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Abstract: Effective treatment of glioblastoma multiforme (GBM) is compli-
cated by multiple factors, including the diffusely infiltrative nature of the
disease, which limits complete surgical resection; the difficulty in overcom-
ing the blood-brain barrier with systemic therapies; and the challenge of
identifying novel means of treating the residual hypoxic tumor cells that are
relatively resistant to radiotherapy (RT) and chemotherapy. Clear survival
advantages have been demonstrated with postresection RT to doses of
5,000-6,000 cGy, but further attempts at dose escalation over 6,000 cGy
have resulted in increased toxicity without a survival benefit. In an effort
to improve local control of tumor and limit toxicity to normal brain tissue,
novel imaging techniques (eg, chemical shift imaging) are being explored
in order to better define RT fields. Brachytherapy and stereotactic radio-
surgery are effective therapies for relapsed GBM but have undefined roles
outside of clinical trials in treating newly diagnosed GBM. Stereotactic RT
may have a survival advantage in subgroups that have undergone a gross
total resection and have favorable (recursive partitioning analysis class IV)
disease. In contrast, experience with hyperfractionated RT in GBM has
shown that survival outcomes may actually be unfavorable in certain patient
subgroups. Novel means of delivering RT, including radioimmunotherapy,
have demonstrated efficacy with acceptable toxicity. Systemic agents are
being explored as potential radiosensitizers, with the recent emergence
of temozolomide as a model radiosensitizing agent having a positive
impact on survival. Ongoing investigations are evaluating temozolomide
in combination with other systemic agents, and additional agents (eg,
motexafin gadolinium, mammalian target of rapamycin inhibitors, farne-
syltransferase inhibitors) have shown promising activity in combination
with RT.

pproximately half of the 18,000 new cases of central nervous sys-
tem neoplasms diagnosed annually in the United States will be
categorized as glioblastoma multiforme (GBM). GBM represents
the most aggressive subgroup of malignant gliomas, with a median sur-
vival of six months following surgical resection alone, and less than 10%
of patients surviving for two years after diagnosis. The average survival
of patients has improved to 10-12 months with radiation and chemo-
therapy, but little improvement has been seen in the number of long-
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Table 1.  Case Series of Radiotherapy in Treatment of Glioblastoma Multiforme
Survival Rates (%)
Reference Treatment N Radiation Dose 1 Year 2 Year
S 32 7
15 _
Bouchard et al S+ RT 125 5,000-6,000 cGy 39 20
S 27 5 0
SR 16
Uihlein et al S . RT 28 <6,000 cGy 29 10
S 13 15 8
17 _
Stage and Stein SuRT 2 3,500-6,500 cGy 41 6
Kramer'® S+RT 55 5,000-6,500 cGy 15 NR
S 50 8
H 11,12 —
Sheline SRT 40 5,000-5,500 cGy 24 NR

NR=not reported; RT=postresection radiotherapy; S=surgery (resection).

term survivors."? However, several significant advances
have been made in the treatment of GBM over the last
40 years, primarily with the use of radiotherapy (RT).
There is clear evidence through randomized trials sup-
porting the benefit of postresection RT,*” and other novel
means of delivering RT to achieve optimal dose inten-
sification are being explored. This review focuses on the
evolution of RT in the treatment of GBM, with the goal
of providing a better understanding of the advances made
and avenues of further research in the treatment of this
devastating disease.

Establishing Postresection RT
as the Standard of Care

Early Nonrandomized Case Series

Although indirect data comparisons suggest that superior
outcomes are associated with more complete tumor resec-
tions,*!" the need for adjuvant postsurgical therapy has
long been realized given the infiltrative nature of GBM,
which makes complete surgical resection impossible
without profound and unacceptable neurologic morbid-
ity. Early experience with postresection RT in the treat-
ment of GBM was limited primarily to single-institution
case series, many of which, prior to the 1960s, reported
unimpressive results. However, most patients in these case
series received low doses of RT (2,000 cGy) that were
later determined to be subtherapeutic.'*" The first large
case series suggesting a survival advantage with postresec-
tion RT was reported by the Montreal Neurology Insti-
tute, in which patients received an average total dose of
5,000-6,000 cGy (Table 1).'® Importantly, this case series
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included a central pathology review, which likely reduced
bias from mislabeling anaplastic astrocytoma or other
lower-grade gliomas as GBM.

Other case series published in the 1960s and 1970s
also suggested a survival advantage with postresection RT
(Table 1).'"12518 Although interpretation of these data
is limited by the nonrandomized nature of the reports,
inconsistent classification of malignant gliomas, and vari-
ances in doses of RT, survival trends with postresection
RT were favorable.

Randomized Trials

The Brain Tumor Study Group (BTSG; later renamed
the Brain Tumor Cooperative Group [BTCG]) initiated
several randomized studies beginning in the 1970s that
established postresection RT as the standard of care in
the treatment of GBM (Table 2). The first of the initial
three studies (BTSG 66-01) randomized patients with
newly diagnosed malignant gliomas postresection to
mithramycin or no chemotherapy, with whole-brain
radiotherapy (WBRT) allowed but not randomized.*
Ultimately, 55% of patients received WBRT, with
approximately half receiving 3,000 or more cGy. The
study found no significant difference in median sur-
vival between patients treated with mithramycin or no
chemotherapy, but patients receiving adjunctive WBRT
were found to have a statistically significant survival
advantage (8.4 vs 3.5 months: P<.05). When outcomes
were evaluated with WBRT at doses of either less than
5,000 or 5,000 or more cGy, there was a trend toward
improved survival favoring patients treated at higher
doses of WBRT, but even patients receiving lower doses
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Table 2. Randomized Studies of Postresection Radiotherapy in Glioblastoma Multiforme
N Median Survival,
Trial (% GBM) Treatment months P value
No radiotherapy 3.5
96
014 *
BTSG 66-01 (85%) WBRT <5,000 cGy 7.7 <.05
WBRT 25,000 cGy 8.4
BSC (no radiotherapy) 3.1
222 WBRT 5,000-6,000 cGy 8.4
BTSG 69-01° . 0011
(90%) WBRT + BCNU 8.0
BCNU (no radiotherapy) 4.3
CCNU (no radiotherapy) 7.2
358 WBRT 6,000 cGy 8.4
BTSG 72-01%7 . NR
(84%) 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.

*P value comparing all patients receiving various doses of WBRT versus patients not receiving adjunctive WBRT.

P value comparing patients receiving WBRT + BCNU versus patients receiving BSC.

of WBRT had improved survival compared with those
not receiving WBRT.

The results from BTSG 66-01 led to a subsequent
study in which RT was a randomized therapy. BTSG
69-01 randomized patients postresection to receive best
supportive care or chemotherapy (BCNU [carmustine])
with or without WBRT. All therapeutic modalities
showed superiority compared with best supportive care
in terms of overall survival. The investigators also noted a
significantly greater percentage of patients in the WBRT
plus BCNU group surviving at 18 months compared with
the group receiving RT alone (P=.01).

