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Preface

Isaac Yang, MD
Guest Editors

Seunggu J. Han, MD

Malignant glioblastoma is the most common and
lethal primary brain tumor, and arguably the most
challenging disease entity encountered in the fields
of neuro-oncology and neurosurgery. Currently,
average survival of a patient with malignant glioma
remains approximately just over one year. Malignant
glioma is a grave diagnosis for patients, their fami-
lies, their treating clinicians. The devastating nature
of its diagnosis has come to public attention after
Senator Kennedy’s recent struggle with the disease.

Over the past two decades, treatment for malig-
nant gliomas has evolved into that of a multidisci-
plinary approach, which includes maximal surgical
resection when feasible, followed by radiation and
chemotherapy. Each of these arms represent the
result of many clinical trials and studies. Multiple
trials are currently ongoing to determine if any vari-
ations in technique or agent in these modalities will
further improve outcomes. At recurrence, few stan-
dardtherapies are available, and many investigators
are continuing to study the application of a number
of novel modalities and agents in this setting.

This first part of a two-part issue of Neurosurgery
Clinics of North America aims to provide for clini-
cians, researchers, and investigators, an organized
and expansive survey with critical scientific analysis
of the currently available therapies for patients with
malignant gliomas, as well as the clinical evidence
behind each of these modalities from a world-
class assembly of leading investigators and expert
clinicians. It will also focus on special consider-
ations when the tumor is in challenging locations
requiring language or motor mapping, when they
are multifocal, or when they occur in the pediatric
population. Novel modalities currently under active
study will also be reviewed, including alterna-
tive radiation modalities such as radiosurgery,
adjuvants to radiotherapy such as radiosensitizers,
delivery of chemotherapeutic agents intra-arterially

or directly into the surgical bed, immunotherapy,
nanotechnology, and other targeted molecular
therapy agents. These contributions from some of
the world’s foremost and leading brain tumor inves-
tigators represent some of the premiere efforts in
increasing our knowledge and information on
modern therapy for glioblastoma.

We hope this critical analysis and thorough survey
will provide clinicians and research scientists with
a comprehensive and systematic overview of mod-
ern brain tumor therapy and further stimulate future
studies and investigations against glioblastoma. It
is our aim that this text may be utilized effectively
as a resource to neurosurgeons, neuroscientists,
neuro-oncologists, experimental researchers, clin-
ical practitioners, and all others alike who aim to
further their knowledge and explore in-depth critical
investigations in brain tumor therapy. Our most
sincere hope is that these endeavors will continue
to improve and make advances in our glioma thera-
pies that will translate into making the lives of our
brain tumor patients better.
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Current Surgical
Management of
Insular Gliomas

Young-Hoon Kim, Mp®®, Chae-Yong Kim, MD, PhD®P-*

KEYWORDS

® |nsula ® Gliomas ® Maximal resection

® Neurologic morbidity e Intraoperative functional mapping

In 1809, Johann Christian Reil (1759-1813), the
German anatomist, physiologist, and psychiatrist,
first described the island (or insula) of Reil."? This
anatomically and functionally complex structure is
located in the depth of the sylvian fissure, overlies
the basal ganglia block, and is hidden by the oper-
cula of the frontal, parietal, and temporal lobes. It is
thought to play roles in autonomic sensation, gusta-
tory function, olfaction, memory, drive, auditory—
vestibular function, and the motor integration and
motor planning of speech in the dominant hemi-
sphere.®® The insula is also associated with cardi-
oregulatory and vasomotor functions, pain per
ception, and bio-behavioral dysfunction character-
istics of schizophrenia.® Moreover, the insula is
adjacent to essential peri-sylvian language areas
(ie, Broca areas and Wernicke areas and their asso-
ciation fibers, the primary auditory area, and both
the primary motor and sensory areas).

Therefore, intrinsic tumors located in the insular
and peri-insular areas present with a variety of
ill-defined symptoms and neurologic signs domi-
nated by a single entity, such as motor dysphasia
with or without lower facial paresis.””-® The ana-
tomic complexity of the insula and its functionally
critical nature have caused radical insula opera-
tions to be taboo among neurosurgeons for
a long time, and they have often recommended
aconservative strategy for the treatment of intrinsic
insular tumors.® However, since the seminal 1992
study by Yasargil and colleagues,? which demon-
strated that it was possible to extirpate intrinsic

insular tumors with less risk than initially thought,
some experienced neurosurgeons have reported
favorable outcomes of insular tumor surgery based
on a detailed understanding of the pertinent ana-
tomy and the application of modern microneuro-
surgical techniques.>"0-1°

Nonetheless, achieving both maximal resection
and a favorable functional outcome in intrinsic in-
sular tumor surgery has been challenging for most
neurosurgeons. This article reviews the anatomic
and surgical characteristics of insular gliomas
(which are the most frequentintrinsic tumorin the in-
sula) and evaluates the reported oncological and
functional outcomes after insular glioma surgery.

ANATOMY OF INSULAR GLIOMA AND
SURGICAL APPROACHES

A detailed understanding of the complex anatomy
of the insula and its surrounding structures is
required for the removal of insular gliomas with
minimal morbidity. The insula, a well-defined cere-
bral cortical surface, is a pyramidal structure whose
3 sides meet at a peak called the insular apex, the
most lateral projection of the insula. The central
sulcus separates the larger anterior portion from
the smaller posterior portion. The anterior portion
is composed of 3 short gyri (ie, the anterior, middle,
and posterior short insular gyri) as well as the trans-
verse gyrus and the accessory gyrus. The posterior
portion is composed of the anterior and posterior
long insular gyri. The limen insulae, a white matter
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structure in the anterobasal portion of the insula,
parallels the course of the lateral olfactory stria, ex-
tending from the anterior perforated substance
medially to the insular pole along what is known
as the sylvian stem.*1®

In the central portion of the insula, the extreme
capsule, claustrum, external capsule, putamen,
and globus pallidus lie in a lateral-to-medial direc-
tion. The perimeter of the insula is provided by the
anterior, superior, and inferior peri-insular sulci,
which separate the insula from the fronto—orbital,
fronto—parietal, and temporal opercula, respec-
tively. These are critical internal landmarks that
define the internal extent of the insula for the neuro-
surgeon.™* " Superior to the central portion of the
insula, atthe level of the superior peri-insular sulcus,
is the corticospinal tract in the corona radiata; the
uncinate fasciculus is located anteroinferiorly, and
the arcuate fasciculus is located posteriorly along
the same sulcus. The anterior and posterior limits
of the insula are defined as the meeting point of
the anterior with the superior peri-insular sulcus
and that of the superior with the inferior peri-
insular sulcus, respectively.

The course and supply of the middle cerebral
artery (MCA) and its perforating vessels are most
important for insular glioma surgery. The blood
supply of insular gliomas is largely derived from
the M2 segment of the MCA through its short-
and medium-sized perforating vessels. Devascula-
rization of an insular glioma can be achieved by
advertent coagulation and cutting each of the M2
perforators after subpial dissection. Long perfo-
rating vessels of the M2 overlying the posterior
portion of the insula supply the corona radiate,
particularly the corticospinal and thalamocortical
fibers, and they therefore must be preserved
during surgery.'"'7:'® The M1 segment of the
MCA lies at the anteroinferior portion of the insula,
extending laterally from the carotid bifurcation
under the anterior perforated substance, and it
supplies the basal ganglia and internal capsule
via lateral lenticulostriate perforating vessels. The
mean distance from the insular apex to the most
lateral lenticulostriate artery is less than 1.5 cm,
and the neurosurgeon must preserve the first len-
ticulostriate artery encountered, which is usually
located in the medial side of the tumor, without
creating a dense hemiplegia.'’-181°

Yasargil and colleagues? reported an extensive
surgical series of limbic and paralimbic intrinsic
tumors (including insular gliomas), and they de-
monstrated for the first time that microsurgery is
possible for tumors occupying that region without
critical neurologic deterioration. They proposed
a classification scheme for tumors in paralimbic
regions. In this scheme, type 3a tumors (purely

insular tumors), type 3b tumors (those infiltrating
the peri-sylvian opercula), and type 5 tumors (those
extending to other paralimbic areas) were included
in the broad category of insular gliomas.

Tables 1 and 2 present the summarized data
of the patients with insular gliomas in the previously
reported surgical series. The traditional approach
for insular gliomas had been the trans-sylvian ap-
proach because of the seminal work of Yasargil
and colleagues.? The advantages of the trans-
sylvian approach include a direct corridor to the in-
sular region, the possibility of a wide surgical view
by widely opening the sylvian fissure, and the great
familiarity of this approach to neurosurgeons. How-
ever, the risk of vascular damage, in particular to the
perforating vessels, by means of the trans-sylvian
approach to the insular region, is never negligible.
Therefore, inrecently reported papers,>'3'4 atrans-
cortical approach (ie, a transopercular approach)
has been used as an alternative or adjunctive
method to the traditional trans-sylvian approach. A
transcortical approach by means of subpial dissec-
tion prevents injuries to and iatrogenic spasms of the
MCA and its branches. In addition, intraoperative
monitoring, such as of somatosensory-evoked
potentials and motor-evoked potentials, is neces-
sary to preserve the integrity of the peri-insular
regions. Likewise, awake craniotomy enables the
neurosurgeon to monitor the language function of
the patient, which is especially important for tumors
in the dominant hemisphere.?°

CLINICAL CHARACTERISTICS AND DIAGNOSIS
OF INSULAR GLIOMAS

Insular gliomas are the most frequent intrinsic
tumor in the insular region, and they accounted
for up to 25% of all low-grade gliomas (LGGs) and
10% of all high-grade gliomas (HGGs) in a recent
epidemiologic study.?! Sanai and colleagues® re-
ported characteristics that distinguish insular
gliomas from other gliomas beyond the critical
neurologic nature and anatomic complexity of the
insula. There is a clear tendency toward low-
grade histology that is unique to the insula and
distinct from other regions, and this propensity
may be caused by a particular microenvironment
within the insula or by the nature of the originating
glioma cells that propagate these tumors. Addition-
ally, patients with insular gliomas generally show
aprolonged and slowly progressing clinical course.
However, an unpredictable natural course is char-
acteristic of insular gliomas of both low- and high-
grade histology. The representative surgical series
reported that LGGs accounted for 36% to 74% of
insular tumors, and the median age of the patients
ranged from 36 to 41 years (see Table 1).



Table 1
Demographical and clinical data of the patients with insular gliomas in previous representative reports

Total Age Description Presenting Symptoms F/U Duration
Author, Year Number (Range) Sex of Seizure and Signs Histology (Range)
Yasargil et al,2 1992 80 Peak age NA SPS (5%) Seizure (78%) LGG (44%) NA
41-50y CPS (28%) Sensorimotor hemideficit (26%) HGG (56%)
2nd GTCS (13%) Speech impairment (26%)
GTCS (10%) Neuropsychological defect (35%)
Absence (15%) Visual acuity decrease (10%)
Others (4%) Visual field defect (10%)
Vanaclocha et al,’® 1997 23 Median 40y  Male (65%) NA NA LGG (70%)  Median 2.5y
(12-64 y) Female (35%) HGG (30%) (1-6.5y)
Lang et al,"® 2001 22 Median 36y Male (32%) Total (64%) Seizure (64%) LGG (50%) Median 1.2y
(2-78y) Female (68%) Weakness/hemiparesis (32%) HGG (50%) (0.2-4vy)
Dysphasia/dysnomia (18%)
Moshel et al,'? 2008 38 Mean 38y Male (61%) SPS (8%) Seizure (71%) LGG (74%) NA
(15-59 y) Female (39%) CPS (34%) Hemiparesis (8%) HGG (26%)
GTCS (29%) Hemianesthesia (8%)

Dysphasia (16%)
Headache (29%)
Memory deficits (8%)
Visual problems (3%)

Duffau,' 2009 51 Mean 36 y Male (59%) SPS (69%) Seizure (98%) LGG (100%) Median4y
(19-57 y) Female (41%) GTCS (29%) Intracerebral hemorrhage (2%) HGG (0%) (0.3-10.1y)
Intractable (35%) Hemiparesis (2%)
Simon et al,’* 2010 94 Median 41y Male (61%) Total (82%) Seizure (82%) LGG (36%) Median 3.1y
(9-77) Female (39%) Intractable (13%) Hemiparesis or dysphasia (24%) HGG (64%) (0-17.1y)
Sanai et al,> 2010 104 Median 40y Male (40%) Total (72%) Seizure (72%) LGG (60%) Median 4.2 y
(18-75) Female (60%) Sensory impairments (13%) HGG (40%) (1.4-10.2y)

Headache (7%)
Languade deficits (5%)
Incidental (4%)

Abbreviations: CPS, complex partial seizure; F/U, follow-up; GTCS, generalized tonic—clonic seizure; HGG, high-grade glioma; LGG, low-grade glioma; NA, not available; SPS, simple
partial seizure.
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Table 2
Surgical and functional outcome of the patients with insular gliomas in previous representative reports
Total Survival F/U Duration
Author, Year Number Approach Extent of Resection Immediate N/D Permanent N/D Data (Range)
Yasargil et al,2 1992 80 Trans-sylvian NA NA Total (11%) NA NA
Vanaclocha, 23 Trans-sylvian GTR (87%) Total (26%) Total (0%) Alive at last Median 2.5y
et al,'® 1997 STR (13%) Hemiparesis (22%) F/U (87%) (1-6.5Yy)
Dysphasia (4%)
Lang et al,'® 2001 22 Trans-sylvian (36%) >90% (45%) Total (36%) Total (9%) Alive at last Median 1.2y
+ ATL (36%) 75%-90% (27 %) Weakness (18%) Weakness (9%) F/U (68%) (0.2-4Yy)
+ transopercular <75% (28%) Speech impairment
(28%) (27%)
Moshel et al,’> 2008 38 Trans-sylvian GTR (55%) Total (16%) Total (13%) NA NA
NTR (18%) Hemiparesis (16%) Hemiparesis (13%)
STR (26%) Dysphasia (3%) Dysphasia (5%)
Duffau,’® 2009 51 Transopercular GTR (16%) Total (59%) Total (4%) Alive at last Median 4y
(94%) STR (61%) Hemiparesis (37%) Hemiparesis (4%) F/U (82%) (0.3-10.1y)
Transsylvian (6%) PR (24%) Dysphasia (20%)
Athymhormic
syndrome (14%)
FCMS (8%)
Simon et al,’* 2010 94 Trans-sylvian (25%) >90% (42%) NA Total (20%) a Median 3.1y
Transopercular (50%) 70%-90% (51%) Hemiparesis (13%) (0-17.1y)
Combined (25%) <70% (7%) Dysphasia (5%)
Sanai et al,® 2010 104 Transcortical >90% (23%) Total (14%) Total (6%) Alive at last Median 4.2y
80%-90% (39%) Motor deficits (9%) Motor deficits (5%) F/U (91%) (1.4-10.2y)
60%-80% (28%) Speech deficits (5%) Speech deficits (1%)
<60% (11%)

(4114
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Abbreviations: ATL, anterior temporal lobectomy; FCMS, Foix-Chavany-Marie syndrome; F/U, follow-up; GTR, gross total removal; NA, not available; N/D, neurologic deficits; NTR,
near total removal; PR, partial removal; STR, subtotal removal.

@ The 5-year overall survival (OS) and progression-free survival (PFS) rates in WHO grade 2 gliomas were 68% and 58%, respectively. The median OS and PFS in anaplastic astro-
cytomas were 61 months and 51 months, respectively. The 5-year OS and PFS rates in anaplastic oligodendrogliomas were 83% and 80%, respectively.



Medically intractable epilepsy is the most
common presenting symptom of patients with
insular gliomas, especially those with LGGs. Ac-
cording to previous reports,>>121418 §49% to
98% of patients with insular tumors suffer from
intractable epilepsy, among whom simple and
complex partial seizures accounted for 33% to
69% of cases and generalized seizures 23% to
29% of cases (see Table 1). The semiology of
insular epilepsy reflects the diverse characteristics
of the region’s functional anatomy.?? It may present
as temporal lobe epilepsy®?224 or frontal lobe
epilepsy,???5 manifesting as a simple partial
seizure with respiratory, viscero-sensitive, or oroa-
limentary features.”?® Spreading to the supra-
sylvian opercular cortex in the frontal or parietal
lobe may induce facial sensory disturbances or
tonic—clonic laryngeal constriction, gustatory illu-
sions and hypersalivation with postictal facial
paresis.®2” Spreading to the infra-sylvian oper-
culum in the temporal lobe may produce auditory
hallucinations or sensory dysphasia. 28

Regarding HGGs in the insular region, the pre-
senting symptoms (such as headache, sensori-
motor impairment, or language disturbance) are
associated with mass effects and peri-tumoral
vasogenic edema. Cognitive dysfunction is often
induced by regional edema, electrophysiological
abnormalities, and adverse effects of antiepileptic
drugs.?®3° Various clinical symptoms and neuro-
logic signs, including memory impairment, atten-
tion deficits, and visual disturbances may manifest
due to the functional complexity of the insula (see
Table 1).

Magnetic resonance imaging (MRI) is the gold
standard diagnostic tool for insular gliomas. The
exact location and boundary of the tumor and
the relationship between the tumor and adjacent
vessels must be preoperatively defined by MRI
scans with cerebral angiography. Their proximity
to functionally critical cerebral cortex, white matter
tracts, and basal ganglia make the recently devel-
oped functional evaluation methods crucial to
insular glioma surgery. Functional MRI,%" magne-
toencephalography,®® and positron emission
topography32 provide useful information regarding
functional-anatomic correlations, and diffusion
tensor imaging with tractography reveals specific
white matter tracts.3

SURGICAL RESULTS AND ONCOLOGICAL
OUTCOME

In microsurgery for insular gliomas, both maximal
resection for oncological control and a functional
outcome without a catastrophic neurologic impair-
ment are essential aspects. Since the seminal
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work of Yasargil and colleagues,? several groups
have achieved favorable resection outcomes (see
Table 2). Gross total resection (>90%) rates range
from 16% to 87%, and subtotal resection rates
(>70%) range from 62% to 100%. A sophisticated
understanding of the surgical anatomy of the insular
region and its relationship to the adjacent MCA and
its perforating vessels has enabled neurosurgeons
to achieve maximal resection without catastrophi-
cally impacting neurologic status.

It is well known that maximal resection of
gliomas (including LGGs and HGGs) guarantees
longer overall survival (OS) and progression-free
survival (PFS), and this surgical strategy can be
applied intuitively to insular gliomas. However,
studies demonstrating a concrete association bet-
ween the extent of resection and survival have
been very rare, and most previous surgical series
have focused on functional outcome rather than
survival and progression.

Only 2 studies (Simon and colleagues™ and
Sanai and colleagues®) have conducted detailed
survival analysis and prognostic factor assessment
including extent of resection in the surgical manage-
ment of insular gliomas. Simon and colleagues’
enrolled 94 patients with LGGs (36%) and HGGs
(64%). In their series, the 5-year OS and PFS rates
for World Health Organization (WHO) grade 2
gliomas were 68% and 58%, respectively. Notably,
the rates for anaplatic oligodendrogliomas were 83
and 80%, respectively. The median OS and PFS of
patients with anaplastic astrocytomas were 61
and 51 months, respectively. These survival results
are markedly better than those of historical con-
trols.3538 Moreover, they demonstrated that
patient age, tumor histopathology, Yasargil type 5
with frontal lobe involvement, and degree of resec-
tion were all significant prognostic factors for OS
and PFS by multivariate analysis.

The recent work of Sanai and colleagues® was
the largest such study. They enrolled 104 patients,
including 60% with LGGs and 40% with HGGs. Of
note, they analyzed both tumor location and extent
of resection in detail, and they proposed a classifi-
cation in which the location of the tumor was
divided into 4 zones: zone 1, anterior-superior;
zone 2, posterior-superior; zone 3, posterior—infe-
rior; and zone 4, anterior-inferior. They demon-
strated that zone 1 is associated with the highest
median extent of resection, and the insular quad-
rant anatomy was found to be predictive of the
extent of resection. In their work, patients with
LGGs resected over 90% had a 5-year OS rate
of 100%, whereas those with lesions resected
less than 90% had a 5-year OS rate of 84%. In
the same context, patients with HGGs resected
over 90% had a 2-year OS rate of 91%, whereas
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those with lesions resected less than 90% had a
2-year OS rate of 75%. Finally, they concluded
that the extent of resection was a significant
predictor of OS and PFS after surgery for insular
LGGs and HGGs.

NEUROLOGIC DEFICITS AND FUNCTIONAL
OUTCOME

Although the evidence that maximal resection
guarantees longer OS and PFS is convincing,
neurosurgeons face several obstacles to removing
insular tumors radically, because radical resection
can induce prominent neurologic complications
after surgery. Thus, even in the pioneering surgical
series (see Table 2), immediate and permanent
neurologic complication rates reached 14% to
59% and 0% to 20%, respectively. These compli-
cations consisted of hemiparesis, facial palsy,
dysphasia, and dysarthria. Postoperative neuro-
logic complications are caused by the direct injury
of functional peri-insular neural tissue and vascular
compromise, especially that of perforating vessels
of the MCA.

Splitting and retraction injuries of the frontal
operculum in the dominant hemisphere cause
Broca dysphasia with dysnomia, and damage to
the horizontal fibers of the arcuate fasciculus near
the superior peri-insular sulcus or to the uncinate
fasciculus near the inferior peri-insular sulcus
causes conduction aphasia, impaired perception,
and short-term memory deficits.® The external
capsule is a vulnerable structure during the medial
dissection of insular gliomas, and injury to this
region results in semantic paraphasias.®®4° The
corona radiata, with its motor and sensory fibers,
is also vulnerable when on the superior edge of
the tumor. Inadvertent dissection deep into the
superior peri-insular sulcus can directly disrupt
these fibers, and damage to the lateral fibers results
in sensorimotor impairment of the upper limbs and
face. Damage to the medial fibers results in
sensori-motor impairment of the lower limbs."":18

Perforating vessels likely to be involved in prom-
inent neurologic deficits after insular region surgery
include the lateral lenticulostriate arteries and the
long perforators of M2. The lateral lenticulostriate
arteries originating from the M1 trunk supply the
internal capsule and course along the medial side
of insular tumors. Because injury to these vessels
results in a dense hemiplegia, defining the first
lateral lenticulostriate artery is an essential step
during inferomedial dissection of the tumor. More-
over, Duffau’® indicates that gross total removal of
a tumor is impossible if the tumor involves the
region medial to these vessels and encases them.
The long perforating vessels arise from the M2

segment in the upper portion of the insula and
supply the corona radiate. Injury to these vessels
by means of dissection of the superior portion of
the tumor results in the previously mentioned
hemiparesis.

Previous authors suggested several sophisti-
cated techniques for avoiding such neurovascular
injuries. Lang and colleagues' used specific
methods (including wide sylvian dissection) to
identify the base of the peri-insular sulcus and
the superior and inferior dissection planes of the
tumor. They performed subpial dissection of the
tumor with preservation of all the large perforating
arteries from the posterior M2 segment and awake
craniotomy with brain stimulation. In contrast,
Sanai and colleagues® used the transcortical
approach to avoid any injury to or iatrogenic
spasming of the MCA and its perforating vessels.
Duffau'® recommended a multiple stage surgical
approach in the case of tumor removal involving
the medial portion over the lateral lenticulostriate
arteries or the posterior part of the insula. He noted
that an initially incomplete surgery could generate
a functional remapping of the residual parts, and
a second surgery could be safer in terms of neuro-
logic outcome.

The intraoperative functional monitoring is also
important for achieving favorable functional out-
come with these sophisticated surgical tech-
niques. Berger and his colleagues were the
leading neurosurgeons of the intraoperative func-
tional monitoring and described the intraoperative
language and sensorimotor mapping using corti-
co-subcortical electrical stimulation for glioma
resection.>4! They applied a bipolar electrode
with an interelectrode distance of 5 mm, delivering
biphasic current to the cerebral cortex as well as
the subcortical area. This monitoring was per-
formed under general anesthesia with a nondomi-
nant-side tumor and under awake anesthesia
with a dominant-side tumor for monitoring sensori-
motor and language functions. Once functional
areas had been identified, transcortical incisions
above and below the sylvian fissure were created
through nonfunctional cortex, taking care to main-
tain at least a 1 cm margin from any functional site.®

NONSURGICAL MANAGEMENT
ALTERNATIVES

Due to the risk of neurologic complications associ-
ated with radical surgery for insular gliomas, some
authors have reported alternative treatment
methods for these tumors.*?*3 Mehrkens and
colleagues*? evaluated the long-term outcome of
interstitial radiosurgery with 1-125 for WHO grade
2 astrocytomas. In that study, 55 consecutive



patients underwent interstitial radiosurgery with I-
125 by permanent or temporary implant after
a stereotactic biopsy. The 5-year OS and PFS
rates of the patients were 55% and 41%, respec-
tively, and the 10-year OS and PFS rates were
28% and 20%, respectively. Although the patients
had no postoperative neurologic morbidities, 26%
of them experienced transient and progressive
radiogenic complications, and the 1-year overall
complication rate was 18%. Radiogenic complica-
tions were significantly associated with a tumor
diameter over 3.5 cm.

SUMMARY

The primary goals of the management of insular
gliomas are oncological control of the tumor by
maximal resection and functional preservation by
avoiding neurologic complications. A sophisti-
cated understanding of the anatomic and
functional characteristics of the neurovascular
structures adjacent to the insular region and of
the insula itself and an intraoperative functional
mapping using cortico—subcortical electrical stim-
ulation can help neurosurgeons achieve these
goals in the treatment of insular gliomas.
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COMMONLY HELD VIEWS ABOUT GLIOMA
TREATMENT

Infiltrating gliomas, defined as World Health Orga-
nization grade Il through IV astrocytic or oligoden-
doglial neoplasms, are known to all with even
casual exposure to their clinical history as invari-
ably multiply recurrent and eventually fatal, albeit
at grade-specific rates, despite lesionectomy, ad-
juvant radiotherapy, and chemotherapy.'=® Despite
generations of effort, the outcome for these lesions
has improved only marginally, and the cure rate re-
mains dismally low.® The future of glioma therapy
is in the laboratory, and eventually some molecular-
based therapy will be developed that will be the ulti-
mate solution for this terrible disease, because
surgery clearly is not.# In many cases, aggressive
surgery is ill-advised, pointless, and harmful. In
these cases, biopsy and radiation alone serves as
an acceptable alternative to surgery, despite the
dismal prognosis with this approach.

The paragraph above summarizes how many
surgeons and oncologists view treatment of
gliomas. Many of these views are handed down
between clincians, yet given that there are not
definitive class 1 studies demonstrating most of
these statements, we feel these views are worth

a critical reassessment. This article summarizes
much of what been taught regarding glioma treat-
ment and, more specifically, glioma surgery.
Unquestionably, a great deal of published data
support this ideology, not the least of which are
from the collective experience of many who have
treated patients using this paradigm. The purpose
of the article is not to entirely discount these ideas,
but rather to critically address the scientific and
clinical foundations on which these approaches
are based. A review of the scientific studies sup-
porting the commonly held beliefs about gliomas
shows that these nihilistic ideas regarding gliomas
are based on overgeneralizations of older historical
studies that have been applied to the greater
concept of what gliomas are, how they behave,
and what should be done to treat them.

NIHILISM IN GLIOMA SURGERY

High-grade gliomas, notably glioblastoma, behave
extremely aggressively. Regardless of grade, they
have a high rate of recurrence and progression to
higher grades, such as glioblastoma, and are ulti-
mately fatal in most patients.® These tumors noto-
riously infiltrate normal brain, meaning that surgical
resection generally involves removal of functional
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tissue. Hence, these tumors are difficult to remove
completely, especially when neoplastic cells
spread widely throughout the brain.® Given these
challenges, many neurosurgeons still (despite
evidence to the contrary) choose to avoid this risk
by instead biopsying these tumors and then radi-
ating them.

IS NIHILISM JUSTIFIED?
The Hemispherectomy Experience

A common belief is that, regardless of radiographic
appearance, gliomas disseminate widely and have
often microscopically infiltrated even across to the
contralateral hemisphere at initial presentation.
Thus, many claim that gliomas are incurable.*”
As support, many authors refer back to early
studies attempting to cure glioblastoma with hemi-
spherectomy. The recurrence rates despite this
approach are cited as the ultimate proof that
surgery cannot definitively treat these tumors.

The most prominent report by Dandy® in JAMA
in 1928 described the approach in five patients.
Two of these patients died of early postsurgical
complications and one was still alive at last
follow-up. The remaining two patients died of re-
current tumors 3 months and 3.5 years after
surgery, respectively. The patient who died at 3
months was noted to have disease extending
into the basal ganglia that was intentionally not re-
sected.® The patient who lived 3.5 years was in
a coma at presentation and lived well beyond the
present mean life expectancy despite no adjuvant
therapy, which was not available in 1928.

The only other notable report, which was pub-
lished in 1949, is of five patients who underwent
surgery at the Cleveland Clinic.® One of these
patients died from early postoperative complica-
tions; two died of a recurrent tumor 15 months
and 3 years after surgery; one died 4 years after
surgery from a traumatic brain injury; and one lived
at least 10 years after surgery. After this article was
published, reports about hemispherectomy in
glioma become fewer, and the latest report identi-
fied was in 1975, in which the patient died from
a contralateral meningioma.'®

Given this paucity of evidence, particularly the
lack of any current evidence, one cannot say what
hemispherectomy would do for patients with
glioma, and what it would accomplish if tried today
when applied in the context of existing manage-
ment paradigms. Given that most of these reports
are 60 years to 80 years old and predate MRI and
CT, many important facts about these patients
are unknown, most notably whether these tumors
were bilaterally disseminated at diagnosis, making
hemispherectomy a suboptimal option. Information

regarding radiographic extent of resection is also
not available for these patients. 5-Aminolevulinic
acid (5-ALA) certainly was not used, because oper-
ating microscopes with or without fluorescent
filters were not available to visualize it. None of
these patients received radiotherapy or chemo-
therapy. No repeat surgeries were performed for
recurrence, because there was no way to detect it
until the patient was near death. Many of these
patients could have died of the siderosis that
occurred frequently with old techniques of hemi-
spherectomy, because no insight into this problem
was available at the time, and detailed postmor-
tems looking for this problem were not performed
on many of these patients. Furthermore, the histo-
pathologic diagnostic criteria of gliomas have
changed several times since these reports. No
control cohort is available with any meaningful rele-
vance to contemporary therapy, and therefore
perhaps all of these patients experience recur-
rence, but after many more years.

Thus, one of the key pieces of evidence dismiss-
ing glioma surgery as futile is from from decades-
old case series of five or fewer patients who were
managed using outdated surgical techniques,
outdated diagnostic techniques, and outdated
adjuvant treatment paradigms. In addition, these
patients were diagnosed using outdated criteria,
and had inadequate follow-up according to
today’s standards of evidence in surgical studies.
This fact is stunning when considering the large
number of patients who are denied full aggressive
surgical treatment for gliomas based partly on
these outdated studies.

The Tumor Cell Dissemination Story

Grade Il through IV astrocytomas and oligoden-
drogliomas are known as infiltrating gliomas based
on their long observed tendency to spread widely
throughout the brain far beyond the primary site of
disease. This finding was first documented by
Bailey and Cushing,"'" 1926, and was most fastid-
iously documented by Scherer'? in a report in
1940. In this frequently cited autopsy study of
120 patients with gliomas, Scherer concludes
that, except for ependymomas, “infiltrative growth
must be regarded as characteristic of the enor-
mous majority of gliomatous tumors.” He then
concludes that “complete extirpation is not
possible.” He notes that, even in this study of post-
mortem gliomas, bilateral involvement with tumor
was observable in only 30% of these cases.
Certainly, several autopsy studies subsequent to
Scherer have shown that these tumors can spread
widely, to the point that this propensity of gliomas
to migrate throughout the brain in some cases is



beyond debate.’®'® The autopsy-based literature
has failed, however, in a fallacy of extension. More
specifically, many clinicians have concluded that
because evidence shows that many gliomas
demonstrate widespread microcellular dissemina-
tion at the end stage (ie, the subjects in most
postmortem studies), this implies that all gliomas
are widely disseminated at diagnosis, including
lower-grade astrocytomas. Furthermore, it implies
that these distant microcellular satellite cells are the
source of the tumor that ultimately kills the patient. In
this belief system, leaving the tumor behind seems
perfectly reasonable, because aggressive treatment
would be futile if more tumor is always extending
beyond the margins of the resection.

The most prescient argument against this belief
system is an observation practitioners are all familiar
with, namely that most glioma recurrences, espe-
cially with low grades, occur near or within the
previous resection cavity.'®7 Studies have shown
that approximately 76% of glioblastoma recur-
rences occur within 2 cm of the surgical resection
margin.”” This finding argues strongly that the
problem with the current surgical paradigm is inad-
equate control of tumor at the margins, rather than
the presence of distant disease, in most patients
treated. Thus, the issue for most failures is inherently
inadequate margins of resection, not far-flung satel-
lite cells. This theory is further strengthened by
studies showing that radiotherapy margins could
be successfully reduced from whole-brain fields to
fields extending just 2 cm beyond the resection
bed,® suggesting that infiltration is largely by cells
just beyond the edge of MRI-guided tumor resection
cavity that cause recurrence. The radiation on-
cology world figured out many years ago that the
problem is usually at the margins and not the whole
brain.

To further show that the issue for most of these
tumors, at least initially, is local treatment failure,
the authors refer to four well-executed, influential,
and frequently cited studies from the CT/MRI era
showing the existence of infilirating tumor cells
beyond the area of radiographic tumor involvement.
Although frequently cited as evidence of the futility
of aggressive glioma surgery by those who have
not read them closely with a critical eye, these
studies in fact show that the problem is probably
one of inadequate resection margins in many cases.

Salazar and Rubin, 1976

Salazar and Rubin' reported an autopsy study of
42 patients with glioblastoma who died shortly
after diagnosis (meaning not altered by treatment),
including 35 supratentorial tumors, 6 intratentorial
tumors, and 2 spinal tumors. They concluded that
29 of 35 patients had tumor that extended outside
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the clinically expected boundary of the tumor. Of
these 35 tumors, 9 had spread to the contralateral
hemisphere, only 4 had spread to infratentorial
structures, and 4 had spread from peripheral brain
to deep structures not anticipated clinically. Of the
29 peripherally located glioblastomas, 6 crossed
to the other hemisphere, 4 invaded the deep struc-
tures, and 2 invaded the infratentorial brain.
Although they do not publish whether any of these
patients were duplicated in these classes, the find-
ings imply that, at worst, 48% of these patients with
rapidly fatal glioblastomas had anatomic char-
acteristics that would make aggressive surgical
resection undesirable. The findings also fail to
account for the fact that the study was performed
on patients diagnosed in the 1950s and 1960s,
when these tumors were generally caught much
closer to end stage than is likely common in con-
temporary practice. Thus, even in the worst case
scenario, many of these tumors are still not as
widely disseminated as seems to be suggested in
the nihilistic view.

Burger and colleagues, 1983

In perhaps one of the most interesting studies of
this group, Burger and colleagues’® focused on
analyses of surgical specimens and autopsies in
20 patients with untreated high-grade gliomas (5
cases), lesions in patients experiencing remission
who died of other diseases (3 cases), and recurrent
tumors (12 cases), correlating pathologic findings
with imaging characteristics.'® They found that in
untreated glioblastoma, although cells were pre-
sent outside the area of imaging abnormality, no
evidence of tumor cells could be found beyond 3
cm outside of tumor center, nor any tumor cells in
the contralateral hemisphere. Similarly, lesions in
remission did not show any evidence of wide-
spread dissemination. Only at recurrence did the
investigators note tumor cells spread far beyond
the primary tumor site, but they also noted that
the greatest concentration of tumor cells was
seen locally. Together with the previous study,
this suggests again that widespread dissemination
is an end-stage, not primary, trait of glioblastomas
in most cases.

Kelly and colleagues, 1987

By far the most influential study on this topic (cited
more than 400 times) was that of Kelly and his
team' at New York University. In this landmark
study, they performed serial stereotactic biopsies
both inside and outside of the tumor volume,
thus obtaining 195 biopsy specimens in 40
patients, including 8 grade IV tumors, 7 grade lll
tumors, 17 low-grade astrocytomas, and 8 low-
grade oligodendrogliomas. By doing so, they
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were able to correlate MRI and CT findings with
histologic specimens, and this study is widely
cited as providing proof that MRI and CT underes-
timate the true extent of tumor involvement. More
importantly, it showed that T2 changes, previously
thought to be edema from the tumor, were often
also tumor tissue.

This important study is frequently cited, but how
many people have critically reviewed the numbers
in this study is unclear, because these numbers
show that regardless of grade, MRI does not miss
many tumor cells. For example, of the 117 biopsies
containing infiltrating tumor cells, only 18 (15%)
were found in regions with a normal T1 signal.
Higher sensitivity was found for T2 images, with 5
of 128 (4%) specimens with infiltrating tumor cells
found in regions with a normal T2 signal. Thus,
although tumor infiltration outside the area of tumor
tissue does occur, critical analysis of this important
data set shows that regardless of tumor grade, if
the areas of abnormal T2 signal are resected,
most of the infiltrating cells are removed in most
patients. Furthermore, taking a slight margin is
likely removing an even higher number of cells.
Thus, in defining this report in a binary fashion,
instead of a probabilistic one, many practitioners
justified discontinuing glioma surgery.

Pallud and colleagues, 2010

Similar to the study by Kelly and colleagues,®
Pallud and colleagues'® reported on 16 patients
with low-grade oligodendrogliomas studied with
serial stereotactic biopsies performed using a rig-
orous paradigm. They increased their histologic
yield through using mindbomb homolog 1 (MIB-1)
labeling to identify mitotic cells that may have
been missed by simple histology. The investigators
show that although tumor cells are frequently found
outside the MRI region, they are seldom found far
fromitinthese low-grade tumors. More specifically,
they did not find evidence that MIB-1-positive cells
are located outside of a 2-cm perimeter around the
tumor at a higher rate than in normal brain. Thus, the
investigators concluded that low-grade oligoden-
drogliomas are locally infiltrative to approximately
2 cm but are probably not widely disseminated at
initial diagnosis. This idea of the local 2- to 3-cm
margin of tumor infiltration is similar to the observa-
tion of Burger and colleagues,'® who found that
these tumors are frequently locally infiltrative at
diagnosis.

IS AN AGGRESSIVE SURGICAL PHILOSOPHY

WARRANTED?

Based on the earlier discussion, the authors
suggest that one can safely conclude that, although

many gliomas are widely disseminated at end
stage, sparse evidence suggests that they are
always widely disseminated far beyond the
imaging-defined tumor borders at initial diagnosis.
At the very least, one can reasonably hypothesize
that some patients present with localized lesions
at diagnosis. Beyond just a simple lack of evidence,
reason exists to also disbelieve that these gliomas
are widely disseminated in initial stages. First,
recurrent disease is classically seen as local re-
currence at the margins, with multifocal disease
and cerebrospinal fluid dissemination much less
common. More importantly, cells distant from the
primary tumor at diagnosis would lie outside of
conventional radiotherapy fields, and thus distant
foci would be expected to grow faster than more
proximally located cells. The fact that, despite
this, most recurrences occur in the margins of the
lesionectomy cavity suggests that the wide-flung
cells are not what kills patients with glioma, but
rather the inadequately treated margins.

Furthermore, associating widespread invasion
and dissemination with early-stage tumors is
simply incompatible with current understanding
of cancer biology, because these tumors usually
need to acquire several mutations to gain those
abilities, which takes time and possibly exposure
to DNA-altering therapies, such as radiation and
alkylating chemotherapy.2® Regardless, with any
tumor, one can logically hypothesize that outward
radial spread from the primary tumor mass should
lead to a decreasing probability of finding a cancer
cell with increasing distance from the primary site.
In other words, even if the tumor had invasive prop-
erties uniformly at initial presentation, it takes time
for tumor cells to reach distant sites, and thus the
probability of finding a cancer cell infiltrating seem-
ingly normal brain is likely not equal for distant sites
and the margins.

In addition, a growing body of evidence shows
that aggressive lesionectomy is superior to subtotal
lesionectomy and biopsy. Class 1 evidence in-
cludes the randomized experience with 5-ALA-
guided resections, which showed that gross total
resection conferred improved survival compared
with less-aggressive lesionectomy.?! Additionally,
the landmark trial by Stupp and colleagues® report-
ing a survival benefit with temozolomide and radio-
therapy over radiotherapy alone showed a 6-month
survival benefit with surgery over biopsy alone in
both arms of the trial, although the study did not
aim to address this comparison. Meta-analyses of
class 2 and 3 data have suggested that aggressive
surgery confers a survival benefit regardless of
grade.? Similarly, two recent well-executed retro-
spective volumetric studies have shown a survival
benefit for patients with glioblastoma receiving



aggressive complete or near-complete resections
compared with less-aggressive resections.?223 A
large study of low-grade astrocytomas similarly
showed a stepwise improvement in 8-year survival
for patients with greater than 90% resection
compared with those with lesser resections (91%
vs 60%).2* In addition to extending survival, com-
plete removal has been shown to improve seizure
control in both retrospective studies and meta-
analyses.?>2% Thus, although not a cure, aggres-
sive lesionectomy improves survival and renders
biopsy and radiation alone an archaic strategy for
treating most of these patients.

IS THE RISK WORTH IT?

The predominant reason surgeons provide for not
aggressively attacking these tumors, and instead
promoting the option of biopsy and radiation, is
that they wish to avoid hurting the patient with
surgery, especially because glioma is thought to
be incurable. Although no studies have directly
compared the quality of life between the two treat-
ment paradigms, what follows are a list of reasons
why aggressive surgery, even in many high-risk
brain areas, is worth the risk in most cases.

e Most importantly, patients have the right to
be offered the option of living longer (even if
only slightly longer) with a deficit versus
dying earlier with longer retention of func-
tion (of course with the possibility that the
tumor will cause a deficit). By not even
offering patients the option of aggressive
resection, practitioners are making the
decision for them.

e Many of the deficits surgeons are afraid to
cause will happen eventually if the tumor
is allowed to grow. These patients eventu-
ally stop coming to the clinic and die at
home, reinforcing the idea that conservative
treatment helped the patient.

e Many deficits caused by surgery improve or
resolve with time and rehabilitation. Deficits
caused by tumors generally get worse over
time.

e Functional deficits can often be avoided
with intraoperative mapping and other func-
tional mapping.

e Often areas that practitioners are sure will
cause a deficit if removed do not cause
this deficit. The brain has the ability to reor-
ganize its cortical regions over time, and
sometimes thisis tothe patient’s advantage.

e No adjuvant therapy is more likely to work
on a huge tumor burden than on a small
one. Thus, although not a cure, removing
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more cells likely improves the efficacy of

these adjuvant treatments.

e Function is routinely sacrificed without
a great deal of debate in several life-
threatening conditions to prolong life, making
aggressive glioma surgery not without pre-
cedent, such as
o Limb amputation for gangrene, cancer,
o Liver transplant requiring immunosup-

pression for liver cancer,

o Total proctocolectomy with ostomy in
patients with familial adenomatous
polyposis,

o Esophagectomy for esophageal cancer,

o Pneumonectomy for lung cancer,

o Largedisfiguring skin resection for aggres-
sive skin cancers,

o Conditions such as orbital exenteration
and mandibulectomy for aggressive naso-
pharyngeal and skull base malignancies,
and

o Sacrectomy for chordoma.

e Functional loss is considered an acceptable
risk by some in the pursuit of gross total
resection for several benign intracranial
tumors. These losses include

o Facial nerve palsy in vestibular
schwannoma,?’—43
o Cranial neuropathy in skull base

meningiomas,**

o Carotid sacrifice and bypass for cav-
ernous sinus meningiomas,***% and

o Sagittal sinus sacrifice and bypass for
parasagittal meningiomas.*>47

MARGINS IN GLIOMA SURGERY

The idea of treating the margins in these tumors has
been around in radiation oncology for some time,
yet has never entered the neurosurgical stream of
consciousness. Part of this is nihilism; people
simply do not wish to push the resection beyond
the imaging boundaries of the tumor for something
they view is a pointless effort, especially in light of
the widely held belief that even hemispherectomy
has failed. Additionally, there is likely inadequate
awareness that most of the tumor cells are located
within 2- to 3- cm margins of the tumor. Thus, few
attempts have been made to see what surgically
removing gliomas with a wide margin, followed by
adjuvant therapy, could accomplish, especially if
that margin takes the surgeon near or into the
speech or motor areas. Certainly, some cases exist
in which a 3-cm margin is not worth the risk;
however, the appropriate boundaries for aggres-
sive surgery have not been studied in any signifi-
cant detail, because most practitioners think that
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tumor cells are present all over the brain in these
cases and therefore it does not make a difference.

The authors could identify two studies in which
the idea of aggressively removing brain in excess
of the MRI-defined lesion barrier was formally ad-
dressed. One was the 1984 study by Laws and
colleagues,*® which showed a survival benefit for
patients with gliomas treated with a lobectomy
over lesionectomy. Unfortunately, this interesting
finding was not further fleshed out in an analysis
segregating these patients by grade, so whether
this is a true finding is unclear. A more recent and
more convincing effort was published last year by
Yordanova and colleagues,* who showed that
using intraoperative mapping techniques to push
the resection margin up to eloquent brain regions
obtained a supramaximal resection with margins.
Although the follow-up is modest, they reported
that all patients achieved their normal preoperative
neurologic function and that none experienced
malignant transformation with a median follow-up
of approximately 3 years (range, 1-10 years). This
finding provides preliminary support for the thesis
that, given that most of the infiltrating tumor cells
are within 2 to 3 cm of the tumor, aggressive local
therapy is the most effective approach to at least
significantly reducing the number of cells an adju-
vant therapy must Kill.

Thus, although whether excising the primary
mass with a margin will help is unclear, one can
reasonably assume that in many cases it will help,
or at least be better than what is currently done,
which fails in nearly every case. In this paradigm,
the newly diagnosed glioma is viewed as a proba-
bility function, wherein the probability of cell infiltra-
tion decreases as a function of distance from the
visible tumor tissue. Certainly, this approach is
consistent with the existing histologic data for
many patients.

FUNDAMENTAL PROBLEMS WITH NIHILISM
FOR PATIENTS WITH GLIOMA

Regardless of the uniqueness of gliomas, they still
are a solid tumor, and the basic tenets of oncology
still apply. Most notably, because a neoplasm is
a heterogenous collection of different cell popula-
tions, an inherent percentage of cells in any given
tumor are resistant, or less sensitive, to any adju-
vant therapy, including radiotherapy, conventional
chemotherapy, and targeted molecular therapy.*®
Despite a heterogeneous population of cells, no
cell population in gliomas is resistant to surgical
removal. Thus, surgical cytoreduction is the corner-
stone of most successful therapies for any cancer;
it dramatically reduces the number of cells that
need to be destroyed by adjuvant therapy, and

thusreducesthe chance of encountering aresistant
cell population. Few success stories in solid tumor
oncology do not begin with gross total resection of
the primary lesion as a starting point. Breast, colon,
lung, pancreas, stomach, ovary, and nasopharyn-
geal cancers and melanoma represent a few exam-
ples in which the critical role of cytoreductive
surgery has been vividly shown.

