Advances in Radiation Oncology (2020) 5, 70-76

advances

in radiation oncology

www.advancesradonc.org

Scientific Article

Check for
Updates

Single-Isocenter Multitarget Stereotactic
Radiosurgery Is Safe and Effective in the
Treatment of Multiple Brain Metastases

Joshua D. Palmer, MD,*""* Nikhil T. Sebastian, MD,*"

Jacquline Chu, BS,” Dominic DiCostanzo, MS,° Erica H. Bell, PhD,”
John Grecula, MD,? Andrea Arnett, MD, PhD,*

Dukagjin M. Blakaj, MD, PhD,? John McGregor, MD,"

James B. Elder, MD,” Lanchun Lu, PhD,” Wesley Zoller, BS,’

Mark Addington,® Russell Lonser, MD,” Arnab Chakravarti, MD, PhD,?
Paul D. Brown, MD,“ and Raju Raval, MD, DPhil®

“Department of Radiation Oncology and "Department of Neurosurgery, The Ohio State University Comprehensive
Cancer Center, Arthur G. James Cancer Hospital and Richard J. Solove Research Institute, Columbus Ohio,; and
“Department of Radiation Oncology, Mayo Clinic, Rochester, Minnesota

Received 21 June 2019; revised 14 August 2019; accepted 22 August 2019

Abstract

Purpose: Multiple studies have reported favorable outcomes for stereotactic radiosurgery (SRS) in the treatment of limited brain metastases.
An obstacle of SRS in the management of numerous metastases is the longer treatment time using traditional radiosurgery. Single-isocenter
multitarget (SIMT) SRS is a novel technique that permits rapid therapy delivery to multiple metastases. There is a lack of clinical evidence
regarding its efficacy and safety. We report the outcomes of patients treated with this technique.

Methods and Materials: We reviewed the records of patients with intact or resected brain metastases treated with SRS in 1 to 5 fractions
using SIMT technique at our institution, with at least 1 available follow-up brain magnetic resonance imaging. Survival, disease control,
and toxicity were evaluated using Cox regression, logistic regression, and Kaplan-Meier analysis.

Results: We identified 173 patients with 1014 brain metastases. Median follow up was 12.7 months. Median beam-on time was
4.1 minutes. The median dose to the brain was 219.4 cGy. Median overall survival and freedom from intracranial progression were 13.2
and 6.3 months, respectively. Overall survival did not differ between patients treated with greater than or less than 4 lesions (hazard
ratio, 1.03; 95% confidence interval 0.66-1.61; P = .91). Actuarial 1- and 2-year local control were 99.0% and 95.1%, respectively.
Rates of grade 2 and grade 3 or higher radionecrosis were 1.4% and 0.9%, respectively.
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Conclusions: SIMT radiosurgery delivered in 1 to 5 fractions offers excellent local control and acceptable toxicity in the treatment of
multiple intact and postoperative brain metastases. This technique should be evaluated prospectively.

© 2019 The Author(s). Published by Elsevier Inc. on behalf of American Society for Radiation Oncology. This is an open access article
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

Brain metastases are the most common intracranial
malignancy and occur in roughly 20% to 40% of patients
with cancer.'” Although surgery is typically reserved for
solitary or symptomatic metastases, historically, whole
brain radiation therapy (WBRT) has been the treatment of
choice for multiple intracranial metastases. Stereotactic
radiosurgery (SRS), a radiotherapeutic technique that
employs high dose and target conformity, has been
increasingly used as an alternative to WBRT as a means
of achieving intracranial disease control while offering
superior normal tissue sparing with less cognitive
deterioration.”

Although multiple phase III trials have evaluated SRS
in the treatment of 1 to 4 brain metastases,‘l’7 there are
limited data regarding the role of SRS for a larger number
of metastases,” in part because of the prohibitively long
treatment times associated with an increasing number of
lesions, each requiring additional shots or separate
isocenters for gamma knife—based radiosurgery or linear-
accelerator based radiosurgery, respectively.”'" Volu-
metric modulated arc therapy (VMAT) is a novel,
intensity modulated radiation therapy—based plan opti-
mization platform that permits treatment of multiple le-
sions using a single isocenter through modulation of
gantry rotation, collimation, and dose rate.'' Although
several studies have reported the dosimetric feasibility of
this technique,'*" there are little clinical data to support
its safety and efficacy.'”'® In this report, we present the
results of our institutional experience using single-
isocenter, multitarget (SIMT) SRS technique in the
treatment of intact and postoperative brain metastases
using 1 to 5 fractions.

