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Abstract Outcomes after bevacizumab failure for recur-
rent glioblastoma (GBM) are poor. Our analysis of 16 phase
Il trials (n = 995) revealed a median overall survival (OS) of
3.8 months (+1.0 month SD) after bevacizumab failure with
no discernible activity of salvage chemotherapy. Thus, the
optimal treatment for disease progression after bevacizumab
has yet to be elucidated. This study evaluated the efficacy of
reirradiation for patients with GBM after progression on
bevacizumab. An IRB approved retrospective (2/2008-5/
2013) analysis was performed of 23 patients with recurrent
GBM (after standard radiotherapy/temozolomide) treated
with bevacizumab (10 mg/kg) every 2 weeks until pro-
gression (median age 53 years; median KPS 80; median
progression free survival on bevacizumab 3.7 months).
Within 7-14 days of progression on bevacizumab, patients
initiated reirradiation to a dose of 54 Gy in 27 fractions using
pulsed-reduced dose rate (PRDR) radiotherapy. The median
planning target volume was 424 cm”. At the start of reirra-
diation, bevacizumab (10 mg/kg) was given every 4 weeks
for two additional cycles. The median OS and 6 month OS
after bevacizumab failure was 6.9 months and 65 %,
respectively. Reirradiation was well tolerated with no
symptomatic grade 3—4 toxicities. Favorable outcomes of
reirradiation after bevacizumab failure in patients with
recurrent GBM suggest its role as a treatment option for large
volume recurrences not amenable to stereotactic
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radiosurgery. As PRDR is easily accomplished from a
technological standpoint, we are in the process of expanding
this approach to a multi-institutional cooperative group trial.
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Introduction

The treatment options for recurrent glioblastoma (GBM)
remain limited. As vascular endothelial growth factor
(VEGF) is highly expressed in GBM cells and the degree of
overexpression is predictive of survival [1], VEGF has been
a logical therapeutic target. Relative to this, bevacizumab (a
humanized monoclonal antibody that targets VEGF)
received accelerated US Food and Drug Administration
approval in 2009 based on two separate phase II trials:
AVF3708g and NCI 06C0064E. AVF3708g randomized
patients to bevacizumab alone or in combination with iri-
notecan and reported a progression free survival (PFS) of
4.2 and 5.6 months and a median overall survival (OS) after
bevacizumab progression of 5.0 and 3.1 months, respec-
tively [2]. NCI 06C0064E reported a PFS of 3.7 months and
a median OS after bevacizumab progression of 3.5 months
[3]. These data, compared to historical controls, suggested
the possibility of a modest improvement in survival.
Interestingly, it became clear to the neuro-oncology
community that patients who had progressed following
bevacizumab therapy tended to be refractory to further
therapeutic interventions. In this respect, our review of the
literature (Table 1) identified 16 phase II trials (n = 995)
that investigated the efficacy of bevacizumab with or
without additional chemotherapy after initial bevacizumab
failure [2—17]. Our analysis demonstrated a median OS of
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Table 1 Literature review of bevacizumab (BEV) in recurrent glioblastoma

Study N Agents Median PFS Median OS after
on BEV BEV progression
Vredenburgh [15]* 35 Bevacizumab + irinotecan 5.6 4.2
Friedman [2]*° 85 Bevacizumab 4.2 5.0
82 Bevacizumab + irinotecan 5.6 3.1
Kreisl [3]*° 48 Bevacizumab 3.7 3.5
Sathornsumetee [13]* 25 Bevacizumab + erlotinib 4.3 6.2
Raizer [11]* 50 Bevacizumab 2.6 2.4
Nghiemphu [8]*° 44 Bevacizumab + various chemo 4.2 5.0
Bokstein [5]* 20 Bevacizumab + irinotecan 4.7 2.8
Zuniga [17]* 37 Bevazicumab + irinotecan 7.6 39
Selfridge [14]* 390 Bevacizumab 4.0 33
Iwamoto [6]° 37 Bevacizumab + irinotecan NR 4.5
Lu-Emerson [7]b 14 Bevacizumab NR 2.5
Quant [10]b 35 Bevacizumab + various chemo 4.1 4.0
Reardon [12]b 25 Bevacizumab + irinotecan + carboplatin 2.3 3.5
Wen [16]° 29 Rilotumumab NR 3.5
Omuro [9]° 18 Temozolomide NR 4.3
Ram [4]° 21 Various chemotherapy agents NR 33
Total 995 Normalized mean of the median (£SD) 4.2 months (£2.1) 3.8 months (+1.0)