A follow-up study to BTSG 69-01 was performed to
further evaluate the role of nitrosoureas plus RT (BTSG
72-01).%7 Patients received postresection WBRT with or
without a nitrosourea (BCNU or methyl-CCNU); those
who received BCNU plus WBRT had the longest median
survival. Results from BTSG 72-01 confirmed the sur-
vival advantage for adjuvant RT previously reported, and
both BTSG 69-01 and 72-01 showed a trend toward
improved survival at 18 months in patients who received
chemotherapy (BCNU) plus RT. Although the benefit of
postresection RT was felt to be clearly established by the
results of BTSG 69-01 and 72-01, the benefit of chemo-

therapy remained in question.>”’

Defining Optimal Radiotherapy
Dose and Delivery

Optimal Radiation Doses in GBM
A subsequent publication by the BTCG evaluated
the combined results from BTSG 66-01, 69-01, and
72-01,%7 with particular consideration given to whether
dose escalation of RT improved survival outcomes." In
the evaluable group of 621 patients (86% with GBM),
survival data were reported for subgroups based on the
dose of WBRT received. Poor median survival times of
4.2 and 3.1 months were reported for patients treated with
less than 4,500 cGy or no RT, respectively. Median sur-
vival 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 sur-
vival with RT doses of 5,000 ¢cGy or more, with a statisti-
cally significant difference between the groups receiving
5,000 and 6,000 cGy (P=.004). Of importance, there was
no significant difference in toxicity observed between the
5,000- and 6,000-cGy treatment groups."’

Given these results suggesting improved survival with
RT doses of 5,000 cGy or greater," interest then focused
on further dose escalation of RT. Salazar and colleagues
evaluated doses ranging from 6,000 to 8,000 cGy in three
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Table 3. Median Survival in RTOG 74-01/ECOG 1374

Median Survival, months
Treatment N Opverall GBM Subgroup
WBRT (6,000 cGy) 141 9.3 8.7
WBRT (6,000 cGy) + boost (1,000 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.

dose levels of WBRT with or without a local boost.?

Over half of the patients randomized to the highest dose
level received total RT doses of 7500 cGy or more. The
study also included a retrospective cohort treated with
more conventional doses of WBRT (5,000-5,500 cGy).
Median survival in the highest level dose group was 13
months, compared with 9.8 months in the next highest
dose level group and 7 months in the retrospective cohort
treated with conventional doses of WBRT. The survival
difference between the highest dose level group and the
conventional dose group was statistically significant
(P<.05), but involved comparison with a retrospective
cohort. Differences between consecutive dose levels of RT
were not statistically significant, and survival curves for all
dose groups were superimposable by 2 years.?’

Within this same study, autopsy data were reported
from 40% of the study patients, including ten autopsies
from the highest dose level group.?® Autopsy specimens
clearly showed areas of viable tumor in the irradiated areas
of patients receiving the highest doses of RT, indicating
that tumor eradication was not achieved with doses of
7,000-8,000 cGy. In addition, marked radiation effect
was seen microscopically in normal tissue at the periphery
of tumor. Given the high risk:benefit ratio of RT doses
exceeding 6,000 cGy suggested by these autopsy findings,
further investigation of escalated RT doses in GBM was
undertaken with caution.

In an effort to define the optimal dosing for postre-
section RT with or without chemotherapy, Chang and
colleagues reported results from an intergroup trial eval-
uating standard WBRT to 6,000 ¢cGy compared with
escalated doses of RT.?"* This phase III trial included
four treatment arms: 1) WBRT (6,000 cGy), 2) WBRT
plus 1000 cGy boost, 3) WBRT plus BCNU, and 4)
WBRT plus methyl-CCNU and dacarbazine. In contrast
to the study by Salazar and associates,” this trial included
a randomized arm receiving standard doses of WBRT.
Essentially, escalation of RT above 6,000 c¢Gy or the
addition of chemotherapy did not significantly improve

survival outcomes beyond conventional doses of WBRT
(Table 3), and subset analysis of patients with GBM
revealed almost superimposable survival curves (P=.59)
among the treatment groups. Consistent with what had
been reported previously in BTSG 69-01 and 72-01,
the addition of concurrent BCNU did not significantly
improve overall or median survival, with the exception
of a trend toward improved survival among a 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 RT versus 30.9% for 6,000 cGy
RT plus BCNU.##

Optimal Field Design

Whole-brain Versus Involved-field RT
Traditionally, WBRT was utilized for the treatment of
GBM primarily because of concerns that GBM may be
multicentric in a significant number of cases and that
available neuroradiologic techniques were relatively inac-
curate in localizing the extent of disease.”* However,
subsequent data have suggested that multicentric involve-
ment with GBM is relatively uncommon. For example,
Hochberg and Pruitt reported results of serial computed
tomography (CT) scans and correlative autopsy data in
35 GBM patients.” In this 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 RT were
found to have multicentric disease at autopsy. In addition,
multiple studies have demonstrated that there is an upper
limit to the WBRT dose in terms of both necrosis and
cognitive dysfunction.”’*® Given the toxicity associated
with escalated doses of WBRT and the observed local
failure pattern with recurrence, interest subsequently
focused on maximizing dose intensification of therapy to
the tumor and surrounding margin.

Beginning in the early 1970s, interest was generated
in comparing outcomes of WBRT with involved-field RT
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(IFRT), with IFRT defined as radiotherapy administered
to the tumor and to the tissue within a 3-cm radius sur-
rounding the tumor.”?? In a retrospective review of 127
patients receiving RT for treatment of GBM, Onoyama
and colleagues reported nearly identical 1-year survival
rates with IFRT compared with WBRT.?” Ramsey
and Brand compared two 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 a limited field.* In BTCG 80-01, patients
with GBM were randomized to receive WBRT to a dose
of 6,020 cGy or WBRT 4,300 cGy followed by IFRT to
1,720 cGy. Survival differences between the RT 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.

Imaging Techniques in RT Field Design

Limitations still exist with delivering RT in the treatment
of GBM. Although CT and magnetic resonance imaging
(MRI) have improved the ability to deliver IFRT, these
imaging modalities are not reliable indicators of active or
microscopic regions of tumor. Therefore, novel imaging
techniques are under investigation as a means of more
effectively targeting areas of tumor. One such technique
is magnetic resonance spectroscopy imaging (MRSI; also
termed chemical shift imaging), which provides infor-
mation about tumor activity based on levels of cellular
metabolites (eg, choline, creatine, N-acetylaspartate, and
lactate). MRSI relies on the detection of alterations in
these metabolite levels in predicting areas of occult dis-
ease; theoretically, targeting these areas of occult disease
may decrease the rates of local relapse.?