Methods and Materials

We reviewed the records of patients with intact or
resected brain metastases treated with SRS in 1 to 5
fractions using SIMT technique at our institution between
2015 and 2018, with at least 1 available follow-up brain
magnetic resonance imaging (MRI) scan. This study was
approved by our institutional review board (no.
2013C0145). All patients underwent computed tomogra-
phy (CT) simulation in the supine position using a Qfix
Encompass thermoplastic mask (QFix Inc, Avondale,
PA). The CT scan with 1.25-mm slice thickness was

fused with a thin-cut, gadolinium-enhanced axial T1-
weighted MRI scan. For intact metastases, the planning
target volume (PTV) was generated using a 2- to 3-mm
expansion of the gross tumor volume, which included
contrast-enhancing lesions on the T1 MRI. For post-
operative brain metastases, the PTV was created from a 2-
to 3-mm expansion of the clinical target volume, which
included the postoperative surgical bed and any associ-
ated contrast enhancement. Typically, 2-mm expansions
were used for targets placed at isocenter and 3-mm ex-
pansions were used for all other lesions to account for the
added possibility of rotational error with distance from
isocenter. Brain, brainstem, optic pathway, and spinal
cord volumes were contoured, with additional organs at
risk contoured per the discretion of the radiation oncolo-
gist, depending on tumor location.

The decision to treat with a single isocenter was made
on a case-by-case basis by the treating physician and
dosimetrist. Typically, lesions were treated with a single
isocenter if they were no more than 4 cm apart, although
the size of respective targets was also taken into consid-
eration (eg, lesions with a large range of sizes were
typically excluded from single isocenter treatment
because the distinct multileaf collimator arrangements
required to optimally constrict the dose for each lesion
was better suited by multiple isocenters). Volumes were
treated with either 18 to 24 Gy in a single fraction, 21 to
27 Gy in 3 fractions, or 25 to 30 Gy in 5 fractions. VMAT
treatment plans were created using the Varian Eclipse
treatment planning system (Varian Medical Systems, Palo
Alto, CA) and were normalized such that a minimum of
95% of the PTV volume received 100% of the prescribed
dose. Treatments were planned using 3 to 5 noncoplanar
arcs using 6 MV beams with or without a flattening filter.
For a relatively close group of lesions, 3 to 4 arcs using
angles customized per patient were used. Otherwise, a
standard 5-arc technique was used with 2 full coplanar
360° arcs and 3 half vertex arcs equidistant every 45°
using couch kicks. All plans were generated using the
RapidArc Progressive Resolution Optimization algorithm
(version 11.0 or 13.0) in Varian Eclipse. Mid- and low-
dose “arcing” between lesions was reduced using indi-
vidualized planning rings to constrict 100%, 50%, and
20% isodose lines. Per departmental guidelines, dose
constraints followed Task Group 101 recommendations
for normal tissue constraints.'’ Additional constraints
included Radiation Therapy Oncology Group Conformity
Index <1.05. The acceptable volume of brain receiving
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12 Gy and gradient index were determined on a case-by-
case basis by the treating physician.

Patients were treated using a Varian Edge linear
accelerator with RapidArc technology on a robotic couch
with 6 dof, with daily kV cone beam CT image guidance.
In addition to daily cone beam CT alignment, a surface
guided radiation therapy technology, Optical Surface
Monitoring System (Varian Medical Systems), was
implemented to confirm patient positioning during treat-
ment for all fractions. Patients were followed every 2 to
3 months with a brain MRI and additionally as needed for
new or worsening neurologic symptoms. All statistical
analyses were performed using R.'® Overall survival was
defined as the time from treatment completion to death
from any cause. Local recurrence was defined as any
progression of unresected brain metastases or recurrence
within a postoperatively treated surgical bed that subse-
quently led to either retreatment with SRS or to surgical
resection with resultant pathologic testing indicating
predominantly viable malignant cells. This definition was
favored over Response Assessment in Neuro-Oncology
criteria because of the high rate of transient growth after
stereotactic radiosurgery.'”*’ Radionecrosis was defined
as either histologic evidence of necrosis or any new
enhancement or progression of preexisting enhancement
of treated lesions on MRI that stabilized on consecutive
MRI scans and did not require local salvage therapy.
Radionecrosis was graded according to Common Termi-
nology Criteria for Adverse Events version 5.0 grading
for central nervous system necrosis. Distant recurrence
was defined as the presence of any new contrast-
enhancing lesion within the brain parenchyma that
either was >5 mm with growth on 2 consecutive follow-
up brain MRIs or prompted radiotherapeutic or surgical
intervention. Intracranial progression was defined as local
recurrence, distant brain recurrence, or development of
leptomeningeal disease. Survival, intracranial control, and
local control endpoints were analyzed on a per-patient,
per-treatment, and per-lesion basis, respectively. Crude
and actuarial radionecrosis were evaluated on a per-
treatment and per-lesion basis, respectively. Endpoints
were evaluated using Cox univariate and multivariate
regression, logistic regression, and Kaplan-Meier
analysis.

