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Abstract
Background. Re-irradiation for recurrent gliomas is a controversial treatment option with no clear standard dose 
or concurrent systemic therapy.
Methods. This series represents a single-institution retrospective review of patients treated with re-irradiation 
for recurrent high-grade glioma. After 2012, patients were commonly offered concurrent bevacizumab as a 
cytoprotective agent against radiation necrosis. Kaplan-Meier method was used to estimate overall survival and 
progression-free survival. Cox proportional hazards regression was used to identify factors associated with overall 
survival and progression-free survival.
Results. Between 2001 and 2021, 52 patients underwent re-irradiation for a diagnosis of recurrent high-grade 
glioma. 36 patients (69.2%) had a histologic diagnosis of glioblastoma at the time of re-irradiation. The median 
BED10 (biological equivalent dose 10 Gy) of re-irradiation was 53.1 Gy. Twenty-one patients (40.4%) received con-
current bevacizumab with re-irradiation. Median survival for the entire cohort and for glioblastoma at the time of 
recurrence patients was 6.7 months and 6.0 months, respectively. For patients with glioblastoma at the time of 
recurrence, completing re-irradiation (HR 0.03, P < .001), use of concurrent bevacizumab (HR 0.3, P = .009), and the 
BED10 (HR 0.9, P = .005) were predictive of overall survival. Nine patients developed grade 3-5 toxicity; of these, 2 
received concurrent bevacizumab and 7 did not (P = .15).
Conclusion. High dose re-irradiation with concurrent bevacizumab is feasible in patients with recurrent gliomas. 
Concurrent bevacizumab and increasing radiation dose may improve survival in patients with recurrent 
glioblastoma.
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Clinical outcomes of dose-escalated re-irradiation in 
patients with recurrent high-grade glioma

  

Treatment options for high-grade gliomas have improved 
over the past two decades, leading to greater survival times.1,2 
However, this improvement in survival has generally not 
led to cures but is characterized instead by ultimate tumor 

recurrence in the great majority of cases.3 Currently, there is no 
standard therapy for high-grade glioma recurrence. Cytotoxic 
chemotherapy, immunotherapy, anti-angiogenic agents, small 
molecule inhibitors, re-irradiation, and tumor-treating fields 
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represent several of the available options for treatment 
after tumor recurrence, with re-irradiation used in patients 
with a favorable initial response to therapy. However, con-
cern for toxicity often limits its use.4–9

Re-irradiation represents an intriguing but often con-
troversial option to treat recurrent high-grade glioma, be-
cause the risk of toxicity of radiotherapy is cumulative over 
a lifetime of multiple courses of treatment.10 Treatment of 
high-grade glioma in the upfront setting generally leads to 
the delivery of radiation doses that approach the thresh-
olds of radiation necrosis.11 As such, a second course of 
treatment could exceed this threshold by a substantial 
amount, preventing safe delivery of a sufficient dose to im-
prove outcomes, as seen in the RTOG 1205 study, where 
35 Gy in 10 fractions improved in-field progression but not 
survival, or the study by Combs et al, which used a median 
dose of 36 Gy in standard fractionation.8,12 Both of these 
regimes are commonly used in practice; however, the bi-
ological equivalent dose (BED) is substantially less than 
those delivered in the first course of radiation therapy.13 
There appears to be a degree of forgiveness of prior radi-
ation damage done to the brain with increased time after 
the initial treatment, which may allow for further dose es-
calation, and re-irradiation regimens up to the full initial 
course have been reported.14,15 Bevacizumab has been re-
ported as an effective treatment for radiation necrosis.16 
Furthermore, a prior series reported lower risks of radia-
tion necrosis in patients treated with hypofractionated 
re-irradiation of gliomas.17 Due to this potential to reduce 
radiation necrosis, patients in the present series were com-
monly offered bevacizumab for the purpose of increasing 
the tolerance of re-irradiation and allowing for higher cu-
mulative doses of radiation.

The present study represents a single-institution series 
assessing the outcomes of patients with high-grade glioma.

Methods

Data Acquisition

This study was approved by the Institutional Review Board 
at Wake Forest. Patients who received radiation therapy 
for primary central nervous system tumors were identified 
using the record and verify system within the Department 
of Radiation Oncology at Wake Forest (Mosaiq, Elekta AB, 
Stockholm, Sweden). Patients who underwent two courses 
of radiation therapy for a diagnosis of a glioma at least 
90  days apart with one course treated within the Wake 
Forest Baptist Medical Center network from 1998 to 2021 
were eligible. Patients with ependymoma and non-glial 
central nervous system neoplasms for their first course 
of radiotherapy were excluded. Patients with diffuse dis-
ease who were treated with focal radiation for palliative 
intent with subsequent intent of comfort measures only 
were also excluded. Electronic medical records were used 
to determine patient and tumor characteristics, survival 
times, patterns of progression, and toxicity. For molec-
ular data, if known mutations were present at diagnosis, it 
was presumed that the same characteristics were present 
at re-irradiation unless specifically re-tested and found to 
have changed status.

Re-irradiation

Re-irradiation was offered to patients who had at least 
12 months free from local progression within the prior ra-
diation volume after upfront radiation therapy. All patients 
were treated using photons at re-irradiation. Dose and 
fractionation scheme for re-irradiation was determined by 
the treating radiation oncologist but typically based on the 
volume of disease present. For hypofractionated sched-
ules to be given, patients generally had to have a max-
imal tumor diameter of 5 cm, and patients with secondary 
glioblastoma (GBM) who had previously received radio-
therapy for a lower grade glioma were generally treated 
with a more aggressive and protracted radiation course. 
In the setting of re-irradiation, our institutional philosophy 
has been to target both the contrast-enhancing and the 
non-enhancing tumor represented by the growing fluid at-
tenuated inversion recovery (FLAIR) abnormality.

