for each target. For CK planning, SRS plans
were generated using cones calculated with the VOLO optimizer and the Monte Carlo dose
engine. The dose calculation settings were set to high resolution and 1% uncertainty. Dose
was then prescribed such that there was at least 99.6% coverage for all targets.

GK and CK plans for each size group were initially developed with a nominal number
of lesions, randomly selected to be widely distributed in the brain. The number of lesions
per plan was then progressively increased until a mean threshold dose of approximately
8 Gy to the whole brain (including the GTVs) was reached for the composite plan. Of note, a
mean single fraction equivalent dose (SFED) in WBRT, according to the linear quadratic (LQ)
model, is approximately 10 Gy. However, this prescribed single dose was associated with
6.7% of deaths shortly following treatment, is above the tolerance of optic structures [19,20],
and was also abandoned in prior ultra-rapid, high-dose WBRT clinical trials, thus a reduced
threshold of 8 Gy was used in this planning study as the threshold mean brain dose [21].
The brain volumes receiving at least 8, 10, and 12 Gy (V8 Gy, V10 Gy, and V12 Gy), mean
brain dose, total GTV volumes, and the total number of lesions were also tabulated for each
plan generated. As the maximum number of targets in any given plan is limited to 52 in the
GK planning system, composite doses were tabulated in a third-party software, Velocity™
(Varian Medical Systems, Palo Alto, CA, USA). In addition, for GK planning, a second set
of data was also generated using targets in order of increasing volume for Groups 3–4 and
for a second set of random ordering of targets for Groups 1–2. GK plans for Groups 2 and 3
were also analyzed before (Raw) and after manual adjustment/optimization (Optimized)
for maximum target conformity. Finally, we compared V8 Gy, V10 Gy, and V12 Gy for
Groups 2 and 3 by the treatment planning system used (GK versus CK).

The above metrics were plotted as a function of number of lesions and total volume of
lesions, and correlation coefficient (R2) was calculated.

3. Results
3.1. Target Distribution

The distance of the closest neighbor for each target was measured in 3D and tabulated
in Table 1. The distribution of targets for Groups 1–4, shown in Figure 1a–d, shows some
targets are widely spaced and some located in clusters as found in clinical settings. The
GTVs are illustrated in 3D in Figure 2a–h.

3.2. Effect of the Number of Lesions and Total Volume
3.2.1. Brain Mean Dose

The range of volumes and number of lesions that resulted in the mean brain dose of
approximately 8 Gy in a single fraction for each size group, including target volumes and
maximum target dimensions, are shown in Table 2 for GK and CK.
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Table 1. Distance to the closest neighbor for each target in each group.

Group 1 (<5 mm) Group 2 (5–10 mm) Group 3 (>10–15 mm) Group 4 (>15 mm)

Mean Distance to
Closest Neighbor (mm) 7.5 10.2 15.9 22.2

Median Distance to
Closest Neighbor (mm) 7.1 9.5 15.1 19.6

Range Distance to
Closest Neighbor (mm) (0.5–22.7) (1–32.8) (6–28.3) (13.5–43.9)
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Table 2. Number of lesions and total volume grouped by size to reach a total brain mean dose of 8 Gy.

Group 1 (<5 mm) Group 2 (5–10 mm) Group 3 (>10–15 mm) Group 4 (>15 mm)

GK CK GK CK GK CK GK CK

Number of
lesions 177 135 57 35 29 18 10 8

Total GTV
Volume (cc) 3.62 2.322 20.366 12.088 30.252 18.244 57.955 41.524

Mean GTV
Volume (cc) 0.02 ± 0.017 0.017 ± 0.016 0.357 ± 0.141 0.352 ± 0.16 1.043 ± 0.259 1.014 ± 0.261 5.974 ± 1.776 5.188 ± 1.348

GTV Volume
Range (cc) (0.004, 0.081) (0.001, 0.064) (0.116, 0.619) (0.116, 0.619) (0.53, 1.567) (0.53, 1.763) (3.535, 8.922) (3.535, 6.881)

Mean GTV
Dimension (mm) 3.6 ± 1.0 3.4 ± 1.0 9.0 ± 1.1 8.9 ± 1.3 13.8 ± 1.1 13.8 ± 1.2 23.4 ± 2.1 23.0 ± 2.2

GTV Dimension
Range (mm) (1.8, 5) (1.8, 5) (6.1, 9.9) (6.1, 9.9) (10.8, 14.9) (10.8, 14.9) (19.8, 26.1) (19.8, 26.1)

Median GTV
Dimension (mm) 3.8 3.2 9.8 9.8 13.8 14.3 24.0 23.4

GK = Gamma Knife, CK = Cyber Knife, GTV = Gross tumor volume.

The number of lesions needed to generate a mean dose of 8 Gy in one fraction equiv-
alence in GK was 177 in Group 1, 57 in Group 2, 29 in Group 3, and approximately
10 in Group 4. This corresponded to total GTVs of 3.62 cc, 20.37 cc, 30.25 cc, and 57.96 cc,
respectively. For CK, the number of lesions needed to generate a mean dose of 8 Gy in one
fraction equivalence was 135 for Group 1, 35 for Group 2, 18 for Group 3, and 8 for Group
4, corresponding to total GTVs of 2.32 cc, 12.09 cc, 18.24 cc, and 41.52 cc, respectively.

The disposition of mean brain dose according to the number of lesions and total GTVs
for these four groups, is shown for GK in Figure 3 and for CK in Figure 4. As observed,
the mean brain dose increases linearly (correlation coefficient as in Figures 3 and 4) as a
function of the number of lesions and the total GTVs treated rises.
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coefficient (R2).

3.2.2. Other Dosimetric Parameters (V8 Gy, V10 Gy and V12 Gy)

In addition, V8 Gy, V10 Gy, and V12 Gy values as a function of the number of lesions
and the total GTVs for Groups 1–4 are shown in Figure 5a–f for GK and Figure 6a–f for CK.
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Figure 6. (a–f). V8 Gy, V10 Gy, and V12 Gy vs number of lesions and total GTVs by lesion size group
planned with CyberKnife. Quadratic correlation coefficient (R2).

