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Preface

Malignant gliomas remain one of the most difficult types of tumors to treat,
with a relatively poor prognosis with current standard of care. Thus, treat-
ment paradigms rely on a multidisciplinary clinical effort that encompasses
the expertise of dedicated neurosurgeons, neuro-oncologists, radiation
oncologists, neuropathologists, and radiologists. This combined clinical
focus from a number of specialties reflects the importance of the combined
effort from each of these disciplines for providing patients with the latest
advances in care.

More recent observations from translational research have underscored the
difficulty with treatment of these tumors due to their profound heterogeneity
at the biological level and have identified specific genomic and pathological
characteristics that correlate with responses to treatment. These findings are
not only changing the way tumors are classified, but also ultimately treated,
both on initial care and at the time of recurrence. While malignant gliomas
remain a therapeutic challenge, the importance of these research findings in
shaping treatment options has changed the way clinicians are addressing
patients’ options.

The aims and scope of this study is to address all the aspects of patient
evaluation and care. This includes new findings in imaging that provide a
better understanding of the extent of the lesion as well as its relationship with
critical neuroanatomic function. The evolution of intraoperative imaging,
functional brain mapping, and technology to identify tumor from brain has
significantly improved the ability of surgeons for safer and more aggressive
tumor removal. More importantly, a better understanding of tumor biology
and genomics has created an opportunity to significantly revise tumor clas-
sification and better select optimal therapy for individual patients. These
more recent findings have directed changes in patient management and have
stimulated novel and innovative treatment options including immunotherapy,
tumor vaccines, antiangiogenic agents, and personalized cancer treatment. In
addition, novel agent delivery techniques offer the potential for increasing the
effectiveness of treatment by delivering active agents directly where they are
needed most. Radiation therapy has been a standard of care for malignant
brain tumors, and recent attempts to improve the efficacy of this modality are
helping to reduce morbidity while improving outcomes.

v



Therefore, a comprehensive overview of the state-of-the-art treatment for
malignant gliomas, organized by subspecialized discipline, will prove useful
by updating physicians on new therapeutic paradigms and what is on the
horizon for the near future. This study will be informative for surgeons,
oncologists, neurologists, residents, and students who treat these patients and
those who are training for a career in managing patients with these chal-
lenging tumors.

New Haven, CT, USA Jennifer Moliterno Günel, MD
Joseph M. Piepmeier, MD

Joachim M. Baehring, MD, D.Sc.
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Part I

Molecular and Clinical
Characterization of Gliomas



1Use of Advanced Neuroimaging
(fMRI, DTI/Tractography)
in the Treatment of Malignant
Gliomas

Nicole M. Petrovich Brennan and Andrei I. Holodny

Functional MRI

Task-Based fMRI

Task-based blood oxygen-dependent (BOLD)
fMRI measures relative changes in regional
blood oxygenation during a behavioral task.
Increases in net neuronal activity in a cortical or
subcortical region lead to increased regional
blood flow through specific metabolic signals
that dilate local arterioles. This increase in per-
fusion of oxygenated blood to typically exceeds
the increased metabolic demand, resulting in a
paradoxical rise in oxygen saturation (the frac-
tion of hemoglobin carrying oxygen) within the
capillary bed and draining veins of brain regions
that are neuronally active. Because oxyhe-
moglobin and deoxyhemoglobin differ in their
magnetic susceptibility, rising oxygen saturation
alters the local magnetic field: As oxyhe-
moglobin arrives in the capillary beds, the local
magnetic field becomes more homogeneous, MR
T2* relaxation becomes longer, and MR signal
intensity increases. It is this contrast in T2* sig-
nal between baseline and task periods that is the
basis of the BOLD fMRI mapping. The
activity-driven fMRI signal (or hemodynamic
response function) is transient on the order of

seconds and is small: only approximately a 5%
change from baseline in the healthy brain [1].
A proportionally longer resting epoch is often
used to allow the hemodynamic response to
recover more completely, and task/rest epochs
are repeated and the results averaged in order to
increase the contrast between the two behavioral
states and increase detection of the fMRI signal.

The most common applications of task-based
functional neuroimaging for presurgical planning
of glioma surgery are sensorimotor mapping and
language mapping, with more limited use for
vision and memory systems. Each modality
measured in the brain tumor patient has a unique
set of challenges that will be addressed in detail.
While there are many ways to collect fMRI data,
a typical block-designed clinical scanning para-
digm consists of a baseline resting epoch alter-
nating with a task epoch repeated multiple times
each. In this way, a task-based fMRI scan
demands timed participation from the patient in
behavioral and cognitive tasks that can range
from simple finger tapping to picture naming or
sentence completion.

Resting State fMRI

Where task-based fMRI shows regions of the
brain that are active during a specific task, resting
state fMRI (RS-fMRI) measures spontaneous
low-frequency fluctuations in the BOLD signal at
rest in order to discern patterns of cortical par-
ticipation in spontaneous brain activity [2]. It
reveals regions or networks with temporally

N.M. Petrovich Brennan (&) � A.I. Holodny
Department of Radiology, Memorial Sloan Kettering
Cancer Center, 1275 York Avenue, New York,
NY 10065, USA
e-mail: brennann@mskcc.org

© Springer International Publishing AG 2017
J. Moliterno Günel et al. (eds.), Malignant Brain Tumors,
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correlated variations in BOLD signal. Many
intrinsic networks have been described using this
technique including a somatosensory network
[2], a visual network, an auditory network, a
language network, and a dorsal and ventral
attention network among others [3]. RS-fMRI
not only localizes members of a network, but
also provides a quantitative measure of the
degree of correlation which may relate to the
degree of network participation or “connected-
ness.” This measure has been recently exploited
in a number of pathologies including brain
tumors to study the effects of a tumor on intrinsic
connectivity [4]. While the reliability of these
networks has been demonstrated in control sub-
jects [5], the clinical utility of RS-fMRI is still in
the process of being validated. What follows is a
discussion of both task-based fMRI and
RS-fMRI as they demonstrate different but
complimentary components of brain function in
the presurgical planning toolbox.

Motor Mapping Using fMRI

Among noninvasive brain mapping techniques,
task-based motor mapping by BOLD fMRI has
been subject to the most experimental validation
of sensitivity, predictive value, and reliability [6,
7]. Hirsch et al found 97% sensitivity for the
identification of the primary motor gyrus [8] and

Roessler et al found 100% concordance between
DCS and fMRI motor localization within 10 mm
[9]. Motor mapping using fMRI has proven to
reliably identify rolandic structures even in the
presence of edema and malignant tumor [10] and
has supplanted the need for invasive functional
mapping by direct cortical stimulation or
somatosensory evoked potentials in some
instances [11]. The high reliability of fMRI in
sensorimotor mapping, when compared to lan-
guage or other cognitive functions, may reflect
the relatively large BOLD signals elicited by
sensorimotor tasks [12].

Typical regions requested for motor mapping
in brain tumor patients include the hand, foot,
tongue, and the supplementary motor area
(SMA). In most cases, the central sulcus can be
identified by landmarks on standard anatomic
images and the cortical expansion of the pre-
central gyrus subtending hand motor function is
discernible (the “omega sign”). When land-
marks appear clear, fMRI may provide confir-
mation or may even alert the clinician to a
discrepancy in functional cortical organization.
fMRI is most useful when patients presented
with intrinsically ambiguous anatomical land-
marks and/or when anatomy is distorted by
mass effect from tumor and edema—a common
circumstance among the patient population
referred to functional imaging of motor function
[13, 14] (Fig. 1.1).

