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External beam radiotherapy (RT) has long played a crucial role in the treatment of glio-
blastoma. Over the past several decades, significant advances in RT treatment and
image-guidance technology have led to enormous improvements in the ability to optimize
definitive and salvage treatments. This review highlights several of the latest developments
and controversies related to RT, including the treatment of elderly patients, who continue
to be a fragile and vulnerable population; potential salvage options for recurrent disease
including reirradiation with chemotherapy; the latest imaging techniques allowing for
more accurate and precise delineation of treatment volumes to maximize the therapeutic
ratio of conformal RT; the ongoing preclinical and clinical data regarding the combination
of immunotherapy with RT; and the increasing evidence of cancer stem-cell niches in
the subventricular zone which may provide a potential target for local therapies. Finally,
continued development on many fronts have allowed for modestly improved outcomes
while at the same time limiting toxicity.

Keywords: glioblastoma, external beam radiotherapy, salvage radiotherapy, immunotherapy and radiotherapy,
elderly fractionation, subventricular zone, hypofractionation, elderly

INTRODUCTION

Glioblastoma (GBM) is the most common primary brain tumor in adults and often occurs in patients
over 65 years of age (1). Historically, the treatment for GBM had consisted of maximal safe resection
followed by an adjuvant nitrosurea, with trials by the Brain Tumor Study Group demonstrating
evidence for post-op RT over best supportive care (2, 3). Further analysis of the relationship between
survival and radiation dose revealed a dose—-effect relationship, with doses of 60 Gy providing supe-
rior survival when compared to lower doses (4). In 2004, a prospective, randomized, phase 3 trial by
the European Organization for Research and Treatment of Cancer (EORTC) 26981-22981/National
Cancer Institute of Canada Clinical Trials Group (NCIC CTG) reported improved progression-free
and overall survival for patients with GBM with the addition of concomitant and adjuvant temozolo-
mide (TMZ), an oral alkylating agent, to radiotherapy (RT) following maximal safe resection (5). The
study was limited to patients with a World Health Organization (WHO) performance status of 2 or
less and patients 18 to 70 years of age. The median progression-free survival was 6.9 (5.8-8.2) months
in the TMZ arm vs 5.0 months with RT alone (p < 0.001). Median survival in the RT with TMZ arm
was 14.6 vs 12.1 months in the RT alone arm, indicating the superiority of adding temozolamide to
standard RT. Two more recent trials evaluated the treatment of newly diagnosed GBM with RT and
both concurrent TMZ and bevacizumab, but showed no overall survival benefit (6, 7). While these
trials were not meant to assess the effect of RT, its inclusion ofcourse indicates wide spread acceptance
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of RT as an important adjunct in the management of GBM. These
results provide further evidence that surgery followed by RT with
concurrent and adjuvant TMZ represents the standard of care for
newly diagnosed GBM.

Though radiation is considered part of the standard of care
for the treatment of GBM, there remain many areas of contro-
versy and innovation. These include safe radiation regimens for
the elderly or frail, reirradiation options in previously treated
patients, imaging techniques to improve safety and efficacy, the
potential synergy of immunotherapy and radiation, and finally
the possibility of stem cell-directed radiation therapies aimed
at reducing recurrence. In this review, we highlight these areas
with an eye toward future developments in radiation therapy as
it applies to GBM.

ELDERLY FRACTIONATION REGIMENS

There are no standardized guidelines for the treatment of GBM
in elderly patients, likely related to their exclusion from large
randomized trials (8). The most significant prognostic factor
in GBM is age, followed by performance status, and molecular
characteristics (9). In some instances, this has lead to undeserved
treatment nihilism as it pertains to treatment of the elderly with
GBM. A retrospective review of 206 GBM patients >70 years of
age showed that higher Karnofsky Performance Status (KPS) and
each treatment modality (surgery, RT, and chemotherapy) have a
positive independent effect on improving survival, with patients
having a KPS of 90-100 having a median survival of 17.2 months
while those with a KPS of 80 had a median survival of 7.3 months
(10, 11). The use of RT has been demonstrated to improve overall
survival in elderly patients with GBM vs those receiving best sup-
portive care, without significantly affecting cognition or quality of
life. A phase 3 trial evaluated patients over the age of 70 with GBM
or anaplastic astrocytoma (AA) with a KPS of 70 or more, who
after surgery were randomized to either supportive care or focal
RT, which was 50.4 Gy given in daily fractions of 1.8 Gy. Median
survival was 29.1 vs 16.9 weeks and the hazard ratio for death in
the RT group was 0.47 [95% confidence interval (CI), 0.29 to 0.76;
p = 0.002] showing a significant survival benefit in those patients
receiving adjuvant RT (12).

Given the generally worse prognosis of the elderly with GBM,
additional studies have assessed the role of shorter courses of
RT and whether they show equivalence to standard fractiona-
tion (6 weeks of radiation, given in daily fractions of 1.8 Gy).
Shorter courses of RT, also known as hypofractionation, entail
giving a larger daily dose (>1.8 Gy per fraction), which leads
to a shorter duration of overall treatment. The first randomized
trial appraising the effectiveness of an abbreviated RT course
for elderly patients showed no difference in survival between
6-week and 3-week courses of RT (13). The Canadian trial
enrolled patients >60 years old with a KPS of at least 50 and ran-
domized them to standard adjuvant RT (60 Gy in 30 fractions
over 6 weeks) or hypofractionated RT (40 Gy in 15 fractions over
3 weeks). The median survival was 5.1 months for the standard
course vs 5.6 months for the hypofractionated course (NSS).
The study’s secondary endpoint of health-related quality of life
showed no significant difference between arms. Additionally,

fewer patients in the hypofractionated arm required an increase
in dosage of posttreatment corticosteroids. The study authors
concluded that these results showed no significant difference
in overall survival, 6-month survival, or quality of life between
standard RT and a 3-week hypofractionated course, indicating
that hypofractionated RT is a reasonable treatment option for
elderly patients with GBM.

