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Abstract

Introduction: Due to the neurocognitive side effects of whole brain radiation therapy (WBRT),
stereotactic radiosurgery (SRS) is being used with increasing frequency. The use of SRS is ex-
panding for patients with multiple (>4) brain metastases (BM). This study summarizes our institutional
experience with single-fraction, linear-accelerator-based SRS for multiple BM.

Methods and materials: All patients who were treated between January 1, 2013, and September
30, 2015, with single-fraction SRS for >4 BM were included in this institutional review board—
approved, retrospective, single-institution study. Patients were treated with linear accelerator—
based image guided SRS.

Results: A total of 59 patients with >4 BM were treated with single-fraction SRS. The median
follow-up was 15.2 months, and the median overall survival for the entire cohort was 5.8 months.
The median number of treated lesions per patient was 5 (range, 4-23). Per patient, the median plan-
ning target volume (PTV) was 4.8 cc (range, 0.7-28.8 cc). The prescribed dose across all 380 BM
for the 59 patients ranged from 7 to 20 Gy. The median of the mean dose to the total PTV was
19.5 Gy. Although the number of treated lesions (4-5 vs 26) did not influence survival, better sur-
vival was noted for a total PTV <10 cc versus =210 cc (7.1 vs 4.2 months, respectively; P =.0001).
A mean dose of 219 Gy to the entire PTV was also associated with increased survival (6.6 vs 5.0
months, respectively; P =.0172). Patients receiving a dose of >12 Gy to 210 cc of normal brain
had worse survival (5.1 vs 8.6 months, respectively; P =.0028).
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Conclusion: In single-fraction SRS for patients with multiple BM, smaller total tumor volume,
higher total dose, and lower volume of normal brain receiving >12 Gy were associated with in-
creased survival. These data suggest that using SRS for the treatment of multiple BM is efficacious
and that outcomes may be affected more by total tumor volume than by the number of lesions.

© 2017 The Author(s). Published by Elsevier Inc. on behalf of the 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 (BM) can occur in up to 10% to 40% of
patients with cancer.'? Despite advances in diagnosis and
treatment, BM are typically associated with a limited life
expectancy.™* Surgery and whole brain radiation therapy
(WBRT) may improve local control and survival for patients
with a limited number of BM.>® However, WBRT causes late
neurocognitive deficits without offering a survival advantage
compared with a more focal radiation therapy approach such
as stereotactic radiosurgery (SRS).”” The use of SRS alone
provides very high rates of tumor response and local control.*'*!"

SRS is recommended for patients with a limited number
(ie, 1-3) of BM."*" Evolving radiation therapy and imaging
technology and recognition of the long-term side effects as-
sociated with WBRT have increased interest in SRS for patients
with larger numbers of BM.'* A prospective trial examining
SRS alone for up to 10 BM demonstrated no survival or local
recurrence differences in patients who were treated for 2 to
4 BM versus 5 to 10 BM." In fact, cumulative tumor volume
and largest treated tumor diameter were more significant pre-
dictors of outcome than the number of treated lesions.

An obstacle to the use of SRS for larger numbers of BM
is the treatment time required when each lesion is treated
with a separate radiation therapy plan. Single-isocenter,
multitarget (SIMT), volumetric modulated arc therapy
(VMAT) for SRS planning and delivery enables the simul-
taneous treatment of several lesions. This technique was
shown to substantially reduce treatment time, with pos-
sible improvements in conformity indices and normal brain
dose, compared with multiple isocenter plans.'>'® Data on
clinical outcomes using this technique are sparse, with one
study showing high local control and a 6-month overall sur-
vival (OS) rate of 60%."

The choice between SIMT and WBRT for the treatment
of patients with >4 BM remains an unresolved issue. This study
was performed to explore our institutional experience with
SIMT for the treatment of multiple BM to identify those pa-
tients who might benefit the most from this procedure.