Fig. 1.1 Hand motor fMRI activation in a patient with two contrast enhancing tumors that both displace the motor
gyrus and efface the central sulcus. The red line indicates the position of the central sulcus

4 N.M. Petrovich Brennan and A.I. Holodny



An area where functional imaging for neuro-
surgical planning excels is foot motor localiza-
tion. In contrast to the more lateral hand
representation, the foot motor region is less well
defined anatomically (as the central sulcus
sometimes meets the midline and sometimes
does not). As such, foot motor can be difficult to
predict precisely using anatomy alone, more so in
the presence of tumor. Further, mapping of foot
motor cortex by intraoperative direct cortical
stimulation within the interhemispheric fissure is
often infeasible due to limited access beneath the
sagittal sinus. Functional MRI is therefore well
suited to aid the surgeon in pretreatment planning
when a tumor involves or is in the proximity to
the foot motor area. A recent study showed that
raters who were experienced with fMRI were
significantly better at predicting the location of
the foot motor area than raters without [15]. This
study suggests that even when anatomical land-
marks are present, they are not always sufficient
to predict more medial motor regions.

The tongue motor region is located in the
lateral extremity of the motor homunculus.
Anatomically, the central sulcus truncates as it
moves inferiorly and can be difficult to extrapo-
late from more superior/medial localizations
(Fig. 1.2). Thus, if a tumor approaches the infe-
rior aspect of the motor gyrus, tongue motor
mapping with fMRI may be informative.
Because tongue motor cortex is positioned just

posterior to Broca’s area in the dominant hemi-
sphere, it is often mapped in combination with
language and in anticipation of confirmation by
direct cortical stimulation intraoperatively. In this
context, preoperative tongue motor localization
may be useful to guide this portion of intraop-
erative mapping by providing a starting point
where clear speech arrest is expected.

In addition, the tongue motor region is bilat-
erally represented. So, while resection of the
tongue and face motor region will result in cen-
tral facial paresis and/or dysarthria, these deficits
are often transient and recoverable [16]. There-
fore, if fMRI can demonstrate that a tumor is
relatively confined to the tongue motor region, it
may help guide the decision for surgery.

Sensorimotor areas have been successfully
localized using RS-fMRI in the brain tumor
patient. Kokkonen et al. localized sensorimotor
cortices in both brain tumor patients and control
subjects using RS-fMRI and found no differences
in volume, spatial correlation, or temporal cor-
relation [17]. And yet other studies have also
validated RS-fMRI with direct cortical stimula-
tion [4]. Mitchell et al. developed an algorithm to
identify language and motor networks, validated
in tumor patients undergoing both presurgical
fMRI and intraoperative direct cortical stimula-
tion [18]. The RS-fMRI AUC for motor
networks when analyzed pairwise with electro-
cortical stimulation positive sites was 89. This

Fig. 1.2 Tongue motor
fMRI in a patient with a
low-grade glioma. It can be
difficult using anatomy on
MRI alone to determine the
location of inferior motor
regions such as face/tongue

1 Use of Advanced Neuroimaging (fMRI, DTI/Tractography) … 5



finding has been supported by other studies
suggesting that motor gyrus localization for
presurgical planning is particularly feasible using
resting state fMRI [19]. As such there is little
argument that RS-fMRI may prove useful in
localizing primary sensory networks even in the
presence of a brain tumor. Of note, there is lit-
erature to suggest that motor mapping using
fMRI can be performed with accuracy in the
anesthetized patient as well, offering a potentially
valuable adjunct for functional mapping in
pediatrics and in adult populations with limited
capacity for task participation [20].

Supplementary Motor Area

fMRI is commonly used to localize the SMA a
functional designation attributed to the postero-
medial superior frontal region in both hemi-
spheres. This region is particularly amenable to
fMRI localization for glioma surgery as there are
no well-defined anatomical boundaries. The SMA
is segregated into functionally specific regions
with the anterior aspect planning the motor output
of language function and the more posterior
region subserving motor planning. Evidence has
also suggested both somatotopy within the SMA
[21] and a central region between the language
and motor components of the SMA with shared
functionality [22]. The preoperative localization
of tumors in relation to both SMA and the motor
gyrus may be useful in order to predict and
interpret postoperative deficits. SMA injury is
associated with a syndrome of temporary paresis
and dysphasia that can mimic effects of injury to
primary motor and language cortices, but which is
distinguished by a high potential for recovery
within weeks [23]. The mechanisms underlying
SMA syndrome (and its transient nature) are not
clear. A recent study using RS-fMRI suggested
that interhemispheric connectivity decreases in
the immediate postoperative period and ulti-
mately interhemispheric SMA connectivity rises
to higher levels than preoperative measurements.
This gives rise to the possibility that SMA syn-
dromes may result from disrupting interhemi-
spheric connectivity [24].

Language fMRI

Applications of fMRI language mapping in the
brain tumor patient can be segregated into eval-
uations of language laterality and language
localization.

Language Lateralization

Using fMRI to lateralize language was histori-
cally seen as a welcome alternative to the
intracarotid amobarbital procedure (IAP or
“Wada” test). During the IAP, the patient is
tested for language and memory task perfor-
mance while each hemisphere of the brain is
anesthetized separately via angiographically
directed injection of individual carotids or
selected arteries. This invasive test carries a small
risk of significant complications including stroke
[25]. Multiple studies have investigated the
concordance between fMRI and IAP language
lateralization. A meta-analysis of twenty-three
studies showed that the sensitivity and specificity
of fMRI for atypical language dominance (using
IAP as the standard of reference) were 83.5–
88.1%, respectively [26]. This study also showed
that fMRI and IAP showed at least 80% con-
cordance between the two tests in 21 of 23
studies. A separate study reported 10 patients
who underwent anterior temporal lobectomy for
epilepsy in whom preoperative fMRI and IAP
lateralization were discordant. Postoperative
language deficits were more accurately predicted
by the fMRI result in 7 of the patients, and IAP
more predictive in 2 [27].

Discordance between IAP and task-based
fMRI is not surprising, given the significant
variability in both IAP and fMRI task selection,
and MRI image acquisition, analysis, and inter-
pretation. In an attempt to address fMRI task
variability, Rutten et al. have proposed a com-
bined task analysis wherein multiple language
task runs are concatenated and only activations in
common with all language tasks are represented
in the output [28]. In this procedure,
task-dependent activations fall away and, argu-
ably, only language essential regions remain.

6 N.M. Petrovich Brennan and A.I. Holodny



Combined task analyses were more concordant
with IAP than their individual counterparts in all
cases in this study.

A second cause for discrepancy between
fMRI and IAP results is the relatively high
granularity of fMRI mapping and its sensitivity
to nondominant hemispheric activation leading
to more cases of fractional laterality indices [29].
It remains to be seen whether fractional laterality
indices are predictive of deficits.

Lastly, differences between techniques may
partly account for the discordance that is seen not
only between WADA and fMRI, but also
between DCS and fMRI. For example, most
language fMRI is acquired with the patient per-
forming tasks silently in order to avoid head
motion, whereas intraoperative mapping involves
the arrest of vocalized speech. Our group showed
that when tongue movement is added to the silent
speech fMRI mapping protocol, the region of
speech arrest found using DCS encompasses the
fMRI prediction in a way that it does not with
silent speech tasks alone [11]. Mismatches like
this have driven refinement of intermodality
testing protocols.