NR Not reported, SD Standard Deviation
* BEV for recurrent glioblastoma

® Includes treatment after progression on bevacizumab

3.8 months (1.0 month SD) with no discernible activity
of continued bevacizumab and/or chemotherapy for this
patient population. In addition to the poor outcomes
observed with the continuation of bevacizumab after pro-
gression, patients remain at increased risk for life threat-
ening events such as CNS hemorrhage, thromboembolic
events, gastrointestinal perforation and myelosuppression
when combined with chemotherapy [2, 3, 5-9, 15]. Thus,
the optimal treatment for disease progression after bev-
acizumab has yet to be elucidated and no chemotherapeutic
agent has been shown to salvage patients after bev-
acizumab failure [4, 6, 7, 9, 10, 12, 16].

Studies presented in the literature have examined reir-
radiation alone, reirradiation followed by adjuvant sys-
temic therapy or reirradiation concurrent with systemic
therapy [18-24]. Most recently, reirradiation for recurrent
high-grade glioma with limited volume disease has con-
sisted of hypofractionated treatment regimens employing
smaller margins (0.5-1.0 cm) to generate the clinical target
volume (CTV) or stereotactic radiosurgery (SRS) [18-24].
For large volume recurrences, our group has elected to
utilize reirradiation with pulsed-reduced dose rate (PRDR)
technique after progression on bevacizumab, as we believe
it to be more effective than continuing systemic therapies.

Our institutional experience utilizing PRDR radiother-
apy for the reirradiation of recurrent glioma has been
previously described in a series of 103 bevacizumab naive
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patients [25]. In brief, an apparent dose rate of 0.0667 Gy/min
is achieved by giving 0.2 Gy pulses separated by 3 minute
intervals. This technique is hypothesized to improve the
therapeutic index by two separate mechanistic pathways.
First, the reduction in dose rate may allow the normal brain
parenchyma to repair sublethal damage with greater efficacy
than adjacent malignant cells [26]. Secondly, dividing each
fraction into a number of subfractions may take advantage of
low-dose hyper-radiosensitivity; a phenomenon whereby
some malignant cells have increased radiosensitivity to doses
<0.3-0.5 Gy [27-29]. Using PRDR radiotherapy, it is fea-
sible to safely reirradiate large volumes and include peritu-
moral cells extending beyond the T2-weighted or fluid
attenuation inversion recovery (FLAIR) irregularity to
decrease the probability of a marginal miss or recurrence
outside the radiation field [25, 30-32]. The report to follow
summarizes our experience in a series of 23 patients using
reirradiation as a treatment modality for GBM after progres-
sion on bevacizumab.

Patients and methods

Study design

The institutional review board at the University of Wisconsin
approved this retrospective analysis. Twenty-three patients
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treated with PRDR reirradiation after bevacizumab failure for
recurrent GBM between February 2008 and January 2013 were
identified using the departmental database. At initial diagnosis,
every patient in the study underwent maximal safe resection,
standard external beam radiotherapy (59.4-60 Gy) concurrent
with temozolomide and six additional cycles of adjuvant
temozolomide [33]. After completion of initial therapy, all
patients were followed with serial MRI scans at 2 month
intervals (or less if clinical symptoms warranted a shorter
interval) until radiographic evidence of disease recurrence as
confirmed by a neuroradiologist using the response assessment
in neuro-oncology (RANO) criteria [34]. At the time of
recurrence, all patients were offered enrollment on a clinical
trial or bevacizumab (10 mg/kg). Bevacizumab was continued
every 2 weeks until progressive disease was identified on MRI
(obtained at 2 month intervals) using the RANO criteria.
Within 7-14 days of progression on bevacizumab,
patients initiated reirradiation using PRDR radiotherapy.
During reirradiation, bevacizumab (10 mg/kg) was given
every 4 weeks for two cycles (i.e. weeks 1 and 5) to
minimize radiation effects and necrosis [35]. All patients
were evaluated once per week during radiotherapy. Patients
returned for follow-up visits 2 weeks after the completion
of treatment and approximately every 4 weeks thereafter.