Graves and colleagues performed a retrospective
study in which the prognostic value of MRSI was explored
in patients with high-grade gliomas treated with gamma-
knife radiation.*® Patients without MRSI activity outside
the areas of MRI contrast enhancement had significantly
better outcomes than patients with MRSI activity outside
the region of MRI contrast enhancement. In a 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, suggesting that targeted RT based on results
of anatomic versus metabolic imaging would likely be of
significantly different sizes and locations.”

Additional imaging modalities under investigation
include positron emission tomography (PET) using
methyl-11C-L-methionine (MET) and 3-iodine-123 (I'%)

-a-methyl-tyrosine single-photon emission tomography
(IMT-SPECT).*3¢ Experience using IMT-SPECT in
30 patients with unresected gliomas found that the IMT
region of abnormality was 69% greater than the region
of enhancement on T1-weighted contrast MRI imaging.?’
One particular limitation of these imaging modalities is
their inability to differentiate areas of active tumor cells
from necrosis. Although these novel imaging techniques
are of ongoing interest, they have yet to become a stan-
dard diagnostic approach in the evaluation and treatment

of GBM.

Dose Intensification Approaches:
Brachytherapy, Radiosurgery, and
Hyperfractionation

In an effort to improve outcomes in GBM, various strate-
gies aimed at improving the local dose intensification of
RT have been explored. Such strategies have included
alternative means of delivering RT (brachytherapy,
radiolabeled antibodies, radiosurgery), alternative dosing
schedules (accelerated and hyperfractionated RT), and
the use of radiosensitizing agents.

Brachytherapy

Interstitial delivery of RT (ie, brachytherapy) directs RT
to a well-defined tumor bed, thereby sparing normal brain
tissue from the toxicity of high-dose RT and theoretically
allowing for treatment of even RT-resistant hypoxic tumor
cells.?4" Significant prior research has evaluated different
means of delivering interstitial brachytherapy, leading to
debate as to whether isotopes should be permanently or
temporarily implanted and which radioisotopes are best
suited for treatment of gliomas.

Some of the earliest reports of brachytherapy in the
1980s focused on patients with local relapse of brain
tumors who had previously received RT.** Later, focus
shifted to using brachytherapy as a local boost with
IFRT in cases of newly diagnosed GBM.#* 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 iodine-125
(I'®) implants following 6,000 cGy IFRT. Some criticisms
of the NCOG trial are that a comparison group receiv-
ing IFRT alone was not included and only patients with
smaller, more peripherally located, tumors were enrolled.
In addition, 38 patients of the original cohort of 67 had
been excluded after demonstrating no response to IFRT.
Therefore, although this NCOG study observed the best
survival outcomes ever reported by the NCOG* or the
BTCG (longest median survival=~12-13 months),** it
is likely that the NCOG experience with brachytherapy
represents a subpopulation of GBM patients with favor-

Clinical Advances in Hematology & Oncology Volume 5, Issue 11 November 2007



RADIOTHERAPY AND RADIOSENSITIZERS IN GLIOBLASTOMA MULTIFORME

Table 4. Brachytherapy in Newly Diagnosed Glioblastoma Multiforme

Median Survival,
Trial N Treatment months
NCOG 6G-82-2% 29* [ERTEG 000Gy 20.5
I'* implants
IFRT to 5,000 cGy 13.8
Lapierrere et al® 63 I' implants '
IFRT to 5,000 cGy 132
I'® implants (6,000 cGy) + BCNU 15.8
BTCG 87-01% 270
IFRT to 6,020 cGy + BCNU 13.7

BCNU=carmustine; IFRT=involved-field radiotherapy.

*Survival outcomes reported for 29 of the original cohort of 67 patients; 38 patients were excluded after failing to respond to IFRT.

able outcomes based on tumor size, location, and initial
response to IFRT.

In contrast, Laperriere and colleagues in a Canadian
study failed to demonstrate a significant survival advan-
tage with I'*> implants following standard IFRT to 5,000
cGy.” However, the interpretation of these results is lim-
ited by the suboptimal doses of IFRT administered. More
recently, BTCG 87-01 evaluated survival in newly diag-
nosed malignant glioma patients treated with the com-
bination of BCNU and either IFRT or brachytherapy.®®
Median survival was not significantly different between
the groups, and no survival advantage was observed on
subgroup analysis of the patients with GBM (Table 4).%

In summary, despite the favorable results reported
in single-arm studies using brachytherapy as part of
initial therapy for GBM, randomized studies comparing
brachytherapy with standard IFRT have failed to show a
significant survival difference. In addition, brachytherapy
requires invasive procedures for placement. Complications
may occur during placement and potentially during later
removal of the isotopes, and isotopes that shift in position
after placement may require surgical intervention. For
example, Laperriere and colleagues reported 15 complica-
tions (eg, neurologic decline requiring high-dose steroids,
intracerebral bleeding, exacerbation of seizures, infection,
and arterial occlusion) in the relatively small cohort of
63 patients who underwent brachytherapy. With the
current lack of evidence to support brachytherapy in the
treatment of newly diagnosed GBM, its role in clinical
practice outside of a clinical trial is primarily limited to
the setting of recurrent disease.

GliaSite Radiation Therapy System
The GliaSite Radiation Therapy System (Cytyc) received
Food and Drug Administration approval in 2001 as a
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novel means of brachytherapy delivery for the treatment
of high-grade gliomas. The GliaSite device is placed at
the time of tumor debulking with an expandable bal-
loon that is temporarily filled with radioactive I'** liquid
through a subcutaneous reservoir. The balloon reservoir
of the GliaSite system adheres to the walls of the resec-
tion cavity, allowing homogenous dosing of radiation to
the surrounding brain tissue.’! Potential advantages with
GliaSite include the ability to deliver a more homogenous
dose distribution to tissue at risk in the resection cavity,
the need for only a single operative procedure for place-
ment (which generally parallels resection of disease), and
the possibility of lower risk for infection due to limited
percutaneous access to the brain.’'%

A multicenter study by the NABTT (New Approaches
to Brain Tumor Therapy) Central Nervous System Con-
sortium investigating GliaSite in the treatment of recur-
rent malignant gliomas determined that the GliaSite sys-
tem delivers brachytherapy safely and efficiently. Patients
in the NABTT study received 4,000-6,000 cGy to the
target volume via the GliaSite system, and a median sur-
vival of 12.7 months was observed in this population with
recurrent disease.”® Based on these results, ongoing studies
are being carried out to further evaluate the efficacy of the
GliaSite system in newly diagnosed and recurrent high-
grade gliomas.