The V8 Gy, V10 Gy, and V12 Gy curves for both GK and CK were found to have a
quadratic correlation with the number of lesions treated and the total GTVs (R2 as shown in
Figures 5 and 6). The V8 Gy, V10 Gy, and V12 Gy tend to exhibit a steeper increase for larger
lesions (Groups 3 and 4) as the number of lesions treated increases. On the other hand,
for the smallest lesions size (Group 1), similar steeper increase is noted while total GTVs
increases. This trend is true for both GK and CK as shown in Figures 5 and 6, respectively.

3.3. Effect of Treatment Planning Technique

The mean dose, V8 Gy, V10 Gy, and V12 Gy values are found to be highly dependent
on planning technique; these results are shown in Figures 7–9, where we can appreciate that
the V8 Gy, V10 Gy, and V12 Gy values are affected by manual optimization of treatment
plans for maximum conformity, order of target treatment (random or increasing volume),
and by treatment platform.
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4. Discussion 
MBM are increasingly diagnosed in clinical practice given improvements in diagnos-
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4. Discussion

MBM are increasingly diagnosed in clinical practice given improvements in diagnostic
imaging [2]. Although WBRT—either conventionally delivered or with use of hippocampal
avoidance technique—is utilized commonly, the additional acute toxicities, overall length
of treatment time, need to hold systemic therapies during radiotherapy treatment, and
neurocognitive risk, have led to a shift towards primary SRS as an alternative [3]. Although
treatment of numerous brain metastasis beyond standard thresholds (10–15 lesions) have
been published, the true maximum number of lesions or total volume that can be treated
with modern SRS platforms while respecting dosimetric constraints has not been systemat-
ically evaluated. Therefore, this study evaluated the effect of lesion size and number on
mean brain dose and several metrics associated with radiation necrosis risk (V8 Gy, V10
Gy, and V12 Gy) for a model case planned for SRS, prescribed to a dose of 20 Gy in one
fraction. Several important conclusions can be drawn from this work. First, the number of
lesions treated, grouped by size to reach a mean brain dose of 8 Gy, for GK was between
10 to 177 lesions, and for CK between 8 to 135 lesions. We also characterized how this can
change by varying the lesion volume and determined that for GK, from 3.32 to 57.955 cc
could be treated and for CK, from 2.322 to 41.524 cc could be treated. Second, in this study
we were able to characterize how lesion number and volume affected those metrics. For
mean brain dose, a linear relationship was established, however, a quadratic relation with
the V8 Gy, V10 Gy, and V12 Gy parameters was observed with lesion number and volume.

Based on the current NCCN guidelines (version 5.2022), patients with limited or
multiple brain metastases can be treated with SRS or WBRT alone. The ASTRO guidelines
strongly suggest SRS alone in patients with a good performance status (ECOG 0-2), for
up to four lesions, and consider it in patients with up to ten BM [22]. The ASCO/SNO
guidelines suggest SRS alone for one to four unresected BM, excluding small cell carcinoma,
and consider it as an option for more than four unresected BM in patients with good
performance statuses (KPS ≥ 70) [9]. A majority of the evidence supporting these recom-
mendations is derived from multiple trials in patients with one to four brain metastases;
however, a recently presented trial [10] supported the use of primary SRS in patients with
4–15 untreated brain metastases, with up to 20 lesions at the time of the treatment allowed.
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In this trial, patients were stratified by number of lesions (4–7 vs. 8–15), and although the
trial overall showed better cognitive composite scores in those who received SRS, subgroup
analyses and long-term toxicity results are pending at this time.

In addition to the Level I evidence supporting the efficacy of SRS for those with
limited disease, the JLGK0901 study provided Level II evidence supporting treatment
of five to ten lesions using GK as long as the maximum diameter of any lesion did not
exceed 3 cm, or the total intracranial volume did not exceed 15 cc. However, additional
retrospective series have published outcomes in patients treated with 15 to 30 lesions
with SRS alone [11,12,14,23]. Clearly, lesion size or volume is important to note when
treating multiple brain metastases with SRS alone when considering dosimetric con-
straints. For example, punctate sized lesions (≤5 mm) require the largest number of
lesions to generate the same mean brain dose compared to larger sized lesions as shown in
Figures 3 and 4, irrespective of the treatment modality. However, the largest number of le-
sions do not translate to the largest total GTV volume. Prior studies reporting which patients
would benefit from SRS rather than WBRT for MBM, have suggested a volume cutoff of
10–15 cc [6,24–27], others had observed similar outcomes with total intracranial target
volumes up to 30 cc [28,29]. Using the data generated from this study, a 10–15 cc cut off
appears to be very conservative with an estimated mean brain dose of approximately 2 Gy.
Even a 30 cc threshold with lesions measuring 5 mm or less each would only result in a
mean brain dose of approximately 4 Gy. On the other hand, Group 4 lesions (>15 mm)
in this study, showed the least number of lesions to generate an 8 Gy mean brain dose
corresponding to the largest total GTV volume. Serizawa et al. reported the worst prognosis
in terms of neurological deterioration and death in patients treated with GK SRS alone
with a total volume ≥15 cc, large tumor size (≥2.5 cm), localized leptomeningeal disease
and clinically neurological symptoms [30]. When classified by tumor diameter, grade 3+
neurotoxicity was 10% for ≤2 cm lesions treated to a peripheral dose of 24 Gy, 20% for
2.1–3 cm treated to 18 Gy, and 14% for lesions 3.1–4 cm treated to 15 Gy. In multivariate
analyses, tumor diameter was associated with a significantly increased risk of grade 3+
neurotoxicity, with 7.3 and 16 fold increased risks for tumors 2.1–3 and 3.1–4 cm versus
≤2 cm [31]. Sita et al. recently published data from 30 patients treated with single fraction
SRS for ten or more metastasis from different solid tumor primary sites evaluating clini-
cal and dosimetric outcomes based on GK treatment (median of 13 lesions ranging from
10 to 26). In their study, the mean dose to the brain was not related to the number of lesions
(Pearson r = 0.23, p = 0.21), but was closely associated with total tumor volume (Pearson
r = 0.95, p < 0.0001) [32]. Given that this is well below the threshold for significant mean
brain dose, this is likely the reason no correlation was established in their study. For
example, based on the results from our study, even with 5–10 mm sized lesions, one would
be able to treat 57 with GK and 35 with CK to reach the mean brain dose threshold.