The median survival for elderly patients with GBM remains
approximately 8 months with RT alone (14). Because the toler-
ability of combination RT and TMZ in the elderly seems to be
reduced, the German Neuro-oncology Working Group (NOA)
completed a randomized phase 3 trial (NOA-08) assessing
whether dose-dense TMZ alone could substitute for standard
fractionation in patients older than 65 years with a KPS of 60
or more (15). This study included 412 randomized patients fol-
lowing resection or biopsy to TMZ alone or RT alone. TMZ was
100 mg/m? daily given on an alternating 1-week on, 1-week off
schedule. RT was conventional fractionation of 60 Gy (1.8-2.0 Gy
per fraction) delivered over 6 weeks. Median overall survival was
8.6 months in the TMZ group vs 9.6 months in the RT group,
however as per the study protocol, TMZ was non-inferior to
RT. O6-methylguanine-methyltransferase (MGMT) promoter
methylation was analyzed for a subgroup of 209 patients, and
the event-free survival (EFS) was longer in patients who received
TMZ (8.4 vs 4.6 months), whereas the EFS was longer in patients
without MGMT promoter methylation who received RT (4.6 vs
3.3 months). These results supported the use of TMZ alone as
an alternative to RT alone in certain elderly patients; however,
significant toxicity was seen in the TMZ alone arm, thus a con-
ventional TMZ schedule may be preferable in elderly patients,
especially since Radiation Therapy Oncology Group (RTOG)
05-25 trial failed to demonstrate improved efficacy of dose-dense
TMZ when compared to standard TMZ (16). Furthermore, both
NOA-08 and RTOG 05-25 confirmed the prognostic significance
of MGMT promoter methylation status, which was strongly
predictive for outcomes. The Nordic trial evaluated elderly GBM
patients >60 years old by randomizing patients following resec-
tion between adjuvant treatment with TMZ alone (200 mg/m®
on days 1-5 every 28 days for up to six cycles), hypofractionated
RT (34 Gy in 10 fractions given over 2 weeks), or standard RT
given over 6 weeks (17). A total of 291 patients were randomized
into one of the three arms and the primary endpoint was overall
survival. When compared with standard RT, there was a statisti-
cally significant increase in median overall survival with TMZ
(8.3 vs 6.0 months, p = 0.01), but not with hypofractionated RT
(7.5 months, p = 0.24). However, for patients who received TMZ
or hypofractionated RT, overall survival was not significantly dif-
ferent (8.4 vs 7.4 months, p = 0.12). Limiting analysis to patients
over 70 years of age demonstrated better survival in the TMZ
alone arm and the hypofractionated RT arm, compared to the
standard RT arm (HR for TMZ vs standard RT 0.35, p < 0.0001;
HR for hypofractionated vs standard RT 0.59, p = 0.02). Similar
to the German trial, patients with MGMT promoter methyla-
tion who were treated with TMZ had better survival than those
without (9.7 vs 6.8 months, p = 0.02); however, MGMT promoter
methylation status did not affect survival in patients treated with
RT. The authors concluded that for elderly patients (>70 years),
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standard RT is supplanted by either TMZ or hypofractionated
RT, and MGMT promoter methylation status may be useful for
predicting benefit from TMZ.

In 2015, the International Atomic Energy Agency published
results from a randomized phase 3 trial of RT in elderly or frail
patients randomized to two regimens of hypofractionated RT:
40 Gy in 15 fractions over 3 weeks vs 25 Gy in 5 fractions over
1 week (18). The definition of frail included patients >50 years
and a KPS of 50-70, while elderly was defined as age >65 years
with a KPS >70. The 1-week long course of RT was non-inferior
to the 3-week course, with a median overall survival time of 7.9
vs 6.4 months (p = 0.716), thus failing to reject the null hypoth-
esis of a difference between the two fractionations. Despite this
significantly condensed short of treatment, there were no grade
>3 acute toxicity and mean doses of corticosteroids did not differ
in either arm at baseline or 1 or 3 months following treatment.
This evidence showing no detriment to a 1-week course of RT
provides the ability to treat this patient population in a manner
that improves the survival-to-treatment time ratio, as the authors
argue, and demonstrates striking advantage when cost-utility
analysis are performed.