Radioimmunotherapy

Another novel means of delivering local therapy involves
the use of radiolabeled antibodies targeting malignant
brain dssue. Investigators at Duke University have been
studying the efficacy of an iodine-131-labeled murine
antitenascin monoclonal antibody (**'I-m81C6) in the
treatment of newly diagnosed and recurrent brain tumors.
Tenascin is an extracellular matrix glycoprotein expressed
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ubiquitously in multiple tumor types, including high-
grade brain 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 *'I-m81C6
involves direct injection of the agent into the resection
cavity at the time of tumor debulking.”>5%%

A phase II study of newly diagnosed glioma patients
treated with ''I-m81C6 followed by conventional
IFRT and chemotherapy reported a median survival of
20 months, with a median survival of 18 months in the
subgroup of patients with GBM.® A more recent study of
B11-m81C6 in cases of recurrent malignant brain tumors
reported a median survival of 15 months in a subgroup
of patients with GBM and gliosarcoma.” This phase 1I
experience yielded survival results comparable to or more
favorable than what had been reported in other salvage
therapies (including temozolomide [TMZ; Temodar,
Schering], stereotactic radiosurgery, interstitial chemo-
therapy, and brachytherapy).®® In addition, rates of
radionecrosis in the phase II trials of *'I-m81C6 were
lower than rates observed with other methods of boost
radiotherapy.” However, these survival results and rates
of neurotoxicity must be interpreted in light of the overall
good performance status of the patient groups analyzed (ie,
Karnofsky performance status >80 in >90% of patients).
In addition, the fixed millicurie dosing was observed to
lead to a wide range of radiation doses delivered to the 2-
cm resection margin, which could explain the low rates of
neurotoxicity observed.” Nevertheless, the results to date
with this method of radioimmunotherapy are promising;
a phase III study at Duke University using patient-specific
dosimetry planning and antibody dosing in patients with
newly diagnosed and recurrent gliomas is ongoing.

Stereotactic Radiosurgery

Radiosurgery involves the precise delivery of high-dose
radiation, generally in a single treatment.* Although
radiosurgery was first administered to a patient in 1968,
skepticism over the technology and cost constraints
resulted in slow generalized acceptance of this technol-
ogy.” Classically, radiosurgery was delivered with a
gamma knife device using cobalt-60 sources, but more
recently, similar radiosurgery dose distributions have been
achieved with a linear accelerator.®® With the advances
in hardware along with the introduction of linear accel-
erator—based radiosurgery in the 1980s, radiosurgery
has become commonplace in the management of brain
metastasis and recurrent gliomas.

Stereotactic radiosurgery (SRS) involves the use
of numerous beamlets of radiation aimed precisely at
an immobilized target to deliver high-dose radiation.
Although no single beamlet carries significant energy,

a large dose is deposited at the intersection of these
beamlets, with a steep dose fall-off outside the target. As
tumor size increases, this fall-off becomes shallower, and
typically radiosurgery becomes prohibitive with tumors
in excess of 4-5 cm.®” Because SRS involves a higher dose
per treatment, there is increased biologic effect on the
normal tissues, which may influence the development of
late side effects.®® As a result, single-fraction radiosurgery
must be precisely delivered to minimize the dose to nor-
mal structures.

Several early retrospective reports of SRS in the set-
ting of recurrent gliomas suggested a survival advantage
with SRS.%7! For example, retrospective data from the
University of Maryland comparing survival data in GBM
patients treated with IFRT followed by SRS as a local
boost or SRS at the time of progression found that median
survivals favored the group receiving an SRS boost (25 vs
13 months; P=.0335).> RTOG 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.” In this study there were no
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.”? Therefore, outside the setting of a clinical trial,
there is no clearly defined role for the administration of
SRS in the treatment of newly diagnosed GBM.

Stereotactic Radiotherapy

Stereotactic radiotherapy involves precisely targeted frac-
tionated radiation treatment, often delivered at higher
doses per fraction over several treatments. This is in
contrast to radiosurgery, in which high doses are typically
given in a single treatment. RTOG 98-03 investigated
escalated doses of stereotactic radiotherapy in newly
diagnosed GBM, with patients receiving IFRT to 4,600
cGy followed by a stereotactic radiotherapy boost to total
doses of 6,600-8,400 cGy. The acute and late toxicity data
in this population were promising, with no difference in
late RT-related grade 3 or 4 toxicities at the escalated dose
levels of RT, and similar percentages of patients at each
dose level requiring second resections.”

Subsequently, the RTOG reported its phase II expe-
rience with administering accelerated RT with weekly
stereotactic conformal boosts in 76 patients with newly
diagnosed GBM (RTOG 00-23).7% During the course of
standard RT to 5,000 cGy, patients received four weekly
fractionated stereotactic RT boosts (500 cGy or 700 cGy
per fraction), for a total cumulative dose of 7,000-7,800
cGy. Although reported toxicities were manageable, the
median survival of 12.5 months was not improved com-
pared with the RTOG historical database.”*”> However, a
trend for improved survival was observed in subgroups of
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Table 5. Hyperfractionated and Accelerated Radiotherapy in Glioblastoma Multiforme

Trial

Treatment

Median Survival,
months

EORTC"®

66

200 cGy thrice daily to:
4,200 Gy
4,800 cGy
5,400 cGy
6,000 cGy

8.7

Lutterbach et al”

149

150 cGy thrice daily to 5,400 cGy

Neider et al®

126

130 cGy twice daily to 7,800 cGy

150 cGy twice daily to 6,000 cGy

Prados et al®!

231

AHFRT + DFMO
160 cGy twice daily to 7,040 cGy

Standard RT + DFMO
180 cGy daily to 5,940 cGy

8.6-9.8

HEFRT
120 Gy twice daily to:

RTOG 83-02% 786

6,480 cGy
7,200 cGy
7,680 cGy

8,160 <Gy 10.8-12.7*

160 cGy twice daily to:

AHFRT

4,800 cGy
5,440 cGy

120 cGy twice daily to 7,200 cGy

HFRT + BCNU 1ot

RTOG 90-06%¢ 712

Conventional RT + BCNU:
200 cGy daily to 6,000 cGy

21.9°

AHFRT=accelerated hyperfractionated radiotherapy; BCNU=carmustine; DFMO=difluoromethylornithine; HFRT=hyperfractionated radiotherapy.

*Subgroups with GBM treated with HFRT at higher doses of 7,680 and 8,160 ¢Gy had better survival than GBM patients treated with AHFRT.