Why does nihilism hurt us as tumor surgeons
and researchers? Why does it hurt patients? Quite
simply, it causes otherwise intelligent clinicians to
follow a nonsensical treatment paradigm, thinking
they are doing the patient a favor by leaving
a highly malignant tumor growing in their brain,
and to just treat it with a therapy that is known to
have only marginal benefit in most cases.®® It
stops oncologists as a group from trying to
improve techniques for removing these tumors
from difficult areas, such as the thalamus, insula,
and caudate,®' because it makes it alright to quit
on these patients as a specialty; “The cure will
come from the laboratory.””

Perhaps the cure will come from the laboratory in
this lifetime; however, in the meantime, the authors
argue that nihilism hurts practitioners’ progress as
scientists and surgeons. It has cast a cloud of doubt
on every negative glioma therapy study to date,
because it has forced many therapies targeting
a single pathway, yielding partial benefits in simple
animal studies, to take on the millions of cells in
visible tumor masses, instead of the much smaller
number of cells left behind by an aggressive resec-
tion with wide margins (again, the foundation of an
oncologic resection). Undoubtedly, many other-
wise promising drugs have been relegated to the
dustbin of history after being tested on inade-
quately resected tumors. Secondly, nihilism has
collectively allowed suboptimal glioma surgeries.
With the view that glioma resection is marginally
pointless, practitioners as a group reconcile with
mediocrity in glioma surgery. Any tumor specialist
knows exactly to what this statement refers. Prac-
titioners have all seen cases in which 20% resec-
tion has been performed for a right frontal glioma,
or tumors that have been biopsied and radiated at
another center that is entirely outside eloquent
tissue. Many practitioners operating on gliomas
do not use microscopic visualization for these
cases, even when working on tumors around deli-
cate structures such as the middle cerebral artery,
simply because they do not plan on going near
these structures. Glioma surgery for many is mac-
rosurgery, because in their eyes total removal is
not a goal. Large residual tumors are common.
None of these acts of sloppy thinking or sloppy
surgery would be well regarded with surgery for
vestibular schwannoma, yet this attitude is



tolerated with glioma surgery, because many think
glioma surgery does not make a difference.

CONCLUSION: THE FUTURE OF GLIOMA
SURGERY

The common belief is that the cure for gliomas will
come from the laboratory. Intuition suggests that
these therapies are unlikely to work in a paradigm
in which surgeons leave behind large amounts of
tumor, hoping that the adjuvant therapy will take
care of the remainder. As the neurosurgical com-
munity gradually arises out of the nihilistic sleep of
the “biopsy and radiate” years and realizes that,
barring a miracle cure, the only hope for gliomas
therapy lies in treating small residual tumors, it will
be increasingly important to approach this new
era with an open mind. The authors encourage
surgeons to take glioma surgery more seriously
than in the past, and believe that the next natural,
yet critical, step is to define the boundaries of an
acceptable risk/benefit ratio in well-controlled
cohorts on whom surgery is performed using mod-
ern techniques and who are treated using modern
adjuvant paradigms. Surgical techniques for diffi-
cult gliomas must be refined in much the same
methodical, anatomic way that meningioma sur-
gery and vestibular schwannoma surgery have
been. In short, glioma is a devastating disease,
and little can be accomplished by giving up on it.
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One of the oldest and still most important forms of
treatment available for patients with glioma is
surgery. Even in the contemporary milieu of multi-
modal regimens, including radiotherapy and
chemotherapy, glioma resection remains a main-
stay, given its central role in establishing a histo-
logic diagnosis and in relieving symptoms of
mass effect by mechanical cytoreduction.” In addi-
tion, mounting clinical data reinforce the conven-
tional notion that a greater extent of resection can
improve outcomes and prolong life expectancy.?®
As is the case for all solid tumors, the advan-
tages of surgical resection for glioma must also
be balanced with the potential risks of operative
morbidity, and, as such, a great deal of focus in
neurosurgical oncology is placed on minimizing
collateral damage to surrounding eloquent brain.
Central to performing minimally morbid surgery is
a thorough understanding of neuroanatomy and
physiology in the region of interest. Given that
primary central nervous system (CNS) tumors are
highly infiltrative, display variable gross appearance,
and may incorporate functional brain, the measures
and observations that are used to plan a surgical
approach must be diverse and must possess great
precision. To that end, functional brain mapping
allows the pursuance of safer operations with
more aggressive surgical resections; these tech-
niques include “gold standard” procedures such
as direct electrical stimulation as well as newer,

less invasive imaging technologies that can be inte-
grated into preoperative planning processes as well
as intraoperative decision making.

Thefirst region of the brain to be mapped was the
motor cortex. Many strategies to refine surgical
approaches have been developed to minimize
damage to motor cortex and motor fibers. Although
similar principles have since been applied to the
preservation of sensory, language, and memory
functions, the mapping of motor pathways in the
context of intracranial malignancy is a unique
entity and thus poses a distinct set of risks and
challenges. As reviewed herein, the history and
background of motor mapping techniques are dis-
cussed, along with the current state of functional
motor mapping in neurosurgical oncology and the
potential implications of complementary technolo-
gies on the surgical management of patients with
glioma.

EARLY WORK ON THE MOTOR CORTEX

Cerebral localization of function is one of the most
fascinating and controversial topics in neurologic
history. The first observation that control over
motor function could be lateralized in the brain
dates back to the fifth century Bc, when the ancient
Greek physician Hippocrates noted that unilateral
cerebral injury results in contralateral paralysis.”
Over the next 2 millennia, there was little written
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to explain this phenomenon. Interest in cerebral
physiology instead seemed to be fixated on a phil-
osophic discussion of the brain as “the seat of the
soul.” It was not until the early nineteenth century
that this focus began to shift toward a more local-
ized or segmental view of brain functions, largely
due to theories of phrenology set forth by Franz
Joseph Gall (1758-1828). Although Gall was
heavily criticized by those who believed his work
to be pseudoscience and damaging to religion, he
was nevertheless instrumental in altering thinking
in the field.

The latter part of the nineteenth century fostered
a series of seminal clinical discoveries related to
specific localization of function in the cortex,
beginning with John Hughlings Jackson’s asser-
tion in 1864 that “the convolutions of the brain
must contain nervous arrangements representing
movements.”® In 1870, the German neurologist
Gustav Fritsch and an anatomist Eduard Hitzig®
performed the first experiment demonstrating
that topographically restricted electrical stimuli
could be applied to the mammalian cerebral cortex
to elicit corresponding contralateral movements.
Although perhaps less well recognized, these find-
ings were shortly followed by the first recorded
experience with direct electrical stimulation of the
human brain by Robert Bartholow in 1874,° who,
inspired by localized testing on animal brains by
contemporary David Ferrier, attempted to elicit
sensory and motor responses by applying wires
to the exposed dura of a patient who had a hole
in her skull caused by a cancerous ulcer.

The earliest maps that depicted specific localiza-
tion of motor control in the human cortex were
based onfindings from Ferrier’s work with monkeys,
in which recordings of movements in response to
cortical stimulation were grossly transferred to an
outline of the human brain. These maps, along
with a map developed by the surgeon Horsley,'’
which was also based on experiments on monkeys
and limited observations in humans, were the first of
their kind to be included in Gray’s Anatomy in 1887.

In 1901, Harvey Cushing, at an early stage in his
career, began to map the primate motor cortex with
Charles Sherrington and by 1909 had published
numerous reports on his experience with intraoper-
ative faradic stimulation in patients being operated
under local anesthesia, thus confirming somatoto-
py of the human cortex along the precentral and
postcentral gyri.'>'* Advances in functional
cortical localization were also enhanced signifi-
cantly by Otfrid Foerster,® who, through close col-
laboration with Oskar and Cécile Vogt, developed
a broader, more complex human cortical map
from the observations he made during surgeries
for patients with epilepsy. In 1928, Wilder Penfield'®

traveled to Germany, which marked the beginning
of his collaborative work with Foerster. Over the
next decade, Penfield performed extensive intrao-
perative investigations that would ultimately shape
the modern understanding of cortical organization;
synthesizing data from more than 163 craniot-
omies, Penfield eventually simplified his findings
in a proverbial homunculus cartoon to convey the
relative cortical representation of various anatomic
parts.

With a special emphasis on mapping, the
pioneers in cortical localization tended to perceive
the brain as a collection of discrete functional areas.
The original observations of Sherrington and Cush-
ing suggested that the motor cortex is delimited
within a narrow precentral strip, a legacy that can
still be appreciated in modern anatomy textbooks;
however, this degree of localization has perhaps
been overemphasized in spite of abundant scientific
evidence to support the finding that sensorimotor
function is in fact broader and has overlapping
cortical representations. Regardless, over the past
150 years, the advancements made by forefathers
in neurosurgery initiated an exponential increase in
the understanding of cortical representations; the
original mapping techniques used by Penfield and
others, which involved continuous stimulation for 1
to 6 seconds with a 60-Hz line frequency,'® set
a standard for performing intraoperative neuro-
physiologic examinations based on the electrical
excitability of the human brain, and many original
principles of electrocortical stimulation (ECS) re-
main largely unchanged in current practice.

PRINCIPLES OF DIRECT CORTICAL
STIMULATION

The application of ECS as a tool for functional
manipulation is based on the resting membrane
potential of a neuron, which varies between —60
and —100 mV because of the asymmetrical distri-
bution of charges across the lipid layers of the cell
membrane. When the membrane is depolarized (in
this case, via local application of an electrode), an
action potential is generated. Membrane depolar-
ization is a binary event that, once triggered,
exhibits consistent characteristics regardless of
the stimulation parameters.

The first and primary concern for ECS is safety,
given that electrical stimulation to the cerebral
parenchyma can lead to neural damage through
multiple possible mechanisms. In addition to the
direct effects of power dissipation (ie, heat) on sur-
rounding tissues, prolonged application of ele-
ctrical current may also result in the toxic
accumulation of negative charge at the cathode
and electrode dissolution products at the anode.’”



To address this risk, biphasic impulses are recom-
mended, which compensate for relative depolar-
ization and hyperpolarization of pericathodic and
perianodic tissues.'® In addition, rectangular im-
pulses are used to offset the phenomenon of ac-
commodation, which otherwise occurs when
membrane potentials depolarize gradually.

Perhaps the greatest risk of ECS is the induction
of seizure. After stimulation, neurons are transiently
refractory for 0.6 to 2.0 minutes, after which they
enter a short phase of hyperexcitability and are
thus at greater risk for unintentional depolarization;
in one study, prolonged 60-Hz stimulation pro-
duced clinical or subclinical seizures in more than
20% of patients.'® Most such events are minor or
self-limiting, and some have found that the seizures
can be terminated more quickly by application of
cold Ringer lactate to the cortex.2® Furthermore,
owing to its overall safety, it has been demon-
strated that in the absence of epileptiform activity,
repeated stimulation with impulses of the magni-
tude used for motor mapping do not induce perma-
nent histologic changes in the human cortex,?! and
functionality returns to normal levels almost imme-
diately after removal of the stimulus.

Aside from safety, the most valuable character-
istics for any method of ECS are reproducibility
and precision. Electrical stimuli are characterized
in detail by plotting their ability to elicit a tissue
response (in this case, neuron excitability). The
ideal stimulus, with regard to intensity and dura-
tion, at which an action potential is triggered with
minimal energy input is termed chronaxis. Chron-
axis, by definition, is the shortest duration of an
effective electrical stimulus that is equal to twice
the minimum strength required for neuronal excita-
tion (rheobasis).?? These parameters are inherently
dependent on the impedance of the tissue being
stimulated, which in turn can vary significantly as
a function of anesthesia and local pathologic
condition, such as tumor.

Factors that affect the precision of depolarizing
impulses and thus the spatial resolution of ECS
include electrode size and spacing, the type of elec-
trodes that are used, and the current level. Although
2 electrodes are always necessary for producing
a current, stimulation is considered to be monopo-
lar when a single electrode is localized to the target
tissue and the second grounding electrode is
placed at some distance from the site of stimula-
tion.2%:24 Although some assert that the placement
of a monopolar electrode is physically unambig-
uous and thus more precise, pathway of the current
from a monopolar source may be less predictable
than that from the bipolar approach, in which both
the cathode and anode are located close to the
target tissue and evoked changes are confined to
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an elliptical area based on the electrodes.?528

However, most recent evidence suggests that this
perception of bipolar stimulation may not be
completely accurate because the threshold of acti-
vation in the region of the cortex between elec-
trodes has been demonstrated to be significantly
greater than the areas directly beneath the anode
and cathode.?® There is a relative dearth of literature
directly comparing bipolar with monopolar stimula-
tion; however, findings suggest that bipolar map-
ping is more sensitive in localizing functionality for
certain areas such as the premotor frontal cortex.*°
Despite evolving interest in the use of monopolar
cortical stimulation for mapping,2431%2 bipolar
electrodes nonetheless remain standard and tend
to be generally preferred in practice.

Current Density Distribution Generated
by ECS

Despite the extensive use of ECS both clinically
and experimentally, there are relatively few data
available concerning what specific cells or parts
of cells in the CNS are being activated.333* Al-
though surgeons may generally have a greater
interest in the behavioral consequences of stimula-
tion, studies should be communicated in such
away to allow interpretation of findings on a cellular
level. Because of uncertainties in tissue properties
and geometry, the various numerical models that
have been developed to describe the relationship
between current density and distance from an
electrode are expected to represent only crude
predictions. Generally, it is thought that the amount
of current applied to a given neuron is directly
proportional to the square of the distance between
the neuron and the electrode tip.3®> Models that
predict distribution of local potential are based on
the solution of the Laplace equation:

V(eVV) =0

where V is the scalar potential, ¢ is the conduc-
tivity, and V is the gradient vector. Assuming
uniform conductivity,

X2 oy2 0z2)
with boundary conditions (1) V = V, and (2) the
derivative of the scalar potential is zero at all other

points. In this way, the electric fields and current
density can be derived as

E=-VV

J=g¢E

where E is the electric field and J is the current
density.?”
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The lowest current threshold sites for evoking
motor responses from the cortex have been
demonstrated to be between layers Il and V of
the cortex, and, as such, most unit activity is likely
encountered when current is applied to layers |1, IlI,
and V (ie, the laminae that contain pyramidal
cells).®* On applying an electrical stimulus to the
gray matter, recent studies have suggested that
axons, but not cell bodies, are primarily activated;
however, this area continues to be an active area
of research.3®

ECS MAPPING AND IDENTIFICATION OF
ROLANDIC CORTEX

Few modifications have been made to Penfield’s
original method for mapping the functional motor
cortex by ECS.37~*2 Mapping of the motor cortex
can occur in the presence or absence of general
anesthesia without muscle relaxants; however, in
the case in which the patient is awake, both muscle
activation and inhibition can be investigated, as
negative motor phenomena may assist in the iden-
tification of associative areas.*® In typical present
day practice, bipolar electrodes are applied to the
cortex, delivering a biphasic square wave pulse
between contacts spaced approximately 5 mm
apart. During stimulation, cortical areas that corre-
spond to movements are notated and spared
during resection; to supplement gross observation,
electromyographic (EMG) recordings can also be
monitored to increase sensitivity for detecting
even low-amplitude muscle responses or when
mapping under general anesthesia.'®** Motor
evoked potentials as measured by EMG may be
especially useful when using high-frequency mo-
nopolar stimulation or when performing continuous
monitoring as with the train of 5 techniques.*®

Because gliomas may invade cortical as well as
subcortical structures, functional boundaries
along pathways running in the white matter must
also be determined.*5*8 Direct electrical stimula-
tion can also be used in these areas to success-
fully identify and spare descending white motor
tracts.*®5"  Although relatively fewer studies
specifically address the subject of identifying
deep fibers during tumor resection, recent litera-
ture suggests that when both cortical and subcor-
tical sites are delineated with direct stimulation,
the boundaries of resection can be safely identi-
fied with an acceptable risk of postoperative
morbidity. The caveat is that electrical stimulation
does not predict deficits secondary to stroke from
injury of perforating blood vessels. Stroke occurs
more commonly in the white than in the gray
matter.

Identification of the Central Sulcus Using
Phase Reversal of Somatosensory Evoked
Potentials

Through an indirect approach, the central sulcus
can be identified by phase reversal of somatosen-
sory evoked potentials (SEP-PR), a method that
was first described in surgeries for patients with
epilepsy by Goldring and colleagues®?°® in the
1970s. Since then, several studies have demon-
strated the utility of SEP-PR in cortical mapping
during tumor resection.?>%4%4 The concept of
phase reversal is based on the perceived direction
of an afferent neural volley’s dipole as detected
from the postcentral or precentral sulcus; that is
to say, a somatosensory potential recorded from
the sensory cortex is the mirror image of the
potential detected from the motor cortex. This
phenomenon is related to the orientation of pyra-
midal cells located in the postcentral sulcus,
such that somatosensory evoked potentials are
negative posteriorly and positive anteriorly.

The physical coordinates that correspond to the
point of phase reversal are determined intraopera-
tively by a strip electrode placed perpendicularly
to the approximated central sulcus. After periph-
eral nerve stimulation, somatosensory evoked
potentials are assessed, and the strip grid is
adjusted until clear phase reversal of the N20/
P20 peak is observed between a pair of elec-
trodes, indicating that the primary motor and
sensory cortical areas are located anteriorly and
posteriorly, respectively. Using these techniques,
SEP-PR localizes the central sulcus, with
a success rate greater than 90%, with only occa-
sional failures attributed to the influence of edema
or lesions on mass effect and inaccurate place-
ment of the strip grid.23%2:65 Electrodes may also
be placed directly on the surface of the brain for
more general purposes. Although traditionally
used for defining epileptogenic foci, electrocorti-
cography has recently been suggested as
a possible method for motor mapping, based on
perceptible changes in power across higher spec-
tral frequencies, also termed the -index.®® Nonin-
vasive electroencephalography has also been
shown to provide high-quality signals for high
gamma power changes during motor activity.®”

When combined with ECS, the application of
SEP-PR for intraoperative localization has de-
monstrated a clear impact on preserving function
in the resection of low-grade glioma.5%-68:5° Direct
cortical stimulation yields excellent spatial resolu-
tion, and the predictive value of these techniques
for mapping functional motor cortex is well charac-
terized. Several limitations persist, however, and
perhaps the most obvious drawback of these



approaches is their inherent invasiveness and
requirement for a craniotomy, factors that preclude
their use in preoperative evaluation and planning.

Transcranial Stimulation

Transcranial magnetic stimulation (TMS) refers to
the use of a magnetic field applied across the
scalp and cranium to create a corresponding
perpendicular electric field, which can then be
used to stimulate or inhibit neuronal activity. This
technique is closely related to earlier attempts at
transcranial electrical stimulation; however, TMS
is generally favored because of the untoward
effects that direct current has when passing
through superficial tissues and associated pain
receptors.”’ Broadly, transcranial approaches
possess the significant advantage of generating
anatomofunctional information without the need
for invasive technique.”! A growing body of litera-
ture suggests that TMS before tumor resection
correlates with intraoperative ECS mapping and
may be a reliable tool for preoperative mapping
of motor function.”>74

Like ECS, TMS stimulates specific regions of the
brain and thus carries the risk of causing seizures
on repetitive pulsing.”® Furthermore, as with all
methods that attempt to map functionality solely
based on the causal relationship between stimula-
tion and motor response, TMS and ECS may not
comprehensively identify other supportive areas
involved in performance, areas which may only
be elicited when a patient is subject to a behavioral
paradigm.

OBSERVATIONAL MAPPING TECHNIQUES

The development of newer, less invasive
approaches to functional mapping has provided
neurosurgeons with an unprecedented array of
options to use both as alternatives and adjuncts
to traditional methods of direct cortical stimulation.
When combined with data from intraoperative
ECS, perioperative functional neuroimaging has
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the potential to greatly enhance the general under-
standing of both neuroanatomical and physiologic
associations that a specific lesion might have
with surrounding eloquent brain. Moreover, such
imaging modalities possess the additional capacity
to define regions of the brain that may only be re-
cruited during a motor task, areas which might
otherwise be difficult to determine solely based
on direct activation through stimulation.
Functional imaging for motor mapping is rapidly
gaining traction in the clinical setting, and several
forms of technology are currently available, each
of which relies on detection of specific types of
alterations and the various physiologic properties
thereof. The multitude of neuroimaging modalities
being developed toward this end include functional
magnetic resonance imaging (fMRI), positron
emission tomography (PET), magnetoencephalog-
raphy (MEG), and diffusion tensor imaging (DTI);
a description of each is presented in the later
discussion and also briefly summarized in Table 1.

fMRI

Concomitant with neuronal activity is an increase
of blood flow through local cerebral vessels. These
changes in cerebral blood flow can be visualized
by a method of fMRI that measures blood oxygen
level-dependent (BOLD) variations in the area of
interest. Because the ratio of oxyhemoglobin to
deoxyhemoglobin increases as blood perfusion
meets neuronal demand and because this change
leads to perceptible elevation in T2 signal, data
from BOLD analyses can be used to identify an
area of the brain that is active during a particular
task as a ratio over control levels observed at
rest.”®7” A map of BOLD activity is then superim-
posed on a conventional MRI scan to reveal
detailed location of the signal relative to the adja-
cent neuroanatomy.

Depending on the magnitude and rate of
neuronal depolarization, signal as measured by
fMRI has been shown to vary proportionally”®7®
with a typical spatial resolution of 2 to 5 mm?2%;

Table 1

Summary of motor mapping techniques

Modality Type Spatial Resolution Temporal Resolution Invasiveness
ECS Stimulation aEE EEnm Emm

TMS Stimulation n EEm um

PET Observation u = m

fMRI Observation u m u

MEG Observation am EEm u

DTI Observation n am u
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however, these data may be confounded by tech-
nical limitations, including motion-related artifacts
and predominant signal from macrovascular
venous drainage.8! Furthermore, because fMRI
does not directly detect neuronal activity, instead
relying on changesin cerebral blood flow as a surro-
gate, factors that disrupt normal hemodynamic
physiology (eg, lesions, medication, general atten-
tiveness) may ultimately reduce the specificity of
analysis and lead to misinterpretation of the
acquired data. Early studies suggested that fMRI,
when used alone to map functional regions (ie,
without support from intraoperative ECS), might
be associated with higher incidences of new post-
operative neurologic deficits.®2 Conversely, several
centers have validated fMRI against ECS in the
identification of motor areas with nearly universal
agreement between the 2 modalities.83-86

Despite the fact that indications and parameters
for the use of fMRI are still developing, the role of
fMRI in neurosurgical oncology has rapidly
expanded, given that it provides many advan-
tages; these include its completely noninvasive
nature, ease of acquirement, and its specific ability
to localize neuronal activation in deep cortical sulci
or other areas that may not be readily accessible
by standard cortical stimulation. In current prac-
tice, fMRI is successfully integrated as an adjunc-
tive mapping modality in most neuro-oncological
cases®”; for example, one recent prospective
study reported that inclusion of fMRI findings in
the surgical plan altered treatment approaches
and increased the extent of tumor resection for
more than 40% of patients.®® One major short-
coming of fMRI is that it does not map white matter
pathways.

PET

Much like fMRI, PET also has the capability to
assess changes in cerebral blood flow as a surro-
gate for neuronal activation and can similarly be
used to map motor areas before tumor resec-
tion.8991 Imaging with PET, however, relies on
the administration of a radioactive tracer, such as
50 in the form of H,'®0, the relative abundance
of which indicates an area of increased cerebral
perfusion. Radioactive molecules can also be
administered in the form of fluorodeoxyglucose F
18, a glucose analogue that, once injected, is re-
tained by tissues with high metabolic activity (ie,
tissues found in tumors or, for the purposes of
functional mapping, areas of the brain that are
activated during task performance).%?

One possible advantage accompanying PET is
the ability to grade a tumor and simultaneously
perform motor mapping during a single session.%®

As an imaging modality, PET scanning continues
to develop. However, its general clinical use is
hindered by technical drawbacks, including poor
signal-to-noise ratio, moderate spatiotemporal
resolution, and undesirable, albeit low level, radia-
tion exposure. Nevertheless, a broad range of
emerging applications for this technology exists,
and successful attempts at integration into neuro-
navigational guidance systems have recently been
demonstrated.®

MEG

On performing a behavioral paradigm or motor
task, synchronized neuronal currents in the cere-
brum induce the production of weak orthogonal
magnetic fields, which can then be recorded by
a biomagnetometer as an MEG signal. Because
data during MEG are measured extracranially,
the actual location of electrical activity must be
estimated based on models that take into account
prior knowledge of functional cerebral anatomy.
This requirement leads to some inherent ambiguity
and thus variable resolution depending on the
model used; however, several studies report
a generally high degree of correlation for MEG
mapping with intraoperative ECS,*+95-°8 and cor-
egistration of these technologies has been inte-
grated into stereotactic databases to support
preoperative planning and intraoperative neurona-
vigation in multiple settings.%~192

Perhaps the most demanding aspect of MEG
technology is that the magnitude of signal derived
from ionic flow within brain tissue is exceedingly
weak. Therefore, great efforts must be made to
minimize influence of external sources, including
the earth’s natural geomagnetism and other
magnetic fields that are produced by standard
hospital equipment. The need for specialized per-
sonnel and heavily shielded rooms makes the
purchase and maintenance of an MEG apparatus
extremely costly, thereby restricting its current
availability and hampering its implementation in
common practice.

Anisotropic DTI

Recent developments in DTl have made it possible
to visualize the trajectory of subcortical white
matter bundles, as well as to obtain data regarding
the potential effects of proximal neoplasms on the
integrity of these tracts. The diffusion of water
molecules throughout the cerebrum is anisotropic
(ie, flow is directionally dependent) and is greatest
along vectors tangential rather than perpendicular
to axon fibers.’®® As a molecule of water moves
along a neural fiber, MRI is used to derive the
direction of maximum diffusivity, which in turn is



used to determine the orientation of the major prin-
ciple axis of white matter tracts traversing each
voxel.

Disruption of normal anisotropic patterns can be
detected in the presence of a tumor because of the
effects that neoplastic lesions have on water mole-
cule diffusivity. Signals, as evaluated by DTI, can
be altered either in intensity or position, and varia-
tions in these parameters may suggest different
pathologies. For example, a decreased signal
with normal direction and location is thought to
indicate vasogenic edema, whereas displaced or
complete loss of anisotropy may correspond to
mass effect or obliteration of white matter ana-
tomy by direct tumor infiltration.%*

Because DTl does not independently provide
functional data per se, its use in motor mapping
is often in conjunction with ECS'°® or fMRI."06-110
This coregistration allows the neurosurgeon to
approximate fibers spatially that are associated
with cortical areas and other eloquent tissues
involved in motion or task execution. In current
practice, structural data from diffuse tensor anal-
yses are more commonly used in the preoperative
setting; however, a few recent studies have inte-
grated DTI with intraoperative neuronavigational
systems with some success.!'112

Although DTI is the only available technology
specifically designed to image white matter, its
widespread clinical use has been hindered by
certain technical limitations including poor
signal-to-noise ratio and spatial resolution.!3
Furthermore, although DTl reliably visualizes major
subcortical structures with relative ease, some
reports suggest that it is a less consistent imaging
modality for other areas, including the optic tract,
fornix, and tapetum.'%4

SURGICAL CONSIDERATIONS FOR
FUNCTIONAL MOTOR MAPPING

As discussed earlier, various complementary tech-
niques are available for use in motor mapping,
each of which uses a separate set of electrophysi-
ologic principles, thus yielding distinct types of
data to assist in the preparation and execution of
an operative approach. The clinical use of these
technologies is increasing dramatically in neuro-
oncology, thus meeting the need to tailor treatment
according to anatomofunctionality that can be
significantly altered because of the presence of
space-occupying lesions in and around the area
of interest. It has been shown, for example, that
motor-associated cortex may be unpredictably
displaced by tumors located in perirolandic areas,
either as a result of direct mass effect or from
cortical plasticity associated with compensatory
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cerebral reorganization of function in and around
the lesion.107:114

Although combinatorial imaging for preoperative
motor mapping clearly possesses multiple applica-
tions, perhaps the greatest challenge in optimizing
the information gleaned from these studies is the
concept of brain shift. Because of mechanical
and physiologic strain that occurs during a neuro-
surgical operation (eg, edema, cerebrospinal fluid
and blood loss, body position), the position of the
brain can change significantly, leading to anatomic
discrepancies with preoperative imaging of more
than 1 cm within the first hour of surgery.15-118
Moreover, these changes have been shown to var-
iably affect cortical anatomy and deeper subcor-
tical structures, further hindering extrapolation of
preoperative data to intraoperative relevance.'®
Given the dynamic character of peritumoral cortical
organization, strategies have been developed to
combine intraoperative imaging with preoperative
data to account brain shift phenomena’®; how-
ever, despite these advances, the classical method
of direct intraoperative mapping with ECS still
remains paramount.

SUMMARY

The landscape of technologies available to assist in
the planning and execution of safe maximal tumor
resection is rapidly expanding. Although the tradi-
tional approach of motor mapping by direct ECS
is still the most widely applied technique, the clin-
ical use of newer, less invasive imaging modalities
such as fMRI and DTl is currently evolving and has
in many cases been successfully implemented with
varying degrees of validation; similar advances are
also being explored in the mapping of sensory,
language, and cognitive functions with promises
of enhancing care and improving outcome after
surgery. In the future, it will fall to neurosurgeons
to gain familiarity with these widely complementary
sources; the rapid synthesis and interpretation of
such abundant and highly processed material will
be necessary to realize its great potential and to
translate benefits directly to patient care.
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High-grade gliomas (HGGs), including anaplastic
astrocytoma (AA) and glioblastoma multiforme
(GBM), are the most common primary tumors of
the central nervous system.'? Despite medical
and surgical advances, the prognosis of patients
with HGGs remains poor, with a median survival
of approximately 22 months for AA and 12 months
for GBM, even after surgery, irradiation, and
chemotherapy.?= Seizures are common in these
patients, affecting between 25% and 60% of indi-
viduals with HGGs, and they are frequently the
presenting symptom.5—° Tumor-related epilepsy
affects patients’ quality of life significantly, causes
cognitive deterioration, and may result in signifi-
cant morbidity.>1%-'3 However, the importance of
seizure control in patients with HGG remains
underappreciated because most neuro-oncologic
studies and practices focus primarily on tumor
progression and the overall survival. An under-
standing of the underlying risk factors and

treatment options for seizures in patients with
HGG is critical in their evaluation and treatment.
This review briefly discusses the potential mecha-
nistic underpinnings and predictors of seizures in
HGGs, and focuses primarily on important thera-
peutic considerations.

PREDICTORS, MECHANISMS, AND
CHARACTERISTICS OF EPILEPSY IN PATIENTS
WITH HGG

The predilection for seizures in patients with brain
tumor has long been recognized, and was
described by Hughlings Jackson in 1882.'4 Across
various clinical series, 25% to 60% of individuals
with HGGs experience seizures, suggesting that
brains harboring these lesions possess a strong
predisposition to epileptogenicity,>%'3  put
seizures are not equally common among different
types of gliomas. The highest rates of epilepsy are
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observed in patients with low-grade gliomas
(LGGs) (World Health Organization [WHO] grade
I-11), whereas among patients with HGGs, seizures
are more common in patients with AAs (WHO grade
ll) than in those with GBMs (WHO grade 1V).15-17
Smaller tumors and those growing less quickly
are associated with higher rates of seizures than
large tumors and rapidly growing lesions.5%17:18
Although the reason for this trend is not known,
proposed explanations include the predilection of
HGG for white matter locations, the possibility
that rapid growth might preclude the development
of epileptogenesis, and the prospect that some
patients with HGG do not survive long enough to
develop epilepsy.'”"°

HGGs located in superficial cortical areas are
most likely to produce seizures,'”?°23 as are

tumors centered in the temporal or frontal lobes
or the insula.’72921:24-26 | g and colleagues'”
analyzed tumor location in 124 glioma patients
with seizures, and mapped aggregate tumor
location using a summed-statistic image, as de-
picted in Fig. 1. These investigators also found
that many HGGs causing seizures were located
in the temporal lobe, followed by the frontal
lobe. The inherent epileptogenicity of mesial
temporal structures making seizures more likely
in the temporal region is a possibility.?”-28
Furthermore, Spencer and colleagues?®3° have
suggested that “dual pathology,” including any
combination of foreign-tissue lesions, cortical
dysgenesis, gliosis, or hippocampal sclerosis,
further drives epileptogenesis in tumoral tempo-
ral lobe epilepsy. Some investigators have found

Fig. 1. Summed-statistic image showing the aggregate location of 124 tumors. At each voxel, the number of
patients presenting with tumors is calculated. Maps are generated from the sum of the binary tumor masks
for high-grade (A) and low-grade (B) gliomas. (From Lee JW, Wen PY, Hurwitz S, et al. Morphological character-
istics of brain tumors causing seizures. Arch Neurol 2010;67:339; with permission.)



a lower likelihood of seizures in de novo GBMs
than those having progressed from known
LGGs,®'® and others have noted that seizures
may sometimes precede radiographic evidence
of malignant tumor transformation.®' It is per-
haps not surprising that epilepsy is more com-
mon in patients with multifocal disease than in
those with a solitary tumor.?

Although the molecular pathophysiology of epi-
leptogenicity in gliomas remains incompletely
understood, several contributory mechanisms
have been proposed. Peritumoral changes, such
as hypoxia, neurotransmitter alterations, and
blood-brain barrier disruption, have all been
observed in parenchyma adjacent to brain tumors,
and may contribute to epileptogenicity in patients
with HGG.%2% Furthermore, although neurons
are traditionally credited with seizure initiation,
increasing evidence suggests that astrocytes also
likely contribute to the induction and maturation
of epileptogenesis.®” Bordey and Sontheimer3®
observed that astrocytes from seizure foci in
patients with temporal lobe epilepsy consistently
express faster-activating sodium channels and
diminished potassium buffering compared with
normal cells. Downregulation of glutamine syn-
thetase, an enzyme known to be deficient in scle-
rotic hippocampi of patients with temporal lobe
epilepsy®® and in brains of animal epilepsy
models,*° has also been observed in astrocytes
of patients with HGG.®” Thus, glutamate accumula-
tion may represent another molecular contribution
to seizure generation in patients with HGG.
Although the process of epileptogenesis is known
to occur over time, rapid ictogenesis may arise in
the absence of epileptogenesis with acute patho-
physiologic phenomena seen in gliomas, such as
hemorrhage, edema, and electrolytic changes,
thus causing early seizures in some patients.'®

Seizure semiology with HGGs is variable, and
may resemble seizure characteristics seen in de-
fined anatomic epilepsy syndromes, but typically
includes simple- and complex-partial seizures.>®
Secondary generalization is also not infrequent,
and status epilepticus may occur.>® Given the
significant risk of epilepsy in these patients,
seizures should be high on the differential diag-
nosis when a patient harboring a known HGG
presents with altered mental status or novel sen-
sorimotor symptoms.

SURGICAL AND ADJUVANT TREATMENT OF
HGGS ASSOCIATED WITH EPILEPSY

Although several groups have studied seizure out-
comes in the surgical treatment of LGGs,52%41
only one study to the authors’ knowledge has
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specifically examined predictors of seizure freedom
in the surgical resection of HGGs.® Chaichana and
colleagues® retrospectively analyzed 648 patients
with surgically resected HGG, of whom 24% pre-
sented with seizures. Preoperative seizures were
observed to be more common in younger patients,
as well as with AA (compared with GBM), and with
cortically based and temporal lobe lesions. Twelve
months after surgical resection (gross total in
33%), 77% of patients with preoperative seizures
were seizure free (Engel class 1),°® whereas only
5% experienced no improvement in seizures (Engel
class IV). Seizure freedom was somewhat less
common in patients who suffered from uncon-
trolled epilepsy before surgery, although 56% of
these individuals also achieved seizure freedom
postoperatively. The investigators also noted
that individuals with parietal lobe lesions were
least likely to achieve seizure freedom postopera-
tively. Seizure recurrence in patients initially
seizure-free after surgery was independently
associated with tumor recurrence. These results
suggest that seizure freedom can be achieved in
the resection of HGGs, even in some patients
with medically refractory epilepsy, and thus
should represent an important goal in the surgical
treatment of these patients. Nevertheless, given
the limitations of retrospective study design and
the lack of confirmatory investigations, further
studies in this area are important.

In patients with LGG, various investigators have
reported that gross-total resection predicts a higher
likelihood of postoperative seizure freedom. 52241
Chaichana and colleagues® did not observe
a similar relationship between resection extent
and seizure outcome in HGGs, and, to the author’s
knowledge no other studies have investigated this
question in HGGs. Similarly, although the use of in-
traoperative electrocorticography in LGG resection
has been advocated to delineate epileptic cortex
surrounding the tumor,*'#2 this has not been
studied in HGGs. Thus, although there is mounting
evidence suggesting that extent of resection may
influence patient survival in HGGs,**** it is
unknown whether this factor also affects seizure
outcome.

There is some evidence that chemotherapy or
radiotherapy may also positively affect the seizure
burden in patients with brain tumors. In a small
case series, Chalifoux and Elisevich*® describe
a significant seizure reduction in unresected pa-
tients with HGG after ionizing radiation treatment,
with benefit extending beyond the early postradia-
tion period.*® Similar positive effects on seizure
frequency have been described in patients with
LGG after radiotherapy*® or chemotherapy with
temozolomide.*” Antitumor therapy by surgery,
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cranial radiation, or chemotherapy may all con-
tribute to reduced seizure burden in patients with
glioma.*® Although more prospective data are
important in evaluating the possible effects of
chemotherapy and radiotherapy on seizure pro-
files, adjuvant antineoplastic therapy should not
be considered antiepileptic treatment.

ANTIEPILEPTIC MEDICATIONS IN PATIENTS
WITH HGG

Although surgery and adjuvant antitumor therapies
improve the overall and progression-free survival
in patients with HGG, they very rarely result in
a cure. Antiepileptic drugs (AEDs) are therefore
the mainstay of seizure treatment in these
patients, and understanding the approach, effi-
cacy, and serious side effects of AED treatment
is critically important in reducing patient morbidity
and improving patients’ quality of life. Some inves-
tigators have reported that although seizures are
less common in patients with HGGs than in those
with LGGs, they may be more difficult to control in
patients with malignant lesions.®

The general approach to AED treatment in
patients with glioma, as in all patients with epilepsy,
is to first use a single AED at the lowest dose that
effectively controls seizures, followed by additional
trials of serial monotherapy versus polytherapy as
necessary.*®5% Common first-line agents used in
glioma-related epilepsy include valproic acid and
phenytoin,**%" and more recently levetiracetam
has been proposed as monotherapy for tumoral
epilepsy.*®49:5253 Topiramate and lamotrigine are
also sometimes used as initial first-line monother-
apy.*8 Van Breemen and colleagues®® advocate for
valproic acid as an efficacious first-line AED in
patients with glioma who also have epilepsy, report-
ing a 79% responder rate and seizure freedom in
52% of patients with monotherapy. Valproic acid is
also the most commonly used agent in children
with focal epilepsy,®* and a recent phase | study
suggests that it is well tolerated in pediatric patients
with brain tumor, with phase Il results pending.®
Phenytoin is also frequently used as initial monother-
apy, and in one study it was associated with 730
(median) seizure-free days in patients with glioma
suffering from at least 1 seizure.*® More recently,
monotherapy with the newer agent levetiracetam
has been reported to be efficacious in this popula-
tion, with benefits over valproic acid and phenytoin,
including the ability to forgo the monitoring of serum
level, a lower incidence of toxicity, and the lack of
significant drug interactions.*®49:5253 However,
none of these studies were performed with the rigor
required for inclusion in a Cochrane review on the
topic.® The only study meeting the Cochrane

meta-analysis criteria was an unblinded, random-
ized trial of phenytoin continuation versus change
to levetiracetam at the time of surgery.>® This study
showed similar efficacy and side effects for both
arms with a suggestion of more balance problems
in the phenytoin arm. As a possible confounder,
more patients dropped out of the levetiracetam
arm and were not included in the analysis.%®

When AED monotherapy fails to adequately
control seizures in patients with glioma, there is
disagreement over whether to trial a second agent
as monotherapy or to add an adjunct medication,
provided the absence of significant side effects
with the initial AED. Although a common approach
is to attempt 1 or 2 serial monotherapy trials as
necessary, reserving polytherapy for refractory
cases,*® other practitioners have advocated add-
on therapy immediately after initial drug failure.
Van Breemen and colleagues®® report encour-
aging results with the addition of levetiracetam to
valproic acid, and Newton and colleagues®”
observed a 90% rate of benefit and 59% rate of
seizure freedom when adding levetiracetam to
a patient’s existing regimen. Based on these
varied approaches to patients who fail initial
monotherapy, a randomized, controlled trial of
serial monotherapy versus polytherapy comparing
various agents in tumoral epilepsy is certainly
warranted.

Side effects and toxicity of AED are critical
considerations in patients with HGG, particularly
given the importance of quality of life in this almost
universally terminal illness. AEDs are associated
with significant adverse effects,¥%° including
cognitive deficits,®=®® and first-generation medi-
cations may result in a higher incidence of side
effects in patients with glioma than in other epilep-
tics.549%% |In a large European survey of patients
with epilepsy, Baker and colleagues®® found that
31% of individuals changed their AED at least
once in the past year because of side effects,
and 44% were worried about possible side effects
related to AEDs. Other researchers have shown
that adverse AED effects have the single greatest
influence on quality of life in patients with
controlled seizures,®® and that patients would
prefer to pay more for medications with improved
side-effect profiles.®”

Although phenytoin is commonly used, given the
favorable efficacy it is associated with a significant
number of drug interactions, and its common
dose-related side effects (disequilibrium and
drowsiness) are often poorly tolerated by patients
with brain tumors. Additional side effects include
rash, drowsiness, dizziness, and hirsutism, with
Stevens-Johnson syndrome being the most feared
adverse event.*® Moreover, monitoring of serum



level is necessary, and toxic levels frequently
occur in the therapeutic dose range because of
zero-order kinetics.*® Along with carbamazepine
and oxcarbazepine, phenytoin may cause leuko-
penia, necessitating the monitoring of blood count
during initial treatment.®®° Valproic acid has
alower incidence of adverse effects, but can result
in thrombocytopenia, and the monitoring of serum
level can be challenging because of the variable
pharmacokinetics.?8%° The second-generation
AEDs, although not necessarily associated with
greater efficacy than first-generation medications,
may in some circumstances possess improved
tolerability.*® Monitoring of levels is not necessary
with these newer agents, as many are not metab-
olized by the hepatic P450 system, and significant
drug interactions are rare.*® Levetiracetam is re-
nally excreted and typically well tolerated, with
infrequent side effects including somnolence,
nausea/vomiting, headache, and insomnia.5®
Two recent studies of levetiracetam in patients
with glioma cited little or no medication discontin-
uation secondary to adverse effects.52:53

Another important consideration of AED treat-
ment in patients with HGG is the potential for
interaction with chemotherapy. CYP3A4 enzyme-
inducing AEDs, such as phenytoin, carbamaz-
epine, and oxcarbazepine, may increase the
clearance of drugs metabolized by the P450
system, including numerous chemotherapeutic
agents (including thiotepa, taxanes, irinotecan, im-
atinib, gefitinib, temsirolimus, erlotinib, tipifarnib,
and vorinostat), as well as corticosteroids such
as dexamethasone, which are frequently pre-
scribed to reduce peritumoral edema.*%7%7% This
may be less of a concern with valproic acid,
a weak CYP3A4 inducer, and noninducing agents
such as levetiracetam and lamotrigine, and poten-
tial chemotherapeutic interactions with topiramate
require further study.”® Not all AED interactions
with chemotherapeutic agents are deleterious.
Bobustuc and colleagues’® recently observed
that levetiracetam may inhibit the expression of
the DNA-repair enzyme O®-methylguanine-DNA
methyltransferase in vitro, and therefore sensitize
glioma cells to the alkylating agent temozolomide.
Furthermore, Jaeckle and colleagues”” reviewed
data from patients with HGG treated with
enzyme-inducing anticonvulsants (used largely
for prophylaxis), finding paradoxically that patients
treated with these drugs survived longer than
those who did not undergo treatment, this
increase in survival being independent of seizure
activity. It is not clear whether this observation
was due to an effect on chemotherapy, an effect
on the tumor directly, or a confounding variable
not accounted for in their detailed multivariate
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analysis. In general, epilepsy providers must be
aware of these potential drug interactions between
AEDs and chemotherapy, to ensure optimal coor-
dination of antiepileptic and neuro-oncologic
treatment in patients with HGG.

A final question is whether to initiate prophy-
lactic AED therapy in the patient with HGG who
has not had a seizure. Various investigators have
advocated for prophylaxis in patients with brain
tumors, citing efficacy in preventing seizures,
despite the risk of adverse effects of medica-
tion.”®8% |n 1996, a randomized controlled trial of
valproic acid prophylaxis in adults with brain
tumors showed that patients receiving the prophy-
lactic AED actually had a nonsignificantly higher
rate of seizures compared with those taking
placebo.®! Subsequently, the American Academy
of Neurology recommended against long-term
prophylactic AEDs in patients who are newly diag-
nosed with brain tumor,® and a meta-analysis of
the relevant literature provided further evidence
that AEDs should not be used prophylactically.®?
One exception is that AED prophylaxis may be
considered for 1 week following surgical resection,
given the higher incidence of postoperative
seizures during this time,®83-87 although even the
evidence supporting this practice remains incon-
clusive.®8 Thus, while prophylactic AEDs remain
commonly prescribed in patients with HGGs and
other tumors,'®8%°1 the preponderance of
evidence and clinical guidelines recommend
strongly against this practice, and the use of peri-
operative AEDs will require further scrutiny.

SUMMARY AND RECOMMENDATIONS

HGGs are the most common primary brain tumor
and are often associated with seizures, particularly
with lesions involving the temporal or frontal
neocortex. Seizure control is a critical but often
underappreciated goal in the treatment of patients
harboring these malignant lesions. Although
surgical resection of HGGs may reduce the seizure
burden in these individuals, insufficient evidence
exists regarding the surgical factors that
contribute to seizure freedom. The authors’
recommendation based on the recognized impact
of seizures on the quality of life in patients with
HGG is that patients with medically intractable
seizures be considered for a palliative resection
guided by electrocorticography and functional
mapping. Many patients treated at their center
have benefited from this approach. Similarly,
although other antitumoral treatments such as
chemotherapy and irradiation may improve
a patient’s seizure profile, these adjunctive treat-
ments should not be considered as antiepileptic
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Table 1
Factors affecting anticonvulsant choice in
patients with HGG

Avoid or adjust dose DPH, CBZ, VPA, OXC

with chemotherapy
Avoid with bone marrow DPH, CBZ, VPA
suppression

Avoid with mood or LEV, TPM, ZON
thought disorder

Avoid with SIADH OXC, CBZ

Avoid if immediate LMT, TPM
effect required

Avoid if cost is an issue PGB, LAC

(no generics)

Abbreviations: CBZ, carbamazepine; DPH, phenytoin;
LAC, lacosamide; LEV, levetiracetam; LMT, lamotrigine;
OXC, oxcarbazepine; PGB, pregabalin; SIADH, syndrome
of inappropriate antidiuretic hormone; TPM, topiramate;
VPA, sodium valproate; ZON, zonisamide.

therapy. AEDs remain the mainstay of seizure
treatment in patients with HGG, and antiepileptic
medication should be started after a tumor-
related seizure, but should not be used prophylac-
tically in the absence of seizure activity. Although
Class | evidence is not available to guide the
management of AED in patients who present
with seizures, the authors offer the following prac-
tical suggestions: (1) because many patients
undergo chemotherapy, it is preferable to choose
a medicine that does not affect chemotherapy
levels or exacerbate chemotherapy-induced
bone marrow suppression (Table 1); (2) because
patients presenting anew are not otherwise pro-
tected from seizures, medications with a slow
titration are usually not acceptable (see Table 1);
and (3) newer medications without generic equiva-
lents or obvious advantages over other medica-
tions should not be first-line choices (see
Table 1). Based on these criteria, levetiracetam
and zonisamide seem to be ideal medications for
initiating treatment. Both can be started at
a dose known to be effective (for levetiracetam,
500 mg twice daily, and zonisamide, 100 mg/d).
Failure to respond sufficiently to initial treatment
warrants referral for subspecialty seizure care.
Although HGG remains almost universally a ter-
minal iliness, seizure control is a critical goal in
the treatment of these patients, given the delete-
rious effects of epilepsy on patients’ quality of life.
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In 1926, Bailey and Cushing established the first
widely accepted classification scheme of astrocytic
neoplasms.” Since then, neuropathologists have
worked to improve this classification system to
guide clinicians with diagnostic and prognostic infor-
mation. Recent advances and discoveries in immu-
nocytochemistry markers, radiographic imaging
modalities, and genetic/molecular markers have
helped further characterize these tumors. Many of
these advances have not yet changed the manage-
ment of astrocytic neoplasms. Nevertheless, they
have provided a wealth of information and continue
to challenge current understanding of tumor biology
and patient management while providing insight into
possible novel therapeutic strategies.

