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BACKGROUND: The role of stereotactic radiosurgery (SRS) for recurrent glioblastoma and
the radionecrosis risk in this setting remain unclear.
OBJECTIVE: To perform a large retrospective study to help inform proper indications,
efficacy, and anticipated complications of SRS for recurrent glioblastoma.
METHODS: We retrospectively analyzed patients who underwent Gamma Knife SRS
between 1991 and 2013. We used the partitioning deletion/substitution/addition algorithm
to identify potential predictor covariate cut points and Kaplan-Meier and proportional
hazards modeling to identify factors associated with post-SRS and postdiagnosis survival.
RESULTS: One hundred seventy-four glioblastoma patients (median age, 54.1 years)
underwent SRS a median of 8.7 months after initial diagnosis. Seventy-five percent had 1
treatment target (range, 1-6), and median target volume and prescriptions were 7.0 cm3

(range, 0.3-39.0 cm3) and 16.0 Gy (range, 10-22 Gy), respectively. Median overall survival
was 10.6 months after SRS and 19.1 months after diagnosis. Kaplan-Meier and multi-
variable modeling revealed that younger age at SRS, higher prescription dose, and longer
interval between original surgery and SRS are significantly associatedwith improved post-
SRS survival. Forty-six patients (26%) underwent salvage craniotomy after SRS, with 63%
showing radionecrosis or mixed tumor/necrosis vs 35% showing purely recurrent tumor.
The necrosis/mixed group had lowermean isodose prescription comparedwith the tumor
group (16.2 vs 17.8 Gy; P = .003) and larger mean treatment volume (10.0 vs 5.4 cm3; P =
.009).
CONCLUSION:GammaKnifemaybenefit a subset of focally recurrent patients, particularly
those who are younger with smaller recurrences. Higher prescriptions are associated with
improvedpost-SRS survival anddonot seemtohavegreater risk of symptomatic treatment
effect.
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S urgery, temozolomide, and fractionated
radiotherapy are standards of care for
newly diagnosed glioblastoma;1 how-

ever, the approach for recurrence is consid-
erably more heterogeneous.2 Options include
repeat surgery,3-9 chemotherapy (eg, temozolo-
mide,10-18 irinotecan,19 or nitrosoureas20),

ABBREVIATIONS: EBRT, external beam
radiotherapy; GK, Gamma Knife; OS, overall
survival; partDSA, partitioning deletion/ substi-
tution/addition; SRS, stereotactic radiosurgery

bevacizumab,21,22 experimental agents, or reirra-
diation.23 Numerous reirradiation strategies
exist, including conventional fractionated
external beam radiotherapy (EBRT),24,25
fractionated stereotactic radiotherapy,23,26
hypofractionated stereotactic radiotherapy,27
high-dose-rate brachytherapy,28-30 low-dose-rate
brachytherapy,31-33 or single-fraction stereotactic
radiosurgery (SRS). Despite numerous options,
median survival after recurrence remains poor at
9 to 20 months.34

Single-fraction SRS has been considered for
recurrent glioblastoma for >2 decades. Because
histopathological analysis reveals diffuse tumor
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spread, critics argue that spatially targeted treatments like SRS
are suboptimal. However, most patients progress within a few
centimeters of the primary tumor site,4,35-39 so SRS might be
sufficient for focal recurrences. One SRS modality, Gamma
Knife (GK; Elekta, Stockholm, Sweden), has seen diverse use
for glioblastoma, including as monotherapy, in combination with
chemotherapy (eg, Park et al40), for newly diagnosed disease (eg,
Nwokedi et al41), and for recurrence.

The literature supporting GK for glioblastoma is complex
and evolving.42 Retrospective series report conflicting results
regarding the efficacy of adding SRS to conventional radiation,
but randomized trials have shown no clear benefit to dose
escalation or boosts.41,43 Specifically, the only randomized phase
III glioblastoma trial investigating GK (RTOG 93-05) found no
benefit of an initial SRS boost before standard fractionated radio-
therapy plus carmustine after initial resection vs conventional
radiotherapy and carmustine alone.44,45 However, RTOG 93-05
patients were not treated with temozolomide, affecting contem-
porary applicability.
Use of single-fraction SRS for select glioblastoma recurrences

seems promising; however, there is no consensus recommen-
dation. We sought to contribute by analyzing our treatment
experience over 20 years. Our main objectives were to summarize
outcomes, to clarify target patients, and to better understand
radionecrosis risk.

