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Epidemiology of Gliomas

Quinn T. Ostrom, Haley Gittleman, Lindsay Stetson, Selene M. Virk
and Jill S. Barnholtz-Sloan

Abstract Gliomas are the most common type of primary intracranial tumors. Some
glioma subtypes cause significant mortality and morbidity that are disproportionate to
their relatively rare incidence. A very small proportion of glioma cases can be
attributed to inherited genetic disorders. Many potential risk factors for glioma have
been studied to date, but few provide explanation for the number of brain tumors
identified. The most significant of these factors includes increased risk due to expo-
sure to ionizing radiation, and decreased risk with history of allergy or atopic disease.
The potential effect of exposure to cellular phones has been studied extensively, but
the results remain inconclusive. Recent genomic analyses, using the genome-wide
association study (GWAS) design, have identified several inherited risk variants that
are associated with increased glioma risk. The following chapter provides an over-
view of the current state of research in the epidemiology of intracranial glioma.

Keywords Glioma - Epidemiology - Incidence - Risk factors - Ionizing radiation -
Cellular phones - GWAS - Allergy
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1 Introduction

Gliomas represent 31 % of all brain and central nervous system (CNS) tumors
diagnosed in the United States, and 81 % of malignant brain and CNS tumors [1].
These tumors are classified using World Health Organization (WHO) grade criteria,
and can be classified into multiple specific histologic subtypes. The most commonly
occurring types of gliomas include: astrocytoma (WHO grade I-IV), oligoden-
droglioma (WHO grade II-III), and oligoastrocytomas (WHO grade II-II).
Although gliomas are typically malignant, not all types consistently behave in a
malignant fashion. The heterogeneity of gliomas (in terms of histology, grade,
clinical outcomes, and genomics) increases the complexity of risk factor research in
this tumor type.

2 Incidence

Incidence rates of glioma, i.e., the rate of newly diagnosed glioma, vary signifi-
cantly by histologic type, age at diagnosis, gender, race, ethnicity, and geographic
location. In general, gliomas are more common with increasing age, male gender,
white race, and non-Hispanic ethnicity [2]. The most common type of glioma is
glioblastoma (GBM), which ranges in age-adjusted incidence rate from 0.59 to 3.69
per 100,000 persons depending on reporting country/organization. Anaplastic
astrocytoma (WHO grade IIl) and GBM are highest in incidence among those
75-84-years old, but oligodendroglioma and oligoastrocytomas are most common
in those 35-44-years old.

Gliomas make up the largest proportion of malignant brain tumors, therefore
reported overall brain cancer incidence rates should largely reflect glioma inci-
dence. Incidence of brain cancer varies significantly internationally, as do methods
of case ascertainment and surveillance (Fig. 1). Brain cancer incidence is the
highest in Europe (Age-standardized incidence rate [ASR]: 5.5 per 100,000 per-
sons), North America (ASR: 5.3 per 100,000 persons), Australia/New Zealand
(ASR: 5.3 per 100,000 persons), western Asia (ASR: 5.2 per 100,000 persons), and
northern Africa (ASR: 5.0 per 100,000 persons) [3]. It is lowest in South-Central
Asia (ASR: 1.8 per 100,000 persons), sub-Saharan Africa (ASR: 0.8 per 100,000
persons), and Oceania (Excluding Australia and New Zealand, ASR: 0.5 per
100,000 persons). It is difficult to determine whether these differences are due to
variation in data collection technique and/or coverage of surveillance methods, or
are “true” differences in incidence. Incidence rates vary over time per registry
(Fig. 2) and by gender, where males have higher incidence rates as compared to
females. However, it is difficult to determine how much of these differences in
incidence by registry are caused by “true” differences in incidence, as opposed to
effects of data collection technique. Most registries note an increase in malignant
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brain tumor incidence from the mid-1970s to the mid-1980s (Fig. 2), when the use
of CT scan and MRI became more common leading to a potential screening/
diagnostic bias in brain tumor diagnoses.

3 Survival After Diagnosis with Glioma

Survival time after diagnosis with glioma varies significantly by grade across all
glioma subtypes (Fig. 3). GBM has the poorest overall survival, with <5 % of
patients surviving 5 years after diagnosis [2]. Gliomas with an oligodendroglial
component have increased survival when compared to those with an astrocytic
component. See Fig. 3 for a comparison of relative survival from 1 to 10 years after
diagnosis by selected glioma subtypes, from the National Cancer Institute (NCI)
Surveillance, Epidemiology and End Results (SEER) system. Survival time is also
strongly influenced by several omic markers within tumors, especially Isocitrate
dehydrogenase 1/2 (IDHI1/2) mutation, glioma-CpG island methylator phenotype
(G-CIMP), O-6-methylguanine-DNA methyltransferase (MGMT) methylation, and
1p19q codeletion (See Chap. 4 for an in-depth overview of these markers).

The most conclusive and well-replicated prognostic factors for GBM are: extent
of tumor resection, age at diagnosis, and Karnofsky performance status (KPS) [4, 5].
In 2004, the European Organization for Research and Treatment of Cancer
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Fig. 3 One through ten year relative survival (with 95 % confidence intervals) for selected glioma
histologies from 1995 to 2010 (SEER)
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(EORTC)/National Cancer Institute of Canada (NCIC) 22981/26981 presented
results from their trial that demonstrated a survival benefit for GBM patients that
received concurrent temozolomide with postoperative radiation, with median sur-
vival of 14.6 months for those receiving concurrent therapy versus 12.1 months for
those who received only radiotherapy [6]. This treatment has since become the
standard of care for primary GBM (See Chap. 7 for more information on current
treatment for GBM), and several analyses have found statistically significant
increasing trends in GBM median survival after this was established [7-9].

4 Heritable Genetic Risk Factors

Several inherited, monogenic Mendelian cancer syndromes are associated with
increased incidence of specific glioma subtypes, including: Neurofibromatosis 1
(astrocytoma and optic nerve glioma) and 2 (ependymoma), tuberous sclerosis
(giant cell astrocytoma), Lynch syndrome (GBM and other gliomas), Li—Fraumeni
syndrome (GBM and other gliomas), melanoma—neural system tumor syndrome (all
glioma), and Ollier disease/Maffucci syndrome (all glioma) [10]. However, these
monogenic disorders account for only a small proportion of glioma cases (<5 %
overall). A small proportion (about 5-10 % of tumors) of gliomas occur in familial
clusters, where a patient has a family history of glioma. First degree relatives of
patients with glioma have a twofold increased risk of developing a brain tumor,
especially when the patient developed the tumor at a younger age [10]. Linkage
studies within these familial glioma clusters have not definitely identified high-
penetrance risk variants [2]. A recent attempt to replicate the findings of these
studies found that only genes that were also discovered using GWAS were repli-
cable [11].

In the absence of a clear pattern of risk variants, segregation analyses have
determined that genetic risk factors for glioma are best explained with a polygenic
model [12]. Until recently, most of the studies assessing genetic variants associated
with risk of glioma were candidate gene studies, focusing on genes thought to be
involved in gliomagenesis. Since advances in technology that now allow for rapid
whole genome genotyping, five genome-wide association studies of glioma patients
have been conducted [13—-17]. Together these studies identified seven genomic
variants that increased glioma risk. The variants and their respective genes are:
telomerase reverse transcriptase (TERT, rs2736100) [13—15, 17, 18], epidermal
growth factor receptor (EGFR, 152252586 [11, 15, 17, 19], and rs11979158 [11, 15,
17, 19]), coiled-coil domain containing 26 (CCDC26, rs55705857) [14, 17, 19-21],
cyclin-dependent kinase inhibitor 2B (CDKN2B, rs1412829) [13, 14, 22], pleck-
strin homology-like domain, family B, member 1 (PHLDBI, rs498872) [14, 17,
23], tumor protein p53 (TP53, rs78378222) [16, 24, 25], and regulator of telomere
elongation helicase (RTELI, rs6010620) [13, 14, 17, 18]. Four of these variants
(TERT, RTELI, EGFR, and TP53) increase risk of all types of glioma, while only
three increase risk for specific grades and histologies (CDKN2B, PHLDBI, and
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CCDC26). Both CCDC26 and PHLDBI are associated with IDH-mutant tumors
(predominately WHO grade II and III gliomas), whereas CDKN2B is associated
with astrocytic tumors in general, WHO grades II-IV [2, 26]. The risk variant
within CCDC26 (rs55705857), though rare in the control population (<5 %),
increased odds of developing glioma with a magnitude that is comparable to that
conferred by early onset BRCAI mutations for breast cancer (OR: 3.1, 95 % CI:
2.5-3.9) [20]. The mechanism for increased risk associated with this variant is
unknown [26].

Two of the variants that increase risk for all glioma types are in telomere-related
genes (rs2736100 [TERT] and rs6010620 [RTELI]). The single nucleotide poly-
morphism (SNP) identified within TERT (rs2736100) is also associated with
increased risk for other types of cancer, including colon, lung, and testis. Telomere
length has been associated with other types of cancer, but a recent case—control
study has not found a significant overall association between this variant and risk of
glioma [27]. The risk variants within these genes are more common among those
with older age at diagnosis with glioma, which suggest that this telomere-based
pathway may be a distinct mechanism of gliomagenesis.

Inherited mutations in 7P53 contribute to the development of Li—Fraumeni
syndrome [10], and the mechanism for its contribution to gliomagenesis is well
understood [2]. The risk allele identified via GWAS (rs78378222) in TP53 is rare in
the general control population (<1 %) and having this variant confers a 3x increase
in risk for glioma. EGFR, TP53, TERT, and CDKN2A/B are genes that often acquire
somatic changes during gliomagenesis, but more research is necessary to under-
stand the relationship between germline and somatic changes in glioma [26].

5 Ionizing Radiation

Ionizing radiation can damage DNA by inducing both single- and double-strand
breaks, and this DNA damage can induce genetic changes leading to cancer [28].
Exposure to therapeutic doses or high-dose radiation is the most firmly established
environmental risk factor for glioma, and genetic factors influence the extent of risk
from these exposures [2, 29-32]. Gliomas may present as early as 7-9 years after
irradiation [32].

Studies of atomic bomb survivors were some of the first epidemiology studies to
examine the relationship between radiation exposure and risk of malignancy.
Preston et al. assessed the incidence of CNS tumors among survivors of the 1945
atomic bombings in Japan as a function of radiation dose. Tumors diagnosed
between 1958 and 1995 among 80,160 survivors were ascertained using the
Hiroshima and Nagasaki tumor registries, medical records, and death certificates [2,
33]. The risk for glioma was elevated, but not statistically significant, with an
excess risk ratio (ERR) of 0.56 (95 % Confidence Interval [95 % CI]: —0.2-2.0)
(Fig. 4).
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A long running study of 10,834 individuals treated for tinea capitis with irra-
diation in Israel (mean estimated dose of 1.5 Gy) was reported by Sadetzki et al.
With 40 years of follow-up, glioma incidence doubled compared to population
and sibling controls (relative risk [RR]: 2.6, 95 % CI: 0.8-8.6) (Fig. 4) [34].
A dose-response relationship was observed, with ERR/Gy of 198 (95 %
CI: 0.73-4.6).

Several studies provide evidence that therapeutic ionizing radiation is associated
with an increased risk of glioma, especially in children. Two studies of the Child
Cancer Survivor Study (CCSS) found increased risk of brain and CNS tumor in
children treated with therapeutic radiation. In a retrospective cohort study of chil-
dren (n = 9,720) treated for acute lymphoblastic leukemia (ALL) according to the
therapeutic protocols of the Children’s Cancer Study Group, between 1972 and
1988 [35] with a median follow-up of 4.7 years (range of 2 months to 16 years). Of
43 s neoplasms diagnosed, 24 were CNS neoplasms in children who had previously
undergone irradiation [32]. This represented a 22-fold excess of CNS neoplasms,
with 23 tumors occurring (including 17 gliomas whereas 1.06 were expected
(p < 0.05). Neglia et al. also conducted an analysis of 5-year survivors within the
CCSS cohort (n = 14,361) and identified subsequent primary CNS tumors in 116
persons (minimum 15 years of follow-up), including 40 gliomas (median latency of
9 years) [29]. Exposure to radiation therapy for primary cancer had an ERR of 0.33
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(95 % CI: 0.07-1.71) and significantly increased odds of developing a subsequent
glioma (Odds ratio [OR]: 6.78, 95 % CI: 1.5-30.0) (Fig. 4). In a case series of 1,612
children treated for newly diagnosed ALL between 1967 and 1988 at St. Jude’s
Research Hospital, Walter et al. [36] found 11 gliomas (10 WHO grade III-IV, and
1 WHO grade II) diagnosed as second malignancies. There was a significant
association between 20-year cumulative incidence of brain tumor and cranial
irradiation (p = 0.015).

Results of epidemiological studies assessing brain tumor risk associated with
diagnostic imaging radiation exposure have been inconsistent. The range of
effective dose for a single CT scan is estimated to be between 2 and 15 mSv.
Though the effect of this level of radiation exposure is likely extremely small, many
patients undergo repeat CT scans. In the last two decades, there have been dramatic
increases in the per capita dose of diagnostic radiation, which now makes up
approximately half the per capita radiation exposure. Recently, a group of radiation
experts came to the consensus that the lowest risk of x- or gamma irradiation for
which there is significant evidence of increased cancer risk is about 10-50 mSv
[37]. Epidemiology studies of diagnostic radiation exposures have provided
inconsistent results with respect to overall brain tumor risk. Two case—control
studies of adults have demonstrated increased risks specific to gliomas [38, 39],
most recently after three or more cumulative CT scan exposures to the head only in
cases with a family history of cancer [39].

This potential cancer risk may be particularly relevant in children, whose brains
are still in the process of developing at the time of irradiation exposure. Two recent
cohort studies of children experiencing CT scans in Britain [40] and Australia [41]
have suggested increases in cancer, including brain cancer, after childhood expo-
sures to CT scans. In Britain, Pearce et al. studied the excess risk of leukemia and
brain tumors after CT scans in a cohort of children and young adults. A significant
positive association was noted between CT scans and gliomas (p: 0.0033), with an
ERR/mGy of 0.019 (95 % CI: 0.003-0.070) [40]. Children who received a
cumulative dose of 50-71 mGy had a significantly increased risk of brain cancer
when compared to those that received less than 5 mGy (relative risk [RR]: 2.82,
95 % CI: 1.33-6.03) (Fig. 4). While almost 60 % of the CT scans were of the brain
and the elevated risks observed for other solid tumor sites appeared to be dose
dependent, these data were not consistent with an increasing risk per unit dose for
brain tumors in children. The data related to risk associated with diagnostic radi-
ation exposure is currently inconclusive.

6 Allergies and Atopic Disease

Allergies have been reported to be protective against multiple cancer types,
including glioma [42]. Although the majority of reports have found an association
between allergies and atopic disease (e.g., eczema, psoriasis, asthma, hay fever)
with reduced glioma risk, some studies have reported the opposite effect [2, 43].
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It has been suggested that the observed protective effect may be due to increased
surveillance by the innate immune system for those with allergies, but this potential
mechanism has not been definitively proven.

The initial approach for investigating the association between allergies and glioma
risk involved analysis of self-report allergy history. Numerous case—control studies
have examined the relationship between allergies and glioma risk. A 2013 study
conducted by Turner et al. analyzed data collected as part of the INTERPHONE
case—control study, which included brain tumor cases gathered across four conti-
nents, including Europe and North America [44]. The INTERPHONE study was
composed of CNS tumor cases (glioma, meningioma, and acoustic neuroma) and
controls recruited over a 4-year period starting in 2000. The analysis of the 793
glioma cases and 2,374 control subjects showed a decrease in glioma risk when any
history of allergy was reported (odds ratio [OR] =0.73, 95 % CI=0.60-0.88) (Fig. 4).
The protective effect persisted when data were stratified by allergy type (asthma, hay
fever, and eczema), with hay fever being the most significant (OR = 0.67, 95 %
CI=0.53-0.86). A meta-analysis of 12 studies published between 1990 and 2009 that
involved 61,090 participants (including 6,408 glioma cases) showed a reduction in
glioma risk associated with allergic conditions (summary OR = 0.60, 95 %
CI=0.52-0.69, p = 0.001) (Fig. 4) [45]. The reduction in risk was maintained when
data were stratified by allergy type of asthma, eczema, and hay fever.

A meta-analysis of 12 studies published between 1990 and 2009 that involved
61,090 participants (including 6,408 glioma cases) showed a reduction in glioma
risk associated with allergic conditions (summary OR: 0.60, 95 % CI: 0.52-0.69, p:
0.001) (Fig. 4) [45]. The reduction in risk was maintained when data were stratified
by allergy type of asthma, eczema, and hay fever.

In addition to stratification by allergy type, a more detailed view can be obtained
by stratification based on glioma subtype. Scheurer et al. [46] and McCarthy et al.
[47, 48] have both examined the effect of antihistamine or anti-inflammatory usage
on glioma risk by grade and histologic subtype. Scheurer et al. found both pro-
tective effects and increased risk depending on glioma grade and antihistamine/anti-
inflammatory drug usage. The lack of asthma or allergy history combined with less
than 10 years of anti-inflammatory use was found to have the greatest protective
effect for GBM (OR = 0.55, 95 % CI = 0.35-0.88). Antihistamine usage for
10 years or more was shown to increase risk of anaplastic glioma regardless of
asthma/allergy history (OR = 2.34; 95 % CI = 1.20-8.34 with history and
OR =2.94; 95 % CI = 1.04-8.34 without history) (Fig. 4). McCarthy et al. found no
significant differences based on grade for the effect of antihistamine use (low grade
glioma [LGG] OR: 0.78, 95 % CI 0.46—1.33, vs. high grade glioma [HGG] OR:
0.75, 95 % CI: 0.57 —0.99), or reported allergy (LGG OR: 0.44, 95 % CI: 0.25-0.76
vs. HGG OR: 0.66, 95 % CI: 0.49-0.87) [40].

Use of self-report data alone is unable to conclusively establish a relationship
between a potential risk factor and development of glioma. Another approach that
has been used in attempt to elucidate the relationship between allergies and glioma is
to examine serum concentration of the immunoglobin E (IgE), a common measure of
allergic response; this measurement can be elevated in those with allergies [49]. In an
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analysis of pre-diagnostic serum IgE levels from 594 glioma cases (374 GBM cases)
and 1,177 controls from Janus Serum Bank in Oslo, Norway, Schwartzbaum et al.
found a statistically significant reduction in glioma risk (OR = 0.75; 95 %
CI = 0.56-0.99) in patients with total IgE > 100 kU/L compared to those with total
IgE < 100 kU/L (Fig. 4) [2, 50]. Analysis of GBM alone showed reduced risk, but
this difference was not statistically significant (OR: 0.74, 95 % CI: 0.52—1.05). These
findings were in contrast to a prospective study by Calboli et al. that did not find a
statistically significant association with elevated IgE (>100 kU/L), but did find a
protective effect of marginally elevated IgE of 25-100 kU/L [2, 51].

7 Cellular Phones

The risk of glioma associated with cellular phone use has been extensively
investigated since the popularization of cellular phones in the 1990s. Several large-
scale case—control studies have examined reported cell-phone usage patterns
between persons with glioma and those without, and have found mixed results
about the effect of cellular phone use on glioma risk [52]. The International Agency
for Research on Cancer (IARC) conducted a thorough evaluation of the epidemi-
ological findings of this research and classified radio frequency fields as a possible
carcinogen (IARC group 2B) in 2011 [53]. This classification is largely due to
findings published prior to this that demonstrate increased risk of glioma in heavy
users (variably defined) of cellular phones. Also in 2011, the International Com-
mission for Non-Ionizing Radiation Protection Standing Committee on Epidemi-
ology reviewed the evidence presented by epidemiologic studies conducted up to
that point, and found that the trend of these studies was against a relationship
between cellular phone exposure and glioma risk [54].

Six studies examining the relationship between cellular phone use and glioma
have been published since the IARC report: two cohort studies, one case—control
study, and three studies comparing incidence rates over time [2]. Both cohort
studies used cellular phone subscription records (in Denmark and the United
Kingdom [UK]) and found no increase in glioma risk, including those who had
used cellular phones for longer than 10 years or daily phone use. In the first of these
cohort studies, Frei et al. examined 358,403 persons (including 3,664 glioma cases)
in Denmark who had subscribed to cellular phone service prior to 1995, and found
no statistical significant risk for both men and women with use over 10 years (Men
RR =1.0,95 % CI =0.8-1.3, Women RR = 1.0, 95 % CI = 0.6-2.0) (Fig. 4). Using
the UK million woman study cohort, Benson et al. analyzed 791,710 women
between 50 and 64, and found no statistical significant risk with greater than
10 years of use (RR = 0.8, 95 % CI = 0.5-1.1) (Fig. 4). A case—control study
conducted by Hardell et al. using 593 malignant brain tumor cases and 1,368
controls found an increased risk for any use of cellular phone (OR = 1.6, 95 %
CI = 1.0-2.7) and increased odds for heavy users (>2,736 hours of call time,
OR =2.8, 95 % CI 1.6-4.8) (Fig. 4).
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Surveillance of trends in incidence of glioma over time is also an important way
to investigate the potential effect of cellular phone use on these tumors. There has
been a rapid increase in the use of cellular phones since their introduction in the
1980s. Currently, the vast majority of people in the world use cellular phones.
Three of these analyses have been published since 2011, looking at trends in the
Nordic countries (Denmark, Finland, Norway, and Sweden), the United States, and
Israel [55-57]. All of these showed no significant increases in the incidence rates of
glioma. These studies also compared current incidence rates to those that would
have occurred with the magnitude of risk reported by previous case—control studies,
and found that current incidence rates were much lower than predicted.

The scientific evidence used to produce the 2011 IARC report, as well as the
scientific evidence reported since its publication does not support a significant
association between use of cellular phones and risk of glioma. This exposure
warrants continued monitoring and examination, as the potential risks of long-term
heavy use, risk of use during childhood and adolescence, and length of glioma
latency is not well understood.

8 Conclusions

Significant progress has been made in identifying potential risk factors for glioma,
although more research is warranted. The strongest risk factors that have been
identified thus far include allergies/atopic disease, ionizing radiation, and heritable
genetic factors. Scientific evidence for an association between exposure to non-
ionizing radiation in the form of cellular phones and glioma risk is inconclusive.
Modern genome-wide “omic” technologies provide the opportunity to examine risk
factors while accounting for the heterogeneity of gliomas. Further analysis of large,
multicenter epidemiological studies, as well as well annotated “omic” datasets, can
potentially lead to further understanding of the relationship between gene and
environment in the process of gliomaneogenesis.
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Glioma Biology and Molecular Markers

Adam L. Cohen and Howard Colman

Abstract The tumors classified as gliomas include a wide variety of histologies
including the more common (astrocytoma, glioblastoma), as well as the less common
histologies (oligodendroglioma, mixed oligoastrocytoma, pilocytic astrocytoma).
Recent efforts at comprehensive genetic characterization of various primary brain
tumor types have identified a number of common alterations and pathways common
to multiple tumor types. Common pathways in glioma biology include growth factor
receptor tyrosine kinases and their downstream signaling via the MAP kinase cascade
or PI3K signaling, loss of apoptosis through p53, cell cycle regulation, angiogenesis
via VEGF signaling, and invasion. However, in addition to these common general
pathway alterations, a number of specific alterations have been identified in particular
tumor types, and a number of these have direct therapeutic implications. These
include mutations or fusions in the BRAF gene seen in pilocytic astrocytomas (and
gangliogliomas). In oligodendrogliomas, mutations in IDH1 and codeletion of
chromosomes 1p and 19q are associated with improved survival with upfront use of
combined chemotherapy and radiation, and these tumors also have unique mutations
of CIC and FUBP1 genes. Low grade gliomas are increasingly seen to be divided into
two groups based on IDH mutation status, with astrocytomas developing through
IDH mutation followed by pS3 mutation, while poor prognosis low grade gliomas and
primary glioblastomas (GBMs) are characterized by EGFR amplification, loss of
PTEN, and loss of cyclin-dependent kinase inhibitors. GBMs can be further char-
acterized based on gene expression and gene methylation patterns into three or
four distinct subgroups. Prognostic markers in diffuse gliomas include IDH mutation,
1p/19q codeletion, and MGMT methylation, and MGMT is also a predictive marker
in elderly patients with glioblastoma treated with temozolomide monotherapy.
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1 Introduction

Gliomas are the most common primary brain tumor in adults, affecting about
20,000 people in the US each year [14]. Pathologically, gliomas are divided into
astrocytomas, oligodendrogliomas, and mixed oligoastrocytomas based on histo-
pathologic appearance. Most gliomas are astrocytic (82 %), followed by unspecified
gliomas (7 %), oligodendroglial tumors (6 %), and mixed oligoastrocytomas (3 %)
[14]. However, it is now understood that these histologies include a heterogeneous
group of tumors with distinct molecular ontology and biology. Molecular classi-
fication has allowed for the identification of prognostic and predictive markers for
some types of gliomas, and molecular subclasses are becoming increasingly
important in the clinical classification and treatment of gliomas.

2 Histology

The 2007 World Health Organization classification recognizes three types and four
grades of gliomas based on their microscopic appearance [45]. Grade 1, or pilocytic,
astrocytomas are noninvasive tumors found primarily in children. Diffuse gliomas
include astrocytomas, oligodendrogliomas. Grade 4 astrocytomas are called glio-
blastomas (GBMs). While some gliomas are mixed and have areas consistent with
more than one type of histology, some investigators hypothesize that the different
tumor types arise from different cells of origin and specific molecular alterations.
Oligodendrogliomas probably arise from oligodendroglial precursor cells [44, 54, 72].
Radial glial cells have been proposed to be the cell of origin of ependymomas [74].
The cell of origin of astrocytomas has been proposed to be reactive astrocytes of
the subventricular zone (for NF 1 and PDGF-driven astrocytomas), neural progenitor
cells of the frontal lobe (for IDH-mutant astrocytomas), and neural stem cells/
progenitor cells in the subventricular zone [1, 22, 41].
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3 Important Pathways in Glioma Biology
3.1 RTK/RAS/PI(3K), P53, Rb

Publications from the Cancer Genome Atlas (TCGA) effort showed that more than
three quarters of GBMs have alterations, including deletions, amplifications, or
mutations, in three pathways: growth factor downstream signaling, particularly
through the phosphatidyl inosital-3-kinase (PI3K) pathway, apoptosis regulation via
p53 signaling, and cell cycle regulation via cyclin-dependant kinases and retino-
blastoma 1 signaling [75]. Alterations in growth factor receptor/PI3K/MAPK sig-
naling can include amplification of the epidermal growth factor receptor (EGFR/
erbB1), platelet derived growth factor receptor (PDGFR), or MET genes or muta-
tion in EGFR or the HER2/erbB2 receptor gene. Mutations in EGFR, particularly
the EGFRVIII variant in which most of the extracellular domain is deleted, occur in
25-30 % of GBM [29, 76]. Downstream signaling from growth factor receptors can
be activated by loss or mutation in the neurofibromatosis 1 gene (NF1), mutations
in KRAS, mutations in PIK3CA (the gene for PI3K), and deletion or loss of het-
erozygosity of PTEN, the inhibitor of PI3K [75]. Although about one-third of GBM
can have mutation or deletion of TP53, loss of p53 function can also be obtained
through amplification of MDM2 or MDM4 [8]. Lastly, cell cycle regulation is
disrupted through mutation or deletion of the cell cycle inhibitors CDKN2A,
CDKN2B, and CDKN2C as well as less frequent amplifications in cyclins and
cyclin-dependent kinases or actual loss of the RBI gene.Translocations and fusion
proteins may play an important role in activation of growth factor signaling. About
4 % of GBMs have fusions of EGFR with SEPT14, which activates STAT3 sig-
naling, and another 2 % have fusions of EGFR with PSPH, which regulates neural
stem cell proliferation [17, 49]. In addition, approximately 3 % of GBM have
translocations causing a fusion between the fibroblast growth factor receptor genes,
FGFRI or FGFR3, and the transforming acidic coiled-coil containing protein
genes, TACCI orTACC3 [67]. There is in vitro and in vivo evidence that tumors
with these fusions can be inhibited with appropriate tyrosine kinase inhibitors, but
whether they are prognostic or predictive in people is not yet known.

3.2 IDH Mutation

In 2008, a multigroup collaboration using whole exome sequencing identified a
common point mutation in the metabolic gene IDHI in 12 % of glioblastoma
samples [53]. Further studies found that this mutation is present in ~ 80 % of grade
2-3 gliomas and secondary GBM [2, 7, 26, 37, 62, 84, 88]. Mutations in IDH2 have
also been identified in gliomas, although they are much less common and are
mutually exclusive with mutations in IDHI [26, 69, 88]. All mutations identified to
date have been a single amino acid missense mutation in /DHI at arginine 132
(R132) or the analogous residue in IDH2 (R172).
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Although initial reports suggested that the mutant IDH functions in a dominate-
negative fashion by heterodimerizing to wild-type IDHI and impairing its activity
[89, 92, 93], more recent in vitro studies have shown that the mutated IDH1 protein
acquires the ability to convert a-ketoglutarate (0-KG) to R(-)-2-hydroxyglutarate
(2-HG) [13, 32]. These findings led to the hypothesis that mutant /DH is an
oncogene and 2-HG is an “oncometabolite” [18].

New evidence suggests that by antagonizing a-KG, 2-HG competitively inhibits
the activity of many o-KG-dependent dioxygenases, including but not limited to
histone demethylases (e.g., collagen prolyl-4-hydroxylase, prolyl hydroxylases, and
the ten-eleven translocation (TET) family of DNA hydroxylases) [16, 63, 87].
Profiling of GBM from the TCGA demonstrated an association between IDH
mutation and increased promoter methylation (G-CIMP) [50], which generally
results in transcriptional silencing of the associated genes [35]. Two recent inde-
pendent studies demonstrated that the G-CIMP phenotype was not correlated with
IDH mutation but that IDH mutation alone is actually the cause of the G-CIMP
hypermethylation phenotype in diffuse gliomas [11, 40].

3.3 Hypoxia, Pseudohypoxia, and Angiogenesis

Gliomas often exist in hypoxic or pseudohypoxic conditions. The extreme example
of hypoxia is pseudopallisading necrosis in GBM, when the tumor outgrows its
own blood supply. Hypoxia causes the upregulation of hypoxia inducible factor
(HIFla), and HIFIa can induce new vessel formation and stem cell survival pro-
cesses. HIFla is overexpressed in gliomas, particularly high grade gliomas [43].
HIFla degradation via the ubiquitin-proteosome system is also inhibited by alter-
ations in prolyl hydroxylases driven by 2-hydroxyglutarate produced by mutant
IDH. Thus, IDH mutation can result in a situation in which HIF1a protein levels are
high (consistent with hypoxia) while oxygen tension is normal. This situation has
been called “pseudohypoxia” and may be a major driver of biology in these tumors
along with other consequences of altered proline hydroxylation.

Blood vessel formation in gliomas often takes the form of angiogenesis, driven
by vascular endothelial growth factor (VEGF). VEGF is overexpressed in brain
tumors, with increasing expression corresponding to increased grade [10, 56, 57].
Angiogenesis can also be supported by CXCR4 signaling [90]. Alternatively, gli-
omas can coopt normal vessels, a process often mediated by angiopoietin signaling,
or new vessels can be formed from bone marrow derived endothelial cells, in a
process termed vasculogenesis [46, 60]. Glioma cells may even be able to transform
into malignant endothelial cells [66]. It has been proposed that blockade of angi-
ogenesis, particularly inhibition of VEGF signaling, may lead to increased glioma
invasiveness, although this hypothesis remains controversial [38].

Invasion into normal brain is one of the hallmarks of diffuse gliomas and is one
of the features making them incurable by surgery alone. Gliomas migrate along the
secondary structures of Scherer, such as white matter tracks, neuronal tracks,
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vasculature, or subpial spaces [64]. Glioma migrations is facilitated by secretion of
a variety of proteases, including matrix metalloproteases (MMPs), membrane type
matrix metalloproteases (MT-MMPs), and adamalysins (ADAMS) [48]. Expression
and secretion of these proteases can be regulated by TGF-beta and NF-«B.

4 Oligodendrogliomas

Oligodendrogliomas can be grade 2 (low grade) or grade 3 (anaplastic) [45]. There
are no grade 4 oligodendrogliomas. One of the earliest steps in the development of
oligodendrogliomas is mutation in isocitrate dehydrogenase 1 (IDHI) or 2 (IDH2)
[84]. Mutation in IDHI or IDH?2 is followed by an unbalanced translocation
resulting in loss of the p-arm of chromosome 1 and the g-arm of chromosome 19
[39, 59]. This translocation inactivates one copy of the Capicua transcriptional
repressor (CIC) gene and the FUSE binding protein 1(FUBPI) gene [5]. Oligo-
dendrogliomas then can develop a mutation in the other copy of these genes. Such
mutations occur in 52 % of grade 2 oligodendrogliomas and 84 % of anaplastic
(grade 3) oligodendrogliomas [31]. Whether these alterations are sufficient for
oligodendroglioma development has not been established. The events involved in
the transformation of grade 2-3 oligodendrogliomas have also not been established.

