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Abstract

Purpose The purpose of this study was to retrospectively evaluate the new treatment paradigm of staged stereotactic radiosur-
gery (SRS) for the treatment of large brain metastases (BM) compared to the standard of surgical resection followed by SRS.
Methods We evaluated 78 patients with large BM treated 2012-2017 with surgical resection and postoperative SRS (sur-
gery + SRS) or staged SRS separated by 1 month. Overall survival (OS) was estimated using the Kaplan Meier method and
compared across groups using the log-rank test. Cumulative incidence of neurologic death and local and distant brain failure
(LF, DBF) were estimated using competing risk methodology.

Results Forty patients were treated with surgery + SRS and 38 patients were treated with staged SRS. Median follow-up
was 23.2 months (95% CI20.5-39.3). Median OS was 13.2 months for staged SRS compared to surgery + SRS 9.7 months
(p=0.53). Cumulative incidence of neurologic death at 1 year was 23% after surgery + SRS, 27% after staged SRS (p=0.69);
cumulative incidence of LF at 1 year was 6% and 8% (p=0.65) and 1-year DBF was 59% and 21% (p <0.01). Overall rates
of leptomeningeal failure and radiation necrosis were similar between the groups (p=0.63 and p=1.0).

Conclusions Though surgery and postoperative SRS is the standard, staged SRS represents an attractive treatment paradigm
for treating large BM without sacrificing LC or survival, and potentially decreases DBF. Prospective studies are needed to
validate these findings.

Keywords Large brain metastases - Stereotactic radiosurgery - Surgery and postoperative resection - Overall survival -
Distant brain failure - Leptomeningeal failure - Local control

Introduction

Stereotactic radiosurgery (SRS) has been shown to be an
effective treatment for BM [1]. It has been widely adopted
in clinical practice because it is generally considered to be a
minimally invasive procedure that allows for limited delay
in the initiation of systemic chemotherapy [2] or immuno-
therapy and a reduction in cognitive toxicity compared to
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whole brain radiotherapy (WBRT) [3]. However, the use of
SRS is limited in large BM as larger volumes have decreased
LC rates [4] and an increased risk for toxicity such as radia-
tion necrosis [5]. A commonly practiced standard treatment
for brain tumors greater than 3 cm in maximum diameter is
surgical resection if tumors are in a resectable location and if
the burden of disease, either in the brain or outside of brain,
warrants aggressive treatment [6]. Traditionally, these large
tumors have been treated with surgery and WBRT, possibly
followed by a SRS boost [7, 8].
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Staged radiosurgery is a novel technique for treating larger
BM which utilizes the tendency of BM to decrease in size
soon after radiotherapy. The BM is treated with SRS, time
is allowed for tumor response, and then the lesion is consoli-
dated with a second-stage of SRS. In the time between stages,
inflammation and edema from first stage of treatment may be
allowed to decrease. Recently, both hypofractionated radio-
therapy [9] and staged radiosurgery [10, 11] have emerged as
additional safe and effective treatment options for large BM.
However, the advantage of staged radiosurgery over hypof-
ractionated radiotherapy is an increased biologically effective
dose (BED) [11]. It is unclear whether these options improve
LC or have greater toxicity than surgical resection as the pri-
mary intervention.

Current data supports BM resection followed by radiosur-
gery to the resection cavity as an acceptable standard of care.
In 1998 a randomized trial by Patchell and colleagues demon-
strated that resection alone for BM had poor LC with failure
rates of 46% for resection alone versus 10% for surgery and
WBRT (p<0.001) [12]. Further, the EORTC 22952-26001
trial confirmed the inadequacy of surgery alone for BM, find-
ing recurrence in the surgical cavity of 59% [13]. Concerns
about toxicity of WBRT led a randomized phase 3 trial that
showed potential for improved quality of life and cognition for
patients undergoing postoperative SRS compared to WBRT
[14]. This has led many to accept post-operative SRS for BM
as a reasonable standard of care.