The NCIC CTG CE.6/EORTC 26062-22061/Trans-Tasman
Radiation Oncology Group 08.02 elderly GBM study was a
prospective, phase 3 trial that evaluated the benefit of hypofrac-
tionated RT given as 40 Gy in 15 fractions over 3 weeks with or
without concomitant temozolamide and adjuvant temozolamide.
This trial was limited to patients >65 years with good perfor-
mance status (ECOG 0-2) randomized to hypofractionated RT
(40 Gy in 15 fractions) with or without 3 weeks of concomitant
TMZ plus monthly adjuvant TMZ until progression or 12 cycles.
The final results showed that RT with concomitant and adjuvant
TMZ significantly improved median overall survival (9.3 vs
7.6 months, p < 0.0001) and median progression-free survival
(5.3 vs 3.9 months, p < 0.0001) over RT alone. The overall survival
was almost double for patients with MGMT promoter methyla-
tion who received RT and TMZ compared to RT alone (13.5 vs
7.7 months, p = 0.0001). There was a trend toward improved
survival for patients with unmethylated MGMT who received
RT + TMZ over RT alone (10.0 vs 7.9 months, p = 0.055).
Quality of life analysis showed no difference in physical, cogni-
tive, emotional, or social functioning between the two groups.
The experimental arm receiving concurrent and adjuvant TMZ
had increased nausea, vomiting, and constipation, as would be
expected. The addition of TMZ to hypofractionated RT was well
tolerated with over 97% of patients completing the 3-week regi-
men of chemoradiation (14). Based on these results, the addition
of concomitant and adjuvant TMZ to a 3-week course of RT
should be considered for elderly patients with GBM.

These data provide further evidence supporting the use of con-
comitant chemoradiation for highly functioning elderly patients.
For elderly patients with normal to above-normal performance
status following resection, TMZ with either standard fractiona-
tion or hypofractionated RT (40 Gy in 15 fractions over 3 weeks)
are reasonable treatment options, as there is no evidence that
conventionally fractionated RT (60 Gy in 30 fractions) is superior
to hypofractionated RT (19). For elderly patients with a KPS <70,
then single-modality management may be reasonable, including

TMZ alone for patients with an MGMT promoter methylated
tumor, whereas patients with an unmethylated MGMT promoter
may benefit from RT alone, for which the treatment plan should
be individualized and given in a hypofractionated course over
1-3 weeks.

SALVAGE RT

Salvage options for GBM are crucial given that a majority of
patients will develop a recurrence following standard of care sur-
gery, RT, and TMZ (5). Treatment options at time of recurrence
include supportive care, reoperation, repeat RT (reirradiation),
systemic therapy, or combined-modality therapy. The main deter-
minants of prognosis are a favorable performance status (KPS
>70) and younger age, which correlate with improved outcomes
following salvage therapy (20). Other less strong prognostic fac-
tors include smaller tumors, non-eloquent brain location, greater
interval from initial treatment to recurrence, and corticosteroid
dependence.

Salvage reirradiation has been studied in multiple settings,
including GBM. There are numerous published studies looking at
reirradiation, mostly retrospective, utilizing a variety of treatment
techniques, including 3D conventional RT, intensity-modulated
radiotherapy (IMRT), brachytherapy, stereotactic fractionated
RT, and stereotactic radiosurgery (SRS) with or without systemic
therapy. Improvements in RT and imaging technology have
allowed for more accurate delineation of treatment volumes
and increased conformality of treatment, limiting toxicity to
adjacent normal tissue. IMRT allows for a further increase in
conformality by using a number of modulated beams of differ-
ent intensities aimed at many different angles. SRS provides for
even more precise targeting of treatment volumes while sparing
surrounding critical structures, utilizing multiple beam sources
with a steep dose gradient at the edge of target. Stereotactic
treatment is usually limited to smaller sized treatment volumes,
as the risk of toxicity increases with higher irradiated volumes.
Patients may be immobilized with a frame-based or frameless
technique, depending on the treatment machine (Cyberknife®,
Novalis®, Gamma Knife®, etc.) Fractionated stereotactic RT is
similar to radiosurgery, except that treatment can be divided
over several days into multiple fractions, as it usually involves
frameless immobilization. On board image guidance is used prior
to and sometimes during each fraction, to ensure reproducibility
of patient positioning. Fractionated stereotactic radiation has the
innate radiobiological advantage of normal tissue repair between
fractions, allowing for safer treatment of larger volumes while
respecting normal tissue tolerances.

Bevacizumab has also been studied as an adjuvant to salvage
irradiation. In 2009, the Food and Drug Administration approved
bevacizumab for recurrent GBM. Bevacizumab is a humanized
monoclonal antibody against vascular endothelial growth factor
A, which decreases microvascular growth. This approval was
based on significant response rates seen in various phase 2 studies
and a meta-analysis by Wong et al. evaluating 15 studies pub-
lished from 2005 to 2009, involving over 500 patients treated with
bevacizumab for recurrent GBM. This meta-analysis showed a
median overall survival of 9.3 months (95% CI, 7.9-10.6 months)
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and 6-month progression-free survival of 45% (95% CI, 34-57%)
(21). Multiple phase 2 studies have tested the combination of
bevacizumab with other chemotherapeutic agents, including
carboplatin, irinotecan, TMZ, etoposide, erlotinib, and nitrosu-
reas, which have all shown increased toxicity with no substantial
improvement in efficacy, when compared to single-agent beva-
cizumab (22-26). Salvage chemotherapy following bevacizumab
failure has shown limited success, with a retrospective study
showing a combination of bevacizumab with another chemo-
therapeutic agent having a 6-month progression-free survival of
2% on the second regimen, indicating that patients who progress
on a bevacizumab-containing regimen rarely respond to a second
bevacizumab-containing chemotherapy combination (27).

A review by Nieder et al. included data from over 300 GBM
patients receiving various forms of reirradiation as a salvage
treatment modality including external beam RT, fractionated
stereotactic RT, radiosurgery, brachytherapy, and combined
RT and thermotherapy. Cumulative results yielded a 6-month
progression-free survival of 28-39% and 1-year overall survival
of 18-48%. Patients with KPS < 70 seemed to derive less ben-
efit from treatment, although clinical improvement was seen in
24-45% of patients; therefore, stabilization of performance status
was believed to be a realistic aim of treatment (28).