Methods and materials

Study population

This study was a retrospective review performed at the
Radiation Oncology Department of Duke University Medical

Center in Durham, North Carolina. From a chart review,
we identified patients who underwent SRS as a treatment
for >4 BM between January 1, 2013, and September 30,
2015. The study was approved by our institutional review
board. Inclusion criteria were age =18 years, 24 BM
treated with single-fraction SRS, and histologically proven
extracranial malignancy. Primary brain tumors were ex-
cluded, and BM biopsy was not required.

Collected data included patient demographics; disease
characteristics; Karnofsky Performance Status; initial and
salvage brain treatments; number and volume of treated BM;
and dosimetric parameters such as technique, planning target
volume (PTV) dose, and dose to organs at risk (OARSs).
Recursive partitioning analysis (RPA) and Graded Prog-
nostic Assessment scores for BM were calculated from these
clinical data.*'® Survival status and the date of death or last
follow-up were documented.

Treatment

All patients underwent a computed tomography (CT)
simulation with a frameless SRS thermoplastic mask
(BrainLAB, Munich, Germany). A thin-cut (1 mm) CT scan
of the brain was fused with a thin-cut, gadolinium contrast—
enhanced, axial, 3-dimensional, T1-weighted magnetic
resonance imaging (MRI) scan. Gross tumor volume in-
cluded the enhancing lesions on the contrast-enhanced T1
sequence on the MRI scan. PTV was created by adding a
I-mm margin to the gross tumor volume. The dose was nor-
malized so that the 100% isodose line encompassed all or
nearly all of the target volume (typically >99%) such that
the maximum dose ranged between 110% and 125%. This
corresponded to selecting the 80% to 90% isodose line when
the dose is normalized to be 100% at the maximum dose
point.

Doses were prescribed on the basis of lesion size and
volume. The Radiation Technology Oncology Group 90-
05 dosing guidelines'® were typically followed, but doses
were decreased at the treating physician’s discretion ac-
cording to tumor location (ie, brainstem), V12Gy for the
brain, and doses to OAR from previous radiation treat-
ments. All patients were contoured using the BrainLAB iPlan
RT Image software (BrainLAB, Munich, Germany). VMAT
treatment plans were then prepared with the Varian Eclipse
(Varian Medical Systems, Palo Alto, CA) treatment plan-
ning system, using beam geometry and optimization criteria
as previously described.””?' One patient was treated using
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dynamic conformal arcs with a single isocenter per target;
the treatment plan was prepared using the BrainLAB iPlan
RT Dose treatment planning software. Treatment was de-
livered on a Novalis TX linear accelerator (Varian Medical
Systems) using orthogonal kV imaging and cone beam CT
for 6-degree-of-freedom position adjustment prior to
treatment.”

Statistical methods

The primary objective of this retrospective study was
to describe OS in this patient population as a function of
patient demographics, disease characteristics, and treat-
ment parameters. OS-SRS was defined as the time from
SRS until death or last follow-up, if the patient remained
alive. OS-SRS was calculated using the Kaplan-Meier es-
timator. Univariate and multivariate Cox proportional hazards
models were used to identify predictors of OS. Given the
small sample size, these analyses are intended to be de-
scriptive in nature because the study lacks the power to draw
definitive conclusions. On the basis of the study size and
number of events (deaths), the multivariate analyses focused
on 4 potential predictors: age (=265/ <65 years), total volume

Table 1 Patient and treatment characteristics

of all brain lesions (=10/ <10 cc), mean dose to the entire
PTV (=219/ <19 Gy), and the volume of normal brain (total
brain volume—PTYV) exposed to 212 Gy (V12Gy; =10/
<10 cc). The multivariate model using backward variable
elimination employed a 0.10 significance level for vari-
able retention. SAS (SAS Institute, Cary, NC) Version 9.3
was used for all analyses.