Alternatively, it has been suggested that surgical resec-
tion of BM may increase the risk of intraoperative seeding,
and subsequent leptomeningeal failure [15, 16]. WBRT may
potentially mitigate this risk, while SRS may not; however,
disagreement exists [17].

To our knowledge there are no studies comparing staged
radiosurgery to the current standard of resection followed by
SRS to the resection cavity. As we previously have reported
our series of staged SRS with good outcomes, we have decided
to compare clinical outcomes of staged SRS with a contem-
poraneous cohort of patients treated with surgery followed by
SRS, which can be seen as an acceptable standard of care.
We have chosen LC, DBF, and neurologic death as critical
outcomes to compare between cohorts because surgery has
demonstrated improved LC and fewer neurological deaths for
larger BM over traditional whole brain radiation [18], bringing
into question whether it will maintain that advantage over an
optimized SRS approach. Moreover, it is unclear if postpone-
ment of systemic therapy for wound healing in the surgical
cohort may affect DBF.
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Materials and methods
Data acquisition

This study was approved by the Institutional Review Board
at Wake Forest School of Medicine (IRB00026908). We
retrospectively reviewed our institutional database of
patients with BM treated with Gamma Knife® radiosur-
gery between 2012 and 2017. Eligibility for inclusion in
the surgical cohort were as follows: the patients must have
had craniotomy for resection of a brain metastasis that was
ate least 6 cc in volume followed by cavity-directed SRS
within 30 days. Eligibility for inclusion in the staged SRS
cohort was as follows: patients must have received SRS
directed towards the same lesion separated by 1 month
that was at least 6 cm® in volume. Eligible patients were
identified through the institutional Gamma Knife database.
32 of 38 patients in the staged SRS arm were previously
included our original publication documenting our out-
comes of staged SRS [11]. A single patient from the prior
series was excluded from the present study for not meeting
the volume criteria. Patients in both cohorts were consecu-
tively treated eligible patients.

Electronic medical records were reviewed to deter-
mine patient characteristics such as age, sex, Karnofsky
Performance Status, primary histology and number of
brain lesions. Outcomes such as survival, LC, and radia-
tion necrosis were determined by review of the electronic
medical records.

Radiosurgery technique

Patients were apprised of the risks and benefits of sur-
gery, hypofractionated radiotherapy, and staged SRS.
While hypofractionated radiotherapy is available at our
institution, our institutional bias has been toward staged
radiosurgery because of the higher BED.

Per institutional practice, a patient was considered for
staged SRS if at least one lesion was approximately 6 cm?
in a single fraction and were poor candidates for surgical
resection. Staged SRS technique was previously described
[11], but in short, the dose chosen for initial SRS treat-
ment was based on guidelines published by Shaw et al.
[5]. The prescription doses for the second stage of SRS
was at the discretion of the treating physician, but gener-
ally prescribed such as the sum of the total prescribed to
the margin was equal to 30 Gy. The first and second stages
were separated by approximately 1 month.

For patients receiving SRS to the resection cavity, the
technique was performed and previously described by
Jensen et al. [19]. The radiosurgical dose was prescribed
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to the rim of enhancement around the resection cavity. A
margin around this rim of enhancement was not routinely
applied. Dose selection for cavities was consistent with
NCCTG N107C/CEC-3 guidelines [14].

Response assessment

Post-treatment MRI was performed 6—8 weeks following
initial SRS and then every 3 months thereafter. Volumetric
data were acquired from the GammaPlan treatment plan-
ning system. Each metastasis was manually contoured slice-
by-slice on the T1-axial contrast-enhanced MRI within the
GammaPlan system. The volume of each metastasis was cal-
culated based on these contours. Contoured volumes of the
lesions and cavities treated were acquired at each stage for
staged SRS and volume of the cavity at SRS. Local failure
was defined as a histologically-proven recurrence or a 25%
increase in the size of the enhancing lesion on T1 contrast
axial MRI slice, with a corresponding increase in perfusion
on perfusion-weighted imaging. Distant brain failure was
defined as a new metastasis at a site that was outside of
the radiosurgical treatment volume. Determination of lep-
tomeningeal failure was done in the manner as previously
described by Wang et al. [19, 20]. Clear MRI evidence of
new dural based nodular enhancement that was confirmed by
neuroradiology report, diffuse leptomeningeal enhancement
or positive CSF cytology after treatment with SRS were all
considered leptomeningeal failure.

