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Abstract Glioblastoma multiforme (GBM) is the most common malignant brain
tumor that affects approximately 17,000 patients annually. Clear survival advan-
tages have been demonstrated with postoperative radiation therapy (RT) to doses of
5,000–6,000 cGy but dose-escalation attempts beyond 6,000 cGy have resulted in
increased toxicity but no additional survival benefit. To improve local control and
limit toxicity to normal brain tissue with these infiltrating tumors, novel imaging
techniques are actively being explored to better define tumor extent and associated
RT treatment fields. Hyperfractionated RT has been associated with a survival
detriment. Current standard-of-care treatment involves concurrent use of temozol-
omide and RT to 6,000 cGy over 30 days followed by adjuvant temozolomide
treatment for 6 months. Brachytherapy and stereotactic radiosurgery are effective
therapies for relapsed GBM but tend to be associated with notable toxicity. More
recently, re-irradiation strategies employ concurrent use of bevacizumab to limit
treatment-related injury while still permitting delivery of meaningful doses. These
clinical trials are ongoing and merits of these strategies are not yet clear but appear
promising.
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1 Introduction

Approximately half the 17,000 cases of central nervous system neoplasms diagnosed
annually in the United States are categorized as glioblastoma multiforme (GBM).
GBM represents the most aggressive subgroup of malignant gliomas, with a median
survival of 6 months following surgical resection alone, and about 14–17 months
in patients who undergo the most aggressive combined modality treatments [1, 2].

Radiation therapy (RT) has long been the standard adjuvant approach for
glioblastoma, and it remains the primary treatment modality in unresectable
glioblastoma. There is clear evidence for randomized trials supporting the benefit of
post-resection RT [3–6], and other nominal forms of RT delivery. This chapter
focuses on the evolution of RT in the treatment of glioblastoma, with the goal of
providing a better understanding of the advances made and how these serve as
foundation for future studies.

2 Establishing the Role of Post-resection RT

Early nonrandomized studies. The need for postoperative RT has been recognized
given the infiltrative nature of glioblastoma, which makes complete surgical
resection difficult without an unacceptable surgical neurologic morbidity. Early
experience with postoperative RT was limited primarily to single-institution case
series, many of which, prior to the 1960s, reported unimpressive and highly vari-
able results. In many of these series, subtherapeutic doses of RT have been used
(≤2000 cGy) [7–10]. The first large case series suggesting a survival advantage was
reported by the Montréal Neurology Institute, in which patients received an average
total dose of 5,000–6,000 cGy [11]. This was also the first report to include a
central pathology review, which likely reduced the inclusion of anaplastic astro-
cytoma or other lower grade gliomas in the study.

There were other case series reported in the 1960s and 1970s that suggested a
survival advantage with postoperative RT [7–13]. The interpretation of these early
outcomes is complicated by the nonrandomized nature of these studies and incon-
sistencies in classification of glioblastoma. There were also significant variations in
doses of RT, but in aggregate, survival trends with postoperative RT were favorable.

Early randomized studies. The Brain Tumor Study Group (BTSG; later renamed
the Brain Tumor Cooperative Group (BTCG)) initiated several randomized studies

50 I.J. Barani and D.A. Larson



beginning in the 1970s that established postoperative RT as the standard of care in
the treatment of GBM (Table 1). The first of the initial three studies (BTSG 66–01)
randomized patients with newly diagnosed malignant gliomas after resection to
mithramycin or no chemotherapy, with whole-brain radiotherapy (WBRT) being
allowed. In all, 55 % of patients received WBRT, with approximately half receiving
at least 3,000 cGy. This study showed no significant difference in median survival
between patients treated with mithramycin or no chemotherapy, but those patients
who received adjuvant WBRT were found to have a statistically significant survival
advantage (8.4 vs. 3.5 months; p < 0.05). When outcomes were evaluated as a
function of WBRT dose (either ≤5,000 cGy or >5,000 cGy), there was a strong
trend toward improved survival favoring patients treated to a higher dose of WBRT.
Interestingly, even patients treated to lower doses of WBRT had improved survival
compared with those not receiving WBRT at all [4]. These data strongly suggested
that inclusion of RT offers clinical benefit to patients with GBM.

The results of the BTSG 66–01 study led to a subsequent study in which RT was
a randomized form of treatment. BTSG 69–01 randomized patients after surgical
resection to receive the best supportive care (BSC) or chemotherapy (carmustine/
BCNU) with or without WBRT. All therapeutic modalities demonstrated superiorly
when compared to BSC with overall survival as a primary outcome. The BTSG
investigators also noted that a significant cohort of patients treated with WBRT plus
BCNU survived to 18 months, compared with the group receiving RT alone
(P = 0.01) [3].

A follow-up study on BTSG 69–01 attempted to further evaluate the role of
nitrosoureas plus RT (BTSG 72–01) [6, 14]. Patients received postoperative WBRT
with or without a nitrosourea (BCNU or methyl-CCNU); those patients who
received BCNU plus WBRT had the longest median survival. BTSG 72–01 pro-
spectively confirmed the survival advantage observed in BTSG 69–01.