In addition to mean brain dose, we also evaluated several dosimetric parameters associ-
ated with radiation necrosis (RN). This complication can develop from a range of months
to even several years after SRS. Select parameters from previous studies, historically used
for establishing constraints to reduce the risk of RN are presented in Table 3 [13,31,33–50].
As seen, substantial variations exist between studies, with some using the whole brain
volume, others using the diameter of the treated lesion, and yet others basing the risk on the
treated volume. Therefore, consensus efforts to define tolerance doses with different dose
fractionation schemes are clearly needed. One specific parameter, individual target V12 Gy,
has been recently suggested as a unique dosimetric constraint as opposed to cumulative
V12 Gy [51]. The V8 Gy, V10 Gy, and V12 Gy changes are characterized in Figures 5 and 6
for GK and CK plans, respectively, and show a trend toward quadratic behavior. For the
same brain volume, Group 1 shows the largest number of lesions corresponding to the least
total GTV volume, while Group 4 shows the least number of targets treated with the largest
total GTV volume.
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Table 3. Relationship between radiation necrosis risk and dose received by normal brain tissue, tumor
diameter, and normal brain volume as published in prior SRS studies.

Study System Used Parameter Volume Constraint RN Risk/Comments

Br
ai

n–
no

rm
al

ti
ss

ue
do

se
re

ce
iv

ed

Miyawaki et al., 1999
(AVMs) [33] LINAC non-CK V16 Gy >14 cc 72% MR changes; 22%

RN resected

Voges et al., 1996
(Mixed) [48] LINAC non-CK V10 Gy >10 cc 23.7%

Flickinger et al., 1997
(AVMs) [49] GK V12 Gy - 10.7%

Chin et al., 2001
(Mixed) [45] GK V10 Gy - -

Koryto et al., 2006
(BM) [36] GK V12 Gy >10 cc >50%

Blonigen et al., 2010
(BM) [38] LINAC non-CK

V10 Gy >10.5 cc 35%
V12 Gy 7.85 cc

V8 Gy and V16 Gy -
Showed most

predictive for SRN
(p < 0.0001)

Minniti et al., 2011
(BM) [37] LINAC non-CK

V10 Gy >12.3 cc 47%
V12 Gy >10.9 cc 47%
V12 Gy 6–10.9 cc 24%

Ohtakara et al. 2012
(BM) [34] LINAC non-CK

V15 Gy 5.20 cc
Presented as cut-off in
patients with no prior

WBRTV22 Gy 2.14 cc

Inoue et al., 2013
(BM) [47] CK V14 Gy ≥7 cc 12.8%—SFED (from

5 fractions)

Inoue et al., 2014
(BM) [46] CK V14 Gy ≥7 cc 6.2%—SFED (from

3 fractions)

Peng et al., 2019
(BM) [35]

- V14 Gy
5 cc 0.4%

10 cc 0.8%
20 cc 3.4%

Milano et al., 2021
(AVMs and BM) [31] GK, LINAC

V12 Gy 5 cc 10%
V12 Gy 10 cc 15%
V12 Gy >15 cc 20%

D
ia

m
et

er
of

BM
s

Shaw et al., 2000 (BM,
PBT) [39] GK, LINAC >2.1-4 cm x7.3–16

Kohutek et al., 2015
(BM) [40] LINAC non-CK >1.5 cm 37.5%

Minniti et al., 2016
(BM) [51] LINAC non-CK

>2 cm 20%
>3 cm 33%

Mohammadi et al., 2017
(BM) [13] GK 1–2 cm vs. <1 cm x2.1 (RRN); x4.8 (SRN)

Remick et al., 2020
(BM) [42] LINAC non-CK >2 cm 10%

Vo
lu

m
e

of
BM

s

Nakamura et al., 2001
(Mixed) [50] GK 0.67–3 cc; 3.2–8.6 cc;

and 8.7–95.1 cc 3%; 7%; and 9%

Han et al., 2012 [41] - 22.4 cc (median) 38.8% for large BM, low
doses (13.8 Gy)

Prabhu et al., 2017
(BM) [43] - 5.9 cc 17.2%

Mohammadi et al., 2017
(BM) [13] GK >0.1 cc x2.1 (RRN); x4 (SRN)

Loo et al., 2020
(BM) [44] - - HR 1.09, 95% CI

(1.01–1.18); p = 0.02

PBT: primary brain tumors; BM: brain metastasis; AVM: arteriovenous malformations; RRN: radiographic
radionecrosis; SRN: symptomatic radionecrosis.
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There are many differences between GK, CK, and LINAC-based SRS delivery, but
there are no clear indications for choosing one modality over the other; no clinical trials
directly comparing GK and LINAC-based SRS have been published to date. In RTOG
9508, patients included in the experimental arm received an SRS boost with either GK or
LINAC, however, no benefit of either system was established [5]. In terms of risk for RN, as
seen in Table 3, outcomes are very heterogeneous between different techniques in different
studies, preventing direct comparative analyses. In addition to differences between the
platforms themselves, in this study, V8 Gy, V10 Gy, and V12 Gy volumes were found to
also be affected by treatment planning techniques as shown in Figures 8–10. For example,
in Figure 8, Groups 2 and 3 show a marked increase in the V8 Gy, V10 Gy, and V12 Gy
values when GK FIP plans were not optimized to maximize target conformity. Optimizing
involves either choosing the maximum prescription isodose line to give >99.5% target
coverage, moving the shot location, or changing shot sector collimator size to maximize
target Paddick conformity index (PCI). Differences of 0.1–32.8% can be seen between a
raw and an optimized GK plan and this tended to increase with the number of targets for
both Groups 2 and 3. Ensuring a plan characterized by high PCIs and minimizing gradient
index (GI) leads to lower brain doses. This is highly relevant in GK planning where each
target can be optimized individually and can result in a highly conformal composite plan.
Figures 8 and 9 show how the order of GTV treatment selection can also affect the brain
dose metric curve. Random ordering of the treated GTVs generates less variability in the
dose metric curve as compared to an increasing volume ordering. These variabilities in the
mean brain and V8 Gy to V12 Gy values were also found across the technologies. To this
end, Figure 10 shows the dose metric curves for GK and CK for Groups 3 and 4. For the
same total GTV treated, GK tends to treat less normal brain. Wowra et al., reported that
besides the better intratumor homogeneity, CK was better in radiation protection in terms
of a lower peripheral dose in comparison to GK, but only when treating a single lesion [52].
Therefore, future studies comparing risk of radiation necrosis between technologies should
also account for differences in planning techniques as well.
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In this study, we also demonstrated a significant difference in the number of maximum
lesions and corresponding total volume treated between GK plans and CK plans. The large
difference can be attributed to the difference in planning normalization between GK and
CK. Whereas multi-target GK plan is a composite of all the individual target plans, each
with their own prescription and maximized PCI, in CK planning, the plan is normalized
to the least covered GTV in the entire plan to achieve at least 99.6% coverage of all GTV
targets. This results in over-coverage of some targets to achieve the minimum dose to all
targets. In this way, it is very difficult to maximize conformity of each target. This target
over-coverage progressively gets worse as the number of targets increases and accounts for
the significant difference between the V8 Gy, V10 Gy, and V12 Gy, the number of lesions