Neurologic death was defined as previously reported by
McTyre et al. [21]. In brief, patients with progressive neuro-
logic decline at time of death, irrespective of status of their
extracranial disease status, were considered to have died
of neurologic death. In addition, patients with severe neu-
rologic dysfunction who died of intercurrent disease were
also considered to have had neurologic death. Post-treatment
toxicity was defined as per the RTOG CNS toxicity grading
criteria within 90 days of treatment.

An increasing lesion size on follow-up imaging was
evaluated with radiological and/or pathological informa-
tion to differentiate progression from radiation necrosis.
Specifically, stabilization or decrease in size of a previously
enlarged lesion and/or decreased cerebral blood volume on
perfusion MRI was considered to be due to RN. Whereas,
continued lesion enlargement and/or increased cerebral
blood volume was considered to be tumor progression. If
lesion was indeterminate, it was reviewed by a multispe-
cialty brain tumor board for adjudication.

Statistical analysis
Categorical data were described using count (frequency) and

continuous data were summarized using mean (range) for
normally and median (range) for non-normally distributed

variables. Patients were stratified by treatment received
(staged SRS or surgery followed by cavity-directed SRS),
as above. Categorical variables were compared across strata
using the Chi square test and Fisher’s exact test, as appropri-
ate, and continuous variables were compared using the t-test
and the Wilcoxon-Mann-Whitney test for normally and non-
normally-distributed variables, respectively. Time-to-event
data were calculated from the date of first staged procedure
(either SRS or surgery). Follow-up was determined using the
reverse Kaplan—-Meier method. Kaplan—Meier estimates of
overall survival were generated and compared using the log-
rank test. Cumulative incidence rates of local failure, DBF,
and neurologic death were estimated using competing risk
methodology [22]. Competing risk regression modeling was
utilized to estimate the effects of patient/treatment factors
on the hazard of DBF. Findings were determined to be sta-
tistically significant if they reached a p value of <0.05. All
statistical analyses were performed using R version 3.5 (The
R Foundation for Statistical Computing, Vienna, Austria).

Results
Patient characteristics

Patient characteristics are summarized in Table 1. A total of
40 patients with 40 lesions were treated with surgery + SRS
and 38 patients with 45 lesions were treated with staged SRS.
Median follow-up was 23.2 months (95% CI 20.5-39.3).
Median tumor volume for those treated with surgery + SRS
and staged SRS were 14.9 cm? and 13.5 cm?, respectively
(p=0.50). All patients treated with surgery + SRS had one
lesion. Staged SRS was performed on 1 lesion in 33 (87%)
patients, 2 lesions in 3 (8%) of patients, and 3 lesions in 2
(5%) of patients. Median dose to the tumor cavity after surgi-
cal resection was 16.5 Gy (range 9-20). Median minimum
dose for patients treated with staged SRS was 15 Gy (range
9-22) for the first treatment and 13.5 Gy (range 9-18) for
the second. Median reduction in treatment volume was 54%
for surgery + SRS and 36% for staged SRS (p=0.60). Tumor
characteristics are summarized in Table 2.

Disease control and survival

Cumulative incidence of local failure at 1, 2 and 3 years
was 8%, 13%, and 13% after staged SRS and 6%, 14%, and
19% after surgery + SRS (p=0.65, Fig. 1a). Cumulative
incidence of DBF at 1 year was 21% and 59% for staged
SRS and surgery + SRS, respectively (p <0.01, Fig. 1b). On
univariate analysis, the number of staged metastases treated
was associated with DBF (sHR 1.91, 95% CI 1.21-3.00,
p=0.01) while age, gender, primary histology, prior WBRT
and post-treatment chemotherapy were not. In the 14 patients
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Table 1 Patient characteristics