Table 1 Randomized studies of post-resection radiotherapy in glioblastoma

Trial Patients
(% GBM)

Treatment Med. survival
(months)

P value

BTSG 66-01 [4] 96 (85 %) No radiotherapy 3.5 <0.05

WBRT < 5000 cGy 7.7

WBRT ≥ 5000 cGy 8.4

BTSG 69-01 [3] 222 (90 %) No radiotherapy (BSC) 3.1 0.001

WBRT 5000-6000 cGy 8.4

WBRT + BCNU 8.0

BCNU (no radiotherapy) 4.3

BTSG 72-01
[6, 14]

358 (84 %) CCNU (no radiotherapy) 7.2 NR

WBRT 6000 cGY 8.4

WBRT + BCNU 11.9

WBRT + methyl-CCNU 7.2

BCNU carmustine, BSC best supportive care, GBM glioblastoma multiforme, NR not reported,
WBRT whole-brain radiotherapy
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Additionally, both studies (BTSG 69–01 and 72–01) showed a trend toward
improved survival. Again, there was a significant portion of patients who lived up
to 18 months in a group that received chemotherapy (BCNU) plus RT. Although
the benefit of postoperative RT was clearly established by these two studies, the
benefit of adjuvant chemotherapy remained a question.

3 Determining Optimal RT Dose and Fractionation

Optimal radiation doses. A subsequent publication by BTCG retrospectively
evaluated combined results from BTSG 66–01, 69–01, and 72–01, with special
focus on whether dose escalation of RT improved survival [15]. Altogether, 621
evaluable patients were identified, of which 86 % were pathologically confirmed
GBM cases, and the survival data was analyzed by subgroups based on the dose of
WBRT received. Median survival times of only 4.2 and 3.1 months were reported
for patients treated with less than 4,500 cGy or those who received no RT,
respectively. Median survival durations of 6.5, 8.4, and 9.8 months were reported
for patients treated with 5,000, 5,500, and 6,000 cGy, respectively. There was
progressive improvement in survival with doses in excess of 5,000 cGy, with no
statistically significant differences in toxicity observed between the 5,000 and
6,000 cGy treatment groups [15].

This apparent association between improved survival and RT doses ≥5,000 cGy
shifted the clinical trial focus to further dose escalation of RT. Salazar and col-
leagues evaluated doses ranging from 6,000 to 8,000 cGy in three dose levels of
WBRT, with and without local boost [16]. More than half the patients randomized
to the highest dose level received a cumulative RT dose of 7,500 cGy or more. The
study also included a retrospective cohort with then-conventional doses of WBRT
(5,000–5,500 cGy). The actuarial median survival in the highest dose cohort
(≥7,500 cGy) was 13 months compared to 9.8 months in the next highest dose
group and only 7 months in the retrospective cohort treated with then-conventional
WBRT. The survival difference between the highest dose cohort and then-con-
ventional WBRT group reached statistical significance (p < 0.05). This statistical
result should be interpreted with caution since prospective and retrospective patient
outcomes were compared. Survival outcomes between prospectively treated
patients at progressively escalated RT doses were not statistically significant, and
survival curves for all dose groups were superimposable by 2 years [16].

Within this same study, autopsy data were reported for about 40 % of partici-
pating patients, including 10 autopsies from the highest dose cohort [16]. Autopsy
specimens demonstrate regions of viable tumor within irradiated regions, even at
the highest RT doses of 7,000–8,000 cGy. Additionally, marked radiation effect
(e.g., necrosis) was seen microscopically in normal brain tissues at the periphery of
the tumor. (Note: The authors did not comment on necrosis in other regions of the
brain after WBRT.) These autopsy results, particularly the strong evidence of
radiation necrosis at doses exceeding 6,000 cGy, suggested that dose escalation
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beyond this dose should be undertaken with caution. It is also worth noting that all
of these studies were done in the pre-computer tomography (CT) and magnetic
resonance imaging (MRI) era and toxicity assessments were largely based on
clinical symptomatology and post-treatment autopsy results if available.

In an effort to further define the optimal dosing for post-resection RT (with or
without chemotherapy), Chang and colleagues reported results from an intergroup
trial evaluating standard WBRT to 6,000 cGy compared with escalated doses of RT
[17, 18]. This phase III trial included four treatment arms: (1) WBRT (6,000 cGy),
(2) WBRT + boost (6,000 cGy + 1,000 cGy), (3) WBRT (6,000 cGY) + BCNU,
and (4) WBRT (6,000 cGy) + methyl-CCNU and dacarbazine (Note: Temozola-
mide is a prodrug and an imidazotetrazine derivative of the alkylating agent
dacarbazine). Unlike the study conducted by Salazar and colleagues that included a
retrospective WBRT cohort, the intergroup trial prospectively randomized patients
to received then-standard doses of WBRT. In summary, the intergroup trial
essentially demonstrated that escalation of RT doses above 6,000 cGy, or the
addition of chemotherapy, did not significantly improve survival outcomes beyond
WBRT alone to 6,000 cGy (Table 2), and subset analysis of patients with patho-
logically proved GBM revealed nonsignificant survival differences between the
treatment groups (p = 0.59) [18]. Consistent with what has been previously reported
in BTSG 69–01 and 72–01, the addition of current BCNU did not significantly
improve overall or median survival, with the exception of a trend toward improved
survival among the subgroup of patients less than 60 years of age, and a trend
toward improved survival at 18 months. In this study, the 18-month survival rate
among patients 40–60-years old was 10.3 % for 6,000 cGy WBRT versus 30.9 %
for 6,000 cGy WBRT plus BCNU [18].