A retrospective study by Combs et al. described results of 147
recurrent gliomas (59 patients with GBM), who were treated with
fractionated stereotactic RT, receiving a median dose of 36 Gy in
2-Gy fractions (29). Progression-free survival for GBM patients
following reirradiation was 5 months, with a median overall
survival after reirradiation of 8 months. Treatment was well toler-
ated with only a single case of radionecrosis. Factors significantly
associated with improved survival included tumor histology
(with lower grade gliomas portending better prognosis), extent
of initial resection, and age at primary diagnosis.

A large retrospective study of reirradiation by Fogh et al.
analyzed 147 patients with high-grade glioma treated with
fractionated stereotactic RT (median dose, 35 Gy in 10 fractions)
showed a median survival time of 11 months from salvage treat-
ment, independent of reoperation or concomitant chemotherapy
(30). Excellent responses were seen in patients who had recurred
within 6 months of initial therapy, with non-inferior survival
to those who recurred later than 6 months. Treatment was well
tolerated with no significant acute morbidity from treatment, no
treatment breaks or hospitalizations. On multivariate analysis,
younger age and small treatment volume was associated with
improved overall survival. Additionally, a study by Vordermark
et al. evaluated the use of fractionated stereotactic RT for previ-
ously irradiated patients with recurrent GBM and AA receiving a
median total dose of 30 Gy (median 5 Gy/fraction). For patients
with GBM, the median overall survival was 7.9 months from time
of reirradiation (31). The median time to radiographic progres-
sion after reirradiation was 4.9 months. Treatment was well
tolerated with no patients requiring reoperation for symptomatic
radiation necrosis.

There have also been multiple studies looking at the use of
SRS in the salvage setting, usually treating with a single high-dose
fraction of radiation. RTOG 90-05 was a phase 1 dose-escalation
study that demonstrated SRS could be safely performed in

patients who previously received RT for primary brain tumors
and brain metastases, with acceptable morbidity (32). The
maximum doses of single fraction radiosurgery defined as 24, 18,
and 15 Gy for tumors <20, 21-30, and 31-40 mm in maximum
diameter, respectively, with increasing risk of CNS toxicity,
including radionecrosis, with increasing treatment volumes, thus
radiosurgery is an option for limited volume disease recurrences.
Multiple retrospective studies have published their outcomes
from utilizing SRS monotherapy as salvage treatment for previ-
ously irradiated GBM, with median doses ranging from 13 to
20 Gy in a single fraction and median survival ranging from 8 to
11 months from time of radiosurgery (33-36). Regarding efficacy,
the tumor dose was not predictive of outcome; however, younger
age, higher KPS, and smaller treatment volumes were associated
with improved survival. SRS was also shown to have a higher rate
of radiation necrosis vs fractionated SRS, with one study showing
30% of patients receiving SRS developing radiation necrosis (35).

In the studies above, a large number of patients experienced
significant improvement or resolution of neurologic symptoms
and reduction of corticosteroid dose, heralding an improvement
in functional status at 6 months. Given the low toxicity of focal
reirradiation and evidence supporting improved outcomes
compared to supportive care or systemic therapy alone, the
clinical practice guidelines approved by the American Society
of Radiation Oncology (ASTRO) endorses salvage reirradiation
for recurrent GBM following completion of standard first-line
therapy for younger patients with good performance status and
limited tumor recurrence; however, there is not yet enough data
to establish the optimal dose and technique (19). With the afore-
mentioned evidence supporting the use of bevacizumab or reir-
radiation alone as salvage treatment, later studies have proceeded
to evaluate the combination of reirradiation with concurrent and
adjuvant bevacizumab.

The rationale of combining radiation and bevacizumab is
based on the finding that bevacizumab works through multiple
mechanisms as a radiosensitizer. Preclinical data show that
ionizing radiation leads to upregulation of VEGE which could
be blocked by antiangiogenic therapies (37). Combination
of RT and bevacizumab may lead to normalization of tumor
vasculature, increasing radiosensitivity through a decrease in
hypoxia, inhibition of repopulation following radiation, and
inhibition of radiation-induced upregulated VEGF expression
(38). Additionally, bevacizumab is believed to have radioprotec-
tive effects on normal tissue through vascular normalization
and reduction of vascular permeability, which may reduce the
likelihood of brain radionecrosis following reirradiation and even
show benefit when used for the acute treatment of symptomatic
radiation necrosis (39).