Staged SRS Surgery + GK p-Value
Total 38 40 -
Age [mean (range)] 62 (35-87) 63 (42-95) 0.78
Gender [n (%)]
Female 22 (58) 19 (48) 0.49
Male 16 (42) 21 (53)
KPS [n (%)]
60 5(3) 3(8) 0.67
70 9(24) 14 (35)
80 17 (45) 16 (40)
90 7 (18) 7 (18)
Primary histology [n (%)]
Lung 17 (45) 26 (65) 0.21
Breast 3(8) 3(8
Melanoma 9 (24) 7 (18)
RCC 2(5) 3(8)
Gl 4(11) 0(0)
Other 3(8) 1(3)
Prior WBRT [n (%)] 3(8) 1(3) 0.50
Prior WBRT dose [median (range)] 35 (30-37.5) 25 (25-25) 0.18
Number of Metastases at first stage [median (range)] 2 (1-12) 1(1-1) <0.01
Number of metastases at second stage or post-surgery 1(1-12) 1(1-4) 0.72
[median (range)]
Total staged metastases [n (%)]
1 33 (87) 40 (100) 0.02
2 3(8) 0(0)
3 2(5) 00
Cavity-directed SRS [n (%)]
First stage 11 (29) 0(0) -
Second stage 5(13) 40 (100) <0.01
Table 2 Tumor and treatment characteristics
Staged SRS Surgery + GK p-Value
Tumor volume at first stage [median (range)] 13.5 (6.5-60.9) 14.9 (2.03-125.6) 0.50
Tumor volume at second stage [median (range)] 7.4 (2.1-43.6) 8.3 (0.9-53.1) 0.90
SRS dose at first stage [mean (range)] 15.0 (9.0-22.0) - -
SRS dose at second stage [mean (range)] 13.3(9.0-18.0) 15.5 (9.0-20.0) <0.01
Volume change prior to second stage in % [median (range)] —36 (—85t055) —54 (-89 to 244) 0.60
Brain metastasis location [n (%)]
Cerebellum 11 (24) 8 (20) -
Temporal 3(7) 6 (15) -
Occipital 10 (22) 2(5) -
Parietal 511 9(23) -
Frontal 9 (20) 15 (38) -
Thalamus 3(7) - -
Intraventricular 24) - -
Parasagittal 1(2) - -
Dural 1(2) - -
Post-treatment systemic therapy [n (%)] 10 (26) 7 (18) 0.50
Delay to start of systemic therapy in days [mean (range)] 25 (2-64) 48 (29-67) 0.02
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Fig. 1 Cumulative incidence of local failure (a) and distant brain fail-
ure (b) stratified by treatment paradigm

receiving chemotherapy, time to chemotherapy (in days) was
not associated with DBF (p=0.67). Cumulative incidence of
leptomeningeal failure at 1 year was 6% for surgery + SRS
and 8% for staged SRS (p=0.63). Clinical outcomes are
summarized in Table 3. At the time of this study, 65% of

patients had died. Median overall survival for staged SRS
was 13.2 months compared to 9.7 months for surgery fol-
lowed by SRS (p=0.53, Fig. 2). Cumulative incidence of
neurologic death at 1 year was 27% for staged SRS and 23%
for surgery followed by SRS (p=0.69).