Codeletion of 1p and 19q is also a prognostic marker among all gliomas and
among oligodendrogliomas, regardless of grade [91]. Indeed, mixed oligoastrocy-
tomas with 1p/19q deletion have prognosis similar to oligodendrogliomas, while
those without 1p/19q deletion have worse prognosis, similar to astrocytomas [30].
Moreover, 1p/19q codeletion is also a predictive marker among anaplastic oligo-
dendrogliomas. Two randomized trials showed improved survival with the addition
of chemotherapy to radiation for people with newly diagnosed anaplastic oligo-
dendrogliomas whose tumors had 1p/19q codeletion but not for people whose
tumors did not have this codeletion [9, 77]. Therefore, codeletion of 1p/19q, which
can be detected by fluorescent in situ hybridization, is a clinically useful biomarker
for oligodendrogliomas.

5 Astrocytoma Histopathologic and Molecular
Classification

Grade 1, or pilocytic, astrocytomas are non-infiltrating neoplasms that occur mostly
in children and adolescents but can occur in adults as well [45]. Pilocytic astro-
cytomas lack many of the mutations found in the diffuse gliomas. However, nearly
all pilocytic astrocytomas have alterations in the BRAF oncogene leading to its
activation, primarily by fusion with the KIAA1549 gene [33]. Other mechanisms of
RAF pathway activation include fusion of SRGAP3 and RAFI, BRAFV600E
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mutation, in-frame insertion in the BRAF gene, or fusion of BRAF with FAM131B
[12, 33, 34]. Activation of BRAF in neural progenitor cells is sufficient to cause
pilocytic astrocytomas in mice and to transform human neural stem cells [21, 58].
How to target these alterations remains an area of study.

Diffuse gliomas can be categorized according to grade: low grade (grade II),
anaplastic (grade III), and glioblastoma (GBM, grade IV). Traditionally, GBMs have
been classified as primary or secondary on the basis of clinical presentation [65].
Secondary GBMs display evidence of progression from a lower grade tumor,
whereas primary GBMs present as grade 4 at diagnosis. Secondary GBMs are
predominantly found in younger patients (median age of ~45 years compared with
median age of ~ 60 years for primary GBM) and tend to occur less frequently than
primary GBMs, making up ~5 % of total GBMs [51]. Secondary GBMs are more
likely to have mutation in IDH1 or IDH2. Despite the differences in their ontology,
these high grade tumors are histopathologically indistinguishable [51].

In the 1990s, this clinical classification began to be correlated to molecular
biology with the observation that amplification of the epidermal growth factor
receptor (EGFR) gene and mutation or loss of heterozygosity of the TP53 gene was
mutually exclusive, with the former being seen in primary glioblastoma and the
latter being seen in secondary glioblastoma and lower grade gliomas [80, 83]. More
recently, large-scale efforts have been made to identify the major genetic and
epigenetic alterations and to define important molecular subtypes in GBM and
lower grade gliomas [55, 79].

Gene expression patterns have been used by multiple groups to classify adult
high grade gliomas into 3-4 groups [55, 71, 79]. The Cancer Genome Atlas
(TCGA) identified four subgroups of GBM based on gene expression patterns,
which were called Proneural, Neural, Mesenchymal, and Classical [79]. Individual
gene expression subtypes were associated with specific genetic and epigenetic
alterations. For example, proneural GBMs are enriched for the G-CIMP phenotype,
IDH mutations, PDGFRA amplifications, and CDK4 amplifications. Classical
GBMs are enriched for EGFR mutations, particularly the EGFRVIII variant. Mes-
enchymal GBMs are more likely to have MET amplification and NFI mutation or
loss and display increased angiogenesis, hypoxia, inflammatory infiltrates and
inflammatory signaling pathways, including NF-xB, STAT3, TGF-f 3, 6, 55, 79]
Secondary GBMs are virtually always Proneural, while primary GBM can be any of
the subtypes. Most primary GBMs have EGFR amplification and deletion of the
PTEN gene [8].

6 Prognostic and Predictive Markers in Astrocytomas

The two strongest prognostic factors in astrocytomas are /DH mutation status and
grade [25, 88]. Indeed, prognosis for IDH-mutant GBMs is better in some series than
that for IDH-wild-type grade 3 astrocytomas. The prognostic importance of IDH
mutation is independent of other known prognostic factors, including age, and
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MGMT methylation status [62]. However, it remains to be determined whether IDH
mutation is a prognostic factor only or whether it is predictive of outcome to specific
treatments or mechanistically related to treatment response. Small retrospective
series have suggested that the response rate to alkylating chemotherapy is also higher
in IDH-mutated grade 2 tumors than in wild-type tumors and that progression-free
survival after radiation or alkylating chemotherapy is higher for people with
IDH-mutated tumors than for people with wild-type tumors [28, 36, 68]. In the
German Glioma Group retrospective study, /DH mutation influenced survival only
in those patients who received radiation or chemotherapy immediately after surgery
[24]. IDH mutation does not predict progression-free survival for temozolomide
treatment in low grade astrocytomas that had previously received radiation [73]. IDH
mutation may also predict the benefit of complete resection in high grade gliomas
[4]. However, their retrospective nature and lack of control groups limits the con-
clusions that can be drawn from these studies.

MGMT, the gene encoding the DNA repair enzyme O6-methylguanine-DNA
methyltransferase, is methylated in 30-40 % of GBMs and 80 % of IDH-mutated
low grade gliomas [19, 27, 42]. The presence of methylated MGMT is prognostic in
all grades of glioma, including both oligodendroglial and astrocytic histologies
[42, 61, 70, 78]. Given the strong association between G-CIMP phenotype and
MGMT methylation, the prognostic significance of each of these independently
cannot be assessed. It is also not clear whether the observation that MGMT
methylation is more significant than expression level measured by RNA or protein
is due to biology or to technical artifacts of the assays used.

MGMT was originally studied because of its role in repairing damage from
alkylating agents such as the nitrosoureas or temozolomide. However, it remains
controversial whether MGMT methylation is predictive of benefit from temozolo-
mide. In the long-term follow-up of EORTC 26981-22981/NCIC CE3, MGMT
methylation was prognostic in both the radiation alone and radiation plus tem-
ozolomide groups. Moreover, there was a statistically significant improvement in
survival with the addition of temozolomide in both the MGMT methylated and
unmethylated groups with similar hazard ratio, although the absolute benefit was
much smaller in the unmethylated group [70]. In the elderly population, two trials
(NOA-08 and the Nordic trial) have suggested that people with GBM with MGMT
methylation have improved survival with temozolomide monotherapy compared to
radiation, while the opposite is true for elderly people with GBM with unmethy-
lated MGMT [47, 85]. The role of MGMT or other potential biomarkers other than
IDH in grade 2 or 3 astrocytomas remains uncertain.

7 Ependymomas

Ependymomas have been subtyped based on both location (supratentorial, infra-
tentorial, or spinal cord) or by gene expression pattern. Common genetic alterations
in ependymomas include NF2 mutation or loss, HER2/erbB2 and erbB4
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amplification, and RASSFIA and HICI methylation [15, 20, 23, 81]. Two groups
have used gene expression to identify two types of ependymoma, one characterized
by growth factor receptor signaling and the other by large chromosomal rear-
rangements along with altered metabolism and cytoskeleton pathways [82, 86].
Most recently, a fusion gene involving cl1orf95 and relA, the active component of
NF-xB, was found to be a driver alteration in supratentorial ependymoma [52]. The
high frequency observed of this fusion in the supratentorial ependymomas suggest
that this is both a key driver of biology in this tumor subtype and may also be a
potential target for specific drug development. Prognostic markers for ependymoma
are not well established.

8 Conclusion

Gliomas include multiple distinct histopathologic types of tumors under the current
WHO classification. Recent findings regarding some of the key driving alterations
in some tumor types elucidate both the distinct biologies that define different
histopathologies, and identify distinct molecular subtypes within single histopa-
thologies. There appear to be at least three key molecular ontology pathways to the
development of diffuse glioma. One pathway starts with /DH mutation followed by
TP53 mutation and results in astrocytic lineage tumors. These gliomas start as grade
2 astrocytomas, have the G-CIMP phenotype, and presumably then acquire other
genetic alterations that result in progression to higher grade tumors. Another
pathway starts with /DH mutation followed by loss of 1p/19q, which is associated
with mutation in the CIC gene or the FUBPI gene. These alterations result in
development of grade 2 oligodendrogliomas, which can then acquire other genetic
alterations to become anaplastic oligodendrogliomas. The third pathway includes
those gliomas that are wild-type for IDH. These gliomas appear to rapidly acquire
multiple complex genetic alterations, including amplification or mutation of EGFR,
and loss of the PTEN gene, and become GBMs very early in their development.
IDH, 1p/19q codeletion, and MGMT are validated prognostic and probably
predictive markers as well.
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Surgery for Gliomas

Matthew C. Tate

Abstract Surgical resection, with the goal of maximal tumor removal, is now
standard of care for the overwhelming majority of newly diagnosed gliomas. In
order to achieve this goal while minimizing the risk of postoperative neurologic
deficits, intraoperative brain mapping remains the gold standard. Recent advances
in technical aspects of preoperative and intraoperative brain mapping, as well as our
understanding of the functional anatomy of the human brain with respect to lan-
guage, movement, sensation, and cognition, particularly at the subcortical level,
have improved our ability to safely perform aggressive resective surgeries in elo-
quent areas. In this chapter, the functional anatomy of the human brain relevant to
intrinsic tumor resection is reviewed. In addition, general principles governing
surgical management of patients are highlighted, with a particular emphasis on
awake brain mapping.
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1 Introduction

Recent data from multiple series have demonstrated the importance of aggressive
surgical resection for improved outcomes in glioma. In particular, increased volu-
metric extent of resection has been shown to directly improve survival in both low-
grade [1-5] and high-grade gliomas [6-9]. The mechanism of improved survival is
likely by delaying malignant transformation in low-grade gliomas and similarly
delaying progression in high-grade gliomas. Given the clear benefit of surgery, the
primary goal of glioma surgery is to maximize the extent of resection while mini-
mizing morbidity. Thus, it is imperative that neurosurgeons and neurooncologists
have an understanding of the relevant cortical and subcortical functional networks,
not only to plan and execute a surgical plan, but also to counsel patients with respect
to risks and benefits of surgery. Despite advances in preoperative functional
assessment in brain tumor patients, including functional MRI (fMRI), diffusion
tensor imaging (DTI), magnetoencephalography (MEG), and transcranial magnetic
stimulation (TMS), direct cortical stimulation (DCS) in the operating room remains
the gold standard for identifying indispensable functional pathways to preserve
function. In this chapter, the relevant cortical and subcortical functional anatomy in
the human brain is reviewed, with a particular focus on data from intraoperative DCS.
Basic principles guiding the preoperative evaluation, management, and surgical
planning for patients with gliomas are discussed. Finally, a detailed description of
surgical technique, including modern cortical/subcortical mapping protocols which
allow for optimal surgical resection while minimizing neurologic deficits is provided.

2 Review of Human Cortical and Subcortical Functional
Anatomy

2.1 Motor

Motor networks in the human cortex are primarily located within the frontal lobe.
The primary motor cortex (M1) within the precentral gyrus, is bounded by the
central sulcus posteriorly and the precentral sulcus anteriorly. DCS of M1 in
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Motor

Fig. 1 Motor and sensory direct cortical stimulation data. Rendering of left and right hemisphere
positive stimulation sites eliciting movement (green) and dysesthesias (yellow) within the
precentral and postcentral gyri, respectively. Adapted from Tate et al. [41]

patients undergoing craniotomy reliably produces contralateral muscle contractions
in a topographically organized fashion (Fig. 1). This phenomenon was first shown
in humans by Sir Horsley in 1891 [10] and was followed by the demonstration of
the motor homunculus by Penfield and Boldrey in 1937 [11]. At the subcortical
level, DCS of M1 produces movement of a contralateral single muscle or limited
group of muscles that is transmitted by the corticospinal tract (CST), and the patient
is unable to suppress the movement. An exception to the general rule of contra-
lateral contraction with M1 stimulation is that DCS within palate, pharynx, and
tongue regions of M1 can cause bilateral muscle contractions.

In addition to the contribution of M1 to the CST, premotor and supplementary
motor cortices anterior to M1 in the frontal lobe also contribute to the CST. The
exact function of these so-called “higher-order” motor areas are less well under-
stood, but recent studies have given some insight into their functional contributions.
The premotor cortex (PMC), corresponding to Brodmann Area 6, is composed of a
dorsal part (dPMC) that includes the posterior part of the superior and middle
frontal gyri just anterior to the precentral sulcus, and a ventral part (VPMC) that is
defined by the precentral gyrus from the Sylvian fissure to the level of the superior
frontal sulcus. PMC lesions result in proximal muscle weakness and difficulty with
sequencing of movements of the contralateral limb [12]. DCS of the vPMC in
patients undergoing awake craniotomy for tumor resection reliably causes disorders
of articulation [13], while DCS in the left hemisphere points to a role in language.
The supplementary motor area (SMA), also a part of Brodmann area 6, is located in
the medial/posterior portion of the superior frontal gyrus just anterior to leg motor
cortex. The SMA is thought to be involved in motor planning, as SMA stimulation
causes complex contralateral movements and resection of the SMA produces a
stereotypical “SMA-syndrome” characterized by impairment of volitional move-
ments, hemineglect, and dyspraxia of the contralateral limbs with preservation of
muscle tone. If the SMA of the dominant (language) hemisphere is involved, dif-
ficulty initiating speech may also be observed. Deficits caused by SMA syndrome
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Fig. 2 Major white matter
pathways. Dissected left
hemisphere demonstrating
main white matter pathways.
Inferior frontal occipital
fasciculus (IFOF, green);
uncinated fasciculus (UF,
violet); superior longitudinal
fasciculus (SLF, blue);
corticospinal tract (CST,
orange). Inset shows colors
prior to colorization. Adapted
from De Benedictis et al. [42]

typically resolve within a few months postoperatively [14, 15]. As with M1, the
SMA also demonstrates somatotopy: leg representation is most posterior, face is
most anterior, and the arm region is located in between [14]. The frontal eye field
(FEF) of the frontal lobe is located within the middle frontal gyrus just anterior to
dPMC and is involved in saccadic eye movement. Lesions of the FEF impair
voluntarily contralateral gaze, and DCS may elicit conjugate eye movements
toward the contralateral side [16, 17].

In addition to motor regions located in the frontal lobe, the parietal lobe is
involved in tuning of movement (preparation, control, adjustment). For example,
the primary somatosensory area (S1), discussed further in the sensory section
below, can produce complex motor movements when stimulated. Other proposed
parietal lobe functions include visuomotor transformation and coding of motor acts
such as grasping [18].

At the subcortical level, the major descending pathway is the corticospinal tract
(CST) which originates as axons of pyramidal neurons within the layer V of M1
that travel through the centrum semiovale, corona radiata, posterior limb of the
internal capsule, cerebral peduncle, pyramidal decussation in the medulla, and then
descends as the lateral corticospinal spinal tract in the spinal cord (Fig. 2). The other
major descending motor system is the corticobulbar tract, which originates in the
cortical motor areas described above and descends alongside the corticospinal tracts
before eventually projecting to brainstem motor cranial nerve nuclei bilaterally. The
exception to this rule is innervation to the lower face, which is unilateral.

2.2 Sensory

The primary sensory pathway of relevance to glioma surgery is the posterior col-
umn-medial lemniscus pathway. Vibration, proprioceptive, and light touch sensory
information from the periphery is detected by sensory neurons that have their cell
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body in the dorsal root ganglion and axon that ascends within the posterior column
of the spinal cord and synapse onto ipsilateral gracile and cuneatus nuclei that are
devoted to lower body and upper body sensation, respectively, within the caudal
medulla. Second-order axons then cross the midline and ascend within the medial
lemniscus within the contralateral brainstem and midbrain before eventually syn-
apsing onto neurons of the ventral posterior lateral (VPL) nucleus of the thalamus.
Neurons of the VPL then project to the layers III and IV of S1 [19]. S1 is within the
postcentral gyrus of the parietal lobe, and electrical stimulation of S1 causes sen-
sory perception, typically described as tingling (Fig. 1), in a localized region of the
contralateral body, as initially described by Cushing in 1909 [20].

2.3 Language

2.3.1 Hemispheric Dominance

The concept of left hemispheric dominance for language was first proposed by Paul
Broca in 1865 [21]. Current data are that for 85 % of the population the left
hemisphere is dominant, while 9 % of patients have bilateral representation, and
6 % have right-sided dominance. For right-handed patients, 98 % have left-sided
dominance. Thus, clinical investigation of dominance, the gold standard being the
Wada test, is typically reserved for left-handed or ambidextrous patients. In addition
to language, the left hemisphere is typically involved in logical problem solving and
calculation. Conversely, the right hemisphere is specifically devoted to facial rec-
ognition, tasks involving visuospatial manipulation, and musicality [22].

2.3.2 Comprehension

Language comprehension was described by Wernicke as residing in the posterior
superior temporal gyrus [23]. DCS studies have further expanded the region of
language comprehension to include the posterior portion of both the superior and
middle temporal gyri, as well as the inferior parietal lobule superior to the Sylvian
fissure. Damage to any of these areas can result in a receptive aphasia, in which the
patient can still produce written or oral language with normal grammar/syntax/
prosody, but the word content is incorrect, often with neologisms or word salad. In
addition, the ability to repeat words and name pictures is compromised, although
naming and language comprehension may be mediated by distinct regions of the
posterior superior temporal lobe [24]. In addition, the ability to sing and to recite
memorized passages is maintained. If similar areas are damaged in the nondominant
hemisphere, dysprosody may occur, which is the inability to detect the pitch,
rhythm, or emotional content of speech. More recent studies have aimed to further
dissect various aspects of language within the parietal-temporal-occipital junction.
From these studies, we have learned that the posterior temporal lobe is involved in
reading and word retrieval but not particularly involved in word repetition.
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2.3.3 Language Output

Classically, the final common pathway of language output is known as Broca’s area,
which encompasses the pars triangularis and pars opercularis within the posterior
third of the inferior frontal gyrus. However, recent studies point to the ventral dPMC
as the final common speech output region, while Broca’s area may be more involved
in higher order speech processing. Thus, stimulation of vPMC typically causes overt
speech arrest, while stimulation at Broca’s area causes dysnomias. Interestingly, the
inferior frontal gyrus of the nondominant hemisphere appears to be involved in the
speech prosody (rhythm/stress/intonation of speech), with lesions to this area
causing flat, unemotional speech [25]. In addition, as mentioned earlier in the
chapter, the SMA of the dominant hemisphere is involved in speech initiation, and
stimulation can cause temporary speech arrest or vocalization. Finally, the dominant
insular cortex may plan an important role in speech planning [26].

Recent insights from cortical stimulation studies have refined our understanding
of the relationship of writing. While circuits involved in writing do correspond to
the same hemisphere as oral language, at least some of the writing sites are partially
distinct, as evidenced by the presence of writing deficits despite negative mapping
at traditional language sites. Areas shown to be important for writing function
include the dominant hemisphere superior parietal lobe, supramarginal gyrus,
insula, middle and inferior frontal gyri, and SMA [27].

2.3.4 Subcortical Language Representation

The major subcortical pathways subserving oral language function as identified by
direct intraoperative stimulation are the superior longitudinal fasciculus (SLF) and
inferior occipito-frontal fasciculus (Fig. 2). The SLF connects the parietal/temporal
region with the frontal lobe and is composed of two functionally distinct white
matter pathways—the arcuate fasciculus (AF) and an indirect pathway parallel and
lateral to the AF termed the lateral SLF (1atSLF). The AF (also termed the dorsal
phonologic stream) connects the posterior middle and inferior frontal gyri with the
posterior portion of the middle and inferior temporal gyri, with interruption at any
site along the pathway resulting in phonological disturbances. The latSLF, which
connects the posterior superior temporal gyrus, supramarginal gyrus, and primarily
vPMC, is involved in speech perception and articulation. The inferior frontal
occipital fasciculus, also termed the ventral semantic stream, is involved with
semantic aspects of speech and stimulation of the pathway intraoperatively pro-
duces semantic paraphasias. Finally, the subcallosal fasciculus, connecting the
mesial frontal lobe structures (SMA, cingulate) to the caudate nucleus may mediate
the control of language, with lesions resulting in transcortical motor aphasias
characterized by nonfluent aphasia with intact repetition.

A number of studies have investigated the representation of languages in mul-
tilingual patients. A consistent finding is that both shared and language-specific
sites are present in bilingual patients. While primary language and shared language
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sites are found throughout the temporal, parietal, and frontal lobes, distinct sec-
ondary language sites are located in the posterior temporal and parietal regions [28].
Interestingly, a recent study using DCS in bilingual patients implicate the dominant
posterior temporal area and SLF in mediating language switching [29].

2.4 Vision

Visual information enters the retina and is transmitted via axons of retinal ganglion
cells in the optic nerves, which cross at the optic chiasm and continue as the
optic tracts which synapse in the lateral geniculate nucleus (LGN) of the thalamus.
Cells of the LGN then project to the primary visual cortex of the occipital lobe via a
fan-like projection of fibers (optic radiations) that pass lateral and superior to the atria
and temporal horn of the lateral ventricle. The inferior optic radiations (Meyer’s
loop) project through the temporal lobe, carrying visual information from the con-
tralateral superior visual field, with lesions causing a “pie in the sky” contralateral
homonymous superior quadrantanopsia, though the ipsilateral eye is typically
affected to a greater extent because of the lateral position of ipsilateral relative to
contralateral eye fibers in the optic radiations [19]. Superior optic radiations project
through the inferior parietal lobe and carry visual information from the contralateral
inferior quadrants. The primary visual cortex resides in the occipital lobe along both
borders of the calcarine sulcus and is retinotopically organized.

2.5 Spatial Cognition

The nondominant parietal lobe has been implicated in visuospatial perception, with
damage to this region in humans producing a clinical syndrome of unilateral
neglect, where patients essentially ignore the left half of their visual field. Recent
studies using a line bisection task in awake human patients undergoing DCS has
further defined the regions responsible for spatial cognition as both the supramar-
ginal gyrus and posterior superior temporal lobe of the nondominant hemisphere
[30]. Subcortically, both the optic radiations and nondominant SLF are involved in
visuospatial information transmission.

3 Tumor Location and Extraoperative Assessment
of Functional Regions

3.1 Tumor Imaging

Preoperative image of patients harboring gliomas begin with standard MRI
sequences, most importantly T1-weighted images with gadolinium and T2/FLAIR.
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In addition to providing anatomic localization of the tumor, the presence of enhancing
tumor presents a target for surgical resection, as tumor recurrence risk is greatest
within 2 cm of the enhancing rim [31]. Also, enhancement generally indicates the
presence of a high-grade tumor, although there are exceptions. FLAIR sequences
demonstrate the extent of edema, although one cannot determine the relative con-
tributions of tumor versus vasogenic edema. With that caveat, for the case of low-
grade gliomas (LGG), FLAIR signal is generally considered the target of resection.
MR spectroscopy may be a useful adjunct in the setting of previously treated patients
for which the diagnosis of recurrence versus treatment effect is equivocal.

3.2 Identifying Functional Brain Regions

3.2.1 Anatomic Localization of Functional Regions with MRI and DTI

In order to determine the relationship of the tumor to the Rolandic (sensorimotor)
cortices, it is imperative that the surgeon be able to localize the central sulcus from
preoperative MRI. Multiple methods exist for identifying the central sulcus (CS). On
high-vertex axial images, mirror-image transverse sulci that are nearly perpendicular
to the midline represent the CS (Fig. 3). The “hand knob”, an omega-shaped region
of the precentral gyrus, can usually be seen anterior to the CS. Another method is to
analyze a sagittal MRI image at the midline. The cingulate sulcus is identified and

Fig. 3 Primary motor and sensory cortex landmarks on MRI. a Axial plane cut near the vertex
illustrating hand knob within primary motor area (M1) of precentral gyrus and primary sensory
area (S7) of postcentral gyrus anterior and posterior to central sulcus (CS), respectively. b Sagittal
MRI slice just off midline showing paracentral lobule containing M1, S1, and CS. In this view, the
cingulate sulcus (CgS) at its posterior extent angles superiorly to form the marginal sulcus (MS),
which is continuous with the postcentral sulcus that forms the posterior border of S/
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followed posteriorly and then superiorly where it terminates as the marginal sulcus.
Immediately anterior to the marginal sulcus is the paracentral lobule, which is a
medial extension of both the precentral (motor) and postcentral gyri of the lateral
hemisphere. A third method utilizes a sagittal MRI image through the superficial
portion of the inferior frontal gyrus, where pars triangularis and pars opercularis are
identified. The vPMC is located just posterior to the precentral sulcus, and just
posterior to vVPMC is the inferior portion of the postcentral gyrus.

In addition to these topographic assessments of sensorimotor function, diffusion
tensor imaging (DTI) is emerging as a routine part of preoperative evaluation of
brain tumor patients as well as an important intraoperative adjunct to DCS. DTI
fundamentally measures the degree of water diffusion within brain compartments,
with more anisotropic regions such as white matter tracts having restricted direc-
tionality. The diffusion tensor can be evaluated for each MRI voxel of interest and a
three-dimensional map is generated which accurately displays major white matter
bundles, such as the CST, AF, SLF, IFOF, ILF, optic radiations, corpus callosum,
and cingulum. While the process is associated with some inherent error and must be
verified with direct stimulation in the operating room, in our experience DTI is
helpful in determining the mapping strategy for a given tumor, discussing expec-
tations with patients, and improving the efficiency of mapping in the operative
room. As a general rule, DTI maps tend to be larger than that observed by direct
stimulation, suggesting that resection of a significant part of a DTI-defined tract can
be well tolerated in terms of maintaining function and highlighting the importance
of direct stimulation during resection.

In contrast to preoperative localization of cortical and subcortical motor func-
tion, for which the standard MRI, DTI, and fMRI findings are relatively consistent
between patients, functional language circuits are more diffuse and variable, making
anatomic localization preoperatively more difficult. One particularly promising
strategy is the use of preoperative DTI to localize language circuits. Recent data
from a series of 230 patients undergoing glioma resection for whom the concor-
dance of preoperative DTI with direct subcortical stimulation during surgery
demonstrated a high concordance rate for the CST (motor), SLF (phonemic lan-
guage), and frontal occipital fasciculus (semantic language) [32]. Thus, DTI is
becoming an important preoperative and intraoperative adjunct to direct cortical

mapping.

3.2.2 Functional Magnetic Resonance Imaging (fMRI)

fMRI is based on the principle that neurons of more active brain regions receive
increased blood flow, which results in a localized increase of oxyhemoglobin
(diamagnetic) relative to deoxyhemoglobin (paramagnetic). While localization of
primary motor and sensory cortices by fMRI is accurate, several issues plague its
widespread clinical use in brain tumor patients. First, at its most basic level, fMRI
only demonstrates areas of increased blood flow, which is an indirect measure of
neuronal activity. Also, the time lag between neuronal firing and diverted blood
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flow may be problematic for interpretation, particularly for complex actions
involving several brain regions or which have overlapping neural circuitry, such as
language or higher order cognitive function. fMRI at best illustrates which brain
regions are involved in a particular task, but it does not indicate which regions are
functionally necessary.

3.2.3 Magnetoencephalography (MEG)

Another methodology for detecting recruited neural circuitry during a given activity
is MEG. Unlike fMRI, MEG directly measures the magnetic field produced by
electrical activity in the brain, specifically dendritic potentials. During a particular
task, changes in the magnitude of a, B, and y band cerebral oscillations can be
detected, with higher and lower frequencies representing synchronization and re-
synchronization, respectively [33]. For example, changes in the y frequency band
are associated with higher order cognitive processes such as language processing
[34]. MSI, which refers to incorporating MEG-based functional data into intraop-
erative brain navigation software, is being utilized in some centers. A recent study
demonstrated a 100 % negative predictive value and 64 % positive predictive value
for correlation of intraoperative stimulation of functional sites with MEG [35].
Thus, MEG presents a promising technology for identifying function or absence of
function near the tumor preoperatively, although additional validation with DCS
and outcome data will be necessary before routine use is recommended.

3.2.4 Transcranial Magnetic Stimulation (TMS)

A more recent technology for mapping cortical function preoperatively is TMS.
TMS is a noninvasive technique that generates a precise, local magnetic field that
induces an action potential in a small population of neurons. In the outpatient
setting, through a simple algorithm the patient’s MRI data can be coregistered with
the TMS software, allowing for precise delivery of the magnetic field to the cortical
surface. A magnetic field is delivered to specific regions of the primary motor
cortex using the MRI-based map, resulting in pyramidal neuron activation and
subsequent movements of the relevant contralateral muscle groups, which can then
be detected by EMG. Recent data indicate that TMS-based motor maps correlate
well with DCS in the operating room [36]. TMS has also been investigated as
preoperative test for localization of language functions, though these data are
somewhat less consistent compared to motor mapping [37]. Nonetheless, TMS
represents a very promising modality not only for preoperative mapping of various
cerebral functions but also a tool to study cortical plasticity before and after tumor
resection, an important consideration for surgical strategies following initial
resection.
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4 Preoperative Considerations

After initial imaging studies to evaluate the tumor characteristics location and its
location to known functional pathways and a careful neurological examination, it is
important to consider the goals of surgery. For patients with diffuse disease, poor
performance status, or for tumors located in the basal ganglia, thalamus, or
brainstem, a biopsy to establish diagnosis may be the most prudent course of action.
For a patient with a tumor within the primary motor cortex that has imaging
characteristics of a low-grade glioma and minimal or no functional deficit, obser-
vation with frequent serial MRI scans is reasonable, based on the concept that
additional functional pathways may be recruited over time. In these patients, a
worsening neurologic deficit or evidence of progression would be criteria for
operative intervention. Otherwise, craniotomy with the goal of maximal resection
while minimizing morbidity is typically the first course of action. Once the decision
is made to proceed with resection, the next major decision is whether the patient
needs direct cortical mapping. Given the broad distribution of functional areas in the
human brain, the variation of function between patients, and the diffuse nature of
intrinsic brain tumors, direct cortical and subcortical stimulation mapping can be
justified for any intrinsic tumor, independent of hemisphere. At a minimum, tumors
in the following regions require direct mapping, as they involve motor, sensory, or
language areas: bilateral precentral and postcentral gyri, left middle/posterior
temporal lobe, left inferior parietal lobule, and middle/posterior left superior/mid-
dle/inferior frontal gyri. With the exception of motor mapping, which can be per-
formed with the patient under general anesthesia, these surgeries are performed
under awake conditions. It is our tradition to also perform motor mapping in the
awake state, as the efficiency and fidelity of the motor map are improved with the
patient under local anesthesia. Patients with less than antigravity strength (0-2/5) or
with significant preoperative language deficits (>25 % error rate) that do not
improve with short-course steroids may not be good candidates for mapping. Also
pediatric patients or more generally patients who may not be able to cooperate with
the intraoperative tasks should not be offered awake craniotomy. For these sce-
narios, the approach would be able to perform either asleep mapping (for tumors in/
near motor cortex) or to perform a more conservative resection based on anatomic
imaging and available preoperative functional data. Finally, for the subset of
patients with preoperative breakthrough seizures despite adequate anticonvulsant
trials, electrocorticography can be used to guide resection of seizure foci in addition
to the planned tumor resection. Such electrocorticography-guided glioma resections
are particularly effective in reducing long-term seizure profiles in the pediatric
population [38].
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5 Intraoperative Mapping Techniques

5.1 Patient Positioning and Incision

The main considerations for positioning the patient in the operating room are
related to the location of the tumor. A recent paper by Berger and Hadjipanayis [16]
provides an excellent review of patient positioning and suggested skin incision as a
function of tumor location. After appropriate positioning, all pressure points are
padded. Importantly, the contralateral body must remain free of lines, blood pres-
sure cuff, etc., so that it can be readily visualized during mapping. A heating blanket
is placed to ensure temperature >36 °C. Intravenous steroids (4 mg decadron) and
preoperative antibiotics (1-2 g cefazolin) are administered. Anticonvulsants are also
administered, either the patient’s home regimen or a dilantin load (15 mg/kg) if not
previously on anticonvulsants. If elevated intracranial pressure is a concern, man-
nitol (1 g/kg) can be administered. Finally, a time-out procedure verifying patient
characteristics, tumor side, surgical plan, expected blood loss, and details of the
proposed mapping strategy is essential.

5.2 Awake Craniotomy

Ultimately, the success of awake craniotomy and language mapping relies on a
cooperative patient. Given that the length of surgery may be several hours, it is
important to have the patient comfortably sedated for the portions of the operation
when mapping is not performed. While there are multiple options, a combination of
propofol (<100 pg/kg/min) and remifentanil (=0.05 pg/kg/min) is common. It is
important to ensure adequate ventilation and thus not to over sedate. For mild
obstruction, a nasal airway can be helpful. Propofol is administered at the time of
foley administration and just prior to Mayfield pin application. Lidocaine/bupiva-
caine local anesthetic is also administered at the three pin sites. Specifically, the
local block should address the territories of the supraorbital (above midpoint of
orbital rim), auriculotemporal (1.5 cm anterior to tragus), zygomaticotemporal
(midway between supraorbital ridge and the posterior margin of the zygoma), and
lesser/greater occipital nerves (along line extending from inion to mastoid),
depending on the location of the anterior—posterior extent of the scalp incision. The
propofol/remifentanil infusion is titrated during incision, muscle dissection, and
craniotomy so that the patient remains comfortably sedated and breathing com-
fortably. After the bone flap is removed, all sedatives are discontinued and the
patient is allowed to wake fully prior to opening the dura, as emergence can
otherwise cause coughing and brain herniation, particularly for tumors with sig-
nificant mass effect/edema. In addition, a 30-gauge needle is used to administer
local to the dura along the middle meningeal artery. During mapping, propofol
should be within six inches of the IV line and ice cold lactated Ringer’s solution
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should be available should seizures occur during stimulation. Following mapping,
propofol/remifentanil infusions are used to slowly increase the level of sedation
while avoiding respiratory depression.