Radiotherapy

A contrast-enhanced MRI brain with 1 mm slices was
obtained to document progressive disease on bevacizumab
and within 7 days patients underwent treatment planning
computed tomography (CT) with 1.25 mm slices. During the
planning CT, patients were simulated with a thermoplastic
mask system to ensure immobilization and reproducibility.
The MRI was co-registered to the treatment planning CT
scan and a gross tumor volume (GTV) was outlined by
encompassing the contrast enhancing lesion and adjacent
T2-weighted or FLAIR irregularity. The CTV was defined as
the GTV + 2.0 cm margin. If a clear T2 FLAIR abnormality
was not present, the GTV was demarcated by outlining the
contrast enhancing abnormality and an expansion of 2.5 cm
was applied to generate the CTV. In both situations, the
CTV' was trimmed off of anatomic boundaries that would
limit spread. The PTV was generated by adding a 3-5 mm
margin to the CTV.

! Rationale for CTV: During the first course of radiotherapy, the CTV
for the initial field recommended by the radiation therapy oncology
group (RTOG) is the contrast enhancing lesion and adjacent T2-
weighted or FLAIR irregularity with a 2.0 cm margin. This recom-
mendation is based upon two studies, one of which demonstrated that
the isolated tumor cell infiltration extended at least as far as the T2
prolongation on MRI and another which showed that 90 % of
recurrences were within 2 cm of the contrast enhancing lesion [30,
31].

Three-dimensional conformal radiotherapy utilizing
6 MV photons was used to deliver a dose of 54 Gy in 27
fractions administered 5 days per week using PRDR radio-
therapy. The median duration of treatment was 37 days
(range: 3743 days). In PRDR radiotherapy, each treatment
is delivered using 0.2 Gy pulses separated by 3 minute
intervals, creating an apparent dose rate of 0.0667 Gy/min.
The dose rate of the linear accelerator is decreased from the
conventional dose rate of 4-6 to 1 Gy/min during each
pulse. Dose constraints for the PRDR plan included limiting
the optic chiasm and brainstem to 54 Gy. No constraints
were placed on the cumulative dose, including the initial
treatment dose. The treatment plans were constructed using
Pinnacle planning systems (Fitchburg, WI) and administered
at five facilities within our system.

Toxicity evaluation

The toxicity of reirradiation was assessed using the Com-
mon Terminology Criteria for Adverse Events, version 4.0.
Toxicity was characterized as worsening of previous
symptoms or the development of new symptoms during
treatment.

Statistical methods

The primary purpose of this analysis was to determine the
median OS and 6 month OS of patients receiving PRDR
radiotherapy from the point of progression on bevacizumab
and compare it to historical controls. The data point for OS
was calculated from the date of the MRI brain, which
documented progressive disease. Survival estimates were
obtained using the Kaplan—-Meier method. The other end-
points estimated were OS from the date of initial diagnosis
and PFS from the start of bevacizumab. Patients were
censored at the time of the most recent follow-up visit. A
univariate analysis using log-rank test was performed for
factors that may potentially influence prognosis. All sta-
tistical analyses were performed using SPSS (Statistical
Package for Social Sciences, version 21.0).

The mean of the median overall survivals documented in
the literature (Table 1) was calculated via normalization to
account for the differing sample sizes between studies. A
standard deviation was then calculated to assess the vari-
ability among the studies.

Results
Patient characteristics

The patient characteristics are detailed in Table 2. At first
recurrence, four patients underwent subtotal resection and
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Table 2 Patient characteristics

Median age (range) 53 (30-72)
Sex

Male 12 (52 %)

Female 11 (48 %)
Karnofsky performance status

Median (range) 80 (70-100)
MGMT methylation status®

Methylated 5 (22 %)

Unmethylated 12 (52 %)

Unknown 6 (26 %)
Dose of primary radiation therapy (Gy)

Median (range) 60 (59.4-60)
Salvage surgery and chemotherapy 4 (19 %)

prior to bevacizumab
Salvage chemotherapy alone prior to bevaciz 3 (13 %)

umab
Salvage surgery alone prior to bevacizumab 209 %)
Time from initial diagnosis to first

bevacizumab (months)

Median (range) 8.0 (4.3-31.7)
Progression free survival on bevacizumab

(months)

Median (range) 3.7 (1.2-14.1)

Time from completion of radiotherapy to

reirradiation (months)
Median (range) 11.8 (6.8-36.8)

Maximum diameter of recurrent
tumor (cm)

Median (range)
Reirradiation PTV (cm®)
Median (range)

2.9 (2.0-8.1)

424 (74-776)

4 Test performed at LabCorp (Research Park Triangle, NC)

chemotherapy, three patients received chemotherapy alone
and two patients underwent subtotal resection alone prior
to receiving bevacizumab. The median PFS from diagnosis
to first recurrence was 6.5 months (range 4.0-20.6 months)
and the median PFS on bevacizumab was 3.7 months
(range 1.2-14.1 months; see Fig. 1). The median PTV was
424 cm® (range 74-776 cm?).