Language Localization

Localization of peritumoral activations comes
with its own set of caveats. Localizing language
may assist the neurosurgeon in planning a tra-
jectory to a tumor. This can be helpful informa-
tion because both intra-axial and extra-axial
tumors can displace function.

It is important and appropriate here to note that
fMRI activations are thought to represent local field
potentials that include both excitatory and inhibi-
tory components [30]. Some have even argued that
the LFP is a combination of local and distant
sources [31]. Related, a language fMRI map (and
any other fMRI signal) is comprised of both
essential and supportive activations. An essential
activation can be defined as a region critical for a
task and cannot be resected without significant
deficit. A supportive function, if resected, may
impart a minor deficit or none at all. fMRI maps of
language cannot distinguish between the two, and
as a result, DCS is often performed in order to
confirm which fMRI localizations are critical and
which are expendable in the service of the most
complete resection possible (Fig. 1.3).

Fig. 1.3 Language fMRI (Phonemic Fluency) in two
patients with very similar low-grade gliomas. The patients
are similar both in the anatomical location of their tumors
and in the fMRI activation patterns in the middle frontal
gyrus. The patient on the left demonstrated speech

disruption upon direct cortical stimulation of the middle
frontal gyrus fMRI activation loci in the operating room
and the patient on the right did not. This is a key example
of how what is essential fMRI activation for one patient is
not for another

1 Use of Advanced Neuroimaging (fMRI, DTI/Tractography) … 7



Technical Considerations

There are many technical considerations in the use
of fMRI in malignant glioma patients. Of these,
abnormal neovasculature that is inherent to many
glial tumors is one of the most significant.
High-grade gliomas in particular have been shown
to decouple the BOLD fMRI signal from behavior
through dysautoregulation [32]. In such cases, the
measured BOLD response lags the expected
response when compared to the timing of the
stimulus presentation. If not carefully identified,
such an error can lead to false negatives.

Additionally, dysautoregulation poses a par-
ticular risk to language lateralization studies as
lateralization is based on a ratio measure (# Left
Hemisphere Voxels-# Right Hemisphere
voxels/# Left Hemisphere Voxels + # Right
Hemisphere voxels). Ulmer et al show that tumor
suppression of the language-related BOLD signal
could make contralateral fMRI speech signals
take on more significance in the ratio determi-
nation of hemispheric dominance for language
and can erroneously lead to what the authors’
term pseudodominance [33]. Further, decoupling
has been shown to affect RS-fMRI as well as it is
derived from the same vascular signal [34]. The
use of perfusion imaging to identify patients with
tumors that are highly perfused may contribute
by identifying those fMRI scans that are at high
risk for false negatives in regions that are
hyperperfused. Therefore, fMRI in low-grade
tumors where abundant abnormal neovasculature
is less burdensome may be more reliable.

Another technical consideration worth men-
tioning is vascular density. Vascular density
differs between brain regions and will affect
spatial specificity. For example, the temporal
lobe shows regions of both rich and sparse cap-
illary bed density. This variable distribution of
capillaries will affect spatial specificity and may
yield false-negative estimates of function [35].
To the authors’ knowledge, this physiologic
limitation has not been shown to have direct
consequences clinically but it is worth noting as a
potential limitation.

While head motion is an issue for any fMRI
study, it is of particular concern in impaired

patients. Anything that changes the gray-scale
value of the fMRI volume registers as a statistical
difference to most analysis software programs if
it occurs at the right time. If a patient were to
move their head every time, they attempted to
move a paretic limb; for example, the resultant
fMRI map may represent that stimulus-locked
motion and not BOLD perfusion itself. Addi-
tional concern is warranted to use of RS-fMRI
clinically as multiple studies have suggested that
poor motion correction can lead to false-positive
network correlations [36, 37].

Diffusion Tractography

Whereas fMRI measures changes in gray matter
perfusion, diffusion tractography (DTI) uses
water diffusion to estimate white matter tract
directionality. Water diffuses parallel to axonal
fibers and is restricted in the perpendicular
direction. This directionality is termed anisotropy
[38]. With six or more MR gradient measure-
ments, a diffusion tensor (a vector measure) can
be calculated. From the diffusion tensor, the
fractional anisotropy (FA) (a scalar measure)
ranging from zero to one represents the degree of
directionality of a tract. FA is used to infer tract
density and demonstrates anatomical connectiv-
ity (as opposed to functional connectivity that we
saw with RS-fMRI). FA maps are color-coded
2D visual representations of directional water
diffusion (Fig. 1.4), whereas tensor maps are
their 3D counterparts (Fig. 1.5). Some of the
most common tracts mapped in the treatment of
gliomas are the cortico-spinal tracts (motor), the
arcuate fasciculus (language), and the visual
projections. DTI provides more sensitivity to
tract disruption than routine MR imaging where
white matter tracts can appear normal [39].

Cortico-Spinal Tract

Connecting the different regions of the motor
gyrus to the spinal cord, these upper motor
neurons form a large descending bundle that
courses from the medial and lateral cortex
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through the anterior limb of the internal capsule,
into the medulla and ultimately into the spinal
cord. Tumors that impinge upon the
cortico-spinal tract (CST) can cause weakness or
paresis at multiple levels in the descending
pathway. DTI, as a result, may be helpful in
demonstrating displacement relative to a tumor
or when combined with intraoperative DTI and
may be used to update relative positioning of the
CST and the tumor dynamically during surgery
using intraoperative MRI [40, 41].

Arcuate Fasciculus

The Arcuate Fasciculus (AF) is a bidirectional
white matter tract that connects the frontal
(Broca’s area), temporal (Wernicke’s area), and
parietal lobes (Fig. 1.6). Because it spans much
of the language dominant hemisphere, there are
many opportunities for a tumor to interact with it
causing language symptoms ranging from con-
duction aphasias to comprehension deficits
depending on the region of the AF affected [42].

Fig. 1.4 Directionally encoded color FA map in a glioma patient. Red left to right, Green anterior to posterior, Blue
inferior to superior (courtesy of Dr. Kyung Peck, MSKCC)
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High angular resolution diffusion-weighted
imaging (HARDI), a higher order DTI algo-
rithm was recently used in brain tumor patients to
map the AF to successfully predict long-term
language dysfunction. They found that patients
whose language was intact had the preservation
of the AF in common as well as the
temporo-parietal component of the superior lon-
gitudinal fasciculus (P < 001) [43]. As DTI
becomes more refined, the subcomponents of the
AF may be a particularly interesting application

for the use of DTI to predict ever more subtle
iatrogenic speech deficits.

Visual Projections

Visual impairments are common after suprasellar
tumor resections. DTI has been used to determine
the distance between optic tract fibers that in turn
may predict visual outcomes. In a study of
25 patients with suprasellar tumors, the mean

Fig. 1.5 Cortico-spinal tractography in a glioma patient imported into the neurosurgical navigation system. In this
case, the cortico-spinal tract is estimated and converted to a 3D object for intraoperative dynamic navigation
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distance between optic tracts positively corre-
lated with visual improvement 1 week and
3 months after surgery [44]. DTI has also been
used to localize the optic radiations in an effort to
predict or spare function but this is a more
common approach during epilepsy rather than
tumor resection [45].