5.3 Asleep Craniotomy

The patient is premedicated with midazolam and then brought to the operating
room. Induction is performed using fentanyl and propofol. The patient is paralyzed
prior to intubation and the blockade is reversed following skin incision. General
anesthesia is maintained with nitrous oxide (70 %), low-dose inhalational agent
(typically <0.5 MAC isoflurane), and a fentanyl infusion (2 pg/kg/hr). After bone
flap removal, mannitol and/or hyperventilation can be utilized if the brain appears
full. Prior to initiation of motor mapping, the contralateral arm and leg should be
uncovered and adequate patient temperature (>36 °C), and full reversal of neuro-
muscular blockade should be confirmed. As with awake mapping, first cold saline
and then propofol can be used to abort seizure activity during mapping. Following
completion of motor mapping, neuromuscular blockade can be resumed and is not
reversed until after Mayfield pin removal. Fentanyl infusion is continued through
scalp closure.

5.4 Mapping Details

5.4.1 Sensory/Motor Mapping

Following dural opening, an Ojemann Cortical Stimulator (biphasic square wave,
60 Hz, 1 ms duration, current range 2-16 mA peak—peak) is brought into the field
for motor mapping. Stimulation is performed by applying a bipolar electrode to the
cortical surface for 2 s. For asleep motor mapping, a starting current of 4 mA
(peak—peak) is applied the primary motor cortex (as localized on MRI as discussed
above), and the current increased in intervals of 2 mA until either an overt motor
response or reproducible EMG activity in the muscle is noted. This latter EMG-
based method is more sensitive than muscle contraction, allowing for decreased
stimulation threshold and thus decreased risk of intraoperative seizure activity [39].
Positive cortical sites are labeled with sterile numbered paper squares and/or cap-
tured and saved onto the patient’s navigated MRI sequence. Typically, motor
stimulation is elicited in the face or hand region of the motor strip. Following
mapping of the primary motor area, sensory mapping may be performed within the
postcentral gyrus at the same current intensity, with patients typically reporting
dysesthesias. Respecting the positive motor and sensory sites, cortical window(s)
are opened to provide adequate access to the intrinsic tumor below the surface.
Subcortical motor mapping is performed once the resection nears the CST system
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descending corticospinal fibers, internal capsule, cerebral peduncle. Prior to dural
closure, a final stimulation at the cortical surface with preserved EMG activity
distally provides confidence to the surgeon that the entire motor circuit is intact,
whether subcortical stimulation was positive or not. Thus, even in the presence of a
new postoperative motor deficit, the patient can be reassured that function will
likely return.

5.4.2 Awake Language Mapping

For patients undergoing awake language mapping, all sedation is discontinued prior
to dural opening. After the dura is opened and prior to mapping, orientation and
counting are checked to ensure a baseline level of patient function and cooperation.
The motor pathways are identified as described for asleep motor mapping, with the
exception that stimulation is started at a lower current (1 mA) and increased in
intervals of 0.5 mA. Language mapping begins a simple counting paradigm to
investigate sites of speech arrest (typically within vPMC). Next, a picture naming
task is employed where the patient looks at a computer screen and identifies simple
objects presented at 4 s intervals. All sources of extraneous noise (suction tubing,
pulse oximeter volume, etc.) are reduced to a minimum, and the patient is equipped
with a microphone to ensure that the surgical team can hear all responses. The
ability of the patient to correctly perform the task is verified prior to intratask
stimulation to ensure that the sedation is adequately reversed and that there are no
anesthesia-related changes from baseline language function. It may be necessary to
adjust the draping, increase the time interval between picture refreshing, or adjust
the patient’s microphone setting to optimize patient comfort/cooperation and
mapping efficiency. Once reliable picture naming is established, cortical stimulation
is performed at 1 cm spacing throughout the exposed cortex. Stimulation is per-
formed just prior to a picture change, and each stimulation-accompanied picture
change is followed by one without stimulation to allow for recovery to baseline if
an error is made and to serve as an internal control. A site is considered positive if
stimulation-induced errors were present for at least 2 out of 3 trials. For each
picture, the patient is asked to state “This is a ....” followed by the object name, to
enable the surgeon to distinguish speech arrest from anomia. After picture naming
is complete, a similar stimulation paradigm is employed as the patient is asked to
read a series of words presented on the computer screen, and sites with stimulation-
induced alexia/dyslexia are recorded. For multilingual patients, given that some
representation of each language is distinct, it is important to map each language
separately, starting with the patient’s primary language [28]. After localizing cor-
tical representation of language, a corticectomy is planned utilizing these patient-
specific functional data. During tumor resection, frequent subcortical stimulation, in
conjunction with DTI tracts incorporated within the MRI-based navigation software
and more importantly the surgeon’s three-dimensional knowledge white matter
anatomy, allows for reliable identification of the major language tracts, particularly
the SLF/AF and IFOF. Subcortical stimulation of the SLF, AF, and IFOF at any
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part of the pathway reproducibly elicits dysarthria, phonemic paraphasias, and
semantic paraphasias, respectively. In addition to these awake mapping techniques,
the patient is asked to perform relevant functional tasks continuously throughout the
resection as a method of functional monitoring.

6 Neural Plasticity: Implications for Surgical Management
of Gliomas

Given the increasing evidence for redistribution of neural function in patients
harboring gliomas, particularly in the case of low-grade gliomas (LGG), taking
advantage of this property is becoming an important aspect of tumor management.
For example, patients with LGG in the primary motor cortex may be observed over
some period of time to allow for unmasking of latent or parallel circuits so that
when resection becomes mandatory due to tumor growth or worsened neurologic
function, the primary motor circuits are farther away from the tumor center. More
recently, a number of groups have endorsed a strategy pioneered by Duffau which
takes advantage of surgery-induced plasticity for LGG [40]. For patients with a
limited first resection due to positive mapping findings within the planned resection
field, the patient is allowed to recover and functional mapping is continued post-
operatively via fMRI. Over the course of a few years, the eloquent function
redistributes, presumably triggered by the initial surgery and/or long-standing
slowly progressive tumor infiltration. Thus, at a second surgery the cortical area
once devoted to a functional pathway which has been redistributed can be safely
resected after proper confirmation of this functional shift with DCS. Importantly,
this functional plasticity allowing for a more complete resection can occur over a
relatively short time period relative to the expected time scale of tumor transfor-
mation to a higher grade.

7 Conclusions

The goal of modern glioma surgery is to maximize extent of resection while
minimizing neurologic deficits. For patients with tumors in or near eloquent brain
regions, DCS during resection allows for accurate localization of functional circuits
at both the cortical and subcortical levels, including motor, sensory, language,
vision, and spatial attention. In addition to direct cortical/subcortical stimulation,
recent advances in preoperative mapping techniques such as fMRI, magnetoen-
cephalography, diffusion tensor imaging, and TMS allow neurosurgeons to tailor
respective strategies based on an individual patient’s occupation, goals, and hob-
bies, thereby achieving not only the oncologic goals of maximal resection but also
allowing the patient to return to normal life postoperatively.
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Radiation Therapy of Glioblastoma

Igor J. Barani and David A. Larson

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

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

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

2 Establishing the Role of Post-resection RT

Early nonrandomized studies. The need for postoperative RT has been recognized
given the infiltrative nature of glioblastoma, which makes complete surgical
resection difficult without an unacceptable surgical neurologic morbidity. Early
experience with postoperative RT was limited primarily to single-institution case
series, many of which, prior to the 1960s, reported unimpressive and highly vari-
able results. In many of these series, subtherapeutic doses of RT have been used
(22000 cGy) [7-10]. The first large case series suggesting a survival advantage was
reported by the Montréal Neurology Institute, in which patients received an average
total dose of 5,000-6,000 cGy [11]. This was also the first report to include a
central pathology review, which likely reduced the inclusion of anaplastic astro-
cytoma or other lower grade gliomas in the study.

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

Early randomized studies. The Brain Tumor Study Group (BTSG; later renamed
the Brain Tumor Cooperative Group (BTCQ)) initiated several randomized studies
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Table 1 Randomized studies of post-resection radiotherapy in glioblastoma

Trial Patients Treatment Med. survival P value
(% GBM) (months)
BTSG 66-01 [4] 96 (85 %) No radiotherapy 3.5 <0.05
WBRT < 5000 cGy 7.7
WBRT 2= 5000 cGy 8.4
BTSG 69-01 [3] 222 (90 %) No radiotherapy (BSC) 3.1 0.001
WBRT 5000-6000 cGy 8.4
WBRT + BCNU 8.0
BCNU (no radiotherapy) 43
BTSG 72-01 358 (84 %) CCNU (no radiotherapy) 7.2 NR
(6, 14] WBRT 6000 cGY 8.4
WBRT + BCNU 11.9
WBRT + methyl-CCNU 7.2

BCNU carmustine, BSC best supportive care, GBM glioblastoma multiforme, NR not reported,
WBRT whole-brain radiotherapy

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

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

A follow-up study on BTSG 69-01 attempted to further evaluate the role of
nitrosoureas plus RT (BTSG 72-01) [6, 14]. Patients received postoperative WBRT
with or without a nitrosourea (BCNU or methyl-CCNU); those patients who
received BCNU plus WBRT had the longest median survival. BTSG 72-01 pro-
spectively confirmed the survival advantage observed in BTSG 69-01.
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Additionally, both studies (BTSG 69-01 and 72-01) showed a trend toward
improved survival. Again, there was a significant portion of patients who lived up
to 18 months in a group that received chemotherapy (BCNU) plus RT. Although
the benefit of postoperative RT was clearly established by these two studies, the
benefit of adjuvant chemotherapy remained a question.

3 Determining Optimal RT Dose and Fractionation

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

This apparent association between improved survival and RT doses 25,000 cGy
shifted the clinical trial focus to further dose escalation of RT. Salazar and col-
leagues evaluated doses ranging from 6,000 to 8,000 cGy in three dose levels of
WBRT, with and without local boost [16]. More than half the patients randomized
to the highest dose level received a cumulative RT dose of 7,500 cGy or more. The
study also included a retrospective cohort with then-conventional doses of WBRT
(5,000-5,500 cGy). The actuarial median survival in the highest dose cohort
(27,500 cGy) was 13 months compared to 9.8 months in the next highest dose
group and only 7 months in the retrospective cohort treated with then-conventional
WBRT. The survival difference between the highest dose cohort and then-con-
ventional WBRT group reached statistical significance (p < 0.05). This statistical
result should be interpreted with caution since prospective and retrospective patient
outcomes were compared. Survival outcomes between prospectively treated
patients at progressively escalated RT doses were not statistically significant, and
survival curves for all dose groups were superimposable by 2 years [16].

Within this same study, autopsy data were reported for about 40 % of partici-
pating patients, including 10 autopsies from the highest dose cohort [16]. Autopsy
specimens demonstrate regions of viable tumor within irradiated regions, even at
the highest RT doses of 7,000-8,000 cGy. Additionally, marked radiation effect
(e.g., necrosis) was seen microscopically in normal brain tissues at the periphery of
the tumor. (Note: The authors did not comment on necrosis in other regions of the
brain after WBRT.) These autopsy results, particularly the strong evidence of
radiation necrosis at doses exceeding 6,000 cGy, suggested that dose escalation
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Table 2 Median survival in RTOG 74-01/ECOG 1374 [17]

Med. survival (months)
Treatment Patients Overall | GBM subgroup
WBRT 6,000 cGy 141 9.3 8.7
WBRT 6,000 cGy + boost 1000 cGy 103 8.2 7.7
WBRT 6,000 cGy + BCNU 156 9.7 7.8
WBRT 6,000 cGy + methyl-CCNU + dacarbazine 138 10.1 9.2

BCNU carmustine, GBM glioblastoma multiforme, WBRT whole-brain radiotherapy

beyond this dose should be undertaken with caution. It is also worth noting that all
of these studies were done in the pre-computer tomography (CT) and magnetic
resonance imaging (MRI) era and toxicity assessments were largely based on
clinical symptomatology and post-treatment autopsy results if available.

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

4 Determining the Optimal RT Field Size

Whole-brain versus involved-field RT. In the early treatments and clinical trials of
glioblastoma, WBRT was utilized for treatment primarily because of concerns that
glioblastoma may be a multicentric disease in a significant number of cases and that
available radiologic techniques were inadequate in determining the extent and
location of disease [19-22]. This assumption was subsequently challenged and it
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was shown that multicentric involvement with GBM is relatively uncommon. For
example, Hochberg and Pruitt reported results of serial CT scans and correlative
autopsy data in 35 GBM patients [22]. In their report, GBM was found to relapse
within a 2 cm margin of the primary site in 90 % of cases, and only 6 % of patients
treated with radiotherapy were found to have a multicentric disease at autopsy.
Additionally, multiple subsequent studies have demonstrated that there is an upper
limit to the WBRT dose in terms of both necrosis and cognitive dysfunction
thresholds [23, 24]. Given this toxicity data and its association with high/escalated
doses of WBRT is the observed local failure intensification of RT to a local tumor
and a surrounding margin.

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

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

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

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

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

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

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

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

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

5 Dose Intensification: Brachytherapy, Radiosurgery,
and Hyperfractionation

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

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

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

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

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

Table 3 Brachytherapy in newly diagnosed glioblastoma

Trial Patients Treatment Med. survival
(months)

NCOG 6G-82-2 [59] 29° IFRT 6,000 cGy + '*°T implants | 20.5
Laperriere et al. [60] 63 IFRT 5,000 cGy 13.2

IFRT 5,000 cGy + '*I implants | 13.8
BTCG 87-01 [64] 270 IFRT 6,000 ¢cGy + BCNU 13.7

IFRT 6,000 cGy + '*°I 15.8

implants + BCNU

BCNU = carmustine, IFRT = involved-field radiotherapy
# Survival outcomes reported for 29 of the original 67 patient cohort, 38 patients were excluded
after failing to respond to initial IFRT
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GliaSite. The GliaSite RT system (Cytyc) received FDA approval in 2001 as a
novel method of brachytherapy delivery for the treatment of high-grade gliomas.
The GliaSite is an expandable balloon catheter that is temporarily filled with
radioactive 125-I liquid through a subcutaneous reservoir after being placed into the
resection cavity after tumor debulking. The balloon applicator conforms to the
shape of the resection cavity and theoretically enables homogeneous dose delivery
to the surrounding brain tissue. Since the applicator is placed at the time of surgery,
there is no need for an additional surgical procedure to perform brachytherapy and,
consequently, infection and perioperative risks are theoretically lower than would
be expected for more traditional form of brain brachytherapy.

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

Radio-immunotherapy. This unique form of RT delivery involves the use of
radiolabeled antibodies targeting malignant brain tissue. Investigators at Duke
University have been studying the efficacy of a /3/-I-labeled murine anti-tenascin
monoclonal antibody (/37-I-m81C6) in the treatment of newly diagnosed and
recurrent malignant brain tumors [67-79]. Tenascin is an extracellular matrix
glycoprotein expressed ubiquitously in multiple tumor types, including high-grade
gliomas, but not in normal brain tissue. The murine monoclonal immunoglobulin
G2b (81C6) binds to an epitope within tenascin, resulting in inhibition and delay of
cell growth. Administration of radiolabeled antibody (/31-I-m81C6) involves direct
injection of the antibody into the resection cavity at the time of tumor resection.

A phase II study of newly diagnosed glioma patients treated with /3/-I-m81C6
followed by conventional IFRT and chemotherapy reported a median survival of
20 months, with a median survival of 18 months in patients with GBM [71].
A more recent study of /37/-I-m81C6 in cases of recurrent malignant brain tumors
reported a median survival of 15 months in a subgroup of patients with GBM and
gliosarcoma [74]. This phase II experience yielded survival results comparable to or
more favorable than what has been reported with other salvage therapies, including
temozolamide, stereotactic radiosurgery, interstitial chemotherapy, and brachy-
therapy. In addition, the rates of radiation necrosis in the phase II trials of 737-1-
m81C6 were lower than those observed with other dose intensification methods
[67]. However, these survival results and rates of neurotoxicity must be interpreted
in the context of the overall good performance status of the patient groups analyzed;
most patients (>90 %) had Karnofsky performance status (KSP) scores >80.
Variations in neurotoxicity can be explained by marked variance in the radiation
doses delivered to the 2-cm surgical cavity resection margin [73]. A phase III study
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is being planned at Duke to follow-up on these encouraging results using patient-
specific dosimetry as well as antibody dosing.

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

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

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

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

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

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

In contrast with these data, RTOG 83-02 study results suggested a promising
role for HFRT in the treatment of glioblastoma [91]. Patients were randomized to
either HFRT or accelerated HFRT (AHFRT), with median survivals of 10.8 and
12.7 months reported (Table 4). However, survival outcomes in the subgroup of
patients with GBM receiving higher HFRT doses of 7,680 and 8,160 cGy were
superior to the survival outcomes observed in patients in the AHFRT group.
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Table 4 Trials of hyperfractionated and accelerated radiotherapy in glioblastoma

Trial

Patients

Treatment

Med. survival
(months)

EORTC [90]

66

200 cGy twice daily to:

8.7

4,200 cGy

4,800 cGy

5400 cGy

6,000 cGy

Lutterbach et al. [109]

149

150 cGy thrice daily to:

8.8

5,400 cGy

Neider et al. [110]

126

130 cGy twice daily to:

7-10

7.800 cGy

150 cGy twice daily to:

6,000 cGy

Prados et al. [111]

231

AHFRT + DFMO

8.6-9.8

160 cGy twice daily to:

7040 cGy

Standard RT = DFMO

180 cGy once daily to:

5,940 cGy

RTOG 83-02 [91]

786

HFRT, 120 cGy twice daily

to:

10.8-12.7°

6.480 cGy

7,200 cGy

7,680 cGy

8,160 cGy

AHFRT, 160 cGy twice daily

to:

4,800 cGy

5,440 cGy

RTOG 90-06 [92, 93]

712

HFRT + BCNU

19.8°

120 cGy twice daily to:

7.200 cGy

Standard RT + BCNU

21.9°

200 cGy once daily to:

6,000 cGy

AHFRT accelerated hyperfractionated radiation therapy, BCNU carmustine, DFMO difluorom-
ethylornithine, HFRT hyperfractionated radiation therapy
% Subgroups with GBM treated with HFRT at higher doses of 7680 ¢Gy and 8160 cGy had better
survival than GBM patients treated with AFHRT

® Survival data reported in GBM subgroup <50-years old (p = 0.05)

RTOG 90-06 was initiated specifically to address whether higher doses of
HFRT offered benefit over standard doses (6000 cGy) and fractionation with IFRT
in glioblastoma. In this important phase III study, patients were randomized to
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HFRT (120 cGy given twice daily to 7200 cGy) plus BCNU versus conventional
IFRT (6000 cGy) plus BCNU [92, 93]. Ultimately, there was no survival advantage
with HFRT, and in fact, the outcomes of patients treated with conventional IFRT to
6000 cGy were superior for patients 50 years of age or older (median survival of
21.9 and 19.8 months; p = 0.05); this trend was also observed on subgroup analysis
of patients with GBM [92, 93].

6 Radiation Modulators/Sensitizers

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

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

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

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

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

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

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

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

8 Conclusion

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

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

Priya Kumthekar, Jeffrey Raizer and Simran Singh

Abstract Low-grade gliomas are slower growing than their high-grade counterparts.
They account for 10-20 % of all primary brain tumors. Median survival is between
4.7 and 9.8 years. The goal of treatment is to prolong overall survival while main-
taining good quality of life (QOL). Recent data favors early surgical resection. EOR is
associated with delayed tumor recurrence and improved survival. Additional therapy
with chemotherapy or radiation is indicated in patients with high-risk features. Lower
doses (between 45 and 50.4 Gy) have been shown to be as effective without adverse
effects compared to higher doses. Recent trials have shown benefit in combining
chemotherapy with radiation compared to radiation alone. The optimal chemother-
apeutic regimen (PCV or temozolomide (TMZ)) remains unknown, although TMZ is
easier to administer and better tolerated by patients. Novel molecular markers
including 1p/19q chromosomal codeletion and isocitrate dehydrogenase 1 (IDH1)
mutation have been correlated with treatment response and survival.
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1 Introduction

Gliomas are primary central nervous system (CNS) tumors comprised of aberrantly
growing glial cells, consisting primarily of astrocytes and oligodendrocytes. Gliomas
are graded based on histological characteristics as outlined in the World Health
Organization (WHO) into grades I-IV [1]. Grades I/II are categorized as low-grade
gliomas (LGG) and grades III/IV are high-grade gliomas (HGG). LGGs are generally
slower growing and account for approximately 10-20 % of all primary brain tumors
[2]. The median survival time for patients with low-grade glioma has been shown to
be between 4.7 and 9.8 years with a range of up to 13 years for certain subtypes [2].
Although LGG patients survive longer than those with HGG, the natural course for
LGG is to undergo anaplastic conversion or dedifferentiation into HGG on average
of about 4-5 years following diagnosis [3, 4]. The surgical and medical management
of LGG has often been controversial in neurooncology; however, the uniform goal of
treatment is to prolong overall survival (OS) while maintaining good quality of life.
Treatment decisions for adults with low-grade glioma are determined by the presence
of specific high risk characteristics. As we gain more insight into molecular and
tumor markers, their impact on treatment will continue to evolve.

2 Prognostic Factors

LGG represent a heterogeneous group of tumors with various histologic subtypes
(oligodendroglial vs. astrocytic), tumor markers (1p19q codeletions and IDH
mutations), and clinical markers that can alter the outcome. Over time, prognostic
scoring systems have been developed to guide treatment and patient care.

The EORTC trials 22844 and 22845 provided two distinct datasets allowing
prognostic factors to be analyzed on one data set and validated on the other. The
outcome was a set of validated high risk factors including: age over 40, astrocytoma
histology, presence of neurologic deficits before surgery, tumor diameter of 6 cm or
greater, and tumor crossing the midline. A favorable (low-risk) prognostic score
was defined as two or less of the negative prognostic factors. A high-risk desig-
nation was given to patients with three or more of these high risk factors. Low-risk
patients with two or fewer risk factors had an expected median survival of more
than 7 years, but patients carrying three or more risk factors had a significantly
shorter median survival time of 3.2 years [5].

Another prognostic scale was created from pooled data from the EORTC/RTOG
and NCCTG clinical trials and analyzed to produce a prognostic scoring system. All
patients included had central review of pathology to confirm LGG. Both PFS and
OS were negatively influenced by worse baseline neurologic status, shorter time
since first symptoms (<30 weeks), astrocytic histology, and a tumor size of >5 cm
in diameter. In this study, age did not show prognostic importance. Based on this
pooled data, prognostic calculators were created for clinicians to determine an
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individual patient’s risk profile. The prognostic calculator can be found on the
Internet at: http://www.eortc.be/tools/Iggcalculator. A major limitation of this study
was the absence of molecular data from the EORTC trials as this risk assessment
was designed in the mid-1980s before they were widely available [6]. A third
prognostic score was created by Chang et al. [7] who identified four preoperative
prognostic factors in a series of 281 LGG patients. In this series, tumor size >4 cm,
eloquent tumor location, age >50, and Karnofsky performance status (KPS) below
80 were found to be negatively predictive of OS. A scoring system was devised
from these factors (range 0—4). The total score was inversely proportional to pre-
dicted survival. Such prognostic scoring sets identify high-risk patients who may
benefit from adjuvant therapies postoperatively.

Of recent interest is the prognostic value of molecular markers in patients with
LGGs. Hartmann et al. [8] sought to investigate various tumor markers found in
LGG including p53 mutation, 1p/19q chromosomal codeletion, O6-methylgua-
nylmethyltransferase (MGMT) promoter methylation, and isocitrate dehydrogenase
1 (IDH1) mutation for prognostic and treatment predictive properties. In this
analysis, a total of 89 LGG patients were monitored without treatment following
initial surgery, and another 50 patients received either RT or chemotherapy at
upfront diagnosis. In both groups, the presence of 1pl19q codeletion and IDH1
mutation were associated with prolonged PFS and OS in those who underwent
treatment (either upfront or at progression). Other studies have also confirmed that
patients with oligodendrogliomas, specifically those carrying the 1p/19q codeletion
have a favorable prognosis and treatment response to both chemotherapy and
radiation [2, 9, 10].

3 Surgery

Tissue is required to make the histological diagnosis of LGG. Although historically
timing of tumor resection for LGG (upfront vs. delayed) had been debated, recent
data favors early surgical resection for optimal survival outcomes [11]. Further-
more, both EOR and less volume of residual disease has been shown to delay tumor
recurrence [12].

In the setting of severe mass effect, immediate surgery may be required. There
are no randomized controls trials comparing early surgical intervention to obser-
vation alone and such trials are likely not feasible. Retrospectively, early resection
has shown to improve outcomes for LGG patients. The largest such trial was
conducted by Jakola et al. [11] and compared outcomes of LGG of patients from
two separate hospitals who followed two separate surgical philosophies: early
resection versus biopsy only for tissue diagnosis. There were 153 patients included
in the study. At the institution favoring biopsy, 47 patients had a biopsy and 19 had
initial resection. At the institution favoring initial resection, 12 patients had a biopsy
and 75 had resection. At 7 years median follow up, median survival was 5.9 years at
the center favoring biopsy and not yet reached at the center where initial resection
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was preferred. The patients treated at the institution favoring early resection showed
improved survival compared to those at the institution that favored initial biopsy.

Eventually surgical intervention is inevitable in most patients [13] and a delay
could lead to increased surgical morbidity and a decreased likelihood for gross total
resection (GTR). Improved survival outcomes and delayed malignant transforma-
tion are seen with maximal safe surgical resections in LGG. Studies evaluating OS
and PFS have uniformly shown improved outcome with EOR [3, 14, 15]. When
possible, GTR should be attempted, although this may be limited by tumor location
in eloquent cortex. Multiple retrospective studies have corroborated the benefit of
greater EOR. Smith et al. [14] performed a retrospective, volumetric analysis of
hemispheric LGGs in 216 patients and found patients with over 90 % resection
showed a 5- and 8-years OS of 97 and 91 %, respectively; whereas patients with
less than 90 % resection showed 5- and 8- years OS rates of 76 and 60 %,
respectively. It should be noted there was no operative mortality and no significant
association between extent of resection (EOR) and presence of new postoperative
deficit (p = 0.36). Turkoglu et al. [3] conducted a retrospective study of 63 patients
comparing the outcomes of those who had a GTR with those who had a subtotal
resection (STR), partial resection, or biopsy. The findings from this study dem-
onstrated that gross-total resection is associated with longer PES (p = 0.03) and OS
(p = 0.04) for patients with LGG on univariate but not multivariate analysis.

Shaw et al. [15] performed a prospective observation study of 111
adults <40 years old with low-grade glioma that underwent neurosurgeon-deter-
mined gross-total resection (GTR). The OS at 5 years was 93 % and PFS at 5 years
was 48 %. Patients with residual tumor greater than 1 cm had a poorer PFS. Patients
with over 2 cm residual disease had a subsequent 89 % recurrence rate. In com-
parison, patients with less than 1 cm residual disease had a 26 % recurrence rate. Of
importance, this study demonstrated that adult LGG patients are not cured by
surgery alone; there is greater than 50 % risk of tumor progression 5-years post-
operatively. As such, patients with LGG warrant close clinical and radiographic
follow up regardless of extent of resection.

Recently, surgeons have considered the possibility of a “supra-total” resection
where patients have a resection beyond the borders of radiographic abnormality.
Although controversial, Duffau [16] and colleagues have showed that “supra-total”
resections of noneloquent left hemispheric LGG result in improved seizure outcome
and safely delayed anaplastic transformation. Fifteen right-handed patients with a
total of 17 tumors underwent resection of WHO grade II gliomas involving non-
functional areas within the left dominant hemispheres. Awake surgery with intra-
operative electrostimulation was performed in all cases. Supratotal resection
involved removal until the surgeon reached cortical and subcortical areas crucial for
brain function (i.e., eloquent language cortex). MR imaging showed that total
resection was achieved in all 17 tumors and supratotal resection in 15. Despite
transient neurologic worsening in 60 % of cases, all patients recovered and resumed
normal life. Seizure control was obtained in all patients with a decrease of anti-
epileptic drug therapy. Median postoperative follow up was 35.7 months. Only 4
of 15 patients experienced recurrence (without anaplastic transformation).
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These findings could support the use of awake surgery with functional mapping in
the attempt to perform supratotal resection of LGG involving noneloquent areas in
the left hemisphere. Because this study only involved 15 patients, further pro-
spective trials are needed prior to considering this novel surgical approach as
standard of care.

4 Radiation

Radiotherapy (RT) has been used in the treatment of LGG for several decades.
Despite its long history in LGG, the optimal timing and dose of RT continue to be
investigated (Table 1). Typically, radiation therapy is considered for patients after
initial biopsy or resection for patients who are at a higher risk of early malignant
transformation.

European Organization for Research and Treatment of Cancer (EORTC) 22844
and 22845 are two of the largest phase III trials ever completed in adult patients
with LGG and they were designed to investigate optimal timing and dose of
radiation. As mentioned previously, the EORTC 22844 and 22845 studies were
used as a construction set for evaluating and validating high risk features, ultimately
involving over 600 patients. A high-risk designation was given to patients with
three or more high risk factors (age over 40, astrocytoma histology, presence of
neurologic deficits before surgery, tumor diameter of 6 cm or greater, and tumor
crossing the midline) [S]. This provided a guideline on which patients needed early
intervention, namely radiation.

The EORTC 22,845 study compared early RT with delayed RT. After surgery,
314 patients were randomly assigned to early RT or deferred RT until the time of
progression (control group). Median PFS was 5.3 years in the early RT group and
3.4 years in the control group. However, OS was similar between groups: median
survival in the early RT group was 7.4 years compared with 7.2 years in the control
group. Interestingly, at 1 year, seizures were better controlled in the early RT group.
This study demonstrated that early RT after surgery lengthens PFS but does not
affect OS [17].

Multiple studies looked at the optimal dose of RT with the goal to optimize
tumor kill while minimizing both acute and long-term radiation toxicity. The largest
such trial was the EORTC 22844 trial mentioned above. In this trial, patients were
treated with either 45 Gy over 5 weeks or 59.4 Gy over 6.6 weeks with no sig-
nificant difference in outcome observed between the two treatment groups.
At 74 months follow up, the low dose arm had an OS 58 % and the high dose with
an OS of 59 %. Furthermore, no difference was found in PFS between the two arms
and QOL was worse in the high dose arm [18, 19].

A North Central Cancer Treatment Group (NCCTG)/RTOG/Eastern Coopera-
tive Oncology Group (ECOG) study looked at over 200 LGG patients (with either
astrocytoma or mixed oligoastrocytoma) treated with either low dose (50.4 Gy in 28
fractions) versus high-dose (64.8 Gy in 36 fractions) localized radiation therapy for
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supratentorial low-grade glioma [20]. Survival at 5 years was not significantly
different in the two RT doses (72 % with low-dose RT and 64 % with high-dose
RT). This study confirmed the results of EORTC 22844 showing no OS benefit and
a higher incidence of radiation necrosis in the high-dose RT arm.

5 Proton Therapy

Proton therapy is a novel technique that utilizes a heavier particle than standard
photons to deliver radiation. Protons therefore enable dose reduction while sparing
normal brain tissue during radiation given the lesser exit dose. There is limited data
available for the efficacy of protons in adult LGG. Hauswald et al. [21] retro-
spectively analyzed patients with low-grade glioma (WHO grade I and II) treated
with proton therapy. Proton beam therapy was administered to 19 patients total
(median age 29). Median dose applied was 54 Gy in fractions of 1.8 Gy. Median
follow up was only 5 months; therefore, PFS and OS data are incomplete. The
treatment was tolerable with the most common complication of focal alopecia and
fatigue. Further prospective trials with extended follow up are needed to determine
the role of proton therapy in LGG treatment.

6 Chemotherapy

Much of the data for chemotherapy use in LGG has been extrapolated from data on
the treatment of high-grade glioma (HGG). There is substantial overlap in the che-
motherapeutic regimens utilized in HGG and LGG, which are most commonly TMZ
and procarbazine/lomustine (CCNU)/vincristine (PCV). Chemotherapy can be given
during radiation, adjuvantly following radiation treatment, or at progression. There is
still controversy over the ideal chemotherapy agent, the ideal time of administration,
and the optimal duration of chemotherapy treatment. Recent data suggests that
chemotherapy can play a role in improving outcome of LGG patients (Table 1).

As the use of TMZ has become standard of care for HGG [22], its use in LGG
has increased among the neurooncology community. Prior to the widespread use of
TMZ, PCV was the chemotherapy of choice for gliomas and in long-term analysis
of prior studies, PCV may still have superior survival outcomes specifically in
codeleted gliomas [23]. However, part of this regimen requires intravenous
administration and can produce significant hematopoietic toxicity for patients. TMZ
is usually better tolerated and easier to administer compared to PCV. The efficacy of
TMZ has never been compared head-to-head with PCV in a prospective, ran-
domized trial.

