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Background: Glioblastoma multiforme (GBM) is the most aggressive primary brain tumor 

with high relapse rate. In this study, we aimed to determine if dose-escalated (DE) radiotherapy 

improved tumor control and survival in GBM patients.

Methods: We conducted a retrospective analysis of 49 and 23 newly-diagnosed histology-

proven GBM patients, treated with DE radiotherapy delivered in 70 Gy (2.33 Gy per fraction) 

and conventional doses (60 Gy), respectively, between 2007 and 2013. Clinical target volumes 

for 70 and 60 Gy were defined by 0.5 and 2.0 cm expansion of magnetic resonance imaging 

T1-gadolinium-enhanced tumor/surgical cavity, respectively. Bilateral subventricular zones 

(SVZ) were contoured on a co-registered pre-treatment magnetic resonance imaging and planning 

computed tomography dataset as a 5 mm wide structure along the lateral margins of the lateral 

ventricles. Survival outcomes of both cohorts were compared using log-rank test. Radiation 

dose to SVZ in the DE cohort was evaluated.

Results: Median follow-up was 13.6 and 15.1 months for the DE- and conventionally-treated 

cohorts, respectively. Median overall survival (OS) of patients who received DE radiotherapy 

was 15.2 months (95% confidence interval [CI] =11.0–18.6), while median OS of the latter 

cohort was 18.4 months (95% CI =12.5–31.4, P=0.253). Univariate analyses of clinical and 

dosimetric parameters among the DE cohort demonstrated a trend of longer progression-free 

survival, but not OS, with incremental radiation doses to the ipsilateral SVZ (hazard ratio 

[HR] =0.95, 95% CI =0.90–1.00, P=0.052) and proportion of ipsilateral SVZ receiving 50 Gy 

(HR =0.98, 95% CI =0.97–1.00, P=0.017).

Conclusion: DE radiotherapy did not improve survival in patients with GBM. Incorporation 

of ipsilateral SVZ as a radiotherapy target volume for patients with GBM requires prospective 

validation.

Keywords: glioblastoma multiforme, intensity-modulated radiotherapy, dose escalation, 

subventricular zones

Background
Glioblastoma multiforme (GBM) represents the commonest primary brain tumor, with 

an estimated annual incidence of 2–3 cases per 100,000 people. In patients diagnosed 

with the disease, few survive beyond 2 years, even with combination temozolomide 

(TMZ) and radiotherapy, although stratification based on MGMT promoter methyla-

tion status identifies individuals who will benefit most from this manner of treatment 

intensification.1,2 Nonetheless, in patients lacking the methylated epigenome, alternative 
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systemic agents as radiation-sensitizers have not proved to be 

superior to TMZ.3–7 Assessment of recurrences in the era of 

patients treated with TMZ and radiotherapy continues to indi-

cate a predominant pattern of central relapses, thus hinting at 

the necessity for other measures to intensify local treatment.8 

From the mechanistic perspective, a postulation for the distinct 

resistance of GBM to local therapy relates to the constant clonal 

evolution of neural stem cells into tumor precursors that may be 

intrinsically radiation resistant.9,10 Failure to completely eradi-

cate these primordial tumor clones would ultimately lead to a 

recurrence. In support of this notion, a number of series have 

now reported that GBM lesions that exist in close proximity to 

the anatomical location where neural stem cells exist, namely 

the subventricular zones (SVZ), are associated with an aggres-

sive phenotype.11,12

In this context, we retrospectively investigated if radio-

therapy dose escalation of 70 Gy to the gross disease gave 

a better tumor control and survival in GBM patients. Given 

the implementation of higher than conventional radiotherapy 

doses in this study, we further explored the association of 

radiation dose to the SVZ and clinical outcomes.

Methods
Patients
We analyzed case records of 49 patients with newly-diagnosed 

and histologically proven GBM, who were treated with a 

dose-escalated (DE) radiotherapy regime at the National 

Cancer Centre Singapore between 2007 and 2013. Due to 

the modest number of conventionally-treated patients at the 

National Cancer Centre Singapore, we collaborated with 

Siriraj hospital, Thailand, to review records of 23 patients 

with the same eligibility criteria, who were treated with 

a conventional dose of 60 Gy over the same time period. 

Patients with multi-focal disease and/or a history of previous 

head and neck radiotherapy, as well as unavailability of post-

treatment magnetic resonance imaging (MRI) scans were 

excluded from the analysis.