Use of Bevacizumab

Bevacizumab was used as a radiation protective agent in 
a subset of patients after data began to emerge that pa-
tients receiving bevacizumab to lower the risk of radia-
tion necrosis.17 Bevacizumab was generally prescribed at 
a dose of 10 mg/m2 on a schedule of once every 2 weeks. 
Bevacizumab was continued on that schedule at the discre-
tion of the treating oncologist, and generally discontinued 
after 4-6 administrations if patients were not requiring ster-
oids. Otherwise, the bevacizumab was gradually tapered 
to a less frequent schedule once imaging demonstrated a 
lack of significant treatment-related edema.

Patient Follow-up and Response Assessment

After a course of re-irradiation, patients were followed 
clinically and with an MRI of the brain at approximately 4 
weeks, and then at an interval of every 2 months for the 
next 6  months. Response assessment was performed 
using Response Assessment in Neuro-Oncology (RANO) 
criteria.18

Events considered as adverse radiation effects (ARE) 
included subacute edema with symptoms of mass effect, 
pseudoprogression, or delayed radiation necrosis. ARE 
grade was defined using the Common Terminology Criteria 
for Adverse Events (CTCAE) version 5. Treatment for ARE 
included corticosteroid administration, surgical decom-
pression, and unplanned administration of bevacizumab.

Statistics

Time zero for time-dependent variables was considered 
the last day of re-irradiation. Kaplan-Meier analysis was 
performed to estimate survival times. Log-rank test was 
used to compare survival curves between two populations. 
In order to be evaluable for survival and toxicity, at least 
one follow-up visit or a decision to halt radiation therapy 
prior to the end of the prescribed course and transition 
to palliative therapy was required. At least one MRI of the 
brain after the second course of radiation therapy was re-
quired for a patient to be evaluable for progression.
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Cox proportional hazards regression was performed to 
assess for factors associated with differences in overall 
survival and progression-free survival. For model selec-
tion, we started with relevant predictors (see Tables 2–4) 
and then used backward stepwise selection using the 
Akaike information criterion (AIC) as the selection criterion. 
P values less than .05 were considered significant. All tests 
were two-sided. The results excluded predictors that vio-
lated the proportional hazards assumption, determined by 
Schoenfeld tests. Likelihood of ARE was determined using 
Fisher’s exact tests for categorical predictors and logistic 
regression models for continuous predictors. All statistics 
were performed using R version 4.0.2 (The R Foundation 
for Statistical Computing, Vienna, Austria).

Results

Patient Population

Patient characteristics are summarized in Table 1. A total of 
52 patients were identified who met the inclusion criteria. 
Among 52 patients, 22 (42.31%) and 36 (69.2%) had a histo-
logic diagnosis of GBM at initial irradiation and re-irradiation, 
respectively. 11 tumors (21.2%) were known to have MGMT 
(O6-methylguanine-DNA methyltransferase) promoter 
methylation, and 12 (23.1%) were known to have an IDH 
(isocitrate dehydrogenase) mutation. The median time 
from the end of the initial course of radiation therapy to the 
failure that was treated with re-irradiation was 51.9 months, 
with 40 patients (76.9%) being more than 24 months from 
the end of the initial course of radiation therapy. 21 patients 
(40.4%) underwent re-irradiation for the first failure after in-
itial radiation therapy. 11 of 52 patients (21.2%) received 2 or 
more lines of salvage systemic therapy for recurrence dis-
ease prior to the recurrence treated with re-irradiation. The 
majority of patients had either no surgery or only a biopsy 
performed for the failure treated with re-irradiation (21 pa-
tients, 40.4% and 13 patients, 25%, respectively). The median 
BED10 at re-irradiation was 53.1 Gy (IQR 47.81-59.47 Gy), de-
livered to a median planning target volume (PTV) volume 
of 208.5 cc (IQR 105.3-303.6 cc). Dose-fractionation schemes 
at initial and re-irradiation are detailed in Supplementary 
Tables 1 and 2 respectively. 21 patients (40.4%) received 
concurrent bevacizumab with re-irradiation, and 27 patients 
received concurrent temozolomide (TMZ, 51.9%), including 
9 (17.3%) who received concurrent bevacizumab and TMZ. 
Forty patients had DICOM format treatment plans accessible 
for the course of re-irradiation. Of those, 28 (70%) had that 
T2 FLAIR abnormality intentionally targeted in addition to 
enhancing disease.

Among patients with GBM at the time of initial radia-
tion, 6 (27.3%) had known MGMT methylation, 3 (13.6%) 
had a known IDH mutation, and none had a known 1p19q 
codeletion. The median time from completion of initial ra-
diation therapy to the failure prior to re-irradiation was 
42.5 months. Similar to the cohort as a whole, 5 patients 
(22.3%) had 2 or more lines of salvage systemic therapy 
prior to the recurrence treated with re-irradiation and the 
majority of patients had either no surgery or biopsy only 
prior to re-irradiation (10 patients, 45.6% and 3 patients, 
13.6%, respectively). The median BED10 at re-irradiation 

was 50.74 Gy (IQR 48-53.1 Gy), delivered to a median PTV 
volume of 174.33 cc (IQR 86.9-257.8).

Among patients with GBM at the time of re-irradiation, 
8 (22.2%) had known MGMT methylation, 7 (19.4%) had a 
known IDH mutation, and none had 1p19q codeletion. The 
median time from completion of initial radiation therapy to 
the failure prior to re-irradiation was 41.3 months. Similar 
to the cohort as a whole, 8 patients (22.2%) received 2 or 
more lines of salvage systemic therapy prior to the re-
currence treated with re-irradiation, and the majority 
of patients had either no surgery or biopsy only prior to 
re-irradiation (15 patients, 41.7% and 6 patients, 16.7%, re-
spectively). The median BED10 at re-irradiation was 50.74 
Gy (IQR 47.81-53.1 Gy), delivered to a median PTV volume 
of 214.4 cc (IQR 96.8-299.6 cc).

There were no statistically significant differences be-
tween patients who did and did not receive concurrent 
bevacizumab with re-irradiation in KPS at re-irradiation, 
PTV volume at re-irradiation, re-irradiation completion rate, 
histology at re-irradiation (GBM vs all others), BED10 and 
BED3 at re-irradiation, or standard vs hypofractionation 
(defined as >2 Gy per fraction). Patients who were treated 
using volumetric modulated arc therapy (VMAT) or 
intensity-modulated radiation therapy (IMRT) were more 
likely to have received concurrent bevacizumab.