“Survival data reported in GBM subgroup <50 years old (P=.05).

patients undergoing gross total resection (median survival
16.1 vs 12.0 months; P=.19). In addition, a subgroup of
patients classified as having more favorable disease accord-
ing to a recursive partitioning analysis (RPA) model pro-
posed by Curran and colleagues were noted to have an
improved median survival (14.7 months for RPA class IV
patients versus 11.3 months for the overall study group;
P=.15).747

Hyperfractionated and Accelerated Radiotherapy

Hyperfractionation of radiotherapy involves the more
frequent administration of RT doses to achieve several
theoretical advantages, including reduction in the late
effects of RT injury and prevention of tumor repopula-
tion between treatments.”® In addition, small doses of

RT given more than once daily may produce a redistri-
bution of proliferating tumor cells that results in some
tumor cells entering an RT-sensitive stage. In summary,
hyperfractionated radiotherapy (HFRT) offers the poten-
tial advantage of giving higher cumulative doses of RT
without significant additional toxicity.”>”

Much of the experience with HFRT in GBM has
not suggested a survival advantage compared with stan-
dard doses and fractionation of RT. For example, the
European Organization for the Research and Treatment
of Cancer (EORTC) reported its experience with admin-
istering accelerated HERT to doses of 4,200-6,000 cGy
in 200-cGy fractions three times daily. An overall median
survival of 8.7 months was observed, with no differences
in survival noted among any of the dose levels admin-

Clinical Advances in Hematology & Oncology Volume 5, Issue 11 November 2007 901



CHANG ET AL

istered.”® Several other investigators reported similar
results with accelerated HFRT failing to achieve signifi-
cant improvements in median survival over conventional
IFRT (Table 5).7%-8!

In contrast, data from RTOG 83-02 suggested a
promising role for HFRT in the treatment of GBM.%
Patients were randomized to either HFRT or accelerated
HFRT (AHFRT), with median survivals of 10.8-12.7
months reported (Table 5). 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.®

RTOG 90-06 was initiated specifically to address
whether higher doses of HFRT offered benefit over stan-
dard doses and fractionation of RT in GBM. In this phase
I study patients were randomized to HFRT (120 cGy
twice daily to 7,200 c¢Gy) plus BCNU versus conventional
RT (6,000 cGy) plus BCNU.**#¢ Ultimately, there was no
survival advantage seen in the HFRT group and, in fact,
the outcome in the conventional RT group was superior
for patients 50 years of age or older (median survival of
21.9 months vs 19.8 months; P=.05); this trend was also
observed on subgroup analysis of patients with GBM.*84

Radiosensitizers: Hypoxic Sensitizers,
S-Phase Sensitizers, and Novel and
Targeted Agents as Sensitizers

Another strategy to improve the local dose intensifica-
tion of radiation is the use of systemic agents, typically
chemotherapy agents or targeted agents, to enhance the
efficacy of RT. Here we describe the previous experience
with potential radiosensitizers ultimately found to be
ineffective, as well ongoing experience with promising
radiosensitizing agents (Table 6).

Hypoxic Sensitizers: Imidazoles, RSR13, Tirapazamine
Imidazoles The nitroimidazole compounds metronida-
zole and misonidazole are orally administered agents able
to achieve good penetration of the blood-brain barrier. In
a small randomized trial, Urtasun and colleagues initially
reported a survival advantage with the use of metronida-
zole,* but other trials have failed to duplicate a similar
benefit (Table 7).8¢%% Similarly, a survival advantage with
misonidazole first reported by the Vienna Study Group in
1981 was no longer significant by the time of its updated
report in 1984.7%! Subsequently, a double-blind random-
ized trial conducted by the Medical Research Council
found no difference in median survival between patients
treated with RT to 4,500 cGy in combination with either
misonidazole or placebo.”

RSR13 RSR13 (efaproxiral) showed early promise
as a radiosensitizing agent with a novel mechanism of
action. As a synthetic allosteric modifier of hemoglobin,
RSR13 noncovalently binds to the hemoglobin tetramer
and decreases the hemoglobin-oxygen binding affin-
ity, resulting in an increase in tissue PO,. In contrast to
other hypoxic radiosensitizing agents, the hypothesized
radiation-enhancing effect of RSR13 does not rely on
direct diffusion of the agent into a tumor cell.”* Results
of a phase I1I study of RSR13 plus WBRT versus WBRT
alone in brain metastases from solid tumors demonstrated
the greatest benefit of RSR13 in the subgroup of patients
with metastatic breast cancer.”*® In GBM, phase II data
with RSR13 plus IFRT demonstrated a median survival
of 12.3 months, with 1-year and 18-month survival rates
of 54% and 24%, respectively.” However, a subsequent
phase IIT study in brain metastases from breast cancer
(the ENRICH trial) comparing RSR13 plus WBRT
versus WBRT alone failed to demonstrate a survival
advantage with RSR13. The disappointing results from
the ENRICH trial have called into question the value of
RSR13 as a radiosensitizing agent.

Tirapazamine Tirapazamine is a bioreductive agent with
enhanced toxicity for hypoxic cells.”® An attractive feature
of this agent is its unique margin of safety, with a large dif-
ferential between lower doses required to damage hypoxic
cells and much higher doses needed to exhibit toxicity to
normally oxygenated cells. A phase II trial of two dose
levels of tirapazamine given with standard IFRT to 6,000
cGy in newly diagnosed GBM (RTOG 94-17) observed
median survivals of 10.8 and 9.5 months. In comparing
survivals among the tirapazamine-treated patients with
matched RPA class controls from the RTOG database,
no significant improvement in survival outcomes with the

addition of tirapazamine was noted.”>”

S-Phase Sensitizers
Halogenated Pyrimidines Halogenated pyrimidines are
incorporated into the DNA of dividing cells due to
their biochemical similarity to thymidine. After being
incorporated, cells are much more susceptible to single-
strand breaks from radiation-induced free radicals and
have an impaired ability to repair DNA.'-12 Early
clinical trials focused on intra-arterial infusion of bro-
modeoxyuridine (BrdU), but later it was determined that
prolonged intravenous infusion could achieve radiosen-
sitization equivalent to intra-arterial administration with
fewer complications.!'”®

Phase I and II studies evaluating continuous infusion
of iododeoxyuridine with hyperfractionated RT reported
median survivals of 11-15 months.'"'%1% In another

(Continued on page 907)
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(Chang et al, continued from page 902)

Table 6. Experience with Radiosensitizers in Glioblastoma Multiforme
Activity
superior to

Agent RT? Comments
Hypoxic sensitizers
Imidazoles No Negative double-blind, placebo-controlled randomized trial

Phase II experience with RSR13 + RT in GBM favorable; drug development
RSR13 No* . . . . .

discontinued due to negative phase IIT data in brain metastases
Tirapazamine No Phase IT data no better than RTOG database historical controls
S-phase sensitizers

e Some comparisons with RTOG database suggested benefit to

Halogenated pyrimidines o BrdU, but no randomized study proving benefit
Cytotoxic agents

Data with topotecan no better than IFRT alone; newer camptothecans
Camptothecans No .