4 Determining the Optimal RT Field Size

Whole-brain versus involved-field RT. In the early treatments and clinical trials of
glioblastoma, WBRT was utilized for treatment primarily because of concerns that
glioblastoma may be a multicentric disease in a significant number of cases and that
available radiologic techniques were inadequate in determining the extent and
location of disease [19–22]. This assumption was subsequently challenged and it

Table 2 Median survival in RTOG 74-01/ECOG 1374 [17]

Med. survival (months)

Treatment Patients Overall GBM subgroup

WBRT 6,000 cGy 141 9.3 8.7

WBRT 6,000 cGy + boost 1000 cGy 103 8.2 7.7

WBRT 6,000 cGy + BCNU 156 9.7 7.8

WBRT 6,000 cGy + methyl-CCNU + dacarbazine 138 10.1 9.2

BCNU carmustine, GBM glioblastoma multiforme, WBRT whole-brain radiotherapy
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was shown that multicentric involvement with GBM is relatively uncommon. For
example, Hochberg and Pruitt reported results of serial CT scans and correlative
autopsy data in 35 GBM patients [22]. In their report, GBM was found to relapse
within a 2 cm margin of the primary site in 90 % of cases, and only 6 % of patients
treated with radiotherapy were found to have a multicentric disease at autopsy.
Additionally, multiple subsequent studies have demonstrated that there is an upper
limit to the WBRT dose in terms of both necrosis and cognitive dysfunction
thresholds [23, 24]. Given this toxicity data and its association with high/escalated
doses of WBRT is the observed local failure intensification of RT to a local tumor
and a surrounding margin.

Beginning in the early 1970s, interest was generated in comparing outcomes of
WBRT with involved-field RT (IFRT), where IFRT was defined as radiotherapy
administered to the tumor and surrounding tissue encompassed by a 3 cm geometric
margin around the tumor [25–28]. In a retrospective review of 127 patients who
received RT for treatment of GBM, Onoyama and colleagues reported nearly
identical 1-year survival rates with IFRT compared with WBRT [28]. Ramsey and
Brand compared two prospectively randomized groups of GBM patients treated
with WBRT (median dose = 4,400 cGy) or IFRT (median dose = 5,300 cGy),
noting improved survival outcomes in patients treated with higher doses delivered
to limited field [27]. In BTCG 80–01, patients with GBM were randomized to
receive WBRT to a dose of 6,020 cGy or WBRT to 4300 cGy followed by IFRT
boost to additional 1,720 cGy [24]. Survival differences between the treatment
groups were not significantly different. Based on these data suggesting comparable
outcomes with WBRT and IFRT, IFRT has become the standard of care in the
treatment of GBM. This standard persists to this day.

Role of imaging in RT field design. Delivery of RT in the treatment of GBM
cases is largely limited by difficulties in target definition/delineation. Although CT
and MR imaging have improved the ability to deliver IFRT, these imaging
modalities cannot reliably indicate regions of active, non-enhancing, or microscopic
tumor. Furthermore, the conventional method used to identify tumor—assessments
of gadolinium enhancement on MRI—is also a poor indicator of tumor (or recur-
rence in the posttreatment setting) after anti-VEGF (vascular endothelial growth
factor) therapy, which is increasingly being used to treat patients with glioma.
Several promising and novel imaging techniques are being investigated to provide
better tumor definition. These will be briefly reviewed below even though their
application in treatment planning and posttreatment evaluation varies considerably.

Magnetic resonance spectroscopy imaging (MRSI) is one such technique. MRSI
provides information about tumor activity based on the levels of cellular metabo-
lites such as choline, creatine, N-acetylaspartate, lactate, and lipid [29]. MRSI relies
on the detection of alterations in these metabolite levels in predicting areas of occult
disease; theoretically, targeting of these areas of an occult disease may decrease the
rates of local recurrence [30, 31]. In one such early study, Graves and colleagues
performed a retrospective study in which the prognostic value of MRSI was
explored in patients with high-grade glioma treated with Gamma Knife radiation
[31]. Patients without MRSI activity outside the areas of MRI contrast enhancement
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had significantly better outcomes than patients with MRSI activity outside the
region of MRI contrast enhancement. In a follow-up study of 34 patients with high-
grade gliomas, Pirzkall and colleagues found metabolically active tumors outside
the region of enhancement (≤28 mm) on T2-weighted MRIs in 88 % of patients.
Interestingly, MRIs in general predicted a larger volume of microscopic disease by
50 % or more compared with MRSI (using abnormality index of 2, 3, and 4),
suggesting that targeted RT based on results of anatomic versus metabolic imaging
would likely be of significantly different volumes and locations [30].

Another imaging modality under active investigation is diffusion-weighted MR
imaging (DWI). In DWI, each voxel of the image has an intensity that reflects the
rate of Brownian motion of water molecules or their diffusion rate in tissue at that
location. The intensity of each voxel is quantified by calculating the apparent dif-
fusion coefficient (ADC); that is, the right of water movement in mm2/s. Different
tissue types have different ADCs, and increased cellularity correlates with reduced
ADC values. Areas of glioma/tumor are hypothesized to have lower ADC values
than areas of normal brain, or radiation-induced treatment effects in the post-RT
setting. The median ADC values for grade 3 and grade 4 gliomas are approximately
1.5 times that of normal appearing white matter within T2 lesion, with a trend toward
lower values within contrast-enhancing lesions [32]. An analysis of the prognosis for
56 patients with untreated glioblastoma showed that both the presurgical values of
the 10th percentile of ADC in contrast-enhancing lesions and the volume of the
overall T2 lesions that exhibited ADC values less than 1.5 times that of normal
appearing white matter were predictive of shorter overall survival [32]. These results
are consistent with other published data and with the notion that the presence of
regions with ADC values in the range of 1.0–1.5 times that of normal appearing
white matter in contrast-enhancing lesions of glioblastoma are associated with a
more cellular and aggressive phenotype [33–36]. Immediately after surgery, there
are often regions of very low ADC close to the cavity that subsequently become
enhancing and then disappear on follow-up examinations. In a recent analysis of 32
patients with GBM who had presurgical, immediate postsurgical, and pre-RT MR
examinations, it was found that 21 of 32 patients showed reduced diffusion and 8
subsequently exhibited increased enhancement within a similar region that could
have been confused with tumor progression [36]. This implies that the inclusion of
diffusion-weighted imaging in the immediate postsurgical scan may be helpful in
distinguishing between real and pseudo-progression, and may also be helpful in RT
planning. It is also interesting to note that, when the pre-RT examination was taken
as a new baseline scan for an expanded cohort patients with GBM, both the volume
of the T2 lesion and the volume within the T2 lesion that showed ADC less than 1.5
times that of normal appearing white matter are predictors of poor overall survival,
but the volume of the contrast enhancing lesion was not.