METHODS

We retrospectively reviewed patients who underwent GK for recurrent
glioblastoma at our center between 1991 and 2013. Our center used the
Leksell Gamma Knife 4C machine (Elekta) between 1991 and 2007 and
the Leksell Gamma Knife Perfexion model after 2007. This study was
approved by our Committee for Human Research.

We included patients with pathologically confirmed
glioblastoma/gliosarcoma who received comprehensive or radiosur-
gical care at our institution. Our center had no standardized GK
patient selection criteria except for some trial participants.46 SRS was
recommended by a multidisciplinary neuro-oncology tumor board.
For patients with multiple targets treated in the same GK session, we
focused on parameters from the largest volumetric lesion. We focused
on patients’ first GK session.

To assess radionecrosis risk, we identified patients who underwent
post-GK salvage craniotomy. These patients were divided into 2 cohorts
depending on whether post-GK pathology revealed necrosis or tumor
recurrence.

Radiosurgical Technique
Patients are fitted with a stereotactic head frame before 1.5-Tmagnetic

resonance imaging (MRI) acquisition with intravenous gadolinium
contrast. Treatment plans are prepared jointly by a neurosurgeon and a
radiation oncologist with target volumes based largely on the T1 postcon-
trast sequence. Fluid-attenuated inversion-recovery sequences are used
to demarcate the full extent of tumor cellularity when T1 imaging is
insufficient. No additional margin is added. Targets were prescribed
marginal doses of 10 to 22 Gy on the basis of institutional protocol to
minimize potential adverse radiation effect, adopted from brain metas-

tasis treatment, with decreasing dose used as an inverse square function
of increasing target volume. Dose planning was performed with multiple
isocenters to maximize dose-gradient index.

Statistics
Primary end points were overall survival (OS) after initial glioblastoma

diagnosis and OS from date of the first GK procedure. Given the
radiographic challenge of distinguishing progression from radionecrosis,
particularly in early post-GK serial imaging, we did not specifically
analyze time to disease progression to minimize interpretation bias. To
calculate OS, patients were censored at the last date of follow-up if they
were alive or could not be definitively identified in the Death Index.
Patients were included regardless of follow-up because a Social Security
Death Index was used. Median OS was estimated with Kaplan-Meier
methods.

We used the log-rank test and univariate proportional hazards
modeling to assess the impact of various covariates on OS, including
demographics (sex, age), pre-GK treatment specifics (surgical resection
extent, multiple craniotomies, surgery-to-GK interval, upfront
chemotherapy), and GK treatment parameters (number of targets,
treatment volume, marginal dose, concurrent/adjuvant chemotherapy).
The partitioning deletion/substitution/addition (partDSA) algorithm
for creating survival risk groups47 was used for continuous covariates to
identify specific categorical cut points for OS hazard analysis to help
clarify the target patient profile for this intervention. These cut points
were assessed for association with OS with the use of log-rank and
proportional hazards. All proportional hazard models were assessed for
validity according to weighted residual assumptions.48 All covariates
were initially assessed in our multivariable model and then removed via
a stepwise variable selection process if they failed to achieve a value of
P < .1.

Clinical and treatment differences between the salvage craniotomy
cohorts (eg, radionecrosis vs tumor) were evaluated with the Student
2-tailed t test for continuous variables or the χ 2 for categorical
variables. The threshold of significance was P < .05. We used GraphPad
Prism (GraphPad, La Jolla, CA), SPSS (IBM, Armonk, NY), and R
(http://www.R-project.org).

RESULTS

Patient Demographics and Pre-GK Treatment
We analyzed 174 patients (59% male; Table 1). Histopatho-

logically, 162 patients (93%) had glioblastoma and 12 patients
(7%) had gliosarcoma.Median age at GKwas 54.1 years (women,
52.7 years; men, 54.8 years) with a range of 21.8 to 85.3 years.
Extent of initial resection as determined by postoperative MRI
was gross total resection for 37%, near-total resection for 6%,
subtotal resection for 40%, and biopsy for 11%. Surgical extent
was unavailable for 6%. Sixty-three patients (36%) had multiple
pre-GK craniotomies.
One hundred seventy-one patients (98%) received EBRT

before GK with a median dose of 60 Gy (range, 40-72 Gy);
1 patient had distant EBRT for optic nerve glioma; 1 patient
had brachytherapy but no EBRT; and radiotherapy history was
unavailable for 1 patient. Twenty-seven patients (16%) had
intracranial iodine-125 brachytherapy before GK.
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TABLE 1. Demographic and Clinical Criteriaa

