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Abstract

Background—Stereotactic radiosurgery is a well-accepted treatment for patients with
intracranial metastases, but outcomes with volumetric modulated arc radiosurgery (VMAR) are
poorly described.

Objective—To report our initial clinical experience applying a novel single-isocenter technique
to frameless VMAR for simultaneous treatment of multiple intracranial metastases.

Methods—We performed a retrospective analysis of 15 patients undergoing frameless VMAR
for multiple intracranial metastases using a single, centrally-located isocenter between 2009 and
2011. Among these, 3 patients were treated for progressive or recurrent intracranial disease. A
total of 62 metastases (median 3 per patient, range 2-13) were treated to a median dose of 20 Gy
(range, 15-30 Gy). 3 patients were treated with fractionated SRS. Follow-up including clinical
examination and magnetic resonance imaging (MRI) occurred every 3 months.

Results—Median follow-up for all patients was 7.1 months (range, 1.1-24.3), with 11 patients
(73.3%) followed until death. For the remaining 4 patients alive at the time of analysis, median
follow-up was 19.6 months (range, 9.2-24.3). Local control at 6 and 12 months was 91.7 (95%
Confidence Interval [C.1.], 84.6-100.0%) and 81.5 (95% C.1I., 67.9-100.0%), respectively.
Regional failure was observed in 9 patients (60.0%), and 7 patients (46.7%) received salvage
therapy. Overall survival at 6 months was 60.0% (95% C.I., 40.3-88.2%). Grade 3 or greater
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treatment-related toxicity was not observed. Median total treatment time was 7.2 minutes (range,
2.8-13.2 minutes).

Conclusion—Single-isocenter, frameless VMAR for multiple intracranial metastases is a
promising technique that may provide similar clinical outcomes compared to conventional
radiosurgery.

Brain metastasis; frameless; radiosurgery; surface imaging; volumetric modulated arc therapy;
single isocenter

Introduction

Stereotactic radiosurgery (SRS) is a well-established therapy for the management of
intracranial metastasis allowing highly conformal delivery of large doses to well-defined
target volumes. Over half of cancer patients who develop brain metastasis present with
more than one lesion,? and SRS is routinely used for patients with multiple lesions.
Importantly, randomized controlled trials have demonstrated the efficacy of SRS for the
treatment of up to four metastases.3-> Moreover, several retrospective studies have described
a benefit of SRS for patients with more than four lesions.6-8

Several forms of SRS such as Gamma Knife (Elekta, Stockholm, Sweden), CyberKnife
(Accuray Inc., Sunnyvale, California), and intensity modulated linear accelerator (linac)
based radiosurgery (IMRS) are now widely used. Volumetric modulated arc therapy
(VMAT) is a novel treatment paradigm utilizing conventional technology wherein radiation
dose is continuously delivered as the treatment gantry rotates. Multileaf collimator (MLC)
aperture, gantry rotation speed, and dose delivery rate are simultaneously adjusted with
VMAT.? As such, volumetric modulated arc radiosurgery (VMAR) is attractive for its
ability to rapidly deliver highly conformal treatments.

SRS for multiple lesions typically employs multiple isocenters, requiring patient
repositioning during a single session and sequential treatment of multiple lesions.10: 11
IMRS allows for treatment planning of multiple lesions using a single-isocenter, thereby
eliminating the need for isocenter shifts, significantly reducing treatment times, and
enhancing accuracy by reducing the potential for intrafraction patient motion.12 Such an
approach is advantageous for both patients and clinicians in busy clinics. Importantly, static
beam single-isocenter IMRS is associated with clinical outcomes similar to those of
traditional SRS methods.13 14 Although several dosimetric studies have evaluated the
feasibility of VMAR compared to traditional SRS methods, the clinical outcomes associated
with VMAR are not well known.12-12 Here, we describe our clinical experience using
single-isocenter, frameless VMAR for patients with multiple intracranial metastases. To our
knowledge, this is the first report of clinical outcomes associated with single-isocenter
VMAR for multiple brain metastases.
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Retrospective review of radiation oncology records was performed after obtaining
institutional review board approval. We previously examined 100 patients with multiple
intracranial metastases consecutively treated with single-isocenter, frameless SRS between
March 2006 and March 2012 at a single institution.1* Patients with intracranial metastatic
disease that was histologically confirmed at either the primary or metastatic site were
eligible for treatment if they could lie still and tolerate simulation. This report evaluates a
subgroup of those patients whose treatment was delivered using VMAT. In total, 15 patients
received singleisocenter, frameless VMAR for multiple brain metastases between November
2009 and November 2011 (see Figure, Supplemental Digital Content 1). VMAR was
cautiously adopted during this time, as it was considered investigational.