Diffusion tensor imaging (DTI) is a more complex version of DWI that can
determine the directionality and magnitude of water diffusion, which is termed
fractional anisotropy. Values for this parameter lie in the range of 0–1, and are high
in normal white matter. DTI quantitates disorganization (damage) of white matter
tracts, which is more likely in the lesions or radiation necrosis (or tumor necrosis)
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than in tumor recurrence because necrosis generally destroys these tracts, while
tumor tends to displace or compress them. A case report of three patients found
fractional anisotropy values of 0.27–0.29 for recurrent tumor and 0.17 for radiation
necrosis, which suggested DTI might be able to distinguish recurrent tumor from
necrosis [37]. A larger series will be needed to determine the utility of DTI in
diagnosis of pre- and post-radiation enhancing lesions in patients with glioma.
Currently, the utility of DTI in radiation treatment planning is unclear.

A number of MRI techniques have been applied to assess changes in micro-
vasculature and to link variations in the estimated parameters with response to
therapy. Their role in RT planning is less clear. The two methods most commonly
used in the brain are dynamic contrast-enhanced (DCE) and dynamic susceptibility-
weighted contrast (DSC) imaging. Several recent reviews have provided a thorough
description of the methodology and examples patient data [29]. Briefly, DCE
imaging takes advantage of the changes in the T1 associated with the passage of
gadolinium through the vasculature and leakage into the extracellular space for
regions in which the blood–brain barrier has been compromised [38–42]. When
applying certain sampling techniques in conjunction with the latest parallel
reconstructions strategies, time resolution of 5–10 s can be achieved for three-
dimensional imaging sequence that covers an axial slab of 6–8 cm, partial brain
volume. A number of different approaches have been applied to analyze the
changes in signal intensity from these dynamic data and to estimate parameters such
as the fractional blood volume (f_BV) and permeability (K_ps or K_trans_). The
most widely used model is from Tofts and Kermode but other models are also in
use today [38].

DSC imaging uses echoplanar sequences with a rapid bolus of gadolinium to
assess changes in relaxivity within the vasculature and interstitial space with a 1–2 s
time resolution [43]. The change in relaxivity is estimated as being proportional to
the concentration of gadolinium. Within a particular region of interest, a decrease in
the observed signal intensity usually corresponds to the arrival of the agent in the
local vasculature. The changes in intensity are typically characterized by the peak
height (PH), area under the curve relative to normal-appearing white matter
(rCBV), and the percentage recovery (%REC) or recirculation factor (RF) [44].

Parametric maps that are derived from DCE and DSC imaging data have been
proposed as noninvasive methods for predicting a tumor grade and assessing the
response to therapy [45–48]. Although the presence of abnormal vasculature is
known to be a histologically characteristic marker for glioblastoma, the magnitude
and spatial extent of elevated rCBV in the initial presurgery scan were found to be
predictive of overall survival [49]. One explanation for this is that, because the
surgical resection is focused on the enhancing volume, it typically removes the
majority of the region with increased vasculature. For patients with a residual vas-
cular abnormality, conventional treatment with RT and temozolomide exhibits a
short-term effect on the lesion, with a reduction in rCBV of a temporary increase in
permeability. Themagnitudes of these changes are reflected in the size of the contrast-
enhancing lesion, with a lesion on the post-RT scan representing a balance between
the two effects. In a recent study that followed a cohort of patients with glioblastoma
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through their initial treatment, it was found that although there was an association
between progression-free survival and rCBV at pre-RT and post-RT examinations,
none of the vascular parameters were related to overall survival [50]. Modern data
that examine the effect of treatment, metabolic or other tumor parameters may be
helpful in understanding the relationship between short-term changes in vasculature
and long-term effects on the lesion as a whole. The ability to monitor changes in
permeability and vascular density is expected to be critically important for the
assessment of the impact of anti-angiogenic agents. In such cases, there is an ongoing
debate about the most appropriate time points to detect the effect on MR parameters,
and whether DCE or DSC techniques should be used to evaluate such changes.

Functional scanning, which uses PET to detect the breakdown of intravenously
injected labeled compounds, has shown potential utility for identifying tumor
recurrence. However, 18_F-fluorodeoxyglucose (FDG)-PET has limited sensitivity
and specificity in distinguishing tumor from necrosis owing to the baseline high
glucose utilization of the normal brain. Use of amino acid tracers derived from
tyrosine and methionine overcomes the high background signal seen with a glu-
cose-based PET, and can discriminate between tumor necrosis [51]. Furthermore,
amino acid transport is energy-dependent and as such requires viable cells. The
values of 75 % sensitivity and 75 % specificity were reported for 11_C-methionine
PET in a series of 26 patients [52]. Although these novel imaging techniques are of
ongoing interest, they are yet to become a standard diagnostic approach in the
evaluation and treatment planning of glioblastoma.