Cancers 2023, 15, 780 13 of 16

and total GTV values of CK and GK. In addition, even between the same dose planning
platform, dose metrics between plans generated with different techniques, i.e., different
ordering in the treatment of the targets whether in random order or increasing volume
size, exhibit slight variability as shown in Figures 8 and 9. This finding can be used for
comparison between with other systems such as other LINAC-based techniques, proton or
newer SRS technologies for future SRS comparative benchmarking exercises.

The limitation of the study is that being non-patient based, no clinical outcomes
were obtained, and is limited to a theoretical treatment planning exercise. We created
plans based on a uniform distribution of lesions throughout the brain, however, potential
clustering of lesions would result in differences to the observed metrics in this study. In
terms of dosimetry, simultaneous optimization was not possible for GK for all lesions once
>52 targets were planned. Due to the target definition limit of 52 in LGP, plans with targets
>52 were split, and dose composite was created outside of LGP. This removes the final
plan optimization capability for all targets in the plan. Additionally, any change on the
distribution of lesions or mixed sized scenario may affect the relation (linear/quadratic)
found, and this was not explored in this study.

5. Conclusions

We have found a linear relationship between the number of lesions and the total
volume of all lesions treated (GTVs) with mean brain dose. This study also showed a
quadratic relation between number of lesions and total GTVs with other parameters, such
as V8 Gy, V10 Gy, and V12 Gy, depending on the planning technique used for maximizing
conformity. The data showed a dosimetric feasibility for treating numerous lesions with
the current technology, much beyond practice supported by current clinical trials but often
performed in routine SRS practice. An important difference between the system used (GK
versus CK) in terms of the amount (number and volume) of intracranial disease for SRS was
also demonstrated in this study. Furthermore, the methods and data of this study provide
a framework and dosimetric benchmark whereby additional dedicated SRS platforms for
multiple brain metastases can be compared.

Author Contributions: Conceptualization, A.L.R., D.J.J.W., R.T., T.K. and R.K.; methodology, A.L.R.,
D.J.J.W., R.T., T.K. and R.K.; formal analysis, A.L.R., D.J.J.W. and R.T.; writing—original draft prepa-
ration, A.L.R., D.J.J.W. and R.K.; writing—review and editing, A.L.R., D.J.J.W., R.T., Y.C.L., M.C.T.,
M.D.H., M.W.M., M.P.M., A.N.G. and R.K. All authors have read and agreed to the published version
of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data requests will be reviewed by the senior author (RK).

Conflicts of Interest: M.C.T.: Honoraria from ViewRay; institutional research funding from Blue
Earth Diagnostics, Ltd.; personal fees from Elsevier. M.D.H.: Proton Collaborative Group Executive
Committee institutional representative and voting member, Miami Cancer Institute (unpaid); grant
funding from Live Like Bella Pediatric Cancer Research Initiative, Florida Department of Health
grants 8LA04 and 22L01. M.W.M: Consultant Deinde Medical and Stryker Medical. M.P.M: Consult-
ing fees from Karyopharm, Sapience, Zap, Mevion, Xoft, BOD Oncoceutics; stock in Chimerix. A.N.G:
Honoraria from ViewRay, Inc., Elekta AB, IBA AB. Ownership interest of Atlantic Health Solutions
(uPlan) R.K.: Honoraria from Accuray, Inc., Elekta AB, ViewRay Inc., Novocure Inc., Elsevier Inc.,
Brainlab, Kazia Therapeutics, Castle Biosciences, and institutional research funding from Medtronic
Inc., Blue Earth Diagnostics Ltd., Novocure, Inc., GT Medical Technologies, AstraZeneca, Exelixis,
ViewRay, Inc., Brainlab, Cantex Pharmaceuticals, and Kazia Therapeutics. All remaining authors
declare no conflict of interest.



Cancers 2023, 15, 780 14 of 16

References
1. Campbell, S.T.; Ward, M.C.; Suh, J.H. Brain Metastasis. In Essentials of Clinical Radiation Oncology, 2nd ed.; Ward, M.C., Tendulkar,

R., Videtic, G., Eds.; Demos Medical: New York, NY, USA, 2021.
2. Kutuk, T.; Abrams, K.J.; Tom, M.C.; Rubens, M.; Appel, H.; Sidani, C.; Hall, M.D.; Tolakanahalli, R.; Wieczorek, D.J.J.; Gutierrez,

A.N.; et al. Dedicated isotropic 3-D T1 SPACE sequence imaging for radiosurgery planning improves brain metastases detection
and reduces the risk of intracranial relapse. Radiother. Oncol. 2022, 173, 84–92. [CrossRef]

3. Gondi, V.; Pugh, S.; Brown, P.D.; Wefel, J.; Gilbert, M.; Bovi, J.; Robinson, C.; Tammie, B.; Tome, W.; Armstrong, T.; et al. NCOG-01.
Preservation of Neurocognitive Function (NCF) with Hippocampal Avoidance During Whole-Brain Radiotherapy (WBRT) for
Brain Metastases: Preliminary Results of Phase III Trial NRG Oncology CC001. Neuro-Oncol. 2018, 20, vi172. [CrossRef]