The largest trial evaluating long-term benefit from chemotherapy in upfront
LGG is the Radiation Therapy Oncology Group (RTOG) 9802 trial. In this study,
a total of 251 patients with LGG were enrolled and divided into high-risk and
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low-risk LGG. Patients with favorable risk included those less than 40 years old and
those with gross-total resection. Unfavorable risk patients were those over 40 years
with STR or biopsy only. Patients in the favorable risk group were observed
postoperatively. Patients in the unfavorable risk group were randomly assigned to
RT alone or RT followed by PCV chemotherapy. A significant improvement in OS
was noted for study participants who received PCV chemotherapy plus radiation
(13.3 years median survival time) compared to those receiving radiation therapy
alone (7.8 years median survival time) [24, 25]. This was similar to results seen in
patients with grade III anaplastic oligodendroglioma and oligoastrocytoma who also
showed improved response to treatment with PCV chemotherapy [26]. In addition,
chromosome 1p/19q deletions have been associated with favorable radiographic
response rates and prolonged survival in patients with anaplastic oligodendroglio-
mas receiving PCV therapy [27]. Loss of the heterozygosity of chromosomes 1p
and 19q have been shown to be powerful predictors of survival and chemosensi-
tivity in grade 3 oligodendroglial tumors [28] and presumably have the same
prognostic and predictive impact in their LGG counterparts.

RTOG 9802 trial showed efficacy of chemotherapy in conjunction with RT.
However, optimal timing of chemotherapy relative to radiation is unclear as is the
best choice of chemotherapy. One study utilized neoadjuvant PCV in large unre-
sectable low-grade gliomas or gliomatosis cerebri to avoid large field radiation. The
median time to disease progression in newly diagnosed patients was >24 months
[29]. Another RTOG trial (RTOG 0424) recruited high-risk LGG patients at upfront
diagnosis for treatment consisting of concurrent radiation (54 Gy/30 fractions) and
TMZ 75 mg/m? followed by 12 adjuvant cycles of TMZ 150-200 mg/m* for
5 days. Preliminary results are available. 136 patients were accrued. Median follow-
up time is 4.1 years. Median survival time has not yet been reached. Three-year OS
rate was 73.1 %, significantly improved from historical controls. Long-term data
from this trial is still pending [30].

Multiple trials have evaluated TMZ in the recurrent LGG setting and have showed
disease response. Pace et al. [28] prospectively examined 43 patients with LGG who
were treated with TMZ (5 day on/23 off at a dose of 150-200 mg/m?*/day for 5 days
per month) at the time of documented clinical and radiological progression. Median
duration of response was 10 months with a PFS rate of 39 % at 12 months. Quinn
etal. [31] conducted a phase II trial of TMZ (5 day on/23 off at a dose of 200 mg/mz)
for 46 patients with progressive low-grade glioma. The objective response rate was
61 %. Median PFS was 22 months. And lastly, Hoang-Xuan et al. [27] conducted a
third prospective study of 60 patients with LGG and progressive disease on MRI
treated with TMZ (5 day on/23 off at a dose of 200 mg/m?>) where objective radio-
logic response was 31 % and the median time to maximal tumor response was
12 months. Overall, there was a statistically significant positive correlation seen with
the loss of chromosome 1p (with or without 19q deletion) and radiographic response
to treatment. Retrospectively, Kaloshi et al. [10] examined 149 patients treated with
TMZ (5 day on/23 off at a dose of 200 mg/m?) in which 53 % experienced an
objective response. The median time to maximal response was 12 months. The
median PFS was 28 months. Combined 1p/19q codeletion was associated with a
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higher rate of response, longer PFS, and longer OS. All of the above studies utilizing
TMZ in LGG treated patients with 10-14 cycles of monthly TMZ. In LGGs treated
with TMZ, it has been suggested that prolonged duration of treatment (aka metro-
nomic or dose-dense therapy) may achieve a prolonged response. Similar to their
HGG counterparts, the methylation status of LGG may impact its response to TMZ
as well [32, 33]. Metronomic TMZ has been tried in the LGG setting with the goal to
overcome MGMT resistance in patients with newly diagnosed LGG. Kesari et al. [2,
34] looked at patients with LGG who received TMZ dosed at 75 mg/m? daily for
7 weeks followed by 4 weeks off treatment (11 week cycle). Treatment continued for
a total of six cycles or until tumor progression and overall median PFS was
38 months. Molecular analysis revealed that patients who had a methylated MGMT
promoter or deletion of either 1p or 19q chromosomes had longer OS. In LGG, dose-
dense TMZ has not been compared to the conventional 5 day on/23 off regimen.
However, in GBM patients, metronomic TMZ has been compared to the conven-
tional “Stupp” regimen in the RTOG 0525 study which showed a lack of increased
efficacy with dose-dense TMZ and increased toxicity for patients [35]. With the
available data, the authors recommend using traditionally dosed adjuvant TMZ when
indicated for 612 cycles.

7 Ongoing Studies

Current studies aim to further elucidate the timing of treatment, ideal chemother-
apeutic agent and duration of therapy. Based on the long-term results of RTOG
9802 demonstrating improved outcomes with combined radiation and chemother-
apy, the ECOG E3F05 phase III study of radiation therapy with or without TMZ for
symptomatic or progressive low-grade gliomas was placed on hold due to a radi-
ation only arm. The EORTC and the National Cancer Institute of Canada (NCIC)
have joined forces to conduct a large Phase III trial comparing TMZ alone versus
concurrently with radiation as first line therapy [2, 36].

Because of a possible superiority of PCV over TMZ, a trial comparing the
beneficial effects of each chemotherapeutic regimen as well as their toxicities is of
utmost importance [27]. Currently, there is a phase III intergroup study comparing
TMZ and PCV for grade 3 anaplastic 1p/19q codeleted gliomas that is actively
accruing patients [37]. Although this study population involves grade 3 gliomas, the
results will be of great interest for the treatment of LGG patients.

Ongoing studies aim to evaluate TMZ both during and following radiation to
assess for superior outcomes when compared to radiation alone in LGG patients.
Other novel therapies including RAD0OO1/everolimus (an mTOR inhibitor) [38] and
autologous dendritic cell vaccines [39] are currently being investigated in the
recurrent LGG setting for potential efficacy. Additionally, proton beam radiation is
also being evaluated for safety and efficacy in adult LGG patients [40, 41]. The
outcome of these studies may result in standard of care treatment options for both
upfront and recurrent LGG.



84 P. Kumthekar et al.

8 Summary

Treatment of low-grade gliomas involves surgical resection, radiation, and che-
motherapy. Maximal safe surgical resection is recommended at imaging detection
to establish the diagnosis and to improve surgical and disease outcome. Studies
have aimed to stratify patients into low- and high-risk categories to help guide the
clinician in choosing which patients should be treated with postoperative radiation
and chemotherapy versus observation only. Many retrospective analyses have
concluded that postoperative RT is associated with prolonged survival. Early RT
administered immediately postoperatively is associated with a longer PFS, but there
was no significant benefit found for OS compared to delaying RT until progression.
Therefore, the benefits of early RT such as improving seizure control must be
weighed against the benefits of delaying RT. Delayed RT may be beneficial in cases
of gliomatosis cerebri, utilizing neoadjuvant chemotherapy to shrink the radiation
field. Higher doses of radiation have failed to demonstrate improved survival
outcomes and can be associated with delayed toxicity.

Studies have validated the use of chemotherapy in combination with RT,
although optimal timing, duration, and chemotherapy regimen is still being
investigated. Long-term data from large studies have demonstrated benefit of PCV
in addition to radiation; however, the use of PCV is associated with a high inci-
dence of hematotoxicity and low tolerability. TMZ is a newer and better tolerated
chemotherapy that shows efficacy in both the upfront and recurrent setting. Further
investigation with direct comparison of PCV to TMZ is needed to determine which
chemotherapeutic regimen is superior for LGG patients. Future studies will also aim
to utilize tumor markers such as IDH, 1p19q codeletion, and MGMT in determining
overall prognosis and best treatment options for each patient.
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Treatment of Anaplastic Glioma

Wolfgang Wick, Benedikt Wiestler and Michael Platten

Abstract Anaplastic gliomas have received increasing attention over the past
years. As opposed to glioblastoma, where the focus has been on the evaluation of
novel compounds (with mainly disappointing results), in anaplastic gliomas rele-
vant progress was generated with genotoxic therapies and translational work on
biomarkers. Anaplastic gliomas are classified using single biomarkers, namely
isocitrate dehydrogenase (IDH) or the related CpG island methylator phenotype
(CIMP), alpha-thalassemia/mental retardation syndrome X-linked (ATRX), telo-
merase reverse transcriptase (TERT), p53, 1p/19q, and O°-methylguanine
DNA-methyltransferase (MGMT). With these molecular biomarkers, three main
prognostically distinct groups have been defined: (i) CIMP-negative anaplastic
gliomas, which have a similar prognosis as glioblastoma, (ii) CIMP-positive 1p/19q
intact, and (iii) CIMP-positive 1p/19q codeleted gliomas. In the CIMP-negative,
mainly /DH wild-type group, MGMT promoter methylation may be used to identify
patients who benefit from alkylating chemotherapy. The mutually exclusive ATRX
losses and 1p/19q codeletions are used to subcategorize anaplastic tumors with a
mixed histology according to microscopic features. This eliminates the biological
basis and clinical necessity for the diagnosis of mixed gliomas (anaplastic oligo-
astrocytomas). Retrospective long-term analysis of the EORTC 26951 and RTOG
9402 trials revealed that patients with tumors harboring 1p/19q codeletions benefit
from addition of procarbazine, lomustine, and vincristine (PCV) chemotherapy to
primary radiotherapy. RTOG 9402 suggests that this may be the case also for
patients with 1p/19q intact tumors, but IDH mutation. Future developments in
addition to the ongoing CATNON and CODEL trials, will focus on further
refinement of the molecular predictors and development of treatments that not only
increase survival but also maintain neurological function, cognition, and health-
related quality of life.
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1 Introduction

Over many years, most glial tumors have been considered mainly resistant to all
genotoxic therapies. However, based on early trials radiotherapy has been con-
sidered a standard of care until recently.

1.1 Surgery

Despite the lack of a randomized trial or even a larger series focusing on anaplastic
gliomas, there is a general agreement based on data derived from glioblastoma and
low-grade glioma trials and patient series that patients with these tumors should
undergo a maximal safe resection whenever possible. This statement is supported by
the finding of a positive prognostic value of a macroscopic resection in most trials [1].
If a resection is not possible, a tissue diagnosis via open or stereotactic biopsy needs
to be performed to allow for a detailed histological and molecular diagnosis [2].

Macroscopic resection also improves seizure control, particularly in patients with a
long epileptic history and insular tumors [3]. In the European guidelines, the timing of
surgery for oligodendroglioma is controversial in patients that are young, present with
an isolated seizure (medically well controlled) and with small tumors [4]. Improve-
ments in surgical techniques and imaging, together with enhanced treatment options
for anaplastic oligodendrogliomas in modern practice, emphasize the importance of
accurately determining a histopathological diagnosis as early as feasible.



Treatment of Anaplastic Glioma 91

1.2 Radiotherapy

Although radiotherapy (54-60 Gy, 1.8-2 Gy-fractions) has been considered stan-
dard of care for anaplastic oligodendroglial tumors, their chemosensitivity to
nitrosoureas and temozolomide has long been recognized, and current data suggest
that combination chemoradiation significantly prolongs survival, in comparison to
radiation alone for grade III oligodendroglial tumors with 1p19q codeletions [4].
Patients treated with whole-brain radiotherapy have a higher incidence of leuko-
encephalopathy and cognitive deficits in comparison with patients treated with focal
radiotherapy [5]. In studies using modern methods of radiotherapy a more limited
impact on cognition is observed [6—8], although data related to patients who had
more detailed neuropsychological follow-up at a mean of 12 years and were free of
tumor progression suggest that those patients treated without radiotherapy maintain
their cognitive status whereas patients receiving radiotherapy experience a decline
in attention and executive functioning as well as information processing speed [9].

1.3 Chemotherapy

From the early 2000s, temozolomide chemotherapy had been developed as the
standard of care for newly diagnosed glioblastoma [10], and as a therapeutic option
for newly diagnosed low-grade [11] as well as anaplastic gliomas [12], as well as
for salvage treatment of grade II-IV gliomas [13, 14]. Other options for patients
with (progressive) gliomas include nitrosoureas like carmustine and lomustine. The
latter is the most commonly used in control arms for modern trials for recurrent
glioblastoma like the European Organization for Research and Treatment of Cancer
(EORTC) trial 26101 (NCT 01290939) and is also a part of the PCV regimen.
Reports from the late 1980s noticed a greater chemosensitivity of many gliomas
with oligodendroglial features (grade II and III oligoastrocytoma and oligoden-
droglioma) [15]. These reports have established PCV chemotherapy, which had
been used since the late 1970s [16] for the treatment of malignant gliomas, as a
widely accepted standard chemotherapy for many years. PCV chemotherapy usu-
ally consists of 4-6 cycles of 6 weeks with CCNU (lomustine) given at 110 mg/m?
at day 1, procarbacine given at 60 mg/m?” given at days 7—21, and vincristine given
at 1.5 mg/m? i.v. (cap at 2 mg) on days 7 and 28. In clinical trials [12, 17, 18] this
regimen has considerable toxicity, chiefly myelosuppression (CCNU and procar-
bacine), allergic reactions (procarbazine), and neuropathy (vincristine), but is very
effective either as alone [12] or in combination/sequence with radiotherapy [17, 18].
With the introduction of temozolomide as a novel alkylating agent in gliomas
chemotherapy options have expanded. As a single agent temozolomide is usually
given on days 1-5 of 28-days cycles at a dose of 200 mg/m?. Treatment duration is
usually 8-12 cycles. Although there are no formal head-to-head comparisons in
studies employing both, PCV and temozolomide, there were no differences in terms
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of efficacy [12]. It is widely accepted that the tolerability of temozolomide is better
than PCV. Due to this reason and to optimize the efficacy of temozolomide,
alternative dosing schedules have been developed and implemented in clinical trials
including a weekly alternating schedule at 100-150 mg/m2 [19] or in a 21/28-days
schedule. While in the recurrent situation these intense dosing schedules have
shown to be an option [20, 21], studies in primary glioblatoma have not indicated
superiority over the conventional 5/28 days schedule [22] or deciphered a differ-
ential efficacy of the weekly alternating and the 21/28 days schedule [23].

The greater chemosensitivity of some glial tumors could, in part, be explained by
MGMT promoter hypermethylation, but the 1p/19q codeletion and isocitrate dehy-
drogenase (IDH) mutations are also potential predictive biomarkers, though the
mechanism of action remains elusive. It may well be that these “predictive biomarker”
just signify a separate disease entity and not a molecular alteration for sensitivity
towards genotoxic therapy. Furthermore, these and other molecular characteristics
[13-16] may increasingly supplement the histopathology-based WHO classification
and thus help to resolve the discrepancy between classification and clinical outcome.

This chapter on therapy for grade III glioma discusses (i) the molecular classi-
fication with its potential impact on therapy decision, (ii) data from randomized
trials that guide the treatments currently used for patients with these tumors, and
(iii) a pragmatic algorithm how to treat patients with anaplastic gliomas.

2 Molecular Biomarkers Separate Clinically
and Biologically Relevant Groups of Anaplastic Glioma

Anaplastic gliomas can be robustly divided into three main molecular subgroups
based on methylation and copy-number data independent of histology: CpG island
methylator phenotype negative tumors (CIMP-) gliomas, which molecularly
resemble mesenchymal, receptor tyrosine kinase (RTK) I or RTK II glioblastomas,
non-codeleted-CIMP+ (non-CD-CIMP +) tumors with intact 1p/19q and CD-CIMP+
tumors with 1p/19q codeletion [24]. This classification provides a biologically and
clinically more useful basis than the current WHO classification, which is based on
histopathology alone. It also does not provide a basis for the diagnosis of a mixed
anaplastic oligoastrocytoma. Here, IDH-mutated or CIMP+ tumors are either called a
biological astrocytoma when they harbor an alpha-thalassemia/mental retardation
syndrome X-linked (ATRX) loss (and mainly p53 mutation) or molecular oligo-
dendroglioma when 1p/19q is codeleted (and often times a telomerase reverse
transcriptase (TERT) mutated). In IDH wild-type tumors, the assessment of
0%-methylguanine DNA-methyltransferase (MGMT) promoter methylation status
aids the decision whether or not to use alkylating chemotherapy [25]. A schematic
overview on the current molecularly based subgrouping is provided in Fig. 1.
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Fig. 1 A schematic overview on the current molecularly based subgrouping. In addition to the
standard treatments, radiotherapy (RT), temozolomide (7MZ), procarbazine, lomustine and
vincristine (PCV) or radiochemotherapy, there are trials for patients without 1p/19q co-deletion in
the tumor tissue (CATNON) and with that molecular alteration (CODEL). isocitrate dehydrogenase
(IDH), glioma CpG island hypermethylator phenotype (G-CIMP), radiotherapy (RT), temozolomide
(TMZ), procarbazine (PCV), lomustine and vincristine, world health organization (WHO), years (y)

3 Lessons from RTOG 9802, EORTC 26951, and NOA-04/-08
Trials on Patients with Anaplastic Glioma

The most relevant development of the past decade is the delineation of patient
groups who have a clinically meaningful response to chemotherapy. Radiographic
response to chemotherapy has been reported in up to 70 % of newly diagnosed 1p/
19q codeleted oligodendroglioma patients. In the 1990s, two randomized phase III
studies for patients with anaplastic oligodendroglioma (AO)/anaplastic mixed oli-
goastrocytoma (AOA) (RTOG 9402 and EORTC 26951) and one trial in grade II
gliomas (RTOG 9802) have been initiated to investigate the added value of PCV
chemotherapy to radiotherapy. Another trial, conducted by the NOA (NOA-04)
tried to establish monotherapy with temozolomide or PCV instead of radiotherapy
in newly diagnosed anaplastic gliomas. In low-grade gliomas, the EORTC 22033
trial aimed to demonstrate superiority of primary temozolomide over radiotherapy.

The initial reports of the EORTC and RTOG studies in anaplastic gliomas,
presented in 2006, concluded that there was no significant improvement in overall
survival of patients with either codeleted or non-codeleted AO/AOA treated with
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either intense PCV followed by radiotherapy (RTOG 9402) or with radiotherapy
followed by adjuvant PCV (EORTC 26951) (test arms) versus radiotherapy alone
(control arm). Already in these final analyses, however, the progression-free sur-
vival of codeleted patients treated with the radiotherapy/PCV regimens was sig-
nificantly longer than with radiotherapy alone [17, 18].

NOA-04 demonstrated that primary chemotherapy with PCV or temozolomide
was as effective as primary radiotherapy both in terms of progression-free and
overall survival [12]. However, all trials suffered from insufficient follow-up times
at the time of the initial reporting and were not able to define the real impact or the
appropriate subgroup of patients that benefited the most.

In 2012, more mature long-term survival data for both EORTC 26951 and
RTOG 9402 were published which demonstrated an overall survival benefit for
patients with 1p/19q codeleted tumors who received a combined radiochemother-
apy: EORTC 26951 randomized 368 patients with newly diagnosed anaplastic
oligodendroglial tumors to radiotherapy alone or radiotherapy followed by up to six
cycles of PCV. Overall survival was 42.3 months with radiotherapy—PCV as
opposed to 30 months with RT alone (HR = 0.75, 95 % CI 0.6-0.95). It was not
reached versus 112 months in the radiotherapy—PCV versus radiotherapy arms for
1p/19q codeleted tumors (HR = 0.56, 95 % CI 0.31-1.03), but only 25 versus
21 months for non-codeleted tumors (HR = 0.83, 95 % CI 0.62—1.1). Although the
addition of PCV significantly prolonged survival (HR = 0.75, 95 % CI 0.60-0.95)
in the full trial cohort irrespective of molecular analysis, only the patients with the
1p/19q codeletion derived a clinically relevant OS benefit from the addition of
PCV, especially when weighing toxicity of the combined treatment [26]. The data
are similar for the North American trial. RTOG 9402 randomized 291 patients with
newly diagnosed anaplastic oligodendroglial tumors to RT or RT preceded by up to
four cycles of intense PCV. Overall survival was 4.6 years with PCV—RT and
4.7 years with radiotherapy alone (HR = 0.79, 95 % CI 0.6—1.04). Overall survival
was 14.7 versus 7.3 years in the PCV—radiotherapy versus radiotherapy arms for
1p/19q codeleted tumors (HR = 0.59, 95 % CI 0.37-0.95), but only 2.6 versus
2.7 years for non-codeleted tumors (HR = 0.85, 95 % CI 0.58-1.23) [27].

Since the assessment of the 1p/19q codeletion does not identify all patients
benefitting from radiochemotherapy with PCV in the RTOG 9402 trial, it was tested
whether IDH mutations or a germ-line polymorphism, rs55705857, associated with
IDH mutant gliomas identified the patients in RTOG 9402 who benefited from
combined treatment.

This next retrospective subgroup analysis suggests that patients with 1p/19q
codeleted and IDH mutated tumors (14.7 vs 6.8 years; HR, 0.49; 95 % CI,
0.28-0.85; p = 0.01) had the largest numerical benefit from combined radiotherapy
and PCV. However, also patients with 1p/19q intact, but IDH mutated tumors
showed a relevant benefit, when treated with radiochemotherapy versus radio-
therapy alone (5.5 vs 3.3 years; HR, 0.56; 95 % CI, 0.32-0.99; p < .05) [33]. Both,
the basis for this benefits, but the question why the EORTC 26951 trial did not
suggest a predictive, but a merely prognostic role needs further workup and spe-
cifically confirmation by one of the ongoing or future trials in anaplastic gliomas.
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Recently, another NOA trial on treatment of anaplastic astrocytoma and glio-
blastoma in elderly patients confirmed the value of a biomarker for treatment
decisions in patients with anaplastic gliomas. The NOA-08 trial enrolled patients
older than 65 years and a KPS > 60. Patients were randomized to receive 100 mg/m2
temozolomide given on days 1-7 and days 15-22 (1 week on/1 week off) of a 28 day
cycle with the dose being adapted to the actual blood counts, or radiotherapy of
60 Gy administered in 30 fractions of 1.8—-2.0 Gy. The primary endpoint was overall
survival. The trial had a non-inferiority design. Of 584 patients screened, 412
patients were enrolled, and 373 patients received at least one dose of treatment and
were included in the efficacy analyses. Median PFS did not differ between tem-
ozolomide [8.6 months (95 % CI, 7.3-10.2)] and radiotherapy arm [9.6 months
95 % CI, 8.2-10.8)] [19].

The value for MGMT status assessment for this group of patients was already
suggested by the nonrandomized ANOCEEF trial [28] and the retrospective analysis
of the German Glioma Network [29]. The randomized NOA-08 [19] and Nordic
trials [30] confirmed a predictive role of the MGMT promoter methylation status: In
the NOA-08 trial, PFS and overall survival were longer in MGMT promoter-
methylated patients who received temozolomide than in those who underwent
radiotherapy (8.4 vs 4.6 months), whereas the opposite was true for patients with no
methylation of the MGMT promoter (3.3 vs 4.6 months) [19]. In the Nordic trial,
overall survival was longer in MGMT-methylated patients who received temozol-
omide than in those who underwent both radiotherapy regimens (9.7 vs
8.2 months), but similar for patients with no methylation of the MGMT promoter
(6.8 vs 7.0 months) [30]. In general, methylation levels outside MGMT promoter
methylation are rather low in the tumors of elderly patients and there is a poverty of
common positive prognostic factors like IDH mutations [31].

The results from the long-term analyses of the RTOG and EORTC studies led to
the suspension of enrolment into the NCCTG-led international intergroup phase 111
NO0577 “CODEL” trial. CODEL was designed to address whether the addition of
temozolomide to radiotherapy increased the survival of patients with codeleted
tumors. After incorporation of the long-term data into the background of CODEL,
the trial “Radiation Therapy With Concomitant and Adjuvant Temozolomide or
Radiation Therapy With Adjuvant PCV or Temozolomide Alone in Treating
Patients With Anaplastic Glioma“was amended in 2013 to answer the question
whether progression-free survival of the combination of radiotherapy and tem-
ozolomide is not relevantly different from the combination of radiotherapy and
PCV, but potentially harboring less long-term unwanted effects (NCT00887146).
Despite its relevance given the general refusal to readopt the PCV regimen together
with a lack of data to show that radiochemotherapy with temozolomide is just the
same, the trial has not yet generated a momentum and accrual is slow.

At the same time, others are considering trials, in which radiochemotherapy with
PCV as a standard is compared to chemotherapy (PCV or temozolomide) alone.
Although the temozolomide alone arm of CODEL is designed to address this issue,
specifically the timing and extent of neurocognitive health-related quality of life
decline in these patients, it is not powered to reach conclusive results. The main
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focus of a current initiative of the NOA aiming at an international trial with the
EORTC is to show superiority of temozolomide alone over partial brain radio-
therapy followed by PCV in overall survival without functional deterioration.

Although it is intuitive to think that treating with temozolomide alone while
postponing radiotherapy might delay cognitive decline, inferiority of temozolomide
alone to the combined initial treatment, i.e., earlier tumor progression in the tem-
ozolomide alone arm, might produce the opposite results. Since neurocognitive
decline has been shown to correlate with survival of glioma patients and often
precedes radiographic progression [32], it is possible that patients treated with
temozolomide alone might develop neurocognitive decline earlier than patients
treated with radiochemotherapy. Hence, qualification by functional parameters of
traditional efficacy endpoints, progression-free and overall survival, is one of the
major developments of the upcoming trials. The other challenge is the identification
and implementation of biomarkers not only as stratification factors or eligibility
criteria in clinical trials, but also into daily clinical practice to determine which
patients with a newly diagnosed or recurrent glioma should (or should not) be
treated with chemotherapy.

The situation for patients with non-codeleted tumors is more complicated and
less favorable. With respect to 1p/19q status, for non-codeleted patients combined
radiochemotherapy is not the standard of care. The ongoing “Phase III Trial on
Concurrent and Adjuvant Temozolomide Chemotherapy in Non-1p/19q Deleted
Anaplastic Glioma: The CATNON Intergroup Trial.“will show whether combined
radiochemotherapy with temozolomide (concomitant and/or as an adjuvant main-
tenance treatment) is superior to radiotherapy alone (NCT00626990).

4 Algorithm for Treatment Decisions in Daily Clinical
Practice

The basis for the need for testing 1p/19q, MGMT, and IDH status has already been
discussed. In principle, standard of care for patients with an anaplastic oligoden-
droglial tumor with 1p/19q codeletion is (neo-) adjuvant treatment in addition to
radiotherapy. Whether the chemotherapy regimen needs to be PCV or if temozol-
omide is a suitable alternative might be determined in the amended CODEL trial.
Also, data for the exclusion of radiotherapy from the primary treatment may be
generated from the long-term analysis of the NOA-04 trial or one of the new CODEL
initiatives. Lastly, it is important to understand, whether the data from grade III
oligodendroglial tumors can be applied to grade II and/or pure astrocytic tumors.

Recent epigenome-wide analysis, which also allow the determination of copy
number aberrations allows classification of anaplastic gliomas into two main cat-
egories of G-CIMP+ and G-CIMP-negative tumors. A further subgrouping in the
G-CIMP+ was based on 1p/19q status.
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Tumor classification based on CIMP and 1p/19q status was significantly asso-
ciated with survival allowing a better prediction of outcome than the current his-
topathological classification alone [24].

The data of Cairncross and colleagues on the long-term outcome of RTOG 9402
also justify the treatment of every patient with an I/DH mutated oligodendroglial
tumor with radiochemotherapy rather than radiotherapy alone [33]. IDH status is a
better discriminator of outcome than histological grade in a pooled analysis of grade
IIT and IV malignant gliomas, excluding oligodendroglial tumors [34]. Data from the
NOA-04 trial and the German Glioma Network (GGN) demonstrated an interaction
between MGMT and IDH status, and with that the basis for the need to test MGMT in
patients with 1p/19q intact IDH wildtype tumors. The NOA/GGN analysis dem-
onstrated that in patients with IDH mutations, there is similar benefit from initial RT
or alkylating chemotherapy. In patients with IDH wild-type tumors on the other
hand, a methylated MGMT promoter status is associated with superior outcome in
patients treated with alkylating chemotherapy (with or without additional RT)
compared to RT alone [25]. Hence, MGMT is predictive for response to alkylating
chemotherapy only in the setting of an IDH1 wild-type glioma. MGMT may be
bound and stabilized by factors like N-myc downstream regulated gene (NDRG)1, a
central and druggable molecular hub downstream of epidermal growth factor
receptor, and mammalian target of rapamycin. It integrates diverse therapy-induced
microenvironmental factors to promote resistance toward alkylating chemotherapy.
Besides hypoxia and radiotherapy, this is also the use of corticosteroids [35].

In addition to its classificatory relevance, determining gliomas biology, IDH
mutated tumors may be a target for future demethylating or anti-IDH directed ther-
apies, including decitabin (Dacogen®) (36) or AGI-5198 [36] or, if the most common
IDH mutation R132H is present, specific active immunotherapy using peptides [37].

Other signatures and markers of different relevance were developed in the last
years. A transcriptome-based retrospective analysis of samples from the EORTC
26951 trial demonstrated an improved outcome prediction when known molecular
parameters where combined with transcriptome signatures [38]. Mutation/loss of
ATRX in astrocytic tumors may not only serve as a positive prognostic factor, but
also based on the mutual exclusivity of 1p/19q codeletion and ATRX alterations, a
molecularly assisted classification for anaplastic gliomas may be suggested: In the
NOA-04 trial, IDH mutant anaplastic astrocytoma and oligoastrocytoma without
1p/19q codeletion but with ATRX loss shared a similar clinical course irrespective
of histology (“molecular anaplastic astrocytomas”™) as did anaplastic oligoastrocy-
toma with 1p/19q codeletion and oligodendroglioma (“molecular anaplastic oli-
godendroglioma”), leaving no room for the diagnosis of a mixed anaplastic
oligoastrocytoma [39]. The above-mentioned 450k array epigenome-wide methyl-
ation analysis supports this concept [24]. The summarizing Figure shows the cur-
rent status of biomarker testing essential to reach a biologically meaningful
diagnosis, help with stratification for study entry and account for predictive factors
to shape therapies for patients with these prognostically very heterogenous tumors.
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Chapter Summary

Chemotherapy alone with PCV or temozolomide is an option as primary
treatment for oligodendroglial tumors.

Recent long-term subgroup analyses of phase III trial reveal 1p/19q codeletion
(and potentially also IDH mutations) as a predictive biomarker for combined
(neo)adjuvant chemotherapy with PCV and radiotherapy.

The value of 1p/19q most likely extents to non-oligodendroglial tumors.
Molecular classification seems superior to classical histopathology.

Relevance for nongrade III tumors remains to be shown.

For 1p/19q intact tumors, IDH, and MGMT testing may be recommended.
Mutated IDH is developed as a target for immunotherapy and IDH inhibitors
and demethylating agents are tested in IDH-mutated tumors.

Key Terms and Definitions

Isocitrate dehydrogenase: enzyme of the citrate cycle converting isocitrate to
a-ketoglutarate by oxidative decarboxylation and are thereby involved in multiple
metabolic processes. Mutations in the catalytic site at codon 132 function result in
the inhibition of wild-type (wt) enzymatic activity and generate neomorphic
neomorphic dominant enzymatic activity associated with the accumulation of the
oncometabolite R-2-hydroxyglutarate.

1p/19q: Combined losses of genetic material from chromosomal arms 1p and
19q has long been recognized as a typical molecular signature of oligoden-
droglial tumors and has been shown to result from an unbalanced translocation
which leads to the loss of one hybrid chromosome and thereby loss of hetero-
zygosity. Recently, it was shown to be a predictive biomarker in anaplastic
oligodendroglial tumors.

MGMT: MGMT is a DNA repair protein that removes the alkylation of DNA
induced by alkylating agent chemotherapy. An association of MGMT expres-
sion or activity and the benefit from alkylating agent chemotherapy in glioma
patients has been observed for decades. Today, MGMT testing is done applying
quantitative methylation-specific PCR, pyrosequencing or another method.
Attempts are being made to introduce quality controls into the use of MGMT as
biomarker.

PCV: chemotherapy with procarbazine, lomustine, and vincristine that is used
since the late 1970s for the treatment of malignant gliomas. PCV-Chemotherapy
usually consists of 4-6 cycles of 6 weeks with CCNU (lomustin) given at
110 mg/m? at day 1, procarbacine given at 60 mg/m? given at days 7-21, and
vincristine given at 1.5 mg/m® i.v. on days 7 and 28. It is now together with
radiotherapy standard treatment for anaplastic gliomas with 1p/19q codeletion.
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e Phase III anaplastic glioma trials: the EORTC 26951, RTOG 9402, and NOA-04
trials shaped our understanding on the biology of oligodendroglial tumors and
their treatment.

e 450 k methylation arrays: allow methylation profiling and copy number analysis
and with that classification of glioblastoma and anaplastic glioma into biolog-
ically and clinically meaningful subgroups.