The most common astrocytoma, glioblastoma
(GB), is also the most malignant primary brain
tumor in adults.? There are 2 types of GBs distin-
guished by their origin and molecular phenotype:
primary (de novo) and secondary tumors. De
novo cases represent the majority (>90%) of GB
patients and develop rapidly over the course of
weeks, presenting as a grade IV tumor. Secondary
GBs present as lower-grade gliomas (grade Il or Ill)
and eventually progress to grade IV. Regardless of
its classification, once a diagnosis of GB has been
made, the overall median survival time for patients
treated with surgery and concomitant radiation
plus temozolomide, followed by adjuvant temozo-
lomide, is approximately 15 months.3

It is still unclear which molecular and cellular alter-
ations transform a normal cell into tumorigenic GB
cells. Previous research has begun to identify and
elucidate the molecular pathways that are often per-
turbed in GBs. These signaling pathways can be
therapeutically beneficial because they not only
help identify and classify glioma tumors but also
may provide novel targets for therapy. This article
highlights and reviews 4 important GB molecular
markers: epidermal growth factor receptor (EGFR),
EGFR variant Il (EGFRvIII), phosphatase and tensin
homolog deleted on chromosome 10 (PTEN), and
08-methylguanine-DNA methyltransferase (MGMT).

EGFR
Background on EGFR

EGFR is a cell surface transmembrane tyrosine
kinase (TK) receptor that belongs to a family of 4
related receptors: ErbB1/EGFR, ErbB2/Neu/Her2,
ErbB3/Her3, and ErbB4/Her4.* All members of
this family contain 3 basic components: an extra-
cellular ligand-binding domain, a transmembrane
portion, and an intracellular TK domain.® Upon the
binding of a ligand, the receptor transforms from
an inactive monomer into a catalytically active ho-
modimer that autophosphorylates its own C-
terminal tyrosines.® This dimerization stabilizes
the active receptor confirmation and generates
a docking site for proteins to be phosphorylated
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by the now-active TK domain. Activation of EGFR
leads to phosphorylation of downstream proteins,
including phosphatidylinositol 3-kinase (PI3K),
AKT, RAS, RAF, and mitogen-activated protein
kinases. These downstream proteins have been
associated with cell division, migration, adhesion,
differentiation, and apoptosis, making EGFR an
important player in tumorigenicity.”

EGFR signaling has been implicated in the path-
ogenesis of many human cancers, including head
and neck, ovarian, cervical, bladder, esophageal,
gastric, breast, endometrial, colorectal, and GB.%°
Often, EGFR expression or activity is enhanced
in tumors through gene amplification, aberrant
activity through autocrine overproduction of the
receptor ligands, or mutations to the EGFR gene.
In GBs, EGFR is overexpressed in approximately
40% to 50% of cases, and clinical and research
studies show that tumors with overexpressed
or amplified EGFR exhibit worse prognosis, in-
creased tumor aggressiveness, and resistance to
therapeutic treatments.* Furthermore, in vitro
studies have shown increased resistance to radia-
tion therapy in immortalized GB cell lines stably
transduced with EGFR.'®'" EGFR gene amplifica-
tion is 5-fold higher in primary GBs compared with
secondary tumors, and EGFR overexpression
occurs in approximately 60% of primary cases,
although this is found only in 10% of secondary
GBs.'2

Because aberrant EGFR activity plays an impor-
tant role in malignant transformation, new thera-
peutic strategies have been developed targeting
this gene. For instance, small-molecule TK inhibi-
tors and monoclonal antibodies (mAbs) have
been studied in clinical trials. Recently, newer treat-
ments, including RNA-based therapies, ligand-
toxin conjugates, and radioimmunoconjugates,
have had promising preclinical results.3-°

EGFR Inhibitors Targeting the ATP-Binding
Pocket

One of the earliest and most common methods of
inhibiting EGFR is the use of small molecules that
bind to the ATP-binding pocket of the TK domain,
thereby preventing autophosphorylation and
subsequent activation of the signal mechanism.
Imatinib and lapatinib are two examples of molec-
ular inhibitors of tyrosine kinases (others include
erlotinib and gefitinib) that were originally designed
to target similar TKs (ABL and HER2, respectively)
but were found to also inhibit EGFR. Phase | and Il
trials investigating these inhibitors in GBs have
demonstrated only modest clinical effects.?%2"
Even with small molecules that specifically inhibit
EGFR, such as erlotinib and gefitinib, the clinical

results are modest. In a phase Il trial, 38 recurrent
GB patients were treated with erlotinib monother-
apy after radiotherapy. Patients were found to
have a median progression-free survival (PFS) of
8 weeks, with only 3% of patients meeting a target
goal of PFS at 6 months.?? A separate, randomized
phase Il trial of 110 patients with progressive GB
after prior radiotherapy showed that only 11.4%
of erlotinib-treated patients with recurrent GB
had PFS after 6 months compared with 24% of
patients in the control arm treated with temozolo-
mide or carmustine (BCNU).2® No significant differ-
ence in overall survival was observed between the
2 treatment arms. When gefinitib was used as the
main treatment in a phase |l trial, 6-month PFS
occurred in 13% of the GB patients with no signif-
icant increase in median overall survival compared
with historical controls.?#2® In another phase Il trial
involving 98 newly diagnosed GB patients treated
with adjuvant gefitinib postradiation, the overall
survival at 1 year was 54.2% and PFS at 1 year
was 16.7%, results that are not significantly
different compared with historical controls.?® In
order to enhance the efficacy of gefitinib, a combi-
national study with an inhibitor to a mammalian
target of rapamycin (NTOR) was also conducted.
mTOR is located downstream of 2 well-known
EGFR substrates, AKT and PI3K, and by
combining the 2 inhibitors the goal was to inhibit
the PIBK/AKT signaling pathway in concert with
EGFR antagonism. In a phase | trial, patients with
recurrent, high-grade gliomas treated with gefitinib
and sirolimus (an mTOR inhibitor) showed that
44% of the patients achieved either partial
response or stable disease, with PFS similar to
that in a separate phase Il study involving gefitinib
treatment alone.?®?” More recently, the phase Il
trial of erlotinib plus sirolimus in adults with recur-
rent GB showed negligible activity.?® Another
study using gefitinib and everolimus treatment in
22 patients with recurrent GB showed 36% of
patients with stable disease and 14% with a partial
response but only one patient with PFS at 6
months.?°

Monoclonal Antibodies Blocking EGFR
Ligand Binding

Another method of inhibiting EGFR activity is by
blocking the ligands that bind to the EGFR
(epidermal growth factor, transforming growth
factor, heparin-binding epidermal growth factor-
like growth factor, amphiregulin, betacellulin, epi-
regulin, and epigen). mAbs, such as cetuximab
and nimotuzumab, were devised to compete with
EGF binding and were shown in vitro to decrease
the downstream signaling cascade of EGFR.



Cetuximab in preclinical studies was shown to
inhibit growth and increase apoptosis in GB cell
lines.3%3" There are conflicting data, however,
regarding whether EGFR amplification imparts ce-
tuximab sensitivity.3%32 In a phase I/l trial (GERT),
17 patients with confirmed GB pathology under-
went standard postoperative treatment of radia-
tion and temozolomide, followed by weekly
infusions of cetuximab. The median follow-up
was 13 months in this group. At 6 months, 81%
of patients had PFS, and at 12 months 87% of
patients were still alive. In another study, cetuxi-
mab was used to treat patients with recurrent
high-grade glioma after surgery, radiotherapy,
and chemotherapy. Patients were stratified into 2
treatment arms according to EGFR amplification
status. A total of 55 patients underwent treatment
with cetuximab (28 with and 27 without an
increased EGFR copy number). The median dura-
tion of PFS was 1.9 months, and the median over-
all survival was 5 months. The rates of 6-month
PFS and overall survival were 10% and 40%,
respectively.3® Lastly, cetuximab has also been
tried in a phase |l trial in combination with bevaci-
zumab (an mAb that inhibits vascular endothelial
growth factor A) and irinotecan (an inhibitor topo-
isomerase) for patients with primary GBs after
tumor progression after radiation therapy and te-
mozolomide treatment. The mean duration of
overall survival observed was 29 weeks, with
a mean time to tumor progression of 24 weeks.
Thirty percent of patients were free of tumor
progression at 6 months.3* Overall, use of cetuxi-
mab has shown limited activity in the GB patient
population as seen through the results of various
phase I/ll trials.

Studies using nimotuzumab, which targets the
extracellular domain of EGFR, found it to have
both antiangiogenic and proapoptotic effects. A
phase | trial using nimotuzumab and whole-brain
radiation in 28 individuals with newly diagnosed
high-grade gliomas after tumor resection (16 with
GB) found an objective response rate of 7.9%
(defined as either a complete or partial response).3®
Furthermore, the median duration of overall survival
observed was 22 months with a median follow-up
of 29 months. The results are promising but require
further studies, including a randomized control trial
to assess efficacy.

In order to generate a better GB therapy, EGFR
mAbs were attached to cytotoxic agents and eval-
uated in clinical trials. mAb-425 (a murine mAb
raised against human carcinoma cells that express
high levels of EGFR) was conjugated with sodium
iodide | 125 and was used to treat high-grade
gliomas in a phase Il study of 180 patients with
either GB or astrocytomas with anaplastic foci.®®

Commonly Monitored Markers

After radiolabeled mAb-425 was administered
after surgery and radiation therapy, the median
duration of overall survival rates of patients with
GB or astrocytomas with anaplastic foci was
13.4 and 50.9 months, respectively.

EGFRuvII
Background on EGFRvill

There are at least 10 classes of EGFR mutation
variants described in gliomas. EGFRUVIIl is the
most common variant of EGFR and is present in
approximately 24% to 67% of GBs.>”-3® EGFRuvIII
results from an in-frame deletion corresponding
to exons 2-7 of the EGFR gene, resulting in the
deletion of a large portion of the extracellular
domain.®® Despite the loss of the ligand-binding
region, EGFRvIlIl can homodimerize and auto-
phosphorylate, rendering it constitutively active.
In vitro studies have demonstrated that EGFRuvlII
expression can enhance cellular growth and
tumorigenicity, indicating that this mutant receptor
is oncogenic.*® The molecular mechanism by
which EGFRVIII can transform normal cells into
malignant brain tumors is not completely under-
stood, but expression of EGFRvIll was found to
correlate with increased activity of PI3K.#1+42

Clinical studies of EGFRUVIII revealed that this
mutant EGFR expression is expressed in a variety
of tumors, including medulloblastomas, non-small
cell lung carcinoma, breast cancer, and GBs.*® In
addition, many in vitro and in vivo studies show
that EGFRUVIII is specific to tumors and not present
in normal cells, making it an intriguing biomarker
for cancer. Yet, although its expression is cancer
specific, there is currently a debate over the prog-
nostic relevance of EGFRVIII in patients with GB.
In some studies, EGFRVvIIlI has not been found an
independent prognostic indicator of survival.*4-46
In other studies, however, results have been incon-
clusive or EGFRvIII found an unfavorable predictor
of survival.*’*°® For instance, a recent study
showed no significant change in short-term GB
survivors in patients with EGFRvIII expression,
0.96 to 1.07 years. In long-term GB survivors, there
was a negative correlation in which patients who
were EGFRUVIII positive had a survival of 1.21 years,
whereas EGFRvllI-negative patients survived on
average 2.03 years.5%®! Despite this controversy,
EGFRvIIl is an attractive target for malignant
gliomas and a variety of therapeutics have been
developed toward this gene.

Monoclonal Antibodies to EGFRvIII

Because EGFRVIIl is expressed on GB and not in
normal brain, mAbs have been developed to target
and destroy EGFRuvllI-expressing tumor cells. Two
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such antibodies, mAb 806 and mAb Y10, have
shown promising preclinical results as evident by
a significant reduction in tumor volume in vivo
and prolonged length of survival in mice.52-5% Con-
sistently, EGFRvIIl mAbs conjugated to cytotoxic
agents decrease glial tumor growth in mice,®®
and radiolabeling of EGFRVIII mAbs increased glial
cell death.5” Although these reports indicate that
EGFRvIIl mAbs may be an attractive GB thera-
peutic agent, no clinical trials have been conducted
on their efficacy in humans.

EGFRvIIl Vaccine Treatment

Another active area of research has been the
development of an EGFRvIIl vaccine for GB
patients. The preclinical studies had promising
results that culminated in series of recent clinical
trials evaluating active immunization with an
EGFRuvIIl peptide.®®®" During accrual for the ACTI-
VATE study, the Stupp and colleagues®? study
was published and the addition of postoperative
temozolomide became standard of care in treat-
ment of GB patients. In response, the ACT Il trial
was started. Twenty-one patients with newly diag-
nosed GB who underwent gross total resection
followed by concurrent radiotherapy and temozo-
lomide were recruited for treatment with the
EGFRuvIII peptide vaccine, now called rindopepi-
mut (CDX-110). The median PFS of all patients
was 15.2 months, and the overall survival from
time of diagnosis was 23.6 months. After adjust-
ment for age and Karnofsky performance status,
the risk of death of the vaccinated patients was
significantly lower than that observed in the
temozolomide-treated historical control group.
This trial also evaluated if ymphopenia from temo-
zolomide inhibits the immune response from the
peptide vaccination.®® Patients received either
a standard 5-day temozolomide schedule or a daily
dose-intensified regimen. Although the dose-
intensified group exhibited more profound lym-
phopenia, those patients mounted a stronger
immune response. Histologic samples were avail-
able for EGFRvIIl expression by immunohisto-
chemical analysis from 12 of 17 recurrent
tumors. Eleven of these samples had lost expres-
sion of EGFRuVIII.

As a result of these promising trials, ACT Ill was
started as a multicenter single-arm trial evaluating
the peptide vaccine in 65 patients with newly diag-
nosed EGFRuvlll-positive GBs enrolled after gross
total resection and standard chemoradiation. The
preliminary results demonstrate a median overall
survival of 24.3 months from the initial diagnosis.
Furthermore, more than 30% of patients have
survived more than 36 months from diagnosis.

ACT IV, a multicenter international, randomized,
placebo-controlled trial was verified in January of
this year to begin enrolling patients.

PTEN
Background on PTEN

One of the most frequent genes that is either
mutated or deleted in tumors is PTEN. PTEN was
originally identified in 1997 as a tumor suppressor
that was mutated in a variety of cancers, including
prostate, breast, and GB.®* PTEN is a phosphatase
that controls the activity of an upstream regulator
of PI3K, phosphatidylinositol (3,4,5)-trisphos-
phate. PTEN plays an important role in regulating
cell growth by regulating kinases, such as PI3K,
and subsequently AKT.

PTEN Role in GB Cell Lines

Much of what is known about PTEN in GB has
been done in cell lines and mouse models. PTEN
deletions in astrocytic cell lines were found to
have increased proliferation,®®¢ whereas reintro-
duction of PTEN to GB cell lines deficient in
PTEN suppressed proliferation.?66” PTEN has
also been implicated in migration and invasion,
traits particularly notorious in GBs. For instance,
PTEN gene deletions in early neural precursors re-
sulted in profound neuronal migration defects.%:6°
Additionally, glioma cells deficient in PTEN
demonstrated reduced cell invasiveness when
they were treated with PI3K inhibitors or through
the overexpression of PTEN. Together these find-
ings demonstrate that PTEN is involved in a variety
of cellular processes in GBs, including cell growth,
survival, and tumor invasiveness.

Clinical Significance of PTEN in GBs

Clinical studies monitoring PTEN expression in
GBs indicated that there could be a correlation
between PTEN loss and poorer patient prognosis.
Prior studies have shown that pediatric patients
with PTEN mutations found in pediatric malignant
astrocytomas have a poorer prognosis.”®”! In
adults, loss of chromosome 10qg has been found
to negatively affect survival for both high-grade
gliomas and GB independently.”>"# Unfortu-
nately, the conclusions drawn from these studies
are limited due to small sample size, and further
studies must be conducted to conclude whether
PTEN loss is a harbinger of poorer outcome.
Loss of chromosome 10q occurs more frequently
than genetic mutations (70% vs 25%). A study
by Zhou and colleagues’® found that 28% of
GBs, 7% of anaplastic astrocytomas, and 0% of
low-grade gliomas had PTEN mutations. The



lack of PTEN mutations in low-grade gliomas was
validated in several other studies and suggests
that PTEN loss most likely does not promote
a growth advantage early in GB development but
could be linked to increased invasiveness.
Although the clinical relevance of PTEN is still
unclear, a recent report studying drug efficacy in
GB patients indicated that PTEN might be a useful
biologic marker. In this study, a correlation
between coexpression of EGFRvIlIl and intact
PTEN in recurrent malignant glioma patients was
found to predict sensitivity to EGFR inhibitor mono-
therapy.”® Because PTEN expression decreases
PI3K activity, then mTOR inhibitors that inhibit the
PI3K pathway are expected to function in a similar
fashion if used in combination with EGFR inhibi-
tors—both lower PI3K levels. As discussed previ-
ously, however, in phase | and |l trials, EGFR
inhibition (ie, gefitinib) in combination with mTOR
inhibitor therapy has not proved effective in
GBs.?"?8 |t is possible, however, that positive
outcomes could have been missed because coex-
pression of EGFRvIIl and intact PTEN was not
specifically selected for in the 2 clinical phase trials.

MGMT
Background on MGMT

MGMT is a highly conserved protein involved in
DNA repair. The enzyme protects cells against
DNA damage by reversing alkylation at the O° posi-
tion of guanine.”” Specifically, the transfer of an
alkyl group to the active site of the enzyme results
in the removal of DNA base pairs incorrectly bound
to thymidine. If this correction is not made, the cell
undergoes apoptosis or cellular senescence.”®
Consequently, the presence of MGMT enhances
cell survival after DNA damage.

Clinical Significance of MGMT in GBs

MGMT became clinically relevant in GBs after
reports showed some predictive value attributed
to the absence of MGMT in patients undergoing
chemotherapy with alkylating agents. It was
observed that patients with low levels of MGMT
derived considerable benefit from BCNU
compared with patients with higher levels of
MGMT expression.”®®° In addition, low levels of
MGMT protein could predict prolonged PFS in
patients with glioma who were treated with
temozolomide.®"

Because there was mounting evidence that
MGMT expression predicted GB patient outcome,
researchers began studying how this gene is regu-
lated in GBs. Epigenetic methylation at the MGMT
promoter region was discovered to decrease tran-
scription of MGMT, thereby making the cells

Commonly Monitored Markers

vulnerable to DNA damage and cell death. The
process that promotes DNA damage could also
make mismatch repair-deficient cells more vulner-
able to alkylating agents. Applying this logic,
researchers subsequently investigated whether
gliomas with increased levels of methylation at
the MGMT promoter site were more susceptible
to alkylating agents. Silencing the MGMT pro-
moter has been observed in up to 93% of
low-grade gliomas® and 45% of GBs.8% These
findings suggest that a large percentage of GB
patients could be more responsive to chemo-
therapy if MGMT expression is decreased through
methylation.

MGMT Promoter Methylation as a Prognostic
Marker for GBs

The strongest support linking MGMT promoter
methylation status to prognosis of patients with
gliomas came from 2 large randomized clinical
trials, the European Organisation for Research
and Treatment of Cancer (EORTC) 26981/22981
and the National Cancer Institute of Canada
(NCIC) CE.3 trial.5>8% These trials demonstrated
that MGMT promoter methylation was able to
predict prolonged PFS in patients treated with te-
mozolomide and radiotherapy. The 5-year follow-
up data from the EORTC study further confirmed
that MGMT methylation was predictive of prog-
nosis in patients with GB.®* In this study, the
median overall survival for MGMT promoter meth-
ylated patients treated with radiotherapy and te-
mozolomide was 23.4 months versus 15.3
months for those receiving radiotherapy alone.
The median overall survival in patients with unme-
thylated MGMT promoters was 12.6 months in the
radiotherapy plus temozolomide group and 11.8
months for the radiotherapy-alone group.

The heterogeneity of malignant GBs across
patients, specifically the heterogeneity of MGMT
promoter methylation, requires more attention and
research. When this unresolved issue becomes
clarified, it will undoubtedly stratify patients into
further classes of treatment responders and lead
to more distinct prognostic groups. Currently,
methylation-specific polymerase chain reaction
(MSP) remains the only test that has repeatedly
shown predictive and prognostic value in identifying
methylated areas in clinical trials.8® Methylation
occurs at CpG islands by epigenetic forces. Tests
like MSP can detect the fraction of CpG islands
that are methylated at the MGMT promoter site in
patients with GBs. More recently, Shah and
colleagues,®® using quantitative bisulfate se-
quencing, determined the methylation status of all
97 CpG sites at the MGMT promoter site in tumor
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samples from 70 newly diagnosed GB patients who
subsequently underwent resection and radiation
therapy with concurrent temozolomide adjuvant
therapy. Of the 70 patients, 39 had 1-year PFS
data based on which Shah and colleagues®® were
able to propose a new classification scheme using
the methylation patterns observed.

Studies have also begun to show that variability
of methylation can lead to affects in survival. For
instance, a study by Krex and colleagues®”
showed that 75% of 5-year GB survivors demon-
strated MGMT promoter methylation. In another
study, patients with more than 29% MGMT meth-
ylation (over 12 CpG islands) had significantly
better outcomes than those with less methyla-
tion.®8 These preliminary studies provide impor-
tant insights not only into the variability between
GB patients that has been known for years but
also in regards to the variability between MGMT
methylation in patients with respect to treatment
responsiveness. Despite this new evidence, the
picture remains incomplete and still complex. For
instance, there are subsets of GB patients who
survive well beyond 5 years who do not possess
MGMT methylation, indicating other complex bio-
logic processes and interactions in GB. Neverthe-
less, methylation of the MGMT promoter region
seems an important factor influencing treatment
responsiveness.

MGMT promoter methylation has emerged as
one of the most important biomarkers of GB with
respect to predictive and prognostic value,
following the results of EORTC-NCIC clinical trials.
Several questions, however, remain: (1) How static
is the methylation status throughout temozolo-
mide and radiation treatment? (2) How do varia-
tions in the degree of methylation affect
outcomes? (3) What ultimately becomes the
most sensitive test to analyze methylation status?
(4) What other biomarkers along with MGMT
further stratify prognosis in patients? and (5) How
will this information be managed in clinical prac-
tice? (ie, Who will receive therapy and who will
be encouraged not to seek treatment despite
having a GB?) In the coming years, further insights
into the role of MGMT promoter methylation in GB
patients will provide answers to these questions,
as improving treatment of the devastating disease,
GB, continues to make strides.

MGMT Resistance to Temozolomide

Many GB cells develop chemoresistance to temo-
zolomide, and MGMT is thought to play an impor-
tant factor in GB resistance to temozolomide
therapy. GBs that possess high expression of
MGMT were found to have higher resistance to

temozolomide.?%%® To combat this resistance,
recent studies have begun to use therapeutic
agents to suppress, overcome, or sensitize
MGMT activity. A recent phase Il trial study used
the psuedosubstrate Of-benzylguanine con-
currently with temozolomide in recurrent,
temozolomide-resistant malignant glioma to over-
come the MGMT activity. The investigators were
unable to produce significant restoration of temo-
zolomide sensitivity in GBs, however. Other inves-
tigators have attempted to overcome MGMT
activity by using dose-intensified temozolomide
regimens, but thus far, this method has not
improved overall survival in these patients.

SUMMARY

To date, EGFR, EGFRvIII, PTEN, and MGMT are
the most clinically relevant molecular markers in
GB. This article reviews the biology and clinical
studies for these markers. There is a great need
to find more effective treatments for GB patients
afflicted with this highly aggressive and biologi-
cally complex disease. As technology improves,
more methods will be established to identify new
and better diagnostic and prognostic markers.
Advances in genomics, proteomics, and molecular
understanding of GBs will enable novel thera-
peutic targets to be identified and tested.
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High-grade gliomas (HGGs) encompass the most
malignant and the most commonly encountered
primary brain neoplasms in clinical neuro-
oncology practice, with an incidence of 5 cases
per 100,000 people.” They are commonly defined
to include World Health Organization grade Il
and IV glial-based neoplasms, most frequently
glioblastomas, anaplastic astrocytomas, and
anaplastic oligodendrogliomas. A multidisciplinary
approach to the management of these tumors
includes surgical resection when feasible, chemo-
therapy, and radiation therapy. Each of these
treatment components has contributed to in-
creased survival in patients with HGGs, with an
improvement in mean survival of 8 to 15 months
over the past 40 years.?

Radiation therapy has become a standard
component of the management of HGGs since
the 1970s.®* Advances in the understanding of
radiobiology have led to refinements in the delivery
methods of radiation, resulting in optimization of
radiation therapy in terms of dosage, fractionation
schedule, conformality, and treatment modalities.
Further development of new radiation technolo-
gies such as stereotactic targeting and delivery
has allowed physicians to investigate whether
focal radiation treatment may improve patient
outcomes as well.

RADIOBIOLOGY

The primary physiologic mechanism of radiation
therapy is through DNA damage; however, recent
advances in the understanding of radiobiology
have shown that ionizing radiation triggers a variety
of complex and dynamic responses in both normal
and neoplastic cells, leading to the concept of the
cell damage response.® There are 5 core concepts
of radiobiology within this concept of the cell
damage response (the 5 Rs of radiation): repair,
repopulation, reoxygenation, redistribution, and
radiosensitivity. These 5 concepts are being further
refined at the tissue, cellular and molecular level as
our understanding of radiobiology advances.®

Repair

The molecular biology of repair includes res-
ponses to various different types of cell death,
including mitotic death (within 1 to 2 cell cycles),
interphase death (death of sensitive cells within
hours), apoptotic death (programmed cell death),
necrotic death (caused by a pathologic rather
than physiologic process), and autophagy. Current
studies support that in response to DNA damage,
cells trigger elaborate signaling pathways to repair
the most lethal DNA damage, including double-
stranded DNA breaks and the induction of
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apoptosis. Complicated mechanisms of repair in-
clude base excision repair, single-strand repair,
homologous and nonhomologous recombination
of double-strand DNA breaks, and chromatin re-
modeling.®” Additional cell death pathways and
modulators are manipulated to increase repair,
including the p53-dependent apoptosis pathway,
survival proteins such as survivin,” and epidermal
growth factor receptor (EGFR)-mediated signaling
for increased repair.®°

Repopulation

Repopulation refers to the ability of neoplastic cells
to repopulate after radiation treatment. This repo-
pulation shows a lag period after radiation treat-
ment followed by the triggering of an enhanced
regenerative process or accelerated and aggres-
sive repopulation.’® The onset time of this repopu-
lation is variable, but growth factor signaling has
been found to play an important role in accelerated
regeneration of cancer stem cells (CSCs) after
radiation.

Reoxygenation

Oxygenated neoplastic cells are more sensitive to
radiation treatment secondary to the availability of
oxygen to participate in the generation of DNA
damage via the generation of free radicals. Reox-
ygenation of hypoxic tumor cell populations is
arrested via the cell damage response, with
hypoxia-induced genes, EGFR signaling, vascular
endothelial growth factor (VEGF) upregulation, and
neovascularization. Hypoxia inducible factor 1
also functions in a variety of pathways to create
enhanced neoplastic cell survival mechanisms
and radioresistance.’'-3

Redistribution

Redistribution of cells refers to the transition of cells
through their natural cell cycle, with differences in
their sensitivity to radiation at different points within
the cycle. Cells within the mitotic phase are most
sensitive to radiation damage, thus conveying
radiosensitivity to dividing neoplastic cells over
normal cell populations in other phases of the cell
cycle. However, ionizing radiation has been shown
to trigger cyclin-dependent kinase and EGFR
signaling, which interferes with cell cycle progres-
sion and results in the arrest of neoplastic cells in
relatively radioresistant phases.’

Radiosensitivity

Radiosensitivity reflects how cells have different
intrinsic genetic sensitivities to radiation and
usually reflects the shoulder in cell survival curves

that can be manipulated by various radioresist-
ance pathways.” The principles of radiobiology
described earlier can all be manipulated to convey
radioresistance, via enhanced DNA repair, in-
creased repopulation responses, hypoxia, and
inhibition of cell cycle redistribution.

Advances in Understanding Radioresistance:
The Perivascular Niche, CSCs, and Linear-
Quadratic Modeling

The tumor microenvironment, with its heteroge-
neous cell populations of fibroblasts, endothelial
cells, reactive inflammatory cells and microvas-
cular proliferating structures, is crucial to tumor
expansion and response to radiation.' lonizing
radiation induces a series of events that can lead
to a microenvironment favorable to neoplastic
growth and radiation resistance. These pathways
include a composite of cell loss and damage,
gene alteration, induced gene products,’® immu-
nosuppression, and hypoxia.®2 Recent evidence
suggests that the glial microenvironment, also
termed the perivascular niche, facilitates expan-
sion and differentiation of brain tumor stem cells.™®
Cell types, such as those listed earlier, are present
in the perivascular niche and promote cell damage
response and signaling pathways that initiate
repair mechanisms resulting in radioresistance.
The presence of hypoxia promotes the persis-
tence of stem cells and induces the upregulation
of proangiogenic factors such as VEGF. Complex
immunosuppressive pathways are activated, in-
cluding transforming growth factor § 1, which
acts to suppress antitumor immune responses,
enhance extracellular matrix production, and
augment angiogenesis, making neoplastic cells
more radioresistant.’”

The concept of the neural stem cell has also
further refined concepts of radiobiology and resis-
tance.’®2% Recent insights into tumor biology
suggest that in many cancers only a small subset
of cells, defined as CSCs, have the potential to
survive and proliferate indefinitely. This small
subpopulation of cells resists the exponential cell
kill that is generated during fractionated radiation
therapy. Consequently, these CSCs are believed
to be a primary reason that HGGs recur and are
resistant to known forms of therapy.?’ Research
has shown that CD133+ CSCs increase after
tumor radiation, conveying radioresistance sec-
ondary to increased activation of DNA damage
response.® Further identification and research of
these CSCs is required to determine their role in
glioma pathophysiology.

The cumulative impact of the classic concepts
of radiobiology as well as new concepts of the



perivascular niche and the CSC collectively form
the unique response profile of a tumor to radiation
as well as the response of normal surrounding
tissues. Advances in mathematical modeling of
the radiation responses of HGGs have led to the
application of the linear-quadratic (LQ) model.
The LQ model is used to calculate biologically
effective doses (BEDs) to compare various treat-
ment modalities or fractionation schedules.

BED=E=nd(1+i)_M
« 0‘/15 o

This model can be used to extract BEDs from
historical treatment cohorts to compare across
radiation modalities and fractionation schemes.
In addition, the LQ model can also be used to
gain understanding about how specific tumor
types respond to radiation and to predict how
this response might vary with alterations in frac-
tionation and dosage.??2%

[Tags: Radiobiology, repair, repopulation, redis-
tribution, reoxygenation, radioresistance, CSCs,
perivascular niche, linear-quadratic model].

DEVELOPMENT OF THE CURRENT RADIATION
TREATMENT PARADIGM
Initial Studies and Proof of Efficacy

Radiation therapy was initially observed to provide
survival benefit in patients with gliomas in a clinical
trial performed in 1967.2% Subsequently, a random-
ized controlled trial in 1978 confirmed this survival
benefit. In this trial, patients who received treatment
with BCNU chemotherapy and radiotherapy dis-
played a 16-week survival advantage over patients
receiving chemotherapy alone (34.5 weeks vs 18.5
weeks, P = .001). This trial established the efficacy
of radiation treatment in the multimodal therapy for
gliomas, with a treatment model of 50 to 60 Gy
delivered to the entire brain via 5 fractions per
week for 5 to 7 weeks.* Subsequent randomized
controlled trials have confirmed the survival benefit
conveyed by radiation therapy.?5-2°

Effect of Cumulative Radiation Dose
on Efficacy

With the knowledge that adjuvant radiation is effi-
cacious, additional studies aimed to address the
effect of cumulative radiation dose on survival.
These studies displayed an increase in overall
survival as the cumulative dose is increased up
to 60 Gy.203" As the cumulative dose is increased
past 60 Gy to doses up to 70 Gy, no additional
survival benefit is identified.®? In addition, analysis
of patient outcomes treated with dose escalation
as high as 90 Gy has shown that recurrence still
occurs locally, within radiation delivery.3® Because

Adjuvant Radiation Therapy

of these negative studies, 60-Gy radiation therapy
for HGG has remained the standard cumulative
dosage.

Effect of Hyperfractionation on Efficacy

Fractionation of radiation therapy represents
another variable that has been manipulated in
the attempt to optimize outcomes in patients
treated with radiation. Hyperfractionation is the
use of a larger number of smaller-dosed radiation
fractions and can be performed on a standard or
accelerated schedule. Hyperfractionation has the
positive effects of allowing repair of radiation
damage in normal nonneoplastic tissues, redistri-
bution of neoplastic cells to radiosensitive portions
of the cell cycle, and reoxygenation of tumor cell
populations that renders them more radiosensi-
tive. Hyperfractionation also carries the negative
effect of allowing time for the neoplastic cells to re-
populate. Standard conventional radiation therapy
is currently delivered in a hyperfractionated
format, with 30 fractions delivered over 6 weeks.

With the goal of combating fraction-related
neoplastic cell repopulation, multiple trials have
analyzed the survival outcomes with hyperfractio-
nated radiotherapy into even smaller and more
frequent fractions, with most as well as pooled
meta-analyses showing no survival advantages
(1 smaller trial reported a 10-week survival benefit
with further hyperfractionation).>3438 A follow-up
Radiation Therapy Oncology Group (RTOG) phase
Il trial also showed no efficacy from hyperfractio-
nation of 72 Gy delivered in 2 daily fractions of
1.2 Gy over 6 weeks.3940

Effect of Radiation Volume on Efficacy

Analysis of failures from radiation therapy has
shown that recurrence occurs locally, within 2
cm of enhancing tumor.334142 This finding is in
contrast to many other malignancies that spread
via metastasis or cerebrospinal fluid dissemina-
tion. The pattern of local failure has led to investi-
gations of varying radiation volumes, which have
guided the transition from whole brain radiation
therapy to more regionally focused treatment
plans with the goal of maximizing radiation delivery
to tumor cells while limiting delivery to normal
tissue. A randomized controlled trial reported no
survival difference between patients receiving
6020 cGy of whole brain radiation and those
receiving 4300 cGy of whole brain radiation plus
1720 cGy delivered to enhancing tumor volume
plus a margin of 2 cm.*® The results of this trial
have formed the standard regional delivery of radi-
ation in patients with HGG, as opposed to whole
brain radiation that was previously delivered. A
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recent RTOG phase | study used dose escalation
with conformal radiation therapy ranging between
66 and 84 Gy and reported no increase in rates of
radiation injury.*

[Tags: Glioma, glioblastoma, radiation, whole
brain radiation, radiotherapy, dose escalation,
fractionation, hyperfractionation].

RADIATION SENSITIZERS

As discussed earlier in relation to radiobiology,
there are multiple factors that contribute to the
resistance of a neoplasm to radiation treatment.
Therefore, multiple radiation sensitizing methods
have been investigated as to whether they can
increase efficacy of radiation and decrease radia-
tion damage to viable normal brain tissue. The 2
largest radioresistance pathways commonly tar-
geted are DNA repair mechanisms and hypoxia-
induced radioresistance.

DNA Damage and Repair-mediated
Radiosensitization

Ineffective mismatch repair has been postulated as
a mechanism by which radiation may be more
effective in treating various neoplasms, and this
was confirmed with in vitro and in vivo models.4®48
In 2005 Stupp and colleagues*® performed a ran-
domized controlled trial comparing radiotherapy
alone against radiotherapy with concomitant
temozolomide therapy. Temozolomide depletes
the DNA repair enzyme Of-methylguanine-DNA
methyltransferase (MGMT), resulting in mis-
matched base-pairing, failed DNA replication, and
cell death.?° This trial reported a significant survival
benefit of temozolomide, extending median
survival by 2.5 months, with minimal toxicity. Addi-
tional studies have also shown this survival benefit
for temozolomide as part of the standard treat-
ment regimen for HGGs.*%%152 The investigators
propose the interplay of radiation-induced DNA
damage and impaired DNA repair secondary to
temozolomide therapy as a synergistic effect
leading to the increased survival.*®

In contrast to limiting innate DNA repair mecha-
nisms, investigators have also studied whether
compounds that enhance DNA base-pair damage
with radiation might have efficacy as adjuvants to
standard therapy. One class of studied agents are
the halogenated pyrimidines, such as bromodeox-
yuridine, which are substituted for thymidine in
dividing cell DNA replication, leading to increased
lethality from radiation treatment. However, 2
phase Ill RTOG trials failed to show any efficacy
with bromodeoxyuridine treatment.53-54

Oxygen-mediated Radiosensitization

HGGs are known to have regions of hypoxia within
the tumor environment, which decreases effective-
ness of radiation therapy.5® Methods for overcoming
tumor-related hypoxia include extracorporeal treat-
ments such as hyperbaric oxygen, as well as
systemically administered pharmacologic agents.

The concept of hyperbaric oxygenation (HBO) as
a method of radiosensitization was initially studied
in the 1950s.%¢ Studies in HBO have been per-
formed primarily on head and neck cancer and
cervical cancer, showing some efficacy with
increased rates of radiation injury.”-® Khoshi and
colleagues®® published initial results on HBO treat-
ment in HGGs, followed by a nonrandomized trial
that reported increased survival in patients treated
with adjunct HBO.®° Other studies have shown the
feasibility of HBO therapy in conjunction with radi-
ation therapy.3®-1-64 Despite these results, there
are no randomized controlled trials reporting HBO
therapy as an efficacious adjunct to radiation
therapy. HBO is generally well tolerated; however,
it must be delivered in a strict time frame with
respect to radiation therapy, making its application
difficult in many clinical scenarios. Further investi-
gation is required to assess its efficacy.

Nitroimidazoles such as metronidazole and
misonidazole combat hypoxia via oxygen-mimetic
mechanisms.® They have been investigated as ra-
diosensitizers, with initial increased survival reported
in 1976°%; however, further randomized trials and
meta-analyses have failed to show any survival
benefit.3¢7®® Trans-sodium crocetinate (TSC) is an
investigational compound that increases blood and
tissue oxygenation by its interactions with water
and oxygen molecules. This increase in oxygen
concentration is proposed as a further mechanism
for combating the hypoxic and radioresistant milieu
of HGGs. In vivo studies have reported increased
oxygen concentrations selectively in tumor tissue
via Licox probes (Integra Life Sciences, Plainsboro,
NJ) and functional neuroimaging of hypoxia.®®"°
These and other studies have reported radiosensiti-
zation of glioblastoma cell lines by treatment with
TSC, with an increased mean survival in this animal
model.”""2 Clinical evaluation of TSC is ongoing.

[Tags: Radiosensitizers, hyperbaric oxygen, te-
mozolamide, trans-sodium crocetinate, nitroimi-
dazoles, halogenated pyrimidines].

PREDICTORS OF RESPONSE TO RADIATION
THERAPY
Tumor Factors

In an effort to determine whether any factors may
be predictive of response to radiation therapy,



resected glioma specimens were analyzed via
genetic and immunohistochemical studies. This
information provides prognostic information to
patients as well as helping tailor therapy toward
unique tumor populations. Molecular immunology
borstel-1 (MIB-1) did not predict survival or
response to radiation therapy.”® Upregulation of
EGFR showed equivocal accuracy in predicting
prognosis for patients with high-grade glioma,”
whereas deletion of nuclear factor kappa-B inhib-
itor alpha (NFKBIA)”® and an unmethylated MGMT
promotor’®77 were associated with poorer prog-
nosis in patients with high-grade glioma. EGFR
pathway manipulation has been implicated in ra-
dioresistance in vitro,”® whereas MGMT promoter
methylation status has been shown to be predic-
tive of radiation response in a recent clinical
study.”® Further research is required to stratify
HGGs into tumor subsets with clinically significant
prognostic and radiation response profiles.

Patient Factors

Recursive partitioning analysis (RPA) of pooled
data from several HGG RTOG trials was intro-
duced in 1993, allowing stratification of patients
in these trials with significantly different survival
curves. The variables in the initial RTOG model
with an effect on outcome included age, histology,
Karnofsky Performance Status (KPS), mental
status and neurologic function, duration of symp-
toms, extent of resection, and cumulative radiation
dose (Table 1).8° A simplified RPA scheme was
introduced in 2010 for patients with glioblastoma,
which resulted in 3 classes of patients based on
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age, KPS, extent of resection, and neurologic
function. This simplified model has been validated
and shown to provide prognostic information.®!
This newer classification scheme can be seen in
Table 2. Median survival for RPA class Ill (the
lowest class for a patient with glioblastoma) was
17.1 months, whereas it was 11.2 months for
RPA class IV, and 7.5 months for RPA class V +
VI. The patient factors identified in RPA analysis
show that pretreatment factors have a significant
prognostic significance.
[Tags: MGMT, EGFR, RPA, KPS].

MODIFICATION OF RADIATION DELIVERY
TYPES

Methods of Delivering Standard Fractionated
Radiotherapy

Before modern imaging techniques, whole brain
irradiation was used to deliver radiation to the
target tissue as well as all surrounding tissue.
Imaging advancements have led to an increased
ability to refine tumor shape and volume, thus
allowing the evolution of radiation delivery tech-
nigues from whole brain irradiation to
two-dimensional regional irradiation, to three-
dimensional conformal radiotherapy (Fig. 1). The
reduction of radiation delivery from whole brain
irradiation to regional field delivery is supported
by studies reporting no difference in survival with
improved performance status.*>®2 Intensity-
modulated radiotherapy (IMRT) uses a multileaf
collimator to divide the radiation delivery beam
into many smaller portions that can be modulated
into a desired shape. This strategy allows further

Table 1
RTOG RPA stratification of patients with HGGs

Class Definition

| Age <50y, anaplastic astrocytoma, and normal mental status

symptoms to initiation treatment

1l Age >50y, KPS 70-100, anaplastic astrocytoma, and at least 3 months from time of first

I} Age <50y, Anaplastic astrocytoma and abnormal mental status
Age <50y, Glioblastoma multiforme and KPS 90-100

v Age <50y, Glioblastoma multiforme, KPS <90

Age >50y, KPS 70-100, anaplastic astrocytoma and 3 months or less from time of first symptoms
to start of treatment
Age <50y, glioblastoma multiforme, surgical resection, and good neurologic function

Y Age >50y, KPS 70-100, glioblastoma multiforme, either surgical resection and neurologic
function that inhibits the ability to work or biopsy only followed by at least 54.4 Gy of RT
Age >50y, KPS <70, normal mental status
\ Age >50y, KPS <70, abnormal mental status

Age >50y, KPS 70-100, glioblastoma multiforme, biopsy only, receiving less than 54.4 Gy of RT

Abbreviation: RT, radiotherapy.
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Table 2
Simplified RTOG RPA stratification of
glioblastomas

Class Definition
Il Age <50y, KPS >90
v Age <50y, KPS <90

Age >50vy, KPS >70, surgical removal
with good neurologic function
Age >50y, KPS >70, surgical removal

with poor neurologic function
Age >50y, KPS >70, no surgical
removal
Age >50y, KPS <70

V + VI

restriction of the desired conformal radiation target
and minimization of radiation delivery to sur-
rounding tissues.®® IMRT may decrease rates of
radiation toxicity because of improved dose con-
formality, as reported in a dosimetric study that
showed significant reductions in cumulative dose
delivery to surrounding sensitive structures such
as the spinal cord, optic nerves, eyes, and
brainstem.®*

Stereotactic Radiation Techniques

Stereotactic delivery of radiation allows single or
multisession delivery of high doses of radiation,
with less radiation delivered to surrounding tissue.
Stereotactic radiosurgery (SRS) refers to single-
session radiation delivery, whereas stereotactic
radiotherapy (SRT) refers to radiation delivery in
up to 5 sessions.®5 These delivery methods offer
the benefits of shorter or even single-session ra-
diation delivery with decreased risk of radia-
tion injury to surrounding tissue, similar to the
highly conformal radiotherapy techniques listed
earlier. These techniques are also focal radiation

100.0
950
w0
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treatments that do not address tumor extending
into surrounding tissue outside the radiation treat-
ment field. However, as discussed earlier, most
recurrences after radiation therapy occur at the
previously treated tumor margin, and less
frequently at distant sites.

An RTOG phase Il trial studied the use of SRT as
a boost of radiation after conventional radiation
treatment in patients with residual tumor after
surgery. These patients received 4 additional
SRT sessions (1 per week) of 5 to 7 Gy per session.
This boost therapy was well tolerated, but did not
show any survival benefit.®¢ Retrospective studies
have reported varied survival advantages with
this treatment strategy after standard radio-
therapy.®”~°8 These retrospective studies promp-
ted an RTOG phase lll randomized controlled
trial with standard treatment compared with
patients receiving SRS boost treatment before
conventional radiotherapy. This trial reported no
benefit in survival or patient quality of life.%°
Although no large phase Ill trial has examined the
application of stereotactic radiation boost therapy
after conventional radiotherapy, this RTOG trial
led the American Society for the Therapeutic
Radiology and Oncology to issue a review that ra-
diosurgery boost followed by conventional ra-
diotherapy does not confer a benefit and is
associated with increased toxicity. The investiga-
tors further concluded that there was insufficient
evidence to support the use of SRS or SRT for
patients with malignant glioma at either diagnosis
or recurrence.'%°

Charged Particle Therapy

Charged particle therapy (ie, proton beam therapy)
offers further evolution on the goals of stereotactic
techniques using photons. The Bragg-Peak effect
of proton beam treatment creates a sharp fall-off

Fig. 1. (A) A preoperative axial T1-weighted magnetic resonance sequence after gadolinium administration in a patient
with a left frontal glioblastoma. (B) The postoperative conformal radiation delivery plan after gross total resection.



of radiation after target delivery, allowing even
further refinement in conformality with radiation
doses of at least 90 cobalt-Gray-equivalent.'®
However, photon-based therapy has shown local
failure at dose escalation up to 90 Gy.33 Therefore,
further research is required to evaluate the efficacy
of proton beam therapy clinically compared with
conventional photon radiation therapy for high-
grade gliomas.

[Tags: Radiosurgery, stereotactic,
conformal radiotherapy, proton beam)].