4. Brown, P.D.; Gondi, V.; Pugh, S.; Tome, W.A.; Wefel, J.S.; Armstrong, T.S.; Bovi, J.A.; Robinson, C.; Konski, A.; Khuntia, D.; et al.
Hippocampal Avoidance During Whole-Brain Radiotherapy Plus Memantine for Patients with Brain Metastases: Phase III Trial
NRG Oncology CC001. J. Clin. Oncol. 2020, 38, 1019–1029. [CrossRef] [PubMed]

5. Andrews, D.W.; Scott, C.B.; Sperduto, P.W.; Flanders, A.E.; Gaspar, L.E.; Schell, M.C.; Werner-Wasik, M.; Demas, W.; Ryu, J.;
Bahary, J.P.; et al. Whole brain radiation therapy with or without stereotactic radiosurgery boost for patients with one to three
brain metastases: Phase III results of the RTOG 9508 randomised trial. Lancet 2004, 363, 1665–1672. [CrossRef]

6. Yamamoto, M.; Serizawa, T.; Shuto, T.; Akabane, A.; Higuchi, Y.; Kawagishi, J.; Yamanaka, K.; Sato, Y.; Jokura, H.; Yomo, S.; et al.
Stereotactic radiosurgery for patients with multiple brain metastases (JLGK0901): A multi-institutional prospective observational
study. Lancet Oncol. 2014, 15, 387–395. [CrossRef] [PubMed]

7. Kocher, M.; Soffietti, R.; Abacioglu, U.; Villà, S.; Fauchon, F.; Baumert, B.G.; Fariselli, L.; Tzuk-Shina, T.; Kortmann, R.D.; Carrie,
C.; et al. Adjuvant whole-brain radiotherapy versus observation after radiosurgery or surgical resection of one to three cerebral
metastases: Results of the EORTC 22952-26001 study. J. Clin. Oncol. 2011, 29, 134–141. [CrossRef]

8. Brown, P.D.; Jaeckle, K.; Ballman, K.V.; Farace, E.; Cerhan, J.H.; Anderson, S.K.; Carrero, X.W.; Barker, F.G., 2nd; Deming, R.; Burri,
S.H.; et al. Effect of Radiosurgery Alone vs Radiosurgery with Whole Brain Radiation Therapy on Cognitive Function in Patients
With 1 to 3 Brain Metastases: A Randomized Clinical Trial. JAMA 2016, 316, 401–409. [CrossRef]

9. Vogelbaum, M.A.; Brown, P.D.; Messersmith, H.; Brastianos, P.K.; Burri, S.; Cahill, D.; Dunn, I.F.; Gaspar, L.E.; Gatson, N.T.N.;
Gondi, V.; et al. Treatment for Brain Metastases: ASCO-SNO-ASTRO Guideline. J. Clin. Oncol. 2022, 40, 492–516. [CrossRef]

10. Li, J.; Ludmir, E.B.; Wang, Y.; Guha-Thakurta, N.; McAleer, M.F.; Settle, S.H., Jr.; Yeboa, D.N.; Ghia, A.J.; McGovern, S.L.; Chung,
C.; et al. Stereotactic Radiosurgery versus Whole-brain Radiation Therapy for Patients with 4–15 Brain Metastases: A Phase III
Randomized Controlled Trial. Int. J. Radiat. Oncol. Biol. Phys. 2020, 108, S21–S22. [CrossRef]

11. Bashir, A.; Hodge, C.; Dababneh, H.; Hussain, M.; Hahn, S.; Canute, G. Impact of the number of metastatic brain lesions on
survival after Gamma Knife radiosurgery—ClinicalKey. J. Clin. Neurosci. 2014, 21, 1928–1933. [CrossRef]

12. Ojerholm, E.; Lee, J.Y.; Kolker, J.; Lustig, R.; Dorsey, J.; Alonso-Basanta, M. Gamma Knife radiosurgery to four or more brain
metastases in patients without prior intracranial radiation or surgery. Cancer Med. 2014, 3, 565–571. [CrossRef] [PubMed]

13. Mohammadi, A.M.; Schroeder, J.L.; Angelov, L.; Chao, S.T.; Murphy, E.S.; Yu, J.S.; Neyman, G.; Jia, X.; Suh, J.H.; Barnett, G.H.;
et al. Impact of the radiosurgery prescription dose on the local control of small (2 cm or smaller) brain metastases. J. Neurosurg.
2017, 126, 735–743. [CrossRef]

14. Nguyen, T.K.; Sahgal, A.; Detsky, J.; Soliman, H.; Myrehaug, S.; Tseng, C.L.; Husain, Z.A.; Carty, A.; Das, S.; Yang, V.; et al.
Single-Fraction Stereotactic Radiosurgery Versus Hippocampal-Avoidance Whole Brain Radiation Therapy for Patients With 10
to 30 Brain Metastases: A Dosimetric Analysis. Int. J. Radiat. Oncol. Biol. Phys. 2019, 105, 394–399. [CrossRef] [PubMed]

15. Francel, P.; Bhattacharjee, S.; Tompkins, P. Skull base approaches and gamma knife radiosurgery for multimodality treatment of
skull base tumors. J. Neurosurg. 2002, 97, 674–676. [CrossRef] [PubMed]

16. Chang, S.; Main, W.; Martin, D.; Gibbs, I.; Heilbrun, M. An analysis of the accuracy of the CyberKnife: A robotic frameless
stereotactic radiosurgical system. Neurosurgery 2003, 52, 140–147. [CrossRef]

17. Miller, J.; Bennett, E.; Xiao, R.; Kotecha, R.; Chao, S.; Vogelbaum, M.A.; Barnett, G.H.; Angelov., L.; Murphy, E.S.; Jennifer, S.Y.;
et al. Association Between Radiation Necrosis and Tumor Biology After Stereotactic Radiosurgery for Brain Metastasis. Int. J.
Radiat. Oncol. Biol. Phys. 2016, 96, 1060–1069. [CrossRef]