In the first pilot study of its kind combining reirradiation and
bevacizumab, Gutin et al. treated 25 patients (20 of which had
GBM) with a median age of 56 years (range, 30-80) and median
KPS of 90 (range, 70-100) with salvage reirradiation with con-
current and adjuvant bevacizumab (40). All patients received
bevacizumab (10 mg/kg IV) every 2 weeks of a 28-day cycle until
failure and received fractionated stereotactic RT (30 Gy in five
fractions) 5 days after the first cycle of bevacizumab. Among
GBM patients, overall response rate was 50% with a 6-month
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progression-free survival of 65%. Median overall survival was
12.5 months and 1-year survival was 54%. Three patients on
the study discontinued treatment due to toxicity, including one
patient with a grade 3 CNS intratumoral hemorrhage, one with
a bowel perforation in the setting of chronic steroid use, and one
patient who developed craniotomy wound dehiscence requir-
ing repair. The latter patient had the initial craniotomy 4 weeks
prior to starting bevacizumab. A fourth patient developed a
lower gastrointestinal bleeder 3 weeks after coming off study.
Importantly, no patients experienced clinical or radiographic
radiation necrosis. The authors contend that these complications
were comparable to other reports of bevacizumab use in patients
with GBM. The combination of bevacizumab and RT was thought
to have an improved therapeutic ratio as there were no cases of
radionecrosis and no increased need for corticosteroids during or
after RT. The results of this study compare favorably to the many
chemotherapy studies previously discussed and showed that the
combination of bevacizumab and fractionated stereotactic RT was
safe and tolerated well (40). The fractionation scheme of 30 Gy in
five fractions (6 Gy/fraction) was modeled on the Vordermark
et al. study described previously (31). Another retrospective
single-institution study of high-grade glioma patients treated
with salvage fractionated stereotactic RT (36 Gy in 18 fractions)
with or without concurrent and adjuvant bevacizumab showed
improved overall survival in the combination arm with the
mean survival of 187.4 days after reirradiation alone compared
to 367.6 days after reirradiation plus bevacizumab, thus demon-
strating that there is sufficient statistical evidence to suggest that
the survival for patients treated with and without combination
bevacizumab differ (41).

The ongoing RTOG 12-05 randomized phase 2 trial is evaluat-
ing bevacizumab with or without RT in patients with recurrent
GBM. This study should provide further understanding regarding
whether reirradiation with bevacizumab is beneficial compared
to bevacizumab alone. Additionally, other trials are evaluating
the combination of immunotherapy with reirradiation and
bevacizumab.

NOVEL TREATMENT PLANNING

When designing a RT plan for GBM, conventional treatment
volumes are based on an initial gross tumor volume (GTV) based
upon a postoperative-enhanced MRI with the goal of delineating
the surgical resection cavity plus any residual enhancing tumor.
This initial GTV is given an additional clinical target volume
(CTV) expansion, or margin, for which there remains significant
variation in size. The EORTC currently recommends a 2- to 3-cm
CTV margin and a 3- to 5-mm planning target volume (PTV)
expansion, which is meant to account for any inaccuracies and
uncertainties of treatment planning to ensure that the prescribed
dose is actually delivered. This entire volume is prescribed
at a conventional dose of 60 Gy in 2 Gy daily fractions (42).
Alternatively, the RTOG uses a larger initial volume, based on
the T2 or FLAIR abnormality on the postoperative MRI with
a 2 cm CTV margin and 3-5 mm PTV margin followed by a
“conedown” (also called a “boost”) phase with a more limited
volume, defined by the contrast-enhanced T1 abnormality on

postoperative MRI with a 2-cm CTV margin and a 3- to 5-mm
PTV margin. The initial volume receives 46 Gy in 2 Gy daily frac-
tions, and the boost volume receives 14 Gy in 2 Gy daily fractions
(7). The landmark Stupp trial specified RT planning per EORTC
recommendations (5).

Patterns of failure studies have shown that 80-90% of recur-
rences occur within 2-3 cm of the surgical cavity, which has
guided the development of the conventional treatment volumes
described above. The rationale behind CTV margins includes the
belief that areas of T1 contrast enhancement represent the area of
greatest tumor cell density and areas of T2 or FLAIR abnormality
correspond to diffusely infiltrating disease (43). Various studies
have evaluated the impact of smaller initial treatment volumes
on patterns of failure and overall outcomes. The Department of
Radiation Oncology at MD Anderson Cancer Center utilizes
an alternative treatment volume specification that includes the
resection cavity and any contrast enhancing residual disease with
a 2-cm margin, while purposefully excluding any peritumoral
edema, followed by a 5-mm PTV expansion, treated to 50 Gy in
2 Gy fractions, followed by an additional 10 Gy in five fractions
to the resection cavity with a 5-mm PTV expansion. This is
generally a smaller volume than the prescribed RTOG specifica-
tions. A study by Kumar et al. randomized patients to treatment
volumes as per RTOG criteria (arm A) and the MD Anderson
criteria (arm B). The PTV was significantly smaller in arm B (436
vs 246 cm®, p = 0.001) (44). The results of this trial (published in
abstract form only), showed no difference in recurrence patterns,
however, arm B did show an improved mean overall survival
and improved quality of life outcomes. The null hypothesis was
rejected and there was sufficient statistical evidence to suggest
an increased overall survival for patients treated with smaller
treatment volumes. A large retrospective review from Wake
Forest reviewing RT outcomes with different CTV expansions
showed no difference in treatment patterns of failure when using
5-,10-, and 15- to 20-mm CTV margins, when using modern RT
techniques with concurrent and adjuvant TMZ (45). The New
Approaches to Brain Tumor Therapy consortium has used 5-mm
margins in three different phase 2 studies, utilizing novel agents
in addition to RT and TMZ, with significant improvement in
survival over the chemoRT arm of the Stupp trial (5, 46). These
favorable results may indicate that smaller CTV margins may not
be inferior to the larger volumes used in the landmark EORTC
trial. While further investigation is clearly warranted to more
clearly characterize the optimal treatment volume margin, there
is evidence that limited margins may not compromise recurrence
patterns or survival, and may actually improve outcomes. One
hypothesis regarding this is that more limited irradiated volumes
may limit the lymphopenia, which has been associated with
survival (43).