Patient characteristics are summarized in Table 1. Patients had a median of 3 intracranial
metastases (range, 2-13). A total of 62 intracranial metastases were treated to a median dose
of 20 Gy (range, 15-30 Gy). The maximum target diameter as determined by contrast
enhanced T1-weighted magnetic resonance imaging (MRI) was less than 4.0 cmin all
patients. Three patients (20%) were treated with more than one fraction. Of these 3 patients,
1 had previously been treated with WBRT, 1 had a brainstem lesion, and 1 had a 3.5 cm?3
lesion with a composite PTV of 31.6 cm3. The remaining 12 patients (80%) were treated in a
single fraction. In total, 3 patients were treated for progressive or recurrent intracranial
disease after surgical resection, WBRT, or prior SRS. Two patients (13%) received WBRT
prior to presentation, while the remaining 13 patients (87%) did not. Salvage therapy was
offered to patients with recurrent local disease or new intracranial metastases and consisted
of surgical resection, WBRT, or repeated frameless IMRS.

After obtaining informed consent, patients underwent stereotactic-protocol contrast
enhanced T1-weighted brain MRI (26 cm field-of-view, 512 x 512 pixel size, 1.5 mm slice
intervals) using a 3.0 Tesla Scanner (General Electric, Fairfield, Connecticut). A detailed
description of our patient simulation and setup techniques has been previously

published.13: 14 Notably, we immobilize patients without a bite block in favor of surface
image guidance (SIG) in real-time with the AlignRT system (VisionRT Ltd, London, United
Kingdom). As previously described, these patients also underwent simulation non-contrast
CT for treatment planning purposes.29 During treatment, patient position was continuously
monitored with SIG, with a beam hold initiated for deviation exceeding a predefined
translational threshold of 1-2 mm or a rotational threshold of 1°.20

Gross tumor volume and clinical target volume (CTV) for each lesion were identical and
defined as the contrast-enhancing volume on axial MRI. Planning target volume (PTV) for
each lesion was generated typically by adding a 1 mm margin to each CTV. Subsequently, a
composite PTV was established by adding each individual PTV. For 3 patients, no
expansion margin was used. Dose was prescribed to the composite PTV such that each
lesion for a given patient was prescribed the same dose. Plan optimization was performed
using Eclipse software, version 8.9 (Varian Medical Systems, Palo Alto, California). VMAR
planning provided uniform coverage of the PTV and minimal dose to critical structures
(Figure 1). Median minimum and maximum PTV coverage was 92% and 112%,
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respectively. Treatment was delivered using 5 mm MLC leaves. Radiation Therapy
Oncology Group (RTOG) Conformity Index (Cl) was defined as the ratio of prescription
isodose volume (PIV) to PTV. RTOG Heterogeneity Index (HI) was defined as the ratio of
maximum PTV dose to prescription dose. Paddick Cl was defined as the ratio of PTV
receiving prescription dose squared to the product of PTV and PIV. These representations of
conformity have been previously described.?! 22 Treatment plan characteristics are
summarized in Table 2.