Radiation necrosis and adverse events

For surgery followed by SRS, 15% of patients experienced
RN compared to 13% for staged SRS patients (p=1.0). 3 of
38 patients in the staged SRS group developed Radiation
Therapy Oncology Group grade > 2 toxicity (2 patients had
grade 4 toxicities and 1 had grade 3). One patient with grade
4 toxicity experienced intratumoral hemorrhage in the thala-
mus 4 weeks after this lesion was treated with the second
stage of radiosurgery. The patient presented with foot drop
and expressive aphasia and was hospitalized for 3 days; how-
ever, after a course of steroids, the patient showed significant
improvement in speech and ambulation. The second patient
with grade 3 toxicity had imaging changes suggestive of
expanding necrosis and underwent Laser Interstitial Thermal
Therapy (LITT). The third patient with grade 4 toxicity had
expanding radiation necrosis to the staged treatment area
that required hospitalization and treatment with LITT.
Seven of 40 patients with surgery followed by SRS
experienced Radiation Therapy Oncology group grade >2
toxicity (2 patients had grade 4 and 5 patients had grade 3
toxicity). All five patients who had grade 3 toxicity were
found to have areas of expanding vasogenic edema sugges-
tive of radiation necrosis and treated with LITT therapy. Two
patients had grade 4 toxicity. One patient had right hemi-
spheric focal seizures and was hospitalized for mental status
changes. He was treated with a course of steroids but soon
thereafter put on hospice. The second patient had memory
impairment and seizures that resulted in hospitalization for
a subdural hemorrhage. Subsequently she developed severe

Table 3 Clinical outcomes

Staged SRS Surgery + GK p-Value

1-year CILF (%) 8 6 0.65
1-year CI DBF (%) 21 59 <0.01
1-year CI LMF (%) 8 11 0.63
Radiation necrosis [n (%)] 5(13) 6 (15) 1.00
Overall survival, median (95% CI) 13.2 (5.5-NC) 9.7 (7-26.9) 0.53
Neurologic death (%) 15 (40) 11 (28) 0.38
RTOG toxicity

0 18 (47) 12 (30) 0.37

1 7 (18) 9 (23)

2 10 (26) 12 (30)

3 1(3) 5(13)

4 2(5) 2(5)
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Fig.2 Overall survival stratified by treatment paradigm

gait abnormalities because of a pseudomeningocele and
required shunt placement.

Discussion

Management of patients with large BM can be complicated
by multiple issues including progressive extracranial dis-
ease, BM in high risk surgical locations, or poor patient per-
formance status. Surgery, when feasible, remains a standard
treatment option due to the ability to immediately decom-
press symptoms and decrease edema. A minimally invasive
alternative to surgery such as staged radiosurgery may pro-
vide advantages which include limiting the time to initiation
of systemic therapy, the ability to treat lesions in eloquent
regions, and the provision of a treatment option to patients
who are poor surgical candidates.

Our institutional bias has been to provide staged radio-
surgery for these patients, however, a major competing
technique would be hypofractionated SRS. We feel a pri-
mary advantage of staged radiosurgery is an increased BED
as compared to the hypofractionated approach (75 Gy for
staged radiosurgery versus 48 Gy for hypofractionated
radiotherapy using an o/f=10). While the utilization of a
increased BED will potentially lead to a greater local con-
trol, the risk of radiation necrosis is also likely increased.
Several studies have demonstrated the feasibility of hypof-
ractionated radiotherapy for the treatment of BM. A phase
2 trial by Ernst-Stecken et al. treating 51 patients with 72
BM (median diameter 2.27 cm) with hypofractionated SRS
showed local control of 76% at 12 months [23]. Another
study by Lockney and colleagues found that in 195 patients
with 231 BM treated with hypofractionated SRS had LC
of 83% at 12 months [24]. Prospective studies are needed
to further compare staged SRS and hypofractionated SRS.
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While staged SRS has been reported as feasible, it had
not yet been directly compared to surgical outcomes. In the
present series, patients from the same institution that were
managed with either staged SRS or surgery with postopera-
tive SRS were compared with respect to clinical outcomes.
The cohort reviewed included patients with BM that were
clinically determined to be too large to be sufficiently treated
with single fraction SRS. We aimed to look at five meaning-
ful endpoints: LC, leptomeningeal failure, DBF, neurologic
death, and treatment-related toxicity.