Patients, n 174
Male, n (%) 102 (59)
Histopathological diagnosis, n (%)
Glioblastoma 162 (93)
Gliosarcoma 12 (7)

Age at GK procedure, y
Median for full cohort 54.1
Range for full cohort 21.8-85.3
Median for men 54.8
Median for women 52.7

Extent of first surgical procedure, n (%)
Biopsy 19 (11)
Subtotal 69 (40)
Near total 10 (6)
Gross total 65 (37)
Not available 11 (6)

Prior intracranial brachytherapy, n (%) 27 (16)
Upfront chemotherapy regimen, n (%)
Regimen contained temozolomide 48 (28)
Regimen did not contain temozolomide 23 (13)
No upfront chemotherapy 51 (29)
Upfront chemotherapy history not available 52 (30)

GK characteristics
Duration of time between initial diagnosis and GK
(median), mo

8.7

Single lesion targeted with GK, n (%) 131 (75)
Multiple lesions targeted with GK, n (%) 43 (25)
GK total treatment volume, cm3

Median volume 7.0
Minimum volume 0.3
Maximum volume 39

GK prescription dose, Gy
Medianmarginal prescription dose 16
Minimummarginal prescription dose 10
Maximummarginal prescription dose 22

Concurrent/adjuvant chemotherapy with GK, n (%)
Received concurrent or adjuvant chemotherapy 77 (44)
Did not receive concurrent/adjuvant chemo 46 (26)
Adjuvant chemotherapy history not available 51 (29)

aGK, Gamma Knife.

Upfront chemotherapy history was available for 70% of
our cohort. Of these patients, 39% received temozolomide or
temozolomide-containing regimens, 19% received chemotherapy
with nontemozolomide regimens, and 42% received no upfront
chemotherapy.

GK Treatment
Patients received single-session GK SRS a median of

8.7 months (range, 0.4-195.8 months) after diagnosis. One
hundred thirty-one patients (75%) had 1 GK target, and 43
(25%) had multiple concurrent lesions (range, 2-6). Median total
GK treatment volume was 7.0 cm3 (range, 0.3-39 cm3). Median

marginal prescription dose was 16 Gy (range, 10-22 Gy) for the
entire treatment volume (if single target) or the largest lesion (if
multiple targets). Prescriptions were available for approximately
60% of patients, and of this group, 83% were prescribed to
the 50% isodose line (range, 25%-60%). Figure 1 shows the
relationship of the treatment volume compared with its marginal
dose (Figure 1A) and estimated maximal dose (Figure 1B).
We reviewed chemotherapy records for 123 patients (71% of

cohort); the remainder were unavailable because they were in
destroyed paper charts. Of this subgroup with available records,
77 patients (63%) received concurrent/adjuvant chemotherapy
with GK. There was significant heterogeneity; common agents
included temozolomide (n = 20), CCNU (n = 13), BCNU
(n = 11), and thalidomide (n = 10). Three patients received
bevacizumab as additional adjuvant therapy.

Post-GK Outcomes
Median follow-up (for posttreatment imaging or clinic visit)

was 8.7 months (range, 0-120.1 months) after GK and
19.1 months after diagnosis (range, 2.3-206.2 months). Nine
patients (5%) were lost to follow-up immediately after GK,
but death dates were obtained. Death dates were available for
94% of patients at the time of analysis. Estimated median
OS was 10.6 months (range, 1.4-157.6 months) after GK and
21.1 months (range, 3.8-206.2 months) after diagnosis. For
gliosarcoma patients, estimatedmedianOSwas 10.8months after
GK and 22.6 months after diagnosis.
PartDSA was used for several continuous variables to identify

numerical cut points with maximal chance for significance in
subsequent hazard analysis to create high- and low-risk subgroups.
Table 2 shows partDSA cut points for both outcomes. For 2
variables (surgery-to-GK interval and GK treatment volume), we
identified 2 cut points.
The partDSA-determined cut points and the categorical

variables were then evaluated for association with post-GK OS.
We evaluated the impact of the surgery-to-GK time interval
(Figure 2A) and found that the longest interval (>20.2 months)
had the best OS (median OS, 15.1 months). The poorest survival
was a small subcohort of patients (n = 20) who underwent GK
roughly 15 to 20 months after surgery (median OS, 8.3 months).
The patients with the shortest interval had intermediate OS
(median OS, 9.7 months), and subcohort differences were highly
significant (P = .001 by log-rank test).