Overall Survival and Progression-Free Survival

Kaplan-Meier method was used to estimate overall sur-
vival and progression-free survival times. Kaplan-Meier 
plots for overall survival and progression-free survival 
are depicted in Figure 1. Kaplan Meier plots for overall 
and progression-free survival based on patients with gli-
oblastoma at their initial course of radiation are found in 
Supplementary Figures 1 and 2. Median survival for the 
entire cohort was 6.7  months (range 5.8-12.2  months). 
Median survival for patients with GBM at the time of initial 
and re-irradiation was 5.7 months (range 3.2-10.6 months) 
and 6.0  months (range 5.1-12  months), respectively. 
Overall survival for all patients was 55%, 32%, and 8% at 
6 months, 12 months, and 24 months, respectively. Overall 
survival for patients with GBM at initial radiation was 33%, 
13%, and 0% at 6 months, 12 months, and 24 months, re-
spectively. Overall survival for patients with GBM at the 
time of re-irradiation was 47%, 25%, and 0% at 6 months, 
12 months, and 24 months, respectively.

Progression-free survival for the entire cohort was 48%, 
28%, and 4% at 6 months, 12 months, and 24 months, re-
spectively. Progression-free survival for patients with 
GBM at the time of re-irradiation was 44%, 19%, and 0% at 
6 months, 12 months, and 24 months, respectively.

Median progression-free survival for patients with GBM at 
initial irradiation was 4.3 months (lower range 3.0 months, 
no upper range). Progression-free survival for patients with 
GBM at initial radiation therapy was 50%, 0%, and 0% at 
6 months, 12 months, and 24 months, respectively.

Predictive Factors

Cox proportional hazards models for factors associated 
with overall survival and progression-free survival are 

  
Table 1. Patient Characteristics

Variable All Patients, n (%)/Median 
(IQR) (n = 52) 

Glioblastoma at Initial  
Radiation, n (%)/Median 
(IQR) (n = 22) 

Glioblastoma at 
Re-irradiation, n (%)/ 
Median (IQR) (n = 36) 

Sex

 Male 38 (73.1%) 16 (72.7%) 26 (72.2%)

 Female 14 (26.9%) 6 (27.3%) 10 (27.8%)

KPS

 100 0 (0%) 0 (0%) 0 (0%)

 90 4 (7.6%) 2 (9.09%) 4 (11.1%)

 80 18 (34.6%) 6 (27.27%) 12 (33.3%)

 70 7 (13.5%) 4 (18.18%) 5 (13.9%)

 60 7 (13.5%) 4 (18.18%) 5 (13.9%)

 50 2 (3.8%) 0 (0%) 1 (2.8%)

 40 1 (1.9%) 0 (0%) 1 (2.8%)

 Unknown 13 (25.0%) 6 (27.27%) 8 (22.2%)

Histology at re-irradiation

 Glioblastoma 36 (69.2%) 21 (95.45%) 36 (100%)

 Astrocytoma 7 (13.5%) 0 (0%)  

 Oligodendroglioma 4 (7.6%) 0 (0%)  

 Mixed oligoastrocytoma 2 (3.8%) 0 (0%)  

 Other 3 (5.8%) 1 (4.55%)*  

WHO grade at re-irradiation

 2 6 (11.5%)   

 3 9 (17.3%)   

 4 37 (71.2%) 22 (100%) 36 (100%)

Molecular characteristics

 MGMT methylation 11 (21.2%) 6 (27.27%) 8 (22.2%)

 IDH mutation 12 (23.1%) 3 (13.64%) 7 (19.4%)

 1p19q codeletion 2 (3.8%) 0 (0%) 0 (0%)

Surgery prior to re-irradiation

 Gross total resection 7 (13.5%) 6 (27.27%) 5 (13.9%)

 Subtotal resection 10 (19.2%) 3 (13.64%) 9 (25%)

 Biopsy only 13 (25.0%) 3 (13.64%) 6 (16.7%)

 Laser interstitial thermal 
therapy

1 (1.9%) 0 (0%) 1 (2.8%)

 None 21 (40.4%) 10 (45.45%) 15 (41.7%)

Location of recurrence

 In field 23 (44.2%) 11 (50%) 18 (50%)

 Out of field 14 (26.9%) 7 (31.82%) 8 (22.2%)

 Marginal 1 (1.9%) 1 (4.55%) 1 (2.8%)

Unifocal/multifocal recurrence

 Unifocal 38 (73.1%) 14 (63.64%) 26 (72.2%)

 Multifocal 13 (25.0%) 8 (36.36%) 9 (25%)

Initial RT to failure prior to 
re-irradiation (months)

Median: 51.9, IQR: 116.7 
(20.1, 136.8)

Median: 27.63, IQR: 38.73 
(10.6, 49.33)

Median: 41.33, IQR: 69.8 
(17.8, 87.6)

Re-irradiation at initial failure

 Yes 21 (40.4%) 10 (45.45%) 15 (41.7%)

 No 30 (57.7%) 12 (54.55%) 21 (58.3%)

Number of lines of systemic therapy between initial radiation and re-irradiation

 0 28 (53.8%) 13 (59.09%) 19 (52.8%)

 1 13 (25.0%) 4 (18.18%) 9 (25%)

 2 4 (7.7%) 2 (9.09%) 3 (8.3%)

 3 5 (9.6%) 2 (9.09%) 3 (8.3%)

 4 1 (1.9%) 1 (4.55%) 1 (2.8%)
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Table 1. Patient Characteristics

Variable All Patients, n (%)/Median 
(IQR) (n = 52) 

Glioblastoma at Initial  
Radiation, n (%)/Median 
(IQR) (n = 22) 

Glioblastoma at 
Re-irradiation, n (%)/ 
Median (IQR) (n = 36) 

Sex

 Male 38 (73.1%) 16 (72.7%) 26 (72.2%)

 Female 14 (26.9%) 6 (27.3%) 10 (27.8%)