Results

Patient cohort

We identified 173 patients with a total of 1014 intact
(n = 949) or resected (n = 65) brain metastases, treated
in 208 separate SIMT courses at our institution between
2015 and 2018 (Table 1). Median follow-up for living
patients was 12.7 months (range, 1.5-43.0 months) and
for all patients was 7.0 months (range, 0.7-43 months).

Table 1 Patient and treatment characteristics of cohort
All patients
(N = 173)
Age
Median (IQR) 61 (52-68)
Sex
Male 77 (44.5%)
Female 96 (55.5%)
Race
White 153 (88.4%)
Black 15 (8.7%)
Other 5 (2.9%)
KPS
Median (IQR) 80 (70-90)
GPA 2 (1.5-2.5)
Median (IQR)
Primary tumor site
Lung 77 (44.5%)
Breast 33 (19.1%)
Genitourinary 9 (5.2%)
Melanoma 24 (13.9%)
Head and neck 3 (1.7%)
Gynecologic 6 (3.5%)
Gastrointestinal 10 (5.8%)
Sarcoma 3 (1.7%)
Other 8 (4.6%)
Total no. of SRS courses
Median (range) 1 (1-9)
Total no. of brain metastases
treated with SRS
Median (range) 5 (2-58)
All SIMT
SRS courses
(N = 208)
Dose and fractionation
18-24 Gy x 1 fraction 93 (44.7%)
7-9 Gy x 3 fractions 82 (39.4%)
5-6 Gy x 5 fractions 33 (15.9%)
Beam energy
6 MV 109 (52.4%)
6 MV-FFF 91 (43.8%)
10 MV-FFF 8 (3.8%)
No. of target lesions
Median (range) 3 (2-30)
Prior WBRT
No 171 (82.2%)
Yes 37 (17.8%)

Abbreviations: FFF = flattening filter-free; GPA = graded prog-
nostic assessment; IQR = interquartile range; KPS = Karnofsky
performance status; SIMT = single-isocenter —multitarget;
SRS = sterotactic radiosurgery; WBRT = whole brain radiation
therapy.

All treatments used VMAT technique with noncoplanar
arcs, with the exception of a single course that used
noncoplanar dynamic conformal arc therapy. Treatments
were delivered using a median of 5 arcs (range, 2-7), in a
median of 4.1 minutes of beam-on time per fraction
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(range, 1.0-15.8 minutes). The median number of lesions
treated per course was 3 (range, 2-30). Nearly one-half of
treatments (n = 101; 48.6%) were to >4 lesions and 21
treatments (10.1%) targeted 10 or more lesions. The
median volume of intact lesions was 0.11 cm® (range,
0.001-41.1 cm?), corresponding to an equivalent spherical
diameter of 0.6 cm (range, 0.04-4.28 cm). The median
volume of postoperative cavities was 10.4 cm® (range,
2.6-70.2 cm?), corresponding to an equivalent spherical
diameter of 2.7 cm (range, 1.7-5.1 cm). The majority of
treatments were the first SRS course received by the pa-
tient (n = 127; 61.1%). For the remaining treatments, the
median number of prior SRS courses received was 1
(range, 1-5), and the median number of lesions previously
treated with SRS was 4 (range, 1-30). A total of 37 of the
208 (17.8%) SIMT courses were performed as a salvage
therapy in patients who had received prior WBRT. In 27
treatments (13.0%), there was simultaneous treatment to
another intracranial target using a separate isocenter.