Results

Fifty-nine patients met the study inclusion criteria. As
of February 6, 2016, the median follow-up was 15.2 months.
Patient and treatment characteristics are summarized in
Table 1. The average age was 61.8 years (range, 40.5-
83.8 years). The most common primary histology was non-
small cell lung cancer (35.6%). Most patients had a
Karnofsky Performance Status of 270 (93.2%), an RPA 22
(93.2%), and a Graded Prognostic Assessment =1 (71.2%).
More than half of patients (54.2%) had undergone previ-
ous brain radiation therapy, with 22 patients (37.3%)
receiving WBRT alone and 8 (13.5%) previously treated
with SRS alone. Four patients (6.8%) had previously

Patient and Treatment characteristics N (%)*
Sex Male 27 (45.8)
Female 32(54.2)
Age, mean (SD), y 61.8 (11.1)
Primary Tumor Non-small cell lung cancer 21 (35.6)
Breast 15(254)
Melanoma 14 (23.7)
Renal Cell Carcinoma 6(10.2)
Other 3(5.1)
Previous brain radiation therapy” WBRT 22 (37.3)
PBRT 1(1.7)
SRS alone 8 (13.5)
WBRT + SRS 1(1.7)
Previous surgery Yes 4 (6.8)
Treated lesions No. of treated lesions, median (range) 5 (4-23)
Median volume of all lesions within a patient, median (range), cc 0.40 (0.05-3.60)
Total volume of all lesions within a patient, median (range), cc 4.8 (0.7-28.8)
Fractionation and dosing Median dose to all lesions within a patient, median (range), Gy 18 (10.5-20)
Mean dose to total PTV, median (range)°, cc 19.5 (12.7-24.5)
Treatment technique Volumetric modulated arc therapy 58 (98.3)
Dynamic conformal arcs 1(1.7)
Isocenters Single isocenter 55 (93.2)
Further treatment Repeat SRS 12 (20.3)
WBRT 6(10.2)

PBRT, partial brain radiation therapy; PTV, planning target volume; SD, standard deviation; SRS, stereotactic radiosurgery; WBRT, whole brain

radiation therapy.
* Except where noted otherwise.

® The denominator for these percentages was the 32 patients who received any prior brain radiation therapy.

¢ Mean dose to the PTV was calculated based on mean dose to the aggregate planning target volume, not the average of the mean doses to the

individual lesions.
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undergone surgery for BM due to mass effect, symptoms,
or size.

A median of 5 lesions were treated per patient (range,
4-23 lesions). The median of the total PTV of all treated
lesions in a patient was 4.8 cc (range, 0.7-28.8 cc). Fifty-
five patients (93.2%) were treated with a single isocenter.
The most commonly used treatment technique was VMAT
(98.3%). A single patient was treated using dynamic con-
formal arc planning with 4 isocenters. The PTV prescription
dose across all doses ranged from 7 to 20 Gy. The median
of the mean dose to the total treated PTV was 19.5 Gy
(range, 12.7-24.5 Gy).

Dose constraints

Doses to OARs were well within normal limits. The
median maximum point dose to the brainstem was 3.4 Gy
(range, 0.4-12.8 Gy) for the entire cohort of 52 patients
(88.1%) who did not have brainstem metastases. For the
3 patients who were treated with 2 isocenters, the median
maximum brainstem dose was 2.3 Gy (range, 1.9-5.7 Gy).

The median maximum dose to the optic chiasm was
1.7 Gy (range, 0.3-9.1 Gy). For the 55 patients who were
treated with SIMT, the median dose was 1.7 Gy (range, 0.3-
9.1 Gy) versus 1.0 Gy (range, 0.5-3.2) for the 4 patients
who were treated with more than 1 isocenter.

The median V12Gy was 13.7 cc (range, 3.8-59.5 Gy)
for all patients. In the 55 SIMT patients, the median V12Gy

was 13.7 cc (range, 3.8-59.5 Gy) versus 6.6 cc (range,
3.9-18.2 Gy) for the 4 patients who were treated with a single
fraction but more than 1 isocenter.

Survival analysis

For the entire patient cohort, the median OS was 5.8
months (95% confidence interval [CI], 4.9-6.6; Fig 1).
One-year survival was 25.5% (95% CI, 14.2%-38.4%),
and 2-year survival was 6.4% (95% CI, 0.6%-22.9%).
Univariate analyses provided no evidence of survival dif-
ferences according to tumor histology, sex, age, prior
treatments for BM (WBRT, SRS, or surgery), RPA classi-
fication, number of fractions used, or number of isocenters.
In addition, the number of treated lesions did not appear
to influence survival; no significant difference was found
between patients who were treated for 4 to 5 lesions
(n=42) versus patients who were treated for 6 or more
metastases (n=17; median OS: 5.6 months [95% CI,
4.2-8.5] vs 5.8 months [95% CI, 3.4-6.8], respectively;
P =.60).