Patient age is significantly associated with post-GK outcomes
(Figure 2B). Specifically, median OS for younger patients (age
≤53.7 years) is 11.5 months vs 9.6 months (P = .04) for older
patients. Patients prescribed a higher marginal dose of >15.5 Gy
(Figure 2C) had improved post-GK OS (11.5 vs 8.7 months; P
= .001). Differences in other clinical and treatment variables did
not significantly affect OS.
All potential covariates, including the risk groups identified

by partDSA, were further analyzed in univariate proportional
hazard models for post-GK OS (Table 3) and postdiagnosis OS
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FIGURE 1. Distribution of A marginal Gamma Knife (GK) dose and B maximal GK dose (Dmax) vs total GK treatment
volume.

TABLE 2. Results of the Partitioning Deletion/Substitution/Addition Algorithm to Identify Potential Categorical Variable Risk Cut Points for
Subsequent Hazard Analysisa

Cut Points Established by partDSA Algorithm

OS From First OS From Initial
Continuous Covariate Cohort Median Cohort Range GK Procedure Glioblastoma Diagnosis

Age at first GK procedure, y 54.1 21.8-85.3 53.7 45.4
Duration between first surgery and first GK
procedure, mo

8.7 0.4-195.8 14.8, 20.3b 10.3, 20.3b

GK treatment volume, cm3 7.2 0.3-39.0 5.1, 5.8b 6.2, 11.4b

GKmarginal dose, Gy 16 10-22 15.5 17.5

aGK, Gamma Knife; OS, overall survival; partDSA, partitioning deletion/substitution/addition.
bPartDSA analysis identified 2 analytical cut points.

(Table 4). Note that for postdiagnosis OS, several models did not
meet our proportional hazard assumptions, and results are not
reported. Again, patients with the longest surgery-to-GK interval
(>20.2 months) had improved postprocedural survival (hazard
ratio = 0.51; P = .003) compared with the shortest interval.
Younger age was associated with significantly improved post-
GK and postdiagnosis OS. Patents with increased marginal dose
(>15.5 Gy) also had improved outcomes.
Age at diagnosis was linearly correlated with age at GK,

so only the categorical age-at-GK partDSA cut points were
included for multivariable hazards modeling. All 3 covariates that
achieved univariate significance remained significant in multi-
variable modeling for post-GK OS (Table 5), except for the
small cohort with intermediate surgery-to-GK interval. Our
multivariable model for postdiagnosis OS failed to meet the
proportional hazard validity assumptions, so no results are
reported.

Post-GK Salvage Craniotomy
After GK, 46 patients (26.4%) underwent craniotomy at

our center for recurrence or symptomatic radionecrosis. Median
GK-to-salvage surgery interval was 6.6 months (range, 1.1-
83.6 months). Histopathological assessment of the 46 salvage
craniotomy patients revealed that 16 (35%) had purely recurrent
glioblastoma, 23 (50%) had tumor plus necrosis, 6 (13%) had
only necrosis, and 1 had indeterminate pathology. We created 2
subcohorts of patients: those with recurrent glioblastoma (tumor
cohort, n= 16) and those found to have tumor plus radionecrosis
or only radionecrosis (necrosis cohort, n = 29).

We compared multiple demographic and treatment parameters
between the 2 post-GK craniotomy cohorts (Table 6). Compared
with the necrosis cohort, patients in the tumor cohort had smaller
mean treatment volumes (5.4 vs 10.0 cm3; P = .009) and higher
mean marginal doses (17.8 vs 16.2 Gy; P = .003). There was no
significant difference in OS.
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FIGURE 2. Kaplan-Meier OS estimates with a median follow-up time of 8.7 months after Gamma Knife (GK) with various subgroups, including A duration between
initial pathological diagnosis and first GK session, B age at first GK session, and C marginal dose of the largest treated lesion.