Survival and disease control

Figure 1A shows the Kaplan-Meier curve for overall
survival of the entire cohort of patients. Median, 1-year,
and 2-year overall survival were 13.2 months (95% con-
fidence interval [CI], 8.5-18.7 months), 53.5% (95% ClI,
45.9%-62.3%), and 34.2% (95% CI, 26.1%-44.8%),
respectively. In the patients who died, the rate of neuro-
logic death was 16.5%. On univariate analysis, overall
mortality was associated with age (hazard ratio [HR],
1.02; 95% CI 1.00-1.0; P = .019), low graded prognostic
assessment (HR, 1.45; 95% CI, 1.12-1.85; P = .003),
head and neck histology (HR, 5.02; 95% CI, 1.51-16.71;
P = .009), and gastrointestinal histology. There was a
trend toward association of overall mortality with male
sex (HR, 1.47; 95% CI, 0.97-2.22; P = .069), whereas
there was no association with total target volume
(P = .43), number of target lesions (P = .81), or post-
operative SRS (P = .37). Overall survival did not differ
between patients treated to 4 or fewer lesions versus
greater than 4 (HR = 1.03195% CI 0.66-1.61; P = .91).
On multivariate analysis, low graded prognostic assess-
ment, head and neck histology, and gastrointestinal his-
tology maintained statistically significant associations
with overall mortality (Table El; available online at
https://doi.org/10.1016/j.adro.2019.08.013.)

Figure 1B shows Kaplan-Meier curves for intracranial
control for all SIMT SRS courses. Median freedom from
intracranial progression was 6.3 months (95% CI, 4.6-
8.0 months), and 1-year and 2-year freedom from intra-
cranial progression were 31.4% and 20.1%, respectively.
One- and 2-year freedom from salvage WBRT were
75.7% and 66.0%, respectively (Fig 1C). Additionally, 1-
and 2-year freedom from leptomeningeal disease were
89.4% and 87.4%, respectively (Fig El; available online

at https://doi.org/10.1016/j.adro.2019.08.013). The crude
rate of posttreatment leptomeningeal disease was 7.2%.
In the patients who developed leptomeningeal disease,
the median time to leptomeningeal disease was
5.3 months.

Of the 1014 treated lesions, there were only 7 local
recurrences, 2 of which were in the same treatment
course, yielding a crude per-lesion local recurrence rate of
0.69% and crude per-treatment local recurrence rate of
2.9%. Actuarial 1-year and 2-year local recurrence rates
were 99.0% and 95.1%, respectively, for all lesions (Fig
1D). Table E2 (available online at https://doi.org/10.1
016/§.adro.2019.08.013) shows the characteristics of the
treatments that had local failure of a lesion. The median
time to local failure was 10.4 months (range, 8.6-
19.3 months). Salvage surgery was performed for 3 re-
currences, and the remainder were treated with salvage
SRS. On logistic regression, there was an association of
local recurrence with total gross tumor/cavity volume of
all treated lesions (odds ratio [OR], 1.04; 95% CI, 1.01-
1.06; P = .002), however there was no association of
local recurrence with individual gross tumor volume/
cavity volume (OR = 1.00; 95% CI 0.78-1.08;
P = .994), dose per fraction (OR, 0.89; 95% CI 0.70-
1.02; P = .18), or postoperative SRS (OR, 2.46; 95% CI,
0.13-14.67; P = 41).

Toxicity

The median minimum dose to the brain was 23.9 cGy
(range, 0.7-449.6 cGy) and mean dose to the brain minus
PTV was 219.4 cGy (range, 46.4-1050.9 cGy). The mean
dose to the brain minus PTV for 1-, 3-, and 5-fraction
regimens was 147.4 cGy (range, 46.4-446.4 cQGy),
294.6 cGy (84.8-878.9 cGy), and 329 cGy (112.3-
1050.0 cGy), respectively (Kruskal-Wallis P < .001).
Actuarial 1-year freedom from grade 2 + radionecrosis
and freedom from grade 3 + radionecrosis were 96.1%
and 97.2%, respectively, for the 208 treatment courses
(Fig 2).

Grade 2 or higher (grade 2+) and grade 3 or higher
(grade 3+) radionecrosis occurred in 14 (crude rate 1.4%)
and 9 (crude rate 0.9%) of the 1014 treated lesions,
respectively. Prior WBRT was significantly associated
with development of lesional grade 2+ (OR, 1.04; 95%
CI, 1.02-1.06; P < .001) and grade 3 + radionecrosis
(OR, 1.03; 95% CI, 1.01-1.05; P < .001).