IMRT,

RADIATION THERAPY IN SPECIAL
CIRCUMSTANCES
Further Radiation Treatment in Recurrence

High-grade gliomas recur almost universally, and
as described earlier the recurrence patterns show
that nearly all tumors recur within 2 cm of the
primary tumor location. Salvage therapies include
repeat surgery, continued or altered systemic
chemotherapy administration, or further radiation
therapy. Repeat surgical resection has been re-
ported to offer survival benefit in certain selected
patients'%?; however, surgery without additional
adjuvant therapy may not be effective.%3

The administration of repeat radiation therapy has
been limited by concerns over fear of radiation-
related complications associated with increasing
radiation doses. Reexamination of radiation toxicity
after the advancements of increasing conformal
radiation delivery techniques have shown rare
cases of radiation necrosis, occurring at doses of
more than 100 Gy to normal tissue.’® Maximum
tolerances of critical structures such as the brain-
stem and optic apparatus are controversial.

The delivery method of repeat radiation therapy
can include conformal or IMRT techniques or
stereotactic methods. As described earlier, in-
creasing conformality limits the cumulative normal
tissue radiation dose and toxicity, suggesting
a possible role for stereotactic techniques to
minimize toxicity. Studies have reported survival
benefit compared with historical controls in
SRS, % and have attempted to delineate rates of
radiation toxicity associated with this type of
salvage treatment.°® On the other hand, fraction-
ated SRT may convey decreased toxicity com-
pared with single-session SRS.%” Further research
is required to determine the optimum method of
radiation delivery in recurrent HGGs.

Palliative Radiation Treatment

As described earlier, certain patient characteris-
tics are strongly associated with prognosis and
response to various therapies in patients with
HGGs. Specifically, older patients tend to
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have more aggressive disease and poorer out-
comes.'%110 |n addition, the combination of
chemotherapy and radiation therapy in elderly
patients is associated with significant morbidity.
Consequently, patients older than 70 years are
generally excluded from randomized trials and
are often not treated as aggressively as higher-
functioning, younger patients. This more conser-
vative treatment strategy is also true for patients
with a poor KPS at the time of presentation.
Despite the tendency to treat these patients less
aggressively, there is a clear survival benefit to
treating patients with radiotherapy as opposed to
supportive care.''? In these specific subsets of
patients, some groups have advocated a short
course of radiation therapy without concomitant
chemotherapy to a total of 40 Gy delivered in 15
fractions over 3 weeks. This treatment modality
has shown similar survival to standard radio-
therapy schema without a decrease in quality of
life.113

[Tags: Recurrent glioma, palliative radiation,
reirradiation].

SUMMARY

Radiation therapy is an integral part of the multi-
modality treatment of patients with HGG. An
understanding of the radiobiology and mecha-
nisms of radioresistance is critical for clinicians
involved in the management of these complex
patients. Advances in molecular biology are
prompting further investigation into methods to
improve the efficacy of chemoradiation in HGGs.
Further research in the use of radiation sensitizers
may assist clinicians in this regard.

Current radiation therapy schemas for HGGs are
supported by multiple clinical trials reporting effi-
cacy in increasing patient survival. Manipulation
of radiation delivery in terms of dose escalation,
hyperfractionation, and the radiation delivery
modality have allowed clinicians to give high doses
of radiation to neoplastic cells and progressively
limit the cumulative radiation dose to surrounding
normal tissues. Despite this situation, treatment
of HGGs is a palliative therapy, with local failure
being the near universal mode of recurrence and
progression. Further investigation is needed to
refine the role that radiation plays in the treat-
ment of these patients as understanding of the
molecular and genetic mechanisms of gliomas
evolves.
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High-grade gliomas (HGGs) include World Health
Organization (WHO) grade 3 anaplastic astrocy-
toma and grade 4 (glioblastoma multiforme
(GBM). Although HGG rarely results in distant
metastasis, the condition’s seemingly relentless
local microproliferation renders its cure impossible
(at least in the current technology). Even with the
latest imaging and surgical technologies, the exact
demarcation of the tumor and its proliferation
cannot be determined. This makes the localization
of the target an unachievable task. Another unique
nature of brain tumor is that the brain is an unfor-
giving organ that contains many vital structures
that many a time HGG involves. The outcome for
HGG remains grim despite advancing multimodal-
ity treatments, including surgery, chemotherapy,
and radiotherapy.

The exact mechanism of radiotherapy is still
uncertain. However, the majority supports the notion
that double-stranded breaks of the nuclear DNA are
the most important cellular effect of radiation. This
breakage causes an irreversible loss of reproductive
integrity of the cell and eventual cell death. Radio-
therapy also uses ionizing radiation to interact with
water molecules within the cell, which releases free
radicals, whereby causing additional DNA damage.

Soon after the discovery of x-rays by Roentgen
in 1895, there were reports that patients with
cancers were being successfully treated with
radiotherapy.®

Frankel and German* published one of the
earliest reports on radiotherapy for glioblastoma
in 1958. The investigators reviewed 219 cases of
GBM. Forty-seven patients received radiation
doses varying between 2700 and 5900 rads
(cGy), and 21 of these patients completed radio-
therapy within 60 days after operation. When
compared with 62 patients who underwent
surgery alone and were alive 60 days after opera-
tion, the investigators found that there was a signif-
icantly greater percentage of survivors in the
irradiated group during the first 12 months. This
difference disappeared after the first year. The
investigators concluded that routine postoperative
radiation effectively prolonged the palliative
effects of surgery and proposed a more general
usage of radiotherapy. In terms of surgery, they
found that a more radical removal offered the
best prognosis with regard to operative mortality
and survival time.

Radiotherapy is now routinely used as part of
the treatment regimen for HGG. Its efficacy and
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accuracy is continuing to be studied. Problems
such as target accuracy and treatment-related
complications remain the major evaluation issues.
However, with advancing imaging and treatment
delivery methods, conclusions and treatment
protocols are improving safety and efficacy.

This article reviews the history as well as the
recent advances in radiation treatments of HGG.

DEFINITION OF THE EXTENT OF RADIATION

lonizing radiations are electromagnetic species
that are capable of producing ions as they pass
through matter. Photon, out of many types of radi-
ation, is most commonly used for patient treat-
ment. Photons may come in the form of x-rays or
gamma rays. These rays are widely available in
the hospital setting, produced by affordable linear
accelerators (LINACs) or cobalt units. lonizing
heavy particles are also used for radiotherapy.
They are generated by larger and expensive cyclo-
trons and are therefore less available than photons
in health care. The most commonly used heavy
particle is the proton; however, there is also a large
experience with alpha particles generated from
helium. More recently, the interest on carbon-
generated beam is increasing. The advantage of
these expensive particle beams is that they can
be sharply stopped as they cross the tumor, there-
fore depositing the maximum ionizing radiation
energy in the tumor itself, without exit dose to
normal tissue, as occurring with photons.

ESTABLISHMENT OF RADIATION AS PART OF
THE MULTIMODALITY TREATMENT OF HGGs

Although radiation therapy has been used in treat-
ing primary brain tumors since the early 1900s,
there was no scientific evidence that it was effica-
cious and safe. In 1979, Walker and colleagues®
published their report on the analysis of dose-
effect relationship for malignant gliomas based on
the experience of the Brain Tumor Study Group.
They compared the median survival in patients
who did not undergo radiotherapy (18 weeks) with
that in those who were irradiated using radiation
doses of 45 Gy or less (13.5 weeks), 50 Gy (28
weeks), and 60 Gy (42 weeks). The investigators
found an increase of 1.3 times in median life span
associated with the higher dose between 5000-
and 6000-rads (cGy) groups. They concluded that
radiotherapy had a significant influence on the
survival of patients with malignant glioma, and
a clear-cut dose-effect relationship was found. At
around the same time, the Scandinavian Glioblas-
toma Study Group also published the results of
a multicenter randomized trial on adjuvant

irradiation for operated HGGs,® disclosing that
45-Gy whole-brain irradiation increased median
survival from 5.2 to 10.0 months. To investigate
the relationship between radiation dosage and
survival, Salazar and colleagues’ compared
groups of postoperative patients with GBM who
were given radiation doses of 50, 60, and 75 Gy.
The investigators found patients’ survival to be
30, 42, and 56 weeks among the groups given 50,
60, and 75 Gy, respectively. The increase in median
survival was only significant between the extremes
and not between the intermediate dose, leading to
the conclusion that higher radiation doses (75 Gy)
did not significantly alter overall survival and could
increase risk of radiation necrosis. Still in the 1990s,
arandomized trial by the Medical Research Council
also demonstrated an improvement in median
survival from 9 to12 months when 60 Gy was
compared with 45 Gy.® Both this and the Brain
Tumor Cooperative Group trials led to the conclu-
sion that 60 Gy is the ideal dose for adjuvant post-
operative radiotherapy for HGGs.

In a systematic review of radiotherapy for newly
diagnosed malignant glioma, 6 randomized trials
detected a significant survival benefit favoring
postoperative radiotherapy compared with no
radiotherapy.® Another randomized trial detected
a small improvement in survival with 60 Gy in 30
fractions over 45 Gy in 20 fractions. It was con-
cluded that postoperative external beam radio-
therapy (EBRT) is recommended as standard
therapy for patients with malignant glioma. The
high dose volume should incorporate the en-
hancing tumor plus a limited margin (eg, 2 cm) for
planning target volume (PTV), and the total dose
delivered should be in the range of 50 to 60 Gy in
fraction sizes of 1.8 to 2.0 Gy.

In 2005, a joint European Organization for
Research and Treatment of Cancer (EORTC)
and National Cancer Institute of Canada (NCIC)
randomized trial found that concomitant and adju-
vant temozolomide significantly increased the
median survival of patients with GBM from 12.1 to
14.6 months and more than doubled the 2-year
survival (26.5% vs 10.4%).'° The current standard
treatment after resection or biopsy of GBM is frac-
tionated focal radiotherapy (60 Gy, 30-33 fractions
of 1.8-2 Gy, or equivalent doses per fractionations)
with concomitant chemotherapy with temozolo-
mide (dose of 75 mg/m?) daily (7 days per week) fol-
lowed by 5-day cycles every 4 weeks to complete.
The result of the 5-year analysis of this trial was
published in 2009."" The investigators found that
benefits of adjuvant temozolomide with radio-
therapy lasted throughout 5 years of follow-up in
all clinical prognostic subgroups, including patients
aged 60 to 70 years.



Other chemotherapeutic agents have also been
tried along with radiation for the treatment of
HGGs. In a retrospective study examining the
effect of reirradiation with bevacizumab for recur-
rent HGGs, patients who were previously treated
with standard radiotherapy received bevacizumab
(10 mg/kg intravenous) on day 1 and day 15 during
administration of 36 Gy in 18 fractions.'? It was
noted that the overall survival was significantly
better in patients receiving bevacizumab than in
those receiving no additional substance or temo-
zolomide. The conclusion was that reirradiation
with bevacizumab is feasible and effective for
recurrent HGGs.

IMPORTANCE OF SURGERY FOR RADIATION
TREATMENT

Surgery is usually performed for either tissue diag-
nosis or tumor debulking purposes. In a review of
the literature of both HGGs and low-grade
gliomas, Sanai and Berger'® showed that more
extensive tumor resection is associated with
longer life expectancy. Increasing the extent of
resection was also found to be associated with
improved survival independent of age, degree of
disability and WHO grade, or subsequent treat-
ment modalities used in both primary and repeat
resection of malignant gliomas.'* However, for
tumors that are located in eloquent areas of the
brain or for patients with poor premorbid status,
a biopsy of the tumor may be more appropriate.

MODERN TECHNIQUES OF RADIATION FOR
HGGs BASED ON MODERN IMAGING

Gliomas have no capsule and infiltrate the
brain, particularly along the white matter tracts
diffusely.’® This makes definition of the tumor
extent extremely difficult with the conventional
radiologic technology. Without a definite margin,
it is virtually impossible to plan a radiation treat-
ment targeting only the tumor and sparing normal
tissue. The current practice is to irradiate the
tumor-involved tissue based on T2-weighted MRI
along with an additional 2-cm margin. This prac-
tice is based on studies showing that most tumors
recur within a 2-cm margin.'®

However, modern MRI sequences promise to
shed light on this difficult issue. Diffusion tensor
imaging (DTI) is a modification of diffusion-
weighted imaging that is sensitive to the preferen-
tial diffusion of brain water along axonal fibers and
hence is useful in demonstrating white matter tract
anatomy and can detect subtle changes in
diseased white matter tracts (Fig. 1). Thus, many
studies have been performed to investigate the
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usefulness of DTl in demonstrating the extent of
HGGs. One of these studies compared DTI with
T2-weighted 3-T MRI. The investigators found
that subtle white matter disruption is identified
using DTI beyond what was seen on T2-weighted
images of patients with HGGs.'” This DTl white
matter disruption was not apparent in metastatic
lesions or low-grade gliomas. Correlative studies
of DTl abnormalities and histologic confirmation
have been conducted to determine the accuracy
of DTl in detecting tumor infiltration by HGG. One
study found a sensitivity of 96% and a specificity
of 85%.18

In an attempt to put DTI planning to test, Jena
and colleagues' compared standard planning
with individualized planning based on DTI findings.
Standard plans were generated using a clinical
target volume (CTV) margin of 2.5-cm added to
the gross tumor volume (GTV) and were compared
with DTl-based plans in which the CTV was gener-
ated by adding a 1-cm margin to the tumor-
involved margin. The investigators found that DTI
could reduce the size of the PTV by a mean of
35% and resulted in an escalated dose (mean,
67 Gy; range, 64-74 Gy), with normal tissue
complication probability (NTCP) matching that of
conventional treatment plans. Findings from
studies that showed most tumors recurred in the
high-dose treatment volume rather than at the
margin seem to suggest that local tumor recur-
rence may not be caused by inadequate treatment
volume or margin but rather insufficient dose to the
central tumor.2° Thus the investigators conclude
that DTI can be used to individualize radiotherapy
target volume with reduction of CTV, yielding
modest dose escalation without increasing the
NTCP.

L-(methyl-11C) methionine-labeled positron
emission tomography (MET-PET) has been shown
to have higher specificity and sensitivity in tumor
delineation than MRI.2! L-(methyl-11C) methionine
(MET) is a natural amino acid avidly taken up by
glioma cells, with only a low uptake in normal brain
tissue. Comparative analysis between computed
tomography (CT), MRI, MET-PET, and stereotactic
biopsies has shown that MET-PET has greater
accuracy in defining the extent of gliomas than
CT and MRI. In a study comparing MET-PET and
MRI for GTV definition for radiotherapy planning
of HGG,?? it was found that the size and location
of residual MET uptake differ considerably from
that found on postoperative MRI. Given the known
high accuracy of MET-PET for detection of tumor
tissue, these findings suggest that MET-PET may
significantly improve the definition of target
volumes in patients with HGGs. It was also
proposed that using MET-PET/MRI fusion imaging
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Fig. 1. Fiber tracking superimposed to gadolinium-enhanced MRI to disclose the relationship of the tumor to the
eloquent cortical and white matter areas. These areas are to be avoided in surgery and in radiosurgery planning.
(A) Visualization of the relationship of the tumor with the cortex (magenta and green), with the projection of the
cortical tracts also in green. It has disclosed 2 angles of visualization. (B) Axial view of the tumor in the right pari-
etal area. (C) Sagittal view of the relationship of the tumor with the motor area. (B) and (C) are gadolinium-

enhanced T1-weighted magnetic resonance images.

and combining the biological characterization of
the tissue with accurate presentation of the
anatomy, a more precise delineation of the target
volume for radiotherapy planning could be
achieved. An important disadvantage of MET
includes the low physical half-life of about 20
minutes, requiring an on-site cyclotron.

As further evidence to support the usage of
MET-PET in radiotherapy planning for HGG, one
study looked at the usage of MET-PET/CT/MRI
fusion to determine the GTV for stereotactic frac-
tionated radiotherapy for reirradiation of recurrent
HGGs.?®> In this prospective nonrandomized
single-institution trial using stereotactic fraction-
ated radiotherapy (SFRT) reirradiation plus
temozolomide, MET-PET or iodine | 123 a-methyl

tyrosine  single-photon computed emission
tomography (SPECT)/CT/MRI fusion and CT/T1
plus gadolinium-enhanced MRI integrated radia-
tion treatment plans were compared. Six fractions
of 5 Gy were administered in 6 days. Temozolo-
mide, 200 mg/m? body surface per day, was
administered in 1 to 2 cycles before SFRT and 4
to 5 cycles after SFRT. The median survival time
for patients with treatment planning based on
PET(SPECT)/CT/MRI was significantly longer
than those having radiation planning using
anatomic imaging (CT/MRI) alone, 9 months
versus 5 months, respectively. It was concluded
that biological imaging-optimized SFRT plus te-
mozolomide in recurrent HGGs was feasible and
safe and led to a significantly longer survival.



HGGs are generally considered to be radiore-
sistant because of the hypoxic nature of the cells.
Molecular oxygen is known to be a powerful modi-
fier of cell sensitivity to radiation. The biological
effect of ionizing radiation has been reported to
be increased by about 3-fold when irradiation is
performed under well-oxygenated conditions.?*
Hyperbaric oxygenation (HBO) is used to assist in
the repair of radiation-induced damage, because
it is thought that high oxygen tension promotes
neovascularization in tissues of irradiated patients.
A recent phase 2 trial investigating the long-term
results of radiotherapy administered immediately
after HBO with multiagent chemotherapy in adults
with HGGs was published.?® Patients with histo-
logically confirmed malignant gliomas were irradi-
ated daily with 2-Gy fractions for 5 consecutive
days per week up to a total dose of 60 Gy. Each
fraction was administered immediately after
HBO. The chemotherapeutic agents used were
procarbazine, nimustine, and vincristine; these
were given during and after radiotherapy. The
median overall survivals in patients with GBM
and grade 3 glioma were 17.2 and 113.4 months,
respectively. No patient developed neutropenic
fever, intracranial hemorrhage, or serious nonhe-
matologic or late toxicities. It was concluded that
the use of radiotherapy immediately after HBO
with chemotherapy for HGGs was safe, with virtu-
ally no late toxicities, and seemed effective.

High linear energy transfer-charged particle
therapy with carbon ions has been investigated
in the treatment of HGGs because of its better
dose localization in the tumor volume and greater
biological effectiveness. Because carbon ions
have inverted dose profile and high local dose
deposition within the Bragg peak, precise dose
application and sparing of normal tissue are
possible. A phase 1/2 clinical trial for patients
with malignant gliomas treated with combined
radiotherapy, chemotherapy, and carbon ion
radiotherapy was published in 2007.26 Patients
with confirmed HGGs were treated with 50 Gy in
25 fractions for 5 weeks of radiotherapy followed
by carbon ion radiotherapy in 8 fractions for
2weeks. Nimustine hydrochloride at a dose of
100 mg/m? was given with radiotherapy. Carbon
ion dose was increased from 16.8 to 24.8 Gy
equivalent in 10% incremental steps. The median
survival times for grade 3 gliomas and GBM were
35 months and 17 months, respectively. The
median progression-free survival and median
survival time showed 4 and 7 months for the low-
dose group, 7 and 19 months for middle-dose
group, and 14 and 26 months for high-dose group.
It was thus concluded that carbon ion radiation
seems to be effective in the treatment of HGGs
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and that dose escalation of carbon ions has
a statistical significance in the overall survival
and progression-free survival of HGGs. This and
other studies have led to a randomized phase 1/2
trial evaluating the effects of carbon ion radio-
therapy versus fractionated stereotactic radio-
therapy (FSRT) in recurrent or progressive
gliomas.?” In phase 1 of the carbon ion radio-
therapy versus fractionated steretotactic radio-
therapy in patients with recurrent or progressive
gliomas (CINDERELLA) ftrial, the recommended
dose of carbon ion radiotherapy was determined
in a dose escalation scheme. In phase 2, the rec-
ommended dose was evaluated in the experi-
mental arm compared with the standard arm,
FSRT with a total dose of 36 Gy in single doses
of 2 Gy. The primary end point of phase 1 was
toxicity. For the randomized phase 2, the primary
end point was survival after reirradiation at 12
months and the secondary end point was
progression-free survival.

ROLE OF STEREOTACTIC RADIOSURGERY
AND STEREOTACTIC RADIOTHERAPY FOR
MANAGEMENT OF HGGs

Stereotactic radiosurgery (SRS) is a technique in
which high doses of radiation can be delivered
accurately in a single session to small intracranial
targets in such a way that the dose falloff outside
the target volume is very sharp (Fig. 2). One of
the first reports on the usage of LINAC-based ra-
diosurgery using noncoplanar arcs for the treat-
ment of brain tumors was published in 1985.28
Of the 6 patients with adequate follow-up, 1 had
a grade lll astrocytoma, but the patient’s condition
worsened within 2 months and required reopera-
tion. Several studies were published on patients
treated with SRS boost in the primary treatment
of HGGs. Median survival of patients quoted
showed no benefit in survival when compared
with results of historical controls. The authors’
data showed no benefit of SRS for primary and
recurrent malignant gliomas.2® Selection bias
with these studies was raised, including small
tumor size, more complete resection, good
response to initial therapy, and premorbid good
performance status. Shrieve and colleagues®°
published the results of a study investigating the
usage of 6-megavolt LINAC radiosurgery as an
adjunctive therapy for patients with confirmed
GBM after EBRT. The investigators reported
a median survival of 19.9 months; patients with
Radiation Therapy Oncology Group (RTOG) class
3 had a significantly longer survival than class 4
and 5, and younger patients with better functional
status fared better. It was concluded that
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95.0 % = 15.00 Gy
P

Fig. 2. Positron emission tomography with fludeoxyglucose F 18 aiding in the planning for radiosurgery. Notice
that intensity modulation was used to increase the dose concentration to the glucose-avid portion of the GBM.
(A) Delineation of the area of GTV. (B) Dose distribution with higher isodose coverage over the specifically chosen

area of the tumor.

radiosurgery boost had a survival advantage in
selected patients. In another retrospective study
that reviewed Gamma Knife radiosurgery (GKR)
as an adjuvant therapy for postoperative patients
with GBM, a group of patients that was treated
with EBRT alone was compared with patients
who were treated with EBRT plus a GKR boost
within 6 weeks after EBRT.3'" Median EBRT dose
was 59.7 Gy and median GKR dose was 17.1
Gy. The median survival of the EBRT-only group
versus the EBRT plus GKR group was 13 months
and 25 months, respectively (P = .034). Thus it
was concluded that GKR boost in conjunction
with surgery and EBRT significantly improved the
overall survival time. Contrary to this finding, Buatti
and colleagues® reported the findings of LINAC
SRS boost for patients with GBM with a tumor
size of up to 4 cm and found that all 11 patients
had disease progression within 1 year and only 3
of the 11 patients were alive at the 13-month
follow-up. The efficacy of SRS boost was chal-
lenged. In 2004, the RTOG group reported the
findings on a multi-institutional randomized
prospective phase 3 trial evaluating SRS boost in
patients treated for GBM (protocol 9305).3% The
use of SRS boost followed immediately by EBRT
(60 Gy) was compared with EBRT (60 Gy) only in
patients with GBM. The dose of radiosurgery
was tumor size dependent and ranged from 15
to 24 Gy. Both groups received carmustine
(BCNU) (80 mg/m?) chemotherapy. Median sur-
vival was 13.5 months for the SRS plus EBRT
group compared with 13.6 months in the EBRT-
only group. The 2- and 3-year survival ranges
also had no significant differences. Therefore,
SRS boost before EBRT and BCNU showed no
improvement in survival. This contradicted several
earlier reports that indicated an improved survival
for SRS-treated patients and could be attributed

to a selection bias. However, there was a differ-
ence in the temporal sequencing of the SRS; this
may have affected the results of the studies.

SRS therapy has also been used as a salvage
treatment in patients with recurrent malignant
gliomas. Patients with a confirmed history of
HGGs and who underwent previous resection or
biopsies followed by fractionated brain irradiation
with recurrence were treated with SRS.3* The
size of recurrence was limited to less than 3 cm,
and LINAC was used in the first few patients, but
most patients received GKR. This study found
a significantly prolonged survival as a salvage
treatment of GBM but not of grade 3 gliomas
when compared with the historical control group:
23 months versus 12 months, P<.0001. It was
thus concluded that SRS was a safe and effective
modality in selected patients with recurrent small-
sized GBM.

GBM has been found to undergo molecular
changes during radiotherapy, leading to acceler-
ated proliferation with diminished effectiveness of
prolonged fractionated irradiation.®® To shorten
the overall treatment time to decrease the oppor-
tunity for accelerated repopulation while delivering
a total dose near or greater than standard treat-
ment courses, accelerated radiotherapy sched-
ules have been developed. This may be achieved
by multiple treatments daily with a lower fraction
size or using concomitant boost with higher doses
on selected days during a treatment course.

FSRT is a method of delivering localized radia-
tion and uses noninvasive immobilization tech-
niques that allow fractionation. The usage of
FSRT for boost delivery on a weekly basis
combines the advantage of delivering a higher
dose to the tumor with the potential benefit of frac-
tionation. A phase 2 multi-institutional trial was
performed to assess the feasibility, toxicity, and



efficacy of dose-intense accelerated radiation
therapy using weekly FSRT boost for patients
with GBM.3® Patients with GBM and postoperative
enhancing tumor plus a tumor cavity diameter less
than 60 mm were included. A standard radiation
dose of 50 Gy was given in daily 2-Gy fractions.
Patients also received 4 FSRT treatments once
weekly during weeks 3 to 6. The dosage of FSRT
was either 5 or 7 Gy per fraction and was given
for a cumulative dose of 70 or 78 Gy in 29 (25 stan-
dard radiation therapy + 4 FSRT) treatments over
6 weeks. After radiation therapy, BCNU at 80
mg/m? was given for 3 days, every 8 weeks, for
6 cycles. Median survival time was 12.5 months.
There was no survival difference compared with
the RTOG historical database. However, patients
who underwent gross total resection had a signifi-
cantly longer median survival time than the histor-
ical controls with gross total resection. It was
concluded that FSRT boost for GBM was feasible
and well tolerated, but there was no significant
survival benefit in using this dose-intense radiation
therapy regimen. It was also found that gross total
resection with minimal disease burden may benefit
from this form of accelerated radiation therapy.

Another study evaluated the effect of FSRT for
recurrent low-grade glioma and HGGs.?” FSRT
was given with a median dose of 36 Gy in median
fractionation of 5 x 2 Gy/wk. The median overall
survival after primary diagnosis was 21 months
for patients with GBM and 50 months for patients
with grade 3 gliomas. Median survival after reradi-
ation was 8 months for GBM and 16 months for
grade 3 gliomas. Progression-free survival after
FSRT was 5 months for GBM and 8 months for
grade 3 gliomas; it was concluded that FSRT
was well tolerated and may be effective with recur-
rent gliomas.

Hypofractionated stereotactic radiotherapy (H-
SRT) is a form of FSRT that is able to deliver treat-
ment over 2 weeks versus 3 to 4 weeks with
standard fractionation. This is particularly impor-
tant when considering the grim prognosis for
patients with HGGs for whom short treatment will
definitely enhance the quality of life. Fogh and
colleagues®® reported the effect of H-SRT for
recurrent HGGs. The aim of this study was to
determine the efficacy and toxicity profile of H-
SRT alone or in addition to repeated craniotomy
or concomitant craniotomy. Patients with recur-
rent HGGs were treated with H-SRT (median
dose, 35 Gy in 3.5-Gy fractions). Significant
improvement in survival from H-SRT was found
with factors such as younger age, smaller GTV,
and shorter time between diagnosis and recur-
rence. No significant benefit of surgical resection
or chemotherapy in this population was found
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when analysis was controlled for other prognostic
factors. The investigators concluded that H-SRT
was well tolerated with minimal adverse effects
and results in favorable survival benefit indepen-
dent of reoperation or concomitant chemotherapy.

Cho and colleagues® published a study
comparing SRS and FSRT in the treatment of
recurrent HGGs. Of the 71 patients in the pool,
65% received SRS and 35% underwent FSRT.
Median SRS dose was 17 Gy delivered to 50%
isodose surface. In the FSRT group, the median
dose of 37.5 Gy was given in 15 fractions to the
median of 85% isodose surface. Actuarial median
survival time was 11 months for the SRS group
and 12 months for the FSRT group. Patients in
the SRS group was noted to have more favorable
prognostic factors, with a median age of 48 years,
Karnofsky Performance Scale (KPS) of 70, and
tumor volume of 10 mL versus median age of 53
years, KPS of 60, and tumor volume of 25 mL in
the FSRT group. Late complications developed
in 14 patients in the SRS group and 2 patients in
the FSRT group (P<.05). It was deduced that
patients who underwent FSRT had survival
comparable to those with SRS but with poorer
pretreatment prognostic factors and a lower risk
of late complications. Thus, FSRT may be a better
option for patients with larger tumors or tumors in
eloquent structures.

In 2005, a systematic review of the evidence for
the use of SRS or FSRT in patients with malignant
glioma found that there was level 1 to 3 evidence
that the use of SRS boost followed by EBRT and
BCNU did not confer benefit in terms of overall
survival, local tumor control, or quality of life
compared with EBRT and BCNU. The use of
SRS boost was also associated with increased
toxicity. There was insufficient evidence regarding
the benefits/harms of using SRS at the time of
progression or recurrence. There was also insuffi-
cient evidence regarding the benefits/harms in the
use of FSRT for newly diagnosed or progressive/
recurrent malignant glioma.*®

Some studies have found that daily repeated
irradiation of malignant glioma cells with low doses
compared with irradiation with a single biologically
equivalent dose resulted in significantly higher cell
killing. Hyperradiosensitivity defines the phenom-
enon that some human cell lines (including malig-
nant glioma cells) are sensitive to killing by low
radiation doses (<1 Gy).*! Ultrafractionation radia-
tion therapy is a novel regimen consisting of irradi-
ating tumors several times daily, delivering low
doses (<0.75 Gy) at which hyperradiosensitivity
occurs. A phase 2 clinical trial has been performed
to determine the safety, tolerability, and efficacy of
an ultrafractionation regime in patients with newly
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diagnosed and inoperable GBM.*? Three daily
doses of 0.75 Gy were delivered at least 4 hours
apart, 5 days per week over 6 to 7 consecutive
weeks (90 fractions for a total of 67.5 QGy).
Conformal irradiation included the tumor bulk
with a margin of 2.5 cm. The ultrafractionation
radiation regimen was safe and well tolerated
with no acute grade Ill and/or IV central nervous
system toxicity observed. Median progression-
free survival and overall survival from initial diag-
nosis were 5.1 and 9.5 months, respectively.
When compared with EORTC/NCIC trial in both
progression-free survival and overall survival
multivariate analysis, ultrafractionation showed
superiority over radiotherapy alone but not over
radiotherapy and temozolomide. Thus ultrafractio-
nation regimen is safe and may prolong the
survival of patients with GBM.

SUMMARY

There is evidence that dose escalation improves
survival in patients with HGG. However, there is
a turning point where the complications secondary
to radiation necrosis compromise quality of life
and survival of patients with primary or recurrent
HGGs. The results of studies showing increased
survival for patients undergoing radiosurgery
were not confirmed when randomized and multi-
institutional trials were performed. Stereotactic
radiotherapy combined with the appropriate
chemotherapeutic agent may have the merit to
decrease side effects of boost using the stereo-
tactic technique. Although highly popularized,
a focal treatment such as stereotactic radiation
has failed to show remarkable benefit for treat-
ment of HGGs. It is plausible that in very special
circumstances stereotactic radiation will become
the standard of care in patients with HGGs. This
will occur when imaging techniques, mostly
molecular based, provide a better definition of
the target to be irradiated.
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High-grade glioma (HGG) is the most common form
of primary brain tumor in adults. The World Health
Organization (WHO) classification for central
nervous system gliomas includes 2 grades that
constitute HGG: anaplastic astrocytoma (WHO
grade 3) and glioblastoma multiforme (WHO grade
4). The evaluation of response to treatment for
patients with these tumors is of high clinical value
in several respects. First, a patient’s response to
a particular treatment must be able to be analyzed
objectively and easily communicated among practi-
tioners. If one particular treatment fails to produce
favorable results, an alternative treatment strategy
can be pursued. Also, an objective scale must be
available for clinical trials of new treatments. Tradi-
tional end points for the assessment of efficacy in
clinical trials are progression-free survival (PFS),
radiographic response rate (RRR), and overall
survival (OS). Unlike OS, PFS and RRR depend on
reproducible and accurate imaging measurements
to analyze tumor progression.

The development and refinement of specific
radiographic response criteria have spanned
several decades and several imaging modalities,
and have evolved considerably over the past 3
decades. Contrast-enhanced computed tomog-
raphy (CT) scans were initially used to analyze
tumor progression. Criteria that had been devel-
oped for CT imaging were expanded to include

T1-weighted magnetic resonance imaging (MRI)
with gadolinium contrast.? Both methods detect
disruption of the blood-brain barrier by evaluating
areas of tumor enhancement. Newer response
criteria, including the recently published Response
Assessment in Neuro-Oncology (RANO) criteria,
attempt to address limitations of prior response
criteria and use fluid-attenuated inversion recovery
(FLAIR) and T2-weighted MRI combined with T1-
weighted MRI with gadolinium contrast to evaluate
tumor size. Further study of advanced MR tech-
niques, such as perfusion/permeability imaging
and diffusion-weighted imaging, and functional
assessment of tumors with MR spectroscopy
(MRS) and positron emission tomography (PET)
scanning, will likely allow for more accurate
response criteria to be developed in the future. In
this review, various schemes that have been devel-
oped and implemented to determine response to
treatment and recurrence of HGG, and the status
of current and emerging neuroimaging modalities
used to make these assessments, are reviewed.

DEVELOPMENT OF CRITERIA FOR
DETERMINING RESPONSE

Starting in the 1970s, several investigators
have attempted to create practical criteria for as-
sessing tumor response to treatment based on
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combinations of neuroimaging studies, patient
clinical status, and relative interventions, such as
corticosteroid administration. Although the basic
principles of each of these schemes have re-
mained more or less consistent with regard to
determining treatment response versus tumor
progression, the neuroimaging modalities used to
make these determinations and specific criteria
have evolved considerably. Starting with the Levin
criteria in the late 1970s to the most recent imple-
mentation of the RANO criteria in 2010, the various
criteria for assessing tumor response to multimo-
dality treatment regimens are discussed in the
following sections.

Levin Criteria (1977)

An early attempt to classify response to treatment
of HGGs was published by Levin and colleagues®
in 1977. The grading scheme they developed
incorporated 4 separate modalities, including the
neurologic examination, a radionuclide brain
scan, an electroencephalogram, and a CT scan.
Each was individually analyzed and any change
from baseline was graded on a scale from +3
(“markedly better”) to -3 (“markedly worse”). The
CT scan was analyzed specifically for interval
changes in tumor size, central lucency, degree of
edema, degree of contrast enhancement, and
size of the ventricular system. The corticosteroid
dosages required by the patient at the time of
grading were also accounted for as part of the
assessment. This system represents one of the
earliest published attempts at characterizing
response to treatment of HGGs with the use of
CT imaging.

WHO Oncology Response Criteria (1979)

In 1979, WHO developed criteria for grading
response to therapy that was not specific for
HGG, but applicable to all types of cancer.*®
Assessment of tumor size was based on 2-dimen-
sional analysis of the tumor. The product of the 2
largest cross-sectional diameters of a specific
enhancing lesion seen on CT scan was used as
the primary measure of tumor size.

The criteria proposed by WHO identified 4
response categories. Complete response (CR)
was characterized by complete disappearance of
the lesion on subsequent CT scans. Partial
response (PR) was characterized by a greater
than 50% reduction in tumor size. Progressive
disease (PD) indicated that tumor size had
increased by more than 25% on repeat imaging.
Stable disease (SD) was characterized by a reduc-
tion in size of less than 50% or an increase in size
of less than 25%. Macdonald and colleagues?®

would be the first group to apply these categories
of progression to brain tumors specifically.

Macdonald Criteria (1990)

In 1990, Macdonald and colleagues,2 published
a new set of criteria demonstrating that the WHO
criteria of 1979 could be applied directly to brain
tumors, specifically HGGs. Like the WHO criteria,
the Macdonald criteria used the maximal cross-
sectional enhancing diameters of a specific lesion
on CT scan as the primary tumor measure. In addi-
tion to radiographic response, Macdonald and
colleagues? incorporated the clinical assessment
of the patient and the current corticosteroid dose
into the response grading scheme.

The categories of response in the Macdonald
criteria are similar to the WHO Oncology Response
criteria with regard to changes in tumor size. CR
was defined as complete disappearance of tumor,
with the additional requirements of no corticoste-
roids and stable or improved neurologic examina-
tion. PR was characterized by greater than 50%
reduction in tumor size along with no new lesions,
stable or reduced corticosteroid requirements,
and stable or improved neurologic examination.
PD was defined as any of the following: greater
than 25% enlargement of tumor size, a new lesion,
or clinical deterioration. SD was defined as a stable
clinical examination that did not qualify as CR, PD,
or PR.

Over the next several years, the Macdonald
criteria would be met with some criticism.®”
Because of reliance on 2-dimensional assessment
of tumor size, irregularly shaped tumors are difficult
to assess and may therefore result in a high degree
of interobserver variability. The criteria also provide
little guidance for measuring tumors within or adja-
cent to cystic cavities or surgical cavities, and for
multifocal tumors. Another limitation of the Mac-
donald criteria is that the primary tumor measure-
ment relies only on enhancing portions of the
tumor, so nonenhancing portions are not taken
into consideration. Furthermore, the degree of
contrast enhancement can be very nonspecific.
Factors that may influence enhancement include
corticosteroid dosages, the amount of contrast
used during the scan, postsurgical changes,
treatment-related inflammation, seizure activity,
ischemia, subacute radiation effects and radiation
necrosis, and antiangiogenic agents.®12

The Macdonald criteria have since been adapt-
ed to include MRI with gadolinium contrast, under
the same assumption that breakdown of the
blood-brain barrier and disrupted vascular archi-
tecture will also manifest as contrast enhance-
ment. Because corticosteroids can influence the
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amount of contrast enhancement, Macdonald and
colleagues? proposed that patients be kept on
stable doses of corticosteroids when assessing
for response. When new doses of corticosteroids
were required, Macdonald and colleagues? origi-
nally proposed waiting 2 weeks for reassessment;
however, new evidence suggests that 5 days are
likely sufficient. The Macdonald criteria were the
most widely used method of assessing response
until the RANO criteria were published in 2010.

Response Evaluation Criteria in Solid Tumors
(2000, 2009)

The Response Evaluation Criteria in Solid Tumors
(RECIST) were introduced in 2000, and then
revised in 2009'® for the evaluation of systemic
cancers. In contrast to the WHO Oncology
Response criteria, the RECIST criteria are based
on the longest unidirectional single diameter in
the axial plane. When multiple lesions are present,
the diameters are summed to provide the primary
tumor size measurement. As part of the RECIST
criteria, the categories of response also differed
from WHO criteria in that PR was defined as
a greater than 30% decrease in the sums of
maximal diameters of tumors, PD was character-
ized by a greater than 20% increase in the sums
of diameters of tumors, and SD was defined as
a lesion not classified as PD or PR.

The revised RECIST guidelines defined a min-
imum of 2 and a maximum of 5 lesions to be
counted in cases of multiple lesions. Also, patho-
logic lymph nodes were incorporated into the
assessment. To prevent overcalling progression,
the revised RECIST guidelines also suggest a 5-
mm absolute minimum increase requirement to
diagnose PD. Several studies have suggested
that the RECIST criteria have good concordance
with both 2-dimensional measurements (Macdon-
ald criteria) and volumetric measurements when
determining response in both adult and pediatric
high-grade gliomas.'¢-'8

DEVELOPMENT OF THE CURRENT STANDARD
CRITERIA (RANO CRITERIA)
Limitations of the Macdonald Criteria

Multimodality therapy for HGGs has evolved
dramatically since the publication of the Macdon-
ald criteria. Standard first-line therapy for high-
grade gliomas currently involves maximal tumor
resection followed by radiotherapy and concurrent
and adjuvant temozolomide.'® Therapy with anti-
angiogenic agents, such as bevacizumab and ce-
diranib, or additional chemotherapy regimens, is
reserved for patients demonstrating recurrence
or tumor progression following first-line therapy.

Recently observed effects of these current treat-
ment modalities, namely pseudoprogression and
pseudoresponse, have presented new challenges
to the practicality of the Macdonald criteria in
determining response to treatment.

Pseudoprogression

Pseudoprogression refers to the phenomenon
whereby an increase in contrast enhancement
does not accurately reflect actual tumor progres-
sion, and is thought to occur as a result of
increased vascular permeability in tumors pri-
marily following treatment with radiation and te-
mozolomide.?%?! Several studies have reported
that 20% to 30% of patients treated with radiation
and temozolomide develop pseudoprogression on
the first postradiation MRI,?%?3 and that pseudo-
progression is most likely to occur 4 to 12 weeks
after completion of radiation therapy. Pseudo-
progression will eventually resolve on subsequent
MRI. To be considered pseudoprogression, the
new region of enhancement must be within the
radiation field.?" Of note, this phenomenon occurs
more often in patients with methylated MGMT-
promoter tumors.??

The clinical significance of pseudoprogression
may be profound. Nontumoral enhancement mis-
taken for PD may result in premature discontinua-
tion of adjuvant therapy that is actually effective.
Also, pseudoprogression may have implications
for response reporting in clinical trials, especially
in trails using PFS and RRR as primary end
points.?4

To evaluate tumor progression in these patients,
FLAIR and T2-weighted sequences can be ob-
tained on MRI. Progressive increases in nonen-
hancing FLAIR and T2-weighted signals reflect
actual tumor progression.?®27 An increase in
these signals must be differentiated from other
potential causes, including the effects of radia-
tion, decreased corticosteroids, demyelination,
ischemia, infection, seizures, and postoperative
changes. Changes in FLAIR and T2-weighted
imaging that suggest infiltrating tumor include
mass effect, infiltration of the cortical ribbon, and
an involvement of an area outside the radiation
field.?® In addition, newer imaging modalities,
such as MR perfusion and permeability imaging,
can more easily distinguish between real progres-
sion and pseudoprogression.

Pseudoresponse

Pseudoresponse refers to a decrease in contrast
uptake that does not reflect actual tumor regres-
sion. This phenomenon occurs most commonly
in patients treated with antiangiogenic therapies,
such as bevacizumab (an anti-vascular endothelial
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growth factor [VEGF] monoclonal antibody) and
cedirinib (an anti-VEGF receptor monoclonal anti-
body), and can be seen as early as 1 to 2 days after
initiation of antiangiogenic therapy.?® Pseudores-
ponse is thought to be the result of normalization
of vessel permeability and not a true antitumor
response.?®30 Also, increasing evidence suggests
that anti-VEGF therapies increase blood vessel
co-option by tumor cells. Co-opted vessels are
believed to be less permeable and therefore less
visible on contrast-enhanced MRI.3'33

RANO Group Criteria

The RANO group was an international effort to
develop new standardized response criteria for
clinical trials in brain tumors and response to
therapy in individual patients with brain tumors.?8
In 2010, the RANO group published response
criteria based on the Macdonald criteria but
expanded these to define more-specific methods
of measurement. The RANO criteria set more-
specific guidelines for exact measurement of
tumor size, and made significant changes to
address the limitations of the Macdonald criteria
(Tables 1 and 2).

For instance, the RANO group concluded that
the use of maximum cross-sectional enhancing
diameters on T1-weighted contrast-enhanced
MRI was supported most by published evidence
and should continue to be the primary tumor
measure. The group also extended the Macdonald
criteria to include both CT and MRI. For the least
amount of variability, the group recommended
that lesions be measured with the same scanner
or at least one with the same magnetic strength.
Strict guidelines were set for tumor measurements
in cases of multiple lesions. The RANO criteria
specify that a minimum of 2 lesions and a maxi-
mum of 5 lesions should be selected. Ideally, the
largest lesions are selected, but favor should be
given to those lesions that can be most reliably
measured. The sum of the products of the cross-
sectional diameters is used as the primary tumor
measure. The group also set guidelines for mea-
surement of small lesions. They determined that
lesions must be visible on 2 consecutive 5-mm
axial slices on CT or MRI. If larger slices are
used, the size of the lesion at baseline should be
at least double the slice thickness. Guidelines
were also set for measurement of lesions with
cystic components and those associated with
surgical cavities. The RANO criteria state that the
cyst or surgical cavity should not be measured,
and lesions with cysts or surgical cavities must
have a nodular component more than 10 mm in
diameter to be included.

To address the phenomenon of pseudoprogres-
sion in patients treated with radiation and temozo-
lomide, the RANO criteria specify that PD cannot
be confirmed within the first 12 weeks following
treatment unless new enhancement is found
outside of the 80% isodose radiation field or tumor
is unequivocally confirmed pathohistologically.
Also, clinical decline alone without evidence of
radiologic progression within the first 12 weeks
was determined not to be sufficient for the classi-
fication of PD.

For patients receiving antiangiogenic therapies,
specific additions were made to the RANO criteria
to address pseudoresponse. According to the new
criteria, FLAIR and T2-weighted MRI were
included in all classifications of response. Lesions
must have stable or decreased FLAIR and T2-
weighted signals to be classified as CR, PR, or
SD. A significant increase in FLAIR and T2-
weighted signals was considered enough
evidence to classify the tumor as PD, provided
that other potential causes were excluded.

Aside from the addition of FLAIR/T2-imaging
sequences and more strict requirements for
defining PD, classifications within the RANO
criteria remained largely the same as with the Mac-
donald criteria. CR was again classified as
complete disappearance of tumor, no new lesions,
absence of corticosteroids, and a stable or
improved clinical examination. PR was defined
as a greater than 50% decrease in tumor size, no
new lesions, stable or decreased corticosteroid
doses, and stable or improved clinical examina-
tion. PD was characterized by a greater than
25% increase in tumor size, new lesions,
increased dosages of corticosteroids, or wors-
ening clinical examination. SD comprised anything
that did not belong to another category.

Of note, the RANO criteria defined a new cate-
gory of nonmeasurable lesions as predominantly
cystic lesions, lesions measureable in 1 dimension
only, lesions having no clearly defined margins, or
lesions with a maximum perpendicular diameter
smaller than 1 mm. According to the RANO
criteria, patients with nonmeasurable disease can
achieve a “stable” classification as their best
radiologic outcome.