7 Key Learning Points

e 1p/19q testing is a necessary part of good clinical care for patients with newly
diagnosed anaplastic gliomas.

e Chemotherapy with PCV prior to or after radiotherapy is the current standard for
anaplastic oligodendroglial tumors with 1p/19q codeletion.

e Presence of an IDH mutation in 1p/19q intact tumors allows to opt between
radio and chemotherapy with temozolomide

e Absence of an IDH mutation should call for MGMT testing not to dismiss the
need for alkylating chemotherapy.

References

1. Gorlia T, Delattre JY, Brandes AA et al (2013) New clinical, pathological and molecular
prognostic models and calculators in patients with locally diagnosed anaplastic
oligodendroglioma or oligoastrocytoma. A prognostic factor analysis of European
Organisation for Research and Treatment of Cancer Brain Tumour Group Study 26951. Eur
J Cancer 49:3477-3485

2. Olson JD, Riedel E, DeAngelis LM (2000) Long-term outcome of low-grade
oligodendroglioma and mixed glioma. Neurology 54:1442-1448

3. Chang EF, Potts MB, Keles GE et al (2008) Seizure characteristics and control following
resection in 332 patients with low-grade gliomas. J Neurosurg 108:227-235

4. Weller M, van den Bent M, Hopkins K, Tonn JC, Stupp R, Falini A, Cohen-Jonathan-Moyal
E, Frappaz D, Henriksson R, Balana C, Chinot O, Ram Z, Reifenberger G, Soffietti R, Wick W
(2014) European association for neuro-oncology (EANO) task force on malignant
gliomaEANO guideline on the diagnosis and treatment of malignant glioma. Lancet Oncol
15(9):395-403

5. Surma-aho O, Niemeld M, Vilkki J et al (2001) Adverse long-term effects of brain
radiotherapy in adult low-grade glioma patients. Neurology 56:1285-1290

6. Taphoorn MJ, Schiphorst AK, Snoek FJ et al (1994) Cognitive functions and quality of life in
patients with low-grade gliomas: the impact of radiotherapy. Ann Neurol 36:48-54

7. Klein M, Heimans JJ, Aaronson NK et al (2002) Effect of radiotherapy and other treatment-
related factors on mid-term to long-term cognitive sequelae in low-grade gliomas: a
comparative study. Lancet 360:1361-1368

8. Laack NN, Brown PD, Ivnik RJ et al (2005) North Central Cancer Treatment Group.
Cognitive function after radiotherapy for supratentorial low-grade glioma: a North Central
Cancer Treatment Group prospective study. Int J Radiat Oncol Biol Phys 63:1175-1183



100

9.

10.

11

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

W. Wick et al.

Douw L, Klein M, Fagel SS et al (2009) Cognitive and radiological effects of radiotherapy in
patients with low-grade glioma: long-term follow-up. Lancet Neurol 8:810-818

Stupp R, Mason WP, van den Bent MJ et al (2005) Radiotherapy plus concomitant and
adjuvant temozolomide for patients with newly diagnosed glioblastoma. N Engl J Med
352:987-996

. Baumert B, Mason WP, Ryan G et al (2013) Temozolomide chemotherapy vs. radiotherapy in

molecularly characterized (1p loss) low-grade glioma. A randomized phase III Intergroup
study by the EORTC/NCIC-CTG/TROG/MRC-CTU (EORTC study #22033-26033). J Clin
Oncol 31, suppl; abstr 2007

Wick W, Hartmann C, Engel C et al (2009) NOA-04 Randomized Phase III Trial of Sequential
Radiochemotherapy of Anaplastic Glioma With PCV or Temozolomide. J Clin Oncol
27:5874-5880

Yung WKA, Prados MD, Yaga-Tur R et al (1999) for the Temodal Brain Tumor Group.
Multicenter phase II trial of temozolomide in patients with anaplastic astrocytoma or
anaplastic oligoastrocytoma at first relapse. J Clin Oncol 17, 2762-2771

Yung WKA, Albright RE, Olson J et al (2000) A phase II study of temozolomide vs.
procarbazine in patients with glioblastoma multiforme at first relapse. Br J Cancer 83:588-593
Cairncross JG, Macdonald DR (1988) Successful chemotherapy for recurrent malignant
oligodendroglioma. Ann Neurol 23(4):360-364

Levin VA, Edwards MS, Wright DC, Seager ML, Schimberg TP, Townsend JJ, Wilson CB
(1980) Modified procarbazine, CCNU, and vincristine (PCV 3) combination chemotherapy in
the treatment of malignant brain tumors. Cancer Treat Rep 64(2-3):237-244

Van den Bent MJ, Carpentier AF, Brandes AA et al (2006) Adjuvant procarbazine, lomustine,
and vincristine improves progression-free survival but not overall survival in newly diagnosed
anaplastic oligodendrogliomas and oligoastrocytomas: a randomized European Organisation
for Research and Treatment of Cancer. J Clin Oncol 24:2715-2722

Cairncross G, Berkey B, Shaw E et al (2006) Phase III trial of chemotherapy plus radiotherapy
compared with radiotherapy alone for pure and mixed anaplastic oligodendroglioma:
Intergroup Radiation Therapy Oncology Group Trial 9402. J Clin Oncol 24:2707-2714
Wick W, Platten M, Meisner C et al (2012) Chemotherapy versus radiotherapy for malignant
astrocytoma in the elderly. Lancet Oncol. 13(7):707-715

Wick A et al (2007) Efficacy and tolerability of temozolomide in an one week on/one week off
regimen in patients with recurrent glioma. J Clin Oncol 25:3357-3361

Perry JR et al (2010) Phase II trial of continuous dose-intense temozolomide in recurrent
malignant glioma: RESCUE study. J Clin Oncol 28:2051-2057

Gilbert M, Mehta M, Aldape K et al (2011) RTOG 0525: A randomized phase III trial
comparing standard adjuvant temozolomide with a dose-dense schedule in newly diagnosed
glioblastoma. J Clin Oncol 29:2006

Tabatabai G, Wick W, Steinbach JP, Wick A, Schnell O, et al. MGMT promoter methylation
as a prognostic biomarker for benefit from dose-intensified temozolomide rechallenge in
progressive glioblastoma: First results from the randomized phase II DIRECTOR trial. J Clin
Oncol Suppl Abstract 2015 (2014)

Wiestler B, Capper D, Sill M, et al. Integrated epigenetic and copy-number profiling identifies
three clinically and biologically relevant groups of anaplastic gliomas

Wick W, Meisner C, Hentschel B et al (2013) IDH1 mutations determine the prognostic versus
predictive value of MGMT promoter methylation in malignant gliomas. Neurology
81:1515-1522

van den Bent MJ, Brandes AA, Taphoorn MJB et al (2013) Adjuvant Procarbazine, Lomustine,
and Vincristine Chemotherapy in Newly Diagnosed Anaplastic Oligodendroglioma: Long-
Term Follow-Up of EORTC Brain Tumor Group Study 26951. J Clin Oncol 31:344-350
Cairncross G, Wang M, Shaw E et al (2013) Phase III Trial of Chemoradiotherapy for
Anaplastic Oligodendroglioma: Long-Term Results of RTOG 9402. J Clin Oncol 31:337-343



Treatment of Anaplastic Glioma 101

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Gallego Pérez-Larraya J, Ducray F, Chinot O et al. Temozolomide in elderly patients with
newly diagnosed glioblastoma and poor performance status: an ANOCEF phase II trial. J Clin
Oncol 2011 Aug 1;29(22):3050-5

Reifenberger G, Hentschel B, Felsberg J et al (2012) Predictive impact of MGMT promoter
methylation in glioblastoma of the elderly. Int J Cancer 131(6):1342-1350

Malmstréom A, Grenberg BH, Marosi C et al (2012) Temozolomide versus standard 6-week
radiotherapy versus hypofractionated radiotherapy in patients older than 60 years with
glioblastoma: the Nordic randomised, phase 3 trial. Lancet Oncol 13(9):916-926

Wiestler B, Claus R, Hartlieb SA, Schliesser MG, Weiss EK, Hielscher T, Platten M,
Dittmann LM, Meisner C, Felsberg J, Happold C, Simon M, Nikkhah G, Papsdorf K,
Steinbach JP, Sabel M, Grimm C, Weichenhan D, Tews B, Reifenberger G, Capper D, Miiller
W, Plass C, Weller M, Wick W for the Neurooncology Working Group (NOA) of the German
Cancer Society (2013) Malignant gliomas of elderly patients have a distinct molecular profile:
an analysis of the NOA-08 study collective. Neurooncol 15(8):1017-1026

Johnson DR et al (2012) Early measures of cognitive function predict survival in patients with
newly diagnosed glioblastoma. Neuro Oncol 14:808-816

Cairncross JG, Wang M, Jenkins RB, Shaw EG, Giannini C, Brachman DG, Buckner JC, Fink
KL, Souhami L, Laperriere NJ, Huse JT, Mehta MP, Curran WJ Jr (2014) Benefit from
procarbazine, lomustine, and vincristine in oligodendroglial tumors is associated with
mutation of IDH. J Clin Oncol 32(8):783-790

Hartmann C, Hentschel B, Wick W et al (2010) Patients with IDH1 wild type anaplastic
astrocytomas exhibit worse prognosis than IDHI1-mutated glioblastomas, and IDH1 mutation
status accounts for the unfavorable prognostic effect of higher age: implications for
classification of gliomas. Acta Neuropathol 120:707-718

Weiler M, Blaes J, Pusch S et al (2014) The mTOR target NDRG1 confers MGMT-dependent
resistance to alkylating chemotherapy. Proc Natl Acad Sci USA 111:409-414

Rohle D, Popovici-Muller J, Palaskas N, Turcan S, Grommes C et al (2013) An inhibitor of
mutant IDH1 delays growth and promotes differentiation of glioma cells. Science 340
(6132):626-630

Schumacher T, Bunse L, Pusch S, Sahm F, Wiestler B, Quandt J, Menn O, Osswald M, Oezen
I, Ott M, Keil M, Balss J, Rauschenbach K, Grabowska AK, Vogler I, Diekmann J, Trautwein
N, Eichmiiller S, Okun J, Stefanovic S, Riemer AB, Sahin U, Friese M, Beckhove P, von
Deimling A, Wick W, Platten M (2014). A vaccine targeting mutant IDH1 induces antitumor
immunity. Nature accepted

Erdem-Eraslan L, Gravendeel LA, de Rooi J et al (2013) Intrinsic molecular subtypes of
glioma are prognostic and predict benefit from adjuvant procarbazine, lomustine, and
vincristine chemotherapy in combination with other prognostic factors in anaplastic
oligodendroglial brain tumors: a report from EORTC study 26951. J Clin Oncol 31
(3):328-336

Wiestler B, Capper D, Holland-Letz T et al (2013) ATRX loss refines the classification of
anaplastic gliomas and identifies a subgroup of IDH mutant astrocytic tumors with better
prognosis. Acta Neuropathol 126:443-451



Current Medical Treatment
of Glioblastoma

Vyshak Alva Venur, David M. Peereboom and Manmeet S. Ahluwalia

Abstract Glioblastoma is the most common adult malignant primary brain tumor.
Despite the advances in therapeutic options, survival of patients with glioblastoma
remains dismal at 15-18 months. Current standard of care for newly diagnosed
glioblastoma is maximal possible safe resection consistent with the preservation of
neurologic function followed by concurrent temozolomide with radiation and
adjuvant. Treatment options at recurrence include surgical resection with or without
the placement of carmustine wafers, re-irradiation and chemotherapeutics such
as nitrosoureas (lomustine, carmustine) or bevacizumab, a monoclonal antibody
targeting vascular endothelial growth factor (VEGF).
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Targeted therapy
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1 Introduction

Medical therapies are an important component of treatment of glioblastoma.
Adjuvant treatment of glioblastoma consists of temozolomide and radiation therapy.
A number of cytotoxic and targeted agents are used in the therapy of recurrent
glioblastoma. This review will focus on the role of the cytotoxic and targeted
therapies in the management of glioblastoma.

2 Newly Diagnosed Glioblastoma

2.1 Cytotoxic Chemotherapy

A landmark international phase III trial established the role of temozolomide in the
treatment of newly diagnosed GBM [1]. This trial randomized 573 patients with
newly diagnosed GBM to receive either radiotherapy alone or radiotherapy and
concomitant temozolomide followed by six cycles of adjuvant temozolomide. In the
control group, patients received fractionated focal radiotherapy at 2 Gy per fraction
5 days per week, over 6 weeks, for a total dose of 60 Gy. In the experimental arm,
patients received radiotherapy with concomitant temozolomide (75 mg/m? daily for
6 weeks). Patients then received up to six cycles of adjuvant temozolomide
(150-200 mg/m? days 1-5, every 28 days). Two hundred and eighty six patients
received radiotherapy alone while 287 received both radiotherapy and temozolo-
mide. The median survival with radiotherapy plus temozolomide was 14.6 months
compared to 12.1 months with radiotherapy alone. All patients in radiotherapy plus
temozolomide group received prophylaxis for Preumocystis jiroveci pneumonia
with either inhaled pentamidine or oral sulfamethoxazole-trimethoprim during the
concomitant phase. Grade 3—4 hematologic toxicity was noted in 7 % of patients
during the concomitant phase and 14 % of patients in adjuvant phase. Fatigue was
the most common nonhematologic adverse event. The 2-year survival in tem-
ozolomide plus radiotherapy group was 26 % whereas the radiotherapy alone group
was 10 %. The survival advantage persisted at 5 years of follow up, 9.8 % in
temozolomide group were alive at 5 years compared to 1.9 % in radiotherapy alone
group [2].

A companion correlative study that evaluated tumor samples from 206 patients
showed that methylation of the promoter region of the O°-methylguanine DNA
methyltransferase (MGMT) gene in the tumor was associated with superior survival
[3]. O°-methylguanine DNA methyltransferase removes the methyl group from the
06 position of guanine, reversing the cytotoxic effects of alkylating agents, making
the tumor resistant to treatment. The methylation of the promoter region of MGMT
results in inactivation of MGMT making the tumor more susceptible for damage by
temozolomide therapy. Among MGMT-methylated patients, 5-year survival rate
was 14 % in combined group compared to 5 % in radiotherapy alone group.
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Recognizing that a different schedule of temozolomide may overcome chemo-
therapy resistance, alternative dosing schedules of temozolomide have been tried in
the newly diagnosed glioblastoma [4]. A large phase III trial of 833 patients, RTOG
0525 was designed to test the efficacy of dose-dense temozolomide in newly
diagnosed glioblastoma [5]. All patients received the standard concomitant phase of
temozolomide and radiation for 6 weeks after initial surgical resection. In the
adjuvant setting, the patients were randomized to standard adjuvant temozolomide
or dose-dense temozolomide (75-100 mg/m* days 1-21, every 28 days). No sta-
tistically significant difference was seen in median PFS (5.5 months vs. 6.7 months)
or OS (16.6 months vs. 14.9 months) in two arms. This trial confirmed the
importance of MGMT methylation as a prognostic marker as it was associated with
improved OS in both groups. There was increased grade 3/4 toxicity in dose-dense
arm (53 %; P < 0.001), mostly lymphopenia and fatigue.

Strategies to increase the therapeutic ratio of temozolomide, such as the inhi-
bition of DNA repair enzymes such as poly[ADP-ribose] polymerase [PARP] and
base excision repair enzymes are being evaluated. These agents are being combined
with radiation and chemotherapy to increase the cytotoxicity of the combination
approach [6-8]. A cooperative group study of phase I/Il study of iniparib, tem-
ozolomide, and radiotherapy in patients with newly diagnosed malignant glioma
has completed accrual (NCT00687765). There is a planned Alliance study of
veliparib and temozolomide following temozolomide and radiation in patients with
newly diagnosed MGMT-methylated glioblastoma.

2.2 Carmustine Polymer (Gliadel) Wafers

The carmustine polymer wafer is a biodegradable matrix embedded with carmustine
(bis-chloroethylnitrosourea) acting as extended release carrier system. Wafers are
placed in the surgical cavity during tumor resection. They have been FDA approved
for use in newly diagnosed and recurrent GBM during resection. They have not
been compared directly with temozolomide in patients with newly diagnosed
glioblastoma, and there are no data to support a clear survival advantage. A ran-
domized trial compared carmustine polymer wafers to placebo in newly diagnosed
high-grade gliomas [9]. Subgroup analysis showed median survival of 13.5 months
in Gliadel wafers group compared to 11.4 months in placebo group in the 207 GBM
patients; the difference was not statistically significant. Additional toxicities seen in
the carmustine polymer group included cerebrospinal fluid (CSF) leak and intra-
cranial hypertension (5 % vs. 1 % and 9 % vs. 2 % respectively) compared to
placebo.

A recent observational study of 92 patients who underwent carmustine polymer
wafers placement followed by concurrent chemoradiation with temozolomide
reported a PFS and OS of 10.5 and 18.8 months, respectively [10]. Unclear if there
is benefit of the addition of the carmustine wafer to standard chemoradiation.
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2.3 Targeted Therapy

Angiogenesis is a highly regulated process necessary for new blood vessel for-
mation and that occurs as a result of activation of a number of proangiogenic
signaling pathways [11, 12]. Glioblastoma is one of the most vascularized tumors
known, making antiangiogenic therapies a promising strategy [13, 14]. Glioblas-
toma is associated with a high degree of vascular proliferation [15, 16]. This results
in upregulation of proangiogenic factors such vascular endothelial growth factor
(VEGF), fibroblast growth factor (FGF), and platelet-derived growth factor (PDGF)
[13]. Increased expression of VEGF in GBM correlates with increased tumor
aggressiveness and poor survival [17]. Bevacizumab is a humanized monoclonal
antibody that binds to the ligand VEGF-A, and the inhibition of the VEGF nor-
malizes the vasculature of gliomas [18].

Two large randomized phase III trials (RTOG 0825 [19] and AVAglio [20])
examined the efficacy of bevacizumab in combination with radiation and temozol-
omide in patients with newly diagnosed GBM. In RTOG 0825, 637 patients were
randomized to standard temozolomide and radiotherapy (control group-placebo) or
bevacizumab in addition to standard temozolomide and radiotherapy (experimental
group) [19]. Although PFS was increased in the bevacizumab arm (11 months vs.
7.3 months, p = 0.004), the improvement did not meet the prespecified criteria for a
positive study. No difference was found between the two arms for OS (both
16 months). Patients with MGMT methylation had superior PFS and OS (p < 0.001).
Neither the 9-gene signature nor MGMT predicted selective benefit for bevacizumab
treatment, but best prognosis patients (MGMT methylation, favorable 9-gene) had a
worse survival trend with bevacizumab (16 months vs. 25 months, p = 0.08). The
study identified the PRO GBM panel as a gene signature that predicted for benefit
with bevacizumab. However, this needs to be validated in prospective trial.
Increased grade >3 toxicity was seen with bevacizumab group, mostly neutropenia,
hypertension, and thrombo-embolic disease. Results of a quality of life analysis
favored the chemoradiation alone group. Patients who underwent a biopsy were
excluded from the trial due to the requirement of tissue for correlative studies, a
group that may derive the most benefit with treatment with bevacizumab.

In the AVAglio study (Roche/Genentech sponsored), 921 patients were
randomized to receive bevacizumab or placebo in combination with radiation and
temozolomide. The addition of bevacizumab to radiation and temozolomide sig-
nificantly prolonged PFS (HR 0.64, p < 0.0001; median 10.6 months vs. 6.2 months)
as compared to radiation and temozolomide [20]. However, the addition of
bevacizumab did not improve OS (16.8 months vs. 16.7 months, HR 0.88, p = 0.1).
In this study, the patients treated on the experimental arm showed improved quality
of life as measured by five scales of the QLQ-C30 and BN20 survey instruments.
The patients treated on the experimental had longer time off from steroids and
maintained their performance status longer as compared to the control group.

Patients with unmethylated MGMT glioblastoma have inferior outcomes as
compared to those with MGMT-methylated glioblastoma and temozolomide is less
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effective in these patients. Hence the GLARIUS trial eliminated the temozolomide
in the experimental arm. In a phase II trial, 170 patients with unmethylated MGMT
glioblastoma were randomized to bevacizumab with radiotherapy followed by
maintenance bevacizumab and irinotecan (experimental arm) compared to standard
temozolomide during radiation followed by 6 cycles of temozolomide (control arm)
[21]. The progression-free survival at 6 months (primary endpoint) in experimental
arm was superior (72 % vs. 26 %).

Cilengitide (EMD121974), an integrin inhibitor that showed some promise in
recurrent glioblastoma [22, 23], was evaluated in newly diagnosed glioblastoma
trials. In the CENTRIC study, 545 patients with newly diagnosed glioblastoma with
MGMT promoter methylation were randomized to cilengitide in addition to stan-
dard radiation and temozolomide [24]. The overall survival was similar in both
arms (26 months vs. 26 months), and the study did not show any additional benefit
with cilengitide in this patient population [24]. The CORE trial, a three-arm mul-
ticenter phase II trial, randomized patients with unmethylated MGMT glioblastoma
to standard (2 times a week) or intensive (5 times a week) cilengitide in addition to
radiation and temozolomide compared to standard therapy of radiation and tem-
ozolomide (control group) [25]. There was suggestion of benefit of cilengitide with
median OS of 16 months in the standard dose of cilengitide arm compared to the
median OS was 13 months in the control group (HR 0.69; p = 0.033). However, this
drug is not being further developed.

2.4 Summary and Recommendation

For newly diagnosed glioblastoma, we recommend participation in a clinical trial. In
case the patient is not eligible for a clinical trial and has good performance status, we
use 6 weeks of concurrent radiotherapy (60 Gy in 30 fractions) with daily tem-
ozolomide (75 mg/m?) followed by adjuvant temozolomide (150200 mg/m?* day
1-5 every 28 days) for 6 cycles (level 1 evidence). It reasonable alternative to use up
to 12 cycles however no trials have compared 12 versus 6 cycles; RTOG 0525
suggested a benefit for 12 months but the number were heavily weighted for patients
who received 12 months of therapy so hard to interpret. For post-radiation tem-
ozolomide, dose-dense therapy did not show an advantage over the standard 5/28 day
approach (Level 1 evidence). We prefer not to use adjuvant nitrosoureas or car-
mustine polymer wafers (often exclusion criteria for clinical trial participation).

3 Recurrent Glioblastoma

Treatment options for recurrent GBM must be tailored to the individual. Few agents
have proven activity.
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3.1 Cytotoxic Chemotherapy

For patients who recur after initial treatment with temozolomide and who are not
candidates for a clinical trial and have with small tumors that are not very symp-
tomatic, nitrosoureas or nitrosoureas containing regimen is a reasonable approach.
Nitrosoureas such as lomustine, carmustine either as single agents or in combination
—procarbazine, lomustine, and vincristine (PCV regimen) are commonly used in
United States.

In a phase II study of 40 with recurrent glioblastoma patients treated with
carmustine (BCNU) following surgery and standard radiotherapy, a median time to
progression (TTP) of 13 weeks was noted [26]. Progression-free survival at
6 months was 17 %. Response to chemotherapy was a significant prognostic factor
for TTP on multivariate analysis.

Two phase III trials of enzastaurin and cediranib used single-agent lomustine as the
control arm [27, 28]. In the enzastaurin phase II trial, median PFS, PFS-6, and OS of
1.6, 19 %, and 7.1 months respectively were seen in the recurrent glioblastoma
patients in the lomustine arm [27]. In the phase III trial that examined the efficacy of
cediranib, the median PFS and OS with lomustine were 2.7 and 9.8 months, respec-
tively [28]. Based on these data from these two large phase III trials, there has been
renewed interest in using lomustine in the patients with recurrent glioblastoma who
are not eligible for clinical trial or in whom bevacizumab is a not a preferred option.

A trial of 86 patients with recurrent glioblastoma evaluated procarbazine,
lomustine, and vincristine (PCV) [29]. Median PFS of 17 weeks and PFS-6 of 38 %
was seen and 3 patients achieved partial responses (PR). World Health Organization
grade 3/4 hematologic toxicity of 26 % was the most common side effect noted on
this study. Many investigators, however, do not use the PCV regimen in favor of
single-agent lomustine due to the increased toxicity of the combination and the lack
of blood—brain barrier penetration of vincristine.

Dose-dense or dose-intense or metronomic temozolomide has been evaluated in
number of phase II studies of patients with recurrent malignant glioma [30-33]. In
RESCUE study, a phase II study of recurrent malignant glioma, 120 patients were
treated with continuous daily temozolomide, 50 mg/m?*/day [32]. 6-month pro-
gression-free survival (PFS-6) of 24 % was seen in the recurrent glioblastoma group.

3.2 Carmustine Polymer (Gliadel) Wafers

A phase III trial in the setting of recurrent high-grade gliomas enrolled 227 patients
of which 145 had GBM [34]. The 6-month survival was 50 % greater in those
implanted with Gliadel wafers as compared to placebo. Major adverse effects noted
included seizures, cerebral edema, and intracranial infections. Given the hetero-
geneous patient population in this report, the role of carmustine wafers for any
specific high-grade glioma histology is difficult to discern.
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3.3 Targeted Therapies

The earliest report of bevacizumab use was from Dr. Stark-Vance, who treated 21
patients with recurrent high-grade glioma, including 11 patients with glioblastoma,
with bevacizumab and irinotecan [35]. There were one complete response (CR), 8
PR, and 11 stable diseases (SD). The overall response rate (ORR) was 43 %.

The majority of initial clinical trials in high-grade gliomas utilized bevacizumab
in combination with irinotecan based on the original combination regimen used in
colorectal cancer. A phase II trial of 35 patients with recurrent glioblastoma eval-
uated bevacizumab and irinotecan [36]. The PFS-6 of 46 % and OS of 9.7 months
led to a larger multicenter prospective randomized noncomparative trial, the
BRAIN study [37]. In this study, 167 recurrent glioblastoma patients were ran-
domized to treatment with bevacizumab with or without irinotecan. Overall
response rates (ORR) of 38 % versus 28 %, PFS-6 of 50 % versus 46 %, and OS of
8.7 months versus 9.2 months were seen in the combination and bevacizumab alone
arm, respectively. This trial showed improved PFS-6 and ORR compared to his-
torical controls. Bevacizumab use was associated with a steroid sparing effect. In
the NCI 06-C-0064E phase 1I trial, 48 patients with recurrent glioblastoma were
treated with bevacizumab monotherapy, and received irinotecan at progression [38].
In this study, ORR of 35 % and PFS-6 of 29 % was noted, and there was no benefit
of adding irinotecan at progression. Based on the ORR seen in the BRAIN trial and
NCI 06-C-0064E trials, bevacizumab received the US FDA accelerated provisional
approval in recurrent glioblastoma [37, 38]. However, the European regulatory
authority did not approve bevacizumab for use in recurrent glioblastoma due to the
lack of a control arm in these two trials.

Multiple chemotherapy or targeted agents have undergone extensive evaluation
in combination with bevacizumab, primarily in recurrent glioblastoma. These
include combination with etoposide [39], carboplatin [40], temozolomide [41] or
alternative dosing [42] or lower dose [43]. The results of these studies have been
comparable to the bevacizumab arm of the BRAIN study.

Two randomized phase II trials have evaluated the benefit of chemotherapy to
bevacizumab. A phase II trial (CABARET) randomized patients to treatment with
bevacizumab with or without carboplatin. The PFS-6 of 26 % and OS of 6.9 months
for the combination were similar to PFS-6 of 24 % and OS of 6.4 months observed
for bevacizumab monotherapy [28]. In the BELOB study, a Dutch three-arm
multicenter randomized phase II study, 148 recurrent glioblastoma patients were
randomized to bevacizumab, lomustine, or the combination of bevacizumab and
lomustine. The PFS-6 was 16, 13, and 41 %, and the OS at 9 months was 38, 43,
and 59 %, respectively [44]. The combination of bevacizumab and lomustine met
the prespecified primary endpoint of OS at 9 months of 55 % and is undergoing
evaluation in phase III study, EORTC (NCT01290939). Interestingly, the single-
agent arm did far worse than other trials.

A number of agents targeting VEGF have been examined. Cediranib (AZD2171),
an orally administered pan-VEGF receptor inhibitor, showed promising results in a
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single-center phase II study [45]. However, the phase III randomized trial did not
show a statistical improvement in PFS with cediranib either as monotherapy or in
combination with lomustine compared to lomustine alone in recurrent glioblastoma
[46]. A phase II study of VEGF Trap (aflibercept), a recombinantly produced fusion
protein that captures circulating VEGF and CT-322, showed minimal evidence of
single-agent activity in recurrent malignant glioma [47]. Other antiangiogenic agents
evaluated include enzastaurin, an inhibitor of protein kinase C-beta that targets
VEGEF as well as the mTOR pathway [27]. The phase III trial of enzastaurin com-
pared to lomustine in recurrent glioblastoma concluded that enzastaurin did not have
superior efficacy compared to lomustine [27].

Similarly trials targeting epidermal growth factor receptor (EGFR) using agents
such as erlotinib and gefitinib have shown limited activity in recurrent glioblastoma
[48-51]. Irreversible EGFR inhibitors such as afatinib did not show efficacy when
used in alone or combination with temozolomide in recurrent GBM [52]. There is
an ongoing phase II study with second-generation EGFR inhibitor, dacomitinib
(NCTO01112527). Other targeted agents including the mammalian target of rapa-
mycin (mTOR) inhibitor, temsirolimus, and the farnesyl transferase inhibitor,
tipifarnib, have shown minimal activity in recurrent glioblastoma [53-57].

3.3.1 Summary and Recommendation

For recurrent glioblastoma, we recommend participation in a clinical trial. In case
the patient is not eligible for a clinical trial and has good performance status, we
suggest systemic therapy often with a non-bevacizumab regimen such as lomustine.
We use bevacizumab-based regimens for patients with symptoms related to a sig-
nificant component of vasogenic edema or patients who have significant steroid
requirements or intolerance. For patients who need bevacizumab and have not
received lomustine, we prefer the combination of bevacizumab with lomustine
(Level II evidence) (Tables 1 and 2).
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Novel Chemotherapeutic Approaches
in Adult High-Grade Gliomas

Justin T. Jordan and Patrick Y. Wen

Abstract Despite decades of advancing science and clinical trials, average survival
remains dismal for individuals with high-grade gliomas. Our understanding of the
genetic and molecular aberrations that contribute to the aggressive nature of these
tumors is continually growing, as is our ability to target such specific traits. Herein,
we review the major classes of such targeted therapies, as well as the relevant
clinical trial outcomes regarding their efficacy.
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1 Introduction

Despite decades of advancing science and clinical trials, survival remains dismal for
individuals with high-grade gliomas [1]. In 2005, in the setting of ill-defined
treatment strategies with radiation and alkylating chemotherapy agents, the land-
mark publication by Stupp and colleagues changed the standard of care for patients
with glioblastoma. Using concurrent radiation and temozolomide, followed by
adjuvant temozolomide, patients’ overall survival improved from 12.1 to
14.6 months over radiation alone [2]. Further, two-year survival improved from
10.4 % to 26.5 % [2]. This study represents the greatest advancement in modern
neuro-oncology therapy, but still leaves ample room for improvement.

In the years since Stupp’s publication, overall survival numbers have improved
marginally in various centers, though the next great breakthrough in high-grade
glioma care is still on the horizon. Whereas temozolomide remains the backbone of
chemotherapy for these tumors, and other alkylating agents such as lomustine in the
recurrent setting, alternative and targeted chemotherapy approaches remain actively
under investigation. The following is a summary of the major classes of such novel
chemotherapy strategies that have been studied in clinical trials (Fig. 1).

2 Vascular Endothelial Growth Factor

Vascular neogenesis is a pathologic hallmark of glioblastoma, and has been a major
focus of study in neuro-oncology for decades (Tables 1, 2). Angiogenesis is con-
trolled through a complex network of pro- and antiangiogenic blood vessels, and
chief among these is vascular endothelial growth factor (VEGF) and its receptor,
vascular endothelial growth factor receptor (VEGFR).

Capitalizing on this translational knowledge, bevacizumab, a recombinant
humanized monoclonal antibody against VEGF-A, came into the landscape as one
of the first antiangiogenic agents. Based on reported successes in other systemic
cancers, two early phase II studies for recurrent glioblastoma used bevacizumab and
irinotecan (a topoisomerase I inhibitor) and demonstrated 60 % radiographic
response and a 6-month progression-free survival (PFS) of 38-46 % [3, 4]. The
larger randomized phase II BRAIN trial was later performed, evaluating the activity
of bevacizumab with or without iriniotecan in recurrent glioblastoma, and showed
radiographic response in 38 and 28 %, respectively, and 6-month PFS was 50 and
42 %, respectively [5]. Around the same time, a single-arm phase II study of
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Fig. 1 Schematic representing select targeted therapies for which clinical trial results are available
in high-grade gliomas. Edited with permission from Lee et al. “current and future directions for
Phase 1II trials in high-grade glioma.” Expert reviews in Neurotherapeutics. 13(4), 369-387 (2013).
ECM: Extracellular matrix, EGFR: Epithelial growth factor receptor, HDAC: Histone deacetylase,
IDHI: Isocitrate dehydrogenase-1, PDGFR: Platelet-derived growth factor receptor, PML:
Promyelocytic leukemia, VEGFR: Vascular endothelial growth factor receptor

bevacizumab alone was published for recurrent glioblastoma and showed radio-
graphic response in 35 % of patients, and a 29 % 6-month PFES [6]. Based on these
studies, the FDA granted accelerated approval of bevacizumab for recurrent glio-
blastoma, contingent upon subsequent phase III study [7].