One drawback of conventional imaging is the uncertainty
inherent in defining true tumor from edema. One workaround
may include the use of novel positron emission tomographic
(PET) tracers to facilitate improved RT planning in GBM. While
"fluorodeoxyglucose is the most commonly used radiolabeled
tracer in PET scans, its use in neuroimaging is limited due to
the high background activity in the brain, whereas radiolabeled
amino acid tracers are preferentially absorbed by tumor cells
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due to excess amino acid transporters (47). The amino acid
O-(2-['*F]-fluoroethyl)-L-tyrosine (FET) in conjunction with
MRI was shown to improve the identification of cellular glioma
tissue allowing for histologic diagnosis, with one study showing
a sensitivity and specificity of 96 and 53% with MRI alone, and
93 and 94% with combined MRI and FET (48). Another amino
acid tracer "C methionine positron emission tomography (MET-
PET) has been compared to gadolinium-enhanced T1-weighted
MRI in the postoperative setting and has shown that the size and
location of residual MET uptake varies considerably from post-
operative MRI abnormality, which may aid in more accurate RT
target delineation (49). A study from the same institution utilized
MET-PET (SPECT)/CT/MRI imaging in patients with recurrent
high-grade glioma undergoing stereotactic hypofractionated
reirradiation in order to better delineate the GTV. The novel
imaging arm showed improved median survival time compared
with CT/MRI alone (9 vs 5 months, p = 0.03); however, the
multivariate analysis suggests that the addition of temozolamide
played a greater role than the use of PET/SPECT planning, thus
given the nonrandomized nature of this trial and small number of
patients, the main take home point of this study is the safety and
feasibility of this approach (50). Furthermore, a study evaluating
the role of dose escalation in GBM that utilized pretreatment
MET-PET imaging demonstrated that patients whose treatment
target volumes failed to include the region of increase MET-PET
uptake had a higher risk of noncentral failure (p < 0.001), reject-
ing the null hypothesis, thus demonstrating a benefit when treat-
ment volumes were delineated with the utilization of MET-PET
to define areas at risk of recurrence not visible on MRI (51).
There may be a role for diffusion tensor imaging (DTI) to aid
with RT target delineation. This MR-based technique is sensitive
to subtle disruptions of white-matter (tensor) tracts, allowing for
the identification of tumor cell infiltration along white-matter
tracts in high-grade gliomas. This has been investigated in RT
planning and may reduce treatment volume size, while simul-
taneously preserving coverage of likely routes of microscopic
spread (52). The white-matter abnormalities seen on DTT that are
normally invisible on conventional CT or MRI have been called
image-based high-risk volumes (IHV) by Jena et al. This same
study executed seven theoretical treatment plans utilizing a CTV
generated by adding a 1-cm margin to the IHVpr compared to
conventional treatment volumes. The use of DTI allowed for a
mean reduction in the size of the PTV of 35% (range 18-46%)
allowing for dose escalation (mean 67 Gy, range 64-74 Gy),
yet with normal tissue complication probabilities that matched
conventional treatment plans (53). This study demonstrates the
value of DTT in shrinking RT volumes while preserving accuracy,
paving the way for future studies with further dose escalation.

COMBINED RT AND IMMUNOTHERAPY

Immune checkpoint blockade via the inhibition of cytotoxic
T-lymphocyte associated protein 4 (CTLA-4) and programmed
death protein 1 (PD-1) receptors has shown recent success in the
treatment of melanoma, non-small cell lung cancer, and renal cell
carcinoma. The benefit of RT has traditionally been attributed to
its local, cytotoxic effect through DNA damage. Newer evidence

has shown that RT increases immunogenic cell death by increa-
sing antigen presentation and promoting a proinflammatory
tumor microenvironment, enhancing antitumor T cell recruit-
ment and the overall antitumor response by the host (54). This
immunologic response to localized radiation may lead to tumor
regression at distant non-irradiated tumor sites; a phenomenon
termed the abscopal effect (55). As such, there has been enthusi-
asm to study the combination of immunotherapy and radiation
whose synergy may stimulate a more robust antitumor response,
contributing to tumor remission.

More recent evidence has shown that the central nervous sys-
tem undergoes constant immune surveillance, aided by functional
lymphatic vessels lining the dural sinuses (56). Similar to other
malignancies, primary CNS tumors like GBM are able to evade
the immune system through a number of immunosuppressive
mechanisms, including the upregulation of immune checkpoints
(57). In GBM, programmed death ligand-1 (PD-L1) has been
demonstrated to be upregulated after the loss of phosphatase and
tensin homolog (PTEN) and activation of the phosphatidylino-
sitol-3-OH kinase (PI3K) pathway (58). This study showed that
T-cells were less effective at lysing mutant PTEN, demonstrating
PD-L1 expression as a primary immunosuppressive mechanism.
Another study showed that the local inflammatory response
induced by RT leads to upregulation of PD-L1 on cancer cells,
macrophages, and dendritic cells, lending further support for the
use of radiation with immune checkpoint blockade (59).