Discussion

To our knowledge, this is the first study of clinical
outcomes in patients treated with single-fraction and
multifraction, single-isocenter, multitarget stereotactic
radiosurgery to intact and postoperative brain metastases.
We found that this technique is associated with high local
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Figure 1

Kaplan-Meier curves for (A) overall survival for all patients, (B) intracranial control for all treatments, (C) freedom from

salvage whole brain radiation therapy (WBRT) for all treatments, and (D) local control for all lesions.

control and acceptable rates of radionecrosis. Addition-
ally, the patients in this cohort had favorable overall
survival, with relatively low rates of salvage WBRT and
leptomeningeal disease progression.

Multiple studies have found that focal SRS offers
comparable local control with less neurocognitive dete-
rioration compared with WBRT, particularly with a
limited number of brain metastases.”*'** This has led
to the adoption of SRS as the preferred modality in
patients with 1 to 4 brain metastases, and otherwise
controlled systemic disease, in national consensus
guidelines.” Although select studies have prospectively
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Figure 2
treatments.

evaluated the efficacy of SRS in the management of
greater than 3 metastases,” long treatment times associ-
ated with traditional SRS technique have impeded the
evaluation and application of SRS in this setting.
Several studies have found that VMAT is associated
with high target conformity and relatively rapid treatment
time compared with 3-dimensional conformal and in-
tensity modulated radiation therapy in the treatment of
prostate and cervical malignancies and benign intracranial
tumors.”**’ Compared with traditional gamma knife SRS
or multi-isocenter linear accelerator-based SRS, which
typically require 20 minutes per lesion, VMAT-based
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Kaplan-Meier curves for (A) freedom from grade 2 + radionecrosis and (B) freedom from grade 3 + radionecrosis for all
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radiosurgery using 7 arcs can deliver focal treatment to
numerous brain metastases in 20 minutes.' "

This potential advantage in treatment efficiency has
prompted dosimetric feasibility studies finding target
conformity comparable to multi-isocentric treatment.'*’
Nevertheless, dose conformity and other dose parame-
ters do not necessarily correlate with clinical toxicity,””
and clinically meaningful endpoints should be evaluated
before the large-scale adoption of any technique. Two
prior studies, one with 15 patients'® and the other with a
subset of 55 patients'” treated with single-isocenter SRS,
suggested outcomes comparable to conventional radio-
surgery. However, these studies had small numbers of
patients and lacked data on postoperative and multiple-
fraction treatment, respectively. These exclusions limit
the generalizability of these studies, particularly as the
benefits of surgical resection and fractionation for larger
tumors are becoming increasingly realized.”"*”

The hesitancy to employ VMAT-based SRS planning
largely stems from theoretical concerns that such planning
may be associated with diminished dose conformity and
robustness versus rotational elrrors,]2 in addition to
reduced dose heterogeneity in the tumor, which is thought
to be beneficial for local control.”* In our study, patients
had overall survival and local control comparable to
modern-day studies, in addition to relatively low rates of
salvage WBRT and leptomeningeal disease progres-
sion.®?*% Although a significant proportion of our cohort
received either prior SRS or WBRT, the crude rate of
symptomatic radionecrosis remained considerably less
than 10%, commensurate with the toxicity noted in other
radiosurgical reports.”®~* Thus, the abbreviated treatment
time associated with SIMT SRS does not appear to come
at the expense of meaningful clinical outcomes, notably
under conditions of robust image and surface guidance
that ensure reproducibility of patient setup. Nevertheless,
these results come with the caveats inherent to single-
institution, retrospective studies, and this technique
should be studied prospectively. Additionally, we
acknowledge that a detailed analysis of dosimetry and
plan quality indices, correlating with the clinical out-
comes in this study, would be further beneficial in miti-
gating the concerns regarding the theoretical dosimetric
limitations of VMAT-based planning.

In conclusion, single-isocenter multitarget stereotactic
radiosurgery technique, in 1 to 5 fractions, offers high
local control with acceptable rates of radionecrosis in the
management of multiple intact or postoperative brain
metastases. Thus, this technique likely offers a more
convenient alternative to gamma knife or multi-
isocentric stereotactic radiosurgery and merits compari-
son with WBRT in the management of numerous (>4)
brain metastases. These findings warrant evaluation of
SIMT SRS in a prospective cohort such as the Canadian
Cancer Trials Group Ce.7 (NCT03550391) randomized
trial.

Supplementary data

Supplementary material for this article can be found at
https://doi.org/10.1016/j.adro.2019.08.013.
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