All patients completed treatment as planned. Patients were routinely seen one week
following VMAR for clinical examination. Thereafter, intracranial progression was assessed
by physical evaluation and contrast enhanced MRI every 3 months. Treatment response was
analyzed by local control, regional control, and overall survival. Local control was defined
as the absence of disease progression, with progression radiographically defined as an
increase of greater than 25% of the bi-dimensional product of the two largest diameters of
the lesion. Regional control was defined as the absence of new intracranial metastatic
disease occurring outside the treatment volume on radiographic examination. Intracranial
status was deemed unknown if radiographic examination had not been obtained by the time
of analysis. These patients were excluded from local and regional control analyses but were
included in survival analysis. Local control and regional control from the date of treatment
were estimated by the Kaplan-Meier method, as was overall survival from the date of
diagnosis. Event times were censored at the time of last follow-up for patients without an
event at the time of analysis. Toxicity was graded according to the RTOG scale.23 Statistical
analyses were performed using GraphPad Prism version 6.05 (GraphPad Software, La Jolla,
California).

All patients were treated with single-isocenter, frameless VMAR. A median of 2 arcs (range,
1-4) were used. Arcs were coplanar except in the four patients treated with =3 arcs. Three
patients were treated using flattening filter-free (FFF) mode. Median treatment time from
initial beam on to final beam off was 7.2 minutes (range, 2.8-13.2). Increasing number of
lesions (2-4, 5-8, and =9 metastases) was not associated with significantly longer treatment
time (data not shown). Median total beam-on time was 5.5 minutes (range, 1.8-8.2).
Dosimetric representations of conformity as described by RTOG CI, RTOG HI, and Paddick
ClI were generally within accepted limits (Table 2). Median RTOG CI was 1.15 (range,
0.29-2.04). Median RTOG HI was 1.12 (range, 1.05-1.23). Median Paddick CI was 0.77
(range, 0.33-0.90). The only patient with a “major violation” as defined by RTOG CI <0.9
or >2.5 had 6 very small lesions (cumulative PTV 1.9 cmd) treated with a single arc. No
other major violations were observed.

Median follow-up for all patients was 7.1 months (range, 1.1-24.3) with 11 patients (73.3%)
followed until death. For the remaining 4 patients alive at the time of analysis, median
follow-up was 19.6 months (range, 9.2-24.3).

One patient was excluded from local control analysis owing to unknown intracranial status,
and the remaining 14 patients (59 lesions) were evaluable for local control. Of this group, 12
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patients (86%) and 57 lesions (97%) were without evidence of local progression at the time
of analysis. Local control at 6 and 12 months was 91.7% (95% C.I., 84.6-100.0%) and
81.5% (95% C.1., 67.9-100.0%), respectively (Figure 2). For the 2 patients with local failure,
salvage therapy consisted of repeated SRS (1 patient) or no further treatment (1 patient).

Intracranial failure outside the treatment volume was observed in 9 patients (60.0%).
Regional control at 6 and 12 months was 57.9% (95% C.1., 35.8-89.8%) and 36.2% (95%
C.1.,, 8.5-62.4%), respectively (Figure 3). For the 9 patients with a documented failure, the
site of first failure was primarily outside the treatment volume (7 patients) rather than only
local (1 patient) or simultaneously within and outside the treatment volume (1 patient).
Salvage therapy for new intracranial metastases occurring outside of the treatment volume
was received by 7 patients (47.0%) and consisted of repeated SRS (3 patients), WBRT (3
patients), and surgical resection (1 patient).

Overall survival at 6 and 12 months was 60.0% (95% C.1., 40.3-88.2%) and 38.9% (95%
C.1,, 15.6-62.5%), respectively (Figure 4). The number of patients by RTOG recursive
partitioning analysis (RPA) class or who had previously received WBRT were too small to
allow for meaningful comparisons stratified by these factors.

Acute treatment-related toxicity occurred in 1 patient (6.7%). This patient suffered a seizure
attributed to cerebral edema responsive to steroids. Late treatment-related toxicity was not
observed. Moreover, no grade 3 or greater acute or late treatment-related events were
observed. Mean dose to normal brain was 4.2 Gy. Median volume of normal brain receiving
>12 Gy (V12 Gy) was 38.0 cm3, and median volume of normal brain receiving >4.5 Gy
(V4.5 Gy) was 350.5 cm3. No discernible relationship between dose to normal brain and
toxicity was observed.