EMERGING NEUROIMAGING MODALITIES
TO ASSESS TUMOR RESPONSE

Authors of the RANO criteria and the RECIST
criteria, the 2 most recent guidelines to be pub-
lished, analyzed whether other forms of measure-
ment, such as advanced MRI techniques,
volumetric measurement, or functional assess-
ment, would be more accurate as primary tumor
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Table 1

Response

RANO classifications of tumor response

Criteria

Complete response

Requires all of the following: complete disappearance of all enhancing
measurable and nonmeasurable disease sustained for at least 4 weeks; no new
lesions; stable or improved nonenhancing (T2/FLAIR) lesions; patients must be
off corticosteroids (or on physiologic replacement doses only); and stable or
improved clinically. Note: Patients with nonmeasurable disease only cannot
have a complete response; the best response possible is stable disease

Partial response

Requires all of the following: >50% decrease compared with baseline in the
sum of products of perpendicular diameters of all measurable enhancing
lesions sustained for at least 4 weeks; no progression of nonmeasurable
disease; no new lesions; stable or improved nonenhancing (T2/FLAIR) lesions
on same or lower dose of corticosteroids compared with baseline scan; the
corticosteroid dose at the time of the scan evaluation should be no greater
than the dose at time of baseline scan; and stable or improved clinically. Note:
Patients with nonmeasurable disease only cannot have a partial response; the
best response possible is stable disease

Stable disease

Requires all of the following: does not qualify for complete response, partial
response, or progression; stable nonenhancing (T2/FLAIR) lesions on same or
lower dose of corticosteroids compared with baseline scan. In the event that
the corticosteroid dose was increased for new symptoms and signs without
confirmation of disease progression on neuroimaging, and subsequent
follow-up imaging shows that this increase in corticosteroids was required
because of disease progression, the last scan considered to show stable
disease will be the scan obtained when the corticosteroid dose was equivalent
to the baseline dose

Progression

Defined by any of the following: >25% increase in sum of the products of
perpendicular diameters of enhancing lesions compared with the smallest
tumor measurement obtained either at baseline (if no decrease) or best
response, on stable or increasing doses of corticosteroids®?; significant increase
in T2/FLAIR nonenhancing lesion on stable or increasing doses of
corticosteroids compared with baseline scan or best response after initiation
of therapy? not caused by comorbid events (eg, radiation therapy,
demyelination, ischemic injury, infection, seizures, postoperative changes, or
other treatment effects); any new lesion; clear clinical deterioration not
attributable to other causes apart from the tumor (eg, seizures, medication
adverse effects, complications of therapy, cerebrovascular events, infection,
and so on) or changes in corticosteroid dose; failure to return for evaluation
as a result of death or deteriorating condition; or clear progression of
nonmeasurable disease

All measurable and nonmeasurable lesions must be assessed using the same techniques as at baseline.
Abbreviations: FLAIR, fluid-attenuated inversion recovery; MRI, magnetic resonance imaging.
@ Stable doses of corticosteroids include patients not on corticosteroids.

Data from Wen PY, Macdonald DR, Reardon DA, et al. Updated response assessment criteria for high-grade gliomas:
Response Assessment in Neuro-Oncology working group. J Clin Oncol 2010;28(11):1963-72.

measures for response criteria. The 2 studies
concluded that current lack of published evidence,
availability, and standardization prohibits the use
of these advanced measurements in current
response criteria. As more data become available
regarding the ability for emerging advanced neuro-
imaging techniques to accurately predict tumor
response to therapy and differentiate this from
pseudoprogression and pseudoresponse, various
response criteria schemes will require periodic re-
assessment and are likely to remain in flux. As

expected, future studies will undoubtedly incorpo-
rate these imaging modalities into updated
response criteria for HGGs.

MR Perfusion and Permeability

MR perfusion

HGGs are characterized by an increase in neovas-
cularization on both a macrovascular and micro-
vascular scale. MR perfusion scanning yields an
estimated relative cerebral blood volume that
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Table 2

Summary of the proposed RANO response criteria

Criterion CR PR SD PD

T1 gadolinium-enhancing None >50% | <50% | but <25% 1 >25% 1@
disease

T2/FLAIR Stable or | Stable or | Stable or | 12

New lesion None None None Present®

Corticosteroids None Stable or | Stable or | NAP

Clinical status Stable or 1 Stable or 1 Stable or 1 12

Requirement All All All Any?
for response

Abbreviations: CR, complete response; FLAIR, fluid-attenuated inversion recovery; NA, not applicable; PD, progressive
disease; PR, partial response; RANO, Response Assessment in Neuro-Oncology; SD, stable disease; |, decreased; 1,

increased.
@ Progression occurs when this criterion is present.

b Increase in corticosteroids alone will not be taken into account in determining progression in the absence of persis-

tent clinical deterioration.

Data from Wen PY, Macdonald DR, Reardon DA, et al. Updated response assessment criteria for high-grade gliomas:
Response Assessment in Neuro-Oncology working group. J Clin Oncol 2010;28(11):1963-72.

reflects the amount of capillaries with a given
space on imaging.3® The amount of hyperperfu-
sion in a tumor is a marker for tumor aggressive-
ness and behavior. Only solid, non-necrotic,
noncystic areas of tumors can be assessed. Para-
metric response mapping, created with perfusion
scan postprocessing, has been reported to be
useful in distinguishing real progression from
pseudoprogression.3*

MR permeability

Another characteristic of HGGs is increased
vascular leakiness, caused by abnormal perme-
ability of immature capillaries. Increasing amounts
of vascular leakage have been shown to correlate
with increasing grade in HGGs.®® T1-weighted
dynamic contrast-enhanced MRI is used to
produce a variable called the transport constant
(Ktrans), which corresponds to the quantity of
contrast extravasation and, in turn, vascular
permeability.363” Corrected perfusion maps that
account for extravascular extravasation of
contrast have been shown to correlate more accu-
rately with tumor grade.383°

MR Diffusion-Weighted Imaging

Diffusion-weighted MRI studies the movement of
water molecules within tissue, and can be used
to analyze response to therapy within tumor cells.
Effective therapies can potentially change the
cellular density of HGGs, the architecture of indi-
vidual tumor cells, and the state of water within
tumor cells. In many cases, these changes are
visible on diffusion-weighted imaging (DWI) before
morphologic changes in the tumor are able to be

visualized.*® The apparent diffusion coefficient
(ADC) is the standard of measurement with DWI,
as it provides a measure of the diffusion properties
of water in brain tissue at the voxel level. Multiple
voxels can be analyzed to create an ADC map.3©

ADC maps have been shown to be effective in
differentiating radiation-induced necrosis from
recurrent lesions.*'~*2 Contrast enhancement can
be seen in the walls of the surgical cavity 48 to
72 hours postoperatively.#*4® Baseline MRI
should therefore be obtained within 24 to 48 hours,
and no later than 72 hours.?® The addition of DWI
to this MRI can identify areas of ischemia that
will become contrast enhancing several weeks
postoperatively.'> Without DWI, these areas of
ischemia are often confused with enhancing
tumor.

MR Spectroscopy

MRS provides information about the biochemical
composition of tumors. Markers used for analysis
include glucose (tumor metabolism), choline
(membrane turnover and proliferation), creatine
(energy homeostasis), N-acetyl-aspartate (intact
glioneural structures), and lactate or lipids
(necrosis).3° Current limitations of MRS include
signal-to-noise ratios that require large voxel sizes,
which eliminate the ability to image small tumors.

PET Scanning

PET scanning assesses the metabolic state of
HGGs.2° To localize areas of tumor with increased
anaerobic metabolism, 18F-fluorodeoxyglucose
(18F-FDG) is commonly used. Localized hypoxia
within HGGs forces cells to convert to anaerobic
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metabolism.*® Also, anaerobic glycolysis occurs in
spite of adequate oxygen levels in advanced
cancers.*” Tumor cells therefore have increased
uptake of 18F-FDG, which can be seen on PET
imaging.

Also used as markers are 11C-methionine, 18F-
fluoroethyltyrosine (18F-FET), and 18F-fluorothy-
midine. Upregulation of DNA and protein synthesis
in cancer cells creates an increased turnover of
nucleosides and amino acids, and these markers
are subsequently incorporated into new genetic
and protein products. The 11C-methionine and
18F-FET are more specific than 18F-FDG because
they are more selectively taken up by tumor cells
than by healthy brain tissue. Disadvantages of
PET include scarce availability, cost, and mild
exposure to radioactive material.3°

SUMMARY

The development of radiologic criteria for the
assessment of response to treatment in HGGs
has evolved considerably over the past decades.
Currently, T1-weighted MR imaging with gadoli-
nium contrast combined with FLAIR and T2-
weighted sequences is the standard imaging
modality used to assess tumors. Considerable
evolution in the criteria of various tumor response
grading schemes have been observed since the
widespread implementation of CT imaging in the
1970s. The 2010 RANO criteria, the most recent
attempt to provide comprehensive guidelines for
the measurement and analyses of HGGs, have
incorporated methods by which to exclude the
phenomena of pseudoprogression and pseudor-
esponse. The RANO criteria can be implemented
in both direct patient care and clinical trials. Future
studies assessing emerging advanced neuroimag-
ing techniques, combined with more widespread
availability, will facilitate the development of future
evidence-based radiologic response criteria with
more accuracy in differentiating tumor response
versus progression.
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The median survival from the time patients are
diagnosed with glioblastoma, the most common
malignant primary tumor, was improved to 15
months with the introduction of the Stupp protocol
in 2005 and has been improved to 23 months’ in
small retrospective series with the aggressive
use of more advanced therapeutic modalities at
the time of recurrence, like antiangiogenic therapy
with vascular endothelial growth factor (VEGF)
neutralizing antibody bevacizumab.?

The Stupp protocol was established in a phase
Il, randomized clinical trial by Stupp and col-
leagues® and involves administering a total of
60 Gy of radiation during 30 sessions spanning
a 6-week period while treating simultaneously
with 75 mg/m? of temozolomide on a daily basis.
Adjuvant temozolomide chemotherapy is then
administered in six 28-day cycles with a dose
of 150 mg/m? for the initial cycle followed by
200 mg/m? for the remaining 5 cycles. Despite
the improved survival rate established by the
Stupp protocol, most patients continue to ex-
perience tumor recurrence, which necessitates
close follow-up with magnetic resonance imaging
(MRI).34 Although many have reported that there is
no difference in the percentage of recurrence in
distal locations®~ after the Stupp protocol treat-
ment, others have suggested an increased propor-
tion of distal recurrence in patients being treated
with temozolomide as compared with radio-
therapy alone.*

Antiangiogenic therapy became a mainstay in
the treatment of recurrent glioblastoma since a
pair of phase Il clinical trials showed efficacy of
bevacizumab and irinotecan in treating recurrent
glioblastoma,®® leading to the 2009 accelerated

Food and Drug Administration approval of bevaci-
zumab for recurrent glioblastoma, with a pair of
large, randomized, phase lll clinical trials underway
evaluating the efficacy of bevacizumab in treating
newly diagnosed glioblastoma.

Clinicians have long noted common transient
impacts of radiation on MRI contrast enhance-
ment. When occurring in the first 3 months
after radiation, this effect imitates early tumor pro-
gression and has earned the term pseudoprogres-
sion. Another effect withessed after therapy is
lesion enhancement in patients undergoing cranial
radiation, which takes place in 3% to 24% of
patients 3 to 12 months after treatment and is
referred to as radiation necrosis.'%'2 Additionally,
the identification of nonenhancing fluid-attenuated
inversion recovery (FLAIR) bright infiltrative growth
representing glioblastoma recurrence after antian-
giogenic therapy has cofounded the ability of clini-
cians to recognize glioblastoma recurrence using
conventional MRI and the Macdonald criteria,®
which are based on gadolinium enhancement.
The goal of this article is to review the most recent
advancements made in radiology and cancer
biology that can be used to improve the ability of
physicians to distinguish true recurrence from
pseudoprogression or radiation-induced necrosis
in patients with glioblastoma receiving radiation,
temozolomide, or antiangiogenic therapy.

PSEUDOPROGRESSION: EARLY TRANSIENT
ENHANCING LESIONS

Pseudoprogression is defined as enhancing
changes seen on MRI within the first 3 months
after treatment of glioblastoma with fractionated
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radiotherapy. Pseudoprogression represents treat-
ment effects rather than treatment failure, which,
with time, either successively recovers or stabilizes
without being linked to subordinate outcomes.'*
Since postoperative radiotherapy and concomitant
temozolomide were established as the standard
treatment of glioblastoma, there has been an in-
crease in pseudoprogression from 10% in patients
with glioblastoma treated with radiotherapy alone
up to nearly 30% in patients treated with radio-
therapy and concomitant chemotherapy.3-12-14-16

Pseudoprogression is a transient process that
results from increased permeability and leakage of
gadolinium through both the dysfunctional blood-
brain barrier in the irradiated region as well as
the capillary bed of the tumor.'” Pseudoprogres-
sion reflects response to treatment rather than
treatment failure and with time it improves or
stabilizes and has not shown to have any correla-
tion with poorer outcomes'® and in some studies
has been shown to be associated with improved
outcomes.'® Based on postoperative MRI stud-
ies, pseudoprogression occurs within the first 2
months following treatment as opposed to radia-
tion necrosis, which can take an average of 3 to
12 months before it is witnessed on imaging.'22°
The increase in incidence of pseudoprogression
since the advent of simultaneous administration
of chemotherapy and radiotherapy has been sug-
gested to be a marker for improved response to
treatment, a hypothesis supported by a study in
which patients with glioblastoma with pseudo-
progression had greater overall survival than those
without pseudoprogression.’®

Three factors have been proposed in the literature
to increase the incidence of pseudoprogression in
patients with glioblastoma: methylated O6 —methyl
guanine-DNA methyl transferase (MGMT) status,
higher doses of radiation, and concomitant admin-
istration of chemotherapy and radiation.®

Temozolomide is an alkylating cytostatic pro-
drug that undergoes rapid conversion and is
hydrolyzed to its active metabolite, 3-methyl-(tria-
zen-1-ylJimidazole-4-carboximide (MTIC). MTIC
functions to methylate DNA at several positions,
the most important of which is the O6 position of
guanine, which leads to cell death.2! MGMT is an
enzyme that removes this methylation to prevent
the lethal DNA damage the cell would other-
wise sustain. Cells that have epigenetic silencing
of the MGMT gene, achieved through promoter
methylation, are unable to produce the enzyme
and are, therefore, more sensitive and responsive
to the temozolomide-induced cell death.??2® One
study was able to demonstrate that 66% of their
patients with pseudoprogression had methylated
MGMT promoters, whereas 89% of patients who

had true progression while on temozolomide
showed unmethylated MGMT promoters. This
study was able to establish pseudoprogression
to be more common with a ratio of 2:1 in pa-
tients whose tumors exhibited methylated MGMT
promoters, whereas disease progression is more
likely with a ratio of 3:1 in patients whose tumors
exhibited unmethylated MGMT promoters.'®

Since MGMT promoter methylation status has
been proven to serve as a marker for pseudoprog-
ression, there has been a wide search for a highly
sensitive and specific screening assay. Currently,
methylation-specific polymerase chain reaction
(MSP) is the standard method used to test for
MGMT promoter methylation status. The biggest
drawback for this method is its inability to provide
quantitative results, which leads to some inaccur-
acy predicting prognosis, and the likelihood of
pseudoporgression.?* Methylation-specific multi-
plex ligation probe amplification (MS-MLPA) has
been recently introduced as a semiquantitative
method for testing methylation status of multiples
genes in a simultaneous fashion while also proving
to be a consistent method for determining the
methylation status of MGMT promoter in tumor
tissue.2%:26 One recent study found that the combi-
nation of MSP and MS-MLPA can further augment
the diagnostic accuracy of pseudoprogression to
93%, which could have a significant impact on
clinical decisions.?*

RADIATION NECROSIS: DELAYED
ENHANCING LESIONS

Since the randomized clinical trials in the 1970s
demonstrating an improvement in overall survival,
postoperative whole-brain radiotherapy at a daily
dose of 2 Gy per fraction given over a 6-week
period for a total dose of 60 Gy has become part
of the standard treatment of glioblastoma.®?” Pa-
tients treated with radiation therapy in this manner
often exhibit enhancement in radiation within 3 to
12 months of completing radiation. This phen-
omenon is called radiation necrosis and is now
a common manifestation of radiotherapy seen in
3% to 24% of cases,’®'2 with an even higher
incidence noted in patients receiving temozolo-
mide treatment concurrent to radiotherapy.’?'
The enhancement seen on conventional MRI may
be secondary to the radiation-induced damage of
the blood-brain barrier, which causes gadolinium
leakage into the interstitium and produces a ring-
enhancing lesion that can be easily misread as
tumor recurrence.?82°

Radiation necrosis can be witnessed as early
as 3 months and its presence has been reported
as late as 5 years after the original treatment,



although most cases typically occur within the first
2 years after radiation.®° One study reports the
incidence of radiation necrosis in patients with
glioblastoma treated at 60 Gy with conventional
fractionated external beam radiotherapy to be
just at 1%,%" but as mentioned previously, there
has been an increase in its incidence since the
introduction of adjuvant chemotherapeutic agents,
such as temozolomide.'?'* Radiation-induced ne-
crosis most commonly occurs at the location that
has received the maximum dose of radiation,
which usually falls in the purlieu of the tumor site
and close to the margins of the surgical cavity of
the resected tumor.'*32 The periventricular white
matter is known to be a common location for the
occurrence of radionecrosis and is highly vulner-
able to ischemic effects of postradiation vasculop-
athy, a phenomenon which may be explained
by the poor blood supply this location receives
from long medullary arteries lacking collateral
vessels. 01482

The clinical presentation of radiation necrosis
often mimics that of tumor recurrence. Patients
can present with a broad set of symptoms, such
as headache, seizures, behavioral changes, focal
neurologic deficits, wheras some may be asymp-
tomatic.'*33 It is imperative to distinguish between
the recurrence and radiation necrosis because the
approach to treatment is fairly specific to each and
can lead to unnecessary morbidity and even
mortality if the incorrect treatment modality is
pursued. A common finding using conventional
MRI of radiation necrosis may be a mass of
enhancing lesions seen on T1-weighted imaging
with gadolinium contrast administration, but there
is no imaging correlation that can differenti-
ate radiation necrosis from true progression or
pseudoprogression, especially on the initial post-
radiotherapy temozolomide scan.'” The main
shortcoming of conventional MRI, which limits its
ability to distinguish viable tumor mass from radia-
tion necrosis, is that it only recognizes disruptions
made to the blood-brain barrier and edema.®*-36 In
a previous study looking for specific markers of
radiation necrosis on conventional MRI, individual
signs were not found to be valuable markers of
tumor recurrence, whereas the combination of 2
signs in addition to the involvement of the corpus
callosum and numerous enhancing lesions was
a statistically significant marker for recurrence.®”
A more recent study that used a larger sample size
was able to recognize subependymal enhance-
ment as an individual marker for the early progres-
sion of tumor on conventional MRI. Even though
this marker was statistically significant, the investi-
gators from the study recognize that radiation
necrosis at higher doses may lead to radiographic
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findings that can mimic subependymal enhance-
ment, hence, its less than perfect ability to serve
as a definitive marker for recurrence.'®

Several clinical factors have been associated with
an increase in the risk of radiation necrosis in
patients with glioma, which include the following:
older age, high fraction doses (<2.5 Gy/d), hyper-
fractionation, lower conformity index, shorter overall
treatment time, stereotactic radiosurgery, inter-
stitial brachytherapy, reirradiation, and radiation
combined with adjuvant chemotherapy.10:16:38-44
Radiation necrosis is directly related to the volume
ofirradiated brain in addition to the dose of radiation
that is delivered, with a precipitous increase with
doses exceeding 65 Gy in fractions of 1.8 to 2.0
Gy. 4383945 One study found the administration of
chemotherapy alongside radiation increases the
risk of cerebral necrosis fourfold.3® Furthermore,
the brain parenchyma surrounding a glioma has
been shown to be particularly sensitive to chemo-
therapy and radiation. Such risks must be taken
into account when making a distinction between
treatment effects versus tumor recurrence.

Tumor cells have been shown to be interspersed
in many histologic specimens of radiated necrotic
tissue, with one study showing that 55% of patho-
logically examined cases of radiation necrosis
demonstrated viable tumor coexistence within
areas of necrosis.® To determine whether chemo-
therapy should be continued or switched, the
percentage of viable tumor cells versus necrotic
tissue in the specimen is taken into account, with
the threshold for switching chemotherapy being
met typically if the specimen contains greater
than 50% viable tumor cells.®

Pathophysiology of Radiation Necrosis

The histopathologic features observed in radiation
necrosis are demonstrated in Fig. 1. Vascular
endothelial cells and oligodendrocytes have been
shown to serve as the direct targets of radiation
in the central nervous system.*® These 2 targets
are directly injured and independently lead to
necrosis (see Fig. 1A) and demyelination both
within the normal tissue and the tumor. The devel-
opment of acute and subacute radiation injury is
secondary to the clonogenic death of endothelial
cells, and vascular lesions also play a key role in
late radiation injury.*” The direct consequence of
endothelial cell death from radiation is thought
to induce the breakdown of the blood-brain
barrier leading to ischemia, vasogenic edema,
and hypoxia.'® The hypoxic tissue then upregu-
lates VEGF, which plays a major role in increasing
vascular permeability and is shortly followed by
tissue necrosis and demyelination (see Fig. 1B).
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Fig. 1. The histologic features with hematoxylin and eosin (H&E) staining seen in radiation necrosis in the brain.
(A) Necrosis is a defining feature and on occasion has dystrophic calcifications, shown here in blue. (B) Gliosis is
also a defining feature. (C) Inflammation is typically seen. (D) Vascular hyalinization is seen from time to time. (E)
Dystrophic calcification, shown here in blue, is occasionally present. (original magnification x20). (Courtesy of T.
Tihan, University of California at San Francisco, Department of Neuropathology.)

Unfortunately, radiotherapy has also been shown
to stimulate glioma cells to secrete an increased
amount of VEGF, causing a decrease in apoptosis
in both endothelial cells and tumor cells while
increasing angiogenesis in the tumor environment
(see Fig. 1C), which is a mechanism that may
account for the radiation-resistance that develops
in gliomas.*® The increase in VEGF production can
be counteracted by the addition of bevacizumab,
an antibody to VEGF that is now used frequently
in cases of glioblastoma recurrence. Therefore,
bevacizumab can function to decrease enhance-
ment and edema while substantially improving

the radiographic appearance of radiation necrosis,
which mimics tumor progression.'&4®

The mechanism by which radiation induces
endothelial cell apoptosis is largely caused by
damage to the cell membrane, although DNA
damage still plays a role. The incited damage to
the cellular membrane activates acid sphingomye-
linase, which is an enzyme involved in sphingolipid
metabolism and produces ceramide, a bioactive
lipid well known for its physiologic role in ap-
optosis.??%" Radiation-induced DNA damage
activates ceramide synthase, which serves as
an additional source of ceramide, which causes



additional endothelial cell apoptosis through the
P53-dependent stimulation of the mitochondrial
and death-receptor pathways.5?

The current understanding of the pathophysi-
ology of radiation-induced necrosis may be fur-
ther used for treatment and molecular prevention
of the radiologic and clinical effects of radiation
necrosis. In one study, protein kinase C (PKC)
was shown to prevent radiation damage because
the downregulation of acid sphingomyelinase is
a PKC-dependent mechanism, whereas PKC
also functions to inhibit ceramide-dependent ap-
optosis.>®*%* In a study conducted by Fuks and
colleagues, basic fibroblast growth factor was
used to stimulate PKC activity, allowing for the
inhibition of radiation-induced endothelial cells in
both in vivo and in vitro experiments.

ANTIANGIOGENIC THERAPY FOR
GLIOBLASTOMA: RADIOLOGIC AND
NONRADIOLOGIC BIOMARKERS OF EFFICACY

Bevacizumab, a monoclonal anti-VEGF antibody,
has been studied in phase Il trials of patients with
recurrent glioblastoma and demonstrated a 23-
week medial progression-free survival when admin-
istered in combination with irinotecan.®° A study of
patients with glioblastoma treated with bevacizu-
mab revealed decreased tumor hypoxia and in-
creased tumoral VEGF expression, which were
directly associated with radiographic response
and prolonged survival following treatment.5®
VEGF levels have been evaluated in the plas-
ma and tumor fluid samples from patients with
glioblastoma, which showed a relative elevation,
whereas levels within the tumor cavity were
elevated even higher in patients experiencing
recurrence of the disease as compared with those
with stable disease after resection.’®57 Further-
more, a direct correlation has been established

T1 gad

T1 gad
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between VEGF overexpression and poor prog-
nosis based on glioblastoma tumor histology.%®
Antiangiogenic therapy has been proposed to
normalize the vasculature within the tumor, allow-
ing for thinning of the superfluous perivascular and
endothelial cells and lessening the tortuosity of
blood vessels while reducing the interstitial pres-
sure. This decrease in pressure is suggested to
enhance the transport of chemotherapy to the
tumor cells while improving oxygenation.®® Using
bevacizumab as the agent for VEGF blockade,
another study demonstrated a reduction of the
microvascular density while improving the function
of intratumoral vessels, which enables the pene-
tration of chemotherapy.®°

Unfortunately, anti-VEGF treatment in animal
models has shown to increase the infiltrative
growth capability of the tumor,®! which allows for
bright recurrent lesions on FLAIR MRI sequencing
but is nonenhancing because of their decreased
vascular permeability.52-64

Impact of Antiangiogenic Therapy on Imaging

Typically, the abnormal vasculature along with the
highly permeable blood-brain barrier of glioblas-
toma permits leakage of contrast material from
the tumor capillaries, which leads to an amplified
enhancement of T1-weighted imaging (Fig. 2).5°
Antiangiogenic agents, such as bevacizumab,
decrease the leak of contrast agent into the inter-
stitium, which markedly decreases contrast en-
hancement. Therefore, a decrease in contrast
enhancement of the tumor does not reflect a true
cytostatic or cytotoxic tumor, and the depen-
dence on contrast enhancement alone can cause
an overestimation of the response to treatment,
which has earned the term pseudoresponse,®6-68
representing in effect the converse of the pseudo-
progression described earlier. The occurrence
of radiation necrosis further takes away from

FLAIR

Fig. 2. Radiographic changes associated with bevacizumab treatment following surgical resection. Following
complete resection of an enhancing right frontal glioblastoma in this 63-year-old woman, treatment with beva-
cizumab and irinotecan for 6 months led to increased FLAIR-bright nonenhancing infiltrative signal abnormality
close to the location of the original tumor, with resection of the FLAIR-bright nonenhancing tissue seen at the

right above, revealing infiltrating recurrent glioblastoma.
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determining the true response of glioblastoma to
antiangiogenic therapy because it is speculated
that at least part of the radiologic response wit-
nessed following bevacizumab therapy is caused
by the palliation of radiation necrosis as opposed
to a true tumor response.®® These barriers have
necessitated new imaging modalities that can
better assess tumor response in patients receiving
antiangiogenic therapy. To make this task a reality,
such techniques will need the ability to distinguish
true tumor progression from pseudoprogression
while unraveling nonenhancing tumor from gliosis.
Some of these novel techniques will be introduced
and discussed later.

RESPONSE ASSESSMENT IN NEURO-
ONCOLOGY CRITERIA FOR HIGH-GRADE
GLIOMAS

Until recently, the MacDonald Criteria,’® first
published in 1990, served as the standard for
determining response assessment in high-grade
gliomas. It provided an objective radiologic as-
sessment of the tumor response based primarily
on 2-dimensional enhancing tumor area deriving
from contrast-enhanced computed tomography.”®
The use of corticosteroids and fluctuations in
patients’ neurologic status were also taken into
consideration. The Macdonald criteria were also
further applied to MRI, which is now the standard
modality used for assessing treatment response
in glioblastoma. These criteria had several limita-
tions, some of which include the difficult task of
measuring unevenly shaped tumors, the lack of
evaluating the nonenhancing tumor parts, and
interobserver variability, among many others.

The response assessment in neuro-oncology
criteria’”! were established in 2010 by an inter-
national working group in recognition of the
intrinsic drawbacks of conventional criteria for
enhancing tumors. These drawbacks include
radiochemotherapy-induced pseudoprogression,
nonenhancing tumor following antiangiogenic
treatment, and the absence of steroid factoring
into the response.”"”2 The criteria for response
assessment incorporating MRI and clinical fac-
tors were divided into categories: complete re-
sponse, partial response, stable disease, and
progression.”"

To be placed into the complete response cate-
gory all of the following conditions must be met: dis-
appearance of all enhancing and nonmeasurable
disease for no less than 4 weeks, absence of new
lesions, stable or improved nonenhancing lesions
on T2/FLAIR, steroid therapy must be stopped or
maintained at physiologic replacement doses, and
patients must be stable or improved clinically.”

The partial response category requires a 50%
or greater decrease of enhancing tumor in diam-
eter as compared with baseline for no less than 4
weeks, absence of new lesions, stable or im-
proved nonenhancing lesions on T2/FLAIR with
the cessation of steroid therapy, or maintenance
at physiologic replacement doses.””

If patients do not meet the criteria for complete
response, partial response, or progression but
have stable or improved nonenhancing lesions
on T2/FLAIR with the cessation of steroid therapy
or maintenance at physiologic replacement doses,
they fall in the stable disease category.”’

Lastly, patients who meet any of the following
are considered to be in the progression category:
an increase of 25% or greater in the sum of diam-
eters of enhancing lesions at replacement physio-
logic steroid doses or less, a substantial increase
in T2/FLAIR nonenhancing lesions, presence of
any new lesions, or any neurologic deterioration.

DISTINGUISHING TREATMENT EFFECT OR
PSEUDOPROGRESSION FROM TRUE
PROGRESSION

Conventional MRI with gadolinium contrast en-
hancement fails to differentiate between true tu-
mor recurrence, pseudoprogression, or radiation
necrosis.'*2937.73 This form of imaging is also
unable to distinguish true treatment response
from the anti-VEGF treatment’s impact at palliating
radiation necrosis, a distinction that is important
because anti-VEGF is used more commonly with
drugs, such as bevacizumab.®® Although new
studies have suggested findings on conventional
MRI, such as subependymal enhancement to
distinguish early tumor progression from pseudo-
progression with a high specificity, its low sensi-
tivity along with a low negative predictive value
demonstrate limited usage in most patients sus-
pected of pseudoprogression.'®

Several clinical concerns have increased the
demand for novel imaging techniques to dis-
tinguish recurrence from radiation necrosis or
pseudoprogression. Unfortunately, the morbidity
associated with surgical resection of radiation
necrosis, otherwise indistinguishable from tumor
recurrence is quite high,” as is the administration
of ineffective treatment for these enhancing pseu-
doprogression lesions which otherwise would
resolve over time. Novel radiographic modalities,
such as diffusion-weighted imaging (DWI)
sequencing on MRI, positron emission tomog-
raphy (PET), and magnetic resonance spectros-
copy (MRS), have demonstrated encouraging
results for differentiating treatment effects from
tumor recurrence, although large prospective



trials are needed to prove their sensitivity and
specificity.

Radiographic Modalities

DWI MRI sequences detect the displacement of
water molecules and can report the quantitative
values in the form of apparent diffusion coeffi-
cient (ADC). The extent of restriction to water
diffusion in brain tissue is inversely related to
the integrity of cell membranes and cellularity of
tissue.”® 77 Highly cellular areas with restricted
diffusion will display low ADC value as compared
with areas with less cellularity that will have high
ADC levels.”® DWI has been used to help deter-
mine if enhancing lesions in treated glioblastoma
represent true progression, with the hypothesis
being that recurrent tumor would have a lower
ADC values (caused by increased cellularity),
which has now been confirmed by several
studies.”®®2 In a retrospective study by Hein
and colleagues,”® DWI MRI obtained 1 month
after radiation therapy with or without chemo-
therapy were reviewed, and 18 patients having
areas with atypical enhancement were selected.
ADC values and ratios were averaged for patients
with recurrent disease compared with those with
treatment effect. The mean ADC ratio in those
with recurrence was calculated at 1.43, which
was significantly lower than the 1.82 in those
without recurrence (P<.001). The mean of the
ADC values was also significantly lower in
patients with tumor recurrence, calculated at
1.18 x 1072 mm/s? versus 1.40 x 10~3 mm/s?
in the nonrecurrent group (P<.006).”°® Larger
studies will need to be conducted to determine
the sensitivity and specificity of DWI MRI for dis-
tinguishing recurrent glioblastoma from treatment
effect.

Diffusion tensor imaging (DTIl) is a more
complete and intricate version of DWI. DTl applies
diffusion-sensitization gradients in multiple di-
rections determining the directionality of water
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diffusion. This information is reported within a
parameter called fractional anisotropy (FA), which
can detect peritumoral swelling, radiation ne-
crosis, and infiltrating tumor cells.® In a recent
study of 35 patients with new contrast-enhancing
lesions located in areas of postoperative radiated
tumor, DWI and DTI were used to examine
whether a distinction between true recurrence as
opposed to radiation necrosis could be made.
Patients with a recurrent tumor were found to
have considerably higher FA ratios with a mean
of 0.45 compared with those with radiation
necrosis with a value of just 0.32 (P<.01).8* Based
on this study, the sensitivity and specificity were
calculated at 85.0% and 86.7%, respectively.
This finding shows that DTl could have a promising
role in differentiating postoperative radiation injury
from recurrent disease, and larger studies should
be conducted to validate its value and potential.
Proton MRS ('H-MRS) provides information on
the metabolic composition of brain tissue and
can play a major role in distinguishing recurrence
from radiation necrosis. Choline and choline-
containing compounds (Cho) are shown to be de-
tected at higher levels and represent radiation
necrosis (Fig. 3).8% In a study of 33 patients with
postoperative enhancing lesions, patients with
recurrent tumor had an elevation in Cho to creatine
and Cho/N-acetylaspartate (NAA) ratios com-
pared with those with radiation necrosis. The
Cho/NAA had a specificity of 69% and a sensitivity
of 85% in detecting true recurrence.®® Other
studies have shown that MRS can be as useful
as pathologic testing in distinguishing tumor recur-
rence from radiation necrosis with 100.0% speci-
ficity, 94.0% sensitivity, and a 96.1% diagnostic
accuracy.'>87-8 With such promising results,
further studies are needed in which pathologic
samples are compared with the results of 'H-
MRS to compare the efficacy of each method.
Dynamic susceptibility contrast-enhanced per-
fusion imaging (DSC) can determine relative cere-
bral blood volume (rCBV), which may be useful

Fig. 3. Pseudoprogression on MRS imaging. A 48-year-old man with glioblastoma presented with enhancement
consistent with possible recurrence, MRS showed evidence of elevated choline and depressed NAA in the area of
FLAIR signal hyperintensity within the left frontal and parietal lobes thought to be consistent with recurrence;
however, en bloc resection of enhancing tissue for pathologist revealed no signs of recurrent tumor. NAA,

N-acetylaspartate.
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because it is a reflection of the underlying angio-
genesis and the microvasculature.®%°© DSC has
recently been used with reports of decreased
rCBV in radiation necrosis as opposed to in-
creased values in tumor recurrence.®%®" A recent
study of 13 patients with postoperative contrast-
enhancing lesions found that those with tumor
recurrence had higher rCBV compared with those
with radiation necrosis.®? These findings were
correlated to the patients’ histopathologic findings
with 100.0% specificity and 91.7% sensitivity. One
other study used ferumoxytol as the contrast
agent as opposed to gadolinium, and found there
to be an increase in the accuracy noted for the
differentiation of pseudoprogression from true
progression.®®

PET scanning is a form of functional imag-
ing capable of localization of anatomic regions
based on the distribution of certain biochemical
or metabolic products, which has shown prom-
ising results in distinguishing treatment effects
from tumor recurrence.’®%4 Although initial results
of fluorine-18 fluorodeoxyglucose (*®F-FDG) PET
were encouraging, with almost 100% accuracy re-
ported in various studies,®®% more recent studies
have found the sensitivity and specificity for '8F-
FDG to be much lower, 86% and 22%, respec-
tively.%” A recent study used thymidine analogue
3’-deoxy-3'-18F-fluorothymidine ('8FLT), which
has longer-lived label with increased specificity for
thymidine kinase 1 within the cytosol and several
labeled metabolites.®® When compared with 8F-
FDG, '8FLT was shown to be much more sensitive
in imaging recurrent tumors and better at predict-
ing tumor progression and survival.®® Further
studies are demanded to establish the character-
istics of this new radiotracer.

SUMMARY

The postoperative administration of adjuvant te-
mozolomide and radiation is the new standard of
care in patients with newly diagnosed glioblas-
toma. Pseudoprogression and radiation necrosis
are common treatment effects that add much
confusion in the detection of tumor recurrence
using conventional MRI with gadolinium enhance-
ment. These challenges are confounded with the
recent increasing use of antiangiogenic therapy
to treat newly diagnosed and recurrent glioblas-
toma. Until randomized trials prove the efficacy
of existing advanced imaging modalities or until
newer, more effective modalities are developed,
advanced radiographic techniques, such as DWI,
PET, MRS, and DSC, can be used in conjunction
with the clinical judgment of the neurosurgeon,
neuro-oncologist, and radiation oncologist

working together to make an informed estimation
of the chances that an imaging finding represents
true progression. Such decision making must
balance the morbidity of delayed diagnosis of
tumor progression with the morbidity caused by
unnecessary surgical intervention or changes in
chemotherapy for lack of progression.
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After surgical removal, direct delivery of anti
neoplastic agents to the tumor site is the oldest
strategy of adjuvant cancer therapy. Brachyther-
apy, the direct delivery of radiation via an encapsu-
lated source, was first used at the turn of the
twentieth century to treat a wide variety of cancers.
It was not commonly used to treat brain tumors,
however. In the 1950s and 1960s systemic chemo-
therapies became available, but were quickly found
to be ineffective against gliomas. The inability of
most drugs to penetrate the blood-brain barrier
and the subsequent dose-limiting systemic toxicity
when attempting to reach therapeutic drug levels in
brain led clinicians to revisit the concept of local
drug delivery.

Clinicians used intracarotid injection, direct appli-
cation of drug to the cavity,?* and diffusion via semi-
permeable silastic rubber membranes* with drugs,
such as cyclophosphamide, vincristine, and metho-
trexate. These proved largely ineffective and no
better than systemic administration, probably
because the drugs had little activity against glioma.

In the mid-1970s, the nitrosoureas, 1,3-bis(2-
chloroethyl)-1-nitrosourea (BCNU; carmustine)
and 1-(2-chloroethyl)-3-cyclohexyl-1-nitrosourea
(CCNU; lomustine), were introduced and had mod-
erate efficacy against gliomas.*® Unfortunately,
doses that produced response rates as high as
50% caused significant leukopenia orthrombocyto-
penia,® as well as a non-dose-related pulmonary
fibrosis. The half-life of BCNU is only 15 to 30

minutes, but patients may need six weeks or longer
between doses to allow adequate bone marrow
recovery. Attempts to deliver BCNU intra-arterially
and by direct injection into the postresection sur-
gical cavity yielded results no better than systemic
therapy. Patients who received intra-arterial BCNU
had an increased risk of blindness.”

In the late 1970s, Langer and Folkman® demon-
strated that polymers could provide a sustained
release of proteins and other macromolecules.
This mechanism could theoretically deliver chemo-
therapy beyond the blood-brain barrier. The initial
polymers were nonbiodegradable and the rate of
drug release slowed with time, making them unat-
tractive for use in brain. In the 1980s, completely
degradable polymers became available and were
rapidly incorporated into surgical practice, in the
form of absorbable sutures. The newer polymers
work by surface erosion, with the layers being re-
sorbed one after the other, analogous to peeling
layers from an onion, and allowing more constant
drug delivery.® Ultimately, these polymers were
used to create the Gliadel wafer.

ANIMAL AND PHARMACOKINETIC STUDIES

Tamargo and colleagues’™ published the first
paper using BCNU-embedded wafers in 1993.
Rats with intracranial 9L gliosarcomas implanted
with the wafers had 2- to 3-fold longer survivals
than those treated with intraperitoneal BCNU

| have no disclosures.

Division of Neuro-Oncology, Department of Neurology, Stanford Advanced Medicine Center, 875 Blake Wilbur

Drive, CC2221, Stanford, CA 94305-5826, USA
E-mail address: snagpal@stanford.edu

Neurosurg Clin N Am 23 (2012) 289-295
doi:10.1016/j.nec.2012.01.004

1042-3680/12/$ — see front matter © 2012 Elsevier Inc. All rights reserved.

neurosurgery.theclinics.com


mailto:snagpal@stanford.edu
http://dx.doi.org/10.1016/j.nec.2012.01.004
http://neurosurgery.theclinics.com

290

Nagpal

injections. They tested 2 different polymer bases
using this model, ultimately choosing polifeprosan
20 (copolymer of 1,3-bis(p-carboxyphenoxy)pro-
pane and sebacic acid in a 20:80 M ratio) because
it better protects BCNU from degradation before it
is released.”

The initial pharmacokinetic studies on BCNU
wafers were performed in rabbits, using radiola-
beled BCNU. Grossman and colleagues'? demon-
strated that BCNU was distributed widely in the
brain ipsilateral to the implants, at distances up to
12 mm from the wafers. Follow-up studies in
monkeys measured the drug concentration at
the site of implantation on day 1 at 3.5 mmol/L,
decreasing to approximately 1.0 mmol/L at a
distance of 3 mm from implantation. Seven days
postimplant, only the area within 0.5 mm had
a concentration greater than 1 mmol/L."® The in-
hibitory concentration of BCNU on human glioma
lines in vitro has been reported as from 15 to 300
pumol/L, "5 implying that the area adjacent to the
implant receives well in excess of the therapeutic
drug levels for at least 7 days. Further studies in
monkeys demonstrated the safety of BCNU wafers
with radiation therapy,’® and allowed for human
trials to begin.

HUMAN TRIALS WITH SINGLE-AGENT BCNU
WAFERS

The initial trials of single-agent BCNU wafers are
summarized in Table 1.

A phase | to Il trial in patients with recurrent
glioma identified the 3.85% BCNU wafer as the
most effective, based on survival from the time of
implantation. The higher-dose group (6.35%) did
not have more side effects, but overall survival
was lower, possibly because it contained 100%
glioblastoma (GB) patients. In the 2 lower-dose
cohorts only 60% of patients had GB. The 3.85%
wafer was chosen for use in subsequent trials,
although there was no apparent difference in
toxicity.'” The phase lll trial enrolled 222 patients
with recurrent glioma, randomizing them to active
or placebo wafers. This trial demonstrated an
increased overall survival of 8 weeks (P = .061)
and led the Food and Drug Administration (FDA)
to approve Gliadel (3.85% BCNU wafer) for use in
recurrent malignant glioma in 1996.

A phase | safety study of the BCNU wafer in
combination with radiation therapy for newly diag-
nosed glioma was run concurrently with the phase
Il trial for recurrence. The study demonstrated an
increased median survival compared with histor-
ical controls, but also showed a higher rate of
severe adverse events compared with earlier trials,
which included seizures, intracranial hypertension,

and neurologic decline in the postoperative period.
The phase Il trial for newly diagnosed glioma had
a lower complication rate than observed in the
Phase | trial, but remained concerning. Five
percent of patients in the BCNU group had cere-
brospinal fluid leaks and 9.1% of patients had
intracranial hypertension. Although there was
a statistically significant improvement in survival
in both the recurrent and up-front trials, it is impor-
tant to note that patients in the placebo arms did
not receive treatment after radiation therapy until
they had recurrent tumor Standard practice at
the time would likely have followed radiation with
chemotherapy. This makes the modest results
somewhat difficult to interpret (see Table 1).

LIMITATIONS OF BCNU WAFERS IN
MALIGNANT GLIOMA

Unlike bevacizumab and oral temozolomide
(TMZ), the use of BCNU wafers has not been
widely adopted, despite phase lll data in its favor.
There are several factors that have limited its
broader use. A review of patients enrolled at one
center in the phase Il trial showed that only 25%
to 30% of patients with malignant gliomas quali-
fied for the use of BNCU wafer. These patients
were younger, with more complete resections
and higher performance scores,?* making the
results difficult to generalize to the overall patient
population. TMZ, a well-tolerated oral alkylating
agent with good penetration of the central nervous
system, was being used regularly at around the
time the FDA approved Gliadel for up-front therapy
in 2003. The Stupp trial, demonstrating increased
survival with radiation and concurrent TMZ, was
published shortly thereafter, in 2005. Although
there has never been a head-to-head trial, the
increase in survival using BCNU wafers is similar
to radiation with TMZ or PCV (procarbazine,
CCNU, vincristine).?® In a recent retrospective
review of BCNU wafers, it also appeared that
patients with non-methylated methylguanine
methyltransferase  (non-MGMT) had shorter
survivals.?® If in the future MGMT status is used
to make decisions about first-line therapy, placing
BCNU wafers at the time of initial surgery is likely
to become less attractive.

Another limitation to the use of BCNU wafers is the
complication rate noted after 2003, when use of the
wafers expanded beyond controlled trial popula-
tions. Centers with early experience using BCNU
wafers reported complication rates comprable to
those seen in patients who do not receive wafers.?”
However, other centers report adverse events in
up to 44% of patients receiving BCNU wafers.?®
Formation of a cyst at the implantation site
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Table 1
Human trials using single-agent BCNU wafers

Reference

Patients

Design

Result

Conclusions

Brem et al,’” 1991

21 recurrent malignant
glioma

Single-arm, dose
escalation

Wafer with 3.85% BCNU
(7.7 mq) chosen for
phase llI; higher dose
group had lower survival

Safe and well tolerated
without systemic side effects

Brem et al,’® 1995

22 new glioma
(21 glioblastoma
multiforme)

Single-arm, historical
control

Median survival was 42 wk

Safe to use in combination
with XRT, but 10/22 patients
had an SAE

Brem et al,’® 1995

222 recurrent glioma

Double-blind,
placebo-controlled

6-mo survival of
56% vs 47% (P = .061)
Median survival
increased by 8 wk

Marginal change in survival.
Placebo patients received no
active treatment other than XRT

Westphal et al, 2%
2003/2006

240 new malignant
glioma

Double-blind,
placebo-controlled

Median survival
13.8 vs 11.6 mo (P = .017)

Effective, but the placebo
arm got no treatment other
than XRT. Higher rate of
cerebral edema, CSF leaks

Valtonen et al,?? 1997

32 new malignant glioma
(planned 100)

Double-blind,
placebo-controlled

Median survival
58.1 vs 39.9 wk (P = .012)

Trial stopped early because of
wafer shortage; again,
randomized to no active
treatment after XRT

Olivi et al,?* 2003

44 recurrent malignant
glioma

Single-arm, dose
escalation

Wafer with 20% BCNU
loading was maximum
tolerated dose

Can use higher concentrations
of BCNU in implanted wafers

Abbreviations: CSF, cerebrospinal fluid; SAE, severe adverse event; XRT, conventional radiation therapy.
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glioma

within 2 wk of surgery,
followed by XRT

2-y survival 22%

Table 2
Trials of BCNU wafers in combination with other therapy
Reference Patients Drug Design Results Conclusions
Weingart et al,3* 2007 38 recurrent glioma 06-BG Phase | Safe dose of bolus, Move to phase I
followed by 7-d
infusion
Quinn et al,3*> 2009 52 recurrent 06-BG Phase Il 82% 6 mo survival (56% 13.4% infection rate,
glioblastoma single-arm historical control); 19.2% CSF leak. May
multiforme median OS 53 weeks increase risk of AEs
requiring GTR
Gururangan et al,3® 2001 10 recurrent glioma Monthly TMZ Phase | Safe to use 200 mg/m? Move to phase Il
requiring GTR TMZ in combination
Limentani et al,3” 2005 16 new malignant  XRT followed by Phase | Median progression-free Feasible
glioma carboplatin survival 266 days, no
grade 3 or 4 AEs
Sampath et al,3® 2005 10 recurrent glioma Irinotecan Phase | Median survival from Tolerable, possibly
implant 13.5 mo more effective than
monotherapy
Smith et al,3® 2008 25 new malignant  GammakKnife Phase I/l Median Survival 50 wk Unclear if patients

received monthly
TMZ; 47% rate of
radiation necrosis

Affronti et al,*° 2009

36 new malignant
glioma

XRT+TMZ, then
TMZ+rotational
chemotherapy

Retrospective
review

No statistically significant
difference in survival for
patients with wafers

Safe and feasible

McGirt et al,*' 2009

33 new malignant
glioma

XRT+TMZ, followed
by TMZ

Retrospective
review

2-y survival 39% vs 18%
if no oral TMZ after
Gliadel +XRT

Safe and feasible

Bock et al,*2 2010

44 new malignant

XRT+TMZ, followed

Retrospective

43% of patients with

Combination may

only 6.5 mo

glioma by TMZ review grade 3 or 4 AEs produce more toxicity
Noel et al,?6 2011 28 new malignant  XRT+TMZ, followed Retrospective  OS 20.6 (Gliadel) No improvement
glioma by TMZ review vs 20.8 mo in survival
Salvati et al,*3 2011 32 new malignant  XRT+TMZ, followed Retrospective  No postsurgical AEs Feasible
glioma by TMZ review Follow-up median

Abbreviations: AE, adverse event; GTR, gross total resection; 06-BG, O6-benzylguanine; OS, overall survival; TMZ, temozolomide; XRT, conventional radiation.
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may occur in up to 11% of patients and, despite
high-dose steroids, may still require surgical inter-
vention.?® The rate of postcraniotomy infection can
be as high as 15% to 28%°3%3" at some major
centers. Malignant edema, although less common,
can lead to severe neurologic dysfunction and
death.30:32

COMBINATION TRIALS WITH GLIADEL

Recurrence after treatment with BCNU wafers is
nearly universal. Despite local drug delivery, the
pattern of recurrence is quite similar to that
seen with systemic chemotherapy and radiation
therapy; 73% have local recurrence while 27%
present with a combination of local and distant
recurrence,®® which has led to several trials
combining BCNU wafers with other systemic and
local therapies (Table 2). O6-benzylguanine (O6-
BG) is thought to potentiate the action of BCNU
by blocking the activity of a DNA repair enzyme,
and seems promising based on phase I/Il trials.
Although a phase Ill trial in recurrent glioma has
not been opened, O6-BG is being used in trials for
newly diagnosed patients (see Table 2).