Local control rates for SRS alone in tumors greater than
3 c¢cm have been reported to be as low as 37% [25]. As such,
surgery has been incorporated as a standard treatment for
larger BM. Multiple randomized trials have demonstrated a
LC benefit to surgery + WBRT versus WBRT [18, 26]. How-
ever, because surgical resection of a brain metastasis does
not intend for clear surgical margins, the local recurrence
rate without adjuvant therapy is high [12]. Adjuvant SRS to
the resection cavity has been demonstrated in 2 randomized
trials to be an effective and non-toxic adjuvant therapy for
a resected brain metastasis [14, 27]. Even with combined
surgery and SRS, resection cavities greater than 2.5 cm can
have local recurrence rates as high as 40% at 1 year [28]. In
the present study, there was no statistical difference in the
LC rates between the non-surgical or surgical populations.
Non-surgical LC is similar to that of surgical management,
suggesting that it can be considered a viable alternative in
cases where surgery is not feasible or may place the patient
at higher risk.

Leptomeningeal disease is a known and often devastat-
ing sequela of surgical resection of a brain metastasis. It
is unclear if SRS to the resection cavity (instead of larger
field radiation such as WBRT) may increase the likelihood
of leptomeningeal failure though there are at least reports
that suggest as much [29]. It is also unknown if primary
radiosurgical management could decrease leptomeningeal
dissemination over a surgical approach by decreasing surgi-
cal contamination of the CSF. In the present series, there
was no difference in leptomeningeal failure between the
surgical and non-surgical patients. These data suggest that
leptomeningeal failure may be driven more by the biology
of the patient’s cancer than by the potential surgical seeding
of the cerebral spinal fluid. These results agree with a series
by Huang et al. which suggested that surgical resection was
not a risk factor for leptomeningeal failure after radiosurgery
[15].

In the present series, patients with staged radiosurgery
experienced a lower likelihood of DBF than patients in
the surgical cohort. One possible explanation for this is
that surgery can potentially interrupt or delay the delivery
of systemic treatment to allow for wound healing postop-
eratively. Multiple series have demonstrated that SRS can
safely be delivered concurrently with systemic therapy [2,
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30]. With control of systemic disease having been closely
linked to later development of new BM [31], the lack of
interruption of systemic therapy may have led to greater
distant brain control. A series from Shen et al. from John
Hopkins suggested that patients receiving early systemic
therapy (without delay of SRS) had better clinical out-
comes compared to those delaying their systemic therapy
[2].

Patients with larger BM are at increased risk of dying
from neurologic causes [32]. In modern brain metasta-
ses series, the likelihood of dying of neurologic death is
approximately 20% [13]. The risk of neurologic death
from BM is generally mediated by a combination of the
degree to which BM affect performance status and cogni-
tive function [13, 33], and certainly rises in the setting of
inability to control intracranial disease [34]. In the pre-
sent series, there was no difference in neurologic death
rate between the surgical and non-surgical populations.
This is an important finding because neurologic death is a
potential benchmark by which one can measure success of
brain metastasis-directed therapies. Prior series comparing
surgical and non-surgical management of BM have tradi-
tionally shown that surgery can decrease neurologic death
compared to SRS alone for larger BM [18].

There are several limitations to the present study. As a
retrospective review, it is subject to patient selection biases
including patient preferences, severity of clinical condi-
tion, and tumor characteristics and location. These biases
could have bearing on the outcomes, particularly survival,
of this study. Patients with severe symptoms or significant
edema were likely to have been triaged towards surgery
given the ability of surgery to alleviate symptoms of mass
effect. There was also a difference in the number of BM
treated in each group; however, Baschnagel et al. showed
that overall BM tumor volume may be a better predic-
tor of clinical outcomes than the number of BM [35] and
our study had no significant difference in volume between
groups (p=0.5). In addition, it is possible that given the
small number of local failure events and the limited patient
numbers that the present study did not have adequate
power to detect differences in LC. However, the fact that
there were not large differences in either neurologic death
or LC in this series is significant as it re-affirms the pos-
sibility that staged SRS is a viable alternative to surgical
management in properly selected patients with larger BM.
The present study, unlike previous studies of staged SRS
where there was no comparator cohort, does compare out-
comes to a cohort at the same institution where patients
and the multi-disciplinary management team had a surgi-
cal option [10, 11]. Prospective studies would necessary
to validate the findings in the present study.
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