(eg, irinotecan) unproven to date

. Phase III data with cisplatin/RT vs RT alone showed no difference

Platinums No .

in outcomes

Phase II data no better than historical controls; interference with taxane
Taxanes No . . .

metabolism by anticonvulsants may have influenced outcomes
T lomid Y. Phase III data showing survival advantage with TMZ + RT

cmozoiomide e followed by adjuvant TMZ
Novel agents
Motexafin gadolinium Potential Preliminary phase II data promising in GBM
Antiangiogenesis agents . . . . . . .
(thalidomide, bevacizumab) Potential Ongoing phase II studies with RT + bevacizumab and thalidomide
Targeted therapies
Tamoxifen No Phase II data no better than historical controls
Anti-EGFR No Gefitinib studies in GBM no better than RT alone; ongoing studies
(gefitinib, erlotinib) evaluating erlotinib + RT + TMZ
mTOR inhibitors Potential Role for CCI-779 and RADO001 undefined; promising objective responses
(temsirolimus, RAD001) with both agents
Farnesyltransferase inhibitors . . . .
. Potential Modest activity in relapsed GBM; role as a radiosensitizer undefined
(tipifarnib)
. . Phase II data in recurrent GBM with modest activity; role as a

Imatinib Potential . .

radiosensitizer undefined

GBM-=glioblastoma multiforme; IFRT=involved-field radiotherapy; RT=radiotherapy; RTOG=Radiation Therapy Oncology Group;

TMZ=temozolomide.

*Inactivity as a radiosensitizer proven only in brain metastases.

report, the NCOG observed an improvement in progres-
sion-free survival among a subgroup of patients receiving
higher cumulative doses of BrdU.!%!%” This observation
led to a subsequent single-institution trial at The Univer-
sity of Texas M. D. Anderson Cancer Center investigating
significantly higher doses of BrdU concurrent with hyper-
fractionated RT.'” Unfortunately, median survival was
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not improved at 12-13 months, and significant toxicities
were observed with the escalated dose of BrdU.

The NCOG later published data comparing surviv-
als from pooled patient data within the NCOG (patients
treated with BrdU + RT)'% with a similar population of
patients from the RTOG database (patients not receiving
BrdU).?81% Overall, this combined data analysis reported
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Table 7. Experience with Imidazole Radiosensitizers in Gliomas

Median Survival,

Study N RT Dose Imidazole weeks Pvalue
15 3,000 cGy — 15

Urtasun et al® <.02
16 3,000 cGy MNZ 26
19 5,800 cGy — 26

Urtasun et al®® 28 3,900 cGy MISO 27 NS
17 3,900 cGy MNZ 19
20 5,656 cGy — 36

Bleehan et al®’ 18 4,352 cGy — 31 NS
17 4,352 cGy MISO 39
81 4,950 cGy Placebo 46

EORTC?” NS
82 4,950 cGy MISO 45

RTOG 78-01% 54 6,000 cGy MISO 39 —
146 6,000 cGy — 55

RTOG 79-18¥ 0.35
147 6,000 cGy MISO 46
27 6,650 cGy — 43

Vienna Study Group?! >.08
18 6,650 cGy MISO 60
195 4,500 cGy Placebo 36

MRC* 0.7
188 4,500 Gy MISO 33

MISO=misonidazole; MNZ=metronidazole; NS=not statistically significant; RT=radiotherapy.

a median survival of 16.9 months for the NCOG patients
who had received BrdU compared with 9.8 months for
the RTOG control group (P<.0001)." However, there
were many limitations with this comparison, including
wide variations among RT fractions, total RT dose, use
of chemotherapy, and use of other potential radiosensitiz-
ers. A randomized phase III study would be needed to
clearly establish a potential role for BrdU in the treatment
of GBM.

Radiosensitizing Agents: Cytotoxic
Chemotherapy Agents
Topotecan Camptothecins are systemic agents able
to effectively penetrate the blood-brain barrier and are
hypothesized to act as radiation sensitizers by preventing
DNA repair through inhibition of the topoisomerase I
enzyme.'!!? Previous experience in phase I and II trials
of newly diagnosed and relapsed GBM patients has shown
responses with single-agent topotecan.''"!!?

RTOG 95-13 evaluated topotecan (Hycamtin,
GlaxoSmithKline) as a radiosensitizer in newly diagnosed

GBM, but the reported median survival of 9.3 months

was not significantly different from matched historical
controls in the RTOG database.'”® Other camptothecins
(eg, irinotecan [Camptosar, Pfizer]) may prove more
effective than topotecan. Some early experience with
irinotecan in recurrent gliomas has shown promise,'
and ongoing trials are being considered with irinote-
can and newer camptothecins.'”® Recent data with the
combination of irinotecan and the vascular endothelial
growth factor (VEGF) inhibitor bevacizumab (Avastin,
Genentech) showed a response rate of 64% in patients

with recurrent gliomas.'

Platinum Agents Preclinical studies with platinum
agents have suggested that these chemotherapeutic drugs
are able to inhibit the repair of radiation-induced damage
and potentially exert a direct cytotoxic effect on glioma
cells.'®"” Although some early experience with platinum
agents concurrent with RT in GBM suggested a benefit,'*®
a phase III intergroup trial comparing continuous-infu-
sion cisplatin in combination with RT with conventional
RT found no significant difference in survival between
the groups.'”’

Clinical Advances in Hematology & Oncology Volume 5, Issue 11 November 2007



RADIOTHERAPY AND RADIOSENSITIZERS IN GLIOBLASTOMA MULTIFORME

Taxanes Based on preclinical studies showing activity of
paclitaxel as a radiosensitizing agent in malignant glioma
cell lines,'!# the RTOG performed a phase II study
(RTOG 96-02) evaluating the feasibility and efficacy
of conventional RT and concurrent weekly paclitaxel
in newly diagnosed GBM.'*! An objective response was
observed in 23% of the patients, with an observed median
survival of 9.7 months. Despite this promising response
rate, the median survival was not improved compared
with historical controls from the RTOG database.'”!
However, the concurrent use of anticonvulsant therapy
in essentially all GBM patients may have contributed
to escalated rates of paclitaxel metabolism, and the
potential of paclitaxel as a radiosensitizing agent may
have been unevaluable.

Temozolomide TMZ is a novel alkylating agent with

activity in primary and recurrent gliomas,'#'2

with pre-
clinical data demonstrating additive or even synergistic
activity in combination with RT."¥"'? Several multicenter
phase II trials had previously established the efficacy of
TMZ in the treatment of relapsed GBM,*'%° with addi-
tional data demonstrating the feasibility of administering
TMZ prior to and concurrent with RT."*"'3? However,
Stupp and colleagues reported groundbreaking data in
their phase III trial showing a survival benefit with con-
current TMZ and RT compared with conventional RT
alone.'” In this study, patients with newly diagnosed
GBM received TMZ 75 mg/m?*/day for 6-7 weeks dur-
ing RT followed by 6 months of adjuvant therapy. The
rationale for daily dosing of TMZ was based on previ-
ous experience showing that resistance to TMZ appears
to be mediated in part through the DNA repair enzyme
O-6-methylguanine DNA methyltransferase (MGMT).
MGMT levels are virtually depleted with continuous
exposure to TMZ, leading to interest in daily dosing
schedules, particularly during RT.'*