Toxicity

Treatment with PRDR radiotherapy was well tolerated with
no symptomatic grade 3—4 toxicities related to reirradiation
and/or reirradiation concurrent with bevacizumab. At the
completion of reirradiation, the median dexamethasone
dose per day was 8 mg. Only 40 % of patients required
increasing doses of steroids during the course of their
treatment. There was no observed clinical or radiographic
evidence of rebound edema after cessation of bevacizumab.
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Fig. 1 Kaplan—Meier curve showing progression free survival from
the start of bevacizumab to the date of progression
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Fig. 2 Kaplan—Meier curve showing overall survival from the date
bevacizumab failure to the date of death

One patient died within 2 weeks of completion of radio-
therapy due to progression of fulminant disease.

Survival

At the time of analysis, 22 of 23 patients had died. The
median OS after progression on bevacizumab was
6.9 months (range 2.7-12 months) and the 3, 6 and
12 month OS after bevacizumab failure was 91, 65 and
5 %, respectively (see Fig. 2). The median OS from date of
initial diagnosis was 20.5 months and the 12, 18 and
24 month OS was 96, 61 and 30 %, respectively.

On univariate analysis, neither age, KPS, MGMT
methylation status, PFS after initial therapy, salvage ther-
apy prior to bevacizumab, PFS on bevacizumab, or PTV
was predictive of survival, though statistical power was
limited.
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Patterns of recurrence

The MRI corresponding to the date of radiographic pro-
gression after PRDR radiotherapy was analyzed and com-
pared to the treatment plan in the original treatment
planning software. Using the definition used by Shapiro
et al. [24], recurrences were defined by the volume of
tumor present on T1-weighted post-gadolinium and FLAIR
sequences located within the 95 % isodose line: an
“infield” recurrence contained >80 % of the tumor recur-
rence, “marginal” 20-80 % and “out of field” <20 %. Of
the 23 patients treated, 20 underwent post-PRDR MRI and
the number of patients observed to have an “infield”,
“marginal” and “out of field” recurrence was 17 (85 %), 2
(10 %) and 1 (5 %), respectively.

Discussion

Treatment options for recurrent GBM include systemic
therapy, reirradiation, maximal safe resection and best
supportive care. While these modalities have never been
compared in a randomized trial, bevacizumab is often
given at first recurrence. The basis for the FDA approval of
bevacizumab in the recurrent setting is based on two sep-
arate phase II trials, neither of which contained a non-
bevacizumab control group [2, 3]. It is notable that out-
comes after bevacizumab progression are poor and our
analysis of 16 phase II trials (n = 995) revealed a median
OS of only 3.8 months (£1.0 month). While our study is
limited by its retrospective nature, the median OS of
6.9 months after bevacizumab failure compares favorably
with the continuation of systemic therapies (Table 1). The
median PFS on bevacizumab of 3.7 months in our cohort is
comparable to the literature and thereby supports our use of
this historical dataset.

The continuation of bevacizumab during retreatment
radiation was predicated on reducing radiation induced
edema and necrosis [35]. The advantage of using PRDR
radiotherapy lies in the ability to reirradiate large volumes
while minimizing toxicity. The reirradiation of large vol-
umes has typically been avoided because of concern for
radiation necrosis and surpassing the cumulative dose
limits of adjacent critical structures. As a result, reirradi-
ation approaches using hypofractionated schedules or SRS
have employed smaller treatment volumes. It is notable
that while our series included large treatment volumes, no
symptomatic grade 3—4 toxicities were observed.