Ethical approval for the study was obtained from 

Singhealth Centralised Institutional Review Board (refer-

ence number 2013/658/B) and Siriraj Institutional Review 

Board (reference number Si086/2015). The requirement for 

informed consent of patients was waived by each institu-

tional review board due to the retrospective nature of this 

study. Patient records/information was anonymized and 

de-identified prior to analysis.

Radiotherapy
The DE treatment scheme, designed on the basis of an 

α/β estimate of 2 Gy for late neurological adverse effects, 

involved delivering an additional 10 Gy boost simultaneously 

using intensity-modulated radiotherapy, resulting in a 

cumulative dose of 70 Gy over 30 fractions (equivalent 

2  Gy dose [EQD
2
]  =71.9  Gy, α/β

tumor
  =10  Gy; 75.8 Gy,  

α/β
late

 
tissues

  =2  Gy). The following target volumes were 

defined. Fused MRI and computed tomography (CT) images, 

obtained at 3 mm slice thickness, were utilized for target 

volume delineation. Gadolinium-enhanced lesions observed 

on MRI T1 sequence were contoured as gross tumor volume 

(GTV). Clinical target volume (CTV
60

) was defined as a 2.0 

cm margin around the GTV, encompassing MRI T2 post-

operative enhancing perilesional area, as well as taking into 

account anatomical barriers. The boost volume (CTV
70

) was 

defined as a 5 mm circumferential expansion of the GTV.13

In the conventionally-treated cohort, patients received 

60 Gy delivered as a single phase treatment. CTV
60

 was 

defined as above.

Treatment-related toxicity was graded according to Com-

mon Terminology Criteria for Adverse Events version 4.0. 

Advanced imaging (magnetic resonance spectroscopy) and 

surgical resection for radiation necrosis were not mandated 

in the treatment protocol, and were ordered at the discretion 

of the individual clinician.

Chemotherapy
Concurrent and adjuvant TMZ were administered at doses 

of 75 and 150–200 mg/m2/day, respectively. Concurrent 

TMZ was delivered daily for 6 weeks, and in the adjuvant 

phase, it commenced a month post-radiation and continued 

for a total of six cycles, each cycle lasting 5 days, repeated 

every 28 days. Prophylaxis against Pneumocystis jiroveci 

pneumonia was given when TMZ was used concurrently 

with radiotherapy.

Follow-up and assessment of patterns 
of relapses
Follow-up MRI scan was done at 2- to 4-monthly intervals. 

Progression was determined based on T1 post-contrast MRI 

in axial as well as coronal planes. We relied on the Response 

Assessment in Neuro-Oncology criteria14 to differentiate 

between true progression and pseudoprogression. T1 post-

gadolinium MRI brain, which defined recurrence of disease, 

were imported were imported to the Eclipse™ treatment 

planning system (Varian Medical Systems, Palo Alto, CA, 

USA) and fused retrospectively with the planning CT images. 

Following fusion verification, the recurrence was contoured 

on the planning CT. Structures representing the 60 Gy and 

70 Gy isodose lines were derived and Boolean operators were 

used to obtain the volume of recurrence within each isodose 
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line. Ratio of overlapping to total recurrence volumes were 

then derived for each isodose, and patterns of relapses classi-

fied as such, central (.95% overlap), in-field (.80%–95%), 

marginal (20%–80%), and distal (,20%).

Evaluation of radiation dosimetry in SVZ
Bilateral SVZ were contoured on a fused pre-treatment MRI 

and planning CT dataset as a 5 mm wide structure along the 

lateral margins of the lateral ventricles15 (Figure 1). Volume 

receiving 50 Gy (V
50

) and mean dose received were then 

recorded for ipsilateral, contralateral, and composite SVZ 

structures.

Statistical analyses
Primary endpoint was overall survival (OS), and secondary 

endpoints were progression-free survival (PFS), patterns 

of failure, and radiation dose to the SVZ. Continuous and 

categorical characteristics of DE- and conventionally-treated 

cohorts were compared using the Mann–Whitney U and 

chi-square or Fisher’s exact tests, respectively. OS was mea-

sured from the date of histological diagnosis to the date of 

death from any cause. PFS was determined from the date of 

histological diagnosis to the date of progression or death from 

any cause, whichever occurred first. Patients who did not 

develop any of these time-to-event endpoints were censored 

Figure 1 Bilateral subventricular zones (SVZ) contours.
Notes: Representative images of bilateral subventricular zones’ (SVZ) contours on superior (A), middle (B), and inferior (C) slices of planning computed tomography (CT) 
dataset; (D) 3-dimensional reconstructed image.
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at the date of their last follow-up. Survival distributions were 

estimated using the Kaplan–Meier method, and compared 

based on the log-rank test for categorical characteristics 

and the Wald test for continuous characteristics. Cox pro-

portional hazards regression models were fitted to examine 

the association of clinical and treatment parameters with 

PFS and OS. Variables with P-value ,0.05 in the univariate 

analysis were selected for the multivariate Cox proportional 

hazards model. The proportional hazards assumption was 

verified using Schoenfeld’s residuals. All analyses were 

performed using SAS version 9.4 (SAS Institute Inc., Cary, 

NC, USA). Statistical significance was set as a threshold of 

P-value ,0.05.