Limitations

Just as BOLD fMRI is a proxy measure for
neuronal functional so is water diffusion a proxy
measure for white matter bundles. DTI does not
measure white matter bundles directly and its
output is dependent upon the algorithm chosen.
A study investigated the generation of the
cortico-spinal tract using multiple algorithms
(deterministic and probabilistic) and validated
them against subcortical stimulation [46]. This
study showed that HARDI was significantly
more sensitive than standard DTI and proba-
bilistic approaches were more sensitive than
deterministic. Therefore, many centers opt to use
the 2D FA maps over the 3D algorithm-
dependent tractograms unless they have a
methodology that they have extensive experience
using.

Validation has proven more difficult for DTI
than for fMRI. Whereas DCS can easily confirm
or refute fMRI localizations of function, DCS of
subcortical white matter tracts is technically more
challenging with monopolar electrical stimula-
tion often showing more reliable white matter
tract signs than the bipolar stimulation that is
used for cortical mapping [47, 48]. Further, white
matter bundles are not easily visualized during
brain tumor resection without a radiographic aid
and shift of anatomical structures during tumor
resection has hindered validation efforts.

Anything that affects water diffusion will
affect the DTI measurement. Accordingly, edema
is a common hindrance to accurate measures of
diffusivity necessary for DTI tracking in brain
tumor patients. Technical attempts are being
made to enhance current algorithms to be able to
better distinguish between gray matter, white
matter, tumor, and surrounding edema [49].

Lastly, there are efforts to use DTI quantita-
tively to determine whether tumor involves a
tract as evidenced by a drop in relative FA values
in the infiltrated versus the noninfiltrated con-
tralateral tract. One study used FA values in
ipsilateral versus contralateral tracts according to
the equation FA change (DeltaFA(%) =
[FA(lesion) − FA(normal)]/FA(normal) 100%)
[50]. In this study, a positive ratio measure was
likely to be associated with edema and DeltaFA
(%) between 0 and 30% was likely to be asso-
ciated with infiltration. However, field strength
and interscan instability in diffusion measure-
ments have hindered use of quantitative FA
values for diagnostic purposes [51].
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2Molecular Neuropathology
and the Ontogeny of Malignant
Gliomas

Anita Huttner

Introduction

Gliomas are the most common primary
parenchymal central nervous system (CNS) neo-
plasms and form a complex and heterogeneous
group of tumors. The classification, grading, and
treatment of this diverse group of tumors have
been primarily based on morphological criteria,
which introduced a certain degree of interpreta-
tive subjectivity and moreover provided only
suboptimal accuracy for the prediction of treat-
ment response [1]. The discovery of distinct
genetic and epigenetic profiles for various glioma
subtypes not only contributed to improved
understanding of glioma pathogenesis, but also
revealed that certain molecular changes are linked
to therapeutic response and prognosis. The
emergence of molecular signatures challenged the
prognostic value of classic morphological grad-
ing. Consequently, it became a major goal for
contemporary glioma diagnostics to incorporate
molecular advances into routine tumor classifi-
cation, which led to the ‘ISN (International
Society of Neuropathology) Haarlem consensus
guidelines’ and a revised World Health Organi-
zation (WHO) classification for tumors of the
central nervous system in 2016. The new guide-
lines propose a ‘layered’ approach, which com-

bines histological classification, WHO grading,
and molecular biomarkers to establish an ‘inte-
grated’ diagnostic assessment of gliomas [2, 3].

This chapter discusses the classification,
grading, and molecular features of diffuse
malignant gliomas as defined in the revised 2016
WHO classification. It focuses on some of the
practical aspects of integrated glioma classifica-
tion and provides an overview of prognostic and
predictive molecular biomarkers, and their
importance for the diagnosis and management of
malignant gliomas.

2016 WHO Classification—Integrated
Diagnostics

Bailey and Cushing’s first systematic approach to
the classification of gliomas, which was pub-
lished in 1928, laid the foundation for a classi-
fication scheme that was based on the
‘histogenesis’ of brain tumors [4]. The guiding
principle was centered on morphological simi-
larities between tumor cells and various normal
constituent glial cell types under the assumption
that these would give rise to the different types of
glial neoplasms. Subsequent classifications,
including the classifications devised by the WHO
[5], continued to rely on the assessment of light
microscopic criteria for tumor typing and histo-
logical grading and presented the ‘gold standard’
for the diagnosis and management of brain tumor
patients [1, 6]. However, over time, it became
apparent that the pure morphological classifica-
tion of gliomas was associated with considerable
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subjectivity and inter-observer variability, par-
ticularly in the context of tumor heterogeneity
[7]. Furthermore, there is considerable biological
and clinical variability, even within morpholog-
ically well-defined tumor entities, and it becomes
difficult to predict response to therapeutic regi-
mens. Although the morphological classification
has its advantages, there are significant limita-
tions. Over the past decade, numerous molecular
and translational studies have led to the identifi-
cation of critical genetic and epigenetic abnor-
malities in various glioma types [8–11]. They not

only provide insight into glioma pathogenesis
and allow for a more accurate classification, but
also show significant associations with biological
behavior, response to therapy, and prognosis. As
a result, the ‘ISN Haarlem guidelines’ and the
2016 WHO classification break with the tradi-
tional morphologic approach and institute a new
diagnostic concept that merges classic histology
with molecular diagnostic testing to create a
‘layered’ diagnosis (see Fig. 2.1). The layers are
formed by histologic classification (tumor type),
WHO grading (‘malignancy level’), and

Diffuse Astrocytic and Oligodendroglial Tumors

WHO grade II - III WHO grade IV

Lineage
astrocytic, oligodendroglial

ependymal, other

WHO grade IV
Diffuse midline glioma

Growth pattern

cirumscribed/solid

Grade
nuclear atypia, cellular pleomorphism, 
mitoses, microvascular proliferation, 

(pseudopalisading) necrosis

(1) Preliminary Typing and Grading (Histomorphology)

(4) Additional Molecular Alterations

MGMT promoter methylation

TP53 mutantTERTp mutant
CIC mutatnt

FUBP1 mutant TERTp mutant
+7/-10

TP53 mutant
- 10q

HIST 1H3B/C
H3F3A

EGFR amplifcation
EGFRvIII

Oligodendroglioma
WHO grade II or III

IDH mutant
1p19q codeleted

Astrocytoma
WHO grade II or III

IDH wild type

Astrocytoma
WHO grade II or III

IDH mutant

Mixed Oligo- 
astrocytoma

NOS

Glioblastoma
WHO grade IV
IDH wild type

Glioblastoma
WHO grade IV

IDH mutant

Diffuse midline 
glioma

WHO grade IV
H3-K27M mutant

(3) Final Integrated Diagnosis

IDH mutant IDH  wild type

H3-K27M mutant

1p19q codeleted

Nuclear ATRX 
retained

IDH mutant

1p19q intact

Nuclear ATRX 
lost

Nuclear ATRX 
retained

Nuclear ATRX 
retained or lost

1p19q intact 1p19q intact 1p19q intact

Nuclear ATRX 
retained

Nuclear ATRX 
lost

IDH  wild type IDH mutant

1p19q intact

IDH  wild type

(2) Molecular Testing

IDH mutant or WT

Nuclear ATRX 
retained or lost

1p19q codeleted 
or intact

Fig. 2.1 The panels display the new ‘layered’ approach
to the diagnosis of malignant gliomas as suggested by the
‘ISN (International Society of Neuropathology) Haarlem
consensus guidelines’ and revised World Health Organi-
zation (WHO) classification. The light microscopic eval-
uation of gliomas begins the process of glioma
classification and grading according to 2016 WHO
standards (Preliminary Typing and Grading). Included
are lineage-specific immunohistochemical stains such as
GFAP. A second step involves molecular

testing/biomarker detection for further subclassification
and stratification. The results of both, morphology and
biomarker analysis, are combined into a ‘final integrated
diagnosis’. Certain mutational profiles appear to be
mutually exclusive and define tumor lineages: The
combination of IDH1/1p19q/TERT defines oligoden-
drogliomas, whereas the combination of
IDH1/p53/ATRX is typical for astrocytic tumors. Addi-
tional molecular tests are included to add further
prognostic and predictive value (e.g., MGMT)
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molecular biomarker information, which are
combined into the final ‘integrated diagnosis’.
The purpose of this layered approach is to define
individual entities as precisely as possible and to
increase and optimize inter-observer diagnostic
accuracy. This in turn will optimize predictions
for the clinical–pathological behavior of tumors
and allow for better prognostic stratification and
therapeutic planning [2].