5 Dose Intensification: Brachytherapy, Radiosurgery,
and Hyperfractionation

In an effort to improve outcomes and glioblastoma, various strategies were
employed to locally intensify RT [53–55]. Such strategies have included less tra-
ditional forms of RT (brachytherapy, radiolabeled antibodies, radiosurgery), alter-
native dosing schedules (accelerated and hyperfractionated RT), and the use of
radiosensitizing agents. Most of the dose intensification strategies (with the
exception of radiosensitizer trials) will be reviewed below.

Brachytherapy. Interstitial delivery of RT, brachytherapy, directs radiation to
well-defined tumor target, or resection bed, thereby sparing normal brain tissue
from toxicity of high-dose RT and theoretically enabling local, high-dose treatment.
Ample research has evaluated different means of delivering interstitial brachy-
therapy, leading to a debate as to whether radioisotopes should be implanted
temporarily or permanently, and which radioisotopes are the most suitable for
treatment of gliomas.

Some of the earliest brachytherapy reports from the 1980s focused on the
treatment of locally relapsed glioma in patients who had previously received
definitive RT [53, 54, 56–58]. Later, focus shifted to using brachytherapy as a local
boost in conjunction with IFRT in cases of newly diagnosed glioblastoma [59–63].
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A Northern California Oncology Group study (NCOG 6G–82–2) reported a
remarkable median survival of 20.5 months in newly diagnosed GBM patients
treated with 125_Iodine (125_I) implants following 6,000 cGy of IFRT [59].
The study was criticized for not including a prospectively randomized comparison
group of patients who received IFRT alone, and that patients with smaller, more
peripherally located tumors were enrolled (e.g., selection bias). Additionally, 38 of
the original 67 patients had been ineligible for the brachytherapy boost treatment
after demonstrating no response or poor response to the initial IFRT. Consequently,
the NCOG study reported on survival outcomes of the highly selected and most
favorable patients enrolled in the study.

In contrast, Laperriere and colleagues in a Canadian study failed to demonstrate
a significant survival advantage with 125_I implants following standard IFRT to
5,000 cGy [60]. It is difficult to interpret the outcomes of this study since the dose
of IFRT was suboptimal. BTCG 87–01 evaluated survival in newly diagnosed
malignant glioma patients (grade III and IV) patients treated with combination of
BCNU and either IFRT or brachytherapy [64]. Median survival was not signifi-
cantly different between the treatment groups, and no survival advantage was
observed on subgroup analysis of patients with glioblastoma (Table 3).

In aggregate, the favorable survival results reported in single-arm (often single-
institution) studies using brachytherapy as part of initial therapy for glioblastoma
were not confirmed by randomized studies comparing brachytherapy with IFRT as
part of the initial treatment regiment. It is worth noting that brachytherapy is not
without complications and any perceived limited benefit needs to be weighed
against the risk of potential complications of an invasive procedure. For example,
Laperriere and colleagues reported 15 brachytherapy-related complications (out of
63 total patients) in their series, including neurologic decline requiring high-dose
steroid treatment, intracerebral hemorrhage, exacerbation of seizures, infection, and
arterial occlusion) [60]. Given the lack of prospective randomized study data to
support the use of brachytherapy in the initial treatment of glioblastoma, its role in
clinical practice (outside of the clinical trial setting) is primarily limited to the
treatment of recurrent disease.

Table 3 Brachytherapy in newly diagnosed glioblastoma

Trial Patients Treatment Med. survival
(months)

NCOG 6G-82-2 [59] 29a IFRT 6,000 cGy + 125I implants 20.5

Laperriere et al. [60] 63 IFRT 5,000 cGy 13.2

IFRT 5,000 cGy + 125I implants 13.8

BTCG 87-01 [64] 270 IFRT 6,000 cGy + BCNU 13.7

IFRT 6,000 cGy + 125I
implants + BCNU

15.8

BCNU = carmustine, IFRT = involved-field radiotherapy
a Survival outcomes reported for 29 of the original 67 patient cohort, 38 patients were excluded
after failing to respond to initial IFRT

58 I.J. Barani and D.A. Larson



GliaSite. The GliaSite RT system (Cytyc) received FDA approval in 2001 as a
novel method of brachytherapy delivery for the treatment of high-grade gliomas.
The GliaSite is an expandable balloon catheter that is temporarily filled with
radioactive 125-I liquid through a subcutaneous reservoir after being placed into the
resection cavity after tumor debulking. The balloon applicator conforms to the
shape of the resection cavity and theoretically enables homogeneous dose delivery
to the surrounding brain tissue. Since the applicator is placed at the time of surgery,
there is no need for an additional surgical procedure to perform brachytherapy and,
consequently, infection and perioperative risks are theoretically lower than would
be expected for more traditional form of brain brachytherapy.

The New Approaches to Brain Tumor Therapy (NABTT) group conducted a
trial of GliaSite in the treatment of recurrent malignant gliomas. Patients in the
study received 4,000–6,000 cGy of dose to the resection cavity margin (target
volume) via the GliaSite system. The observed median survival of 12.7 months was
observed in this recurrent setting. These encouraging early results prompted further
investigations of the GliaSite system in the upfront or newly diagnosed setting.
Most of these more recent trials report survival outcomes that are comparable to
historical data of other multi-modality treatments. There are no prospective, ran-
domized studies of GliaSite in the treatment of malignant glioma [65, 66].