KPS

 100 0 (0%) 0 (0%) 0 (0%)

 90 4 (7.6%) 2 (9.09%) 4 (11.1%)

 80 18 (34.6%) 6 (27.27%) 12 (33.3%)

 70 7 (13.5%) 4 (18.18%) 5 (13.9%)

 60 7 (13.5%) 4 (18.18%) 5 (13.9%)

 50 2 (3.8%) 0 (0%) 1 (2.8%)

 40 1 (1.9%) 0 (0%) 1 (2.8%)

 Unknown 13 (25.0%) 6 (27.27%) 8 (22.2%)

Histology at re-irradiation

 Glioblastoma 36 (69.2%) 21 (95.45%) 36 (100%)

 Astrocytoma 7 (13.5%) 0 (0%)  

 Oligodendroglioma 4 (7.6%) 0 (0%)  

 Mixed oligoastrocytoma 2 (3.8%) 0 (0%)  

 Other 3 (5.8%) 1 (4.55%)*  

WHO grade at re-irradiation

 2 6 (11.5%)   

 3 9 (17.3%)   

 4 37 (71.2%) 22 (100%) 36 (100%)

Molecular characteristics

 MGMT methylation 11 (21.2%) 6 (27.27%) 8 (22.2%)

 IDH mutation 12 (23.1%) 3 (13.64%) 7 (19.4%)

 1p19q codeletion 2 (3.8%) 0 (0%) 0 (0%)

Surgery prior to re-irradiation

 Gross total resection 7 (13.5%) 6 (27.27%) 5 (13.9%)

 Subtotal resection 10 (19.2%) 3 (13.64%) 9 (25%)

 Biopsy only 13 (25.0%) 3 (13.64%) 6 (16.7%)

 Laser interstitial thermal 
therapy

1 (1.9%) 0 (0%) 1 (2.8%)

 None 21 (40.4%) 10 (45.45%) 15 (41.7%)

Location of recurrence

 In field 23 (44.2%) 11 (50%) 18 (50%)

 Out of field 14 (26.9%) 7 (31.82%) 8 (22.2%)

 Marginal 1 (1.9%) 1 (4.55%) 1 (2.8%)

Unifocal/multifocal recurrence

 Unifocal 38 (73.1%) 14 (63.64%) 26 (72.2%)

 Multifocal 13 (25.0%) 8 (36.36%) 9 (25%)

Initial RT to failure prior to 
re-irradiation (months)

Median: 51.9, IQR: 116.7 
(20.1, 136.8)

Median: 27.63, IQR: 38.73 
(10.6, 49.33)

Median: 41.33, IQR: 69.8 
(17.8, 87.6)

Re-irradiation at initial failure

 Yes 21 (40.4%) 10 (45.45%) 15 (41.7%)

 No 30 (57.7%) 12 (54.55%) 21 (58.3%)

Number of lines of systemic therapy between initial radiation and re-irradiation

 0 28 (53.8%) 13 (59.09%) 19 (52.8%)

 1 13 (25.0%) 4 (18.18%) 9 (25%)

 2 4 (7.7%) 2 (9.09%) 3 (8.3%)

 3 5 (9.6%) 2 (9.09%) 3 (8.3%)

 4 1 (1.9%) 1 (4.55%) 1 (2.8%)
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Table 1. Continued

Variable All Patients, n (%)/Median 
(IQR) (n = 52) 

Glioblastoma at Initial  
Radiation, n (%)/Median 
(IQR) (n = 22) 

Glioblastoma at 
Re-irradiation, n (%)/ 
Median (IQR) (n = 36) 

 5 0 (0%) 0 (0%) 0 (0%)

 6 1 (1.9%) 0 (0%) 1 (2.8%)

 Median 0, IQR: 1 (0, 1) 0, IQR: 1 (0, 1) 0, IQR: 1 (0, 1)

Re-irradiation BED10 (Gy) Median: 53.1, IQR: 11.66 
(47.81, 59.47)

Median: 50.74, IQR: 5.1 (48, 
53.1)

Median: 50.74, IQR: 5.29 
(47.81, 53.1)

Re-irradiation BED3 (Gy) Median: 75.76, IQR: 14.4 
(72, 86.4)

Median: 75.69, IQR: 13.48 
(72.92, 86.4)

Median: 75.69, IQR: 14.4 
(72, 86.4)

Re-irradiation PTV volume 
(cc)

Median: 208.54, IQR: 
198.32 (105.28, 303.6)

Median: 174.33, IQR: 170.94 
(86.86, 257.8)

Median: 214.43, IQR: 
202.83 (96.79, 299.62)

Re-irradiation technique

 3D CRT 18 (34.6%) 7 (31.82%) 11 (30.6%)

 Static IMRT 30 (57.7%) 13 (59.09%) 22 (61.1%)

 VMAT 3 (5.8%) 2 (9.09%) 3 (8.3%)

 CSI 1 (1.9%) 0 (0%) 0 (0%)

Concurrent chemotherapy at re-irradiation

 None 9 (17.3%) 1 (4.55%) 4 (11.1%)

 Temozolomide 18 (34.6%) 9 (40.91%) 15 (41.7%)

 PCV 0 (0%) 0 (0%) 0 (0%)

 Temozolomide plus 
bevacizumab

9 (17.3%) 2 (9.09%) 4 (11.1%)

 Bevacizumab 12 (23.1%) 8 (36.36%) 10 (27.8%)

 Other 4 (7.7%) 2 (9.09%) 3 (8.3%)

Adjuvant chemotherapy following re-irradiation

 None 17 (32.7%) 5 (22.73%) 11 (30.6%)

 Temozolomide 10 (19.2%) 3 (13.64%) 6 (16.7%)

 PCV 0 (0%) 0 (0%) 0 (0%)

 Temozolomide plus 
bevacizumab

6 (11.5%) 3 (13.64%) 4 (11.1%)

 Bevacizumab 11 (21.2%) 7 (31.82%) 9 (25%)

 Other 5 (9.6%) 2 (9.09%) 4 (11.1%)

Duration of bevacizumab 
(patients who received 
bevacizumab only)