18. Wieczorek, D.J.; Kotecha, R.; Hall, M.D.; Tom, M.C.; Davis, S.; Ahluwalia, M.S.; McDermott, M.W.; Mehta, M.P.; Gutierrez, A.N.;
Tolakanahalli, R. Systematic evaluation and plan quality assessment of the Leksell®gamma knife®lightning dose optimizer. Med.
Dosim. 2022, 47, 70–78. [CrossRef]

19. Harwood, A.R.; Simson, W.J. Radiation therapy of cerebral metastases: A randomized prospective clinical trial. Int. J. Radiat.
Oncol. Biol. Phys. 1977, 2, 1091–1094. [CrossRef]

20. Hanna, G.; Murray, L.; Patel, R.; Jain, S.; Aitken, K.; Franks, K.; Tree, A.; Hatfield, P.; Harrow, S.; McDonald, F.; et al. UK Consensus
on Normal Tissue Dose Constraints for Stereotactic Radiotherapy. Clin. Oncol. (R Coll. Radiol.) 2018, 30, 5–14. [CrossRef]

21. Hindo, W.; DeTrana, F.; Lee, M.; Hendrickson, F. Large dose increment irradiation in treatment of cerebral metastases. Cancer
1970, 26, 2–5. [CrossRef]

22. Gondi, V.; Bauman, G.; Bradfield, L.; Burri, S.H.; Cabrera, A.R.; Cunningham, D.A.; Eaton, B.R.; Hattangadi-Gluth, J.A.; Kim,
M.M.; Kotecha, R.; et al. Radiation Therapy for Brain Metastases: An ASTRO Clinical Practice Guideline. Pract. Radiat. Oncol.
2022, 12, 265–282. [CrossRef]

http://doi.org/10.1016/j.radonc.2022.05.029
http://doi.org/10.1093/neuonc/noy148.716
http://doi.org/10.1200/JCO.19.02767
http://www.ncbi.nlm.nih.gov/pubmed/32058845
http://doi.org/10.1016/S0140-6736(04)16250-8
http://doi.org/10.1016/S1470-2045(14)70061-0
http://www.ncbi.nlm.nih.gov/pubmed/24621620
http://doi.org/10.1200/JCO.2010.30.1655
http://doi.org/10.1001/jama.2016.9839
http://doi.org/10.1200/JCO.21.02314
http://doi.org/10.1016/j.ijrobp.2020.07.2108
http://doi.org/10.1016/j.jocn.2014.03.026
http://doi.org/10.1002/cam4.206
http://www.ncbi.nlm.nih.gov/pubmed/24510602
http://doi.org/10.3171/2016.3.JNS153014
http://doi.org/10.1016/j.ijrobp.2019.06.2543
http://www.ncbi.nlm.nih.gov/pubmed/31283978
http://doi.org/10.3171/jns.2002.97.supplement_5.0674
http://www.ncbi.nlm.nih.gov/pubmed/12507118
http://doi.org/10.1097/00006123-200301000-00018
http://doi.org/10.1016/j.ijrobp.2016.08.039
http://doi.org/10.1016/j.meddos.2021.08.006
http://doi.org/10.1016/0360-3016(77)90114-6
http://doi.org/10.1016/j.clon.2017.09.007
http://doi.org/10.1002/1097-0142(197007)26:1&lt;138::AID-CNCR2820260117&gt;3.0.CO;2-5
http://doi.org/10.1016/j.prro.2022.02.003


Cancers 2023, 15, 780 15 of 16

23. Mohammadi, A.M.; Recinos, P.F.; Barnett, G.H.; Weil, R.J.; Vogelbaum, M.A.; Chao, S.T.; Suh, J.H.; Marko, N.F.; Elson, P.;
Neyman, G.; et al. Role of Gamma Knife surgery in patients with 5 or more brain metastases. J. Neurosurg. 2012, 117, 5–12.
[CrossRef] [PubMed]

24. Yamamoto, M.; Kawabe, T.; Sato, Y.; Higuchi, Y.; Nariai, T.; Watanabe, S.; Kasuya, H. Stereotactic radiosurgery for patients with
multiple brain metastases: A case-matched study comparing treatment results for patients with 2–9 versus 10 or more tumors. J.
Neurosurg. 2014, 121, 16–25. [CrossRef]

25. Ali, M.A.; Hirshman, B.R.; Wilson, B.; Carroll, K.T.; Proudfoot, J.A.; Goetsch, S.J.; Alksne, J.F.; Ott, K.; Aiyama, H.; Nagano, O.;
et al. Survival Patterns of 5750 Stereotactic Radiosurgery-Treated Patients with Brain Metastasis as a Function of the Number of
Lesions. World Neurosurg. 2017, 107, 944–951. [CrossRef] [PubMed]

26. Baschnagel, A.M.; Meyer, K.D.; Chen, P.Y.; Krauss, D.J.; Olson, R.E.; Pieper, D.R.; Maitz, A.H.; Ye, H.; Grills, I.S. Tumor volume as
a predictor of survival and local control in patients with brain metastases treated with Gamma Knife surgery. J. Neurosurg. 2013,
119, 1139–1144. [CrossRef]

27. Rava, P.; Leonard, K.; Sioshansi, S.; Curran, B.; Wazer, D.E.; Cosgrove, G.R.; Norén, G.; Hepel, J.T. Survival among patients with
10 or more brain metastases treated with stereotactic radiosurgery. J. Neurosurg. 2013, 119, 457–462. [CrossRef]

28. Palmer, J.D.; Sebastian, N.T.; Chu, J.; DiCostanzo, D.; Bell, E.H.; Grecula, J.; Arnett, A.; Blakaj, D.M.; McGregor, J.; Elder, J.B.; et al.
Single-Isocenter Multitarget Stereotactic Radiosurgery Is Safe and Effective in the Treatment of Multiple Brain Metastases. Adv.
Radiat. Oncol. 2020, 5, 70–76. [CrossRef]

29. Hughes, R.T.; Masters, A.H.; McTyre, E.R.; Farris, M.K.; Chung, C.; Page, B.R.; Kleinberg, L.R.; Hepel, J.; Contessa, J.N.; Chiang,
V.; et al. Initial SRS for Patients With 5 to 15 Brain Metastases: Results of a Multi-Institutional Experience. Int. J. Radiat. Oncol.
Biol. Phys. 2019, 104, 1091–1098. [CrossRef] [PubMed]