TABLE 3. Univariate Cox Proportional Hazards for Overall Survival From the Time of the Gamma Knife Procedurea

Hazard Ratio
Clinical Parameter n (95% Confidence Interval) P

Male sex (vs female) 174 0.84 (0.61-1.15) .27
Gliosarcoma (vs glioblastoma) 174 0.85 (0.45-1.62) .62
Age at glioblastoma diagnosis 174 1.02 (1.01-1.03) .005
Extent of first surgical resection (vs gross total resection)
Gross total 65 1.00 Referent
Near total 10 0.80 (0.38-1.81) .64
Subtotal 69 0.99 (0.70-1.41) .97
Biopsy 19 1.42 (0.84-2.39) .19

Multiple pre-GK craniotomies 174 1.23 (0.89-1.70) .21
Concurrent chemotherapy with initial fractionated radiotherapy 122
No chemotherapy with initial radiotherapy 51 1.00 Referent
Chemotherapy with initial radiotherapy 71 0.77 (0.59-1.01) .06

Time from initial surgery to GK, mo
Continuous variable 174 0.99 (0.98-1.00) .07
≤14.8 127 1.00 Referent
14.8-20.2 (vs ≤14.8) 20 1.66 (1.03-2.68) .004
>20.2 (vs ≤14.8) 27 0.51 (0.32-0.79) .003

Age at GK procedure, y
Continuous variable 174 1.02 (1.01-1.03) .007
≤53.7 85 1.00 Referent
>53.7 89 1.54 (1.13-2.11) .007

Multiple GK treatment targets (vs single lesion) 174 1.23 (0.89-1.70) .21
Total treatment volume, cm3

Continuous variable 167 1.02 (1.00-1.04) .11
≤5.10 64 1.00 Referent
5.10-5.77 (vs ≤5.10) 6 0.33 (0.12-0.92) .03
>5.77 (vs ≤5.10) 97 1.24 (0.90-1.72) .19

Marginal treatment prescription dose, Gy
Continuous variable 172 0.89 (0.82-0.96) .002
≤15.5 56 1.00 Referent
>15.5 (vs ≤15.5) 116 0.57 (0.41-0.80) .001

Concurrent or adjuvant chemotherapy 123
No chemotherapy after GK 46 1.00 Referent
Concurrent/adjuvant chemotherapy 77 0.85 (0.58-1.25) .42

aGK, Gamma Knife.
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TABLE 4. Univariate Cox Proportional Hazards for Overall Survival From the Time of Glioblastoma Diagnosisa

Hazard Ratio
Clinical Parameter n (95% Confidence Interval) P

Male sex (vs female) 174 0.93 (0.67-1.27) .63
Gliosarcoma (vs glioblastoma) 174 0.84 (0.44-1.60) .60
Age at glioblastoma diagnosis 174 1.03 (1.02-1.04) <.001
Extent of first surgical resection (vs gross total resection)
Gross total 65 1.00 Referent
Near total 10 1.18 (0.54-2.59) .68
Subtotal 69 1.00 (0.70-1.41) .98
Biopsy 19 1.50 (0.89-2.53) .12

Multiple pre-GK craniotomies 174 0.78 (0.57-1.08) .13
Concurrent chemotherapy with initial fractionated radiotherapyb — —
Time from initial surgery to GKb — —
Age at GK procedure, y
Continuous variable 174 1.029 (1.016-1.042) <.001
≤45.4 43 1.00 Referent
>45.4 131 2.33 (1.60-3.40) <.001

Multiple GK treatment targets (vs single lesion)b — —
Total treatment volume, cm3

Continuous variable 167 1.02 (1.00-1.04) .11
≤6.20 76 1.00 Referent
6.20-11.40 (vs ≤6.20) 42 1.67 (1.12-2.49) .01
>11.40 (vs ≤6.20) 49 1.06 (0.74-1.50) .76

Marginal treatment prescription dose, Gy
Continuous variable 172 0.93 (0.87-1.00) .04
≤17.5 124 1.00 Referent
>17.5 (vs ≤17.5) 48 0.65 (0.46-0.92) .02

Concurrent or adjuvant chemotherapyb — —

aGK, Gamma Knife.
bCovariate failed to meet the a priori proportional hazard assumption for the model per Grambsch and Therneau,48 so results are not reported.

TABLE 5. Multivariate Cox Proportional HazardsModel Results for
Overall Survival After the Gamma Knife Procedurea

Hazard Ratio
(95% Confidence

Clinical Parameter (n= 172)* Interval) P

Time from initial surgery to GK, mo
14.8-20.3 (vs ≤14.8) 1.55 (0.96-2.51) .07
>20.3 (vs ≤14.8) 0.57 (0.36-0.90) .02

Age at GK, y
>53.7 (vs ≤53.7) 1.49 (1.09-2.05) .01

Margin treatment prescription dose, Gy
>15.5 (vs ≤15.5) 0.57 (0.41-0.80) .001

aGK, Gamma Knife.