Median: 3.97, IQR: 4.53 
(2.23, 6.77)

Median: 2.8, IQR: 3.04 (0.93, 
3.97)

Median: 3.97, IQR: 6 
(2.35, 8.35)

FLAIR targeted at re-irradiation

 No 12 (23.08%) 7 (31.82%) 10 (27.78%)

 Yes 28 (53.85%) 11 (50%) 20 (55.56%)

 Unknown 12 (23.08%) 4 (18.18%) 6 (16.67%)

Re-irradiation enhancing 
volume

Median: 23.34, IQR: 40.59 
(13.82, 54.41)

Median: 22.51, IQR: 41.11 
(8.08, 49.19)

Median: 34.8, IQR: 61.69 
(14.64, 76.33)

Re-irradiation FLAIR 
volumea

Median: 139.62, IQR: 127.6 
(62.68, 190.28)

Median: 136, IQR: 148.52 
(52.8, 201.32)

Median: 159.06, IQR: 
146.34 (59.85, 206.19)

PTV overlap volume Median: 62.58, IQR: 142.27 
(4.79, 147.06)

Median: 62.58, IQR: 138.19 
(2, 140.19)

Median: 62.32, IQR: 
137.16 (5.19, 142.35)

Percentage of PTV at 
re-irradiation overlapping 
Initial Radiation PTV

Median: 0.53, IQR: 0.64 
(0.2, 0.84)

Median: 0.36, IQR: 0.62 
(0.11, 0.73)

Median: 0.5, IQR: 0.46 
(0.2, 0.66)

Abbreviations: CRT, conformal radiation therapy; CSI, craniospinal radiation; FLAIR, fluid attenuated inversion recovery; IDH, isocitrate dehydro-
genase; IMRT, intensity-modulated radiation therapy; IQR, interquartile range; KPS, Karnofsky performance status; MGMT, O6-methylguanine-DNA 
methyltransferase; PCV, procarbazine, lomustine (CCNU) and vincristine; PTV, planning target volume; RT, radiation therapy; VMAT, volumetric 
modulated arc therapy.
aFor patients where the FLAIR abnormality was targeted at re-irradiation.
* = gliosarcoma.
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P

racticeVariable All Patients, n (%)/Median 
(IQR) (n = 52) 

Glioblastoma at Initial  
Radiation, n (%)/Median 
(IQR) (n = 22) 

Glioblastoma at 
Re-irradiation, n (%)/ 
Median (IQR) (n = 36) 

 5 0 (0%) 0 (0%) 0 (0%)

 6 1 (1.9%) 0 (0%) 1 (2.8%)

 Median 0, IQR: 1 (0, 1) 0, IQR: 1 (0, 1) 0, IQR: 1 (0, 1)

Re-irradiation BED10 (Gy) Median: 53.1, IQR: 11.66 
(47.81, 59.47)

Median: 50.74, IQR: 5.1 (48, 
53.1)

Median: 50.74, IQR: 5.29 
(47.81, 53.1)

Re-irradiation BED3 (Gy) Median: 75.76, IQR: 14.4 
(72, 86.4)

Median: 75.69, IQR: 13.48 
(72.92, 86.4)

Median: 75.69, IQR: 14.4 
(72, 86.4)

Re-irradiation PTV volume 
(cc)

Median: 208.54, IQR: 
198.32 (105.28, 303.6)

Median: 174.33, IQR: 170.94 
(86.86, 257.8)

Median: 214.43, IQR: 
202.83 (96.79, 299.62)

Re-irradiation technique

 3D CRT 18 (34.6%) 7 (31.82%) 11 (30.6%)

 Static IMRT 30 (57.7%) 13 (59.09%) 22 (61.1%)

 VMAT 3 (5.8%) 2 (9.09%) 3 (8.3%)

 CSI 1 (1.9%) 0 (0%) 0 (0%)

Concurrent chemotherapy at re-irradiation

 None 9 (17.3%) 1 (4.55%) 4 (11.1%)

 Temozolomide 18 (34.6%) 9 (40.91%) 15 (41.7%)

 PCV 0 (0%) 0 (0%) 0 (0%)

 Temozolomide plus 
bevacizumab

9 (17.3%) 2 (9.09%) 4 (11.1%)

 Bevacizumab 12 (23.1%) 8 (36.36%) 10 (27.8%)

 Other 4 (7.7%) 2 (9.09%) 3 (8.3%)

Adjuvant chemotherapy following re-irradiation

 None 17 (32.7%) 5 (22.73%) 11 (30.6%)

 Temozolomide 10 (19.2%) 3 (13.64%) 6 (16.7%)

 PCV 0 (0%) 0 (0%) 0 (0%)

 Temozolomide plus 
bevacizumab

6 (11.5%) 3 (13.64%) 4 (11.1%)

 Bevacizumab 11 (21.2%) 7 (31.82%) 9 (25%)

 Other 5 (9.6%) 2 (9.09%) 4 (11.1%)

Duration of bevacizumab 
(patients who received 
bevacizumab only)

Median: 3.97, IQR: 4.53 
(2.23, 6.77)

Median: 2.8, IQR: 3.04 (0.93, 
3.97)

Median: 3.97, IQR: 6 
(2.35, 8.35)

FLAIR targeted at re-irradiation

 No 12 (23.08%) 7 (31.82%) 10 (27.78%)

 Yes 28 (53.85%) 11 (50%) 20 (55.56%)

 Unknown 12 (23.08%) 4 (18.18%) 6 (16.67%)

Re-irradiation enhancing 
volume

Median: 23.34, IQR: 40.59 
(13.82, 54.41)

Median: 22.51, IQR: 41.11 
(8.08, 49.19)

Median: 34.8, IQR: 61.69 
(14.64, 76.33)

Re-irradiation FLAIR 
volumea

Median: 139.62, IQR: 127.6 
(62.68, 190.28)

Median: 136, IQR: 148.52 
(52.8, 201.32)

Median: 159.06, IQR: 
146.34 (59.85, 206.19)

PTV overlap volume Median: 62.58, IQR: 142.27 
(4.79, 147.06)