30. Serizawa, T.; Higuchi, Y.; Nagano, O.; Matsuda, S.; Aoyagi, K.; Ono, J.; Saeki, N.; Iwadate, Y.; Hirai, T.; Takemoto, S.; et al.
Robustness of the neurological prognostic score in brain metastasis patients treated with Gamma Knife radiosurgery. J. Neurosurg.
2017, 127, 1000–1006. [CrossRef]

31. Milano, M.T.; Grimm, J.; Niemierko, A.; Soltys, S.G.; Moiseenko, V.; Redmond, K.J.; Yorke, E.; Sahgal, A.; Xue, J.; Mahadevan, A.;
et al. Single- and Multifraction Stereotactic Radiosurgery Dose/Volume Tolerances of the Brain. Int. J. Radiat. Oncol. Biol. Phys.
2021, 110, 68–86. [CrossRef] [PubMed]

32. Sita, T.L.; Gopalakrishnan, M.; Rooney, M.K.; Ho, A.; Savoor, R.; Sonabend, A.M.; Tate, M.C.; Chandler, J.P.; Lesniak, M.S.; Kruser,
T.J.; et al. Mean Brain Dose Remains Uninfluenced by the Lesion Number for Gamma Knife Stereotactic Radiosurgery for 10+
Metastases. World Neurosurg. 2022, 165, e380–e385. [CrossRef] [PubMed]

33. Miyawaki, L.; Dowd, C.; Wara, W.; Goldsmith, B.; Albright, N.; Gutin, P.; Halbach, V.; Hieshima, G.; Higashida, R.; Lulu, B.; et al.
Five year results of LINAC radiosurgery for arteriovenous malformations: Outcome for large AVMS. Int. J. Radiat. Oncol. Biol.
Phys. 1999, 44, 1089–1106. [CrossRef]

34. Ohtakara, K.; Hayashi, S.; Nakayama, N.; Ohe, N.; Yano, H.; Iwama, T.; Hoshi, H. Significance of target location relative to the
depth from the brain surface and high-dose irradiated volume in the development of brain radionecrosis after micromultileaf
collimator-based stereotactic radiosurgery for brain metastases. J. Neurooncol. 2012, 108, 201–209. [CrossRef] [PubMed]

35. Peng, L.; Grimm, J.; Gui, C.; Shen, C.J.; Redmond, K.J.; Sloan, L.; Hazell, S.; Moore, J.; Huang, E.; Spoleti, N.; et al. Updated risk
models demonstrate low risk of symptomatic radionecrosis following stereotactic radiosurgery for brain metastases. Surg. Neurol.
Int. 2019, 10, 32. [CrossRef] [PubMed]

36. Korytko, T.; Radivoyevitch, T.; Colussi, V.; Wessels, B.W.; Pillai, K.; Maciunas, R.J.; Einstein, D.B. 12 Gy gamma knife radiosurgical
volume is a predictor for radiation necrosis in non-AVM intracranial tumors. Int. J. Radiat. Oncol. Biol. Phys. 2006, 64, 419–424.
[CrossRef] [PubMed]

37. Minniti, G.; Clarke, E.; Lanzetta, G.; Osti, M.F.; Trasimeni, G.; Bozzao, A.; Romano, A.; Enrici, R.M. Stereotactic radiosurgery for
brain metastases: Analysis of outcome and risk of brain radionecrosis. Radiat. Oncol. 2011, 6, 48. [CrossRef]

38. Blonigen, B.J.; Steinmetz, R.D.; Levin, L.; Lamba, M.A.; Warnick, R.E.; Breneman, J.C. Irradiated Volume as a Predictor of Brain
Radionecrosis After Linear Accelerator Stereotactic Radiosurgery. Int. J. Radiat. Oncol. Biol. Phys. 2010, 77, 996–1001. [CrossRef]

39. Shaw, E.; Scott, C.; Souhami, L.; Dinapoli, R.; Kline, R.; Loeffler, J.; Farnan, N. Single dose radiosurgical treatment of recurrent
previously irradiated primary brain tumors and brain metastases: Final report of RTOG protocol 90-05. Int. J. Radiat. Oncol. Biol.
Phys. 2000, 47, 291–298. [CrossRef]

40. Kohutek, Z.A.; Yamada, Y.; Chan, T.A.; Brennan, C.W.; Tabar, V.; Gutin, P.H.; Yang, T.J.; Rosenblum, M.K.; Ballangrud, Å.; Young,
R.J.; et al. Long-term risk of radionecrosis and imaging changes after stereotactic radiosurgery for brain metastases. J. Neurooncol.
2015, 125, 149–156. [CrossRef]

41. Han, J.H.; Kim, D.G.; Kim, C.Y.; Chung, H.T.; Jung, H.W. Stereotactic radiosurgery for large brain metastases. Prog. Neurol. Surg.
2012, 25, 248–260. [CrossRef]

42. Remick, J.S.; Kowalski, E.; Khairnar, R.; Sun, K.; Morse, E.; Cherng, H.R.; Poirier, Y.; Lamichhane, N.; Becker, S.J.; Chen, S.; et al. A
multi-center analysis of single-fraction versus hypofractionated stereotactic radiosurgery for the treatment of brain metastasis.
Radiat. Oncol. 2020, 15, 128. [CrossRef]