Discussion

SRS is a well-established therapy for the management of intracranial metastasis, with
discrete lesions traditionally treated sequentially and treatment duration proportional to the
number of isocenters used. We previously reported that static beam single-isocenter IMRS is
associated with clinical outcomes comparable to traditional SRS methods.13: 14. 20 Whereas
IMRS is delivered in step-and-shoot fashion using several fixed-position beams, VMAT is
delivered continuously as the gantry rotates (see Figure, Supplemental Digital Content 2).
VMAT is an attractive technique for rapid, conformal IMRS due to its simultaneous
adjustments in MLC aperture, gantry rotation speed, and dose delivery rate. However, the
clinical outcomes of this novel technique are not well described. Here, we report, to our
knowledge, the first clinical series of single-isocenter, frameless VMAR for multiple
intracranial metastases.

Key Results

In this series, local control at 12 months was 82%, with 97% of lesions without progression
at the time of analysis. Seven patients (47%) received salvage therapy for new brain
metastases outside of the treatment volume. Overall survival at 12 months was 39%. No
grade =3 toxicity was observed.
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Interpretation

The clinical outcomes of VMAR for intracranial metastasis are unknown. Local control of
82% at 12 months in this study is comparable to both frame-based and frameless SRS
series.5: 14. 24, 25 Unfortunately, the prognosis for patients with intracranial metastasis
remains poor, and overall survival at 12 months ranges from 28%-45% with SRS alone in
randomized trials.# ° Survival at 12 months of 39% in the present series compares
favorably, particularly when taking into account that 40% of these patients were RPA class
Il.

Mayo and colleagues reported a series of 12 patients with a total of 14 intracranial
metastases undergoing fractionated VMAR with all but 1 patient receiving 21 Gy in 3
fractions.1® The two patients with two brain metastases each in their series were sequentially
treated using separate isocenters. At a median follow-up of 3 months, no local failures or
adverse events were observed.® In comparison, all 15 patients in the present series had
multiple brain metastases treated with a single isocenter, and 12 patients (80%) were treated
in a single fraction. Thus, the patient population and treatment technique in this report are
significantly different compared to the previously described study. Moreover, the
radiobiology of single fraction treatment and fractionated treatment may be dissimilar.26 All
together, single-isocenter, frameless VMAR for multiple brain metastases does not appear to
compromise clinical outcomes when compared to traditional SRS techniques.

The feasibility and dosimetric implications of VMAR have been described. First, compared
to single-isocenter static beam IMRS, single-isocenter VMAR is associated with reduced
monitor units (MUs) and reduced treatment time.18 Next, a single-isocenter approach to
VMAR rather than using multiple isocenters reduces both MUs and treatment time without
compromising conformality.1 Finally, the significance of FFF mode in VMAR remains an
open question. The dosimetric characteristics of VMAR with or without FFF mode for
multiple brain metastases are comparable, although FFF mode provides even greater
reductions in treatment time.1% 27 Taken together, the dosimetric profile of single-isocenter
VMAR compares favorably to both conventional frame-based SRS techniques and static
beam IMRS. In the present study, dosimetric characteristics of VMAR were generally
within accepted standards in concordance with prior feasibility studies.18: 19