Median: 62.58, IQR: 138.19 
(2, 140.19)

Median: 62.32, IQR: 
137.16 (5.19, 142.35)

Percentage of PTV at 
re-irradiation overlapping 
Initial Radiation PTV

Median: 0.53, IQR: 0.64 
(0.2, 0.84)

Median: 0.36, IQR: 0.62 
(0.11, 0.73)

Median: 0.5, IQR: 0.46 
(0.2, 0.66)

Abbreviations: CRT, conformal radiation therapy; CSI, craniospinal radiation; FLAIR, fluid attenuated inversion recovery; IDH, isocitrate dehydro-
genase; IMRT, intensity-modulated radiation therapy; IQR, interquartile range; KPS, Karnofsky performance status; MGMT, O6-methylguanine-DNA 
methyltransferase; PCV, procarbazine, lomustine (CCNU) and vincristine; PTV, planning target volume; RT, radiation therapy; VMAT, volumetric 
modulated arc therapy.
aFor patients where the FLAIR abnormality was targeted at re-irradiation.
* = gliosarcoma.

  

shown in Tables 2–4. For all patients, after adjusting for the 
patients’ status of MGMT promoter methylation and the 
type of surgery at re-irradiation (GTR vs non-GTR), com-
pletion of re-irradiation (HR 0.03, P < .001) and the use of 
bevacizumab concurrently with re-irradiation (HR 0.339, 
P = .008) were associated with improved overall survival. 
After adjusting for the interval from the end of initial radi-
otherapy to recurrence, concurrent bevacizumab (HR 0.38, 
P = .037) and completion of re-irradiation (HR 0.14, P = .022) 
were associated with improved progression-free survival. 
Neither the number of lines of systemic therapy between 
courses of irradiation nor re-irradiation at first recurrence 
was predictive of progression-free or overall survival com-
pared with re-irradiation at a subsequent recurrence.

For patients with GBM at the time of initial radiation, 
multiple predictors of improved overall survival after 
re-irradiation were identified, including completion of 
re-irradiation (HR 0.01, P < .001), fewer lines of salvage 

systemic therapy (HR 0.25, P = .017), and longer time from 
the completion of initial radiation therapy to the first re-
currence (HR 0.99, P  =  .013). There were also trends to-
ward improved overall survival with increasing BED10 
at re-irradiation (HR 0.91, P  =  .063) and younger age at 
re-irradiation (HR 0.91, P = .06).

For patients with GBM at the time of recurrence, com-
pleting re-irradiation (HR 0.03, P < .001), use of concur-
rent bevacizumab (HR 0.30, P  =  .009), and increasing 
BED10 at re-irradiation (HR 0.92, P =  .005) were predic-
tive of overall survival. Despite the P value being greater 
than 0.05, the difference in median survival (5.8 months 
vs 9.47  months) suggested practical significance and 
improved overall survival in patients treated with 
re-irradiation courses with doses above a BED10 of 50 
Gy, which includes regimens, such as 40.05 Gy in 15 frac-
tions and 45 Gy in 25 fractions. Additionally, all patients 
surviving for more than 1  year received a BED10 of at 
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Figure 1. (A) Kaplan-Meier plot for overall survival of the entire cohort and of glioblastoma patients after re-irradiation. (B) Kaplan-Meier plot for 
progression-free survival of the entire cohort and glioblastoma patients after re-irradiation.
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Table 2. Univariate and Multivariate Analysis for Overall Survival for All Patients

Predictors Univariate Hazard Ratio P value Multivariate Hazard Ratio P value 

Re-irradiation at first or subsequent progression 0.709 (0.369-1.362) 0.302   

Interval from end of initial radiation to recur-
rence prior to re-irradiation

1 (0.9999-1) 0.436   

Concurrent bevacizumab with re-irradiation 0.687 (0.36-1.311) 0.255 0.291 (0.121-0.699) 0.006

Completed re-irradiation 0.052 (0.018-0.153) <0.001 0.029 (0.007-0.113) <0.001

Re-irradiation BED10 0.985 (0.951-1.021) 0.41   

IDH mutation at recurrence

 No 1 (referent)    

 Yes 1.062 (0.365-3.092) 0.912   

 Unknown 1.383 (0.618-3.098) 0.43   

MGMT methylation at recurrence

 No 1 (referent)  1 (referent)  

 Yes 2.037 (0.753-5.506) 0.161 3.939 (1.249-12.424) 0.019

 Unknown 1.47 (0.658-3.281) 0.347 1.471 (0.587-3.69) 0.411

Number of lines of systemic therapy between 
courses of radiation

1.141 (0.846-1.539) 0.387   

Interval from end of initial radiation to first 
recurrence

0.9998 (0.9997-1) 0.069 1 (0.9996-1) 0.074

Abbreviations: IDH, isocitrate dehydrogenase; MGMT, O6-methylguanine-DNA methyltransferase.

  

  
Table 3. Univariate and Multivariate Analysis for Progression-free Survival for All Patients

Predictors Univariate Hazard 
Ratio 

P value Multivariate Hazard 
Ratio 

P value 

Age at re-irradiation (years) 1.003 (0.977-1.029) 0.845   

Re-irradiation at first or subsequent progression 1.131 (0.524-2.442) 0.754   

Interval from completion of initial radiation to re-
currence prior to re-irradiation

0.9997 
(0.9995-0.9999)

0.008 0.9997 (0.9995-0.9999) 0.011

Concurrent bevacizumab with re-irradiation 0.646 (0.308-1.356) 0.248 0.384 (0.156-0.943) 0.037

Completed re-irradiation 0.181 (0.04-0.818) 0.026 0.14 (0.026-0.75) 0.022

Re-irradiation BED10 0.971 (0.928-1.017) 0.218   

KPS at re-irradiation 0.998 (0.957-1.042) 0.934   

IDH mutation at recurrence

 No 1 (referent)    

 Yes 0.465 (0.124-1.746) 0.257   

 Unknown 0.938 (0.361-2.434) 0.895   

MGMT methylation at recurrence

 No 1 (referent)    