The RTOG recently opened a study (RTOG-1205) ran-
domizing patients with recurrent GBM to bevacizumab
alone or bevacizumab concurrent with hypofractionated
radiotherapy to a dose of 35 Gy in 10 fractions. Per the
protocol, there is no expansion to the CTV for lesions

greater than 3.5 cm and lesions less than 3.5 cm will have a
maximum expansion of 5 mm. The PTV expansion is
3-5 mm with daily image guidance. A recent study by
Shapiro et al. [24], using similar treatment volumes,
examined patterns of failure in the reirradiation setting with
concurrent bevacizumab and found that 24 % of recur-
rences were marginal and 24 % were remote (median PTV
35 cm?, range 3-62 cm?). The largest reirradiation series in
the literature reported by Combs [19] employed similar
treatment volumes and reported a median PTV of 49 cm?
(range 2.5-636 cm?), but did not report patterns of failure.
Conversely, the median PTV in the current study is
424 cm® (range 74-776 cm®). The marginal recurrence rate
of 10 % and remote recurrence rate of 5 % in the current
study compares favorably to those employing smaller
treatment volumes.

While our median OS after progression on bevacizumab
is comparable to reports of the aforementioned hypofrac-
tionated regimen [23, 24], both may be inferior to SRS for
small volume recurrences. A recent study by Cabrera et al.
[18], examining the efficacy of SRS concurrent with bev-
acizumab after progression on bevacizumab, reported a
median OS of 14.4 months. Cuneo et al. [20] evaluated the
use of SRS and adjuvant bevacizumab in a group of heavily
pretreated patients and demonstrated a median OS of
11.2 months from the time of SRS. While the study by
Cabrera did not report treatment volumes, the median PTV
in the study by Cuneo was only 4.8 cm®, demonstrating a
highly selected group of patients with small volume
recurrences. Thus, PRDR radiotherapy may provide an
excellent treatment option for large volume recurrences not
amenable to SRS.

The concept of PRDR radiotherapy was derived as a
means to safely allow for retreatment radiation in the setting
of recurrent disease. Our experience with PRDR radiother-
apy has shown that reirradiation of large volumes of normal
tissue is feasible [25] and likely exploits the ability of normal
tissues to repair sublethal damage more effectively than
GBM cells when the dose rate is decreased [26]. Moreover,
by giving each sub-fraction in a dose of 0.2 Gy, low-dose
hyper-radiosensitivity may limit the ability of the GBM cells
to effectively repair the damage caused by radiation [27-29].
In a recent preclinical study using an orthotopic mouse
model, Dilworth et al. [36] demonstrated that PRDR radio-
therapy significantly improved median OS and response
rates compared with standard radiotherapy. Furthermore,
standard radiotherapy was found to be more toxic, as
examination of the adjacent brain parenchyma revealed a
significant increase in degenerating neurons and diminished
capillary integrity compared to PRDR radiotherapy.

To our knowledge, the only other report of a potentially
successful attempt of salvage therapy for large volume
recurrences after bevacizumab failure was a subset analysis
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of patients treated with NovoTTF-100A therapy [4]. The
median OS after bevacizumab failure was only 3.1 months
in the chemotherapy arm (n = 21), compared with
6.3 months in the NovoTTF-100A arm (n = 23) and this
therapeutic lead is being followed up by the RTOG in a
prospective study. It is our contention that PRDR radio-
therapy is less cumbersome for patients and far more cost
effective than NovoTTF-100A therapy.

While our median OS of 6.9 months after bevacizumab
failure compares favorably to historical controls, there are
limitations to this study. First, the study carries with it all of
the limitations inherent in a retrospective analysis. Second,
the statistical power is diminished because of the small
sample size. Finally, while our results are encouraging, we
acknowledge that many of the studies cited as historical
controls have significant variability pertaining to the number
of therapies patients received prior to bevacizumab.

In conclusion, our series of reirradiation after bev-
acizumab progression in recurrent GBM suggest a possi-
bility for extended survival compared to the continuation of
systemic therapies and may represent an excellent treat-
ment option for recurrences that are not amenable to SRS.
Furthermore, PRDR radiotherapy was delivered at five
different centers within our system, demonstrating the
ability of this technique to be administered in various set-
tings. As PRDR radiotherapy is easily accomplished from a
technological standpoint, the RTOG is currently consider-
ing a study in which patients with recurrent GBM who
have demonstrated progression on bevacizumab would be
randomized to one of three arms: bevacizumab plus a
chemotherapeutic agent of choice, bevacizumab concurrent
with PRDR radiotherapy or bevacizumab concurrent with
conventional dose rate radiotherapy using a hypofraction-
ated treatment regimen of 35 Gy in 10 Fx.
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