Radio-immunotherapy. This unique form of RT delivery involves the use of
radiolabeled antibodies targeting malignant brain tissue. Investigators at Duke
University have been studying the efficacy of a 131-I-labeled murine anti-tenascin
monoclonal antibody (131-I-m81C6) in the treatment of newly diagnosed and
recurrent malignant brain tumors [67–79]. Tenascin is an extracellular matrix
glycoprotein expressed ubiquitously in multiple tumor types, including high-grade
gliomas, but not in normal brain tissue. The murine monoclonal immunoglobulin
G2b (81C6) binds to an epitope within tenascin, resulting in inhibition and delay of
cell growth. Administration of radiolabeled antibody (131-I-m81C6) involves direct
injection of the antibody into the resection cavity at the time of tumor resection.

A phase II study of newly diagnosed glioma patients treated with 131-I-m81C6
followed by conventional IFRT and chemotherapy reported a median survival of
20 months, with a median survival of 18 months in patients with GBM [71].
A more recent study of 131-I-m81C6 in cases of recurrent malignant brain tumors
reported a median survival of 15 months in a subgroup of patients with GBM and
gliosarcoma [74]. This phase II experience yielded survival results comparable to or
more favorable than what has been reported with other salvage therapies, including
temozolamide, stereotactic radiosurgery, interstitial chemotherapy, and brachy-
therapy. In addition, the rates of radiation necrosis in the phase II trials of 131-I-
m81C6 were lower than those observed with other dose intensification methods
[67]. However, these survival results and rates of neurotoxicity must be interpreted
in the context of the overall good performance status of the patient groups analyzed;
most patients (>90 %) had Karnofsky performance status (KSP) scores >80.
Variations in neurotoxicity can be explained by marked variance in the radiation
doses delivered to the 2-cm surgical cavity resection margin [73]. A phase III study
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is being planned at Duke to follow-up on these encouraging results using patient-
specific dosimetry as well as antibody dosing.

Stereotactic Radiosurgery (SRS). Stereotactic radiosurgery involves the precise
delivery of high radiation dose in 1–5 treatments. Both frame-based and frameless
stereotactic systems were used in the treatment of malignant glioma, with the
earliest application being in 1968. Skepticism over the technology and cost con-
straints resulted in generally slow acceptance by the mainstream oncology com-
munity. Traditionally, radiosurgery was delivered with a Gamma Knife device
using multiple non-coplanar isocentric 60-Cobalt sources, but more recently, linear
accelerator (linac)-based approaches are also becoming popular due to their greater
versatility. With the advances in both hardware and software, radiosurgery became
increasingly used to treat brain metastases in the 1980s and, shortly thereafter, has
also been applied to recurrent glioma treatments.

SRS involves the use of numerous beamlets of radiation aimed precisely at an
immobilized target to deliver high-dose, usually ablative dose, of radiation.
Although no single beamlet carries significant energy, a large dose is deposited at
the intersection of these beamlets, with a steep dose falloff outside the target. As
tumor size increases, this falloff becomes shallower and contact surface with the
surrounding tissue greater, and typically radiosurgery becomes prohibitive with
tumors in excess of 4–5 cm diameter using a single-session treatment. For larger
lesions, most practitioners opt to split the treatment up over 3 or 5 fractions,
delivering moderate doses at each session. This approach theoretically preserves the
biological effectiveness of the treatment while minimizing normal tissue effects in
the surrounding brain that would otherwise be unacceptable with single-session
treatment to a large target.

Several early retrospective reports of SRS in the setting of recurrent gliomas
suggested a survival advantage with the addition of SRS. The suggestion of SRS
use in malignant gliomas was first reported by Larson and colleagues from the
University of California, San Francisco in 1990 [80]. Subsequently, Loeffler and
colleagues from the Joint Center in Boston reported on a 37-patient series where
radiosurgery was part of the initial treatment of malignant glioma [81]. After a
median follow-up of 19 months, only 24 % of patients died of recurrent tumor (six,
all with GBM), whereas two died of complications related to radiosurgery. All
others eventually progressed outside of the radiosurgery field. A retrospective study
from the University of Maryland comparing survival data in GBM patients treated
with IFRT followed by SRS as a local boost treatment or SRS at the time of
progression (salvage treatment) found that median survivals favored the group
receiving SRS as a boost (25 vs. 13 months; P = 0.0335) [82]. RT Oncology Group
(RTOG) study 93–05 evaluated SRS in a randomized study of 203 patients with
GBM who received either conventional IFRT (6,000 cGy) plus BCNU or SRS prior
to IFRT plus BCNU [83]. This study did not find any significant differences in
median survival (13.5 months for SRS vs. 13.6 months for conventional IFRT),
2-year overall survival, quality-of-life deterioration, or cognitive decline [84].
Therefore, outside of the clinical trial setting, there is no clear indication for the use
of SRS in the treatment of newly diagnosed GBM.
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Fractionated stereotactic radiotherapy (FSRT). Stereotactic radiotherapy
involves precisely targeted delivery of radiation using moderate doses over five or
more treatments. RTOG 98–03 investigated escalated doses of FSRT in newly
diagnosed GBM patients, with patients receiving IFRT to 4,600 cGy followed by
FSRT boost to total doses of 6,600–8,400 cGy [85]. The acute- and late-toxicity
date in this study were promising (no difference between grade 3 or 4 toxicities) at
escalated dose levels of RT. Similar proportions of patients at each dose level
required second resections.

Subsequently, the RTOG reported its phase II experience with administering
accelerated RT with weekly stereotactic conformal boosts in 76 patients with newly
diagnosed GBM (RTOG 00–23) [86]. During the course of standard RT to
5,000 cGy, patients received four weekly FSRT boosts (500 or 700 cGy per
fraction), for a total cumulative dose of 7,000–7,800 cGy. Although reported tox-
icities were manageable, the median survival of 12.5 months was not improved
compared with the RTOG historical database [86, 87]. However, a trend for
improved survival was observed in subgroups of patients undergoing gross total
resection (median survival of 16.1 vs. 12.0 months; p = 0.19). Additionally, a
subgroup of patients classified as having more favorable disease according to a
recursive partitioning analysis (RPA) model proposed by Curran and colleagues
were noted to have improved median survival (14.7 months for RPA class IV
patients vs. 11.3 months for the overall study cohort; p = 0.15) [86, 87].