In response to this requirement by the FDA, two large phase III, randomized trials
were subsequently published in newly diagnosed glioblastoma. The AV Aglio trial,
an international, industry-sponsored, randomized trial, evaluated bevacizumab
versus placebo in addition to standard chemoradiation with temozolomide [8]. With
co-primary endpoints of PFS and overall survival (OS), the predefined PFS signif-
icance level was met (10.6 vs. 6.2 months), though the target OS significance
endpoint was not met (16.8 vs. 16.7 months) [8]. Simultaneously published, the
RTOG 0825 study was also as a phase III, randomized trial in newly diagnosed
glioblastoma patients. Similar to AVAglio, this was designed to compare bev-
acizumab versus placebo in combination with standard chemoradiation with tem-
ozolomide, with a planned crossover [9]. With co-primary endpoints of PFS and OS,
the bevacizumab arm did not meet either predetermined PFS (10.7 vs. 7.3 months) or
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Table 2 Selected antiangiogenic therapy trials in newly diagnosed high-grade gliomas (Gilbert [9])

Drug Target Combinations | Phase | PFS (0N References
(week) (month)
Bevacizumab VEGF RT + TMZ I 42 62-67 Chinot [8]
Sorafenib VEGFR RT + TMZ I 24 52 Hainsworth
PDGFR (30]
RAF TKI
Cilengitide Integrins RT + TMZ I/1la 32 64 Stupp [44]
avP3
avps
RT + TMZ I 40 79 Nabors [43]
RT + TMZ I 24 69 Nabors [46]
RT + TMZ I 58 113 Stupp [45]

VEGF Vascular endothelial growth factor, VEGFR Vascular endothelial growth factor receptor,
PDGFR Platelet-derived growth factor receptor

OS (15.7 vs. 16.1 months) levels of significance. The studies also evaluated quality
of life measures and durability of functional status, and AV Aglio found benefit from
bevacizumab whereas RTOG 0825 found detriment by the addition of bevacizumab.
Following these mixed results, it is unclear whether the FDA will grant full approval
of bevacizumab and the field anxiously awaits further developments.

Aside from FDA-required study, many additional phase II bevacizumab-based
combination trials have been performed for recurrent glioblastoma [10]. Bev-
acizumab with irinotecan has been reported by several groups, with PFS ranging
from 20 to 24 weeks, and OS from 31 to 42 weeks [3-5, 11]. Bevacizumab and
irinotecan combined with cetuximab (an EGFR inhibitor, see below) was reported
with a PFS of 16 weeks and an OS of 29 weeks [12], and combined with carbo-
platin had a PFS of 23 weeks and an OS of 33 weeks was reported [13]. Combi-
nations of bevacizumab and sorafenib (a multi-targeted tyrosine kinase inhibitor,
see below) had a PFS of 21 weeks and an OS of 36 weeks [14], bevacizumab and
temozolomide had a PFS of 16 weeks and an OS of 37 weeks [15], bevacizumab
and erlotinib (an epidermal growth factor (EGFR) inhibitor, see below) had
18 weeks PFS and 45 week OS [16], and bevacizumab and temsirolimus (an mTOR
inhibitor, see below) had 8 week PFS and 15 week OS [17]. Finally, employing
older chemotherapy drugs, studies of bevacizumab with etoposide had a PFS of
18 weeks and an OS of 46 weeks [18], and with fotemustine had a PFS of 21 weeks
and an OS of 36 weeks [19]. Although these prospective studies are not easily
compared due to their small size, varying regimens and patient populations, the
general consensus has been that no combination reported to date surpasses out-
comes of bevacizumab monotherapy for recurrent high-grade gliomas [20].

Aside from bevacizumab, another means of removing the angiogenic effect of
VEGEF is to remove the ligand itself. Aflibercept is a fusion protein that scavenges
both VEGF and placental growth factor from patients, inhibiting angiogenesis. One
trial of aflibercept has been published in adults with recurrent high-grade gliomas
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and showed moderate toxicity but minimal activity with a PES of 24 weeks for
patients with anaplastic tumors and only 12 weeks for patients with glioblastoma,
suggesting limited utility as a monotherapy in these patients [21]. Further study has,
therefore, not been sought.

3 Integrins

Integrins regulate cell adhesion and are important in tumor growth, invasion, and
angiogenesis [22, 23 ]. Cilengitide is a selective integrin inhibitor, targeting av33
and avP5 integrins, and has been studied in multiple trials for recurrent gliomas.
A phase I study of cilengitide monotherapy for recurrent high-grade gliomas
demonstrated adequate drug tolerability and safety, with sustained tumor responses
that correlated with decreased MRI perfusion [24]. A phase II trial in recurrent
glioblastoma showed modest antitumor results, with an overall survival of
9.9 months and 6-month progression-free survival of 15 %, trending better with
higher doses of medication [25]. In a surgical trial, designed to prove drug delivery
to recurrent glioblastoma, patients received cilengitide for 3 doses before tumor
resection, then continued for up to 2 years after surgery [26]. Cilengitide was
detected in all tumors, demonstrating adequate delivery, but led to a 6-month
progression-free survival of only 12 % [26]. From this, the authors suggested that
combination studies with cilengitide might be more efficacious.

Further, several newly diagnosed glioblastoma trials have been performed with
cilengitide. In a phase II dose-randomized trial of cilengitide plus temozolomide
and radiation in newly diagnosed glioblastoma, comparing to historical controls,
adequate tolerability was found with an average overall survival of 19.7 months,
which was better than 14.6 months in their historical control [27]. Notably, this
benefit was seen regardless of MGMT methylation status. Another single-arm phase
I/IT study of cilengitide with concurrent radiation and temozolomide, followed by
adjuvant cilengitide and temozolomide demonstrated good tolerability with an
overall survival benefit in those patients with MGMT promoter methylation [28].
The follow-up phase III CENTRIC study, however, demonstrated no statistical
benefit of adding cilengitide to standard chemoradiation for MGMT-methylated
patients, with PFS of 10.7 months for control and 13.5 months for cilengitide, and
26.3 month OS in both arms [29]. For newly diagnosed glioblastoma patients
without MGMT methylation, the phase Il CORE study showed a modest survival
advantage in adding cilengitide to standard radiation and temozolomide, with PFS
of 4.1 months for control, 5.6 months for twice weekly cilengitide, and 5.9 months
for five times weekly cilengitide during radiation, then twice weekly cilengitide
thereafter [30]. These poor results ended the development of cilengitide for treat-
ment of high-grade gliomas.
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4 Tyrosine Kinase Inhibitors

Among the largest and most promising classes of antineoplastic agents are tyrosine
kinase inhibitors (TKI) which target receptor tyrosine kinases (RTKs), the phos-
phorylating enzymes that control signaling cascades for cell growth and survival.
The most commonly upregulated or activated RTKs in glioblastoma include epi-
thelial growth factor receptor (EGFR), VEGFR, and platelet-derived growth factor
receptor (PDGFR). Downstream, two of the most constitutively activated pathways
in glioblastoma signal through rat sarcoma (RAS) and phosphatidylinositol 3-kinase
(PI3K), which have activating mutations in up to 88 % of cases [31]. Further,
mutations in inhibitory signaling proteins, such as phosphatase and tensin homolog
(PTEN) and neurofibromatosis 1 (NF1), are commonly seen in glioblastoma and
promote RTK signaling activation and cell survival [31]. By pharmacologically
inhibiting particular RTKs in the aforementioned signaling cascades, downstream
proteins and cell functions may also be inhibited. Many such therapeutics have been
studied and are summarized below (Table 3).

The small molecule inhibitors that make up TKIs are generally orally bio-
available, but many have poor penetration across the blood-brain barrier (BBB) or
are substrates of drug efflux pumps. Additional difficulties with the class include off
target effects, leading to unwanted side effects, as well as drug resistance due to
upregulation of parallel signaling cascades (Table 3).

5 Vascular Endothelial Growth Factor Receptor

With the advantage of oral bioavailability, a large number of VEGFR-targeting
TKIs have been examined in patients with glioblastomas. The hope has been for a
robust antiangiogenic effect, translating into targeted antitumor efficacy, and
improving upon the success of bevacizumab.

Cediranib, a potent VEGFR-targeting TKI, is the most extensively studied of
these. A phase II clinical trial of cediranib alone for recurrent glioblastoma was
initially encouraging, showing a 6-month PFS of 26 %, and radiographic response
in 57 % of patients when measured as >50 % reduction in contrast enhancing
volume [32]. However, in employing the Macdonald criteria, only 27 % radio-
graphic response was seen [32]. A phase III trial of cediranib monotherapy versus
cediranib and lomustine versus lomustine monotherapy showed that the addition of
cediranib to lomustine provided no benefit [33]. Further study of cediranib using
MRI perfusion showed that only a small subset of patients receiving this drug
demonstrated a decrease in perfusion, which was ultimately associated with better
clinical responses [34]. This implies that some patients may respond well to ced-
iranib, but identifying those individuals up-front remains a challenge.



125

Novel Chemotherapeutic Approaches in Adult High-Grade Gliomas

(panunuod)
[88] yuomsurey 09 (14 I woy-dn | AFE + uey ZIAL + LY wuean(peooN JoLw STUIIOIOAH
[8/] uewsse € L 11 JUQLINIDY AUOY
[LL] Tyosaouery 8¢C S 11 JUSLIMOY NNDD qruneseq
[¢,] uopreay 9T 9 I JUALINOIY BINAXOIPAH
[s.] surprelsaq €¢ 11 it JUSLINOY BaINAXOIPAH
[9,] uopreay 61 1 i JUSLINONY BoIAXOIPAH
[cL] puowkey e L II JUSLIMOY QUOTY
[1L] swzey LT AN I oy-dn QUOlY | ¥d4DHdd qruneul]
[G9] sifiseAeIedy| v 01 1 JURLINOY QPIWIO[OZOW ], quunede|
[29] 1s1ery e 01 I JUSLINDOY STWIOTOAH
[19] yory 6€ 8 II JUSLINOY QUOTY quunyen
[9¢] umorg <9 6C 1 oy-dn ZNL + LY
[sS] sopeid 18 €¢ II woy-dn ZINL + L4
[67] woogateaq €C 01 II JUSLIMOY qiuejelos
[G] uopreay AN 14 I JUSLINOY quuneseq
[£S] nydwerysN AN 14 I JUALINOSY snwroIg
[zS] uom AN 8 1 JUSLINDIY STUI[OIISWS
[o1]
J9)oWINSwIoy)eS St 81 I JUALINOY qeWINZIOBAdY
[1G] supuesso[y . (| 87 SNSIOA 7L | 7T SNSIOA Tt I JUALINOOY QUOTE A9{ SNSIOA AdY
[0g] yueg uap uea 1€ SNSIOA 7€ 0] SNSIoA / I JUALINOY NNDY 10 ZJAL SNSI9A U0y MIDF quunopyg
a3e)s
SQOUAIRJY (M) SO M) Sad aseyd AseasI(| suoneurquio)) JERAA Snig

sewor[3 opei3-ySiy ur sI0JIqIYuI ASeury| dUISOIL) JO S[BLI [EJIUI[D PAJO[RS € J[qeL



J.T. Jordan and P.Y. Wen

aprwiojozowa ], Zi L ‘Aderoy) uonerpey y ‘ewoores ey §yy ‘103dadar 10308y
IMOIZ PAALIIP-19[ARId ¥1OAd ‘Pauodar JoN YN ‘urokweder jo o316y uerewiwe]N yO.Lul 103dadal 1010v) (IMOIS [BI[YIOPUT Y/DF ‘QeuINZIoeAdq AFG

[s6] Snsny €€ 9 i} yuoyy-dn LY o1050g
[¥6] [eAoN 43 AN I woy-dn AR SVY qrueyidiy,
[1€] 001 AN 8 1 JUSLINOIY qlusjelos
[L1] uasse Sl 8 11 JUALINOY qeuwnzioeAdg
[68] stueren 61 6 I JUSLINOY QuUOTY SNUWI[OIISW],
a3ess
SAIUAIRJY (M) SO (M) Sadd aseyq AseasI(] suoneurquio)) joSre], Snig

126

(ponunuod) ¢ AqeL,



Novel Chemotherapeutic Approaches in Adult High-Grade Gliomas 127

Vandetanib is a multi-targeted TKI, which mainly affects VEGFR-2, as well as
EGFR. This drug has been evaluated in one small phase I/II trial of recurrent high-
grade gliomas and showed a 6-month PFS of 6.5 % in glioblastomas and 7 % in
anaplastic gliomas, with overall survival of 6.3 months and 7.6 months, respectively
[35]. Combinations of vandetanib with sirolimus and cilengitide have also failed to
show any significant activity.

Sorafenib, another TKI-targeting VEGFR, as well as PDGFR and rapidly acti-
vated fibrosarcoma (RAF), has been investigated in several prospective trials. In
two phase II studies of sorafenib and temozolomide for recurrent glioblastoma,
6-month PFS ranged from 9 to 26 %, with tolerable side effects, but less than robust
antitumor effect [36, 37]. Similarly, when combining sorafenib with bevacizumab
in recurrent glioblastoma, there was no survival advantage above historical controls
of bevacizumab alone [14]. Finally, for recurrent glioblastoma, a phase II study of
sorafenib and erlotinib (EGFR TKI, see below) did not meet its primary objective of
30 % increase in OS compared with historical controls [38]. In newly diagnosed
glioblastoma, adding sorafenib to temozolomide after standard chemoradiation did
not appear to improve efficacy of treatment compared to standard therapy [39].
Finally, a phase I/II trial combining sorafenib and temsirolimus (mTOR TKI, see
below) for recurrent glioblastoma was terminated after the stage I portion due to
lack of activity [40].

Pazopanib, another multi-targeted TKI, inhibits VEGFR, PDGFR, and c-KIT.
A phase II study of pazopanib monotherapy in 35 recurrent glioblastoma patients
was reasonably well tolerated, but did not prolong progression-free survival despite
a moderate amount of radiographic response [41]. Also, a phase II evaluation of
pazopanib and lapatinib (EGFR TKI, see below) was unsuccessful due to excessive
dose-limiting toxicity and lack of efficacy [42].

Tivozanib is another VEGFR-targeting TKI, currently under investigation with
no reported outcomes to date (ClinicalTrials.gov NCT01846871).

Downstream of VEGFR, B-protein kinase C (PKC-f) is involved in both PI3K
and RAS pathways, and is inhibited by enzastaurin. One small phase I study of
enzastaurin in recurrent glioblastoma reported a 5.5-month PFS and an 11.7-month
OS [43]. Further, a phase IIl open-label study comparing enzastaurin versus
lomustine for recurrent glioblastomas was terminated at interim analysis for futility,
with a PFS of 1.5 versus 1.6 months and objective response in 2.9 % versus 4.3 %,
respectively [44].

Following disease progression on a VEGFR-targeting TKI, one small study
showed that using bevacizumab may still have efficacy after relapse. This implies
that, although the biology of tumors may change after exposure to a VEGFR TKI,
subsequent response to bevacizumab may not be ruled out [45, 46].
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6 Epithelial Growth Factor Receptor

Approximately 40-90 % of glioblastomas overexpress epithelial growth factor
receptor (EGFR), and 40-50 % are associated with high-level amplification of the
EGFR gene [22, 47-49]. The relationship of this amplification to downstream
mitogenic pathways, including RAS and PI3K/AKT cascades, makes it a poten-
tially good therapeutic target. Further, approximately 40 % of GBM with EGFR
amplifications also have EGFR mutations, especially EGFRVIII [22]. EGFR-tar-
geted therapies in other cancers such as lung cancer have been clinically effective,
so EGFR TKIs have been an area of active investigation in glioblastoma in recent
years as well.

Erlotinib, the first of these EGFR TKIs, has been examined in several trials.
A phase II trial comparing erlotinib monotherapy to either temozolomide or car-
mustine in recurrent glioblastoma was negative, as control arms did significantly
better than erlotinib, with 6-month PFS of 24 % versus 11.4 %, respectively [50].
Also in recurrent high-grade gliomas, combining erlotinib and bevacizumab has
shown mixed results, with positive findings in small, molecularly targeted patient
population (PTEN retained, VEGF amplified, EGFRVIII positive) [51], but negative
results in larger, more generalized patient populations [16]. Although combination
of EGFR inhibitors with other complementary targeted agents may theoretically be
more effective, these combinations have overall been poorly tolerated. In a phase I/II
study erlotinib and temsirolimus (mTOR TKI, see below) in recurrent high-grade
glioma patients, significant toxicity was encountered and the maximum tolerated
dose of temsirolimus in this combination was less than 10 % of the single-agent
effective dose and no activity was observed with a 6-month PES of only 13 % [52].
Another phase I study evaluating the combination of erlotinib and sirolimus (mTOR
TKI, see below) for recurrent malignant gliomas similarly found significant toxicity
with minimal effect on PFS [53]. Phase I study of combined erlotinib and dasatinib
(PDGFR TKI, see below) in recurrent glioblastoma identified safe doses of both, but
showed no radiographic response and only a 2 % 6-month PES [54]. Finally, a phase
II study of erlotinib and sorafenib in recurrent glioblastoma did not meet its primary
objective of 30 % increase in OS compared with historical controls [29]. In two
newly diagnosed glioblastoma trials, using erlotinib in addition to standard tem-
ozolomide and radiation showed improvement of OS from 14.1 months historical
control to 19.3 months in one study [55], but no significant benefit over historical
control in the other [56].

Given the high frequency of EGFR amplification and mutations in glioblasto-
mas, several authors have attempted to stratify erlotinib outcomes by amplification
status, with a positive correlation in one study [57], but no such correlation in others
[50, 58]. Additionally, patients expressing the variant receptor EGFRVIII showed
stronger responses to erlotinib in early study when PTEN wild type was also present
[59], though this correlation has not been reproducible in other studies [50, 56, 60].

Gefitinib, another EGFR TKI, has been studied in multiple trials of high-grade
glioma. In recurrent glioblastoma, gefitinib monotherapy showed a disappointing
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6-month PFS of 13 % [61]. A phase I study of gefitinib and everolimus (mTOR
inhibitor, see below) in recurrent glioblastoma also found minimal response, with
only one of 22 patients progression free at six months [62]. Similar to erlotinib,
EGFR expression levels apparently did not correlate with responsiveness to this
drug [61], nor did EGFR mutational status [63].

The final EGFR TKI studied in high-grade gliomas is lapatinib, which also
inhibits erbB2. A phase I/Il study of lapatinib monotherapy for recurrent glio-
blastoma was stopped early due to lack of clinical effect, and did not show clinical
correlation with EGFRVIII expression or PTEN loss [64]. Later, a phase I study of
lapatinib and temozolomide in recurrent high-grade gliomas showed moderate
toxicity with still limited effect on PFS and OS, at 2.4 and 5.9 months respectively
[65]. Again, the authors looked at EGFR amplification and EGFRVIII expression
and found no correlation with PFS [65]. A phase I/II evaluation of lapatinib and
pazopanib was negative. Although it did not reach the maximum-tolerated doses in
phase I, phase II pharmacokinetic studies indicated a level of lapatinib that was
subtherapeutic for target blockade [33]. In a proof-of-concept study, after one week
of standard dose lapatinib for recurrent glioblastoma, surgically resected tissue
demonstrated lapatinib sequestration with concentrations greater than the IC50 in
xenograft models, though still below the concentration reported as necessary to
induce cell death in cell lines. Further, evaluation of EGFR phosphorylation levels
in preoperatively treated tumors demonstrated suboptimal target effect by the in-
tratumoral concentrations achieved [66]. Notably, there are data to suggest that first
generation EGFR-targeting TKIs are best efficacious against EGFR kinase domain
mutations as is seen in lung cancers, whereas lapatinib targets EGFR extracellular
domain mutations which are more common in glioblastoma [66]. However,
lapatinib does not achieve adequate concentrations with standard daily dosing, and
so weekly pulse dosing of lapatinib is being examined for greater tissue delivery.

Overall, monotherapy with EGFR TKIs has been disappointing, primarily
because of the poor penetration of the available agents across the BBB. Studies
evaluating pulse dosing to achieve higher C,, in genetically enriched populations,
or newer agents with improved penetration across the BBB such as dacomitinib
which is under study now (ClinicalTrials.gov NCT01112527, NCT01520870), may
potentially be more beneficial.

7 Platelet-Derived Growth Factor Receptor

Another important receptor tyrosine kinase in tumor growth and survival is
PDGFR, which is amplified or mutated in approximately 10 % of glioblastomas
[67]. Tyrosine kinase inhibitors targeting PDGFR include imatinib and dasatinib,
which will be reviewed here, as well as pazopanib, which even more strongly
targets VEGFR and is included in that section (above).

Imatinib, targeting PDGFR as well as several other RTKs (including ABL and
KIT), has been successfully used in several cancers including chronic myeloid
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lymphoma and gastrointestinal stromal cell tumors [68, 69]. In trials for both newly
diagnosed [70] and recurrent GBM [71-73], imatinib has been well tolerated but
had minimal activity alone or in combination with hydroxyurea [74, 75]. The lack
of efficacy may be related to the fact that imatinib is a P-glycoprotein substrate and
has poor penetration across the BBB.

Dasatinib, targeting PDGFR as well as ¢-KIT, ABL, and Scr family kinases, has
also been investigated in recurrent malignant gliomas. A study of dasatinib and
lomustine for recurrent glioblastoma found significant hematologic side effects
leading to suboptimal tolerance among patients, with a PFS of only 1.3 months
[76]. A phase II study of dasatinib monotherapy conducted by the Radiation
Therapy Oncology Group (RTOG 0627) also failed to show any significant benefit
[77]. Finally, a retrospective study evaluated the addition of dasatinib to bev-
acizumab in patients with recurrent glioblastomas who failed bevacizumab therapy,
and found no significant benefit [78]. The Alliance for Clinical Trials in Oncology
is currently evaluating the combination of dasatinib with standard chemoradiation
in newly diagnosed glioblastoma (ClinicalTrials.gov NCT00869401) and with
bevacizumab in recurrent glioblastomas (ClinicalTrials.gov NCT00892177).

8 PI3K/AKT/mTOR

Phosphatidylinositol 3-kinase (PI3K) signaling is activated in the majority of
glioblastoma patients, either as a result of mutations in PI3K subunit genes PIK3Ca
or PIK3R1 (15-20 %) or through loss of the tumor suppressor gene Phosphatase
and Tensin Homolog (PTEN) (40 %) or through activation of receptor tyrosine
kinases such as EGFR (45 %) [22, 79]. This signaling cascade is important for cell
growth, proliferation, and survival. The downstream effectors of PI3K include AKT
and mammalian target of rapamycin (mTOR) which, through mTOR complex
(mTORC)-1 and -2, plays key roles in cell metabolism, survival, cytoskeletal
production, and protein translation. PI3K activation is associated with poor prog-
nosis in glioblastoma [80].

Among PI3K-targeting drugs, one of the most thoroughly studied is buparlisib, a
pan-PI3K inhibitor. In a phase I study of buparlisib monotherapy for recurrent
advanced solid tumors, the drug was well tolerated and demonstrated antitumor
activity [81]. It is notable that among the more common adverse events reported in
this trial, buparlisib was associated with mood disturbance, a new TKI-related side
effect [81]. A phase II study of buparlisib in recurrent glioblastoma patients dem-
onstrated adequate tumor concentrations to inhibit the PI3K pathway (as evidenced
by reduction of phosphorylated AKT), though there were no data to suggest single-
agent efficacy [82]. Ongoing studies with buparlisib include a phase I dose-esca-
lation trial with concurrent standard chemoradiation in newly diagnosed glioblas-
toma (ClinicalTrials.gov NCT01473901), and combination trials for recurrent
glioblastoma with bevacizumab (ClinicalTrials.gov NCT01349660), and carbo-
platin or lomustine (ClinicalTrials.gov NCT01934361).
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Another PI3K inhibitor under study is PX-866 (oncothyreon), a semisynthetic
derivative of wortmannin which irreversibly inhibits PI3K. A phase I study of PX-
866 for advanced solid tumors showed that the drug was well tolerated and 22 % of
patients obtained stable disease [83]. There is an ongoing single-agent phase II
study of PX-866 in recurrent glioblastoma (ClinicalTrials.gov NCT01259869).

Also in the PI3K pathway, mTOR has been a major focus of trials given both the
importance of mTOR for mitogenesis, as well as the dual pathway activation of
mTOR by way of either RAS or PI3K. Rapamycin (sirolimus), the drug for which
mTOR is named, has received little clinical study in glioblastoma. In one proof-of-
concept phase I trial in PTEN-deficient glioblastomas using presurgical dosing of
rapamycin, intratumoral rapamycin concentrations were sufficient in all patients,
though inhibitory effect on mTOR was variable [84]. Markers of tumor cell pro-
liferation were reduced in half of patients after one week of rapamycin, though in as
many patients AKT activation was seen due to lack of negative feedback, and time
to progression was significantly less [84].

Everolimus, another mTOR inhibitor, has been studied in multiple trials. A phase
I study of everolimus and temozolomide in combination with radiation therapy
in newly diagnosed glioblastoma showed acceptable tolerance, and imaging with
FDG-PET showed decreased tumor metabolic activity in a subset of patients [85].
A second, similar phase I study demonstrated low toxicity from everolimus, tem-
ozolomide and radiation in newly diagnosed glioblastoma therapy, [86] and as such
a randomized phase II trial is ongoing (ClinicalTrials.gov NCT01062399). In both
newly diagnosed and recurrent glioblastoma, a phase I study of temozolomide and
everolimus showed low toxicity, with the caveat that enzyme-inducing antiseizure
medications should be stopped with this drug due to increased clearance [87]. In a
phase II study in newly diagnosed glioblastoma patients, concurrent radiation,
temozolomide and bevacizumab were followed by adjuvant bevacizumab and
everolimus [88]. The study was not powered to detect everolimus effect alone, but
rather focused on PFS improvement with this combination in comparison with
standard radiation and temozolomide, which was positive [88].

Temsirolimus, a third mTOR inhibitor, has been also studied in both newly
diagnosed and recurrent glioblastoma. A phase II study of temsirolimus mono-
therapy showed modest radiographic improvement in about one-third of recurrent
glioblastoma patients, with significantly longer time to progression compared to the
two-thirds of patients who did not respond [89]. Also noted here was a correlation
between responders and pretreatment levels of p70s6 tumor levels, suggesting a
potential biomarker for treatment-specific response [89]. A second phase II study of
temsirolimus monotherapy for recurrent glioblastoma showed early disease stability
in about half of patients, but no durable response [90]. Further, in a phase II com-
bination study with bevacizumab, no additional clinical efficacy was seen from
temsirolimus above bevacizumab therapy alone [17]. A phase I/II trial combining
temsirolimus with sorafenib for recurrent glioblastoma was not well tolerated and
showed minimal antitumor activity [31]. In a study of temsirolimus with temozol-
omide and radiation in newly diagnosed glioblastoma, significant toxicity was seen
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with multiple grade 4 infections and immunosuppression, and minimal information
was ascertained in regard to the antitumor effect of the combination [91].

Ridaforolimus, another mTOR inhibitor, showed evidence of crossing the BBB
into tumor tissue, as well as decreasing mTOR activity as reflected by indirect
measurement of decreased phospho-S6 levels. Unfortunately, these pharmacody-
namic changes were not associated with any therapeutic benefit [92].

Although there has been significant interest in inhibiting the mTOR pathway, it
is clear that inhibition of mTORC1 alone is insufficient, in part due to loss of the
feedback inhibition on AKT [84]. Agents that target both mTORC1 and mTORC2
may have greater therapeutic potential and studies with agents such as INK128
(also known as MLNO0128), CC115, CC223 are in progress (ClinicalTrials.gov
NCTO02133183, NCT01353625, NCT01177397).

9 RAS/RAF/MEK/ERK

Signaling through the RAS pathway, most commonly activated by EGFR cell-
surface ligand or by inactivation of the NFI gene, activates downstream kinases
RAF, then Mitogen-activated Erk Kinase (MEK), and finally Extracellular Sig-
nal-Regulated Kinase (ERK), an activator of transcription factors and protein
translation, and represents a potential target in glioblastoma treatment.

Tipifarnib, a farnesyltransferase inhibitor shown to reduce signaling through this
pathway, has been evaluated in several glioblastoma trials. The drug was well
tolerated in phase I studies of newly diagnosed glioblastoma patients [93, 94].
However, a phase II study in newly diagnosed glioblastoma patients did not show
significant benefit when given after resection and before radiation (in an era before
concurrent chemotherapy with temozolomide) [95]. In recurrent high-grade glioma,
tipifarnib showed minimal activity with an average 6-month PFS of 12 %, but the
investigators noted significantly better outcomes among patients not receiving
enzyme-inducing seizure medications [96]. Studies with sorafenib, a weak RAF
inhibitor, have been uniformly disappointing.

There are now numerous RAF, MEK, and even ERK inhibitors in clinical trials.
To date very few have been evaluated in glioblastoma patients because of poor
penetration across the BBB. One ongoing trial evaluates the combination of the
RAF inhibitor, dabrafenib, with the MEK inhibitor, trametanib, in recurrent gliomas
with BRAFv600E mutations (ClincalTrials.gov ID NCT02034110).

10 Promyelocytic Leukemia (PML)

Resistance pathways for mTOR blockade are an ongoing source of research. The
promyelocytic leukemia (PML) gene is a pleiotropic tumor suppressor gene that
produces a nuclear protein complex by the same name, promoting cancer
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senescence and homeostasis [97]. Initially found in leukemia, this protein complex
interacts with the PI3K pathway at many levels, including opposition to AKT
signaling and decreasing mTOR activity through parallel signaling pathways [98,
99]. Arsenic trioxide has been shown to induce degradation of PML, and concurrent
treatment with this compound and mTOR inhibitors has shown positive effects
in vitro [100] and clinical trials with this combination in patients with recurrent
glioblastomas are planned. To date, the only reported clinical trial of arsenic tri-
oxide in high-grade gliomas was a phase I study, combined with temozolomide and
radiation, demonstrating acceptable toxicity and a radiographic response in 35 % of
patients and a promising 37-month overall survival [101]. As such, a phase II study
of this combination is also under way (ClinicalTrials.gov NCT00275067).

11 Isocitrate Dehydrogenase-1 and 2 (IDH-1 and 2)

The Warburg effect, studied since in the 1920s, describes the use of anaerobic
glycolysis by tumors even in the presence of adequate oxygenation, resulting in
generation of fewer ATP molecules, but increased production of other molecules
required for tumor growth [102]. Many oncogenes both promote tumor growth and
also profoundly affect metabolic activity [103]. Two broad categories of oncogene-
associated metabolic effects include pathway-associated enhanced glycolysis, as in
the case of PI3BK/AKT/mTOR, and direct oncogenic mutations in metabolic
enzymes [103]. This second category is best exemplified by isocitrate dehydroge-
nase-1 (IDH-1). In recent tumor sequencing studies, IDH-1 mutations have been
commonly identified in gliomas which are mostly low grade and have a relatively
good prognosis [104, 105]. The most common mutation in IDH-1 is arginine to
histidine at position 132 (R132H) [105]. This leads to a gain of function mutation in
IDH-1, promoting an aberrant metabolic byproduct of 2-hydroxyglutarate (2HG)
[106]. Mutation in IDH-1 has been identified commonly in approximately 60-70 %
of grade II and III gliomas, as well as most secondary glioblastomas, and is highly
correlated with good prognosis [107-109].

Data regarding IDH-1 mutation is still fairly new, so there is limited targeted
therapy research to date. One compound, AGI-5198, was identified to selectively
inhibit IDH-1 R132H and thereby deplete 2HG production, and has been shown to
slow tumor growth in vitro [110]. Further, genes associated with gliogenic differ-
entiation showed less expression after treatment with AGI-5198 [110]. A similar
compound, AG120, is currently in phase I study of IDHI-mutated solid tumors,
including gliomas (ClinicalTrials.gov NCT02073994).
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12 Histone Deacetylase (HDAC)

Histone acetylation is an important mechanism of control over DNA coiling and
uncoiling, and thereby gene expression [111]. By inhibiting histone deacetylase
(HDAC), gene transcription is disrupted which slows cell division and possibly
leads to apoptosis. Vorinostat (SAHA), a second-generation HDAC inhibitor, has
been studied in recurrent glioblastoma in a phase II monotherapy trial [112]. The
trial showed only very modest single-agent activity with a median overall survival
of 5.7 months but confirmed that vorinostat was able to effectively cross the BBB
and increase acetylation of histones H2B, H3, and H4. Notably, thrombocytopenia
was present in a fifth of patients. Later, a phase I study of vorinostat with tem-
ozolomide in recurrent glioblastoma was tolerated well overall, though thrombo-
cytopenia and one related grade 5 hemorrhage were dose-limiting toxicities that
defined the MTD in this study [113]. The ALLIANCE cooperative group and the
Adult Brain Tumor Consortium recently completed a phase I/II trial of vorinostat in
combination with radiotherapy and temozolomide in newly diagnosed glioblastoma
patients, demonstrating acceptable tolerability, though the phase II efficacy infor-
mation has not yet been published (ClinicalTrials.gov NCT00731731) [114].
Another phase I study in glioblastoma combined vorinostat with bevacizumab and
irinotecan [115]. This study found the same MTD for vorinostat, though with less
thrombocytopenia, and secondarily showed an improved progression-free survival
and overall survival compared with vorinostat alone [115]. Phase II studies eval-
uating the combinations of bevacizumab and vorinostat or bevacizumab and pan-
obinostat, another HDAC inhibitor, are ongoing (ClinicalTrials.gov NCT01266031,
NCT00859222).