 Yes 0.934 (0.294-2.973) 0.908   

 Unknown 0.899 (0.365-2.213) 0.817   

Number of lines of systemic therapy courses of 
radiation

1.319 (0.972-1.791) 0.075   

Interval from end initial radiation to first recurrence 0.9997 (0.9994-1) 0.038   

Abbreviations: IDH, isocitrate dehydrogenase; KPS, Karnofsky performance status; MGMT, O6-methylguanine-DNA methyltransferase.
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least 50 Gy at re-irradiation (Figure 2B). Overall survival 
after re-irradiation did not differ based on the use of 
bevacizuamb or a BED10 of at least 50 Gy at re-irradiation 
in patients with glioblastoma at the time of initial radia-
tion (Supplementary Figures 3 and 4). Notably, the in-
terval from the end of the first course of re-irradiation 
to the recurrence treated with re-irradiation, the number 
of lines of systemic therapy between courses of radia-
tion therapy, and re-irradiation at initial vs subsequent 
progression were not predictive of overall survival in pa-
tients with GBM.

Toxicity

Of the 46 patients evaluable for toxicity after re-irradiation 
in this study, 3 developed grade 4 ARE, 2 developed grade 

3 neurocognitive decline, 3 developed new-onset seizures, 
and 4 developed grade 3 neurologic deficits. Two of the nine 
patients who developed a grade 3 or higher adverse event 
had received concurrent bevacizumab (one with new grade 
3 neurologic deficits and one with new-onset seizures). 
No patients who received concurrent bevacizumab with 
re-irradiation developed grade 3 or higher ARE. The overall 
rate of grade 3 or higher toxicity among those treated with 
concurrent bevacizumab was 9.5% (2 out of 21 patients), 
compared with 28% (7 out of 25 patients) who were not 
treated with concurrent bevacizumab (P  =  .15). Neither 
the absolute volume of overlap between the initial and 
re-irradiation PTV nor the percentage of re-irradiation PTV 
that overlapped with the initial PTV were predictive of grade 
3 or greater toxicity (P = .56 and P = .735, respectively).

The case who developed grade 3 neurologic deficits after 
re-irradiation with concurrent bevacizumab developed 
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Figure 2. (A) Kaplan-Meier plot for overall survival of patients with concurrent bevacizumab vs patients without concurrent bevacizumab. (B) 
Kaplan-Meier plot for overall survival of patients with greater than or equal to 50 Gy vs less than 50 Gy.
  

new-onset right-sided weakness after receiving 50.4 Gy 
in 28 fractions with concurrent TMZ and bevacizumab for 
an in-field recurrence of a grade 3 oligodendroglioma ap-
proximately 18.5  years after initial radiation. The target 
at re-irradiation included the left thalamus and cerebral 
peduncle.

The case that developed new-onset seizures after 
re-irradiation with concurrent bevacizumab received 36 Gy 
in 20 fractions with concurrent TMZ and bevacizumab for a 
recurrent GBM 10.7 years after initial radiation (initial his-
tology was grade 2 mixed oligoastrocytoma). Notably, in 
this case, the PTV at re-irradiation was 963.3 cm3 and in-
cluded all lobes of the right cerebral hemisphere, as well 
as the corpus callosum and portions of the left cerebral 
hemisphere.

Discussion

Bevacizumab has been commonly prescribed in the 
re-irradiation setting for GBM due to its steroid-sparing 
effects and its use as a salvage therapy for recurrent 
high-grade glioma.8,19–22 Recently, it has been posited 
that bevacizumab may be able to increase the tolerance 
to a second-course radiation therapy by mitigating the 
VEGF-mediated radiation necrosis cascade. This theory 
was validated in two recent studies, one using stereo-
tactic radiosurgery (SRS) at re-irradiation and one using 
a median dose of 36 Gy in standard fractionation. Both 
studies showed a decrease in radiation necrosis with 
concurrent bevacizumab.8,17 In the present series, there 
was a trend toward the use of concurrent bevacizumab 
being protective against ARE in spite of the fact that 
these patients generally were treated to similar doses 
and target volumes at re-irradiation compared with those 
who were not. Interestingly, the amount of overlap be-
tween initial and re-irradiation PTVs was not predictive 
of development of grade 3 or greater toxicity. This may 
be due to a protective effect of concurrent bevacizumab.

Reports of delivery of re-irradiation doses as high as 
those delivered in the present study are limited and have 
not consistently reported radiation necrosis rates. A recent 
review reported doses of 100-130 Gy EQD2 (equivalent 
dose in 2 Gy per fraction) being utilized for conventionally 
fractionated re-irradiation, but the majority of the studies 
included in this review, especially those treating to higher 
doses, treated to much smaller target volume than the cur-
rent series.23

The University of Wisconsin published a series of 103 pa-
tients with recurrent glioma treated with pulsed reduced 
dose rate radiotherapy (PRDR) to a median re-irradiation 
dose of 50 Gy, but this technique can be time-intensive for 
patients, particularly over a protracted treatment course.24 
This series also did not report radiation necrosis rates for 
the entire population but instead found that, in a subset 
of 16 patients for whom autopsy was performed, 4 had 
pathologic evidence of radiation necrosis, which is con-
sistent with the rate of grade or greater 3 ARE in patients 
treated without bevacizumab in the current series. PRDR 
has also been reported in conjunction with bevacizumab, 
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new-onset right-sided weakness after receiving 50.4 Gy 
in 28 fractions with concurrent TMZ and bevacizumab for 
an in-field recurrence of a grade 3 oligodendroglioma ap-
proximately 18.5  years after initial radiation. The target 
at re-irradiation included the left thalamus and cerebral 
peduncle.

The case that developed new-onset seizures after 
re-irradiation with concurrent bevacizumab received 36 Gy 
in 20 fractions with concurrent TMZ and bevacizumab for a 
recurrent GBM 10.7 years after initial radiation (initial his-
tology was grade 2 mixed oligoastrocytoma). Notably, in 
this case, the PTV at re-irradiation was 963.3 cm3 and in-
cluded all lobes of the right cerebral hemisphere, as well 
as the corpus callosum and portions of the left cerebral 
hemisphere.