Diffuse Astrocytic
and Oligodendroglial Gliomas

The inclusion of molecular markers led to sig-
nificant changes in the 2016 classification system
of gliomas. In prior editions, astrocytic gliomas,
oligodendrogliomas, and mixed oligoastrocytic
gliomas each formed a separate entity within the
larger category of neuroepithelial neoplasms [1].
The 2016 WHO classification (see Table 2.1)
merges these gliomas into a single group as
‘Diffuse astrocytic and oligodendroglial tumors’
[3]. Aside from their infiltrative growth pattern,
diffuse gliomas share frequent isocitrate dehy-
drogenase (IDH) mutations, a hallmark genetic
alteration, which plays a significant role for the
stratification of gliomas (please see below).
Seminal studies could demonstrate that
IDH-mutant gliomas are biologically and clini-
cally distinct from IDH-wild-type gliomas [12,
13].

Diffuse gliomas form the vast majority of glial
neoplasms and are primarily classified according
to their histopathological appearance as astro-
cytic, oligodendroglial, or mixed oligoastrocytic

Table 2.1 2016 WHO Classification of Gliomas

Tumor entity/variant WHO
grade

Diffuse astrocytic and oligodendroglial tumors

Diffuse astrocytoma, IDH-mutant II

Gemistocytic astrocytoma, IDH-mutant II

Diffuse astrocytoma, IDH-wild type II

(continued)

Table 2.1 (continued)

Tumor entity/variant WHO
grade

Diffuse astrocytoma, NOS II

Anaplastic astrocytoma, IDH-mutant III

Anaplastic astrocytoma, IDH-wild type III

Anaplastic astrocytoma, NOS III

Glioblastoma, IDH-wild type IV

Giant cell glioblastoma IV

Gliosarcoma IV

Epithelioid glioblastoma IV

Glioblastoma, IDH-mutant IV

Glioblastoma, NOS IV

Diffuse midline glioma, H3K27M-mutant IV

Oligodendroglioma, IDH-mutant and
1p/19q-co-deleted

II

Oligodendroglioma, NOS II

Anaplastic oligodendroglioma,
IDH-mutant and 1p/19q-co-deleted

III

Anaplastic oligodendroglioma, NOS III

Oligoastrocytoma, NOS II

Anaplastic oligoastrocytoma, NOS III

Other astrocytic tumors

Pilocytic astrocytoma I

Pilomyxoid astrocytoma II

Subependymal giant cell astrocytoma I

Pleomorphic xanthoastrocytoma II

Anaplastic pleomorphic
xanthoastrocytoma

III

Ependymal tumors

Subependymoma I

Myxopapillary ependymoma I

Ependymoma II

Papillary ependymoma II

Clear cell ependymoma II

Tanycytic ependymoma II

Ependymoma, RELA fusion-positive II or III

Anaplastic ependymoma III

Other gliomas

Chordoid glioma of the third ventricle II

Angiocentric glioma I

Astroblastoma
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tumors. Although the cellular origin is still under
investigation, the histological classification (cell
lineage) relies on morphological similarities of
tumor cells with their presumed non-neoplastic
counterpart. Diffuse gliomas are graded in a
tiered system as WHO grade II (low-grade),
WHO grade III (anaplastic), or WHO grade IV
(glioblastoma and variants). The grade is based
on histological criteria such as cell density,
nuclear atypia, cellular pleomorphism, mitotic
activity, vascular proliferation, and necrosis. It
can be viewed as ‘malignancy scale’ that is used
to predict the biological behavior of neoplasms
[1, 3].

As the name implies, diffuse gliomas display a
diffusely infiltrative growth pattern with tumor
cells invading brain parenchyma as single cells
or small groups of cells. The ability to diffusely
disseminate in a single-cell fashion throughout
the brain is a rather unique feature among tumor
cells and typical of glioma cells. They have the
remarkable ability to migrate over long distances
along myelinated fiber tracts and not infrequently
cross the corpus callosum to infiltrate the con-
tralateral hemisphere (‘butterfly glioma’) or fol-
low descending fiber tracts. The accumulation of
glioma cells around neurons (‘perineuronal
satellitosis’), around blood vessels and under the
pial membrane (‘secondary structures of
Scherer’) are additional classic features [14].

Histological Profiles of Diffuse
Astrocytic and Oligodendroglial
Tumors

Diffuse Astrocytic Tumors
The incidence of diffuse astrocytomas differs
somewhat regionally, but recent estimates sug-
gest an incidence rate of 0.4 per 100,000 people
for WHO grade II astrocytomas and an incidence
rate of 3.2 per 100,000 people for glioblastomas.
The histological grade shows a direct correlation
with the age at presentation, as WHO grade II
tumors tend to present in younger adults in their
4th or 5th decades, while glioblastomas (WHO
grade IV) peak in the elderly (mean age at
diagnosis 61 years). Males appear to be more

affected than females with a male:female ratio of
1.5:1.0 for all astrocytic tumors [15].

WHO grade II diffuse astrocytomas are mor-
phologically heterogeneous and characterized by
a higher degree of cellular differentiation, rela-
tively slow growth, low mitotic activity, diffuse
infiltration, and spread into adjacent brain struc-
tures (Fig. 2.2a). Tumor cells express GFAP
(glial fibrillary acidic protein), a protein typically
found in astrocytomas. WHO grade II diffuse
astrocytomas can be found at any site within the
CNS, but preferentially within the cerebral
hemispheres, particularly within the subcortical
and deep white matter of frontotemporal lobes.
Although these lesions are rare in children, the
main site in pediatric patients is the brain stem
(so-called brain stem glioma). The 2016 WHO
classification removed two variants, fibrillary
and protoplasmic astrocytoma, due to lack of
reproducible definition. The gemistocytic variant,
which shows a very distinct appearance with
eccentrically placed nuclei and dense cytoplasm,
remains. Further, gliomatosis cerebri, previously
defined by the diffuse involvement of several
cerebral lobes, was also removed as separate
entity, and it is simply viewed as an extreme
example of widespread dissemination of tumor
cells [3, 16].