13 Proteasome

The proteasome is responsible for programmed breakdown of intracellular proteins.
When inhibited, cell-cycle proteins become dysregulated and apoptosis ensues. One
proteasome inhibitor, bortezomib, has been evaluated in high-grade gliomas.
A phase I clinical trial of bortezomib monotherapy for recurrent high-grade gliomas
showed partial responses in only two of 66 patients [116]. In combination with
temozolomide and radiation therapy, another phase I study showed bortezomib was
a safe addition to this regimen and lead to a 15-month overall survival for high-
grade glioma patients [117]. A phase II combination study of vorinostat and
bortezomib was closed early when no patients had a 6-month progression-free
survival [118]. The limited penetration of bortezomib across the BBB likely reduces
potential antitumor activity.
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14 Microtubule

Microtubules, found in the cytoplasm, are a key component of the cytoskeleton and
provide an infrastructure for cellular functions such as mitosis and movement of
secretory vesicles and organelles. Microtubule-stabilizing drugs, therefore, prevent
the normal breakdown of cytoskeletal components during mitosis, and thereby halt
cell division. Paclitaxel, a well-established microtubule-stabilizing chemotherapy,
has been evaluated in high-grade gliomas with limited success. In one dose-esca-
lation study for recurrent high-grade gliomas, 35 % of patients had stable or
improved disease with paclitaxel monotherapy, though toxicity was quite high [119].
Another study in recurrent high-grade gliomas modified paclitaxel doses based on
concurrent enzyme-inducing AEDs, but no objective responses were seen [120].

Conjugated paclitaxel and L-glutamic acid has improved water solubility, and
has also been evaluated in a phase I study combined with temozolomide and
radiation for newly diagnosed glioblastoma. Here, hematologic toxicity was pro-
found and prolonged, making the combination unsafe overall [99]. To further
improve tumor delivery of paclitaxel, and thereby reduce the overall dose neces-
sary, ANG1005 (previously GRN1005) was developed. This is a conjugate of
paclitaxel and Angiopep-2, which is a proprietary peptide sequence that crosses the
BBB through targeting the LDL receptor-related protein 1. A phase I study of this
drug showed good drug delivery to the tumor with a similar toxicity profile to
paclitaxel [121], and a phase II study was recommended at the determined MTD,
which is ongoing (ClinicalTrials.gov NCT01967810).

15 Summary

Preclinical advances in the molecular biology of gliomas have led to the devel-
opment of many targeted chemotherapeutic approaches for the treatment of glio-
blastoma. Despite this progress, several challenges remain steadfastly ahead of
broadly applicable patient benefit. First, poor CNS penetration of chemotherapeu-
tics remains at the forefront of translational difficulties. Many trials are now
including a surgical component to evaluate for drug tumor penetration, as well as
on-target molecular efficacy of new agents. Second, the redundancy of signaling
pathways, as well as coactivation of multiple RTK pathways in glioblastoma, is
prohibitive for single-agent chemotherapy success. Focusing on multiple pathway
blockade, or final common pathways, may be a useful consideration to overcome
this challenge. Finally, the genetic heterogeneity among glioblastomas, a continu-
ally evolving landscape, underscores the importance of prospective tumor geno-
typing prior to trial enrollment, in order to best understand potential successes.

Although glioblastoma remains an incurable disease, with unacceptably poor
prognosis, the advances in targeted therapies reviewed here provide a framework
for future success. Combined treatment strategies and individualized regimens may
well hold the key to increasing PFS and OS.
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Immunotherapy for Malignant Gliomas

Orin Bloch

Abstract Cancer immunotherapy aims to harness the innate ability of the immune
system to recognize and destroy malignant cells. Immunotherapy for malignant
gliomas is an emerging field that promises the possibility of highly specific and less
toxic treatment compared to conventional chemotherapy. In addition, immuno-
therapy has the added benefit of sustained efficacy once immunologic memory is
induced. Although there are numerous therapeutic agents that boost general
immune function and facilitate improved antitumor immunity, to date, immuno-
therapy for gliomas has focused primarily on active vaccination against tumor-
specific antigens. The results of numerous early phase clinical trials demonstrate
promising results for vaccine therapy, but no therapy has yet proven to improve
survival in a randomized, controlled trial. The major barrier to immunotherapy in
malignant gliomas is tumor-induced immunosuppression. The mechanisms of
immunosuppression are only now being elucidated, but clearly involve a combi-
nation of factors including regulatory T cells, tumor-associated PD-L1 expression,
and CTLA-4 signaling. Immunomodulatory agents have been developed to combat
these immunosuppressive factors and have demonstrated efficacy in other cancers.
The future of glioma immunotherapy likely lies in a combination of active vacci-
nation and immune checkpoint inhibition.
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1 Cancer Immunotherapy

Under normal conditions, the immune system scavenges the body not only for
infection, but also for mutations and malignant degeneration of its own cells.
Immune surveillance and immunoediting keeps mutations in check, preventing true
malignancy before it begins [1]. Most systemic cancers arise only when neoplastic
cells escape immune control [2]. It is well recognized that patients with defects in
normal immune function are prone to developing multiple malignancies [3].
Cancer immunotherapy is broadly defined as any therapy that utilizes the
immune system to destroy malignant cells, thereby reestablishing immune control
of tumor growth [4]. Immunotherapy can be passive or active. Passive immuno-
therapy employs administration of antibodies or activated immune cells that target a
specific antigen expressed by the tumor. For example, monoclonal antibodies such
as trastuzumab target the HER2/neu receptor in breast cancer leading to signaling
blockade and arrest of tumor proliferation [5]. Adoptive transfer of modified chi-
meric antigen receptor (CAR) T cells utilizes immune cells that are generated and
expanded ex vivo to attack and destroy malignancies [6]. These passive immuno-
therapy strategies rely on introduction of exogenous immune factors not replicated
by the patient’s own immune system. Their limitation, like any chemotherapeutic
agent, is that efficacy only lasts as long as the agent is given. In addition, they target
a single tumor marker, selecting for growth of tumor cells that do not express this
marker. In contrast, active immunotherapy employs the immune system’s innate
response to the tumor. Active immunotherapy may consist of immunomodulatory
agents that boost already established but insufficient immune responses, or may
involve vaccination against tumor antigens to educate the immune system to rec-
ognize new tumor targets [7]. Active immunotherapy may have a single or multiple
antigenic targets, and can have sustained efficacy long after the therapy is given.
The primary effector of the innate immune response to malignancy is the
cytolytic CD8* T cell (CTL) [8]. Clonal populations of CTLs with T cell receptors
that specifically recognize tumor antigens can bind to class I major histocompati-
bility complexes (MHC) expressing the antigen on the tumor surface. This results in
tumor cell destruction through a variety of mechanisms [9]. Education of tumor-
specific CTLs begins in the peripheral circulation, where antigen presenting cells
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(APC) displaying tumor-specific peptides encounter naive T cells. When this
binding occurs in the presence of the appropriate costimulatory factors, clonal
expansion and activation of tumor-specific T cells results.

Some immunomodulatory agents nonspecifically enhance the natural process of
T cell education and activation/expansion to boost the innate immune response.
Agents such as interleukin-2 (IL-2) facilitate clonal expansion of T cells once
appropriate binding to the APC occurs [10]. IL-2 immunotherapy has shown sig-
nificant promise for the treatment of renal cell carcinoma and melanoma [11, 12].
Other agents such as interferons and toll-like receptor (TLR) agonists, nonspecif-
ically activate proinflammatory pathways in multiple immune cells, resulting in
increased T cell activity [13]. The latest trend in immunotherapy has been modu-
lation of immune checkpoints intended to prevent overactivation of the immune
response and autoimmunity [14]. Agents such as ipilumumab that inhibit CTLA-4
signaling appear to boost T cell-mediated immunity and have shown significant
responses in patients with melanoma [15]. An alternative approach to nonspecifi-
cally boosting immunity, is to direct an immune response against a specific tumor
antigen by vaccination. The first cancer vaccine, which utilized dendritic cells
(DCs) pulsed with antigenic peptides targeting prostate, was approved by the FDA
in 2010 [16]. Tumor vaccines can be generated to target tumor-specific markers,
and have the added benefit of generating immunologic memory for sustained
efficacy even after the vaccination period is over.

1.1 Immunotherapy for Gliomas

Active immunotherapy relies on systemic exposure to tumor-specific antigens and
sufficient costimulus for activation of CTLs. For most systemic cancers, recognition
of tumor antigens occurs naturally as part of routine immunoediting [17]. In con-
trast, the brain is a relatively immune-privileged space, protected behind the blood
—brain barrier (BBB). Rather than being scavenged by DCs, foreign antigen rec-
ognition in the brain is usually left up to resident microglia and astrocytes that
express TLRs [18, 19]. Only once an inflammatory response is initiated and
cytokines are produced by resident cells, does the BBB become permeable to
peripheral immune cells [20]. High-grade gliomas, associated with significant
necrosis and inflammation, are known to be infiltrated by peripheral immune
effector cells [21]. The majority of immune cells in high-grade tumors are mac-
rophages, with T cells representing only 5-10 % of infiltrating cells [22]. Therefore,
unlike most systemic tumors that are recognized by the immune system prior to
escaping immune surveillance, glial tumor antigens may not be recognized by the
peripheral immune system until the tumors have substantially progressed and
become highly inflammatory. Even once high-grade tumors are infiltrated by
immune effectors, it is unclear how well tumor antigens are presented by APCs in
circulation. Therefore, the primary modality of immunotherapy for gliomas to date
has been active tumor vaccination rather than the use of immunomodulatory agents.
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Vaccination ensures that the immune system is educated against tumor-specific
peptides rather than nonspecifically activated.

2 Glioma Vaccines

Numerous vaccines targeting glioblastoma (GBM) have been tested in clinical trials
(Table 1). The various vaccines differ in the antigenic peptides that they target and
the method by which the antigen is delivered to the immune system. Ultimately, a
successful vaccine must deliver a tumor-specific peptide(s) to the patient’s APCs
such that the peptide is displayed on class I MHC and presented to naive T cells in
circulation for education and clonal expansion. This can be accomplished by
delivering tumor cell fragments or naked peptides systemically along with an
immune adjuvant that stimulates uptake by circulating APCs and T cell prolifera-
tion. Alternatively, DCs can be extracted by plasmapheresis and pulsed with tumor
antigens ex vivo. The antigen presenting DCs can then be reintroduced into cir-
culation to activate T cells. Finally, antigens can be delivered to DCs in circulation
using specialized antigen carriers such as heat shock proteins (HSP). Each of these
approaches has been used as a vaccine modality for GBM in a clinical trial.

2.1 Peptide Vaccines

Systemic delivery of tumor-specific peptides or cell fragments can be used to
educate and activate CTLs through uptake and presentation by dermal APCs. The
process of uptake and expression of the antigenic peptides is enhanced by conju-
gating them to immune stimulants, such as keyhole limpet hemocyanin (KLH), and/
or simultaneously administering leukocyte growth factors, such as GM-CSF or
IL-2. The key to this approach is delivering peptides that are significantly expressed
and highly specific for the tumor. Vaccines can be created by selecting antigenic
target(s) and generating synthetic peptides, by extracting specific peptides from
tumor lysates, or by nonspecifically delivering tumor cell lysates with a variety of
antigenic peptides.

The most investigated target of a specific peptide vaccine in GBM is the tumor
variant epidermal growth factor receptor (EGFRvVIII). Amplification and overacti-
vation of EGFR is a common mutation seen in GBM [23]. Approximately 30—40 %
of GBM patients express an aberrant receptor, EGFRVIII, which remains consti-
tutively active regardless of ligand binding, driving cell activity [24]. EGFRVIII is
only expressed by GBM cells, making it an ideal target for vaccine therapy.
A peptide vaccine containing a 14 amino acid antigenic sequence for EGFRvVIII
conjugated to KHL (rindopepimut) has been studied in phase II and III trials for
newly diagnosed and recurrent GBM [25]. In the ACTIVATE trial, 18 patients
received the vaccine and concurrent GM-CSF for newly diagnosed GBM following
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surgical resection and standard concurrent temozolomide chemotherapy and con-
formal radiotherapy (NCT00643097). The median progression-free survival (PFS)
in the study was 12.3 months. In the ACT II trial, 22 patients received the vaccine
after standard therapy and went on to adjuvant temozolomide therapy after pro-
gression (NCT00643097). Median PFS was 15.3 months and overall survival (OS)
was 20.5 months [26]. The primary outcome measure in these trials was PFS, which
faired favorably against historical control data from disease-matched patients with a
median PFS of 6.4 months. These results led to the ACT III study, a phase II trial of
the vaccine following surgery and chemoradiotherapy for newly diagnosed GBM,
given concurrently with maintenance temozolomide (NCT00458601). The primary
outcome for this trial was also PFS, with a median PFS of 12.3 months and a
median OS of 21.8 months. A phase III trial of the EGFRVIII vaccine with adjuvant
temozolomide versus placebo with temozolomide is currently ongoing (ACT 1V;
NCT01480479). Additionally, a phase II trial of the vaccine with bevacizumab
versus bevacizumab alone for recurrent GBM in adults is ongoing (ReACT;
NCT01498328).

In addition to EGFR, a number of other target proteins have been used to
develop peptide vaccines for GBM. A Japanese phase II trial of a peptide vaccine
targeting the Wilms Tumor (WT1) protein in recurrent gliomas demonstrated a
median PFS of 5 months [27]. A phase I trial of a WT vaccine for advanced solid
malignancies including GBM is now underway in the United States. Other phase I
trials targeting a survivin peptide, CMV antigens, and telomerase are ongoing (see
Table 1). The challenge for peptide vaccines with a single target is that their use is
limited to patients who express the target. In the case of EGFRVIII, only 30-40 %
of patients are eligible to receive the vaccine based on target protein expression.
Furthermore, GBM is known to have significant heterogeneity in gene expression
from cell to cell within the tumor [28]. Targeting a single protein may lead to
eradication of all cells expressing that target, but other cells may survive, resulting
in recurrence with selection for tumor that is not recognized by the immune
response. This was demonstrated with the EGFRVIII peptide vaccine in the phase 11
trial [26]. All patients in the trial were histologically proven to have EGFRvVIII
expression at enrollment; however, of the 11 patients in the trial who underwent
biopsy/re-resection at recurrence, 9 of 11 (82 %) had no evidence of EGFRVIII
expression in the recurrent tumor [26]. These results suggest that the vaccine was
effective in eradicating its target, but facilitated selection of a resistant tumor at
recurrence.

To address the concern of limited efficacy with a single antigenic target, a new
generation of multivalent peptide vaccines is now in clinical trials for GBM. The
peptide vaccine SL-701 is a proprietary multivalent vaccine that has been tested for
a mixed group of pediatric high-grade gliomas in a phase I trial with evidence of a
positive immunologic response in 81 % of patients [29]. A phase I/II study is now
enrolling adult patients with recurrent GBM (NCT02078648). The IMA950 plat-
form contains a proprietary group of 11 synthetic HLA-A2 restricted tumor-asso-
ciated peptides (TUMAPs) identified by screening a large number of GBM samples
[30]. This multivalent peptide vaccine is being studied in patients with newly
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diagnosed GBM when given in combination with GM-CSF (NCT01222221). A
phase I/II study of IMA950 in combination with Poly-ICLC is now recruiting
patients as well (NCT01920191). Enrollment in this trial is still limited to HLA-A2
positive patients and it is unclear how many of the target peptides the average
individual patient actually expresses.

2.2 Dendritic Cell Vaccines

In contrast to peptide vaccines that rely on endogenous APCs to uptake and display
the peptide for T cell stimulation, DC vaccines control this crucial step by ex vivo
manipulation. DC vaccines are generated after harvesting a patient’s autologous
DCs by plasmapheresis. Cells are stimulated ex vivo and antigenic peptides are
introduced by pulsing them with DCs in culture. Activated DCs expressing the
antigenic peptides on class I MHC are then reintroduced systemically, facilitating
education of naive T cells. This approach was used for the first cancer vaccine
approved by the FDA, developed for the treatment of prostate cancer [16]. In
comparison to peptide vaccines that can be given “off the shelf”, this personalized
vaccine approach is much more labor intensive and expensive. However, while
peptide vaccines require predetermination of the antigenic target to synthesize the
immune-stimulatory peptide, DCs can be pulsed with selected peptides or whole
tumor lysate, allowing development of a unique, multivalent vaccine targeting the
most highly expressed antigens in a particular patient’s tumor.

A number of early phase clinical trials utilizing DC vaccine for GBM have been
completed and reported (Table 1). The ICT-107 vaccine utilizes a panel of six
HLA-A1/2 restricted peptides known to be highly expressed in glioma stem cells
that are pulsed into autologous DCs for generation of the vaccine. In a small phase I
study, the vaccine demonstrated highly hopeful results in 17 newly diagnosed GBM
patients with a median PFS of 16.9 months and median OS of 38.4 months [31].
This led to a randomized, placebo-controlled phase IIb trial for newly diagnosed
GBM (NCTO01280552). Although not yet published, the results have been reported,
demonstrating that the median OS in 81 vaccine treated patients was only
18.3 months with no significant differences in the treatment and placebo arms.
Other DC vaccines with selected glioma-associated antigens have shown similar
median OS of approximately 18 months in early phase trials with mixed high-grade
gliomas [32].

Capitalizing on the advantages of the DC approach, a number of studies have
utilized whole tumor lysate pulsed into DCs to develop a patient-specific multi-
valent vaccine. Single arm phase I/II trials utilizing this approach in mixed popu-
lations of newly diagnosed and recurrent GBM have demonstrated median PFS of
8—18 months with median OS of 18-34 months [33, 34]. It is difficult to assess
efficacy in these small, single arm trials with mixed populations of newly diagnosed
and recurrent GBM patients, as well as some anaplastic astrocytoma patients. These
trials do, however, clearly demonstrate a robust immune response in the majority of
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patients in response to vaccination [33]. A number of other early phase trials of DC
vaccine with more homogenous populations are currently ongoing (Table 1). In
addition, a phase III, randomized, placebo-controlled trial of the DCVax-L vaccine,
an autologous tumor lysate pulsed DC vaccine, is currently underway for newly
diagnosed GBM patients (NCT00045968). The results of this trial are highly
awaited and will be an important determinant of the viability of DC vaccines for the
treatment of GBM.

2.3 Heat Shock Protein Vaccines

An alternative method to deliver antigenic peptides to APCs for presentation to
naive T cells is the use of heat shock proteins. HSPs are intracellular chaperones
involved in trafficking peptides throughout an active cell. They are ubiquitously
expressed in all cells, but particularly in cells under stress, such as neoplasms.
Members of the HSP family, such as HSP 70 and 96, have specialized mechanisms
to deliver antigenic peptides to APCs for presentation [35]. Peptides bound to HSP-
96 in the extracellular environment can be internalized into endogenous DCs
through the CD91 receptor, resulting in cleavage of the peptide and expression of
the antigen on class I and II MHC [36]. By extracting HSP-96 with its associated
peptides from whole tumor lysate, a personalized polyvalent vaccine can be gen-
erated. HSP vaccines are easier and more cost-effective to produce than DC vac-
cine, while maintaining the personalized polyvalent antigen expression not
available with peptide vaccines.

A heat shock protein peptide complex-96 (HSPPC-96) vaccine has been
developed and tested in newly diagnosed and recurrent GBM in phase I/II trials. In
a phase I study, 11 of 12 vaccinated patients were found to have a significant
peripheral immune response to intradermal vaccination [37]. In a phase II study for
recurrent GBM in 41 patients, median PFS was 5 months and median OS was
10.5 months [38]. The phase II study for newly diagnosed GBM has not been
published, but early results in 46 patients demonstrate a median PFS of 16 months
and median OS of 23.3 months [39]. These single arm results are promising, but
randomized, controlled phase II/III trials are necessary to assess the true clinical
benefit. A phase IIb trial of the HSPPC-96 vaccine with bevacizumab versus
bevacizumab alone for recurrent GBM is currently ongoing (NCT01814813).

3 Immune Modulators

While the results of early phase clinical trials for glioma vaccines demonstrate
promising results, the survival benefit among highly selected patient populations is
on the order of months, rather than years or decades. In most of these trials, a
positive immune-stimulatory response to vaccination has been measured. So, why
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are not the benefits of immunotherapy greater? In general, cancer is known to be
highly immunosuppressive. This is particularly true of gliomas. Multiple studies
have demonstrated that patients with gliomas have reduced leukocyte counts and
impaired leukocyte function, a phenomenon that worsens with the grade of the
tumor [40-42]. The mechanisms of local immunoresistance and systemic immu-
nosuppression are multifactorial, but a few key factors have been identified in GBM
and other cancers.

3.1 Regulatory T Cells

Regulatory T cells (Tregs) are a subclass of CD4™ T cells that exert an immuno-
suppressive effect on APCs and effector T cells through the production of immu-
nosuppressive cytokines such as IL-10 and TGF-b [43]. Tregs (defined as CD4*,
CD25", FoxP3*) are enriched in the blood and tumor of patients with GBM,
establishing an immunosuppressive environment [44—46]. Soluble factors secreted
from the tumor have been shown to recruit and expand Tregs, and therefore the
degree of immunosuppression is proportional to the tumor burden [47]. Experi-
mental depletion of Tregs in animal models of gliomas has been shown to improve
survival [48]. Humanized monoclonal antibodies targeting the alpha subunit of the
IL-2 receptor (CD25) are now available for clinical use. Although developed to
modulate autoimmune diseases, these agents have been used in small pilot studies
for GBM in combination with vaccine immunotherapy to deplete Tregs. When
daclizumab was given to patients with newly diagnosed GBM in combination with
an EGFRVIII peptide vaccine, a significant reduction in Tregs was demonstrated
relative to saline-injected control patients [49]. Additionally, patients with
decreased Tregs mounted a greater humoral response to vaccination, as had been
previously shown in other studies [50]. A phase I study of basiliximab in combi-
nation with a DC vaccine is currently ongoing (NCT00626483).

3.2 CTLA-4

Normal activation of effector T cells involves binding of the specific T cell receptor
to its antigenic target displayed on the MHC of an APC. Activation also requires
binding of a cofactor (B7.1/B7.2) on the APC with its receptor (CD28) on the T
cell. However, B7 can also bind to the CTLA-4 receptor on T cells resulting in the
opposite effect, T cell inactivation [51]. The balance of binding to CD28 versus
CTLA-4 determines the relative activity of systemic T cells. Inhibiting CTLA-4 can
increase overall T cell reactivity and boost systemic immunity [4]. Inhibitors of
CTLA-4, such as ipilimumab, have been shown to modulate the immune response
to cancer in melanoma patients and can successfully improve survival when used as
monotherapy or in combination with vaccines [52]. Although there is limited data
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on CTLA-4 expression in circulating T cells in GBM, the use of ipilumumab in
GBM has been suggested and is part of a 3-arm trial of immunomodulators versus
bevacizumab for recurrent GBM currently in a phase II trial (NCT02017717). Since
Tregs are also known to express high levels of CTLA-4, CTLA-4 inhibitors, may
function in part by modulating Treg activity as well [15].

3.3 PD-L1

T cell activity is also modulated by the immune checkpoint regulator programmed
death ligand 1 (PD-L1), also known as B7 homologue 1 (B7-H1). PD-L1 is nor-
mally expressed on a variety of immune cells and can bind to its receptor, pro-
grammed death 1 (PD-1), on T cells, inducing T cell apoptosis or anergy. It is now
well recognized that expression of PD-L1 on the surface of cancer cells results in
immunoresistance in the tumor microenvironment [53]. Inhibitors of PD-L1 and the
PD-1 receptor have been tested in early phase clinical trials for a variety of
advanced solid organ tumors, demonstrating significant tumor regression in a small
subset of patients [54, 55]. In GBM, expression of PD-L1 on the surface of tumor
cells has been linked to loss of PTEN and overactivation of the PI3(k)-Akt pathway
[56]. Tumor expression of PD-L1 contributes to local immunoresistence in GBM in
a subset of patients with elevated expression [57]. However, most GBM patients are
known to be systemically immunosuppressed with T cell dysfunction in circulation
[41]. Recently, it has been identified that GBM patients also have increased PD-L1
expression on circulating monocytes and tumor-infiltrating macrophages, leading to
a tumor-independent mechanism of immunosuppression [58]. Expression of PD-L1
on circulating monocytes has been shown to correlate with significantly worsened
survival in patients who received the HSPPC-96 vaccine for newly diagnosed GBM
[39]. A phase II trial of nivolumab, a PD-1 inhibitor, is currently ongoing for
patients with recurrent GBM (NCT02017717).

4 Discussion

Immunotherapy for the treatment of cancer offers the possibility of a highly spe-
cific, minimally toxic alternative to chemotherapy, with the benefit of sustained
efficacy provided that immunologic memory is induced. While immunotherapy
comes in many forms, immune recognition of tumor-specific antigens by endoge-
nous exposure or exogenous introduction of antigenic peptides is necessary for
efficacy. Due to the lack of systemic metastasis by gliomas and their immune-
privileged space behind the BBB, it is often believed that active vaccination is
necessary to mount an immune response to gliomas. Nearly all active immuno-
therapy trials of GBM to date have been vaccine trials with or without an immune
stimulating adjuvant. As presented, the results of a number of phase I/II trials for
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glioma vaccines demonstrate moderate improvement in survival as compared to
historical controls. Dramatic effects of glioma vaccines are limited by the challenge
of immunosuppression and local tumor immunoresistance. The mechanisms
underlying the immunosuppression, including expansion of Tregs, CTLA-4
expression, and PD-L1/PD-1 interaction, have just recently been fully elucidated.
Targeting these factors with immune modulating therapy has been successful in
other cancers, but those other tumors are known to metastasize hematogenously and
to be highly immunoreactive at baseline. Although a trial of PD-1 inhibition with
and without CTLA-4 inhibition is currently ongoing for recurrent GBM, it is not
clear that immune checkpoint modulation alone is sufficient to mount a robust
immune response in GBM. More likely, a combined approach of active vaccination
with immunomodulation to boost the response will be the most effective therapy for
gliomas. Such combined therapy is not currently part of any active clinical trial, but
is being planned for a number of vaccine approaches. Immunotherapy for cancer,
and particularly for gliomas, is still in its early stages, but as our understanding of
the critical factors in cancer immunology matures, immunotherapy will likely play a
larger part in the treatment of malignant gliomas.
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Glioblastoma in the Elderly

Marc C. Chamberlain

Abstract There is no generally agreed upon standard of care treatment for elderly
patients (age =70 years) with glioblastoma (GBM). Treatment options range from
supportive care only, radiation therapy (RT) only (most often given in a shortened
hypofractionated schedule), temozolomide (TMZ) chemotherapy only, and the
combination RT + TMZ, followed by post-RT TMZ as is the current standard of
care for younger good performance patients with newly diagnosed GBM.
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1 Introduction

The recently published randomized European Organization for Research and
Treatment of Cancer and National Cancer Institute of Canada trial (EORTC/NCIC)
substantially altered the algorithm for initial treatment of glioblastoma (GBM) [1].
This study of 573 patients demonstrated a statistically significant benefit (as
determined by a 2.5 month improvement in median overall survival [mOS] when
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:;?!:)lfo;y zfg:;tlr(;zl:iiipy Class | Median overall survival 2-year survival
partitioning classification (months) (%)
system 1 58 76

2 37 68

3% 18 35

4% 11 15

5% 9 6

6* 4.5 4

Legend "Class defined by age, performance status, histology,
neurological function and duration of symptoms
*Glioblastoma containing classes

Table 2 Hazard rati
able azarc ration Age, years (number of patients) Hazard ratio P value
by age group in the
EORTC/NCIC trial <50 (171) 0.5 0.001
50-60 (220) 0.63 <0.05
61-65 (*) 0.72 0.096
66-71 (*) 0.8 0.34

*Age 61-71 years total number 173

compared to RT only) for chemotherapy (temozolomide [TMZ] given concurrently
with radiotherapy [RT], followed by 6 monthly cycles of TMZ) in the initial
treatment of good performance patients (Eastern Cooperative Oncology Group
[ECOG] performance 0-2) with GBM. Notably, however, the study design
excluded patients 270 years of age, a group of patients constituting >25 % of all
newly diagnosed GBM [2—4]. Patients over the age of 70 years are most commonly
defined as the elderly, though some definitions include patients aged 65 years and
older. In a recent analysis of the EORTC/NCIC trial study, population stratified by
the Radiation Therapy Oncology Group Recursive Partitioning Analysis (RTOG
RPA) Class, benefit of RT + concomitant and adjuvant TMZ (RT + TMZ) was seen
only in Class 3 and 4 patients (Table 1) [5]. In that more than 50 % of all elderly
patients with GBM are characterized as RTOG RPA Class 5 or 6, RT only until
recently was the standard treatment notwithstanding modest survival results [6, 7].
In that patients over the age of 70 years were not included in the landmark EORTC/
NCIC trial, the question of the applicability of this regimen to patients over the age
of 70 remains controversial. The utility of the EORTC/NCIC regimen of radio-
therapy and concurrent and adjuvant TMZ was never well-defined for older patients
with GBM and as seen in unpublished data from the EORTC Data Center in
Table 2 (personal communication from Dr. James Perry), little benefit of this
treatment strategy is apparent in patients >65 years of age. Currently, there are
several treatment approaches to this demographically enlarging elderly patient
population (Table 3). The diversity of treatments reflects both the limited pro-
spective clinical trials in this patient population as well as a belief that standard of
care (SOC) RT + TMZ followed by TMZ is of benefit, particularly in physiolog-
ically fit elderly patients with good performance [8—11].
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Table 3 Treatment options for newly diagnosed elderly patients with glioblastoma

Treatment Treatment parameters Indication Evidence
Radiation 40 Gy in 15 fractions If MGMT methylation | Evidenced-based
therapy only status not known or
unmethylated
Temozolomide 150-200 mg/m2/day If MGMT promoter Evidenced-based
monotherapy x5 days every 4 weeks methylation is present
Best supportive Impaired performance Not evidenced-based
care status unable to care
for oneself
Combination Standard protocol of Patients with good Not evidenced-based
therapy RT (60 Gy in 30 performance status
fractions) with con- (KPS > 60)
current TMZ followed

by 6 cycles of postra-
diotherapy TMZ

Clinical trial Standard of care Patients with a good Investigational
(RT + TMZ followed performance status therapy
by TMZ) with an (KPS > 60) and having
investigational agent undergone tumor

resection (for tissue
molecular correlates)

Legend MGMT Methylguanine-methytransferase, KPS Karnofsky performance status, RT
Radiotherapy, TMZ Temozolomide, Gy Gray

Age is recognized as the most important prognostic factor for survival in GBM
and survival declines after age 50 (a primary node point identified in the RTOG
RPA classification system) [12]. Furthermore, there is a near linear decline in
survival in patients with GBM greater than 50 years of age [3-5, 8]. Population-
based studies of patients with newly diagnosed GBM show a mOS of 6 months in
elderly patients, which is significantly lower than in younger patients [3, 5-7].

In addition to age, performance status (PS) is considered the second most rel-
evant prognostic factor for survival in patients with GBM. Similar to
patients >70 years of age, patients with markedly diminished or impoverished PS
defined as an ECOG PS > 2 or a KPS < 60 have a mOS of 6 months or less.
Because performance is so strongly correlated with survival, all current and most
recent trials of newly diagnosed GBM only include patients with good performance
status as defined by an ECOG performance score of 0-2 or a Karnofsky perfor-
mance status of >60. These levels of performance imply independence in activities
of daily living.

Two other relevant prognostic factors that are germane to elderly patients with
GBM include tumor content of the DNA damage repair enzyme, methylguanine
methyltransferase (MGMT), and the tumor mutational status of the isocitrate
dehydrogenase 1 (IDHI) enzyme [13-17]. Patients with low tumor content of
MGMT, aresult of epigenetic silencing of the MGMT gene by promoter methylation,
results in tumors with increased susceptibility to alkylator chemotherapy-induced
injury. In elderly patients, the incidence of MGMT promoter methylated tumors is
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either higher (50 % as assessed by the German Glioma Network) or similar to that
seen in younger adult patients (30-40 %) suggesting either no age dependence of
MGMT methylation or possibly an increase with age [18-20]. Regardless MGMT
promoter methylation status does not appear to adversely influence outcome in
elderly patients with GBM. By contrast, I[DHI mutated gliomas currently defined as
so-called secondary GBM, that is a GBM that arises from a lower grade glioma, have
been demonstrated to have a more favorable outcome irrespective of treatment than
the far more common (>90 %) primary GBM that arise de novo. The incidence of
secondary GBM, however, decreases with age and, in contrast to MGMT promoter
methylation, /DH1 mutations are age dependent and only rarely manifest in GBM of
elderly patients (<2 %) [21]. The rarity of IDHI mutated secondary GBM in the
elderly may in part contribute to the above-mentioned poor overall survival.