In the Stupp study, median survivals of 14.6 and
12.1 months were reported for the TMZ-plus-RT versus
RT-alone groups, respectively. Two-year survival again
favored the combination of TMZ plus RT (26% vs 10%
for RT alone).'3 A retrospective analysis of tissue samples
from both arms of the study generated intriguing data,
including additional data to support the role of MGMT
in determining resistance to chemotherapy and RT.'»
Among the 92 assessable cases with evidence of MGMT
promoter methylation (ie, transcriptionally inactive and
not producing the DNA repair enzyme MGMT), a statis-
tically significant improvement in survival was observed
in patients receiving TMZ plus RT compared with RT
alone (21.7 vs 15.3 months, respectively; P=.007). Approx-
imately 60% of patients in the control arm received TMZ
at recurrence and survival among these patients with pro-

moter methylation was significantly better than for patients
with an unmethylated promoter (overall survival 15.3 vs
11.8 months, respectively).'®

Data from a German study by Combs and col-
leagues confirmed the RT-potentiating effect of TMZ.'%
In this study patients received a lower dose of TMZ
(50 mg/m?/day) concurrent with standard IFRT to
6,000 cGy without the administration of adjuvant TMZ.
The overall median survival of 19 months was compa-
rable to survival data reported by Stupp and associates,
suggesting that the most significant benefit with TMZ
is gained from its activity as a radiosensitizer and further
suggesting that even low doses have clinically significant
activity with lower rates of toxicity.'*® Although the Stupp
and Combs studies demonstrate the first new therapeutic
strategy in GBM with a survival advantage in several
decades, the survival gain is modest and there is clearly
room for improvement in management of GBM. Ongo-
ing trials are investigating TMZ in combination with
other novel chemotherapy agents, targeted agents, and
radiosensitizing agents.

Radiosensitizing Agents: Novel Agents

Motexafin Gadolinium Motexafin gadolinium (MGd)
is a metallotexaphyrin that catalyzes the oxidation of
intracellular-reducing metabolites and generates reactive
oxygen species. These reactive oxygen species selectively
concentrate in tumor cells and promote apoptosis, and
tumor cells that have taken up MGd are visualized by
MRI due to the paramagnetism of gadolinium.'”!¥ Ini-
tial interest with MGd centered on its use in treatment
of brain metastases."”'" A later phase III study (the
SMART trial) in brain metastases from solid tumors did
not demonstrate a survival advantage with WBRT plus
MGd compared with WBRT alone, but did demonstrate
a statistically significant difference in time to neurologic
progression favoring MGd within a subgroup of lung
cancer patients.'” The most recent follow-up data from
the SMART trial showed promising results favoring MGd
in terms of time to neurologic progression following ran-
domization (15.4 vs 10.0 months; P=.12) or following
the diagnosis of brain metastases (15.5 vs 10.2 months;
P=.05). Among the subgroup of 348 patients treated in
North America where time from diagnosis to randomiza-
tion tended to be shortest (60% of patients randomized
within 2 weeks of diagnosis), the time to neurologic pro-
gression significantly favored MGd (24.2 vs 8.8 months;
P=.004).'

Similarly, experience with MGd in gliomas shows
promise. A phase I dose escalation study in GBM reported
an impressive median survival of 17.3 months."* A sub-
sequent phase II study treated 25 newly diagnosed GBM
patients concurrently with MGd and RT, and the median
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survival had not been reached after a median follow-up of
8.1 months.'®

Antiangiogenesis Agents Gliomas are among the
most angiogenic of solid tumors, with overexpression of
multiple angiogenic factors, including VEGF and basic
fibroblast growth factor."'* In vitro studies with mul-
tiple malignant cell lines exposed to the VEGF inhibitor
SU5416 found greater-than-additive effect when VEGF
inhibition was combined with RT.!>

The antiangiogenic properties of thalidomide
(Thalomid, Celgene) have made it an agent of particular
interest in malignant gliomas. Initial experience with tha-
lidomide as a single agent in the setting of recurrent GBM
showed thalidomide to be well tolerated.”' A more recent
report evaluated thalidomide given concurrently with RT
to 6,000 cGy, with over half of patients also receiving
adjuvant TMZ.'¥ A time to progression of 8.4 months
and an overall survival of 24 months was observed in the
group receiving thalidomide plus TMZ. An ongoing pro-
spective double-blind phase II trial is underway to further
evaluate the efficacy of this combination of agents.'"

Other antiangiogenic agents (eg, the thalidomide
analog lenalidomide [Revlimid, Celgene]) and ant-
VEGF agents (eg, bevacizumab, AZD2171, sorafenib
[Nexavar, Bayer]) are being evaluated in the treatment of
GBM."2153 As described above, promising results were
reported recently with the combination of bevacizumab
and irinotecan in recurrent GBM. !

Radiosensitizing Agents: Targeted Therapies

Multiple genetic abnormalities have been described in
GBM, including amplification and mutation of the epi-
dermal growth factor receptor (EGFR) gene, loss of the
tumor suppressor gene PTEN, overexpression of platelet-
derived growth factor (PDGF) receptor o, and mutation
154-159 Ongo_

ing recognition of these genetic abnormalities has led to

of the gene encoding the tumor protein p53.

a rapid increase in the development of small molecular
inhibitors with the ability to specifically target these
amplified or aberrant pathways. Experience with several
of these agents, particularly when administered concur-
rently with radiotherapy, is described below.

Tamoxifen Proliferation of high-grade gliomas appears to
be at least partially dependent on the activation of protein
kinase C (PKC)-mediated pathways, which play a crucial
role in signal transduction,'®'®! and several preclinical
studies have demonstrated that PKC inhibition enhances
the effects of ionizing radiation.'®*'® The RTOG recently
reported its experience in GBM with the PKC inhibitor
tamoxifen at high doses of 80 mg/m? administered daily
concurrent with conventional RT. Ultimately, median

survival was found to be 9.7 months, which was not sig-
nificantly different from historical controls in the RTOG
database.!*® However, as tamoxifen is well tolerated and
has the convenience of oral dosing, it remains an agent of
ongoing potential interest, particularly as part of treatment
regimens combined with other targeted agents to achieve
the goal of multilevel intracellular signaling blockade.