FUTURE DIRECTIONS

Current clinical trials that include BCNU wafers are
using them in combination with other agents. An
actively recruiting phase |l trial is using wafers at
the time of surgery, followed by TMZ and bevacizu-
mab concurrently with radiation, then TMZ and
bevacizumab concurrently until recurrence. Other
local delivery mechanisms are under investigation
using BCNU, other chemotherapies, and biological
agents. BCNU dissolved in ethanol (DTI-015) has
been used in phase I/ll trials for recurrent and newly
diagnosed glioma.*4+45 Convection-enhanced de-
livery (a constant positive pressure injection), micro-
capsule delivery (a diffusion-controlled mechanism),
and gels are also being explored in both clinical and
preclinical settings.

SUMMARY

Although BCNU wafers are included in the 2011
National Comprehensive Cancer Network guide-
lines (level 2B), they are just one of the options avail-
able for treatment of malignant glioma. Clinical
trials support its use in patients with a smaller lesion
and good performance status, but whether this is
a better option than radiation with concurrent
TMZ remains an unanswered question. Recent
studies of patients receiving combined therapy
suggest there may be a role for BCNU wafers in
newly diagnosed glioma, as an addition to radiation
and TMZ. Other combinations also appear to

Gliadel for Treatment of Malignant Glioma

be well tolerated. The complications associated
with the wafers, such as malignant edema and
increased frequency of wound infection, present
a barrier to widespread adoption of the technology.
In addition, patients who qualify for BCNU wafers
are frequently candidates for clinical trials. Up-front
use of BCNU wafers can disqualify patients from
participating. Future work in this area, using newer
delivery mechanisms and combination therapies,
shows promise for better drug delivery and over-
coming drug resistance.
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Chemotherapeutic
Agents: Nitrosoureas,
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CHEMOTHERAPY FOR HIGH-GRADE GLIOMA

Before Food and Drug Administration (FDA)
approval of temozolomide (TMZ, Temodar) for
the treatment of high-grade gliomas in 2005,
the mainstay of treatment focused on the use
of cisplatin, irinotecan, and nitrosoureas alone
and in combination. Decades of experience
with these chemotherapies coupled with meta-
analyses that provide evidence of significant
improvement in survival when added to surgery
and radiotherapy have established a position for
chemotherapy in the treatment regimen of
malignant gliomas.™? With the establishment of
TMZ concomitant with radiotherapy and adju-
vant TMZ as the standard of care for the initial
treatment of glioblastoma multiforme (GBM),
the role for these chemotherapies has changed
to that of one at the time of recurrence or
progression.® In this article, the authors focus
on the use of cisplatin, irinotecan, and the nitro-
soureas in the era of TMZ and bevacizumab
(Avastin). The assessment of outcomes across
clinical trials is notoriously difficult. To facilitate
some meaningful level of comparison, an effort
was made to include like outcomes, such as
overall survival (OS) and progression-free
survival at 6 months (PFS-6), in addition to the
radiographic response.

CISPLATIN

Cisplatin (CDDP) is a platinum-based inorganic
metal complex that acts as a DNA-intercalating
agent forming DNA intrastrand and interstrand
cross-links, along with DNA-protein cross-links.
Apoptosis and cell growth inhibition are induced
as a result of the cross-links. Cisplatin has been
shown to have antitumor activity against several
human malignancies. The use of CDDP in brain
tumors stems from its ability to cross the blood-
brain barrier.*® Before the advent of TMZ,
researchers investigated cisplatin’s use in the
treatment of malignant gliomas, primarily in
concert with other chemotherapeutic agents and
radiotherapy.

Upfront Treatment with Cisplatin

e Cisplatin has a long history of therapeutic
use in high-grade gliomas. In clinical use,
cisplatin is often given in combination with
other chemotherapies. In 1992 Yung and
colleagues® conducted a single-arm study
to test the efficacy of using alternating
courses of 1,3-bis(2-chloroethyl)-1 nitro-
sourea (BCNU, carmustine) and CDDP in
conjunction with radiation therapy after sur-
gical resection to treat primary malignant
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glioma. Patients with histologic diagnosis
of GBM, anaplastic astrocytoma, and
anaplastic oligodendroglioma underwent
surgical resection or biopsy. Radiotherapy
was initiated over 6 to 7 weeks, and chemo-
therapy was started during the first week of
radiotherapy. A total of 33 patients entered
the analysis, with a median time to tumor
progression of 32 weeks for patients with
glioblastoma and 50 weeks for those with
anaplastic glioma. Median survival time
was 55 weeks for glioblastoma and 110
weeks for anaplastic glioma.® The 18-month
survival rate was 55% overall. The results of
this study suggested that BCNU alternating
with CDDP in conjunction with radiotherapy
is safe and also indicated that there may be
benefits in OS over radiotherapy with BCNU
alone.

e Lassen and colleagues® investigated the use
of CDDP as part of a combination therapy
for newly diagnosed GBM. This study was
a single-arm phase |l trial examining the effi-
cacy of a combination of cisplatin, BCNU,
and etoposide, followed by radiation. All
patients underwent tumor resection, and
then chemotherapy was started 2 to 4 weeks
after surgery. The primary end point of the
study was response to chemotherapy using
the MacDonald criteria.” Radiographic partial
response was achieved by 32% of patients,
39% had stable disease, and 29% had
progressive disease. Complete response
was not achieved in any patient. Median
time to progression was 7.6 months and
median survival was 11.4 months.® The inves-
tigators concluded that although the survival
benefit fell short of historical data, a potential
benefit from the regimen used in the study
was the shorter total treatment time of prera-
diation chemotherapy making it potentially
less cumbersome.

e In 2009 Silvani and colleagues® conducted
a retrospective study examining the clinical

effectiveness of using the combination of
CDDP and BCNU as the first-line manage-
ment of GBM. One hundred sixty patients
received chemotherapy and radiotherapy
in a tandem fashion. After chemotherapy,
radiotherapy was administered at 1.8 to
2.0 Gy/d to a total of 60 Gy. The next cycle
of chemotherapy was started after radio-
therapy was completed and subsequent
cycles started every 6 weeks for a total of
5 cycles. Patients in this study had a median
PFS of 7.6 months and median OS of 15.6
months. Although the survival results of
the study are comparable with those of
Stupp and colleagues® with TMZ, regarding
the clinical benefit of cisplatin and BCNU,
the toxicities were comparably worse.?
The results of this large trial of CDDP in
GBM are compared in Table 1.

Cisplatin Toxicity

The main difficulty in the use of cisplatin is its
toxicity profile. Hematologic side effects are the
most common and tend to be the most severe.
Hematologic toxicity was significant with grade 4
leukopenia and thrombocytopenia occurring in
10% and 57% respectively.® Ototoxicity is also
frequent, making this a drug that must be used
with caution. Clinically significant hearing loss
and tinnitus can be seenin 13% to 19% of patients
at 6 months after treatment with cisplatin, with
36% having evidence of sensorineural hearing
loss on audiogram testing.™

IRINOTECAN

The prodrug irinotecan (CPT-11; Camptosar; 7-
ethyl-10-[4-(1-piperidino)-1-piperidino]carbonyl-
20-S-camptothecin) is a water soluble alkaloid
derivative of camptothecin that is extracted from
the Chinese tree, Camptotheca acuminata.'" Irino-
tecan is largely metabolized in the liver by
carboxylesterase enzymes to the active 7-ethyl-
10-hydroxycamptothecin (SN-38), which functions

Table 1

Comparison of cisplatin-based chemotherapies in high-grade gliomas

Tumor Timing of Number of Median PFS Median OS
Trial Type Treatment Patients Chemotherapy (wk) (wk)
Yung et al,> 1992 Grade IIl/IV Upfront 33 BCNU + CDDP 50/32 110/55
Shinoda et al,® 1997 GBM Upfront 30 CDDP 16 60
Lassen et al,® 1999  GBM Upfront 27 BCNU + CDDP 30.4 45.6
+ Etoposide
Silvani et al,® 2009 GBM Upfront 160 BCNU + CDDP 30.4 62.4




as a topoisomerase | inhibitor.'? % The inhibition of
the enzyme produces DNA damage via interfer-
ence with DNA transcription, replication, and
repair.’* Activity against central nervous system
(CNS) tumors was initially demonstrated by Hare
and colleagues'® using xenografts derived from
childhood and adult high-grade gliomas.

Irinotecan in Recurrent Disease

e The use of irinotecan as a single agent has
had mixed results and is complicated by
interactions with CYP inducers. A prospec-
tive phase Il study by Chamberlain'* of
CPT-11 in 40 patients with recurrent supra-
tentorial GBM failed to show a tumor
response to treatment although the dosages
used, 400 to 500 mg/m? every 3 weeks, were
suboptimal.’ Anticonvulsant medications
with cytochrome P450-inducing features
upregulate chemotherapy catabolism.™ It
was suggested that the dosages used may
have been insufficient because more than
60% of patients were on anticonvulsant
therapy.

e Only 48% of patients enrolled in the Friedman
and colleagues’' " phase Il study of recurrent
or progressive malignant gliomas received
enzyme-inducing antiepileptic drugs. In this
population of 80% GBM, the 60 patients
enrolled experienced a median time to tumor
progression of 12 weeks and a median esti-
mated survival of 43 weeks. Confirmed partial
responses on magnetic resonance imaging
were seen in 15% of patients, whereas stable
disease was achieved in 55% of radiographic
responses.

Enzyme-Inducing Antiepileptic Drugs Affect
the Dosing of Irinotecan

e The effects of receiving enzyme-inducing
antiepileptic drug (EIAED) therapy were taken
into account in the phase Il North American
Brain Tumor Coalition (NABTC) study in re-
current malignant gliomas treated with irino-
tecan.'® Irinotecan was administered at 350
mg/m? every 3 weeks in those not on EIAED
therapy and 750 mg/m? in those on EIAED
therapy until progression or a total of 12
months of treatment. Patients with GBM ac-
counted for 75% of 51 total patients enrolled.
Overall, 17.6% of the patients were PFS-6. A
partial radiographic response was seen in
5.8%, stable disease in 33%, and immediate
progression was seen in 58.8% of the
group.'® The predetermined PFS-6 efficacy
of atleast 30% was not met, leading the study
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investigators to conclude that efficacy was
not established in this population.'®

e In the New Approaches to Brain Tumor
Therapy (NABTT) 97-11 study, they attemp-
ted to mitigate the varied doses of prior
trials and the influence of EIAED therapy
by treating at the maximum tolerated dose
(MTD) of irinotecan for those patients on El-
AED therapy (group A) and those who were
not (group B)."” Group A was treated with
an infusion of 411 mg/m? every week for 4
consecutive weeks out of a 6-week cycle,
whereas group B received 117 mg/mZ.
The primary end point was the radiographic
response: 6% experienced a complete
response, there were no partial responses,
28% had stable disease, and another 28%
experienced disease progression during
treatment. Median PFS was 7.3 months,
PFS-6 was 56%, and median OS was 10.4
months.’® Phase | of this trial was closed
after 18 patients because of the failure to
meet the minimum requirement of more
than 2 responses.’”

Irinotecan Toxicity

e Common toxicities seen in single-agent
CPT-11 were diarrhea, nausea and vomit-
ing, and neutropenia.’ %17 |n CNS disease,
toxicities were less frequently seen than in
colorectal studies of similar doses because
of the increased metabolism of CPT-11
caused by the CYP450-inducing antiepi-
leptic drugs with subsequentincreases iniri-
notecan clearance.’"'* The frequency of
grade 3/4 diarrhea was 33.7% and grade
3/4 neutropenia was 28% in colorectal
studies.’® In those patients treated at the
MTD, grade 3/4 toxicities were encountered
in 67% of patients.'” Anticholinergic symp-
toms are frequently seen and commonly
pretreated with atropine during infusion.
The equivocal efficacy data on single-
agent CPT-11 led to postulation about its
role in combination therapy with newer
treatments.

Irinotecan in the TMZ Era

With the statistically significant survival benefits of
the alkylating agent, TMZ, along with minimal
toxicity, the Stupp regimen has become the stan-
dard care for newly diagnosed GBM.2 The role
of irinotecan in addition to TMZ has been in-
vestigated in the NABTT study along with the phar-
macokinetics of the combination in patients
receiving EIAED therapy.'?
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e In this dose-escalation study of irinotecan
combined with TMZ, the starting dose of iri-
notecan was 350 mg/mz, which was esca-
lated in 50 mg/m? increments to 550 mg/mZ.
The MTD in the study was 500 mg/m?2.'2
Twenty-six out of 33 patients had GBMs,
one was diagnosed with gliosarcoma and
the remainder of the patients had anaplastic
gliomas. Radiographic complete response
was seen in 6%, partial response in 19%,
stable disease in 36%, and progressive
disease in 39%.12

e Quinn and colleagues'® studied the use of
TMZ plus irinotecan in 42 newly diagnosed
patients with GBM before treatment with
radiotherapy at the end of cycle number 3
in a phase |l trial. Irinotecan was infused
on days 1, 8, 22, and 29 of each cycle,
with those on EIAED therapy receiving 325
mg/m? and 125 mg/m? for those not
receiving EIAED therapy. The radiographic
response consisted of 19% partial
responses and 50% with stable disease.®
Median PFS was 3.1 months and median
OS was 13.8 months. Disappointingly, the
study failed to meet the predetermined
response rate of greater than or equal to
26% required to proceed with a phase llI
trial and had grade 3/4 adverse events of
up to 36%.'° Of interest, the level of Of-
methylguanine-DNA methyltransferase
(MGMT) expression in this study failed to
show a statistically significant relationship
between PFS and OS as would be ex-
pected from treatment with TMZ.

Irinotecan in the Bevacizumab Era

The introduction of the humanized immunoglob-
ulin G4y monoclonal antibody that selectively
inhibits vascular endothelial growth factor, bevaci-
zumab, has changed the way chemotherapies,
such as irinotecan, are used. FDA approval for
bevacizumab in the recurrent setting was estab-
lished in 2009 based on response data from the
following study.

e The prospective phase Il trial by Vrenden-
burgh and colleagues®® evaluated bevaci-
zumab plus irinotecan in 35 patients with
recurrent GBM initially treated with radio-
therapy and concurrent TMZ. Two dosing
schedules were used, most patients
received bevacizumab at 10 mg/kg and iri-
notecan every 2 weeks, with those on
EIAEDs receiving 340 mg/m? and those
not on EIAEDs receiving 125 mg/m?2. There
was no difference between the 2 groups

statistically. A radiographic partial response
was seen in 57% of patients by the Mac-
donald criteria.” The median PFS was 24
weeks and median PFS-6 was 46%, far
exceeding the predetermined 20% deci-
sion rule for effectiveness. The 6-month
OS was 77% and the median OS was 42
weeks.?0

e The benefit of bevacizumab alone or in
combination with CPT-11 was evaluated
by Friedman and colleagues?®’ in a phase
Il, multicenter, noncomparative trial in re-
current glioblastoma. The PFS-6 rates
were 42.6% and 50.3%, and the median
OS times were 9.2 months and 8.7 months,
respectively, for bevacizumab alone and
bevacizumab/CPT-11 groups.

NITROSOUREAS

Nitrosoureas are alkylating agents that function by
cross-linking DNA. As a group, the high lipid solu-
bility of nitrosoureas promotes crossing of the
blood-brain barrier. Before TMZ, radiotherapy
plus nitrosoureas was the standard of care for
the treatment of GBM.?2 The most commonly
used nitrosoureas in clinical practice today are 1-
(2-chloroethyl)-3-cyclohexyl-1-nitrosurea (CCNU,
lomustine) and BCNU. In a meta-analysis of prop-
erly randomized trials comparing radiotherapy
alone with radiotherapy plus chemotherapy con-
sisting largely of nitrosoureas in high-grade
gliomas established a role for chemotherapy in
the treatment regimen of gliomas after it was
shown that chemotherapy significantly improved
outcomes.? There was a statistically significant
increase in PFS (overall hazard ratio [HR] of 0.83)
(P<.0001) and a significant increase in OS (HR of
0.85) (P<.0001) seen with the addition of chemo-
therapy.? Nitrosoureas are commonly used as
modern, standard second-line chemotherapies
and are frequently relegated to the standard arm
in randomized phase |l trials against novel agents.
Multiple nitrosourea-based polychemotherapy
regimens have largely been unsuccessful in
increasing efficacy as compared with single-
agent nitrosourea chemotherapy.

CCNU

The chemotherapy CCNU is a derivative of 1-
methyl-1-nitrosourea. CCNU is a lipid-soluble,
nonionized, aqueous insoluble, oral chemotherapy
that, because of high lipid solubility, is able to pass
the blood-brain barrier.?® With a wide spectrum of
antitumor activity, CCNU was eventually used to
treat brain tumors. CCNU is one of the few
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chemotherapeutic agents that are FDA approved MGMT Methylation Status

in the treatment of GBM.

e The association of MGMT promoter methyl-

e The benefits of CCNU in place of and in ation with a favorable outcome in patients

addition to radiation were explored in an
early randomized trial by Reagan and
colleagues.?* Sixty-three patients with
high-grade gliomas at a single institution
were randomized into 3 groups receiving
radiotherapy alone, CCNU, or combined
radiation therapy and CCNU. The group
receiving chemotherapy alone experienced
the lowest OS with a median 6.6 months
survival. Those receiving radiotherapy con-
sisting of whole brain irradiation had
a median survival of 11.5 months. Lastly,
the combined radiation and chemotherapy
group demonstrated a median survival of
12.0 months.?*

In the phase Il study by Rosenblum and
colleagues,?® patients were treated with
130 mg/m? every 6 weeks, and a remission
rate of 37% for all patients was seen. This
finding compared favorably with remission
rates of 40% to 50% that were seen in
earlier studies with BCNU. The results of
CCNU therapy in several trials are illus-

with glioblastoma treated with the alkylating
agent TMZ has been well described.?®
MGMT methylation status was available
for the determination by methylation-
specific polymerase chain reaction in 19
tumors in the Herrlinger study.?® The favor-
able methylation of MGMT was associated
with significantly longer PFS and median
survival times. The PFS was 19 months in
those tumors with methylated MGMT as
compared with 6 months in those with un-
methylated tumors (P = .014).2° The
median survival time was not reached in
the methylated MGMT group at 24 months
as compared with 12.5 months in those un-
methylated tumors.?® These findings
support the presumed similar effects on
survival for nitrosoureas seen with TMZ
and MGMT promoter methylation, given
both agents affect the OB-position of
guanine.

trated in Table 2. CCNU Toxicity

e Early studies with CCNU in malignant brain
tumors in 26 consecutive patients admitted
to the Baltimore Cancer Research Center
between 1970 and 1971 show that CCNU
is well tolerated.?® Immediate toxic effects,

CCNU in the TMZ Era

e The use of CCNU plus TMZ was evaluated

in the study by Herrlinger and colleagues®®
in 31 patients with newly diagnosed glio-
blastoma given chemotherapy concomitant
with radiotherapy. The median PFS was 9
months and the PFS-6 was 61.3%, which
was higher than the predefined efficacy
criteria of 53.3%. The median survival time
was 22.6 months, with 71% of patients
surviving at 1 year and 44.7% surviving at
2 years.?®

beginning 4 to 6 hours after treatment, con-
sisted of nausea and vomiting in 70% of
patients. Infrequent anorexia and rare
fatigue were noted. Transient thrombocyto-
penia begins after the first week and rea-
ches a nadir in the third week, before
recovering to near baseline values by the
fifth week. Treatment-limiting and dose-
limiting delayed hematological toxicity
were encountered. Nearly half of the

Table 2
Results of various trials using CCNU in GBM

Tumor Timing of Number of Median PFS Median OS

Trial Type Treatment Patients Chemotherapy (wk) (wk)

Reagan et al,?* 1976 HGG Upfront 63 CCNU — 46

Herrlinger et al, %> 2006 GBM Upfront 31 CCNU + T™MZ 36.0 90.4

Wick et al,?® 2010 GBM Recurrent 266 CCNU (vs 6.4 28.4
enzastaurin)

Ballman et al,?” 2007 GBM __ Upfront 1348 CCNU + others® 21.2 40.8

@ Ballman et al is a pooled analysis of 11 North Central Cancer Treatment Group (NCCTG) trials for newly diagnosed GBM.
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patients developed mild transient eleva-
tions of transaminases, alkaline phospha-
tase, and lactate dehydrogenase in nearly
one-half of the patients.?® The toxicity of
CCNU is largely hematologic and cumula-
tive in nature.

e When CCNU was given concomitantly with
TMZ, the dose was adjusted for hemato-
logic toxicity in 12.9% of the patients.2®
The World Health Organization grade 4
leukopenia was seen in 10% of the patients,
thrombocytopenia in 16%, and anemia in
3%. One case of grade 2 pulmonary fibrosis
was seen; 12.9% of the patients developed
elevation of transaminases to levels consis-
tent with drug-induced hepatitis.?®

BCNU

BCNU is an intravenously administered nitroso-
urea that functions as an alkylating agent at the
08 position of guanine, forming cross-linking bet-
ween DNA strands resulting in impairment in DNA
duplication and protein transcription.’® A meta-
analysis of several studies involving BCNU has
demonstrated a statistically significant PFS and
OS improvement in the treatment of GBM.'?2
BCNU is one of the few chemotherapeutic agents
that are FDA approved in the treatment of GBM.

BCNU Comparison with Temozolomide

¢ In a retrospective analysis of BCNU versus
TMZ in newly diagnosed patients with
GBM, Vinjamuri and colleagues®® reported
on the use of BCNU given intravenously
every 8 weeks at 200 mg/m? for a maximum
of 8 cycles concomitant with radiation in
comparison with TMZ given concomitant
with radiotherapy and adjuvantly up to 2
years. The median PFS for the 2 groups
was not significant, with a median PFS of
7.7 months in the BCNU group and 5.2
months in the TMZ group (P = .8). Median
OS curves were significantly different, with
11.5 months in the BCNU group and 15.9
months in the TMZ group. The BCNU and
TMZ groups had a 1-year survival of 44%
and 64% respectively. The 2-year survival
for BCNU was 9% and 36% for TMZ.2°

BCNU in Recurrent Disease

¢ Reithmeier and colleagues®° recently inves-
tigated the use of BCNU in recurrent GBM
after the initial treatment with radiotherapy
and TMZ. This retrospective analysis
looked at 35 patients with recurrent or

progressive GBM treated with BCNU 80
mg/m? on days 1 through 3 every 8 weeks
for a maximum of 6 cycles. Radiographic
complete responses were not seen in any
patient, 5.7% had a partial response,
54.3% were observed to have stable
disease, and 31.4% developed progressive
disease after the first cycle of BCNU.
Median PFS was 11 weeks, PFS-6 was
13%, median OS was 22 weeks, and 6-
month OS was 43%.3°

e Inamulticenter Gruppo Italiano Cooperativo
di Neuro-Oncologia (GICNO) trial, the use of
BCNU plus irinotecan was evaluated in re-
current or progressive GBM after first-line
TMZ chemotherapy and radiotherapy.'®
BCNU 100 mg/m? was intravenously given
every 6 weeks with irinotecan 175 mg/m?/
wk for 4 out of 6 weeks for a maximum of
8 cycles in a total of 42 patients. There
were no radiographic complete responses,
21.4% partial responses, and 50% exhibited
stable disease. The median time to progres-
sion was 17 weeks and the PFS-6 was
30.3%. The median survival time was 11.7
months, with 71% of patients alive at 6
months and 44.1% alive at 12 months™®

BCNU Toxicity

e Sclerosis of the veins is a frequent long-
term sequelae of administration of intrave-
nous BCNU.?? Fatigue and lethargy are
common and can be seen as a cause of
treatment discontinuation even in the
absence of tumor progression. Grade 4
pulmonary toxicities complicate treatment
in 5% of cases treated with BCNU.%'
Decreased carbon monoxide diffusing
capacity was seen in 14.3% of patients,
with one case of acute pulmonary reaction
seen in one study of 49 patients.?®

BCNU WAFERS

BCNU wafers (poly[carboxyphenoxy-propane]se-
bacic acid) anhydride (Gliadel) wafers contain
BCNU at 3.85% concentration. Biodegradable
BCNU wafers are implanted into the tumor resec-
tion cavity at the time of surgery whereby they
slowly release BCNU over a 2- to 3-week period.3?
The surgeon may implant up to 8 wafers in the
resection cavity, depending on the cavity size.
Based on the phase Ill trial by Westphal and
colleagues,®? BCNU wafers became the only inter-
stitial chemotherapy approved for malignant
glioma.



Use of BCNU Wafer Alone

e In the prospective, randomized, placebo-
controlled, multicenter, multinational, double-
blind trial, the effectiveness of BCNU wafers
was assessed in 240 patients at the time of
the first surgical resection with an intraopera-
tive abnormality of the malignant glioma.3?
Study patients received standard radiation to
the tumor site; however, systemic chemo-
therapy was prohibited. Median survival time
was 13.9 months for the BCNU wafer group
and 11.6 months for the placebo group, a
statistically significant difference. The median
survival within the GBM subgroup treated
with BCNU wafers was 13.5 months com-
pared with 11.4 months in the placebo wafer
group, a difference that was not statistically
significant. PFS was not statistically different
between both treatment groups.®?

The long-term follow-up by Westphal and
colleagues®® followed the same group of
240 patients with malignant glioma to
assess the 1-, 2-, and 3-year event rates.
The proportion surviving at the 3-year point
was statistically significant at 9.2% in the
BCNU group versus 1.7% in the placebo
wafer group. In the GBM subgroup, the
median survival was 13.1 months in the
BCNU wafer-treated group compared with
11.4 months in the placebo group, a non-
statistically significant difference even after
Cox proportional hazards model was per-
formed to account for possible prognostic
factor imbalances between the groups
(Fig. 1).33

Use of BCNU Wafer with Chemotherapy

e The initial trials using BCNU wafers pro-
hibited the use of adjuvant chemotherapy.
The single-institution retrospective study
by McGirt and colleagues®* evaluated the
added benefit of concomitant TMZ in addi-
tion to BCNU wafers after primary resection
of GBM. All patients underwent surgical
resection and adjuvant radiotherapy.
Patients treated before the initiation of the
Stupp protocol TMZ at the institution were
evaluated and compared with those who
received TMZ in addition to BCNU wafers
placed at surgery. The median OS in the
radiation + TMZ + BCNU wafer group
was significantly improved compared with
the radiation + BCNU wafer group: 21.3
months versus 12.4 months. The 2-year
OS was 39% versus 18% respectively for
the treatment group as compared with the

Alternative Chemotherapeutic Agents

Gliadel  Placebo

Hazard Ratio: 0.78
Cl: 0.595-1.03
P=.08

0.7

0.6

0.5

0.4 4

Survival Probability

034

0.2 4

Median Survival
Gliadel  13.1 mo
0.17 | placebo  11.4 mo

0.0

T T T T T T T T T T T 1 T T
0 3 6 9 1215 18 21 24 27 30 33 36 39 42 45
Months from Implant Surgery

Fig. 1. GBM population. Survival curve for the subset
207 patients with GBM. The median survival time
was not significantly increased among the GBM subset
(P =.08). Cl, confidence interval. (Data from Westphal
M, Ram Z, Riddle V, et al. Gliadel wafer in initial surgery
for malignant glioma: long-term followup of a mul-
ticenter controlled trial. Acta Neurochir 2006;148:
269-75. Used with permission Springer publishing.)

control and was independently associated
with improved OS. However, when surgery
was controlled for with only those patients
with gross total resection receiving radia-
tion + TMZ + BCNU wafers were com-
pared with those receiving radiation +
TMZ, the median survival was not
significant.®*

BCNU Wafer Toxicity

e BCNU wafers are generally well tolerated
with adverse events profile similar to that
of the placebo group in the Westphal and
colleagues® randomized, double-blind,
placebo-controlled trial. Only intracranial
hypertension is seen more often in the
BCNU wafer group, occurring as a late
event generally greater than 6 months after
implantation. Seizures, intracranial infec-
tions, and healing abnormalities were not
seen more commonly in the BCNU wafer
group than the placebo wafer group.3?
When added to TMZ and radiation, BCNU
wafers resulted in significantly increased
incidence of myelosuppression: 23%
versus 0%.34 In the era of antiangiogenic
treatments, such as bevacizumab, with
well-described impairments in healing,
caution should be exercised in combining
these 2 treatments.
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FOTEMUSTINE

Fotemustine (diethyl-1-[3-(2-chloroethyl)-3-nitro-
soureido]-ethylphosphonate) is a third-generation
chloroethylnitrosourea, historically used less
frequently than CCNU or BCNU. The agent is
highly lipophilic, readily crossing the blood-brain
barrier owing to the addition of the phosphoala-
nine carrier group.®' Clinical studies suggest
a role for fotemustine in the treatment of progres-
sive GBM.%" The activity of this agent has been
evaluated in the TMZ era in recurrent GBM
trials.3":3%% The activity of various chemother-
apies in the recurrent GBM after the initial standard
of care treatment with radiotherapy and concomi-
tant TMZ are shown in Table 2.

Fotemustine Use in Recurrent GBM

e Scoccianti and colleagues®® evaluated the
fotemustine in 27 patients with recurrent
glioblastoma pretreated with temozolo-
mide. There were radiographic partial
responses in 29.6% of patients, stable
disease in 18.5%, and 51.8% showed
disease progression. The median PFS was
5.7 months, PFS-6 was 48%, and PFS at
1 year was 18.5%. Median survival from
the time of first recurrence was 9.1 months
and median OS was 21.2 months. Survival
from the first diagnosis at 1 year and 2 years
were 92.5% and 46% respectively.®

e Recurrent GBM was treated with fotemustine
100 mg/m? infused on days 1, 8, and 15, fol-
lowed by a 4- to 6-week rest period during
induction. Maintenance fotemustine therapy
was administered at 100 mg/m? every 3
weeks until progression.®® Fifty patients
were enrolled with 2% complete responses,

16% partial responses, 44% stable disease,
and 38% progressive disease. A measure of
efficacy control Complete Response + Par-
tial Response + Stable Disease (CR+PR+
SD) was 62%. The median PFS was 6.1
months, the PFS-6 was 51.5%, and the PFS
at 1 year was 35.5%. The median survival
from time of first relapse was 8.1 months,
median OS was 24.5 months, and survival
at 1 year and 2 years from diagnosis were
80.7% and 51.0%, respectively (Table 3).3°

Fotemustine and MGMT Methylation Status

e Brandes and colleagues®’ evaluated fote-
mustine in recurrent or progressive glioblas-
toma in 43 patients. On radiographic review,
7.1% experienced partial responses, 34.9%
had stable disease with a disease control
rate (PR+SD) of 42.5%. The disease control
rate was statistically greater in patients who
were MGMT methylated (75.0%) compared
with the unmethylated MGMT promoter
(34.6%). The median PFS was 1.7 months,
the PFS-6 was 20.9%, and median OS
was 6 months.3"

Fotemustine Toxicity

e Fotemustine was well tolerated in general,
with grade 2 transaminase elevations in
4%, grade 3 thrombocytopenia in 8%,
grade 3 anemia in 2%, grade 3 lymphope-
nia, and grade 4 neutropenia in 2%.%¢
Grade 3/4 toxicities were found in 14% of
cases. Toxicities increased to grade 3/4
thrombocytopenia in 20.9% and grade 3/4
neutropenia in 16.3% during the induction
phase of the treatment.

Table 3
Chemotherapies in GBM after initial treatment with radiotherapy and concomitant TMZ
Tumor Timing of Number Median PFS Median OS

Trial Type Treatment of Patients Chemotherapy (wk) (wk)

Brandesetal,’® GBM  Recurrent/ 42 BCNU + CPT-11 17.0 46.8
2004 progressive

Reithmeieretal,3® GBM  Recurrent 35 BCNU 11 22
2010

Brandes et al,3' GBM  Recurrent/ 43 Fotemustine 6.8 24.0
2009 progressive

Scoccianti et al,>> GBM  Recurrent 27 Fotemustine 22.8 36.4
2008

Fabrini et al,3® GBM  Recurrent 50 Fotemustine 24.4 32.4
2009




SUMMARY

Irinotecan, cisplatin, and nitrosoureas have a long
history of use in brain tumors, with demonstrated
efficacy in the adjuvant treatment of malignant
gliomas. In the era of TMZ with concurrent radio-
therapy given as the standard of care, the use
has shifted to that of treatment at progression or
recurrence. Now with the widespread use of bev-
acizumab in the recurrent setting, irinotecan and
other chemotherapies are seeing use in combina-
tion and alone in the recurrent setting. Despite
future advancements in biologic and targeted
agents, the activity of these chemotherapeutic
agents in brain tumors will likely ensure a place
in the armamentarium of neuro-oncologists for
years to come.
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Key Points

e Glioblastoma multiforme is the most common primary central nervous system tumor, representing
approximately 60% of all primary brain tumors in the United States

e Temozolomide has quickly become a part of the standard of care for the modern treatment of stage IV
glioblastoma multiforme

e Despite its improvements from previous therapies, median survival remains dismal

e Epigenetic modulation of the MGMT promoter gene by hypermethylation results in decreased MGMT
MRNA expression and increased response to temozolomide therapy

e Given the substantial population of patients with resistance to temozolomide treatment, the devel-
opment of supplemental, combination, or alternative therapies is critical to optimize glioblastoma
multiforme management

e Other Food and Drug Adminisration—approved therapies for glioblastoma include BCNU wafers, bev-

acizumab, and NovoTTF-100A

Glioblastoma multiforme (GBM) is the most
common primary central nervous system tumor,
representing approximately 60% of all primary
brain tumors in the United States and characterized
by aggressive invasion throughout adjacent pa-
renchyma.” Although untreated patients generally

do not survive beyond 3 months, even with optimal
patient management median overall survival (OS) is
approximately 15 months, with a 2-year survival
rate of 8% to 26%."5 Standard of care remains
surgical resection with concomitant daily temo-
zolomide (TMZ) and radiotherapy, followed by
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adjuvant TMZ." Given its tendency for rapid tumor
growth, GBM is often diagnosed at a point when
severe damage to eloquent structures has already
occurred. Furthermore, expansion along the white
matter tracts and across the corpus callosum is
not uncommon, making gross total resection diffi-
cult and recurrence nearly inevitable.? Given that
no standard of treatment has yet been established
for recurrent tumors, many clinicians rely on TMZ
retreatment with either standard or alternative
dosing strategies. Although several studies have
not reported any significant benefit from alternative
dosing after GBM recurrence, numerous investiga-
tions are currently evaluating outcomes to optimize
TMZ dosing in first- and second-line settings.’

Nevertheless, gross total resection remains the
treatment goal (Fig. 1), with several studies
demonstrating extent of removal being prognostic
for 0S.3487 |t has been reported that with greater
than 98% tumor resection, median survival time is
13 months, compared with 8.8 months when less
is removed.® One recent analysis examining the
role of extent of resection concluded that the
added benefit of total versus subtotal resection
confers at least 3 months of increased survival
for patients.* However, if lesions are situated in
eloquent areas, such as those involved in speech
and language comprehension, adjuvant and less
caustic therapies may be preferred in place of
aggressive surgical resection.

Other prognostic factors have included patient
age, apparent tumor necrosis, presence of edema,
and Karnofsky Performance Status scores. De-
spite recent advancements in image-guided
surgical resections® and the use of fluorescent
5-aminolevulinic acid,® surgery does not always
translate to improved outcome, most notably in

elderly patients with poor presurgical evaluation
who present with necrosis, edema, and low
Karnofsky Performance Status scores.2310.11 |n
arecent report focusing on patients with advanced
age, median survival was 8.6 months with greater
than 98% resection, and 7.8 months with less than
98% resection. This difference did not reach
significance (P = .13),® indicating that there was
no survival advantage appreciated for a gross total
resection in older individuals. These patient popu-
lations with poor surgical outcomes remain in dire
need of effective adjuvant therapy.

TMZ is a chemotherapeutic agent for treatment
of glioblastoma,!" considered standard of care
since 2005. TMZ was first approved by the
Food and Drug Administration (FDA) for use in
recurrent GBM based on the phase Il trial by
Yung and colleagues'®'® in which they de-
monstrated improved 6-month progression-free
survival (PFS) and 6-month OS over procarbazine
in 225 patients. In the pivotal phase Il study,
Stupp and colleagues'* randomized 573 patients
from 85 centers for treatment of newly diagnosed
GBM with either radiation therapy alone or radio-
therapy plus continuous daily TMZ. Their investi-
gation demonstrated an improved 14.6-month
median survival in the TMZ group, versus 12.1
months in the control group. Two-year survival
was also increased to 26.5% compared with
10.4% for those treated with radiotherapy alone.
Regarding long-term outcome, 5-year survival for
groups receiving TMZ or radiation therapy alone
was 9.8% and 1.9%, respectively.’*'® Here,
we discuss the advantages and limitations of
TMZ as a treatment for glioblastoma, and explore
possible directions for future research and thera-
peutic options.

Fig. 1. Gross total resection of a glioblastoma as demonstrated by the (A) preoperative and (B) postoperative
contrast-enhanced axial MRI. (From Hentschel SJ, Sawaya R. Optimizing outcomes with maximal surgical resection
of malignant gliomas. Cancer Control 2003;10(2):109-14; with permission.)



MECHANISM OF ACTION AND
PHARMACOKINETICS

TMZ is a second-generation DNA alkylating agent
that disrupts malignant growth and cell cycle
repair by methylating the N” and O° positions of
guanine and the N3 site on adenine 70%, 5%,
and 9% of the time, respectively.'®2° The O° posi-
tion of guanine, although least frequently the target
of TMZ, is of unique importance because its meth-
ylation results in its pairing with thymine rather
than cytosine during DNA replication.?! This phar-
macologically induced injury results in crosslinking
of double-stranded DNA, rendering mismatch
mechanisms unable to repair the glioblastoma’s
damaged DNA. A series of double-stranded
breaks, calcium-dependent apoptosis, and auto-
phagy after this mismatch ultimately result in cell
death.?-23

TMZ is an imidazotetrazine derivative prodrug
that spontaneously decomposes to 5-(3-methyl-
triazen-1-yl)imidazole-4carboxamide (MTIC) on
entering a basic environment (Fig. 2). Because
activation of the prodrug does not require first-
pass metabolism, hepatic and renal function are
not a factor for its performance.?* Because of
TMZ’s stability in acidic environments (pH <4), it

Temozolomide and Other Potential Agents

remains in a prodrug state while passing through
the digestive system?® and is conveniently admin-
istered orally.?® Oral TMZ is rapidly and almost
entirely (>99%) bioavailable, and physiologic
conditions immediately lead to nonenzymatic
decomposition of TMZ into MTIC. MTIC in turn
decomposes into 4-amino-5-imidazole-carboxa-
mide (AIC)?”28 in acidic environments,26:29-33

By oral administration, mean maximum peak is
at 1.2 hours and mean half-life is 1.9 hours.?® For
patients who have absorption difficulties, nausea,
or are too young to swallow TMZ in pill form, intra-
venous TMZ is an alternative®* that is biologically
equivalent to oral TMZ, with nearly identical
pharmacokinetic parameters (half-life, time of
maximum peak, and clearance).® Because MTIC
can be hydrolyzed to AIC in any tissue with subse-
quent clearance, TMZ does not accumulate in
plasma after the standard 5-day therapy cycle.
However, some AIC may remain in the body
to be used as an intermediate in purine
synthesis.?’~30

Although the blood-brain barrier may be an
obstacle for many therapeutic agents, TMZ is
a lipophilic molecule that effectively penetrates
to glioma cells.30-%¢ Additionally, the blood-brain

barrier surrounding these tumors is often
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Fig. 2. Metabolic and degradation pathways of temozolomide. AIC, 4-amino-5-imidazole-carboxamide; TMA, 3-
methyl-2,3-dihydro-4-oxoimidazo-[5, 1-d]-tetrazine-8-carboxylic acid. (From Baker SD, Wirth M, Statkevich P, et al.
Absorption, metabolism, and excretion of 14C-temozolomide after oral administration to patients with advanced
cancer. Clin Cancer Res 1999;5(2):309-17; with permission.)
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compromised, and the highly angiogenic charac-
teristics of glioblastoma allow TMZ concentrations
in malignant areas to reach higher levels than in
normal surrounding tissues.3” However, it has
been suggested that GBM cells with invasion
into healthy parenchyma may be exposed to
decreased concentrations of TMZ compared with
those in closer proximity to disruptions in the
blood-brain barrier.38

Extensive research is currently underway to
elucidate other mechanisms and cascades of
TMZ toxicity on glioblastoma cells. A study into
the precise changes in gene transcription and
protein translation after TMZ treatment identified
1886 proteins that were expressed at greater
than twofold differences.®® Two proteins of partic-
ular interest were hypoxia-inducible factor (HIF)-1
(increased in two distinct glioblastoma cell lines
between twofold and sixfold) and vascular endo-
thelial growth factor (VEGF) (increased by twofold
to fourfold). Although these specific proteins were
not increased to the greatest extent compared
with several others, they are implicated in control
processes that are thought to promote tumori-
genesis, despite the fact that TMZ has an overall
antitumor effect. The stress of TMZ induces
a hypoxic-like state that promotes maintenance
of the regulator protein HIF-1a. In turn, HIF-1a
becomes concentrated within the cell, with
subsequent promotion of angiogenesis, glycol-
ysis, cell cycle maintenance, erythropoiesis, and
apoptosis.®® Because these processes enhance
tumorigenesis and autophagy,*® authors of the
study suggest the possibility of a common
pathway to the activation of tumorigenesis and
tumor destruction,®® requiring further elucidation
on the interplay between these seemingly
opposing processes.

Furthermore, TMZ therapy may be able to
activate p53 and p21WAF1/CPl.mediated G,/M
arrest with subsequent apoptosis or senescence.
However, this chemotherapeutic approach in
GBM cells with decreased p53 expression may
have a more limited role.3® This notion has been
supported by one study demonstrating improved
PFS in patients with p53 overexpression.*!

SIDE EFFECTS AND QUALITY OF LIFE

Before the approval of TMZ, the standard of care
for GBM treatment was surgical resection, fol-
lowed by radiotherapy and adjuvant nitrosour-
eas.'#4243 Sych agents included carmustine or
the trio combination of procarbazine (an alkylating
agent), lomustine (an alkylating nitrosourea), and
vincristine (a mitotic inhibitor). However, these
alkylating compounds, particularly lomustine, proved

highly myelosuppressive, often to the point that
treatment cycles had to be halted and post-
poned." However, studies evaluating the toxicity
of TMZ demonstrated increased tolerance
and improved quality of life compared with
procarbazine-lomustine-vincristine therapy.*4-46

Side effects of concomitant and adjuvant TMZ
include nausea (which can be controlled by
antiemetics)*” and fatigue. Like its nitrosourea
precursors, TMZ may also induce hematologic
toxicity, although usually reversible and occurring
in only 7% of patients.’ Neurotoxicity may also
manifest in response to TMZ, with acute events
being associated with late neurotoxicity and
a poorer 0S.*8 However, grade lll and IV adverse
reactions typically present as thrombocytopenia,
neutropenia,***° and lymphopenia,*” with reports
of patients being at elevated risk for oppor-
tunistic infections, particularly Pneumocystis
carinii.'*®% In a review of TMZ-related infections,
one study reported on the most frequently occur-
ring diseases, including mucocutaneous candidi-
asis (28%); herpes zoster (13%); herpes simplex
virus (10%); cytomegalovirus (13%); P carinii
pneumonia (8%); hepatitis B virus (5%); and
others (23%).%" Another study suggested that
higher doses of TMZ given in seven 14-day
cycles led to lymphopenia in slightly more than
half of their patients; however, it did not result
in any infectious complications.®? Similarly, no
P carinii infections were reported in a children’s
study involving lymphopenia as a side effect of
TMZ.53 Qverall, TMZ is very well-tolerated, with
only 13% of patients discontinuing concomitant
doses and 8% interrupting adjuvant doses
because of toxicity.'#

According to studies based on self-reported
questionnaires, patients undergoing chemothe-
rapy reported equivalent or greater quality of life
(physical, emotional, social, and cognitive abilities)
when under treatment with TMZ. These results
were also reflective of improvement in health
status because of the effectiveness of TMZ. Inter-
estingly, quality of life status changed several
weeks before disease progression, which was
later measured by MRI and CT scans.*%:5

However, a unique side effect of TMZ is pseudo-
progression, the transient enhancement of dis-
eased areas on MRI that gives the impression of
tumor progression despite the overall benefit of
radiotherapy and chemotherapy.®*%” Pseudo-
progression often precedes recovery and is
believed to be inflammation or necrosis caused
by radiation therapy and chemotherapy. TMZ
cycles should be continued even if pseudoprog-
ression occurs,> % and only after three cycles
should treatment be reevaluated.®' %% Several



studies report that up to 50% of progression cases
are pseudoprogression,®?%® which can be allevi-
ated with continued TMZ administration (Fig. 3).
As with the assessment of quality of life, the
complication of pseudoprogression necessitates
a more effective method of evaluating disease
progression.

DOSAGE AND SCHEDULING

Because TMZ degrades within hours®® and its
effects are dose-dependent, patient adherence
to dosing schedules is integral to treatment. In
newly diagnosed glioblastoma, TMZ is adminis-
tered concomitantly with radiation therapy at
75 mg/m? per day for 42 days. It is then given as
an adjuvant in cycles for 5 days, each 28-day
period. Dosing for the first adjuvant cycle is

MRI
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150 mg/m? per day for 5 days, with subsequent
cycles two to six at 200 mg/m? per day. For recur-
rent glioblastoma with no prior chemotherapy,
dosing is 200 mg/m? per day for 5 days, each
28-day period. In recurrent glioblastoma with prior
chemotherapy, dosing is 150 mg/m? per day for
5 days, each 28-day period.®* However, alterna-
tive schedules exist and should be modified if
hematologic toxicity becomes severe.