DISCUSSION

Role of SRS for Recurrent Glioblastoma
Management of recurrent glioblastoma remains challenging,

and decision making is highly individualized. Highly conformal

approaches like SRS have been explored because most patients
will develop recurrence proximal to the original tumor. Recent
glioblastoma practice guidelines stated that Level III data support
all reirradiation modalities, including SRS, for recurrence, but
specific patients likely to benefit remain undefined.49 To the best
of our knowledge, this report from >20 years of institutional
experience is the largest single-institution retrospective series of
single-fraction SRS for recurrent glioblastoma.
We report post-GK OS of 10.6 months and postdiagnosis OS

of 19.1 months. These data are consistent with outcomes from
growing literature (Table 7) that tends to conclude that GK is
safe and modestly effective for recurrent disease.72,73 Across these
series, median post-GK OS ranges from 3.9 to 30 months;53,65
however, most report a median OS of 9 to 13 months.

Identifying SRS Candidates
We show that younger GK patients had significantly improved

survival, consistent with other reports.65,70 Younger patients
may have improved procedural tolerance, but they also have
better glioblastoma prognosis, making the assessment of true
GK treatment impact challenging. However, age independently
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TABLE 6. Clinical Comparison Between Patients Undergoing Post–
Gamma Knife Salvage Craniotomya

Tumor Necrosis
Group Group

Clinical Criteria (n= 16) (n= 29) P

Mean duration of time between
glioblastoma diagnosis and GK,
mo

24.2 12.6 .07

Mean age at time of GK, y 48.1 47.5 .86
Mean total GK treatment volume,
cm3

5.4 10.0 .009

Mean prescription GK treatment
dose, Gy

17.8 16.2 .003

Mean maximum GK dose, Gy 34.4 35.1 .77
Mean OS, mo 33.2 30.5 .81

aGK, Gamma Knife; OS, overall survival.

predicted improved post-GK survival on multivariable modeling,
which suggests that younger patients may be better candi-
dates. Univariate modeling also showed that patients with higher
marginal doses had improved post-GKOS. Patients who received
higher GK doses likely had smaller recurrences; therefore, their
improved survival is unsurprising.
However, the impact of treatment volume on OS was insignif-

icant. We performed sensitivity testing with various size cutoffs
but were unable to identify a threshold for significantly poorer
outcomes. Numerous reports50,59,63,70,74 assert that SRS may
be most suitable for small, focal, or nodular glioblastoma recur-
rences. Specifically, a large recent study found post-SRS OS to
be significantly better for patients with <14 cm3 of treatment
volume.70 Despite our findings, emerging consensus is that larger
treatment targets pose greater risk.
We also report a significant association between the surgery-to-

GK interval and post-GK OS. Patients with the longest intervals
(>20.2 months) had improved survival that was significant in
univariate and multivariable modeling. These patients may have
more indolent disease with slower-growing recurrences. Interest-
ingly, there was also a small subcohort who underwent GK 15
to 20 months after initial surgery who had significantly poorer
survival than patients with the shortest intervals. This seems
counterintuitive because patients with shorter durations might
have residual disease or more aggressive tumors. We did not
identify any significant differences in demographic or treatment
characteristics between this small subcohort and the other 2
subcohorts, so it is difficult to comment on the generalizability
of this finding.
One strength of our large cohort is our ability to confirm previ-

ously reported observations. We feel that there is now a growing

body of evidence to suggest that SRS may offer salvage outcomes
similar to those of reoperation plus chemotherapy7 or more novel
approaches such as stereotactic laser interstitial thermal therapy.75
Compared with laser interstitial thermal therapy, GK may offer
the additional benefits of less invasiveness and potential for larger
treatment volumes.
Selecting appropriate GK patients remains challenging. We

advise repeat surgical resection if the patient has adequate perfor-
mance status, and we feel that >80% resection can be achieved,
given data that suggest that this is the OS advantage threshold.76
If the patient is nonoperative, we use MRI to assess whether the
recurrence is focal or diffuse. MR spectroscopy is used only if
there is conflicting opinion as to whether imaging reflects recur-
rence or treatment effect. Patients with diffuse disease are offered
systemic chemotherapy, in a trial if possible. If patients have small
recurrences (typically <5 cm3), particularly nodular/focal deep
tumors, we consider GK or convection-enhanced delivery trials.
Our study suggests that it may be beneficial to consider GK for
younger patients with small, delayed recurrences.
Many groups conclude that chemotherapy is a valuable