Hyperfractionated and Accelerated Radiotherapy. Hyperfractionation involves
more frequent (more than once daily; so-called conventional fractionation)
administration of RT doses in an attempt to attain several theoretical radiobiologic
advantages, including reduction in late radiation injury and prevention of tumor
repopulation between treatments [88, 89]. Additionally, small and frequent doses of
RT may redistribute dividing tumor cell population such that some tumor cells can
be “forced” to enter more radiosensitive parts of the cell cycle. Thus, hyperfrac-
tioned RT (HFRT) offers the potential advantage of being able to give higher
cumulative doses of RT without significant added toxicity [88, 89].

Much of the experience with HFRT in glioblastoma has not resulted in reports of
survival advantage compared with standard or more conventionally fractionated
RT. For example, the European Organization for the Research and Treatment of
Cancer (EORTC) reported its experience with administering accelerated HFRT to
doses of 4,200–6,000 cGy in 200 cGy-fractions given three times daily. An overall
survival of 8.7 months was observed, with no differences in survival noted among
any of the dose levels administered [90]. Several other groups reported similar
results with accelerated HFRT failing to achieve significant improvements in
median survival over conventional IFRT (Table 4).

In contrast with these data, RTOG 83–02 study results suggested a promising
role for HFRT in the treatment of glioblastoma [91]. Patients were randomized to
either HFRT or accelerated HFRT (AHFRT), with median survivals of 10.8 and
12.7 months reported (Table 4). However, survival outcomes in the subgroup of
patients with GBM receiving higher HFRT doses of 7,680 and 8,160 cGy were
superior to the survival outcomes observed in patients in the AHFRT group.
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RTOG 90–06 was initiated specifically to address whether higher doses of
HFRT offered benefit over standard doses (6000 cGy) and fractionation with IFRT
in glioblastoma. In this important phase III study, patients were randomized to

Table 4 Trials of hyperfractionated and accelerated radiotherapy in glioblastoma

Trial Patients Treatment Med. survival
(months)

EORTC [90] 66 200 cGy twice daily to: 8.7

4,200 cGy

4,800 cGy

5,400 cGy

6,000 cGy

Lutterbach et al. [109] 149 150 cGy thrice daily to: 8.8

5,400 cGy

Neider et al. [110] 126 130 cGy twice daily to: 7–10

7,800 cGy

150 cGy twice daily to:

6,000 cGy

Prados et al. [111] 231 AHFRT ± DFMO 8.6–9.8

160 cGy twice daily to:

7040 cGy

Standard RT ± DFMO

180 cGy once daily to:

5,940 cGy

RTOG 83-02 [91] 786 HFRT, 120 cGy twice daily
to:

10.8–12.7a

6,480 cGy

7,200 cGy

7,680 cGy

8,160 cGy

AHFRT, 160 cGy twice daily
to:

4,800 cGy

5,440 cGy

RTOG 90-06 [92, 93] 712 HFRT + BCNU 19.8b

120 cGy twice daily to:

7,200 cGy

Standard RT + BCNU 21.9b

200 cGy once daily to:

6,000 cGy

AHFRT accelerated hyperfractionated radiation therapy, BCNU carmustine, DFMO difluorom-
ethylornithine, HFRT hyperfractionated radiation therapy
a Subgroups with GBM treated with HFRT at higher doses of 7680 cGy and 8160 cGy had better
survival than GBM patients treated with AFHRT
b Survival data reported in GBM subgroup ≤50-years old (p = 0.05)
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HFRT (120 cGy given twice daily to 7200 cGy) plus BCNU versus conventional
IFRT (6000 cGy) plus BCNU [92, 93]. Ultimately, there was no survival advantage
with HFRT, and in fact, the outcomes of patients treated with conventional IFRT to
6000 cGy were superior for patients 50 years of age or older (median survival of
21.9 and 19.8 months; p = 0.05); this trend was also observed on subgroup analysis
of patients with GBM [92, 93].

6 Radiation Modulators/Sensitizers

Radiosensitizers or radiation modulators are usually systemic agents, typically
chemotherapy or targeted agents that enhance the efficacy of RT. While compre-
hensive review of trials of radiation modulators is beyond the scope of this review,
it is worth highlighting several trials that established current treatment standard.

As early RT trial experiences demonstrate (see above), the addition of chemo-
therapy, mainly nitrosoureas, did not statistically improve survival compared with
patients receiving RT alone. At 2 years, fewer than 10 % of patients were alive [6].
Subsequent meta-analyses of randomized trials of radiation versus radiation plus
nitrosourea-containing regimen showedonlyamodest improvement in1-year survival
outcomes in patients who received combination therapy [94, 95]. However, Stupp and
colleagues performed a phase II trial in patients with newly diagnosed glioblastoma,
administering daily lower dose temozolomide (75 mg/m2) during the course of RT,
followed by 6months of adjuvant, higher dose temozolomide at a single agent dose of
150–200 mg/m2 for days 1–5 of a 28-day cycle [96]. The results of this phase II study
were promising, demonstrating an overall median survival of 16 months.