The combination of immunotherapy and radiation has shown
efficacy in preclinical trials, including a study by Newcomb et al.
testing the use of whole-brain RT (4 Gy in two fractions) and
vaccination with irradiated GL261 cells secreting granulocyte-
macrophage colony-stimulating factor, a form of active immu-
notherapy in GL261 murine gliomas (60). The experimental
murine GL261 model used in this trial was intended to emulate
the invasive, aggressive growth seen in human brain tumors. The
delivery of whole-brain RT led to upregulation of MHC-I expres-
sion in vitro, which increased CD4+ and CD8+ T cell infiltration.
The authors hypothesized that one mechanism by which glioma
tumor cells evade immunosurveillance is by downregulating
expression of MHC molecules at the edge of the tumor. The null
hypothesis of the study design was an equal survival among mice
receiving (a) no treatment, (b) WBRT in two fractions of 4 Gy,
(c) vaccination with irradiated GL261 cells secreting granulocyte-
macrophage colony-stimulating factor, or (d) WBRT and vac-
cination. The increased expression seen in the combined RT
plus vaccination arm in this trial resulted in rejection of the null
hypothesis, with results portending long-term mouse survival of
40-80%, compared to only 0-10% in the arm receiving no treat-
ment, radiation alone, or vaccination alone (p < 0.002).

A more recent trial by Zeng et al. involved the implantation
of mice with the GL261 murine glioma cell line followed by
stratification into 1 of 4 arms including: no treatment, stereo-
tactic radiation alone, anti-PD-1 antibody alone, and SRS plus
anti-PD-1 antibody, with the null hypothesis of no difference in
survival among treatment arms (61). RT, comprised of 10 Gy,
was delivered in a single fraction centered on the tumor. The
survival in the combination arm (53 days) was almost double
that of the monotherapy arms (25, 28, and 27 days for the control

Frontiers in Neurology | www.frontiersin.org

January 2018 | Volume 8 | Article 748


http://www.frontiersin.org/Neurology/
http://www.frontiersin.org
http://www.frontiersin.org/Neurology/archive

Mann et al.

Advances in RT for GBM

group, radiation only group, and anti-PD-1 group, respectively),
rejecting the null hypothesis (p < 0.05), and immunologic data
showed significantly increased tumor infiltration by cytotoxic
T cells (CD8+/interferon-y+/tumor necrosis factor-a+) and
decreased regulatory T cells (CD4+/FOXP3) in the combined
arm. Long-term survival of over 180 days was seen in 15-40% of
the mice. The results of this trial provided strong preclinical data
to support the combination of immune checkpoint blockade with
RT for patients with GBM.

Another study by Belcaid et al. examined the use of a triple
therapy regimen for a murine glioma model involving a combi-
nation of CTLA-4 checkpoint blockade, SRS, and activation of
4-1BB agonist antibodies (a costimulatory signal expressed by
T lymphocytes). RT was given as 10 Gy in a single fraction, simi-
lar to the previous study (62). The first null hypothesis studied
was there being no difference between treatment with 4-1BB and
no treatment and the results showed that treatment with 4-1BB
agonist antibodies did not enhance survival when compared to
untreated mice, nor did focal RT alone, failing to reject the null
hypothesis. The second hypothesis of combination of therapy
with CTLA-4 blockade and focal RT prolonged overall survival,
rejecting the null hypothesis. Furthermore, the triple therapy regi-
men with SRS, 4-1BB activation, and CTLA-4 blockade extended
the median survival from 24 days when treated with focal RT to
67 days (p < 0.05 vs all other treatment modalities) with 50%
of mice as long-term survivors. Laboratory studies of the triple
therapy regimen arm showed significantly higher numbers of
infiltrating CD4+ T cells. These findings suggested that radiation
is synergistic when combined with immunotherapy.

Checkmate 143 (NCT02017717) was a prospective trial
evaluating the role of immunotherapy in recurrent GBM testing
nivolumab, which is a fully human IgG4 monoclonal antibody
inhibitor of the PD-1 receptor vs bevacizumab. Recent results
show a median overall survival of 9.8 months with nivolumab and
10.0 months with bevacizumab, and a 12-month overall survival
rate of 42% in both arms (63). Other clinical trials are currently
ongoing in order to validate the efficacy of immune checkpoint
blockade and RT in the up front setting. Checkmate 548 is a ran-
domized phase 2 single blind study of TMZ with RT combined
with nivolumab or placebo in newly diagnosed GBM with MGMT
promoter methylation (NCT02667587); whereas Checkmate
498 is a phase 3 randomized study of nivolumab vs TMZ each
in combination with RT for newly diagnosed GBM with an
unmethylated MGMT promoter (NCT02617589). Another phase
2 trial is evaluating the combination of RT, TMZ, and pembroli-
zumab, another anti-PD-1 antibody, for newly diagnosed GBM
(NCT02530502). Finally, for recurrent GBM, there is an ongoing
phase 1 trial evaluating fractionated stereotactic RT in combina-
tion with bevacizumab and pembrolizumab (NCT02313272).
If these trials show benefit, this will provide circumstantial evi-
dence that radiation may increase the antigenicity of the tumor
and thus render it more susceptible to immune-based therapies.

NEURAL STEM CELLS (NSCs) AND GBM

The largest concentration of NSCs have been found in the sub-
ventricular zone (SVZ) located between the lateral ventricles and

the striatal parenchyma (64). NSCs are essential in regulating and
maintaining homeostasis in the brain and can migrate through
parenchyma, similar to malignant gliomas. GBM is thought
to consist of a self-renewing population of cancer stem cells
(CSCs) that promote tumorigenesis and treatment resistance.
A breakthrough was achieved in 2002 when the initial evidence
for stem-cell like characteristics in human brain tumors was
discovered through the isolation of clonogenic precursors from
postoperative specimens of human GBM (65, 66). CSCs have
been grown in vitro where they form neurospheres, are able
to self-renew and have also been grown as in vivo xenografts,
forming heterogeneous tumors morphologically identical to the
original tumor (67). A mutual characteristic of NSCs and CSCs is
that they may readily proliferate in culture when stimulated with
the appropriate growth factors. NSCs differ from the bulk tumor
population given their ability to show epigenetic changes and the
role for microRNAs to regulate gene expression (68, 69).