adjunctive to GK; however, it has rarely been significantly
associated with improved OS in multivariable models. We also
did not find a significant correlation, and our institution does
not have a standardized approach. A small retrospective review of
patients who received bevacizumab after GK reported a median
OS of 18 months.40 Compared with matched historical controls
who did not receive bevacizumab, the bevacizumab arm had
significantly improved progression-free survival and OS. Adding
bevacizumab also increased OS in a hypofractionated stereotactic
regimen.77 Thus, bevacizumab may be a valuable adjuvant to
SRS. In our cohort, no patients received concurrent bevacizumab,
but some received it for additional salvage treatment. Another
proposal to increase the efficacy of GK is extended treatment field.
Koga et al67 reported that adding a 0.5- to 1-cm margin to SRS
planning for small recurrent lesions was superior to conventional
SRS for local control but had no impact on survival.

Risks of Post-SRS Necrosis
Another objective was to clarify postprocedural radionecrosis

risk. We focused on patients whose necrosis warranted reresection
because these patients either were symptomatic or had imaging
concerning for recurrence. Twenty-six percent of patients had
post-GK salvage craniotomy, most with some pathological
evidence of necrosis. Given that most patients receive full neuro-
surgical care at our institution, our data suggest that the estimated
rate of symptomatic necrosis requiring surgery after GK is 15% to
25%. Compared with patients with post-GK tumor recurrence,
those with radionecrosis had larger treatment volumes and lower
marginal doses. Our finding of larger radiation fields as a necrosis
risk factor is consistent with prior observations.78 Patients with
radionecrosis had a shorter mean interval between their original
radiotherapy and GK.
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Evaluating asymptomatic necrosis was challenging because
MRI was often equivocal. One group estimates that normal
brain becomes necrotic after a normalized cumulative dose
of approximately 100 Gy.79 SRS is theoretically preferable to
repeat EBRT because of the high conformality with limited
dose to surrounding structures.80 Nevertheless, GK patients
remain at risk for symptomatic treatment effect. In 1 series of
patients with glioma (57% glioblastoma) receiving SRS after
standard fractionated radiotherapy, radiation necrosis occurred in
24.4%.59
Adjuvant bevacizumab may reduce the development of SRS-

associated radionecrosis, with 1 study reporting a 46% to 9%
risk reduction.40 This mirrors the experience of Boothe et al81
treating brain metastases in which bevacizumab reduced steroid
requirements and stabilized/improved clinical symptoms of SRS-
associated radionecrosis. At present, the radioprotective charac-
teristics of bevacizumab are intriguing, but more prospective
evidence is needed.

Limitations
This retrospective study has limitations, including selection

bias because SRS is offered to patients with higher performance
status and inherent propensity for longer survival. Furthermore,
because of the conformal nature of SRS, smaller recurrences were
more likely to be considered. Many cohort patients had “nodular
enhancement” on pre-SRSMRI, and the natural history of diffuse
recurrences may be inherently worse. Except for some patients
embedded in our series who were part of a protocoled trial,46
there were no strict patient selection criteria. As described, this
series included a heterogeneous population, and some patients
had several therapies, including systemic chemotherapy, before
receiving SRS. Many patients also received additional salvage
therapies after their GK. It would be incorrect to attribute
the full survival benefit to GK alone. Finally, molecular/genetic
biomarkers were unavailable for most patients; therefore, it is
possible that some outcome variance is due to inherent tumor
biology differences. We feel our cohort is generalizable because
it mirrors the significant heterogeneity present in the current
management of glioblastoma.

CONCLUSION

Single-fraction SRS may be appropriate for select glioblastoma
recurrences. Many patients can anticipate post-GK survival of
about 1 year, which is consistent with or superior to other contem-
porary therapeutic options. In the absence of randomized data,
we assert that the modality may be best for younger patients with
delayed recurrences or small, focal tumors or patients for whom
surgery or clinical trials are contraindicated. Our data suggest that
if a patient’s recurrent tumor burden is small and the patient can
tolerate a higher SRS marginal prescription dose, the patient has
the best chances of improved OS. All patients must be counseled
on the 15% to 25% radionecrosis risk.
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