Discussion

Bevacizumab has been commonly prescribed in the 
re-irradiation setting for GBM due to its steroid-sparing 
effects and its use as a salvage therapy for recurrent 
high-grade glioma.8,19–22 Recently, it has been posited 
that bevacizumab may be able to increase the tolerance 
to a second-course radiation therapy by mitigating the 
VEGF-mediated radiation necrosis cascade. This theory 
was validated in two recent studies, one using stereo-
tactic radiosurgery (SRS) at re-irradiation and one using 
a median dose of 36 Gy in standard fractionation. Both 
studies showed a decrease in radiation necrosis with 
concurrent bevacizumab.8,17 In the present series, there 
was a trend toward the use of concurrent bevacizumab 
being protective against ARE in spite of the fact that 
these patients generally were treated to similar doses 
and target volumes at re-irradiation compared with those 
who were not. Interestingly, the amount of overlap be-
tween initial and re-irradiation PTVs was not predictive 
of development of grade 3 or greater toxicity. This may 
be due to a protective effect of concurrent bevacizumab.

Reports of delivery of re-irradiation doses as high as 
those delivered in the present study are limited and have 
not consistently reported radiation necrosis rates. A recent 
review reported doses of 100-130 Gy EQD2 (equivalent 
dose in 2 Gy per fraction) being utilized for conventionally 
fractionated re-irradiation, but the majority of the studies 
included in this review, especially those treating to higher 
doses, treated to much smaller target volume than the cur-
rent series.23

The University of Wisconsin published a series of 103 pa-
tients with recurrent glioma treated with pulsed reduced 
dose rate radiotherapy (PRDR) to a median re-irradiation 
dose of 50 Gy, but this technique can be time-intensive for 
patients, particularly over a protracted treatment course.24 
This series also did not report radiation necrosis rates for 
the entire population but instead found that, in a subset 
of 16 patients for whom autopsy was performed, 4 had 
pathologic evidence of radiation necrosis, which is con-
sistent with the rate of grade or greater 3 ARE in patients 
treated without bevacizumab in the current series. PRDR 
has also been reported in conjunction with bevacizumab, 

though again, radiation necrosis rates have not yet been 
reported.21

An additional study from Chan et al reported re-irradiation 
of high-grade gliomas with bevacizumab to large vol-
umes; however, the majority of cases were treated to lower 
re-irradiation doses, with 67% receiving BED10 of under 
50 Gy to slightly smaller volumes than in this series (me-
dian PTV 145 cc).25 A study from Shen et al also reported 
re-irradiation with concurrent bevacizumab; however, ex-
cept in cases of out of field failure, doses were limited to no 
more than 45 Gy in 25 fractions (BED10 = 53.1 Gy) with a me-
dian dose of 41.4 Gy in 1.8 Gy fractions (BED10 48.9 Gy). The 
study did find improved overall survival with doses greater 
than 41.4 Gy, similar to the current study.26

The target volume in the present series also differed 
from previous reports in that the FLAIR abnormality was 
intentionally targeted in the majority of cases. The majority 
of previous series of re-irradiation target the enhancing 
tumor volume, in some cases with additional margin, but 
not intentionally targeting FLAIR abnormality.8,12,20,22,27–30 
This is a particularly important distinction in the treat-
ment of IDH mutant tumors (anaplastic glioma or sec-
ondary GBMs), as these tumors tend to have large 
non-enhancing components. Three previous series have 
intentionally targeted FLAIR abnormality or progression in 
re-irradiation.24,25,31 In a series by Kim et al, patients with 
the FLAIR abnormality included in the target volume had 
improved local and regional failure.31 A recent small ran-
domized trial targeted the FLAIR abnormality to a lower 
dose (24 Gy in 4 fractions, BED10 38.4 Gy) than gross dis-
ease in patients with recurrent high-grade glioma concur-
rently with bevacizumab-based chemotherapy also found 
improvement in progression-free survival and a trend to-
ward improved overall survival with the addition of frac-
tionated SRS to bevacizumab-based chemotherapy.32 
Recent studies have suggested that progression of non-
contrast enhancing disease ultimately leads to patient 
demise in patients with GBM, and it may have been that 
insufficient dose to the non-enhancing disease fails to pre-
vent the progression of tumor in that area.33–35

The improved outcomes seen with increased radiation 
dose at re-irradiation for GBM are consistent with data in 
the initial radiation therapy setting, where a dose-response 
effect has been shown with improved survival with dose 
escalation up to 60 Gy.13 However, some recent series sug-
gest that this dose-response is sensitive to age and per-
formance status.36 Patients who are offered re-irradiation, 
in general, are a selected population of patients who have 
survived for longer with longer disease-free intervals, had 
lower grade tumors that transform to GBM, and have pre-
viously responded to radiation therapy. As such, they rep-
resent a population that is enriched for a more protracted 
disease course and may benefit from the use of concurrent 
bevacizumab to allow for both radiation dose and target 
volume escalation.27

There are several limitations to the present series. 
The data are derived from a retrospective single-
institution dataset and thus are limited to hypothesis 
generation. It is also therefore subject to the selec-
tion biases of retrospective series, particularly with 
regards to the physician discretion of re-irradiation 
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fractionation schemes and the time biases associated 
with a historical control group treated in a previous 
era. Additionally, due to the length of the study period, 
molecular characteristics of the treated tumors were 
not consistently available. In spite of potential selec-
tion biases, patients who were treated with protracted 
courses were more likely to have greater treatment 
volumes yet these patients still experienced a greater 
survival. While the data from the present series will 
need to be validated, they provide the basis for poten-
tial clinical trials of dose-escalated re-irradiation with 
concurrent bevacizumab delivered as a means to pro-
tect against radiation necrosis.

Conclusions

High dose re-irradiation with concurrent bevacizumab is 
a feasible option in patients with recurrent gliomas even 
in the setting of large treatment volumes targeting non-
enhancing tumor components. GBM patients with the 
same completion status of re-irradiation appear to have 
improved overall survival with concurrent bevacizumab 
use and increasing dose at the time of re-irradiation. These 
findings require validation in prospective studies.
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