In addition to their similarities in maintaining homeostasis
and promoting growth, GBM CSCs and NSCs have been shown
to have similar gene-expression profiles, lending support to the
concept that CSCs are malignant derivatives of NSCs. Several of
the signaling pathways shared between NSCs and CSCs involved
in neural developments include PTEN, Notch, Sonic hedgehog,
telomerase, Wnt, and transforming growth factor-p (68, 70). The
shared signaling pathways and gene-expression profiles seen in
both NSCs and CSCs suggest that GBM CSCs may be derivatives
of malignantly transformed NSCs, or perhaps they may originate
from mature cells that dedifferentiated and gained self-renewal
abilities (71).

Given the putative role of SVZ stem cells in gliomagen-
esis, SVZ targeting has been proposed as a potential target for
radiation therapy (72). Lim et al. proposed therapy planning that
considered the locations of the contrast-enhancing GBM in rela-
tion to the SVZ. Tumors were placed into four different groups:
contact with SVZ and cortical infiltration (group I); contact with
SVZ without cortical infiltration (group II); cortical infiltration
without SVZ contact (group III); no SVZ contact or cortical
infiltration (group IV) (73). Further studies have also grouped
GBM spatial distribution patterns at initial diagnosis using the
Lim criteria and found that roughly a quarter of patients fall into
each group (74).

Furthermore, tumors contacting the SVZ may be more
invasive with a higher potential to recruit migratory progenitor
cells. Disease outcomes based on the Lim criteria have showed
that when comparing group I tumors with groups II-IV, only
39% of patients with type I tumors were recurrence free and
alive at 6 months, which was significantly less compared with all
other groups (67%; p = 0.01). The authors concluded that GBM
involvement of the SVZ, regardless of cortical involvement led to
quicker progression and decreased survival (74). Similarly, other
studies have also shown improved progression-free and overall
survival in patients with tumors without SVZ contact, whereas
SVZ proximity (<10 mm) and infiltration was seen in patients
with short-term survival (75-77).

Proximity to the SVZ may also impact patterns of recurrence.
Patients with group I GBMs were most likely to have multifocal
disease at diagnosis compared to groups II-IV. Furthermore,

Frontiers in Neurology | www.frontiersin.org

January 2018 | Volume 8 | Article 748


http://www.frontiersin.org/Neurology/
http://www.frontiersin.org
http://www.frontiersin.org/Neurology/archive

Mann et al.

Advances in RT for GBM

group I GBMs are postulated to be most associated with SVZ
stem cells as these tumors are spatially located near the SVZ, and
most likely to recur distally in the brain, while group IV tumors
are more likely to recur within 2 cm of the original disease margin
(73, 78, 79). This potential difference in recurrence pattern has
the potential to impact local treatment strategies.

Given that the available evidence suggests GBM proximity to
the SVZ impacts recurrence patterns and prognosis, it is possible
that irradiation of the CSC niche in the SVZ may provide thera-
peutic benefit in selected patients (80). Eight retrospective studies
and one prospective study have been published evaluating the
impact of incidental inclusion of the SVZ in radiation treatment
plans; results have been mixed (80-88). One the more provoca-
tive results was seen in a prospective phase 2 trial by Luchi et al,,
which reported outcomes of 46 newly diagnosed GBM patients
treated with hypofractionated IMRT, with the ipsilateral SVZ
receiving an incidental dose of 50-60 Gy. The presence of SVZ
necrosis was found to be the only variable significantly associated
with prolonged overall survival on multivariate analysis (36.2 vs
13.3 months, HR 4.08; CI 1.97-9.10, p = 0.0001) (83) This large
survival difference on the basis of SVZ necrosis is encourag-
ing; however, these results are from a small, single-institution,
nonrandomized study and may reflect the fact that these patients
live long enough to develop necrosis, as the author’s report the
median time to SVZ necrosis of 16.1 months. A separate study
also showed an improved overall survival with increasing mean
dose to the ipsilateral SVZ, yet patients who received a higher
dose to the contralateral SVZ demonstrated worse progression-
free survival; this may have reflected patients with more diffuse
tumors that crossed midline thereby leading to larger SVZ doses
and worse outcomes (89).

These studies have significant limitations. The retrospective
nature of them and heterogeneous patient population make the
role of SVZ irradiation difficult to decipher. Moreover, the tech-
nique implies that the CSC pool derives from the SVZ population.
This is at best speculative given evidence that more differentiated
tumor cells can exist in equilibrium with more stem-like phe-
notypes (90); such ability might explain tumor recurrence after
treatment independent of any SVZ CSC pool. In addition, it is
unclear what volume and dose of irradiation would sufficiently
treat the SVZ.

A prospective trial that treated 30 GBM patients with
standard 60 Gy RT and TMZ attempted to determine if limiting
doses to neural progenitor cell (NPC) regions with IMRT would
improve neurocognitive outcomes (NCT01478854). The NPC
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