Traditional radiosurgery uses separate isocenters for each lesion which are then treated
sequentially, whereas single-isocenter technique allows simultaneous treatment of multiple
lesions. Dosimetric characteristics for single-isocenter compared to multiple-isocenter
techniques have been described. Single-isocenter strategies have similar conformity with
slightly increased dose to non-target tissue compared to multiple-isocenter techniques.16: 28
Reported clinical outcomes including local control and toxicity are comparable.13: 14. 20
With traditional multiple-isocenter technique, a given patient is typically repositioned
multiple times during the treatment session. Alternatively, a patient may not require
repositioning with singleisocenter technique, but accurate setup is critical since both
translational and rotational error degrade conformality.2?: 30 At our institution, intrafraction
motion after initial setup is minimized by continuous monitoring in real-time with SIG.20
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One consequence of VMAT is the increased volume of non-target tissue receiving low dose
as a result of beam angle modulation through gantry rotation. Single-isocenter static beam
IMRS is associated with low toxicity.13: 14 When compared to IMRS, VMAR is associated
with a trend for slightly increased low isodose “spill” to surrounding tissue.1® Mean dose to
normal brain in this series is similar to prior studies of linac-based SRS,13: 14. 18 hut both
V12 Gy and V4.5 Gy are higher, as expected, than those published for traditional SRS.3!
Notably, most patients in this study were treated using one or two arcs, and increasing arc
number is associated with superior dosimetric characteristics.3! Interestingly, the low
isodose spill of four-arc VMAR is similar to traditional frame-based SRS methods using
many fixed beam angles.3! Increased low isodose spill to non-target brain theoretically
could increase the risk of adverse effects. Importantly, minimal toxicity was observed in the
present series. Although radionecrosis may be underestimated with standard imaging
techniques,32 no evidence of symptomatic radionecrosis was detected. While the long-term
toxicity of low isodose spill associated with VMAT remains an open question, its clinical
significance in patients with multiple intracranial metastases and poor prognosis is unclear.

A significant advantage of our technique is reduced treatment time, and VMAR is one of the
most efficient forms of SRS to date. Treatment of multiple intracranial lesions with frame-
based SRS techniques may last several hours.13 Treatment times for multiple-isocenter
linac-based SRS often last over 30 minutes, although this can be reduced using a single-
isocenter technique.2-14 In comparison, patients in this series completed treatment with
VMAR for multiple metastases in just over 7 minutes. Reduced treatment time enhances
both patient tolerance and provider efficiency, but also reduces intrafraction patient motion.
The latter is particularly important for maximizing accuracy and minimizing risk to non-
target tissue, even more so with frameless techniques.33: 34 Given its efficiency, single-
isocenter, frameless VMAR as presented here is a noninvasive treatment strategy for
multiple intracranial lesions that appeals to both patients and providers.

Limitations and Generalizability

As a retrospective analysis study from a single institution, this series is susceptible to all the
inherent biases and shortcomings of such analyses. Ultimately, a prospective study would
best assess the role of single-isocenter, frameless VMAR for multiple intracranial
metastases. At our institution, we gradually implemented single-isocenter VMAR with
attention to coverage of PTV and dose to critical structures. Until rigorous studies on this
technique are available, it is best performed at a center with expertise using it.

Conclusion

Results of this study suggest that single-isocenter, frameless SIG VMAR for the
simultaneous treatment of multiple intracranial metastases may produce clinical outcomes
comparable to both conventional frame-based and other frameless SRS techniques while
enhancing patient tolerance and reducing treatment time. Long-term outcomes for VMAR
will continue to mature, but this series provides encouraging initial clinical outcomes such
that this technique will be used for all intracranial radiosurgery treatments at our institution.
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Figure 1.
Representative single-isocenter volumetric modulated arc radiosurgery plan for a patient

with three intracranial metastases treated to a prescription dose of 20 Gy. Axial view (top) of
the planning CT displaying PTVs and isodose curves. Dose-volume histogram (bottom)
displaying doses in absolute (Gy, lower horizontal axis) and relative (%, upper horizontal
axis) measures given composite PTV and normal structures.
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Figure2.
Kaplan-Meier estimate of local control.
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Figure 3.
Kaplan-Meier estimate of regional control.
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Figure4.
Kaplan-Meier estimate of overall survival.
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Patient characteristics.

Table 1

Characteristic Value
Patients, n 15
Lesions, n 62
Lesions per patient

Median (range) 3(2-13)

2-4 10

5-8 4

=9 1
Sex, n

Male 5

Female 10
Median age, years (range) 63 (29-89)
Primary tumor

Lung 5

Breast 4

Melanoma 5

Other 1
Median tumor size, mm (range) 18 (10-35)
Recursive Partitioning Analysis class

| 1

I 8

1] 6
Median dose, Gy (range) 20 (15-30)
Fractions

Median (range) 1(1-5)

1 12

22 3
Treatment arcs

1-2 11

3-4 4
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