An analysis of parameters related to tumor volume (Fig 2)
and dose (Fig 3) revealed potential impacts on survival.
While these results need confirmation in a larger study with
adequate power to detect true differences, our study pro-
vided evidence of a potential increase in survival in patients
with a total PTV <10 cc compared with patients with
a =10 cc total PTV (median OS: 7.1 months [95% CI,
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Figure 1 Overall survival for the entire patient cohort (n = 59).
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Figure 2 Overall survival according to volume parameters. (A) Overall survival according to total PTV of brain metastases. (B) Overall
survival according to largest lesion volume.

5.4-14.4] vs 4.2 months [95% CI, 2.2-5.3], respectively; >19 Gy versus <19 Gy demonstrated a survival advan-
P =.0001). Patients whose largest lesion was <5 cc versus tage (median OS: 6.6 months [95% CI, 5.2-14.4] vs 5
25 cc also had improved survival (median OS: 6.8 months months [95% CI, 3.4-5.8], respectively; P =.0172). VI12Gy
[95% CI, 5.2-14.4] vs 4.2 months [95% CI, 2.2-5.3], re- >10 cc was associated with a poorer survival (median OS:
spectively; P =.0006). A combined PTV mean dose of 8.6 months vs 5.1 months; P =.0028).
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Figure 3 Overall survival according to dose parameters. (A) Overall survival according to mean dose to total PTV. (B) Overall sur-

vival according to volume of normal brain exposed to >12 Gy.

From the multivariate analysis including age, total volume
of all BM, mean dose to the entire PTV, and V12Gy as po-
tential predictors, the only significant predictor of survival
was the total volume of BM, which showed worse sur-
vival in patients with a total PTV 210 cc (hazard ratio [HR]:
3.34; 95% CI, 1.74-6.43; P =.0003).

Salvage therapy

Of the 43 patients with post-SIMT SRS imaging, 5 pa-
tients had local failure; in all 5, local failure was accompanied
by distant failure in the brain. Sixteen of the 59 patients in
the study did not undergo post-SRS imaging due to death
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and/or progression of extracranial disease. The crude in-
tracranial local failure rate was 11.6% (5 of 43 patients).
All patients who had local failure also presented with distant
failure. There were 21 cases of distant failure alone (crude
rate, 48.8%). Two cases (4.7%) of radionecrosis were
observed.

Sixteen patients (27.1%) underwent further radiation
therapy, including 4 patients who received additional treat-
ment with WBRT only, 2 who received WBRT and SRS,
and 10 who received additional treatment only with SRS.
Of the 12 patients (20.3%) who received additional
SRS, 11 had 1 additional course and 1 had 3 additional
courses. The median time between the first and second SRS
treatments was 4.0 months. For the 6 patients (10.2%) who
received post-SRS WBRT, the median time from SRS to
WBRT was 4.1 months.

Discussion

As systemic therapy continues to improve with the
growing role of immunotherapy, patient survival is im-
proving. Treating BM while minimizing radiation’s impact
on quality of life and neurocognition becomes ever more
crucial. The use of SRS has been traditionally limited to
1 to 3 BM, as illustrated by the inclusion criteria of pivotal
SRS prospective trials.”*** However, advances in treat-
ment delivery and MRI have overcome the technical
difficulties of simultaneously treating >4 BM. Little has been
published on the efficacy of single-fraction, single-isocenter
SRS for multiple BM.