Results
Patient and treatment characteristics
Median age at diagnosis was 54 and 53 years old for the 

DE- and conventionally-treated cohorts, respectively. Patient 

and treatment characteristics of the two cohorts were largely 

similar, with the exception of performance status (Table 1). 

In particular, 43 of 49 patients (87.8%) in the DE cohort and 

19 of 23 (82.6%) patients in the conventional cohort received 

TMZ with radiotherapy.

Clinical outcomes
Median follow-up of all patients in the DE cohort was 

13.6 months (range 1.7–66.2). There were eight patients alive 

at the time of analysis, and their median follow-up was 

28.7  months. Only one patient in the DE cohort was 

histologically proven to have radiation necrosis. This 

particular patient survived for $4 years. Three other patients 

survived for $3 years, and five for $2 years.

In the conventional cohort, median follow-up was 

15.1  months (range 5.3–63.6). There were six patients 

alive at the time of analysis, and their median follow-up 

was 14.1 months. Overall, no grade 3 or 4 toxicity in either 

cohort was observed throughout the treatment course. Median 

OS was 15.2 months (95% confidence interval [CI] =11.0–18.6) 

for DE cohort and 18.4 months (95% CI =12.5–31.4) for 

conventionally-treated patients, respectively, corresponding 

to a hazard ratio (HR) of 0.72 (95% CI =0.41–1.27; P=0.253, 

Figure 2). Median PFS for the DE and conventionally-treated 

cohorts was 7.1 months (95% CI =5.6–9.6) and 11.1 months 

(95% CI =6.0–24.6), respectively, corresponding to an HR 

of 0.57 (95% CI =0.32–0.99; P=0.043, Figure 2).

Univariate Cox regression analysis among DE-treated cohort 

was performed to identify independent significant determinants 

of prognosis. Among the tested variables, receipt of TMZ and 

performance status were associated with OS and multivariate 

analysis confirmed that they were independent prognosticators. 

Patients with Eastern Cooperative Oncology Group perfor-

mance status of 2–3 (HR =2.37; 95% CI =1.06–5.32; P=0.036) 

and TMZ non-recipients (HR =2.51; 95% CI =1.00–6.27; 

P=0.049) were associated with an inferior OS.

Patterns of relapses
Within the 60 Gy isodose, 12 relapses (70.6%) occurred to 

be central and one in-field (5.9%) in the conventional cohort, 

Table 1 Patient and treatment characteristics

Total Dose-escalated  
cohort

Conventional
cohort

P-value

Number % Number % Number %

Total 72 100 49 100 23 100
Age at diagnosis, years
Median (range) 53.5 (16–81) 54 (16–81) 53 (31–71) 0.814
Sex

Male 43 59.7 30 61.2 13 56.5 0.704
Female 29 40.3 19 38.8 10 43.5

Type of surgery
Biopsy 13 18.1 10 20.4 3 13.0 0.215
Partial resection 30 41.7 17 34.7 13 56.5
Gross total resection 29 40.3 22 44.9 7 30.4

Eastern Cooperative Oncology Group performance status
0–1 62 86.1 39 79.6 23 100 0.02*
2–3 10 13.9 10 20.4 0 0

Temozolomide
Yes 62 86.1 43 87.8 19 82.6 0.716
No 10 13.9 6 12.2 4 17.4

Note: *Statistically significant difference between dose-escalated and conventionally treated cohorts.
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whereas 32 relapsed (97%) in the central area, and none 

in-field among the DE cohort (P=0.019) (Table 2). Within 

the 70 Gy isodose, we observed 23 (69.7%) central/in-field 

relapses, and ten (30.3%) marginal/distal relapses.

Next we examined if relapse patterns within this high-

dose region differed between SVZ-contacting (SVZ+) and 

non-SVZ-contacting (SVZ-) tumors. Eight out of 20 (40%) 

SVZ+ tumors relapsed marginally/distally, compared to two 

out of 13 (15.4%) for SVZ- tumors (Table 3).