Activation of tumor cell death is an obvious goal
of chemotherapy. However, several studies have
suggested that TMZ may confer a cytostatic effect
on a significant percentage of GBM cells, rather
than a cytotoxic one. Investigations of saturating
cells in 500 to 1290 uM of TMZ found 30% to
40% cell survival.386566

One study reexamined the extensive length of
dosing during concomitant treatment, claiming

MRI MRI
after radiation-
chemotherapy

after > 2 cycles
chemotherapy

T A )
4

Fig. 3. T1-weighted contrast-enhanced MRI of glioblastoma demonstrating (A) partial response, (B) disease
progression, and (C) pseudoprogression. (From Roldan GB, Scott JN, MciIntyre JB, et al. Population-based study
of pseudoprogression after chemoradiotherapy in GBM. Can J Neurol Sci 2009;36:617-22; with permission.)
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that TMZ is effective even if only given during the
first and last weeks of radiation therapy.®” According
to their results, median OS was reportedly
18 months, and 2-year survival rate was 34.8%.
However, only 25 glioblastoma patients were
included in the study, and no statistics were
provided on the significance of their results com-
pared with traditional dose scheduling. Another
more extensive study compared two dose regimens
of TMZ. Group A was given 50 mg/m? for 5 days
each week on radiotherapy, whereas group B was
given 75 mg/m? for 7 days each week on radio-
therapy. Subsequently, 2-year survival rate for group
A was 43%, whereas group B’s 2-year survival rate
was 49%, with no statistically significant difference
found between groups.®

A study on adjuvant TMZ therapy showed that
alternative dose-dense schedules (150 mg/m?
daily for Days 1-7 and 15-28 of each 28-day cycle)
confer benefits greater than standard dosing
schedules, whereas metronomic adjuvant dosing
(50 mg/m? daily, every day of 28-day cycle) did
not provide any additional advantage. Two-year
survival was 34.8% for dose-dense adjuvant treat-
ment and 28% for metronomic schedules. Median
OS for the dose-dense and metronomic treat-
ments was 17.1 months and 15.1, respectively.?®
These findings reiterate the Norton-Simon model
of cellular proliferation®®7° and suggest that
a dose-dense regimen may prevent glioma cells
from proliferating between cycles. Although the
effectiveness of alternative dosing schedules
continues to be debated and requires further
investigation, target dosage should minimize
hematologic toxicity and avoid development of
drug-resistance.®®

Patient adherence to dosing schedules is critical
in that they are designed to sufficiently overwhelm
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and deplete the glioma’s O%-methylguanine-DNA
methyltransferase (MGMT),'* a protein that repairs
DNA by removing methyl groups from the O° posi-
tion of guanine residues’! and becomes perma-
nently inactivated while reversing TMZ-induced
DNA methylation. In patients with hypermethy-
lated MGMT promoter regions, subsequent dec-
reased protein expression leads to a reduction in
DNA repair and increased tumor cell destruction.’?
General consensus throughout the literature
suggests that MGMT protein expression confers
an increased propensity for TMZ resistance up to
10-fold.38:65.72

Epigenetic modulation of the MGMT promoter
gene by hypermethylation results in decreased
MGMT mRNA expression and increased res-
ponse to TMZ therapy (Fig. 4).”>"® Hegi and
colleagues”’ demonstrated a 21.7-month median
OS in MGMT methylated patients treated with
adjuvant TMZ compared with 12.7 months in
patients with unmethylated promoter regions.
Similarly, in MGMT-negative cells, radiotherapy
with concomitant TMZ led to significant increase
in survival compared with radiotherapy with adju-
vant TMZ. MGMT-positive cells, however, showed
no difference in survival regardless of treatment
arm, supporting the significance of MGMT status
in TMZ effectiveness.’® Results remain pending
from a phase lll trial in which more than 1100
patients with newly diagnosed GBM received
either standard-dose TMZ or dose-intensive TMZ
in addition to standard therapy. This study aims
to evaluate the potential of TMZ to deplete
MGMT activity and improve overall patient
survival.’?

In another study involving 63 high-grade
gliomas, MGMT mRNA expression was found to
be a strong prognostic marker, because low levels
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Fig. 4. Kaplan-Meier diagrams depicting (A) progression-free survival and overall survival of 63 patients with
malignant gliomas, and (B) overall survival of patients according to MGMT promoter methylation status.
(From Kreth S, Thon N, Eigenbrod S, et al. 06-Methylguanine-DNA methyltransferase (MGMT) mRNA expression
predicts outcome in malignant glioma independent of MGMT promoter methylation. PlosOne 2011;6(2):e17156;

with permission.)



was associated with prolonged time to pro-
gression, increased treatment response, and
improved survival. Furthermore, mRNA expression
was also correlated with MGMT promoter methyl-
ation status in most patients, and in cases of
discordant findings between epigenetic and
expression profiles (eg, hypermethylation with
increased MGMT mRNA), MGMT mRNA was still
strongly prognostic. Given evidence of incon-
gruent findings related to methylation status
and MGMT expression, methylation-independent
pathways may necessitate further evaluation to
elucidate the mechanisms behind MGMT mRNA
expression.”®

Sensitivity and effectiveness of TMZ treatment
may be predicted by screening for epigenetic
methylation of the promoter gene for MGMT. High-
er methylation translates to silencing of MGMT,
which is prognostic for benefit from TMZ treat-
ment.®%71.77-80 These patients have demonstrated
a 2-year survival rate of 46%,% whereas only
13.8% of patients who lack such methylation
survive beyond 2 years.63.71.81-86

TMZ AND RADIATION THERAPY

Several studies have suggested the synergistic
properties of TMZ and radiotherapy.'96571:87 |t
has been established that glioma cells under the
assault of TMZ are arrested in Go/M phase of the
cell cycle, hindering them from subsequent growth
and division,*%-888% and rendering them sensitive
to radiotherapy.®® Tsien and colleagues® reported
findings in their study using intensity modulated
radiotherapy of 75 Gy in 30 fractions, resulting in
a median OS of 20.1 months. One recent evalua-
tion of data was collected from nearly 14,000
patients throughout the United States comparing
outcomes before and during the TMZ era. Before
TMZ (2000-2003), patients treated with surgery
and radiation therapy survived a median 12
months, whereas those within the 2005 to 2008
TMZ treatment years had a median survival of
14.2 months. However, outcomes were found to
dramatically vary by age, reporting a 31.9-month
survival for patients in the 20 to 29 age range,
whereas those older than 80 years displayed
a 5.6-month survival. Similar findings were
reported by Darefsky and colleagues®! regarding
a database of nearly 20,000 patients. These
findings confirm the treatment effect of TMZ in
a population-based cohort.

Although the postoperative standard of care has
traditionally contained fractionated irradiation
doses of 60 Gy, one study evaluated the use of
accelerated radiotherapy with 1.8 Gy twice daily
to a total dose of 54 Gy within 3 weeks. They
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demonstrated that the addition of TMZ was found
to prolong median OS from 11.3 to 16 months
compared with those without chemotherapy.
This OS was found to be similar to that of TMZ
added to conventionally fractionated radiotherapy,
making it a reasonable alternative. This approach
has been suggested for patients with a severely
limited life expectancy. However, because outpa-
tient treatment may be quite burdensome given
the frequency of treatments, considerations for
quality of life should be a point of discussion.%?

TMZ AND IMMUNOTHERAPY

Regulatory T cells may modulate the native
immune system through various mechanisms.
They can secrete immunosuppressive cytokines
(transforming growth factor-B and interleukin-
10), or may be constitutively activated and inhibit
cytotoxic T lymphocytes.®>%* In patients with
melanoma, the Treg population has been shown
to become decreased after prolonged exposure
to low-dose TMZ.%%%5 This modulation of the
GBM microenvironment may have profound
effects on immunoreactivity against tumor cells.
Given that radiation therapy and TMZ therapy
may alter the regulatory and effector peripheral
blood mononuclear cells, immunotherapeutic
studies may need to consider the potential
interactions of this altered immune system.%3
Furthermore, patients with GBM treated with
dendritic cell vaccinations plus chemotherapy
have demonstrated prolonged survival compared
with those receiving the vaccination alone, with
evidence suggesting that dendritic cell vaccina-
tions may be capable of sensitizing tumor cells
to the effects of TMZ.93.96-98

SUPPLEMENTAL, COMBINATION, AND
ALTERNATIVE THERAPIES

Cancer stem cells are thought to constitute
a subpopulation of tumor cells and mediate che-
moresistant properties. Although the remaining
tumor may undergo cell death after standard ther-
apies, growing evidence suggests that these stem
cells are responsible for GBM recurrence.®3%8
Resistance to TMZ may not only be based in
genetic predisposition, but it can also be acquired,
as in the case of MSH6 mutations that are found in
posttreatment glioblastoma but not in pretreat-
ment glioblastoma.®® Given the substantial
population of patients with resistance to TMZ
treatment, the development of supplemental,
combination, or alternative therapies is critical to
optimize GBM management.
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When MGMT is absent or becomes depleted,
08-methylguanine may initiate mismatch repair
(MMR) enzymes or downstream protein pathways,
ultimately resulting in apoptosis and cell death.
However, nearly all patients with GBM endure
tumor recurrence, with most of these lesions being
TMZ-resistant as a result of increased MGMT
expression or decreased MMR."%0

Although the TMZ-induced O®-methylguanine
lesion is thought to be associated with most of
this chemotherapeutic’s cell toxicity, the effects
of N3-methyladenine and N’-methylguanine
lesions have also been recently investigated.®
Although N3-methyladenine and N”-methylguanine
are thought to contribute a minimal effect on tumor
destruction because of their rapid restoration by
base excision repair (BER), BER inhibition may
provide a potential target for applied therapeutics.
The rate-limiting step in BER is thought to be DNA
polymerase-f, and its inhibition has demonstrated
accumulation of this pathway’s substrates with
increased cell sensitivity. Additionally, BER inhibi-
tion using methoxyamine hydrochloride has also
been shown to increase the cytotoxic effects of
N3-methyladenine and N”-methylguanine.’°0-192

It has been suggested that cell death after BER
activation may be an energy-dependent phe-
nomenon, because NAD* consumption for
poly(ADP-ribose) synthesis after poly(ADP-ribose)
polymerase (PARP) hyperactivation leads to ATP
depletion. Alkylation sensitivity caused by failed
BER may also be reversed by NAD* precursor
supplementation, further supporting this proposed
mechanism of action.'%%°" |n a study by Goellner
and colleagues,’® investigators reported findings
on a combined approach with inhibitors of BER
(methoxyamine hydrochloride) and NAD* (FK866)
pathways to enhance N3-methyladenine and N7-
methylguanine tumor cell sensitivity to TMZ. They
determined that TMZ resistance caused by either
MMR deficiency or MGMT overexpression may
be reversed by combined BER and NAD™* biosyn-
thetic inhibition. However, particular concern may
arise from depleting NAD* and ATP from healthy
tissue, resulting in necrotic cell death of normal
parenchyma. Yet, it has been suggested that given
the high energy demands of rapid tumor cell
growth, the combination therapy may selectively
affect GBM cells.00:103

In addition, PARP inhibitors may also prove
beneficial in the restoration of TMZ sensitivity
in MGMT unmethylated GBM, because PARP
enzymes are involved in base-excision repair after
TMZ N2 and N7 methylation. Such inhibitors have
demonstrated in vitro and in vivo abilities to induce
TMZ sensitivity in previously resistant glioma
tumor cells. 12104

Another DNA repair enzyme,*® O8-alkylguanine-
DNA alkyltransferase, plays a similar TMZ-resistant
role, yet no longer remains an obstacle to treatment
because its effects have been shown to be effec-
tively inhibited by O®-benzylguanine.9:21:40.105,106

Recent studies indicate that supplements, such
as interferon-B, may sensitize glioma cells to
TMZ treatment and can extend median OS to
19.9 months compared with TMZ-only group of
12.7 months.’® One-year survival rates were
83.6% for the interferon-B/TMZ combination
group and 67.6% for standard TMZ treatment,
whereas 2-year survival rates were 34.5% and
22.1%, respectively. These effects were thought
to result from the antiproliferative cascades
involved with interferon-B.'%” Furthermore, other
agents, such as sphingosine kinase inhibitors,'%®
have also been shown to modulate and resensitize
resistant gliomas to TMZ.

Current TMZ clinical trials are in pursuit of
combination therapies that help to improve its
effectiveness. Recent developments that target
unregulated glioma growth include inhibition of
tumor growth factors,’® angiogenic agents,''®
VEGF signaling, epidermal growth factor recep-
tors, """ PKC/phosphatidylinositol 3-kinase (PI3K)/
AKT pathways, SRC-family kinases, platelet-
derived growth factor receptor, integrins, c-MET,
glutamate receptors, and histone deacetylase.’

PIBK has been associated with cell survival,
growth, and proliferation, and its regulators have
been found to be mutated at a high frequency in
GBM tumors. Evaluation of 209 clinical GBM
samples found that 86% displayed activating
mutations or genetic amplifications in the
RTK/PI3K pathway.''>''3 GBM also commonly
displays a mutation or loss of PTEN, a tumor
suppressor that modulates the activity of PI3K
and is found to be mutated or deleted in 36% of
clinical GBM samples.''>'1® These PTEN alter-
ations result in constitutively activated PI3Kinase,
subsequent activation of mTOR, and resultant
tumor growth and resistance to radiation.'?
Preclinical studies have suggested that inhibitors
of PIBK or its downstream signaling proteins
(including AKT, GSK-3, and mTOR) may confer
G1 arrest of GBM cell lines in vitro and increased
TMZ sensitivity in vivo.m"'#18 |n one preclinical
study, a combination inhibitor of PI3SK/mTOR
(XL765) was used to determine the effects on intra-
cranial, orthotopic glioma xenografts as a single
agent, and as a synergistic addition to TMZ. The
dual inhibition of the PIBK/mTOR pathways may
be particularly important in GBM tumors, because
mTOR inhibition may induce a negative feedback
loop that results in increased PI3K/Akt activity.
Authors of this study found that XL765 resulted



in concentration-dependent cell death; inhibition
of the PIBK/mTOR pathways; a decreased median
tumor bioluminescence by 12-fold (indicating
decreased tumor burden); and increased survival.
Although TMZ alone resulted in a 30-fold
decreased bioluminescence, the combination of
TMZ and XL765 produced a 140-fold reduction
and a trend toward improved survival compared
with TMZ alone.’? These findings indicate the
potential for future phase Ib/ll trials to evaluate
the clinical benefit these pathway modulators
may possess.

Integrins have been associated with metastasis
and angiogenesis, because they play important
roles in cellular adhesion, migration, and invasion.
The a, integrin inhibitor, cilengitide, has been eval-
uated in clinical trials reporting promising 6-month
PFS rates (69%), 12-month OS (68%), 24-month
OS (35%), and median OS (16 months), with
particularly increased PFS and OS rates for
patients with MGMT promoter methylation."”

"1 9y 4 Y - -1 .
Fig. 5. Postcontrast axial and coronal T1-weighted MRIs at baseline (A, C) and after treatment with bevacizumab
and irinotecan (B, D). (From Vredenburgh JJ, Desjardins A, Herndon JE Il, et al. Bevacizumab plus irinotecan in
recurrent glioblastoma multiforme. J Clin Oncol 2007;25(30):4722-9; with permission.)

Temozolomide and Other Potential Agents

Within the pediatric population, it has been
discovered that malignant gliomas may be genet-
ically distinct from those of adults, displaying
a markedly decreased frequency of epidermal
growth factor receptors amplification, PTEN alter-
ations, and IDH gene mutations."'120 |n a study
evaluating 107 pediatric patients with high-grade
gliomas, TMZ failed to provide any added survival
benefit compared with the use of other chemo-
therapies during standard treatment regimens.
This suggests that GBM present in pediatric
patients may represent a unique entity from that
of adults, necessitating age-appropriate thera-
peutic options.™'®

FDA-APPROVED THERAPIES

Other FDA-approved therapies for glioblastoma
include BCNU wafers (approved in 1996); bevaci-
zumab (approved in 2009); and NovoTTF-
100A (approved in 2011). BCNU wafers are
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a combination of carmustine chemotherapy and
a polymer wafer that are administered directly
into the tumor resection cavity. This therapy was
approved by the FDA in 1996 for the treatment of
recurrent GBM after a phase Ill double-blind study
involving 222 patients demonstrated more than
a 50% increase in 6-month survival.'?":122 After
a meta-analysis of two phase lll trials depicting
an improved median survival of 13.1 months
versus 10.9 months in the control group, FDA
approval was granted in 2003 for newly diagnosed
high-grade gliomas.'?>7'?* Thus, BCNU wafers
may provide a modest treatment during the
interval between surgical resection and other
adjuvant therapies.?

Bevacizumab is a monoclonal antibody for
VEGF-A that inhibits proliferation of endothelial
cells and angiogenesis.'?® This therapeutic ap-
proach has been widely prescribed as treatment
for other tumor types, including colorectal, breast,
and lung cancers. However, its precise role
for glioblastoma remains elusive. Although many
studies have demonstrated improvement in radio-
logic response and 6-month PSF, others have
failed to identify any increase in OS. However,
recent findings have suggested significant benefit
to patient outcomes with the administration of
bevacizumab, implying the necessity for additional
studies to evaluate this treatment modality
(Flg 5)‘125—146

NovoTTF-100A is a noninvasive external elec-
trode system that generates “tumor treatment
fields” (TTF) or alternating electric fields that arrest
cell proliferation and induce apoptosis. They
inhibit the proper formation of mitotic spindles,
cause cells to burst when dividing,'#” and interfere
with organelle assembly.*® A phase Il clinical trial
showed that treatment with TTF (120 patients) had
better responses and tolerance than treatment
with the “best standard chemotherapy” with TMZ
(117 patients). Median OS for TTF treatment was
6.6 months, compared with median OS of
6 months with chemotherapy.’® However, the
results were not statistically significant, indicating
that whereas NovoTTF-100A was not a better
alternative to chemotherapy, it could be consid-
ered comparable.

NovoTTF-100A offers advantages over TMZ,
because the system can be used at home and
lacks the side effects commonly associated with
chemotherapy. Because the electric fields cannot
penetrate bone, this treatment can preserve the
integrity of bone marrow and other blood cells
that may become injured as a result of hemato-
logic toxicity in TMZ therapy.™"'4° NovoTTF-
100A side effects include dermatitis at electrodes
sites in 17% of patients’7:148150-152 gnd the

theoretic risk of cardiac arrhythmia or seizures;
however, these have yet to be documented in clin-
ical trials.®4” NovoTTF-100A holds promise as an
alternative therapy for patients who are poor
surgical candidates or are unable to tolerate TMZ
chemotherapy.

SUMMARY

Several advancements have been made in the
treatment of glioblastoma. Benefits of TMZ include
increased tolerance and improvement in OS
compared with surgery alone, radiation therapy
alone, or first-generation alkylating agents. De-
spite these advancements, myelosuppression,
acquired tolerance, and dismal 2-year survival
rates remain as reminders of current therapeutic
limitations. Recent years have revealed novel inno-
vations, including such therapies as BCNU wafers,
bevacizumab, NovoTTF-100A, and a variety of
potential adjuvants to TMZ treatment. Ultimately,
it may be necessary to combine several of these
approaches to best optimize the management of
glioblastoma. A recent study reported that TMZ
may be combined with as many as three other
agents to target growth of malignant cells.?%-52
However, the potential toxicity of these multimo-
dality treatments must be kept in mind to minimize
treatment-related complications.'®® Although TMZ
has provided an improvement in the management
of GBM, its conferred advantage is by no means
sufficient alone. Future research is necessary
to augments its effects and optimize patient
outcomes.
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Every year approximately 12,000 cases of glioblas-
toma multiforme (GBM) are newly diagnosed in the
United States,! constituting the most common
primary brain tumor. GBM carries a grim prognosis
with a 2-year survival rate after diagnosis of approx-
imately 26.5%,22 even with a multidisciplinary treat-
ment including surgical resection followed by
radiation therapy and concomitant temozolomide.*
Once the tumor recurs, patients are treated with
several chemotherapeutic agents, such as bevaci-
zumab and irinotecan, which have been shown to
improve progression-free survival and overall
survival.’ Because treatment effects are modest
and nothing to date has been shown to extend life
satisfactorily, there is a great need for novel thera-
peutics. Several novel therapeutic modalities
are under study and development, including immu-
notherapies involving tumor vaccines® and selective
intra-arterial (1A) delivery of chemotherapeutics.”

Application of IA delivery of chemotherapeutics to
treat malignant gliomas was introduced into clinical
practice decades ago with the IA infusion of carmus-
tine by an intracarotid approach.? These early
studies showed no survival difference between 1A
and intravenous administration and even revealed
a high complication rate, such as white matter
necrosis or blindness in patients treated with the IA
approach, which most likely occurred as a result of
unselective catheter use and direct infusion of toxic
agents.®~'! Recently, however, modern specialized
microcatheters are better able to selectively deliver
drugs to distal tumor vessels to enhance local drug
delivery.'>13 At our institution, we use specialized
microcatheters for superselective infusion of bevaci-
zumab, cetuximab, and temozolomide. Our phase |
trial revealed that the use of IA bevacizumab after
blood-brain barrier disruption (BBBD) for recurrent
GBM is safe and well tolerated.”
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Here, we present a technical case series of
patients who received IA delivery of bevacizumab,
cetuximab, or temozolamide after BBBD with
mannitol. We describe the technical aspects of
the procedure and the hospital course and 1-
month imaging. All patients were included in an
Institutional Review Board-approved phase | clin-
ical trial to determine safety and tolerability. These
data support the rationale to export the results to
larger studies to evaluate the efficacy of this
modality.

ILLUSTRATIVE CASES
Case One: BBBD/IA Bevacizumab

History and examination

The patient is a 52-year-old woman, who pre-
sented after subtotal resection of a right temporal
lobe GBM in June 2009 at a community hospital
followed by 2 months of radiation therapy and te-
mozolamide chemotherapy. Chemotherapy was
complicated by a hematologic toxicity including
thrombocytopenia and neutropenia. In January
2010, there was evidence of tumor progression
on magnetic resonance imaging (MRI). The subin-
sular enhancing component increased in size,
whereas the right temporal lesion remained stable
(Fig. 1A). Because of her history of neutropenia,
additional temozolomide therapy was not recom-
mended, and the patient entered our phase | trial
for IA infusion of bevacizumab after BBBD with
mannitol in February 2010.

Pre-IA Angiogram

Right M1

Mannitol Infusion

IA treatment: technical description

After obtaining consent, the patient was placed in
the supine position in the angiography suite under
general anesthesia. The right common femoral
artery was found by palpation, and a 19-gauge
single-wall needle was inserted into this artery.
We replaced the needle with a 6F catheter sheath
connected to continuous heparin saline flush.
Then, a 5F Torcon catheter was advanced into
the right common carotid artery over a 0.035-in
angled guidewire. A right common and internal
carotid artery angiogram were performed to ensure
anterograde flow. Intravenous heparin was then
administered after measurement of a baseline acti-
vated clotting time (ACT). An Excelsior SL 10 micro-
catheter angled 45 degrees was then advanced
into the right M1 segment over a Synchro 2 soft
microwire. After removal of the microwire, 10 mL
of 25% mannitol solution was infused for 2 minutes
(see Fig. 1B). Then, we infused 13 mg/kg of bevaci-
zumab in 36 mL of saline for 36 minutes; postinfu-
sion angiogram excluded arterial vessel damage.

Immediate postoperative course

Postoperative hospital course was unremarkable
and immediate follow-up MRI demonstrated
a decreased in size in the heterogenous enhance-
ment of the right temporofrontal mass and
decreased F-18 fluorodeoxyglucose (FDG) uptake
on positron emission tomography scan in the
same area (see Fig. 1A).

Post-I1A

Pre-1A

Bevacizumab Infusion

Fig. 1. (A) T1 axial magnetic resonance image (MRI) with contrast and fused metabolic positron emission tomog-
raphy imaging before and 1 month after IA bevacizumab with BBBD treatment. A decrease in the heterogenous
enhancement of the right temporofrontal mass on MRI (arrows) and a diminished F-18 fluorodeoxyglucose
uptake in the same area are present (arrows). (B) Lateral fluoroscopic imaging of the pre-IA angiogram, after
mannitol infusion, and after bevacizumab infusion. The right M1 segment of the right middle cerebral artery
was selectively catheterized for infusion of mannitol and bevacizumab to treat the right temporofrontal lesion.
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Case Two: BBBD/IA Temozolamide

History and examination

A 40-year-old man who presented in the emer-
gency room with a 2-week history of nausea,
vomiting, lethargy, and lower-extremity weakness
became bradycardic with loss of consciousness.
MRI revealed a heterogenous enhancing mass in
the parasagittal left frontal lobe. The patient
underwent craniotomy and gross total resection
of the left parasagittal frontal lesion and was
started on 2 months of chemoradiation with te-
mozolomide. In January 2011, the patient re-
ported clinical progression with some blurry
vision in the left eye. MRI revealed recurrent left
frontal mass with increased involvement of the
corpus callosum (Fig. 2A). At this point, the
patient was enrolled in our Phase | IA temozola-
mide trial.

Post-I1A

B Pre-IA Angiogram (ICA)

Right ACA

Pre-IA Angiogram

Left ACA

Mannitol Infusion

Mannitol Infusion

IA temozolamide treatment: technical
description

In February 2011, the patient was consented for
selective IA infusion of temozolamide after BBBD
with mannitol. The right common femoral artery
was palpated, and a 19-gauge needle was inserted
and then exchanged for a 6F catheter sheath con-
nected to a continuous heparin saline flush. A 6F
Envoy catheter was then advanced into the left
common carotid artery over a 0.035-in guidewire
under fluoroscopic guidance. Diagnostic angio-
grams were performed for the left common and
internal carotid arteries to ensure normal antero-
grade flow. Afterward, heparin was administered
intravenously after measurement of a baseline
ACT. Then, using roadmap guidance, an Excelsior
SL 10 microcatheter angled to 45 degrees was
advanced into the A1-A2 junction over a Synchro 2

Post-IA

Temozolamide Infusion

Temozolamide Infusion

Fig. 2. (A) T1 axial MRI with contrast and fused metabolic PET imaging before and 1 month after IA temozolo-
mide with BBBD treatment. There is decreased size in the cystic component of the left frontal mass on MRI
(arrows) and decreased F-18 FDG uptake in the left frontal parasagittal lesion (arrows). (B) Lateral fluoroscopic
imaging of the pre-lIA angiogram, mannitol infusion, and temozolamide infusion. The right A1 segment and

left A1-A2 junction of the right and left anterior cerebral artery, respectively, were selectively catheterized for

infusion of mannitol and temozolamide to treat the left pericallosal frontal lesion, which may be crossing the

midline over the corpus collosum.

325




326

Shin et al

soft microwire. After removal of this microwire, 10
mL of 25% mannitol was infused for 2 minutes (see
Fig. 2B). Then, 83 mL of temozolamide (199 mg)
was infused for 60 minutes. Postinfusion angiog-
raphy was performed to ensure no arterial injury
had occurred. The catheter was then advanced
into the right common carotid artery under fluoro-
scopic guidance. An angiogram was performed for
the right common and internal carotid arteries to
ensure normal anterograde flow followed by intrave-
nous heparin. Just as for the left anterior cerebral
artery, 10 mL of 25% mannitol and subsequent 22
mL of temozolamide (53 mg) was infused into the
right A1 segment.

Immediate postoperative course

Postoperative hospital course was unremarkable
and 1-month follow-up MRI is illustrated in
Fig. 2A, which demonstrated decrease in size of
the cystic component of the left frontal mass and
decreased FDG uptake in the left frontal parasagit-
tal lesion.

Case Three: BBBD/IA Cetuximab

History and examination

This 61-year-old male patient presented with
ataxia and memory difficulties and subsequently
underwent resection of a posterior right parieto-
occpital GBM in December 2008. Postoperatively,
the patient underwent radiation therapy and temo-
zolamide chemotherapy for only 6 weeks because
of noncompliance. He was then continued on
maintenance temozolamide for 6 months. In
August 2009, the patient was started on bevacizu-
mab in addition to temozolamide. While on this
treatment regimen, the patient progressed on
MRI, showing a 3.5-cm enhancement in the pari-
etal lobe and new heterogeneous enhancement
in the right posterior lobe. Irinotecan was added
to his treatment. From March 2010 to July 2010,
the patient also underwent gamma knife radiation.
Bevacizumab was discontinued in August 2010. At
that point, the patient reported visual deficit and
decreased ambulation. He denied seizures or
weakness. However, MRI revealed increased
signal enhancement and mass effect within the
right parietal, temporal, and occipital lobes
(Fig. 3A). In September 2010, the patient under-
went a right parietal craniotomy and subtotal
resection of brain tumor by the senior author
(J.B.). Postoperative MRI revealed persistent T2
hyperintensity in the left lateral thalamus and
residual tumor. Pathology showed robust (70%)
expression of epidermal growth factor receptor
on immunohistochemistry.

IA cetuximab treatment: technical description
In October 2010, after obtaining informed consent,
the patient was prepped for IA infusion of cetuxi-
mab and placed in the angiography suite under
general anesthesia. The right common artery was
found by palpation, and a 19-gauge needle was in-
serted. The needle was replaced by a sheath (5F
catheter), which was connected to a continuous
source of heparin saline flush. A guide catheter
(6F catheter) was fluoroscopically advanced to
the right common carotid artery over a 0.035-in
guidewire. An angiogram was then performed in
the posteroanterior and lateral projections to
ensure anterograde flow into the right common,
external, and internal carotid arteries. An ACT
was measured, and heparin was given intrave-
nously. The guide catheter proceeded into the
right internal carotid catheter. An Excelsior SL 10
microcatheter angled to 45 degrees was
advanced over a Silverspeed 14 microwire and
placed into the M1 segment of right middle cere-
bral artery using the roadmap technique (see
Fig. 3B). Repeat angiogram was performed to
ensure anterograde flow.

After removal of the microwire, 10 mL of 25%
mannitol was injected through the microcatheter
for 2 minutes. After a postinfusion angiogram,
210 mg of cetuximab (100 mg/m?) solution mixed
in 105 mL of normal saline was infused for 30
minutes (see Fig. 3B). To ensure no arterial injury,
postinfusion angiography was performed for the
right M1 segment. Afterward, a 6F guide catheter
was replaced by a smaller 5F catheter, which
was advanced into the right vertebral artery over
a guidewire. A right vertebral artery angiogram
was performed to ensure anterograde flow. The
microcatheter was then inserted into the right
posterior cerebral artery (P1 segment), and 10
mL of 25% mannitol and 210 mg (100 mg/m?) ce-
tuximab was infused as previously described for
the M1 segment (see Fig. 3B). Again, a repeat
angiogram of the P1 segment was performed to
ensure no arterial injury.

Immediate postoperative course

Postoperative hospital course was unremarkable
and immediate follow-up MRI is as illustrated in
Fig. 3A, which demonstrated decreased in size
of the right parietal periventricular lesion.

DISCUSSION
Bevacizumab, Cetuximab, and Temozolomide
in GBM

We describe in this case series the technical
aspects of selective arterial infusion of cetuximab,
bevacizumab, and temozolamide after BBBD.
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Fig. 3. (A) T1 axial MRI with contrast before and 1 month after IA cetuximab with BBBD treatment. There is
a decrease in the size and enhancement of the right periventricular parietal lesion (arrow) from pre-lA to
post-1A treatment. (B) Fluoroscopic imaging of the pre-lIA angiogram, mannitol infusion, and cetuximab infusion.
The right P1 and M1 segments of the right posterior cerebral artery and middle cerebral artery, respectively, were
selectively catheterized for infusion of mannitol and cetuximab to treat the right periventricular parietal lesion.

Cetuximab, an epidermal growth factor receptor
antibody, has been used intravenously in conjunc-
tion with irinotecan for the treatment of metastatic
colorectal cancer and is currently in off-label use
for recurrent GBM.' Likewise, bevacizumab,
a vascular endothelial growth factor (VEGF) anti-
body, has been used intravenously with irinotecan
for recurrent GBM.'® However, survival after the
intravenous application of these drugs is still un-
satisfying and needs to be optimized. Although
temozolamide has been successfully used as
first-line chemotherapy in newly diagnosed
GBMs,® no such success was achieved after the
tumor recurred.'® Up to now, the ideal treatment
regimen for recurrent GBM is still missing and
novel treatment modalities are needed to improve
survival after GBM recurrence. At our institution,
we recently completed a phase | trial”"'” investi-
gating the use of superselective IA infusion of bev-
acizumab after BBBD for the treatment of
recurrent malignant glioma. We found that this

modality is safe and well tolerated. The maximum
tolerated dose for IA cetuximab and temozolomide
are still under investigation. The three patients in
this case series received 13 mg/kg bevacizumab,
4.6 mg/kg cetuximab, and 2 mg/kg temozolomide,
respectively. All of the patients in this case series
were included in either phase | or Il trials, so
outcomes and longer-term side effects will be
evaluated in a separate study.

Superselective IA Cerebral Infusion and BBBD

Previous studies have shown that superselective
IA chemotherapy increases the concentration of
Tc-hexamethylpropyleneamine compared with
the equivalent intravenous route.’® In addition to
increased parenchyma drug concentrations, local-
ized |A therapy may prevent more systemic
effects, as shown by our study.” To further
increase local drug delivery disruption of the
BBB is an established method. Passive transfer
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across any membrane is proportional to both the
concentration gradient and the diffusion coeffi-
cient of the membrane itself. To increase the diffu-
sion coefficient, the BBB itself can be disrupted.
Osmotic disruption of the BBB has been shown
to increase uptake of monoclonal antibodies.®
Although in malignant gliomas it is widely believed
that the BBB is disrupted and not intact, Sarin and
colleagues?®® showed that the maximal pore size of
12 nm in solid malignant brain tumors allows for
only a partial opening of the BBB. Because the
BBB is discontinuously open, we believe that
agents with a bigger size, such as bevacizumab
(size of 15 nm), reach the extravascular space
more reliably after BBBD. Therefore, by using IA
infusion and disrupting the BBB, we increase the
concentration gradient and the transfer coefficient,
thereby maximizing transfer of chemotherapy
across the BBB.

Selective IA Niche Disruption and Delivery

By disrupting the BBB by IA fusion, we allow for
maximal concentration of the infused drugs into
the perivascular space known as the “perivascular
niche.” Calabrese and colleagues®' have shown
that cancer stem cells interact with endothelial
cells in this niche and more specifically brain tumor
blood vessels maintain the brain cancer stem-like
cells and promote the growth of xenografts
derived from stem-like cancer cells. Bevacizumab
reduces the number of self-renewing tumor cells
and especially inhibits the growth of xenografts
derived from Daoy-positive cells. In addition,
cancer stem-like cells themselves can also
become endothelial cells under VEGF signaling,
and bevacizumab prevents the maturation of

i \ I

Fig. 4. Example of selective
intra-arterial niche disruption
and delivery using mannitol
and bevacizumab. In addition
to intravascular VEGF, VEGF
within the perivascular niche
needs to be targeted to disrupt
mitogenic signaling and the
generation of endothelial and
tumor progenitor cells. This
model can also be applied to
cetuximab, temozolamide, or
any drug designed to target
signaling involving GBM stem-
Legend like cells. Cancer stem cell, en-

P ConcerStem Cell dothelial progenitor cell.
(P Non-Stem Cancer Cell
Endothelial Cell
Avastin
VEGFR-2
VEGF

-k}..

these tumor endothelial progenitors.?? As shown
in the illustrative sketch (Fig. 4), VEGF needs to
be targeted within the perivascular niche to disrupt
mitogenic signaling and the generation of endo-
thelial and maintenance of tumor progenitor cells.
We believe that selective IA niche disruption and
delivery is needed to allow monoclonal antibodies,
such as bevacziumab, to enter the perivascular
niche at a clinically sufficient concentration.

SUMMARY

In this technical case series, we have shown some
examples of superselective IA cerebral infusion of
chemotherapeutic drugs after BBBD with
mannitol. Superselective IA cerebral infusion and
selective IA niche disruption and delivery of beva-
cizumab, cetuximab, and temozolomide are safe
methods for the treatment of patients with GBM.
Treatment efficacy needs to be further determined
in larger ongoing phase Il and lll trials. It is hoped
that this technical case series provides a frame-
work to impact positively the treatment of patients
with recurrent GBM.
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Glioblastoma multiforme (GBM) is a malignant
cerebral neoplasm of glial cell origin, accounting
for 17% of all primary central nervous system
tumors.” It has been classified by the World Health
Organization as a grade IV malignancy and, thus,
associated with rapid disease progression and
a universally fatal outcome.? The prognosis for
patients diagnosed with GBM is dismal, with an
estimated 5-year survival rate of only 3.4%." The
current standard of treatment of newly diagnosed
glioblastomas entails aggressive surgical resec-
tion with postoperative radiotherapy and chemo-
therapy, consisting of temozolamide, an oral
alkylating agent.>* Such treatment has improved
the overall survival to a median of 12 to 15 months,
compared with the previously sited 8 to 10
months.5® However, although patients are living
longer with this disease, recurrence proves to be
unavoidable, with one study quoting an overall
median survival of 6.25 months.”

The propensity for glioblastomas to recur can, in
part, be explained by their ability to promote en-
dothelial vascular proliferation.® The marked in-
crease in vascular density largely accounts for
their aggressive and invasive behavior.® These
neoplasms exhibit an overexpression of vascular
endothelial growth factor (VEGF), a promoter of

angiogenesis.® Increased VEGF expression re-
sults in microvascular proliferation and acceler-
ated tumor growth and has been linked to poor
prognosis.8 10

Novel therapies aimed at arresting angiogenesis
and tumor growth have come to play an integral
role in the management of recurrent GBM. One
such therapy is bevacizumab (Avastin), a recombi-
nant monoclonal immunoglobulin (Ig) G4 antibody
that received Food and Drug Administration
(FDA) approval in 2009 for the treatment of recur-
rent GBM."" Avastin acts by inhibiting the binding
of VEGF to endothelial cell receptors. It is thought
through inhibition of VEGF binding, tumor neo-
vascularization, and, thus, tumor growth can be mini-
mized. The proposed effect of the drug is supported
by its radiographic findings of decreased contrast
enhancement of tumors on magnetic resonance
imaging (MRI)."" However, the correlation of reduced
tumor burden, as seen on imaging, with a progres-
sion-free survival (PFS) is uncertain. It is argued
that Avastin’s ability to neutralize VEGF results in
the stabilization of the blood-brain barrier, which
can prevent radiographic enhancement and, thus,
mask tumor growth.! This article reviews the use
of Avastin, its clinical applications, and its role in
the treatment paradigm of recurrent GBM.
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ANGIOGENESIS
The Angiogenic Switch

Angiogenesis is the process by which new blood
vessels sprout from existing blood vessels.? Al-
though angiogenesis is essential in normal vascular
development, it can also be seen in many pathologic
processes, including tumorigenesis.®'* New blood
vessels develop in response to a hypoxic environ-
ment and the increased demand for oxygen and
nutrients.’>'® However, in pathologic conditions,
this neovascularization is persistent and does not
resolve by the reestablishment of adequate vascular
perfusion.’?% Inthis setting, there is a transition from
a physiologic prevascular environment to a patho-
logic vascular setting. This model of tumor angio-
genesis was first introduced by Dr Judah Folkman
in 1971 and is commonly referred to as the angio-
genic switch (Fig. 1).'316:17

The angiogenic switch provides 2 distinct advan-
tages to tumor cells. The first and perhaps more
significant benefit is the direct blood supply af-
forded to tumors by this neovascularization. In
general, tumors that have access to a sufficient
blood supply will continue to have exponential
growth.”® As described by Dr Folkman, there is
a highly interdependent relationship between
tumor cells and endothelial cells within the capil-
laries of a neoplasm, such that their rates of growth
are contingent on each other.'® The second advan-
tage of neovascularization is the ability for tumor
vessels to indirectly support malignant cells in an
environment called the vascular niche.® This niche
consists of small nests of dormant neoplastic cells.
Neighboring endothelial cells supports these
quiescent cells, yet their dormancy maintains

a resistance to treatments, such as radiation and
chemotherapeutic agents. Thus, neovasculariza-
tion, which occurs in response to the angiogenic
switch, provides tumors with a distinct growth
advantage and proliferative autonomy when
compared with normal cells.’

The mechanism by which this angiogenic switch
occurs is a complex series of events. As tumors
enlarge and compress neighboring blood vessels,
there is a decrease in blood supply leading to
hypoxia.2° Tumors growing to a size as small as 1
to 2 mm can outgrow the local blood supply, trig-
gering an angiogenic process.'®'® The decreased
partial pressure of oxygen tension in the tissue
induces an upregulation of a transcription factor,
hypoxia-inducible factor (HIF).2! During times of
normal oxygenation, HIF is kept atlow levels by ubig-
uitin proteasome-dependent protein degradation,
mediated by various tumor suppressor genes.?! In
cases of tumorigenesis, however, there is a loss of
tumor suppressor function and HIF levels remain
elevated.'>' This condition results in increased
expression of proangiogenic factors, such as
VEGF, basic fibroblast growth factor (FGF), and
transforming growth factor-, and a concomitant
decrease in antiangiogenic factors, including inter-
feron-a. and thrombospondin-1."3 The result is the
stimulus for the angiogenic switch, which allows
the growth of new capillaries and consequently the
continued growth of a malignant tumor.™3

Vascular Endothelial Growth Factor

VEGF has been shown to play a key role in the
regulation of both normal and abnormal angiogen-
esis and it is commonly overexpressed in solid

Fig. 1. Angiogenesis in high-grade gliomas. Tumor growth begins with malignant cells inhabiting regions adja-
cent to normal blood vessels (A). As the number of tumor cells increase at a rapid rate, as occurs in high-grade
gliomas, the cells outgrow their previous blood supply and become hypoxic and necrotic (B). The hypoxic envi-
ronment stimulates new blood vessel development, which in turn promotes further tumor growth (C). The blood
vessels are depicted in red, the tumor cells are yellow, normal cells are blue, mitotic cells are green, and necrosis is
demonstrated with purple triangles. (Data from Bergers G, Benjamin L. Tumorigenesis and the angiogenic switch.

Nat Rev Cancer 2003;3(6):401-10.)
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tumors.' VEGF is a member of the VEGF/platelet-
derived growth factor gene family.® It binds to 2
tyrosine kinase receptors, VEGF receptor-1
(VEGFR-1 or Flt-1) and VEGF receptor-2 (VEGFR-2
or Flk-1/KDR). Both of these receptors predomi-
nantly occupy the surface of vascular endothelial
cells.’™ When VEGF binds to the VEGFR-2 receptor,
it signals downstream pathways, such as the phos-
phatidylinositol 3'OH kinase/AKT, to induce angio-
genesis, vascular permeability, and mitogensis.??
In contrast, the binding to the VEGFR-1 receptor is
thought to have negative feedback on VEGFR-2
signaling, monocyte migration, and endothelial cell
secretion of proteases and growth factors.'?15

In one study, levels of VEGF and other proangio-
genic factors were quantified by enzyme-linked
immunosorbent assay in patients with primary
and recurrent malignant gliomas. Twelve patients
with primary GBM, 26 patients with recurrent
GBM, and 7 patients with recurrent anaplastic
astrocytoma underwent surgery for tumor resec-
tion and placement of an Ommaya reservoir into
the resection cavity. Intracavitary fluid was drawn
from the Ommaya reservoir between 2 to 12
weeks, before receiving chemotherapeutic treat-
ment, and VEGF levels within the fluid were
measured. The VEGF levels in the plasma of
patients were also evaluated and compared with
the plasma levels in 23 healthy controls. The
VEGF levels in the plasma of patients were found
to be higher than that of the controls (P = .04).
When comparing the plasma and intracavitary
VEGF levels in patients, the intracavitary levels
proved to be higher. Finally, the VEGF levels
were highest in the intracavitary fluid of patients
with recurrent GBM, followed by patients with
primary GBM. Intracavitary levels were lowest in
patients with recurrent anaplastic astrocytomas.
The study also showed a trend toward longer

survival with lower intracavitary VEGF levels in
the patients with recurrent glioblastomas.?® As
a result, more therapies are aimed at inhibiting
the activity of VEGF and, thus, arresting angiogen-
esis, (Fig. 2).

Avastin

One of the more recognized antiangiogenic drugs
available is Avastin, a recombinant monoclonal
IgG; antibody derived from the murine VEGF
monoclonal antibody.?®'4 The protein sequence
is composed of 7% murine VEGF-binding residues
incorporated into a human IgG framework consti-
tuting the other 93% of the protein sequence.?*
Experimental studies with Avastin show neutrali-
zation of all isoforms of human VEGF.' Treatment
with Avastin results in a dose-dependent inhibition
of tumor growth and a reduction in tumor density,
diameter, and permeability.’®> For instance,
patients who received greater than or equal to
0.3 mg/kg of intravenous Avastin demonstrate
nondetectable serum levels of VEGF.?®

In addition to neutralizing VEGF, Avastin has
also been found to return tumor vasculature to a
more physiologic state.?® In nonmalignant blood
vessels, there is a delicate balance between pro-
angiogenic and antiangiogenic signaling mecha-
nisms. This balance allows for the development
of proper support structures, such as pericytes
and basement membranes.’® In tumors, however,
the proangiogenic state is favored, resulting in aber-
rant blood vessels, irregular basement membranes,
and discontinuous endothelial lining.'®'® In effect,
there is a leaky and unorganized vascular network
with hyperpermeable membranes, which ultimately
increases pressure in the interstitial space within
tumors.’®27 As a result, there is impaired delivery
of oxygen and cytotoxic agents from the blood to

Fig. 2. Angiogenic switch and antiangiogenic theory. Tumor growth begins with a dormant nest of tumor cells,
which slowly proliferate. As the tumor grows, it secretes proangiogenic factors and induces neovascularization.
Tumor growth will continue as long as there is a sufficient network of blood vessels to support this growth. This
process is the angiogenic switch. Antiangiogenic agents aim to inhibit the proangiogenic factors. (Data from
Bergers G, Benjamin L. Tumorigenesis and the angiogenic switch. Nat Rev Cancer 2003;3(6):401-10.)
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the tumor. Moreover, the hypoxic environment may
impair the effects of any chemotherapy and radiation
that is delivered to tumor cells.’>?8 By restoring the
function of abnormal tumor vessels, Avastin indi-
rectly promotes the delivery of cytotoxic agents to
tumor cells while reducing leakage into the interstitial
Space.13'24’29

As alluded to earlier, anti-VEGF treatment may
also enhance the effects of radiation in addition to
chemotherapy. Gorski and colleagues®® determined
a dose-dependent increase in VEGF levels in tumors
treated with ionizing radiation both in vitro and in vivo
using mouse models. In the in vitro model, VEGF
levels were initially 3 times higher in tumors concom-
itantly irradiated than in those that were not, and
levels remained elevated for 14 days (P = .032).%°
The in vivo mouse model further demonstrated this
synergy, showing no inhibition of tumor growth with
anti-VEGF therapy alone, 68.8% inhibition of tumor
growth with radiation alone, and 83.4% inhibition of
tumor growth with a combined therapy (P = .046).%°

AVASTIN IN CLINICAL TRIALS
Results in Other Malignancies

Angiogenesis is a common pathologic process in
several types of malignancies. Similarly, the use
of Avastin has been applied to the treatment of
other, nonglial neoplastic processes. In 2004, the
drug was FDA approved as a first-line agent with
5-florouracil chemotherapy for the treatment of
colorectal cancer. In 2006, Avastin was approved
as a second-line treatment with 5-fluorouracil/
leucovorin/oxaliplatin -4 for colorectal cancer and
as a first-line treatment of patients with unresect-
able or metastatic nonsquamous, non-small cell
lung cancer in combination with carboplatin and
paclitaxel. The approval for colorectal and lung
cancer was based on randomized clinical trials
that showed a statistically significant improvement
in overall survival. In 2008, the FDA approved
Avastin, in conjunction with paclitaxel, as a first-
line treatment of metastatic breast cancer
because of a single clinical trial in an accelerated
approval process.®’ However, in 2010, the FDA
began efforts to revoke their approval of the drug
for the treatment of breast cancer after data from
5 randomized clinical trials failed to show improve-
ment in overall survival or quality of life.3!