This study provided no evidence that patient survival was
significantly affected by the number of treated metasta-
ses. Although these analyses should be interpreted cautiously
given the study’s lack of power and the number of com-
parisons, the results suggest that volumetric and dose
parameters were associated with survival, including total
PTV, volume of the largest treated lesion, and normal brain
V12Gy. These variables are interrelated and reflect, in
essence, the significance of total intracranial tumor volume
on survival in the setting of SRS treatment. Mean dose was
also associated with improved survival. However, mean dose
is inversely related to tumor volume, and patients with a
higher PTV received lower delivered doses and exhibited
a lower V12. Ultimately, the only factor that was signifi-
cant in the multivariate analysis was total tumor volume.

Previously published results underscored that the number
of intracranial metastases is not a prognostic factor for
survival.”*’ The significant effect of cranial tumor volume
on survival has been demonstrated in both retrospective®
and prospective trials.”*” Bhatnagar et al treated patients
with 4 to 18 BM (median = 5) with SRS, and multivariate
analyses indicated that smaller cranial tumor volume was
associated with improved survival regardless of the number
of tumors.*® Yamamoto et al demonstrated that the diam-
eter of the largest tumor (=1.6 cm) and cumulative tumor

volume (=1.9 mL) were each significant in influencing sur-
vival, whereas a number of tumors greater than 4 was not
significant.”

Lower total lesion volume is associated with improved
SRS response and may also permit higher treatment doses
to each lesion, which is another parameter that is associ-
ated with better survival. As reported in other SRS trials
for 1 to 3 metastases, local control as well as survival are
influenced by the dose to each lesion.® A similar impact
of dose is also seen in this study, where a mean dose of
219 Gy to the entire PTV had a beneficial effect on survival.

Survival was adversely affected by the volume of normal
brain receiving doses higher than 12 Gy. Normal brain ex-
posure in SRS treatments as measured by V12Gy has been
associated with increased toxicity, including radionecrosis
and radiographic changes.”*" To our knowledge, a rela-
tionship between V12Gy and other potential side effects,
such as neurocognitive toxicity and neurologic death, has
not been reported. Similarly, the significance of tumor volume
in survival warrants an analysis of whether patients with
larger-volume BM are more likely to experience neuro-
logic death or whether these patients have a larger burden
of systemic disease that leads to higher mortality rates.

In other trials of patients with multiple BM, median sur-
vival after SRS ranged from 6.2 to 8.6 months.”*"*! Our
median survival was 5.8 months and was not comparable
to these published studies because approximately 60% of
our patients were treated previously with brain radiation
therapy, including SRS and WBRT. With improved che-
motherapy and immunotherapy, patients face the dilemma
of repeat brain radiation with increasing frequency. In pa-
tients who previously received WBRT, salvage SRS is often
optimal for local control of recurrent BM while maximiz-
ing quality of life.

Much has been published about the negative effects of
WBRT."** Most recently, data from the prospective, random-
ized QUARTZ trial indicate that in patients with NSCLC and
BM, WBRT does not improve survival or quality of life when
compared with supportive care alone.” Rather than using
WBRT, patients may receive multiple courses of SRS safely.***
Our results also illustrate that appropriately chosen patients
with multiple metastases may be treated with repeated courses
of SIMT SRS. Factors that determine the decision to use repeat
SRS versus WBRT for salvage include the number of distant
BM, radioresistant histology, time to failure, or previous whole
brain administration. Retreatment for each patient is consid-
ered on a case-by-case basis, but in general, fewer BM,
melanoma or renal cell histology, previous whole brain ad-
ministration, or longer time to failure would support the use
of salvage SRS.

Conclusions

These findings are hypothesis-generating and are limited
by the study sample size, lack of power, number of
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comparisons, and the study’s retrospective and single-
institution nature. To our knowledge, this is the largest
reported experience to examine single-fraction SIMT for
multiple BM. In our experience, this technique is fea-
sible, readily implemented, and well tolerated by patients,
although robust quality assurance and careful correction of
translational/rotational deviations in position are essential.
SIMT is associated with favorable survival in patients with
4 or more BM, particularly when the total metastatic lesion
volume, rather than the number of lesions, is low. A pro-
spective trial examining SIMT in patients with 4 to 10 BM
has been opened to better define its efficacy and effect on
neurocognition (NCT02886572 at clinicaltrials.gov).
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