Implications of radiation dose to the SVZ
In patients who received DE radiotherapy, mean radiation 

doses to the ipsilateral, contralateral, and composite SVZ 

were 60.6 Gy (range 33.4–69.8), 39.5 Gy (range 19.4–61.2), 

and 49.1 Gy (range 28.3–64.3), respectively. Higher 

doses to the ipsilateral SVZ were associated with near 

statistical significance to superior PFS (HR =0.95; 95% 

CI =0.9–1.0; P=0.052), but not OS of patients (HR =1.03; 

95% CI =0.97–1.10; P=0.352). Dose to the contralateral and 

composite SVZ was not correlated with either PFS or OS.

We next examined the association between the dose-

volume of ipsilateral SVZ irradiation and PFS and OS in the 

same cohort. To this end, we utilized the V
50

 parameter for 

analysis based on the work by Chen et al.16 Mean V
50

 of the 

ipsilateral SVZ was 84.7% (range 22.5–100). Patients who 

received 50 Gy to the entire ipsilateral SVZ (V
50

=100%) 

experienced a better PFS, and this approached near statisti-

cal significance (HR =0.52; 95% CI =0.27–1.02; P=0.055) 

Figure 2 Kaplan–Meier estimates of both cohorts.
Notes: Kaplan–Meier estimates of overall survival (A) and progression-free survival (B) in dose-escalated (DE) and conventional radiotherapy cohorts.

Table 2 Relapse pattern within 60 Gy isodose

Total Dose-escalated  
cohort

Conventional
cohort

P-value

Number % Number % Number %

Number of relapsed patients 51 34 17
Among patients with planning  
computed tomography details^

50 100 33 100 17 100

Relapse patterns#

Central 44 88.0 32 97.0 12 70.6 0.019
In-field 1 2.0 0 – 1 5.9
Marginal 3 6.0 1 3.0 2 11.8
Distal 2 4.0 0 – 2 11.8

Notes: ^Unable to retrieve treatment plan for one patient in the dose-escalated cohort. #Central: $95%–100% of recurrence volume within 60 Gy isodose; in-field: 
$80%–95%; marginal: $20%–80%; distal: ,20%.
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(Figure 3). There was no association between OS and 

this parameter (HR =0.76; 95% CI =0.38–1.54; P=0.446, 

Figure 3).

Discussion
Our study demonstrated that DE radiation to newly-diagnosed 

GBM patients using 70 Gy over 30 fractions did not yield 

any advantage in OS, with about a third of the DE cohort 

still exhibiting central relapses within the 70 Gy isodose. 

As expected, TMZ non-recipients and Eastern Cooperative 

Oncology Group performance status 2–3 were unfavorable 

factors affecting survival. Exploratory analyses of radiation 

dose to the SVZ indicated that dose to the ipsilateral SVZ and 

volume receiving 50 Gy were associated with near statistical 

significance with PFS. It would be suggestive on the basis 

of the study findings that treatment intensification through 

DE is ineffective in patients with GBM. Rather, the SVZ 

seem to be a potential target consideration when planning 

radiotherapy for these patients.

The observed lack of effect with DE in the current study 

is consistent with several other reports that have also failed 

to demonstrate a dose-response in tumor control and sur-

vival beyond conventional dose-schedules in patients with 

GBM.17,18 With the exception of the study by Tsien et al 

that reported a median PFS and OS of 9 and 20.1 months, 

respectively, with DE radiotherapy (75 Gy delivered in 

30 fractions), approximately half of the patients in that study 

still failed centrally.19

Of interest however, 11C-methionine positron emission 

tomography (MET-PET) was available in the study by 

Tsien et al19 as an adjunct imaging tool for comparison against 

MRI in delineating the extent of residual disease post-surgical 

Table 3 Relapse pattern within 70 Gy isodose for dose-escalated cohort

Total SVZ+ SVZ- P-value

Number % Number % Number %

Number of relapsed patients 34
Among patients with planning  
computed tomography details^

33 100 20 100 13 100

Relapse pattern within 70 Gy isodose#

Central or in-field 23 69.7 12 60 11 84.6 0.246
Marginal or distal 10 30.3 8 40 2 15.4

Notes: SVZ+ represents SVZ-contacting tumors and SVZ- represents non SVZ-contacting tumors; ^unable to retrieve treatment plan for one patient; #central: $95%–100% 
of recurrence volume within 70 Gy isodose; in-field: $80%–95%; marginal: $20%–80%; distal: ,20%.
Abbreviation: SVZ, subventricular zones.