Glioblastoma

The development of agents targeting VEGF for
the treatment of GBM has also been under
investigation. Initial trials with Avastin showed
promising response rates, and the drug was
thought to be a breakthrough in the treatment of

glioblastoma.®?33 |n 2009, Avastin was granted
accelerated FDA approval as a single-agent
therapy for patients with recurrent glioblastoma.
A phase Il, noncomparative, multicenter trial
(AVF3708 g) evaluated the efficacy of Avastin alone
and in combination with irinotecan in patients with
recurrent glioblastoma. All patients included in
this study had histologically confirmed glioblas-
toma at either their first or second recurrence previ-
ously treated with radiotherapy and temozolomide.
Patients were stratified by Karnofsky score and by
first or second relapse. They received Avastin 10
mg/kg intravenously every other week and were
observed for 6 months. Outcomes were compared
with historical data with patients with 6-month PFS
receiving either salvage therapy or irinotecan.®?

The 2 primary endpoints in this study were 6-
month PFS and objective response rates. The 6-
month PFS was defined as the percentage of
patients who were alive and progression free at
the end of the 24-week period. The objective
response rate was defined as either a complete
or partial response seen on MRI taken at least 4
weeks apart. This study showed a 6-month PFS
of 42.6% in the Avastin alone group and 50.3%
in the Avastin and irinotecan group. Additionally,
there was no reported investigator-determined
clinical progression. These results were signifi-
cantly superior to the historical controls.®2

Based on the results of this trial, Genentech
applied for accelerated approval of Avastin for
monotherapy of recurrent glioblastomas. When the
FDA reviewed this study, it reanalyzed the data using
an exact 6-month cutoff instead of the 5.52-month
cutoff used in the published study, which changed
the PFS to 36.0%. The FDA did not include the
results of the Avastin and irinotecan arm because
that could have confounded the results. Additionally,
the FDA excluded the objective response rate data
from the trial because they determined that the char-
acteristic histology of pseudopalisading necrosis of
glioblastomas gives the tumor anirregular configura-
tion that cannot be accurately measured on MRI.
The FDA refused to grant accelerated approval
based on these results alone until a confirmatory
study with randomized controls rather than historical
controls proved Avastin’s efficacy.®'

A single-arm single-site study was performed on
patients with histologically confirmed recurrent
glioblastoma previously treated with radiotherapy
and temozolomide. In the study, patients received
Avastin, 10 mg/kg every 14 days on a 28-day
cycle. Patients who were noted to have progres-
sion of tumor growth during the study were asked
to participate in a companion trial with the addition
of irinotecan. MRI and positron emission tomog-
raphy (PET) scans were performed at treatment
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onset and then again after 4 weeks. The primary
end point in this study was PFS at 6 months, which
was found to be 29%, with a median PFS of 16
weeks. Based on the Macdonald criteria, the over-
all response rate was 35%. In assessing the flu-
deoxyglucose F 18 uptake measured by PET
scan 4 weeks after the start of treatment, this
uptake was diminished in 49%, equal to the base-
line in 37% and increased compared with the
baseline in 14% of patients. In this study, Avastin
was generally well tolerated.3®

Adverse Events

Inhibition of VEGF by Avastin occurs throughout the
body and is not specific to tumor angiogenesis.® Its
effects on normal vascular function and angiogen-
esis have lead to reports of several serious adverse
events.3* Perhaps the most commonly reported
and often the most devastating complication is intra-
cranial hemorrhage. Severe hemorrhage is esti-
mated to occur 5 times more frequently in patients
treated with Avastin than those receiving standard
chemotherapy.3* Wound infection and wound heal-
ing are additional potential complication because
the drug may preclude adequate blood for wound
healing.3* A large cohort study analyzed the inci-
dence of wound complications in patients under-
going abdominal surgery for colon cancer and
found it to be directly related to the interval between
surgery and the initiation of treatment.3°

In the initial AVF3708 g trial of Avastin therapy in
patients with glioblastomas, 98.8% of the patients
experienced adverse events, with 26.2% of patients
in the Avastin arm experiencing serious complica-
tions.3? The most common findings were fatigue
(45.2%), headache (36.9%), and hypertension
(29.8%). A total of 46.4% of the patients in the
Avastin-only arm of the study experienced grade 3
or higher adverse events. The most common of
these were hypertension (8.3%), convulsion (6%),
and fatigue (3.6%).3 A total of 18 patients discontin-
ued Avastin during this study because of the adverse
events, which included cerebral hemorrhage,
fatigue, seizure, myocardial infarction, reversible
posterior leukoencephalopathy, infection, gastroin-
testinal perforation, and others.®? In the National
Cancer Institute 06-C-0064E trial, the most frequent
adverse events were thromboembolism (12.5%),
hypertension (12.5%), hypophosphatemia (6%),
and thrombocytopenia (6%).%%

EVALUATION OF CLINICAL EFFICACY
The Macdonald Criteria

Despite the promising therapeutic benefits of
Avastin and other antiangiogenic treatments for
the treatment of glioblastoma, several questions

remain unanswered. Perhaps the most debated
issue is the correlation between radiographic
PFS and the clinical outcome of patients. Many
studies that examine the efficacy of Avastin use
as their end point the radiographic PFS and the
objective response rate as determined by the
Macdonald criteria.’"32%¢ The Macdonald criteria
measure the response rate of glioblastomas to
treatment, based on the size of contrast enhance-
ment on T1-weighted MRI.®® This size is deter-
mined by calculating the product of the maximal
cross-sectional diameter of the enhancing tumor
in 2 dimensions. Tumor progression is defined as
a 25% increase in the 2-dimensional size.®® In
this way, 4 categories are analyzed, including
a complete response (CR), a partial response
(PR), stable disease, and progressive disease.>®
Using the Macdonald criteria, such studies
demonstrate an improvement in PFS with Avastin
compared with historical controls.®? In part, it
was the ability of Avastin to reduce contrast
enhancement as early as 24 hours after the first
dose that generated the enthusiasm for the drug
and the approval for its use.’” In fact, the Onco-
logic Drugs Advisory Committee stated: “objective
response could be an adequate surrogate for clin-
ical benefit under the proper parameters.”!’

The Macdonald criteria also factors into its
determination of PFS the neurologic condition of
patients and their use of steroids.3® Steroid use
is of particular importance because both steroids
and Avastin have been shown to reduce vasogenic
edema.?” Reduction in surrounding edema not
only improves radiographic findings but it also
affects clinical symptoms because GBM-
associated edema may contribute to the morbidity
and mortality associated with the disease.®®
Decreased cerebral edema, even in the absence
of tumor reduction, has been shown to have
survival benefits.3” Consequently, without recog-
nizing the confounding effects of steroids, clinical
and radiographic improvement can be erroneously
attributed to Avastin. However, Avastin is attrib-
uted to the reduction in vasogenic edema inde-
pendent of steroids by restoring a normal tumor
vasculature and decreasing vessel permeability.
In fact, multiple studies have shown a decrease
in steroid dependence for patients on Avastin,32:33

Response Assessment Neuro-Oncology
Working Group

Although not part of the Macdonald criteria, evalu-
ation of the fluid attenuated inversion recovery
(FLAIR) sequences on MRI may aid in measuring
tumor response to antiangiogenic therapy. Some
patients, after being treated with anti-VEGF agents,
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develop tumor progression that is infiltrative but
does not enhance on postcontrast T1-weighted
images.3® However, such changes may be evident
as increased signal attenuation on the FLAIR se-
quences on MRI.®® It is thought that this is caused
by the normalization of blood vessels by antiangio-
genic therapy, which may mask tumor enhancement
without affecting tumor growth and progression.3®
To develop a better method in evaluating neuro-
oncology patients, the Response Assessment
Neuro-Oncology (RANO) Working Group was
established.

In addition to many other items, the RANO
Working Group took into account the nonenhanc-
ing portions of tumor.*® The changes seen on the
T2/FLAIR that are suggestive of infiltrative tumor
are mass effect, infiltration of the cortical ribbon,
and location outside the radiation field.*® One crit-
icism of the RANO criteria is that it does not
specify the degree of T2/FLAIR changes neces-
sary to constitute progression. However, like T1
contrast enhancement, T2/FLAIR signal abnor-
mality is nonspecific and may be a result of the
effects of radiation, demyelination, ischemic injury,
changes in corticosteroid doses, infection,
seizures, and postoperative changes.3® The Mac-
donald and RANO criteria and their primary differ-
ences are highlighted in Table 1.

The Macdonald Criteria Revisited

Much controversy exists regarding the validity of
these methods for assessing tumor size and growth.
In 2010, Wen and Macdonald and colleagues®®4°
reported the several limitations of the Macdonald
criteria that have since been recognized since its
original implementation. Primarily, the irregular
shape of a glioblastoma makes calculating its 2-
dimensional shape very difficult and inaccurate
while also causing a strong interobserver vari-
ability.4 In addition, only the primary area of tumor
burden and not the infiltrative disease can be visual-
ized with contrast enhancement.® As stated previ-
ously, the decreased contrast enhancement on
MRI is thought to result in decreased permeability
of the blood-brain barrier caused by the known
effect of Avastin to normalize abnormal tumor
vessels.""*! As such, this antitumor response may
be more appropriately termed a pseudores-
ponse.*2 Furthermore, peripheral tumor cells
and tumor cells that have invaded normal brain
parenchyma are supplied by nontumoral vessels,
which do not enhance with contrast.® Contrast
enhancement can also be influenced by several
factors, such as corticosteroid dose, radiologic
technique, treatment-related inflammation, seizure
activity, postsurgical changes, ischemia, subacute

radiation effects, and radiation necrosis.*® Finally,
after initial chemoradiation for glioblastoma, a tran-
sient increase in size known as pseudoprogression
can occur in 20% to 30% of patients without actual
tumor progression, which eventually resolves.*°
Consequently, patients with pseudoprogression
included in clinical studies for recurrent gliomas
could result in a falsely high response rate.*®

Norden and colleagues*? compared both the
PFS and overall survival of patients treated with
cytotoxic chemotherapy protocols with gimatecan
and edotecarin as compared with patients treated
with Avastin. The investigators’ primary aim was to
determine if treatment with Avastin results in a true
survival benefit. In this study, the chemotherapy
group displayed a PFS of 33%, 11%, and 6% at
3, 6, and 9 months respectively, with a median
PFS of 8 weeks. In the Avastin group, the median
PFS was 22 weeks with 70%, 40%, and 21% at 3,
6, and 9 months. These results showed a signifi-
cant difference between the 2 treatment modalities
with a P value of 0.01. However, the results do not
hold for overall survival. In the chemotherapy
group, median overall survival is 39 weeks, with
89%, 65%, and 54% at 3, 6, and 9 months,
whereas the median overall survival for the Avastin
group was only 37 weeks, with 91%, 74%, and
53% at 3, 6, and 9 months. The investigators in
this study and several others concluded that Avas-
tin improves PFS but has no significant effect on
overall survival.*®

Treatment After Avastin

Besides radiographic findings, another point of
contention regarding patients with recurrent GBM
previously treated with Avastin involves re-
recurrence and disease progression after therapy.
Under these circumstances, decision making
becomes increasingly difficult because few treat-
ment options remain.* Patients that received stan-
dard Avastin therapy had a mean time to disease
progression of 4 months.*® In retrospective anal-
yses, there is no significant difference in the rate
of distant recurrences between patients treated
with Avastin and those who were not.*¢ In fact,
repeated studies demonstrate that patients previ-
ously treated with Avastin had extremely poor
responses to any further treatment.3® Kriesl and
colleagues®® studied a cohort of 19 patients with
tumor progression treated with Avastin as a mono-
therapy orin combination with irinotecan.3® None of
the patients responded to either monotherapy or
combination therapy and their median PFS was
30 days. In a prospective phase Il study, Khasraw
and colleagues*” treated patients with recurrent
GBM with daily temozolomide. They showed that
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Table 1

Macdonld and RANO criteria

Macdonald Criteria (using Contrast-
Enhanced T1-Weighted Images)

RANO Criteria

Complete response

Imaging: complete absence of
enhancing disease for a minimum of
4 wk with no new lesion formation
Steroid dose: no corticosteroids
Clinical assessment: clinical

Imaging: complete absence of
enhancing disease for a minimum of
4 wk with no new lesion formation

T2/FLAIR images: stable or improved
nonenhancing lesions

improvement

Steroid dose: no corticosteroids
Clinical assessment: clinically stable or
improved

Partial response

lesion formation
corticosteroid dose

improved

Imaging: a 50% reduction in cross-
sectional area from baseline of all
measurable enhancing lesions for
a minimum of 4 wk with no new

Steroid dose: stable or reduced

Clinical assessment: clinically stable or

Imaging: A 50% reduction in cross-
sectional area from baseline of all
measurable enhancing lesions for
a minimum of 4 wk with no new
lesion formation; stable
nonmeasurable lesions

T2/FLAIR: stable or improved
nonenhancing lesions

Steroid dose: stable or reduced
corticosteroid dose

Clinical assessment: clinically stable or
improved

Stable Response
CR, PR, or progression

Imaging: Does not meet criteria for

Clinical assessment: clinically stable

Imaging: does not meet criteria for
CR, PR, or progression

T2/FLAIR: stable nonenhancing lesions

Steroid dose: stable or reduced
corticosteroid dose

Progression

deterioration

Imaging: an increase in cross-sectional
area from baseline of 25% of
enhancing lesions or the
development of any new lesions

Clinical assessment: clinical

Imaging: an increase in cross-sectional
area from baseline of 25% of
enhancing lesions or the
development of any new lesions

T2/FLAIR: increase in nonenhancing
lesions

Steroid dose: stable or increased
corticosteroid dose

Clinical assessment: clinical
deterioration

Data from Wen P, Macdonald D, Reardon D, et al. Updated response assessment criteria for high-grade gliomas: response
assessment in neuro-oncology working group. J Clin Oncol 2010;28(11):1963-72.

patients who previously received Avastin had a 6-
month PFS of 14% compared with 36% in patients
who did not receive prior treatment.*”

Despite these reported failed treatments, there is
no consensus as to why the use of Avastin yields
resistance to future treatments. Some investigators
have found that patients with progression after Avas-
tin therapy developed perivascular fibrosis, which
limited the amount of subsequent drug delivery to
the tumor.*S It has also been postulated that antian-
giogenic therapy alters the phenotype of the tumor,
creating a highly infiltrative compartment that is inde-
pendent of angiogenesis.** In a separate hypothesis,
treatment with Avastin and other antiangiogenic
drugs results in hypoxia and a central region of tumor

necrosis, whereas the remaining neoplastic tissue is
preserved. The viable tumor surrounding the central
necrotic core is, thus, unaffected by the antiangiogen-
ic affects of the drug, leaving it free to infiltrate adja-
cent non-neoplastic parenchyma.*® Because of
hypoxia and metabolic deprivation, the still-viable
cells in the periphery become increasingly invasive
and grow outwards toward already-existing blood
vessels. This process of anti-VEGF-treated tumors
being able to form invasive satellite tumors is known
as their ability to coopt existing vessels.*® This
process may explain why antiangiogenic treatment
may even cause an increase in tumor invasion that
is not seen radiographically and an accelerated resis-
tance to alternate therapies.*®
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OTHER ANTIANGIOGENIC DRUGS

Although much attention has been directed at
Avastin and its role in the treatment of recurrent
GBM, numerous antiangiogenic drugs are also
under investigation. Table 2 lists several of these
agents and their target of action. Cilengitide is
a cyclic arginineglycine-aspartic acid-containing
peptide inhibitor of «VB3 and «VB5 integrin recep-
tors, which is necessary for tumor invasion and
migration through cellular matrix interactions. A
phase Il trial with 81 patients with recurrent glio-
blastoma randomized patients to either 500 mg
or 2000 mg of cilengitide twice weekly. In this
study, the median overall survival was 9.9 months
in the cohort receiving the 2000-mg dose compared
with 6.5 months in the cohort receiving 500 mg (re-
sults not significant). Patients receiving cilengitide
tolerated the medication well with no significant
toxicities. The most common adverse event from
treatment was fatigue (n = 3) and the most common
serious adverse event was convulsion (n = 2).43
Aflibercept is a recombinant fusion protein of the
extracellular domains of VEGF fused to the Fc
portion of immunoglobulin G1. The drug binds to
both VEGF and placental growth factor (PIGF).
PIGF is a key mediator in angiogenesis by
enhancing the activity of VEGF signaling by activa-
tion of VEGF receptor 1 and contributes to the
angiogenic switch in cancer. PIGF levels are mark-
edly increased in patients with recurrent glioblas-
toma. The North American Brain Tumor Coalition
phase Il trial was the first clinical trial of aflibercept
in recurrent glioblastoma. Despite promising phase

Table 2

Antiangiogenic agents and their targets

Antiangiogenic

Agent Target

Avastin VEGF

Thalidomide Basic FGF

Vatalanib VEGF receptor,
platelet-derived growth
factor receptor

Cilengitide Integrin receptors

Aflibercept VEGF, placental growth factor

XL 184 Receptor tyrosine kinase

Cediranib VEGF receptor, receptor
tyrosine kinase

Sunitinib Receptor tyrosine kinase

CT-322 VEGF receptor-2

Data from Beal K, Abrey L, Gutin P. Antiangiogenic agents
in the treatment of recurrent or newly diagnosed glio-
blastoma: analysis of single-agent and combined modality
approaches. Radiat Oncol 2011;6:2.

| results, the primary end point of this trial was not
met because only 7.7% of patients were alive and
progression free at the end of 6 months.*®

Another antiangiogenic therapy, XL184, is a tyro-
sine kinase inhibitor that affects several receptors,
including VEGF receptor 2. Arecent phase Il cohort
study of patients with progressive glioblastoma
treated with XL184 showed an overall response
rate of 30% (11/37), with a medial PFS of 16 weeks.
However, there was no response to XL184 in the
patients who had previously been treated with
another antiangiogenic compound, although the
median PFS was the same in both groups. The
most common serious adverse effects associated
with XL184 were fatigue (20%), transaminase
elevation (12%), and thromboembolic events
(10%). The results with XL184 are encouraging
and may hold promise in future trials.*

Like XL184, cediranib is an oral receptor tyro-
sine kinase inhibitor but it blocks all VEGF recep-
tors. In a phase Il study, 31 patients with
recurrent glioblastoma were administered 45 mg/
d of cediranib until their tumor progressed or there
was unacceptable drug toxicity. At the end of the
study, 25.8% of the patients were alive and
progression free after 6 months, with 56.7% of
patients showing a partial radiographic response.
The grade 3/4 toxicities include hypertension (4/
31), diarrhea (2/31), and fatigue (6/31).4°

OTHER APPLICATIONS OF AVASTIN
Intra-arterial Avastin

The role for Avastin and other antiangiogenic
agents is not limited to intravenous administration
for the treatment of malignancy. In 2009, neurosur-
geons at New York-Presbyterian Hospital/Weill
Cornell Medical Center were the first to inject
intra-arterial (IA) Avastin directly into the tumor
bed.5° In this procedure, known as superselective
IA cerebral infusion, an angiogram is performed to
identify the abnormal vasculature supplying the
tumor. IA mannitol is then injected in an effort to
disrupt the blood-brain barrier. Avastin is subse-
quently injected into the arterial vessels supplying
the tumor, with the goal of improving penetration
of the drug to the tumor bed without increasing
the overall systemic effects of the drug.5°

The first clinical study to assess the safety and
efficacy of superselective IA cerebral infusion
was conducted from 2009 to 2010 in patients
with recurrent glioblastomas.®" The study included
20 patients divided into 2 groups according to their
prior treatment. Ten patients never received prior
treatment with Avastin, whereas 10 patients were
previously treated with intravenous Avastin. In
the study, all participants were given IA mannitol
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followed by escalating doses of 2 to 15 mg/kg of IA
Avastin. The radiographic effects of the therapy
were assessed with MRI before treatment, imme-
diately after therapy, and 28 days later.5’

Radiographic assessment was based on the
RANO working group’s study, evaluating the area
and volume of T1 contrast enhancement and peritu-
moral FLAIR signal changes. In the Avastin-naive
group, there was a median reduction of area and
volume of tumor enhancement by 34.7% and
46.9% respectively. In comparison, the median
reduction of area and volume in the comparison
group was 15.2% and 8.2% respectively (P = 0.02
and 0.06 respectively). There was no significant
difference between groups regarding the reduction
of tumor perfusion on MRI. The signal attenuation
on FLAIR was increased in 2 (10.5%) patients and
stable in 8 (42.1%) patients in the Avastin-naive
group compared with the previously treated group
in which 3 (30%) patients had increased signal and
7 (70%) patients had stable findings on FLAIR.5’

In this study, IA Avastin was observed to be rela-
tively safe, with no grade 3, 4, or 5 adverse events
reported.>! The grade 2 adverse events were
seizures in 2 patients and an acneiform rash in 1
patient. Two patients with a history of pulmonary
embolus had new-onset pulmonary emboli during
the observation period. One procedure-related
stroke with the inflation of the endovascular
balloon was reported.®’

Although this study had a small sample size, it
demonstrated the safety and efficacy of IA Avastin
for the treatment of recurrent GBM. All of the
patients in the group not previously treated with
Avastin and two-thirds of the patients who had
been previously treated with Avastin showed
a meaningful reduction in tumor size according
the RANO group’s study.®! These results are also
superior to the 50% response rate to intravenous
Avastin.®2 Additional investigation into 1A Avastin
is ongoing.

Treatment of Radiation Necrosis

Avastin may also have applications outside the
inhibition of tumor growth. Radiation necrosis is
a result of injury to the local tissue, which may
occur after radiation therapy. The characteristic
appearance of radiation necrosis on MRl is difficult
to distinguish from tumor itself, with an area of
central necrosis and surrounding vasogenic
edema.®® Radiation necrosis is caused by endo-
thelial cell injury, resulting in a breakdown of the
blood-brain barrier with subsequent edema and
hypoxia.?* The hypoxia induces an upregulation
of VEGF that causes increased vessel permeability
and tissue necrosis.®* Therefore, it is theorized

that radiation necrosis may respond to treatment
with Avastin. A randomized, controlled, double-
blinded study comparing Avastin with a placebo
control showed that patients treated with Avastin
for radiation necrosis had a 59% decrease in the
edema as seen on FLAIR on MRI. This result is in
stark contrast to the 14% increase in edema on
FLAIR sequences in the placebo group.®® Addi-
tionally, there was a 63% decrease in contrast
enhancement seen on T1-weighted postcontrast
MRI in the Avastin group compared with a 17%
increase in enhancement in the placebo group.
Although the study sample was small, these
results are very promising for the treatment of radi-
ation necrosis.%®

SUMMARY

The development of antiangiogenic therapy for
malignancy is an ever-evolving area of research.
With regard to glioblastoma, Avastin is the most
studied and is currently approved for recurrent
disease. The significant reduction in tumor
enhancement on MRI in early studies generated
significant excitement concerning the ability of
Avastin to improve overall survival in this difficult
patient population. However, as Avastin continues
to be studied, it is evident that although there is an
increase in PFS there is no change in overall
survival as compared with historical controls.
Currently, several therapies targeting the different
mediators of angiogenesis, including endothelial
cell growth factor ligands and receptors, placental
growth factor, fibroblast growth factor, and angio-
poietins, are under investigation. As data from
these studies are evaluated, it will become evident
which antiangiogenesis inhibitors display efficacy
and in what combination chemotherapeutic
regimen they should be administered.
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The diffuse nature of gliomas has long confounded
attempts at achieving a definitive cure. Superradi-
cal hemispherectomies were performed in the early
years of neurosurgery; yet even these desperate
efforts could not prevent tumor from recurring on
the contralateral side. With the advent of computed
tomography and magnetic resonance imaging
(MRI), it became increasingly apparent that gliomas
could have a multifocal or multicentric appearance.
Treating these tumors is the summit of an already
daunting challenge, because the obstacles that
must be surmounted to treat gliomas in general,
namely, their heterogeneity, diffuse nature, and
ability to insidiously invade normal brain, are more
conspicuous in this subset of tumors.

EPIDEMIOLOGY

Malignant gliomas represent the most common
primary brain tumor in adults. Median survival of
patients with glioblastoma after optimal treatment
continues to be less than 15 months.” Although
most gliomas have been described as solitary
lesions, multifocal/multicentric lesions have been
described with an incidence ranging from 0.5%
to 20%.278 Most of the data available specifically
regarding multifocal tumors are in the form of
case reports or small series. Chamberlain and
colleagues® described the radiographic patterns
of relapse in 80 patients with glioblastoma multi-
forme (GBM). At diagnosis, 10% of patients had
multifocal or multicentric disease, whereas at first
recurrence this proportion increased to 14%.
Salvati and colleagues’ published a series on

25 patients with multicentric tumors and reported
that these multicentric tumors represented 2% of
all malignant tumors in their series. Silbergeld
and colleagues'® reported that 17% of 117 adult
patients with supratentorial GBM examined post
mortem by autopsy had multifocal disease.

Multicentric/focal gliomas can either be multiple
at the time of diagnosis or develop later in the
disease process. Kyritsis and colleagues'" described
51 patients with multifocal/multicentric gliomas; 26
of the patients had simultaneous lesions at the time
of diagnosis, whereas the other 25 developed mul-
tifocality later. In 14 of the 51 patients, no apparent
dissemination route was identified, and the tumors
were classified as multicentric gliomas. The rest of
the patients showed different patterns of spread
from the primary site, and the tumors were classi-
fied as multifocal. The investigators described
the meningeal-subarachnoid space as the most
frequent dissemination route, followed by the sub-
ependymal route, intraventricular route, and direct
brain penetration.

DEFINITION: MULTIFOCAL VERSUS
MULTICENTRIC TUMORS

Multicentric gliomas were first described by Brad-
ley'? in 1880. Based on the points brought up by
Russell and Rubinstein, Batzdorf and Malamud?
described the criteria to differentiate multifocal
from multicentric tumors in 1963. The investigators
described multifocal tumors as those that can be
explained as the result of growth or dissemination
via established routes: (1) commissural or other
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pathways, such as the corpus callosum; (2) cere-
brospinal fluid channels, either through subarach-
noid spaces or the ventricular system; and (3) local
metastasis through satellite formation in the im-
mediate vicinity of the main tumor. Multicentric
tumors were defined as those that represent
widely separated lesions, for example, those in
different hemispheres and whose origin cannot
be explained following the pathways mentioned
earlier. Multicentric tumors also include those
tumors separated in time.? Although these defini-
tions can be used to separate patients with multi-
focal gliomas from those that harbor multicentric
tumors, the clinical or prognostic significance
between these 2 clinical entities remains unclear.

PATHOGENESIS

The pathogenesis of multicentric tumors is
unknown. In 1960, Willis'® introduced the theory
of initiation and promotion that allows unlinked
proliferation of neoplastic cells at different topo-
graphic locations* and suggested that multicentric
lesions could result from a 2-step process. In the
first stage called initiation, a large area or perhaps
the entire brain undergoes neoplastic transforma-
tion and becomes more susceptible to neoplastic
growth. In the second stage called promotion,
the neoplastic proliferation occurs in multiple sites
through different sources of stimulation, such
as hormonal, biochemical, or even viral.'»'® The
increased prevalence of multicentric tumors in
patients with germline p53 mutations and neurofi-
bromatosis type | (with germline mutation of the
NF1 tumor suppressor gene) is likely explained
by the mechanism by which the germline mutation
serves as the initiating hit."®'” The idea of initiation
and promotion also makes sense in the context of
the cancer stem cell hypothesis, as elaborated
later.

Despite this theory, most cases of multicentric
tumors and all cases of multifocal tumors are
more likely to develop because of the unique
propensity of glioma cells to invade normal
brain and migrate long distances. (Claes and
colleagues'® aptly compared glioma cells to
guerilla warriors capable of invading individually
or in small groups and abusing preexisting supply
lines.) In 1940, the neuropathologist Hans-Joa-
chim Scherer'® described secondary structures
of glioma growth along existing cytoarchitectural
elements, such as neurons, white matter tracts,
and blood vessels. In 1997, Geer and Grossman'®
suggested that interstitial fluid flow along white
matter tracts could be a potentially important
mechanism for the dissemination of glioma cells,
explaining that glioma cells are inherently capable

of migration along white matter tracts to distant
areas of the brain. Hefti and colleagues* found
most multicentric glioma lesions to be located
along known migrational pathways of glioma cells
and, therefore, suggested that active migratory
processes are involved in the development of
these lesions. The investigators also described
a time-related dependency for multicentricity and
concluded that with the advent of radical tumor
resection, adjuvant therapies, better local control,
and longer life expectancy, the incidence of multi-
centric/multifocal gliomas is likely to increase.

PATHOLOGY

Pathologically, most multicentric/multifocal gliomas
can be classified as GBM.?” However, anaplastic
astrocytoma, anaplastic oligoastrocytoma, gliosar-
coma, oligodendroglioma, and ependymoma with
multicentric and multifocal features have been
described.?”2° These tumors do not exhibit any
specific histologic features that could differentiate
them from similar unifocal gliomas.? In most cases,
the histology of separate lesions is similar, with vari-
ations comparable to those visualized in different
areas of the same tumor? However, less
commonly, multicentricity can also occur as
a combination of different histologic tumors, for
example, anaplastic astrocytoma and glioblastoma,
low-grade astrocytoma and anaplastic astrocytoma,
and low-grade astrocytoma and glioblastoma.>”?
Most multicentric gliomas occur supratentorially,
but combined lesions in both supratentorial and
posterior fossa have also been described.”8:22:23

DIAGNOSIS

MRI with contrast is the modality of choice for
evaluating brain tumors. Glioblastomas, brain
metastases, and central nervous system (CNS)
lymphomas share similar enhancement patterns
on MRI, and no definitive characteristics can differ-
entiate multifocal/multicentric GBM from meta-
static disease or CNS lymphoma.®?224 Very
recently, Wang and colleagues®® reported the use
of a combination of MRI diffusion tensor imaging
(DTI) and dynamic susceptibility contrast-enhanced
(DSC) MRI to differentiate glioblastomas from
metastases and lymphoma. Using DTl and DSC
parameters, the investigators were able to differen-
tiate GBM from metastases and lymphoma with
a sensitivity of 89% and specificity of 93%.

Although important strides are being made to
radiographically differentiate between these path-
ologic conditions, tissue diagnosis with surgical
biopsy remains the standard of care for all gliomas
including multifocal/multicentric tumors.
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TREATMENT
Surgical Management

There are no clearly defined guidelines in the liter-
ature on the surgical management of multifocal or
multicentric gliomas. Some investigators favor
a conservative surgical approach with the use of
stereotactic biopsy for accurate diagnosis while
avoiding risk of neurologic deficit or hemor-
rhage.?>2% Other investigators have suggested
that aggressive resection of the contrast-enhancing
portions of multifocal/multicentric tumors yields
better overall survival compared with patients with
solitary malignant gliomas. These investigators
have recommended craniotomy or even multiple
craniotomies with maximal safe resection.®”

Hassaneen and colleagues® recently described
the use of multiple craniotomies in the manage-
ment of multifocal and multicentric glioblastomas
in 20 patients and used a matched cohort of
patients with solitary GBM for comparison. The
investigators, however, were not able to compare
their results with those of a group of patients
with multicentric/multifocal glioblastomas who
were treated only with biopsy. An overall survival
of 9.7 months was reported in the multifocal/multi-
centric group after aggressive surgical resection
with multiple craniotomies. This result was similar
to that of the matched control group with single
tumors who had a median survival of 10.5 months
(P = .34). The investigators concluded that mul-
tiple craniotomies resulted in a survival period
comparable with that of patients undergoing
surgery for a single lesion, with no increase in
complication rate or postoperative morbidity.3
Therefore, these investigators recommended
maximal safe resection of the enhancing tumors
to maximize survival in select patients with multi-
focal/multicentric tumors.

Salvati and colleagues’ described the largest
series of 25 patients with multicentric high-grade
gliomas according to the criteria defined by
Batzdorf and Malamud.? In their series, similar to
Hassaneen and colleagues,® the average survival
of patients who underwent surgical resection
was 9.5 months. Patients with tumors in inacces-
sible or eloquent locations underwent biopsy and
had an average survival of 2.8 months. Based on
their data and experience, the investigators
concluded that patients with accessible tumors
should undergo surgical resection of all tumors
and the rest should undergo stereotactic biopsy
to obtain histologic diagnosis.’

Radiation Therapy

The standard treatment of malignant glioma,
specifically GBM, involves conformal radiotherapy

(RT) of 60 Gy encompassing the tumor volume and
margin. However, historically, whole brain radio-
therapy (WBRT) has been used for the treatment
of multifocal/multicentric tumors with or without
a boost to the tumor. The inclusion of whole brain
fields has been recently questioned, given that
most failures occur within the original tumor
volume and that limited doses can be delivered
to the entire brain.?”

Showalter and colleagues?®” reported outcomes
of 50 patients with multifocal or multicentric GBMs
who were treated with WBRT (n = 16) or conformal
RT (n = 34). The median survival was 8.1 months.
The investigators found no difference in the time to
progression or overall survival in patients treated
with WBRT versus those treated with conformal
RT. All patients had local recurrence, and no recur-
rences were seen distant from the original foci in
the absence of significant local progression.
Therefore, the investigators concluded that con-
formal RT is as efficacious as WBRT and that radi-
ation of whole brain fields may not be necessary.?’
A limited field radiation may better optimize cogni-
tive outcomes and functional status, given the
evidence of decline in neurocognitive outcomes in
patients undergoing WBRT for brain metastases.?®

The efficacy of stereotactic radiosurgery (SRS) in
the treatment of malignant gliomas is not clearly es-
tablished. Several retrospective reviews suggest
a survival benefit when SRS is used after conven-
tional RT for focal residual or recurrent disease.
For example, Pouratian and colleagues?®® reported
a median survival of 16.2 months in 48 patients
with GBM who underwent Gamma Knife radiosur-
gery and concluded that this suggests an improved
survival compared with the median survival of
14.6 months reported by the pivotal randomized
controlled trial by Stupp and colleagues.” However,
the only randomized controlled trial assessing the
efficacy of SRS before RT failed to show any
benefit.3° Many investigators, however, continue
to believe that SRS has a role in the management
of patients after RT for small, residual, inaccessible,
or recurrent foci.2%3

Chemotherapy

There is currently no clinically proven chemo-
therapy that specifically targets multifocal or multi-
centric glioblastoma. In general, the standard
treatment of a newly diagnosed glioblastoma
consists of fractionated involved-field radiation
therapy combined with the oral alkylating agent
temozolomide, followed by cycles of adjuvant
temozolomide. An international phase Il trial
demonstrated a median survival of 14.6 months
with this regimen.” Many patients with glioblastoma
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are also treated at some point with the anti-
angiogenic agent bevacizumab. Bevacizumab, an
intravenously administered monoclonal antibody,
inhibits the vascular endothelial growth factor
(VEGF) and was approved by the Food and Drug
Administration, in 2009, for the treatment of recur-
rent glioblastoma. Although the survival benefit is
modest, treatment with bevacizumab is well toler-
ated and often improves quality of life.

Great effort has gone into identifying subpopula-
tions of patients who may respond better (or
worse) to a particular treatment. It is now well
established that patients with tumors that possess
a methylated O6-methylguanine-DNA methyl-
transferase (MGMT) promoter are more likely to
respond well to chemotherapy with temozolomide
than those with tumors that possess an unmethy-
lated MGMT promoter.3233 Yet temozolomide is
the current first-line chemotherapeutic agent for
patients with tumors that possess an unmethy-
lated MGMT promoter. Our therapeutic armamen-
tarium is not currently robust or sophisticated
enough to further tailor treatments, and the same
holds true for the subset of patients with multi-
focal/multicentric glioblastoma; they may not do
as well as the others, but clearly no better treatment
option exists. In addition, with the ability to hit
a near-limitless number of targets, chemotherapy
holds great promise. Furthermore, we can use our
knowledge of pathophysiology to design rational
treatment strategies for patients with multifocal/
multicentric glioblastoma. Promising areas of re-
search include targeting invasion, targeting glioma
stem-like cells, and using immunotherapy.

Targeting invasion

Tumor invasion confounds traditional modes of
treatment in multiple ways. Locally directed thera-
pies, such as surgical resection and intracavitary
therapies, may not reach the leading invasive
edge of the tumor. This inaccessibility is obviously
the case with multifocal/multicentric tumors. In
addition, the blood-brain barrier is much more
likely to be intact along the leading edge of the
tumor, which poses a significant challenge for
systemically delivered therapies. Only 2% of
low—-molecular weight drugs (and no high-molec-
ular weight drugs) are able to penetrate an intact
blood-brain barrier.3* Lastly, several lines of
evidence suggest that invasiveness and prolifera-
tion are inversely correlated. Tumor growth factor
B, for example, stimulates invasion but suppresses
proliferation.®® Furthermore, glioma cells selected
for their migratory capacity in vitro demonstrate
a slower growth rate than their unselected coun-
terparts, and analysis of glioma biopsies has
shown decreased proliferation rates in the white

matter and infiltrated cortex compared with solid
tumor.3637 Most traditional chemotherapy drugs
are selectively toxic to cells that divide rapidly.
Therefore, in addition to being exposed to less
chemotherapy, tumor cells along the invasive
edge are also less susceptible to the effects of
chemotherapy.

There has also been concern that treatment with
antiangiogenic agents may promote tumor inva-
siveness. In 2001, Kunkel and colleagues®®
showed that when mice implanted with human
G55 glioma cells were treated with DC101 (a
monoclonal antibody against VEGF receptor 2),
the number of satellite tumors increased signifi-
cantly, even though the overall tumor volumes
were reduced. On histopathologic examination,
tumor cells were seen migrating long distances
along host vessels and in the subarachnoid space.
Several retrospective reviews of imaging patterns
at recurrence after antiangiogenic therapy seemed
to further justify this concern. In a review of 26
patients treated with bevacizumab, Norden and
colleagues®® reported that 4 patients (15%) pre-
sented with distant disease at relapse. Similarly,
lwamoto and colleagues*® found that 6 of 37
patients (16%) treated with bevacizumab had
multifocal disease at relapse. Only 46% of the
patients in this bevacizumab-treated group devel-
oped enhancing local disease at relapse, much
lower than the 90% to 95% rate of local recurrence
reported in studies performed in the preantiangio-
genic era. These studies suggest that multifocal/
multicentric disease may become more common-
place now that antiangiogenic therapy is well es-
tablished. However, subsequent studies have not
found an increased risk of remote or multifocal
relapse after treatment with bevacizumab.®*
Regardless of whether antiangiogenic therapy it-
self increases the risk of multifocal/multicentric
disease, it seems likely that as median survival
continues to improve and more patients survive
beyond first, second, and third relapses, the
incidence of multifocal/multicentric disease will
increase.

Invasion requires the coordination of several
distinct cellular processes, each of which can
potentially be targeted. First, glioma cells must
dissociate from the tumor mass and form contacts
with the extracellular matrix (ECM). CD44, tenas-
cin-C, neural cell adhesion molecule, cadherins,
and integrins play critical roles in this process. In
a rat gliosarcoma model, intratumoral injection of
an anti-CD44 monoclonal antibody resulted in
decreased brain invasion.*? Tenascin-C is an
ECM glycoprotein that is ubiquitously expressed
by glioma cells. A radiolabeled monoclonal anti-
body against tenascin-C has been developed,
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but the intracavitary injection used to deliver this
treatment may fail to reach the leading invasive
edge it was designed to target. The cyclic penta-
peptide cilengitide is an inhibitor of the integrins
ayBs and a,fs. These integrins are expressed on
both endothelial and glioma cells, suggesting
that cilengitide may target both angiogenesis and
invasion. Having demonstrated activity and safety
in several phase | and Il trials, cilengitide is
currently being evaluated in phase lll trials for the
treatment of patients with glioblastoma.

After detachment from the tumor mass, the
ECM must be degraded and remodeled to allow
for cell movement. This process involves matrix
metalloproteinases (MMPs), urokinase plasmin-
ogen activator and its receptor, cathepsin, and
the family of multidomain membrane-associated
proteins known as a disintegrin and metalloprotei-
nase. A randomized placebo-controlled phase I
trial of the MMP inhibitor marimastat showed
negative results, perhaps because of compensa-
tory activity by other enzymes.*3

Finally, the cellular machinery responsible for cell
migration must be activated. For movement to
occur, lamellipodia and filopodia interact with the
ECM at adhesion complexes. These complexes
consist of an integrin core in association with
numerous other proteins, including focal adhesion
kinase (FAK), which has been shown to be overex-
pressed in glioma, particularly at the infiltrating
edge. In vitro studies demonstrate that inhibiting
FAK decreases invasiveness.**

The initiation and coordination of cellular pro-
cesses that lead to invasion result from activation
of specific signal transduction pathways. In partic-
ular, the receptor tyrosine kinases, epidermal
growth factor receptor (EGFR) and c-Met, as well
as the nonreceptor tyrosine kinase Src drive glioma
invasiveness, although all these pathways have
pleiotropic effects beyond triggering invasion. The
small molecule EGFR inhibitors erlotinib and gefiti-
nib have been evaluated in multiple clinical trials
for glioblastoma, with only modest results. An
earlier study suggested that EGFR inhibitors may
be more effective for tumors that possess the
EGFRuvIIl mutation and wild-type PTEN, but subse-
quent studies have not validated this finding.*® In
a small retrospective review, the multikinase inhib-
itor dasatinib (which inhibits Src, BCR-ABL, c-KIT,
ephrin type-A receptor 2, and platelet-derived
growth factor B) demonstrated little activity after
bevacizumab failure in patients with heavily pre-
treated GBM.“® Results of multicenter clinical trials
on dasatinib are currently pending. Rilotumumab,
a monoclonal antibody against hepatocyte growth
factor/scatter factor, the ligand for c-Met, was
recently evaluated in a phase Il clinical trial for

patients with recurrent glioblastoma. Again, little
activity was seen.*” The overall lack of efficacy
seen in clinical trials to date may be because of
coactivation of multiple signaling pathways. Com-
bination therapy may, therefore, be required.

Targeting glioma stem-like cells

In 2003, Singh and colleagues*® demonstrated
that cancer cells with stem-like properties are
present within brain tumors. Unlike the more differ-
entiated cells that comprise the bulk of a tumor,
cancer stem cells are capable of continual prolifer-
ation and self-renewal. Because these cells are
relatively quiescent, they are resistant to radiation
therapy and traditional cytotoxic chemotherapy. It
has long been thought that these glioma stem-like
cells may preferentially reside in specific niches
such as the subventricular zone (SVZ) in which
nonneoplastic neural stem cells are known to
exist. Glantz and colleagues*® theorize that the
inability of locally directed therapies to perma-
nently eradicate tumor may be because of the
continued presence of glioma stem-like cells in
the SVZ. These cells may possess the ability to
migrate out of the SVZ into the surrounding brain
tissue far away from the primary tumor using the
same scaffolding used in neural development.
Lim and colleagues®® showed that glioblastomas
contacting the SVZ and infiltrating cortex are
much more likely to have multifocal disease
(56%) at diagnosis than tumors found in other loca-
tions. Multifocal/multicentric tumors may, there-
fore, be more enriched with glioma stem-like cells
than their solitary counterparts, thus adding to the
treatment challenge.

Even as the cancer stem cell hypothesis is being
debated and refined, targeting glioma stem-like
cells has become an area of active research.
Normal stem cells are regulated by signaling path-
ways that play an important role in development,
such as the SHH, Wnt, and Notch signaling path-
ways. Dysregulation of these pathways can lead
to the development of cancer stem cells, and
inhibitors of these pathways are currently being
evaluated for clinical use. Nitric oxide signaling
has recently been shown to play an important
role in glioma stem cell proliferation.> A multi-
center phase Il dendritic cell vaccine trial in which
the autologous dendritic cells used in the vaccine
are primed against antigens that are highly ex-
pressed by cancer stem cells is currently un-
derway. Glantz and colleagues*® suggest that
because glioma stem-like cells may reside in the
SVZ, cerebrospinal fluid (CSF)-directed therapies
may have better efficacy than systemically deliv-
ered therapies. Chemotherapeutic agents instilled
directly into the CSF only penetrate a few
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millimeters into the brain parenchyma, so the
efficacy of this strategy is unclear. To date, no
clinically proven method of eradicating glioma
stem-like cells exists.

Immunotherapy

One of the most promising areas of oncology
research is immunotherapy, and the immunothera-
peutic approach may prove to be a particularly
effective strategy against multifocal/multicentric
glioblastoma. After all, few, if any, pharmaceutical
compounds are able to seek out and destroy
foreign pathogens as robustly and specifically as
the immune system. Several clinical trials using
immune-priming adjuvant therapies (such as poly-
lysine and carboxymethylcellulose, a toll-like re-
ceptor 3 ligand) or dendritic cell vaccines have
been performed or are underway. To date, no trial
results that specifically address efficacy for multi-
centric/multifocal gliomas have been reported.
However, using a rat multifocal glioblastoma model
(in which rats were injected with glioma cells in each
hemisphere), King and colleagues®? demonstrated
that treatment with adenoviral vectors expressing
thymidine kinase and human FI3L resulted in
long-term survival in 50% of the animals. By recruit-
ing macrophages and CD4 cells, the presence of
FI3L helps initiate an immune response that is
able to eradicate distant targets. A clinical trial of
this therapy is about to commence.

PROGNOSIS

Multifocal and multicentric gliomas have traditionally
been thought to have a worse prognosis than soli-
tary tumors. The median survival for these patients
has ranged from 2 to 10 months.>"427 Salvati
and colleagues’ reported a median survival of 2.8
months for patients who underwent biopsy of
their multicentric tumors. These patients had tumors
located in inaccessible or eloquent regions. Patients
with surgically accessible tumors who underwent
surgical resection had a median survival of 9.5
months.” Similarly, Hassaneen and colleagues® re-
ported a median survival of 9.7 months after aggres-
sive surgical management and concluded that if
the enhancing portions of the multifocal/multicentric
tumors can be safely resected, outcomes in these
patients may be similar to those in patients with
solitary disease. Finally, Showalter and colleagues®”
studied 50 patients who underwent RT and multiple
therapies for their multifocal malignant gliomas
and described a median survival of 8.1 months.

SUMMARY

Multifocal and multicentric tumors magnify many
of the challenges one faces when treating patients

with malignant gliomas. Issues such as biopsy
versus maximal safe resection and optimal choice
of anticancer treatments beyond the standard of
care are currently under debate and investigation.
The subset of patients with multifocal or multicen-
tric gliomas may indeed be more susceptible or
resistant to a given therapy compared with those
with localized disease. As the knowledge of the
disease process increases, the ability to better
tailor treatments will also improve.
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