Germane to treatment of elderly patients with GBM, geriatric oncologists rec-
ognize three categories of elderly patients based upon performance status, medical
comorbidities, and age [22]. Frail elderly patients are defined by age >85 years
(a category considered the oldest old), dependence in one or more activities of daily
living, one or more medical comorbidities and one or more geriatric syndromes
(defined as delirium, dementia, depression, osteoporosis, incontinence, falls, or
failure to thrive). Physiologically, young elderly patients (as assessed by a geriatric
scale) are defined by age <80 years, independence in activities of living, minimal to
no medical comorbidities and no geriatric syndrome. The majority of clinical trials
discussed below primarily relate to this category of elderly patient. The last cate-
gory of elderly patients is those with a compromised PS that are dependent upon
others in most or all activities of daily living. This category of elderly as well as
younger patients with compromised PS is nearly always excluded from clinical
trials due very limited survival.

2 Treatment

Several population-based studies document elderly patients with GBM receive less
therapy than younger patients [3, 6, 7, 11, 23-25]. Of note the majority of published
data on patterns of care in the elderly with GBM are derived before TMZ became
available.

A SEER database analysis of 4,137 patients >65 years of age who were treated
between 1994 and 2002 demonstrated that advancing age was associated with
decreased use of resection, RT and chemotherapy, and with a diminished survival
(mOS 4 months) [10]. A second SEER database analysis on 2,836 patients over the
age of 70 showed that 86 % of patients received some form of treatment, but that
only 46 % of patients underwent both surgery and RT [11]. In addition, another
study reported that the rate of treatment with supportive care only increased with
age [6]. A reason posited for diminished care in the elderly was the concern for
increased toxicity from treatment with increasing age, patient preference, and the
treating physician’s perceived treatment nihilism.
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Until recently, there was a paucity of randomized clinical trials for the elderly
GBM patient population and consequently the most appropriate treatment for this
large cohort of patients with newly diagnosed GBM was ill-defined and contro-
versial (Table 4). Two previous randomized studies in elderly GBM patients
demonstrated that involved field fractionated radiotherapy (RT50: 50 Gy in 28
fractions) is superior to supportive care only (median survival 7 vs. 4 months) and
that conventional fractioned RT (sdRT; total dose 60 Gy in 30 fractions) is com-
parable to hypofractionated RT (hypoRT; 40 Gy in 15 fractions) [6, 7]. These trials
provided evidence to commend in elderly patients with GBM and deemed candi-
dates for treatment that hypoRT should serve as the standard of care for this
subpopulation. Several subsequent retrospective studies suggested an alternative
treatment that is standard dose TMZ (sdTMZ) with deferred RT, however, these
studies constituted low level of evidence [26, 27].

A recent prospective randomized German study (NOA-08 study) compared
up-front TMZ in a dose-dense regimen (ddTMZ is given at 100 mg/m*/day for 7
consecutive days every 14 days) versus conventional fractioned RT (RT60: 60 Gy
in 30 fractions) to elderly patients with high-grade glioma [HGG] (defined as
age >65 years, KPS = 60, and tumor histology GBM or anaplastic astrocytoma)
{median survival 8.6 months vs. 9.6 months} [18]. The primary endpoint was
overall survival and the trial design was that of a noninferiority endpoint. Median
overall survival in the ddTMZ arm was 8.6 months versus 9.6 months in the sdRT
arm demonstrating noninferiority between these two treatment regimens. As a
consequence of this study, an evidence-based conclusion would be that TMZ may
be administered as an alternative to elderly patients with GBM as opposed to sdRT.
What remains unclear notwithstanding the above-mentioned three randomized trials
is how to treat elderly patients with GBM that have an impoverished performance, a
not uncommon situation that accounted in part for the reduced number of patients
enrolled in the NOA-08 trial. Of 584 patients screened for NOA-08, only 373
patients were ultimately treated per protocol, the 209 patients [36 %] deemed
ineligible were primarily due to poor PS. In addition, whether the use of ddTMZ as
used in the NOA-O8 trial is superior compared to the standard 5-day TMZ regimen
(sdTMZ) is unclear. The recently completed Radiation Therapy Oncology Group
study, RTOG 0525 in patients with newly diagnosed GBM demonstrated no sur-
vival benefit to post-RT ddTMZ [19]. Further, the recently completed Medical
Research Council trial of chemotherapy for chemotherapy naive HGG in first
relapse after treatment with surgery and RT showed no benefit to ddTMZ compared
to sdTMZ [28]. Dose dense TMZ as acknowledged by the NOA-08 authors is more
toxic and costly and likely no more efficacious compared to sdTMZ.

The very recently published Nordic randomized trial (342 patients enrolled, 291
randomized) that compared sdTMZ to sdRT to hypoRT (30 Gy in 10 fractions) in
elderly GBM patients (defined as age >60 years and KPS > 50) suggests sdTMZ is
equivalent with respect to survival when compared to the hypoRT and superior to
sdRT (60 Gy in 30 fractions) treatment arm [median survival 8.3 vs. 7.5 vs.
6 months] [29]. Based upon this prospective study, it would appear treatment with
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either sdTMZ or hypoRT is equivalent for elderly GBM patients and importantly
evidenced-based.

In a single arm multi-institutional Phase II study of 70 patients by the French
consortium ANOCEEF (Association de Neuro-Oncologie d’Expression Francaise) in
patients with GBM, age >70 years, 90 % biopsy only and KPS < 70, sdTMZ only
treatment resulted in a median overall survival of 6 months conferring further
evidence of chemotherapy only for newly diagnosed elderly GBM is a valid
treatment [30]. Very recently, a second French ANOCETEF trial in newly diagnosed
elderly patients with GBM assessed the benefit of adding bevacizumab to sdTMZ
and when compared to the above-mentioned ANOCETF trial found no benefit to the
up-front use of bevacizumab in combination with sdTMZ compared to sdTMZ only
[31]. This ANOCEF study appears to recapitulate the large RTOG 0825 and
European AV Aglio trials that compared SOC RT + TMZ with or with bevacizumab
in young good PS patients with newly diagnosed GBM and demonstrated no
overall survival advantage for the up-front use of bevacizumab [32, 33].

In a retrospective series of 233 elderly patients with GBM (median age
74 years), the German Glioma Network concluded MGMT promoter methylation
increases with increasing age, MGMT promoter methylation is prognostic for mOS
but not for progression free survival (PES), MGMT promoter methylated tumors
have improved outcome when treated with alkylator chemotherapy versus RT and
MGMT promoter unmethylated tumors have improved outcome when treated with
RT versus chemotherapy [20]. Additionally, this large series assessed MGMT
promoter methylation by two techniques; the commercially available and most
frequently used methylation specific polymerase chain reaction (MSP) and by
pyrosequencing. Pyrosequencing with >25 % MGMT methylated alleles (50 % all
MSP positive tumors) better defined the cohort of patients most likely to respond to
alkylator chemotherapy versus RT. Lastly, this study suggested that combined
therapy (RT + TMZ) might be superior to TMZ only in the MGMT methylated
group of tumors, whereas there was no added benefit of combination therapy over
RT only in the MGMT unmethylated group of tumors. This latter point recapitulates
results of the EORTC/NCIC trial discussed below.

A commonly recommended and frequently utilized treatment for elderly patients
with GBM is the EORTC/NCIC regimen of TMZ-based chemoradiotherapy fol-
lowed by 6-months of post-RT sdTMZ, a treatment that is established as the
standard of care for patients <71 years of age and with a KPS > 70 [1, 34-41]. Two
recent randomized Phase III RTOG trials, 0525 mentioned above and 0825, a
comparison of the EORTC/NCIC regimen with or without bevacizumab in newly
diagnosed high PS patients with GBM undergoing resective surgery, have not
provided any survival data on specific age cohorts [19, 32]. Consequently, it is
uncertain if the RT + TMZ followed by post-RT sdTMZ regimen offers any benefit
in elderly GMB patients, defined as patients >70 years and perhaps as young
as >65 years of age, as compared to sdTMZ only or hypoRT.



166 M.C. Chamberlain

In a subset analysis of the EORTC/NCIC trial, promoter methylation of the
MGMT conferred a survival benefit suggesting both prognostic and predictive
value of the MGMT promoter methylation status [13]. Importantly, this was con-
firmed prospectively in the RTOG 0525 trial [19]. Both trials suggested approxi-
mately 30 % of all newly diagnosed GBM are MGMT methylated and it is these
patients which appear to gain benefit from the inclusion of TMZ. By contrast, the
role of TMZ in the nonmethylated group is uncertain and lacking alternative
therapies, both methylated and unmethylated GB patients continue to be treated
with RT + TMZ regimen outside of clinical trials [3, 21, 22]. The German NOA-08
study ascertained MGMT methylation in a subset of patients (35 %) and determined
that ddTMZ conferred a benefit with respect to event-free survival (statistically
significant) and overall survival (trend only) compared to sdRT only (median
survival 8.4 vs. 4.6 months) suggesting MGMT determination may be relevant for
treatment decisions in elderly patients with GBM [18]. Similarly, the Nordic trial
assessed MGMT status in 75 % of all patients and demonstrated a survival benefit
in patients with MGMT methylated promoter when treated with sdTMZ as com-
pared to unmethylated MGMT (median survival 9.7 vs. 6.8 months) [29]. MGMT
promoter status (methylated or unmethylated) did not affect survival in patients
treated with either RT treatment arm [28]. This conclusion is similar to that of the
EORTC/NCIC trial and despite which patients with newly diagnosed GBM con-
tinue to be treated outside of clinical trials with RT + TMZ followed by post-RT
sdTMZ [13]. It is unlikely another trial of newly diagnosed GBM will be conducted
comparing RT to RT + TMZ that is powered sufficiently to conclusively demon-
strate that TMZ is beneficial only in MGMT methylated tumors. However, the
German NOA-08 and Nordic trials provide further evidence that TMZ is particu-
larly beneficial in the MGMT methylated tumor subset [41]. A practical issue is
whether an unspecified endpoint that is response of tumors based upon MGMT
methylation status as determined in the German NOA-08 and Nordic trials changes
clinical practice or even clinical trial design. It is worth mentioning that the
determination of MGMT in the seminal EORTC/NCIC trail was a retrospective
analysis, the results of which profoundly influenced treatment of GBM. This is
particularly relevant as the NCIC/EORTC is currently conducting a randomized
trial in elderly patients with GBM defined as patients >65 years of age comparing
hypoRT (40 Gy in 15 fractions) with (concurrent and adjuvant) or without sdTMZ
[42]. The NCIC/EORTC elderly GBM trial included MGMT promoter methylation
as a prospective stratification factor. If upon completion of the trial hypoRT only is
inferior therapy in elderly patients with methylated MGMT tumors, this treatment
arm would then be reserved for elderly patients with unmethylated MGMT tumors
assuming there is no added benefit to combination therapy in this cohort. Response
based upon MGMT methylation status was never powered sufficiently in the
seminal EORTC/NCIC trial to answer the question unequivocally regarding the
benefit of RT + TMZ. Nonetheless, there appears to be compelling evidence that
TMZ adds benefit only to the MGMT methylated cohort of newly diagnosed GBM
suggesting that treatment practice changes to include MGMT methylation deter-
mination when considering either hypoRT or sdTMZ only for elderly patients
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Table 5 Treatment categories of elderly patients with glioblastoma

Category Preferred treatment
Physiologically young (geriatric scale Hypofractionated radiotherapy in unmethylated
assessment) MGMT tumors
Standard dose temozolomide in methylated MGMT
tumors
Frail with good performance Hypofractionated radiotherapy or standard dose

temozolomide only

Compromised performance No treatment or hypofractionated radiotherapy

outside of a clinical trial. Determining a standard of care for elderly patients with
newly diagnosed GBM would constitute a significant achievement and based upon
the NOA-08 and Nordic trials that realization appears closer.

3 Summary

In conclusion, elderly patients with GBM appear at this juncture based upon available
prospective evidence to benefit from either hypoRT or TMZ only with deferred RT
(Table 5) [43]. The benefit if any of combination therapy (RT + TMZ) in the elderly
will be adjudicated in the soon-to-be-completed NCIC/EORTC trial. Because
determination of the tumor promoter MGMT methylation status appears both
prognostic as well as predictive in the elderly, assessment of MGMT methylation is
important in determining best therapy (hypoRT vs. sdTMZ) and consequently should
become a standard practice in the elderly with GBM.
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Palliative and Supportive Care for Glioma
Patients

Tobias Walbert and Kristen Chasteen

Abstract The diagnosis of a brain tumor is a life-changing event for patients and
families. High-grade gliomas are incurable and long-term survival remains limited.
While low-grade glioma patients have better outcomes, their quality of life is often
affected by a variety of symptoms as well. Helping glioma patients improve quality
of life at all stages of illness is an important goal for the interdisciplinary care team.
There is evidence from advanced lung cancer patients that early involvement of a
palliative care team can improve patient’s quality of life, symptom burden, and even
survival and a similar approach benefits glioma patients as well. Patients with high-
grade and low-grade glioma often suffer from significant symptom burden. We
discuss how validated global symptom assessments and symptom-specific screening
tools are useful to identify distressing symptoms. Seizures, fatigue, depression, and
anxiety are some of the more common symptoms throughout the disease course and
should be managed actively. Patients with glioma also have high symptom burden at
the end of life and the majority lose decision-making capacity. Advance care
planning conversations early in the disease course are essential to elicit the patient’s
wishes for end of life care and effective communication with surrogate decision
makers during all stages of the disease helps ensure that those wishes are respected.

Keywords Glioma - Symptom management - End-of-life - Supportive care -
Palliative care - Glioblastoma - Glioma
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1 Introduction

The diagnosis of a brain tumor is a life-changing event for patients and their
families.

Glioblastomas (GBMs) and the majority of anaplastic gliomas are treated with
maximal surgical resection, followed by radiotherapy with concurrent and adjuvant
chemotherapy to the residual tumor and the surrounding brain tissue. Despite this
aggressive approach, long-term survival remains limited for most patients with
high-grade glioma and even those with low-grade glioma often suffer from sig-
nificant neurologic complications of their disease [1-3].

While the primary treatment is geared to extend life and progression-free sur-
vival, there is increasing appreciation by patients, families, and practitioners that
maintaining quality of life is as important as increasing survival time.

Brain tumors can present with many signs and symptoms that have immediate
impact on the patients’ daily lives. These symptoms can be either caused by the
location of the brain tumor or by oncologic treatment (surgery, radiation treatment,
chemotherapy). Active symptom management is essential to not only maintain the
patient’s quality of life but to support caregivers and families as well. Patients’
symptoms and needs might change during the course of the disease. Therefore
proactive and continuous assessment of physical and psychological symptoms is
important to identify those needs. Besides clinical observations, this can be done
with the help of multidimensional patient-reported outcome tools [4]. Outcome
measures developed specifically for brain tumor patients include quality of life
measures such as the EORTC QLQ30 general measure in combination with the
BN20-brain tumor module or the more symptom-assessment-focused M.D.
Anderson Symptom Inventory-Brain Tumor (MDASIBT). The MDASI-BT was
developed specifically to measure multiple symptoms and to assess the symptom
burden in the brain tumor [5].

Neurooncologists with a background in neurology are well prepared to manage
many of the neurological symptoms inflicted by brain tumors such as seizures, pain,
focal weakness, and cognitive impairment; however, it is clearly understood that
brain tumor patients require a multidisciplinary team approach that in addition to
neurooncologists involves neurosurgeons, radiation and medical oncologists, and
physiatrists and specialists in behavioral health and palliative care (PC). Given the
limited survival and complex symptom burden of high-grade glioma patients, it has
been proposed that the involvement of PC and hospice specialists might benefit these
patients [6—8]. PC offers a proactive and systematic approach to manage symptoms
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Table 1 Goals of palliative care [76]

The goals of palliative care include:

* Provides relief from pain and other distressing symptoms

« Affirms life and regards dying as a normal process

* Intends neither to hasten or postpone death

« Integrates the psychological and spiritual aspects of patient care

« Offers a support system to help patients live as actively as possible until death

* Offers a support system to help the family cope during the patients illness and in their own
bereavement

* Uses a team approach to address the needs of patients and their families, including bereavement
counselling, if indicated

» Will enhance quality of life, and may also positively influence the course of illness

« Is applicable early in the course of illness, in conjunction with other therapies that are intended
to prolong life, such as chemotherapy or radiation therapy, and includes those investigations
needed to better understand and manage distressing clinical complications

and to provide an additional layer of support to patients with serious illness
(Table 1). PC should be differentiated from hospice medicine which focuses strictly
on the end-of-life phase. PC is appropriate at any stage in a serious illness, can be
provided along with curative treatment and is not restricted to end-of-life care.

Recently there has been new evidence that the early involvement of PC might
improve symptom detection and management and have a positive impact on the
psychosocial support and end-of-life planning in oncology patients [9]. A recent
single-center, nonblinded randomized controlled trial investigated the role of early
referral to PC in the care of patients with metastatic nonsmall cell lung cancer [10].
Patients who received early integrated outpatient PC and met frequently with a PC
team had meaningful improvements in quality of life and symptom burden as well
as mood. In addition, these patients received improved end-of-life care and had
prolonged survival when compared to patients undergoing standard of care.

However, most brain tumor patients are referred to PC after exhausting all
therapeutic options (median of 28—70 days prior to death) [7, 11, 12]. At this point,
it is unclear if such an intervention would be equally beneficial for patients with
brain tumors given the difference in disease and symptom profile.

2 Symptom Management in Brain Tumors

2.1 Seizures

Epileptic seizures are common in patients with brain tumors and affect between
30-80 % of all patients with brain tumors [13]. Seizures can be potentially life
threatening and can cause significant morbidity especially in patients with otherwise
controlled tumors [14]. The seizure frequency in patients with glioma is generally
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higher in low-grade (WHO grade II) tumors (60-80 %) and less prevalent in
glioblastoma (WHO grade IV) (29-49 %) [13]. Generally, patients with low-grade
glioma and location in the temporal lobe, parietal lobe, or cortex are at greater risk
for seizures than those with tumors in the infratentorial or white matter location.
About 40 % of brain tumor patients present with a seizure as a first symptom and
these patients remain at an increased risk for recurrent seizures despite treatment
with antiepileptic drugs (AEDs) [15]. Despite good seizure control during treat-
ment, up to 86 % of patients suffer from seizures at the end of life [16].

The use of antiepileptic prophylaxis for glioma patients has been investigated in
multiple, mostly retrospective studies [17-20] and is currently not recommended
for patients who have never had a seizure [15]. AED should be tapered off 1 week
after surgery, if a patient has never had a seizure [15].

Once a patient with a brain tumor has had a seizure, long-term treatment with an
AED should be strongly considered as these patients are at increased risk for seizure
recurrence. It is important to consider the pharmacokinetic interactions of AEDs
with anticancer therapeutics. A number of older AEDs such as phenobarbital,
phenytoin, primidone, carbamazepine, and oxcarbazepine induce the cytochrome
450 (CYP450) -dependent hepatic enzymes and consequently increase their own
metabolism and influence the metabolism and efficacy of many commonly used
cytotoxic agents. In addition, these CYP450 inducers might affect the effectiveness
of dexamethasone, which utilizes the same metabolic mechanism [21]. Valproic
acid, however, is a CYP450 inhibitor that might increase therapeutic drug levels of
antineoplastic agents and might have other antineoplastic properties. There have
been several reports of the in vitro as well as in vivo antineoplastic activity of this
histone deacetylase inhibiting antiseizure medication (reviewed in Weller et al.)
[22]. A retrospective (and unfortunately insufficiently powered) analysis of patients
participating in the EORTC/NCIC temozolomide trial for glioblastoma revealed
prolonged survival with use of valproic acid [23]. On the other hand, another
retrospective analysis of patients in the North Central Cancer Treatment Group trial
came to the opposite conclusion. In that study, patients taking enzyme-inducing
AEDs had increased survival [24]. Currently, the true impact of valproic acid on
brain tumor survival remains unclear.

Newer AEDs such as levetiracetam, lacosamide, and zonisamide are not influ-
enced by CYP450 and other metabolic pathways and therefore do not interact with
other agents utilizing these pathways. Side effects are more frequent and pronounced
in brain tumor patients when compared to the general epilepsy population [15, 25].
In the setting of brain tumor patients undergoing active treatment, levetiracetam is
the most studied of the newer generation antiepileptic medications. According to
several studies it has been well tolerated and safe, but possible side effects include
neurocognitive deficits and psychiatric effects [26, 27].

Seizure management in the end-of-life phase of brain tumor patients is crucial
given the high frequency and the fact that epileptic events have been associated
with nonpeaceful death [28]. The optimization in this setting is challenging due to
the fact that many brain tumor patients are unable to swallow or to take oral
medications due to changes in mental status [8]. If oral or intravenous application is
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not warranted, a number of seizure medications can be supplied intramuscularly,
subcutaneously, rectally, or via buccal or intranasal application (See Anderson et al.
for details) [29].

Diazepam especially can be delivered as rectal suppository and the buccal or
intranasal application of midazolam has also been shown to stop seizures [30]. All
these recommendations are either extrapolated from other studies or follow general
guidelines for the treatment of seizures as there are no prospective trials investi-
gating seizure management in the end-of-life phase of glioma patients.

2.2 Fatigue

Fatigue is defined as a persistent sensation of physical, cognitive, or emotional
tiredness that is not linked to any recent activity and that impairs normal function
[31]. Fatigue is a well-recognized problem in oncology and is a prevalent as well as
impairing symptom in brain tumor patients [32]. Patients report impairment due to
fatigue throughout the course of the disease, but it is most prevalent at the time of
radiation therapy. More than 80 % of patients with primary brain tumors report
fatigue at the time of radiation therapy [33]. Symptoms especially appear to
increase toward the end of the 6-week radiation treatment and can last after radi-
ation has been discontinued. Fatigue is not strictly related to tumor grade and one
study showed that 39 % of patients with a low-grade glioma continued to report
severe fatigue more than 8 years after finishing therapy [34]. While the exact
mechanism for cancer-associated fatigue remains unclear, factors associated with a
higher risk for fatigue include older age, female sex, decreased performance status,
and treatment-related factors [32, 35-37].

All patients with fatigue should undergo screening for depression, which can affect
between 16-39 % of patients with brain tumors [38]. Prior to initiating any fatigue-
specific treatment, factors such as pain, anemia, sleep issues, metabolic problems
such as thyroid dysfunction and low Vitamin D and Vitamin B12 levels, and mal-
nutrition should be ruled out. A critical review of the patient’s medication list should
be performed as some frequently used medications such as antiseizure medications
and corticosteroid taper are also known to cause symptoms similar to cancer-induced
fatigue. After addressing these factors, general strategies to manage fatigue should
be implemented (please see Armstrong TS et al. for an excellent review) [35].
Patients are encouraged to implement energy conservation techniques such as pri-
oritization of activities and delegation of more energy intensive activities. Extensive
naps during the day should be avoided to maintain the normal sleep cycle. A variety
of nonpharmacological interventions have been evaluated in other solid tumors such
as breast cancer. Unfortunately, there is a lack of validated interventions for brain
tumor-associated fatigue and especially exercise-based regimens are often of limited
value due to focal neurological deficits. Two large meta-analyses of randomized
controlled trials evaluating exercise for cancer-related fatigue came to the conclusion
that exercise resulted in clinically relevant improvement and might be effective in
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treating fatigue [39, 40]. Successful exercise programs included a focus on walking or
resistance training which can only be applied to a select group of brain tumor patients
without paralysis or weakness. Other nonpharmacologic interventions might include
psychosocial programs focusing on education, stress management, or cognitive-
behavioral interventions [40].

Integrative medicine approaches such as yoga have been successfully employed
in lowering self-reported levels of fatigue [41] and in another study had a positive
impact on inflammation markers, fatigue and vitality [42]. The use of acupuncture
is also frequently mentioned by patients, but conclusive data describing the impact
on cancer-related fatigue remains lacking [43, 44].

Many pharmacologic interventions such as hemopoietic growth factors, corti-
costeroids, antidepressants, and psychostimulants have been evaluated in the gen-
eral solid tumor population, but only the use of stimulants such as methylphenidate
and modafinil have been evaluated specifically in glioma patients [35, 45]. While
earlier open-label studies with methylphenidate and modafanil showed promising
cognitive and functional improvement [46, 47], later randomized-blinded trials
were not able to duplicate these findings [48, 49].

Fatigue is a prevalent and disabling symptom in primary brain tumor patients
with high impact on function and quality of life. Due to the lack of conclusive data
for brain tumor patients, interventions must be chosen individually with consider-
ation of possible side effects.

3 Depression and Anxiety

Depression and anxiety are recognized as frequent and distressing symptoms for
patients with glioma. Estimated prevalence of depression in glioma patients is
15-39 % and anxiety 30—48 % [6, 38, 50]. Functional impairment, prior history of
depression, and female sex are identified as possible risk factors for depression in
patients with glioma [6, 38, 50]. Anxiety is also associated with prior history of
psychiatric illness and female sex [6]. Depression and anxiety are negatively
associated with quality of life, and there is a weak association between depression
and reduced survival [6, 38]. The etiologies of depression and anxiety in glioma are
unknown. There is no convincing evidence to support the hypothesis that tumor or
surgery are direct causes of depression [51].

Diagnosing depression in patients with glioma is challenging since many of the
symptoms in DSM-IV diagnostic criteria for major depressive disorder [52]
(appetite change, sleep change, fatigue, poor concentration, and psychomotor
slowing) could be caused by depression or by glioma and its treatment [51]. In
patients who describe depressed mood or anhedonia, the safest approach is to
assume that other more ambiguous symptoms are also due to depression until
proven otherwise [51, 53]. Depression can also be difficult to distinguish from
normal grief associated with a terminal illness. Hopelessness, worthlessness, guilt,
anhedonia, and active suicidal ideation are useful in distinguishing depression from
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normal grief [53]. The sadness associated with normal grief also tends to come in
waves rather than the pervasive sadness of depression [51]. As an adjunct to the
global symptom assessment tools, the Patient Health Questionnaire-9 (PHQ-9) and
the Hospital Anxiety and Depression Scale-Depression Subscale (HAD-D) have
both been partially validated for use as screening tools for depression in patients
with glioma [54]. Given low positive predictive value of screening, a clinical
interview with collateral information from caregivers is the best way to make the
diagnosis of depression [S1].

There is less guidance for screening and diagnosis of anxiety in glioma patients.
A single question, “How anxious have you felt this week?”” and the Hospital Anxiety
and Depression Scale (HAD) have both been validated as useful screening tools in
cancer patients, followed by clinical interview to make a specific diagnosis [55].

There are no published randomized controlled trials of pharmacologic treatment
to provide guidance in treatment of depression or anxiety in glioma [56]. Based on
evidence in other seriously ill patients and cancer patients [55, 57, 58], selective
serotonin reuptake inhibitors (SSRIs) may be considered as first-line therapy for
treatment of depression [51] and anxiety in glioma patients. Slow titration to
therapeutic doses and monitoring for drug—drug interactions is advised [55]. There
are no prospective data about the safety of SSRIs in glioma patients; however,
retrospective studies have not shown increased toxicity [51]. Unlike bupropion,
clomipramine, high or moderate dose tricyclics, and venlafaxine, SSRIs are also a
good choice for glioma patients as they are not associated with increased seizure
risk in the general population [59, 60]. There is evidence to support the use of
benzodiazepines as effective short-term treatment of anxiety in cancer patients [55],
but they should be used cautiously given the increased risk of delirium [61].
Psychotherapy may have beneficial impacts on symptoms of depression and anxiety
in patients with other systemic cancers [55]; however, the benefit and feasibility in
glioma patients is unknown [51].

4 End-of-Life Care in Brain Tumor Patients

High-grade glioma remains incurable and long-term survival is very limited. Two
recent systematic reviews have investigated symptoms of brain tumor patients in the
end-of-life phase [8, 62] and show that patients suffer from a consistently high
symptom burden [7, 11, 28, 63—65]. Cognitive disturbances, delirium, somnolence,
and aphasia are common with progressive high-grade glioma [62]. The majority of
patients with high-grade glioma lack decision-making capacity in the last month of life
and this capacity decreases even more during the last week before death [12, 28, 66].
Therefore, advance care planning conversations early in the disease course are
essential [8, 62]. Relatives of glioma patients identified absence of transitions between
settings as an important factor in allowing the patient to have a dignified death [67].
Advance care planning helps ensure that end-of-life care matches preferred care [68]
and may help avoid burdensome transitions at the end of life. Completion of an
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Table 2 Early advance care planning conversations— PAUSE” [77]

P Pause in the work of Take a moment to prepare to introduce this part of the
the visit conversation.

“There is something I’d like to put on our agenda today”

A Ask permission to “Could we take a moment to talk about what we should do if

raise the issue you get a lot sicker?”

U | Understand big-pic- “Have you heard about advance directives or living wills?”

ture values “If this disease was getting worse and it looked like time was
short, what would be most important to you?”

S Suggest a surrogate “Have you thought about who would be the best person to
make medical decisions if you were too sick to make them
yourself?”

E | Expect emotion and “This can be tough to talk about”

emphasize “It can be scary to think about things not going well”

advance directive is an important part of advance care planning, but it is not sufficient
to ensure that patients’ wishes are respected. One study found that in 40 % of glioma
patients, physicians were unaware of the patients’ end-of-life preferences, even
though several had an advanced directive according to their relatives [66]. This data
highlights the importance of not just completing a document, but also discussing plans
with the family and the healthcare team. It also serves as a reminder to clinicians to ask
about patients’ care preferences and advance directives.

There are few studies focusing specifically on interventions to improve advance
care planning for patients with high-grade glioma [62]. In one study, patients with
high-grade glioma who watched a video decision support tool were more likely to
avoid CPR [69]. The most effective way to integrate early advance care planning
into the care of all patients with high-grade glioma is unknown and it can be
difficult to find time for advance care planning during busy clinic visits. A helpful
roadmap for advance care planning conversations early in the course of serious
illness is outlined by the acronym “PAUSE” (Table 2) [77]. The goal of the
“PAUSE” roadmap is to allow clinicians to assess whether or not the patient is
ready to discuss advance care planning, begin to understand their goals, encourage
assigning a surrogate decision maker, and provide emotional support. The con-
versation may need to be continued with another member of the interdisciplinary
team or at the next clinic visit.

4.1 Later Goals of Care Discussions

Another communication challenge that clinicians who care for patients with glioma
face is navigating discussions about goals of care when the disease has progressed and
the burdens of further anticancer therapy are beginning to outweigh the benefits.
When oncologists discuss the possibility of discontinuing chemotherapy, they often
have feelings of guilt and failure that they were unable to rescue the patient from
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Table 3 Addressing goals of care for patients late in the disease course (often done with a

surrogate decision maker)—‘REMAP” [77]

R Reframe why the status quo isn’t
working

You may need to discuss serious news
(e.g., a scan result) first

“Given this news, it seems like a good time
to talk about what to do now”

E Expect emotion and empathize

“I can see you’re worried”

“Tell me more about that—what are you
concerned about?”

“Is it ok for us to talk about what this
means?”

M Map goals and values

“If your wife could participate in this
discussion, what would she say?”

“Did your wife ever talk about what we
should do if she got a lot sicker?”

For patients: “Thinking of the time ahead,
what is most important to you?”

A Align with patient’s values

As i listen to you, it sounds like the most
important things are [X, y, z]

P Plan treatments that match patient
values

Here’s what I can do now that will help your
wife get the kind of care she said she
wanted. What do you think about it?

EXTRA | Expect questions about more

treatments

Here are the pros and cons of what you are
asking about

Overall, my experience tells me that more
[x] would do more harm than good at this
point

EXTRA Talk about services that would
help before introducing the word

hospice

We’ve talked about wanting to get more
help for you at home to manage your wife’s
seizures so she doesn’t have to come to the

emergency room

One thing that can help is having a team
come to your house to provide extra
support. The team that could offer the most
support is hospice

impending death [70]. In addition many clinicians worry that discussing end-of-life
care will take away hope; however, most patients want detailed information about
their illness and what to expect [71]. Patients and families do want clinicians to
convey empathy, support, and hope [72]. It is helpful to realize that an entire spectrum
of hope can exist and evolve over time, including hope for cure, hope for living longer,
hope for having time with loved ones, and hope for having a peaceful death [73].
Patients want to establish relationships with clinicians who see them as individuals
[74], and want to trust clinicians with whom they discuss end-of-life concerns [75].
A useful roadmap to meet these patient and family needs in discussing goals of care
late in the disease course is outlined by the acronym “REMAP” [77]. (Table 3) For
patients with glioma, these later conversations will likely often occur with surrogate
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decision makers. A key skill is to ask questions to elicit the patient’s big-picture values
prior to discussing specific treatment plans like stopping chemotherapy or enrolling in
hospice care [70], e.g., “Did your wife ever talk about what we should do if she got a
lot sicker and it looked like time was short?” Eliciting the patient’s values will then
allow clinicians to recommend a care plan that is tailored to meet the patient’s goals.

5 Conclusion

Many patients with glioma have very limited life expectancies and may suffer from
high symptom burden. Interventions to improve quality of life should be a focus of
care along with life-extending therapies at all stages of illness. Seizures, fatigue,
depression, and anxiety are some of the common distressing symptoms that can
occur. There are validated global assessment tools and more specific symptom
assessment tools that can be used for initial screening in all patients with glioma.
Unfortunately, there is a lack of studies evaluating specific strategies to control
symptoms and improve life in this patient population. Extrapolating the data from
studies performed in other cancer patients may help direct management. In addition
to symptom management, effective communication is also essential to promoting
quality of life in patients with glioma. Since the majority of glioma patients lack
decision-making capabilities in the last month of life, advance care planning con-
versations early in the disease course are essential. Effective communication with
surrogate decision makers during the later stages of the disease helps ensure that the
patient’s wishes are respected.
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