Anaplastic astrocytomas (WHO grade III) are
defined as diffuse astrocytomas with focal or
dispersed anaplasia. These tumors are grossly
more discernible since they are more cellular and
form a more readily identifiable tumor mass. The
infiltrative nature tends to create an overall
increase in tissue volume without inducing a
destructive effect. They are seen to arise from
low-grade astrocytomas, but are also frequently
diagnosed at first biopsy, without indication of a
less malignant precursor lesion. In comparison
with low-grade tumors, these neoplasms are
microscopically remarkable for increased cellu-
larity and enlarged, irregular hyperchromatic
nuclei (Fig. 2.2b). Capillaries are lined by a
single layer of endothelium, and frank vascular
proliferation and necrosis are not present.
Immunoreactivity for GFAP is less consistent
than that for grade II lesions. In contrast to
low-grade astrocytomas, these lesions display
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increased mitotic activity with a proliferative
index (Ki-67/MIB-1 labeling) of 5–10% [3].

Glioblastomas (WHO grade IV) are the most
malignant tumors within the spectrum of diffuse

astrocytomas and account for up to 60% of all
astrocytic tumors [15]. They affect mainly adults
with a peak incidence between 40 and 70 years.
Less than 10% of glioblastomas arise from a

Fig. 2.2 Morphologic appearance of gliomas (hema-
toxylin- and eosin-stained sections). a Diffuse astrocy-
toma, WHO grade II, characterized by low cellularity and
mild nuclear pleomorphism; b Anaplastic astrocytoma,
WHO grade III with increased cellularity and anaplastic
nuclei; c Glioblastoma, WHO grade IV with pleomorphic
tumor cells, mitoses, and pseudo-palisading necrosis;

d Diffuse midline glioma with a high degree of pleomor-
phism; e Oligodendroglioma, WHO grade II, with
relatively round to oval cell nuclei and typical cytoplas-
mic clearing (‘fried-egg’ appearance); f Ependymoma,
WHO grade II, relative monomorphous appearance of
small tumor cells which form perivascular pseudorosettes
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lesion of lower malignancy grade (secondary
glioblastoma) and manifest in younger patients
(mean age of 45 years). Most are found de novo
(primary glioblastoma) after a short clinical his-
tory and are seen in older individuals (mean age
62 years). The majority of tumors are located
within the cerebral hemispheres and show a
tendency to infiltrate deep nuclei and spread
along white matter tracts to the contralateral
hemisphere. Brain stem involvement is rare and
mainly present in children. Sites such as spinal
cord or cerebellum are infrequently involved.
Microscopically, glioblastomas are extremely
heterogeneous and show a higher degree of cel-
lularity, nuclear atypia, cellular pleomorphism,
and mitotic activity, in addition to microvascular
proliferation and (palisading) necrosis (Fig. 2.2c).
The latter two features are the cardinal diagnostic
features of glioblastomas and help distinguish
them from grade III astrocytomas. Three distinct
glioblastoma variants are part of the 2016 clas-
sification, which are giant cell glioblastoma,
gliosarcoma, and the recently added variant of
epithelioid glioblastoma. [3].

Giant cell glioblastoma is a variant remark-
able for the presence and predominance of many
markedly large and bizarre appearing, multinu-
cleated giant cells, within an abundant stromal
reticulin network. In spite of their unusual
appearance, the consistent expression of GFAP
in conjunction with data from genetic profiling
confirmed their astrocytic nature.

Gliosarcomas are defined as high-grade astro-
cytomas with an intermixed sarcomatous compo-
nent. Gliosarcomas are relatively rare and represent
about 2% of all glioblastomas. The clinical fea-
tures are similar to those of classic glioblastomas.
Critical diagnostic parameters are a biphasic growth
pattern with areas of glial and mesenchymal dif-
ferentiation. Molecular changes are variable, but
similar to those occurring in glioblastoma; how-
ever, tumor histogenesis is still controversial.

Epithelioid glioblastoma is a newly accepted
and rare variant, which is characterized by the
presence of predominantly epithelioid or focally
rhabdoid morphology. This entity poses a diag-
nostic challenge due to its resemblance to poorly
differentiated carcinomas [3, 17].

Diffuse Oligodendroglial Tumors
Oligodendrogliomas form a group of diffusely
infiltrative glial tumors with features reminiscent
of oligodendrocytes. Oligodendrogliomas
account for approximately 5–6% of all glial
neoplasms, and overall for 2–3% of all primary
brain tumors. The annual estimated incidence
rate lies within a range of 0.27–0.35 per 100,000
individuals. Although oligodendrogliomas can
develop at any age, the majority of tumors arise
within the 4th–5th decade, and less than 2% of
oligodendrogliomas are found in children
younger than 14 years. Males are more affected
than females [15]. Oligodendrogliomas can arise
anywhere within the central nervous system, but
the majority of tumors are found within the
frontal and temporal lobes of the cerebral hemi-
spheres. Other cortical regions are less involved
and oligodendrogliomas are rare within deep
nuclei or spinal cord. Microscopically, these
tumors are composed of a relatively monomor-
phous population of cells with round-to-oval
nuclei with delicate chromatin pattern, and sur-
rounded by perinuclear ‘halos’ (cytoplasmic
clearing), an artifact seen in formalin-fixed and
paraffin-embedded sections. The vasculature is
typically thin-walled and described by some
authors as ‘chicken-wire’ vasculature (Fig. 2.2e).

The WHO classification assigns two grades to
oligodendrogliomas: well-differentiated rela-
tively slow-growing tumors correspond to WHO
grade II, whereas oligodendrogliomas with
anaplastic features are assigned WHO grade III.
Anaplastic oligodendrogliomas are characterized
by an increase in cellularity and nuclear atypia,
increased cellular pleomorphism, in addition to
increased mitotic activity, endothelial prolifera-
tion, and necrosis. In contrast to other gliomas,
such as astrocytomas and ependymomas, oligo-
dendrogliomas show a more slowly progressive
clinical course [3].

Diffuse Oligoastrocytomas
Oligoastrocytomas are defined as diffusely infil-
trative glial neoplasms consisting of a mixture of
two distinct cell types, which morphologically
resemble the tumor cells of diffuse astrocytomas
as well as oligodendrogliomas. These two
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components coexist either side by side or in a
diffusely intermingled fashion. Definitive criteria
for identification and classification of these
lesions, however, remain somewhat controversial.
Oligoastrocytomas are graded as WHO grade II
lesions, and the acquisition of anaplastic features
will increase the grade to WHO grade III.

Although oligoastrocytomas appear to have a
mixed phenotypic appearance, they seem to
demonstrate either an astrocytic or oligoden-
droglial genotype. This indicates that these
tumors do not form a separate entity. The new
WHO classification recommends molecular test-
ing to assign these tumors a definitive lineage.
Therefore, the new WHO classification discour-
ages the diagnoses of oligoastrocytoma and
anaplastic oligoastrocytoma. The term ‘oligoas-
trocytoma, NOS’ and ‘anaplastic oligoastrocy-
toma, NOS’ should be used in cases when
gliomas are morphologically mixed or ambigu-
ous and cannot be resolved using molecular
testing [2, 18].