43. Prabhu, R.S.; Press, R.H.; Patel, K.R.; Boselli, D.M.; Symanowski, J.T.; Lankford, S.P.; McCammon, R.J.; Moeller, B.J.; Heinzerling,
J.H.; Fasola, C.E.; et al. Single-Fraction Stereotactic Radiosurgery (SRS) Alone Versus Surgical Resection and SRS for Large Brain
Metastases: A Multi-institutional Analysis. Int. J. Radiat. Oncol. Biol. Phys. 2017, 99, 459–467. [CrossRef] [PubMed]

http://doi.org/10.3171/2012.8.GKS12983
http://www.ncbi.nlm.nih.gov/pubmed/23205782
http://doi.org/10.3171/2014.8.GKS141421
http://doi.org/10.1016/j.wneu.2017.07.062
http://www.ncbi.nlm.nih.gov/pubmed/28735121
http://doi.org/10.3171/2013.7.JNS13431
http://doi.org/10.3171/2013.4.JNS121751
http://doi.org/10.1016/j.adro.2019.08.013
http://doi.org/10.1016/j.ijrobp.2019.03.052
http://www.ncbi.nlm.nih.gov/pubmed/30959122
http://doi.org/10.3171/2016.8.JNS16528
http://doi.org/10.1016/j.ijrobp.2020.08.013
http://www.ncbi.nlm.nih.gov/pubmed/32921513
http://doi.org/10.1016/j.wneu.2022.06.057
http://www.ncbi.nlm.nih.gov/pubmed/35724885
http://doi.org/10.1016/S0360-3016(99)00102-9
http://doi.org/10.1007/s11060-012-0834-3
http://www.ncbi.nlm.nih.gov/pubmed/22392126
http://doi.org/10.4103/sni.sni_303_18
http://www.ncbi.nlm.nih.gov/pubmed/31528370
http://doi.org/10.1016/j.ijrobp.2005.07.980
http://www.ncbi.nlm.nih.gov/pubmed/16226848
http://doi.org/10.1186/1748-717X-6-48
http://doi.org/10.1016/j.ijrobp.2009.06.006
http://doi.org/10.1016/S0360-3016(99)00507-6
http://doi.org/10.1007/s11060-015-1881-3
http://doi.org/10.1159/000331198
http://doi.org/10.1186/s13014-020-01522-6
http://doi.org/10.1016/j.ijrobp.2017.04.006
http://www.ncbi.nlm.nih.gov/pubmed/28871997


Cancers 2023, 15, 780 16 of 16

44. Loo, M.; Pin, Y.; Thierry, A.; Clavier, J.B. Single-fraction radiosurgery versus fractionated stereotactic radiotherapy in patients
with brain metastases: A comparative study. Clin. Exp. Metastasis 2020, 37, 425–434. [CrossRef] [PubMed]

45. Chin, L.S.; Ma, L.; DiBiase, S. Radiation necrosis following gamma knife surgery: A case-controlled comparison of treatment
parameters and long-term clinical follow up. J. Neurosurg. 2001, 94, 899–904. [CrossRef]

46. Inoue, H.K.; Sato, H.; Seto, K.; Torikai, K.; Suzuki, Y.; Saitoh, J.; Noda, S.E.; Nakano, T. Five-fraction CyberKnife radiotherapy for
large brain metastases in critical areas: Impact on the surrounding brain volumes circumscribed with a single dose equivalent of
14 Gy (V14) to avoid radiation necrosis. J. Radiat. Res. 2014, 55, 334–342. [CrossRef]

47. Inoue, H.K.; Seto, K.; Nozaki, A.; Torikai, K.; Suzuki, Y.; Saitoh, J.; Noda, S.E.; Nakano, T. Three-fraction CyberKnife radiotherapy
for brain metastases in critical areas: Referring to the risk evaluating radiation necrosis and the surrounding brain volumes
circumscribed with a single dose equivalence of 14 Gy (V14). J. Radiat. Res. 2013, 54, 727–735. [CrossRef]

48. Voges, J.; Treuer, H.; Sturm, V.; Büchner, C.; Lehrke, R.; Kocher, M.; Staar, S.; Kuchta, J.; Müller, R.P. Risk analysis of linear
accelerator radiosurgery. Int. J. Radiat. Oncol. Biol. Phys. 1996, 36, 1055–1063. [CrossRef] [PubMed]

49. Flickinger, J.C.; Kondziolka, D.; Pollock, B.E.; Maitz, A.H.; Lunsford, L.D. Complications from arteriovenous malformation
radiosurgery: Multivariate analysis and risk modeling. Int. J. Radiat. Oncol. Biol. Phys. 1997, 38, 485–490. [CrossRef]

50. Nakamura, J.L.; Verhey, L.J.; Smith, V.; Petti, P.L.; Lamborn, K.R.; Larson, D.A.; Wara, W.M.; McDermott, M.W.; Sneed, P.K.
Dose conformity of gamma knife radiosurgery and risk factors for complications. Int. J. Radiat. Oncol. Biol. Phys. 2001, 51,
1313–1319. [CrossRef]

51. Minniti, G.; Capone, L.; Nardiello, B.; El Gawhary, R.; Raza, G.; Scaringi, C.; Bianciardi, F.; Gentile, P.; Paolini, S. Neurological
outcome and memory performance in patients with 10 or more brain metastases treated with frameless linear accelerator
(LINAC)-based stereotactic radiosurgery. J. Neurooncol. 2020, 148, 47–55. [CrossRef]

52. Wowra, B.; Muacevic, A.; Tonn, J. Quality of radiosurgery for single brain metastases with respect to treatment technology: A
matched-pair analysis. J. Neuro-Oncol. 2009, 94, 69–77. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1007/s10585-020-10031-5
http://www.ncbi.nlm.nih.gov/pubmed/32185576
http://doi.org/10.3171/jns.2001.94.6.0899
http://doi.org/10.1093/jrr/rrt127
http://doi.org/10.1093/jrr/rrt006
http://doi.org/10.1016/S0360-3016(96)00422-1
http://www.ncbi.nlm.nih.gov/pubmed/8985027
http://doi.org/10.1016/S0360-3016(97)89481-3
http://doi.org/10.1016/S0360-3016(01)01757-6
http://doi.org/10.1007/s11060-020-03442-7
http://doi.org/10.1007/s11060-009-9802-y
http://www.ncbi.nlm.nih.gov/pubmed/19184641

	Dosimetric Impact of Lesion Number, Size, and Volume on Mean Brain Dose with Stereotactic Radiosurgery for Multiple Brain Metastases
	Citation
	Authors

	Introduction 
	Materials and Methods 
	Results 
	Target Distribution 
	Effect of the Number of Lesions and Total Volume 
	Brain Mean Dose 
	Other Dosimetric Parameters (V8 Gy, V10 Gy and V12 Gy) 

	Effect of Treatment Planning Technique 

	Discussion 
	Conclusions 
	References