Figure 3 Kaplan–Meier estimates based on volume of ipsilateral SVZ receiving 50 Gy.
Notes: Kaplan–Meier estimates of overall survival (A) and progression-free survival (B) based on volume of ipsilateral subventricular zones (SVZ) receiving 50 Gy (V50) for 
patients treated with dose-escalated (DE) radiotherapy.
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resection (radiotherapy GTV). Although the defined volume 

of disease was much smaller with MET-PET, of particular sig-

nificance was the observation that MET-PET identified areas 

of “tumor” that were not visible on MRI. As it stands, much 

needs to be done to validate the accuracy of PET-defined 

tumors, but it is reasonable to consider that limited success 

with DE trials could be attributed in part to the suboptimal 

efficacy of current imaging tools in defining “gross” tumor 

volume during the process of radiotherapy planning.20

A more recent study employing a unique scheme of 

high-dose hypofractionated radiotherapy also offered inter-

esting insights into the radiation sensitivity of GBM cells.21 

In addition to using an escalated dose of 68 Gy planned to 

a comparable “high dose” target volume, treatment was 

delivered over a course of eight fractions, which resulted in 

a fraction size of 8.5 Gy as opposed to 2.33 Gy in the current 

study. Preliminary survival analysis indicated promising 

median OS of 20 months in that cohort, and expectedly, 20 

of 46 individuals developed cerebral necrosis post-therapy. 

Nonetheless, it was impressive to note that patterns of relapses 

differed in that local control was excellent, while distant 

failures predominated. Although preliminary, these findings 

certainly challenge the notion that GBM cells are insensitive 

to fraction size (high α/β), in which case a hypofractionated 

approach may be more efficacious, as opposed to the time-

honored method of conventional fractionation.

The clinical relevance of SVZ in patients with GBM has 

been repeatedly discussed in recent times, as evidenced by the 

number of studies that have proposed not only a prognostic 

association between the tumor and its anatomical relation 

to the SVZ, but also highlighting the potential impact of 

irradiating this structure within the brain parenchyma.16,22–24 

It was first put forth by Lim et al that patients with GBM can 

be stratified into different prognostic risk categories depend-

ing on the presence of contact between the tumor and SVZ.11 

Since then, the findings have been independently validated 

by two other groups,12,25 and it was further demonstrated 

that irradiation of the SVZ could influence PFS and OS of 

GBM patients.16,21,22,24 Among the DE cohort, we explored 

the hypothesis that the entire ipsilateral SVZ should be incor-

porated as a low-risk (50 Gy) target volume for radiotherapy 

of GBM patients. We demonstrated that a higher radiation 

dose to the ipsilateral SVZ and the proportion of ipsilateral 

SVZ within the 50 Gy isodose resulted in a higher likeli-

hood of improved PFS. Moreover, our exploratory analysis 

might suggest that relapse patterns differed between SVZ+ 

and SVZ- tumors, with marginal/distal relapses being more 

common in SVZ+ than SVZ- tumors. Collectively, these 

findings concur with a very recent report by Liang et al,26 

and support our initiative to explore the clinical impact of 

radiation dose to the SVZ.

Nonetheless, our findings must be considered along with 

the limitations that this is a study undertaken retrospec-

tively, examining the value of DE in GBM and the relation-

ship of radiation dose to the SVZ with clinical outcomes. 

A flaw of the study, which is by no means insignificant, 

relates to the evident lack of centralized radiotherapy qual-

ity assurance. To partially account for this, a comprehensive 

review of the DE radiotherapy plans confirmed that 70 and 

60 Gy encompassed at least 95% of planning target volume 

(PTV)
70

 and PTV
60

, respectively, in all patients. It should 

also be mentioned that MGMT promoter methylation test-

ing was not yet available during the study timeframe, and 

while this information is less crucial in influencing the clini-

cal management of patients, it is important to acknowledge 

that this biomarker status could have confounded our study 

findings. Lastly, we acknowledge the fact that radiation 

necrosis as a consequence of DE was not formally evalu-

ated in this retrospective study. While it is possible that this 

could have confounded our analysis of tumor recurrence 

following DE, diagnosing radiation necrosis remains a clini-

cal challenge, with only few imaging techniques proven to 

be useful in this regard.

Conclusion
In conclusion, we failed to demonstrate that moderately-

hypofractionated DE above 60 Gy improves survival in GBM 

patients, with central failures constituting the majority of 

recurrences following definitive local therapy. Incorporation 

of ipsilateral SVZ as a radiotherapy target volume for GBM 

patients requires further validation.
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