Molecular Profiles of Diffuse Astrocytic
and Oligodendroglial Tumors

Isocitrate Dehydrogenase (IDH)
Mutations
The hallmark genetic alterations in diffuse glio-
mas are somatic mutations in the gene encoding
human cytosolic NADPH-dependent isocitrate
dehydrogenase 1 (IDH1), a citric acid cycle
component. Less frequently involved are muta-
tions of IDH2. The IDH1 enzyme normally cat-
alyzes the oxidative carboxylation of isocitrate to
alpha-ketoglutarate (α-KG), resulting in the
reduction of nicotinamide adenine dinucleotide
phosphate (NADP) to NADPH. Numerous stud-
ies uncovered several mechanisms to explain the
tumorigenic potential of IDH proteins. There is
convincing evidence that mutant IDH, such as
IDH1 (R132H), acquires neomorphic activity that
converts alpha-ketoglutarate (α-KG) to
2-hydroxygluturate (2-HG) [19]. 2-HG in turn
inhibits α-KG-dependent dioxygenases, includ-
ing the members of the TET family of
5-methylcytosine hydroxylases and Jumonji-C

domain-containing histone lysine demethylases.
It has been shown that inhibition of these
enzymes increases DNA and histone methylation,
which eventually triggers the aberrant methyla-
tion of multiple cytosine–phosphate–guanine
(CpG) dinucleotide-rich islands across the gen-
ome [20]. This ‘glioma CpG-island methylator
phenotype (G-CIMP)’ is a characteristic profile
seen in diffuse gliomas [21, 22] and likely con-
tributes to the neoplastic transformation of neural
stem or progenitor cells. Additional studies have
shown that the production of 2-HG stimulates the
activity of prolyl-hydroxylase domain isoform 3
(PHD3/EGLN) and prolyl 4-hydroxylases, which
leads to reduced levels of hypoxia-inducible
factor (HIF) and consequently to the enhanced
proliferation of human astrocytes [23]. Increased
oxidative stress due to decreased intracellular
NADPH levels as a result of IDH mutations
additionally promotes tumorigenesis [24].

It has been postulated that IDH mutations
likely represent an initiating event, but that they
are probably not sufficient to induce tumor
growth on their own, instead they have to be
accompanied by additional genetic mutations.
Mutations involving tumor protein 53 (TP53)
and ATRX genes play a role in diffuse and
anaplastic astrocytomas. Co-deletions of 1p/19q
and mutations involving the promoter region of
telomerase reverse transcriptase (TERT) have
been described for oligodendrogliomas [25].

These mutational profiles appear to be mutu-
ally exclusive and define tumor lineages: The
combination of IDH1/p53/ATRX and
IDH1/1p19q/TERT are mutational signatures for
astrocytic tumors and oligodendrogliomas,
respectively [26] (see Fig. 2.1). The new WHO
classification requires the demonstration of both
IDH1 mutation and 1p19q co-deletion for the
diagnosis of oligodendroglioma and anaplastic
oligodendroglioma. Similarly, the diagnosis of
diffuse or anaplastic astrocytoma requires
molecular testing for IDH mutations, with addi-
tional demonstration of ATRX mutation or loss
of nuclear ATRX expression confirming an
astrocytic lineage [27, 28].

Numerous studies established that IDH1
mutations are present at high frequency in
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secondary glioblastomas that originate from prior
low-grade gliomas (*85%), which is contrasted
by the fact that these mutations rarely occur in
primary or de novo glioblastomas (<1%), which
are found in the absence of low-grade precursor
lesion. IDH1 mutations are further identified in
the vast majority of diffuse low-grade (WHO
grade II) and anaplastic (WHO grade III) astro-
cytomas (*70–80%), oligodendrogliomas
(80%), anaplastic oligodendrogliomas (85%),
and mixed oligoastrocytomas (100%). The IDH1
mutation frequency appears to be similar for
WHO grade II and WHO grade III tumors [29].
Interestingly, the mutation rate in pilocytic
astrocytomas (WHO grade I), ependymal tumors,
or other less common glial tumors is extremely
low or absent [13]. It was further demonstrated
that IDH1 mutations do not exist in reactive
conditions related to cerebral ischemia or
infarctions, viral infections, or radiation change
[30]. These findings are of particular diagnostic
value as they enable the distinction of reactive
gliosis from low-grade diffuse astrocytoma, a
diagnostically challenging task, especially in the
context of small biopsy samples.

It is of clinical importance that IDH 1 and
IDH 2 mutations are found to be associated with
a favorable prognosis and overall prolonged
survival time independent of treatment. The
survival of patients with the mutant form of
IDH1 in astrocytomas or oligodendrogliomas
(WHO grade II-III) and glioblastoma is longer
than that of their IDH1 wild-type counterparts.
Interestingly, patients with IDH1-mutated
glioblastomas (WHO grade IV) show better
survival than patients with wild-type anaplastic
astrocytomas (WHO grade III). The IDH status,
however, does not predict treatment-specific
responses of patients with glioma [31].

In 2010, an antibody (Fig. 2.3a) was devel-
oped which is able to specifically recognize the
mutant IDH1-R132H protein, which represents
the majority (90%) of glioma-associated hotspot
mutations [32, 33]. In the case of
IDH1-R132H-negative immunostaining, testing
for other IDH1 or IDH2 mutations is required for
WHO grade II and III gliomas as well as
glioblastomas from young patients and

secondary glioblastomas [34]. This is usually
accomplished by direct DNA sequencing or
pyrosequencing using DNA extracted either from
frozen tissue or more commonly formalin-fixed
tissue [35, 36].

Co-deletion of 1p/19q
The combined deletion of the short arm of
chromosome 1 (1p) and the long arm of chro-
mosome 19 (19q) together with IDH1 mutations
defines oligodendrogliomas and anaplastic
oligodendrogliomas [37]. Mechanistically, this
co-deletion results from of an unbalanced cen-
tromeric translocation and leads to loss of entire
chromosomal arms t(1;19) (q10;p10). The fre-
quency of 1p/19q co-deletions has been esti-
mated to be 80–90% in WHO grade II
oligodendrogliomas and 50–70% in WHO grade
III oligodendrogliomas. In spite of a strong
association between 1p/19q loss and classic
oligodendroglioma morphology, morphology
alone cannot predict the 1p/19q status. Interest-
ingly, the chromosomal regions of 1p and 19q
have been mapped in great detail; however, no
definitive candidate genes have been identified
which could explain the tumorigenic effect.
Although the genes on 1p/19q remain enigmatic,
numerous correlations have been established
demonstrating that many tumors with 1p/19q
co-deletions also show IDH1/IDH2 mutations;
however, 1p/19q loss appears to be absent in
cases with tumor protein p53 (TP53) mutations
or EGFR amplifications. Notably, the combined
loss of 1p/19q is also found in mixed glial tumors
(oligoastrocytomas), but extremely rare in
non-glial malignancies.

In the 2016 classification, co-deletion of
1p/19q serves a diagnostic biomarker. It was
originally described in oligodendrogliomas in
1994, and a few years later, it was noted that a
high proportion of oligodendrogliomas with
1p/19q loss demonstrated a favorable response to
chemotherapeutic agents, in addition to substan-
tially improved survival times [38]. Long-term
follow-up data from the RTOG 9402 and
EORTC 26951 phase III trials also pointed
toward a role of 1p/19q loss in predicting
long-term survival following aggressive
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multimodal treatment (surgery and upfront
combined radio- and chemotherapy with procar-
bazine, CCNU, and vincristine). In contrast,
patients with 1p/19q deleted tumors, who
undergo tumor resection alone without receiving
any adjuvant chemotherapy or radiation, do not
show longer progression-free survival, suggest-
ing that 1p/19q loss characterizes a group of
tumors with greater sensitivity to genotoxic
agents. Subgroup analyses have further shown

that cases of anaplastic oligodendrogliomas with
1p/19q co-deletion and IDH mutation had sig-
nificantly longer median survival times when
treated upfront with radiotherapy and vincristine
as compared to treatment with radiotherapy
alone. The lack of 1p/19q co-deletion in
anaplastic oligodendrogliomas, in contrast, led to
a significantly shorter survival times and showed
no difference between radio-chemotherapy and
radiotherapy-only arms [39]. These findings have