EGFR Inhibitors Multiple preclinical models have dem-
onstrated increased radiosensitivity with EGFR inhibi-
tion.'®*1®” Chakravarti and colleagues reported their expe-
rience with several malignant glioma cell lines with strong
overexpression of EGFR found to be resistant to both RT
and BCNU.'® Interestingly, the sensitivity to subsequent
radiotherapy and BCNU was found to be restored among
these radiation- and chemotherapy-resistant cell lines
following EGFR inhibition with the agent AG1478.1%

In phase I and II studies of the EGFR/tyrosine kinase
inhibitor gefitinib (Iressa, AstraZeneca) in relapsed GBM,
there was no evidence of improvement in median time
to progression or survival, although several patients were
noted to have prolonged responses or periods of stable
disease.'® Similarly, phase II testing of gefitinib in cases
of newly diagnosed GBM following standard RT did
not find improvement in overall or progression-free sur-
vival, and EGFR amplification was not associated with
improved overall or progression-free survival.'’® The role
of gefitinib as a radiosensitizing agent in newly diagnosed
GBM was investigated in RTOG 0211, in which patients
received gefitinib concurrently with RT followed by
gefitinib maintenance until the time of relapse. A median
progression-free survival of 5.1 months was observed and
the reported median survival of 11.0 months was not
significantly improved from historical controls.'”*

The EGFR/tyrosine kinase inhibitor erlotinib
(Tarceva, Genentech/OSI) is a particularly attractive tar-
geted agent given its activity against both wild-type EGFR
and the most common mutant form of EGFR, EGFR-
vIIL."2 Previous experience with erlotinib in relapsed GBM
showed promising activity,'*'"*which led to further trials
investigating erlotinib in combination with RT and other
chemotherapy agents (eg, TMZ).">'7¢ The North Central
Cancer Treatment Group recently published its phase I
experience with erlotinib given concurrentdy with RT
followed by maintenance erlotinib until progression. In a
preliminary report, the median time to progression was 6
months, with a median survival of 12.8 months.!”® How-
ever, given the results reported by Stupp and coworkers'?
showing improved survival with TMZ given concurrently
with RT in GBM, the protocol was amended to include
TMZ in combination with erlotinib. Accrual is ongoing,
and the combination of the two radiosensitizing agents
shows promise in further improving patient outcomes.
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mTOR Inhibitors Temsirolimus (Torisel, Wyeth) is an
analog of the immunosuppressant agent sirolimus (rapa-
mycin), which has an established role in organ anti-rejec-
tion therapy. Temsirolimus forms a complex that interacts
with the mammalian target of rapamycin (mTOR) kinase,
resulting in inhibition of key signal transduction path-
ways necessary for cell-cycle progression.'””' The mTOR
kinase is downstream of PI3K in the PI3K/Akt signaling
pathway, and this pathway may be activated by several
factors, including ligand binding to EGFR and mutations
of the tumor suppressor gene PTEN, which is affected by
mutations/deletions in 30-40% of GBM cases.!>*!>¢17?

A phase II study of patients with recurrent GBM
treated with weekly temsirolimus noted no objective
responses to therapy but did find that 36% of patients
had evidence of regression on neuroimaging. Although
the median overall survival (4.4 months) and time to
progression (2.3 months) did not yield impressive results,
a trend toward improved time to progression was noted in
patients with regression on imaging versus nonresponders
(5.4 vs 1.9 months, respectively).””” In another phase II
study of weekly temsirolimus in recurrent GBM, two
partial responses and 20 stabilization-of-disease responses
were observed. However, the duration of responses was
disappointing, with a median time to progression of only
2.1 months."”®

Another mTOR inhibitor, RAD001 (Novartis), was
recently tested in combination with the EGFR inhibitor
gefitinib in patients with metastatic prostate cancer and
GBM.'818! Nineteen patients with recurrent GBM were
treated with gefitinib and escalating doses of RADOOI,
with 17 of the patients enrolled at the time of their second
or greater recurrence. Partial responses were observed in
26% of patients, with a median progression free survival
of 2.6 months.'®! Although response durations were gen-
erally short, the observed responses in refractory, recur-
rent disease are promising with this regimen utilizing two
well-tolerated targeted agents.

Farnesyltransferase Inhibitors Ras gene mutations are
prevalent in multiple tumors and have been implicated
in tumorigenesis. Ras acts as an intermediate G protein
in multiple pathways in the complex system of cell-signal-
ing, which directs cell growth, membrane activity, and
apoptosis. Farnesyltransferase is involved in the post-
translational modification of the Ras protein to convert
it into a functionally active proto-oncogene product.'$'%
Farnesyltransferase inhibitors (FTTs) have been shown to
inhibit growth of multiple tumors, presumably by block-
ing Ras-mediated cell signals.!®>18418>

The synthetic FTTIs tipifarnib (R111577) and lona-
farnib (SCH66336) have demonstrated positive results in
preclinical studies using brain tumor models.'**'¥” Recent

experience with R111577 showed modest activity in

patients with recurrent gliomas (n=33), with three partial
responses and 2 patients with stable disease exceeding
6 months.'® Experience with R111577 administered
prior to standard RT in newly diagnosed GBM followed
by maintenance therapy until progression did not result
in any measurable responses.'® Ongoing approaches to
incorporating FTTs into treatment of GBM have included
concurrent administration with TMZ, with encouraging
preliminary results.””® Multiple studies investigating the
role of FTTs in GBM are actively accruing.

Imatinib Upregulation of the platelet-derived growth
factor (PDGF) occurs frequently in GBM."' Imatinib
mesylate (Gleevec, Novartis) is a potent small molecule
inhibitor of the BCR-ABL receptor tyrosine kinase that
also exhibits inhibitory effects on the PDGF receptor.
Although imatinib generally has poor penetration of the
blood-brain barrier, in vitro activity of imatinib as a radio-
sensitizer has been reported in glioma cell lines.””* Phase
II testing of imatinib by the NABTC and EORTC in
recurrent gliomas showed modest activity.'”*'?* Ongoing
studies in GBM are investigating the efficacy of imatinib
combined with TMZ and hydroxyurea.'?>'

Conclusion

Although the overall survival of patients with GBM has
not improved dramatically in the last several decades,
there have clearly been advances in the treatment of GBM.
Radiotherapy has consistently shown survival benefits fol-
lowing surgical resection. Agents such as TMZ have shown
modest survival advantages in combination with RT and
serve as important examples of progress being made in the
treatment of GBM. Ongoing research with novel imaging
techniques may allow for better targeting of RT to areas
of occult tumor, and new techniques of delivering RT will
continue to be explored as a means of improving local
dose intensification. With the advent of targeted thera-
pies, rational combinations of chemotherapy and targeted
agents for treatment of GBM are being developed based
on the unique biologic profile of this tumor. Through this
complex process of evaluating multiple agents for activity
in GBM, the recursive partitioning analysis proposed by
Curran and colleagues” based on a large patient popula-
tion in the RTOG database has emerged as a powerful
comparative tool against which future treatment regimens
and novel agents can be assessed. Appropriate use of this
recursive partitioning analysis will allow for rapid identifi-
cation of promising treatment strategies, in turn enabling
the dedication of time and resources to agents that show
clear benefit in the treatment of GBM. In addition, other
novel means of treating GBM with chemotherapy (sys-
temic and interstitial chemotherapy) in the newly diag-
nosed and relapsed settings are being actively explored,
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and a complete discussion of progress made in that area is
beyond the scope of this review. These multiple avenues
of research in GBM show significant promise for future
translation into substantial gains in patient outcomes.
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