These data led to a confirmatory, phase III study that was performed by the
EORTC and the National Cancer Institute of Canada (NCIC) [97]. Newly diag-
nosed GBM patients were randomized to receive RT alone or concurrent
RT + temozolomide followed by 6 months of adjuvant temozolomide. The study
demonstrated a statistically significant improvement in median survival for the
combined treatment arm (12.1 vs. 14.6 months) as well as a significant increase in
2-year survivors (10 % vs. 26 %) favoring the combined treatment cohort. Addi-
tionally, 88 % of patients completed the concurrent phase of treatment and 40 %
received full 6 adjuvant cycles of chemotherapy. Tumor progression was still the
most common reason for treatment cessation. The treatment was also well tolerated
with an incidence of grade 3 or 4 hematologic toxicity of <4 % [97]. Because of
these results, this chemoradiation regimen has been widely accepted as the new
standard of care for patients with newly diagnosed GBM.

An update from this trial was presented at the 2007 meeting of the American
Society of Radiation Oncology (ASTRO), demonstrating a 10 % 5-year survival
rate in patients treated with the chemoradiation regimen and providing additional
evidence of the efficacy of this therapy [98].
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7 Re-irradiation for Recurrent Glioblastoma

There has been a long experience with re-irradiation of recurrent glioblastoma,
however, recent observations that bevacizumab may have radioprotective effects
rekindled interest in combined re-irradiation approaches. The combination of
bevacizumab with re-irradiation increases the therapeutic ratio through increased
antitumor and antivascular effects [99]. Preclinical data suggest that vascular
endothelial growth factor (VEGF) is upregulated following radiation exposure, and
therefore combination of anti-angiogenic agents with radiation may sensitize both
tumors and associated tumor vasculature to RT [100]. Other preclinical models
suggest that anti-angiogenic agents may specifically target the radioresistant and
highly tumorigenic cancer stem cells by disrupting vascular niches harboring these
fragile cancer stem cells [101]. Due to its vascular stabilization effects, bev-
acizumab may also be radioprotective and reduce the toxicity associated with re-
irradiation by reducing the risk of radiation necrosis [102, 103].

Preliminary clinical evidence suggests improved outcome with the addition of
concurrent and adjuvant bevacizumab to re-irradiation. Gutin and colleagues pub-
lished results of 25 patients with recurrent grade III and IV gliomas using FSRT and
concurrent bevacizumab; with a reported 6-month progression-free survival of 65 %
and median overall survival of 12.5 months [104]. Median time to re-irradiation
was 15 months. Enhancing tumor volume was ≤3.5 cm in maximum diameter.
Treatments were well tolerated and there was no incidence of radiation necrosis and
no additional need for corticosteroids following re-irradiation.

Similarly, a group from Duke University reported their institutional retrospective
data on 63 patients with recurrent high-grade gliomas, including 49 glioblastoma
patients treated with re-irradiation using SRS techniques combined with bev-
acizumab therapy [105]. The combined re-treatment was well tolerated and median
time to re-irradiation was 19.6 months. Mean number of systemic therapies prior to
SRS was 3.6 and mean number of therapies following SRS was 2.9. Median target
volume was 4.8 cc. The 1-year overall survival in glioblastoma patients who
received adjuvant (concurrent with or after SRS) bevacizumab was 50 % versus
22 % for patients not receiving adjuvant bevacizumab (p = 0.005). Both age
<50 years and KPS >70 were associated with improved overall survival.

Niyazi and colleagues reported their single-institution experience in high-grade
glioma patients treated with FSRT to 3,600 cGy in 18 daily fractions with con-
current bevacizumab, followed by maintenance bevacizumab [106]. Overall sur-
vival appeared to be improved in patients who received bevacizumab (12.1 months)
compared to those who received either re-irradiation alone or re-irradiation with
concurrent temozolomide (8.0 months). Treatment was well tolerated with no
incidence of radiation necrosis and only one case of wound dehiscence. In aggre-
gate, these preliminary results stimulated interest within RTOG to conduct a phase
II trial of concurrent bevacizumab and re-irradiation versus bevacizumab alone as
treatment for recurrent glioblastoma (RTOG 1205). This trial is currently open for
enrollment.
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We are conducting a similar dose-escalation study in the recurrent setting for
patients with glioblastoma where FSRT techniques are used to re-irradiate target
volumes up to 40 cc with concurrent bevacizumab therapy. Patients are currently
being treated at a dose level of 3300 cGy (given over 3 fractions, every other day).
Thus far, no grade 3 or higher treatment-related toxicities were observed during
dose escalation that would preclude application of this technique and continued
dose escalation. This study is ongoing.

8 Conclusion

Although the overall survival of patients with glioblastoma has not improved
dramatically over the last several decades, there have been steady advances in
utilization of combined modality treatments to improve survival rates while pre-
serving acceptable quality of life among patients. Agents such as temozolomide
have demonstrated modest survival advantage in combination with RT, but they
helped us become more aware of aspects of the underlying tumor biology that lead
to improved survival outcomes [107, 108]. These insights are already starting to
lead to more appropriate therapeutic selection based on molecular profiles of
individual patients.

Ongoing research with novel imaging techniques may allow for better targeting
of occult tumor, and new techniques of delivering RT will continue to be explored
as means of improving local dose intensification. With the advent of targeted
therapies, rational combinations of chemotherapy and targeted agents for treatment
of GBM are being developed based on unique tumor- and patient-molecular pro-
files. Rapid evaluation of these rational treatment approaches for efficacy will be
aided by high-quality historical treatment outcomes data, such as the recursive
partitioning analysis proposed by Curran and colleagues [87], against which new
outcomes can be measured before being investigated in expensive phase III studies.
These multiple avenues of research in glioblastoma show significant promise for
future translation into substantial gains in patient outcomes.
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