Fig. 2.3 Molecular biomarkers detected in FFPE
(formalin-fixed paraffin-embedded) tissue a Immunohisto-
chemistry for IDH1 shows mainly cytoplasmic, to a lesser
extent nuclear, staining. This mutation-specific antibody
against the most common IDH1 mutation, R132H, allows
the identification of more than 90% of all IDH-mutant
diffuse gliomas. b FISH (fluorescent in situ hybridization)
for EGFR amplification is recognized by innumerable
interphase FISH signals in red (probe set for gene region

7p11). The green signal is a SE7 gene region probe to
facilitate chromosome identification. c FISH (fluorescent
in situ hybridization) to demonstrate loss of the short arm
of chromosome 1 (1p loss) as indicated by the presence of
only one red signal (probe binds to gene region on 1p).
The green signal serves as control and is a centromeric
enumeration probe for chromosome 1 (CEP1). The
presence of 2 green signals indicates both chromosomes
(paternal and maternal) are present
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been replicated numerous times over the past
decade and extended to the use of additional
chemotherapeutic drugs such as temozolomide in
conjunction with radiation therapy. The molec-
ular mechanisms, however, that underlie the
association between 1p/19q loss, chemosensitiv-
ity and favorable prognosis remain to be
elucidated.

Due to the well-accepted prognostic signifi-
cance of 1p/19q loss in conjunction with adju-
vant chemotherapy, testing for 1p/19q has
become routine many institutions. Commonly
used methods for 1p/19q co-deletion testing
include fluorescent or chromogenic in situ
hybridization (FISH/CISH) (Fig. 2.3c),
microsatellite analysis for loss of heterozygosity
(LOH), and multiplex ligation-dependent probe
amplification (MLPA).

Importantly, 1p/19q co-deletion refers to
whole-arm deletions of both chromosome arms
that are typically due to an unbalanced translo-
cation [t(1;19)(q10;p10)]. If testing for IDH
mutation and 1p/19q co-deletion is not possible
or remains inconclusive, tumors with classic
oligodendroglial histology should be diagnosed
as ‘oligodendroglioma, NOS’ or ‘anaplastic
Oligodendroglioma, NOS’.

MGMT Methylation Status
The gene encoding the O6-methylguanine-DNA
methyltransferase (MGMT) at 10q26 has become
one of the most widely studied molecular mark-
ers in neurooncology, because it has the potential
to counteract the efficacy of chemotherapy with
temozolomide (TMZ). MGMT is a suicide DNA
repair enzyme that protects cells against damage
from ionizing radiation and alkylating agents
[40]. Alkylating chemotherapeutic drugs, such as
temozolomide, have been used for years in the
treatment of patients with glioblastoma. Mecha-
nistically, these drugs methylate the O6 position
of the DNA nucleotide guanine leading to cell
death. MGMT is constitutively expressed in cells
and part of an inherent DNA repair mechanism
that can counteract the effects of alkylating
agents. It catalyzes DNA repair by transferring
this methyl group from the O6 position of the
DNA nucleotide guanine to a cysteine residue of

the MGMT protein, acting against the cytotoxic
effects of chemotherapy [41].

A significant proportion of glioblastomas have
been found to express decreased levels of
MGMT, which makes these tumors more sus-
ceptible to the effects of alkylating agents. The
primary mechanism of MGMT downregulation
is via aberrant DNA methylation of the promoter
of the MGMT gene at its 5′-associated
CpG-island. The MGMT promoter methylation
represents an epigenetic regulatory mechanism,
which consequently leads to transcriptional
silencing and is found in 40% of IDH-wild-type
glioblastomas as well as the vast majority of
IDH-mutant and G-CIMP-positive gliomas.
Consequently, glioblastoma cells with MGMT
promoter (hyper) methylation respond better to
temozolomide, as they lack the ability to effi-
ciently repair the damage introduced by
alkylation.

Numerous studies found an association
between MGMT promoter hypermethylation and
response of malignant gliomas to alkylating
agents. In the EORTC/NCIC trial, Hegi et al.
found that patients with hypermethylated MGMT
promoters who were treated with temozolomide
and radiation showed significantly increased
survival times when compared to patients whose
tumors were hypomethylated [42]. Interestingly,
when treated with radiation alone, there was no
significant extension of survival times, empha-
sizing a predictive role for MGMT hypermethy-
lation and a favorable response to chemotherapy.
The MGMT promoter methylation status is at the
moment viewed as one of the most significant
predictors of clinical outcome and response to
treatment with temozolomide. Analyses by Gor-
lia et al. go as far as to suggest a stratification of
all patients according to MGMT status as soon as
they are enrolled in glioblastoma trials that use
alkylating agents [43]. Also, a retrospective
analysis could show that MGMT promoter
methylation patterns can change between initial
tumor diagnosis and later recurrence, particularly
in MGMT-methylated cases [44]. This implies
that MGMT methylation is only of prognostic
value for the initial assessment, and it is not
predictive of outcome for recurrences [45].
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Further, MGMT promoter methylation is
detectable in the vast majority of IDH-mutant
gliomas, including both, astrocytic and oligo-
dendroglial tumors, and associated with longer
survival, independent of chemo- or radiation
therapy. MGMT methylation appears to be fre-
quent in low grade and anaplastic gliomas (up to
90%), which show 1p/19q co-deletion. Treat-
ment with temozolomide correlated positively
with longer progression-free survival in those

patients. It should be pointed out that in the
absence of alternative treatments, temozolomide
is often applied as first-line agent, even without a
methylated MGMT promoter, as these patients
appear to benefit from this drug [46].

The MGMT status is most commonly
being tested by methylation-specific PCR (MSP)
(Fig. 2.4) or methylation-specific pyrosequenc-
ing, whereby both approaches are based on
bisulfite conversion of unmethylated cytosines

Patient A
Methylated DNA

Patient B
Unmethylated
DNA

Controls

Negative control
(Tonsil)
Unmethylated DNA

Positive control
(U87 cell line)
Methylated DNA

Fig. 2.4 O6-methylguanine-DNA methyltransferase
(MGMT) promoter methylation status. The graphs repre-
sent the result of capillary gel electrophoresis after sodium
bisulfite conversion and methylation-specific multiplex
PCR. The DNA was extracted from FFPE (formalin-fixed

paraffin-embedded) tumor tissue. The upper panel shows
a patient whose tumor DNA is methylated, and the middle
panel shows a different patient whose tumor DNA is
unmethylated. The bottom panel shows the controls for
reference
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into uracil [47]. Other techniques, like methyla-
tion-specific multiplex ligation-dependent
probe amplification (MS-MLPA), combined
bisulfite restriction analysis (COBRA), or
methylation-specific high-resolution melting
(HRM) analysis, are less commonly used [48,
49].

Role of Epidermal Growth Factor
Receptor (EGFR) Pathway Aberrations
Malignant glial neoplasms, particularly glioblas-
tomas, have been found to upregulate several
growth factors and their receptors. The epidermal
growth factor receptor (EGFR) gene at 7p12 has
been described as the most frequently amplified
and overexpressed gene in about 60% of
glioblastomas and has been associated with
shorter survival times. Further, about one-half of
glioblastomas that overexpress wild-type EGFR
also express EGFR mutant alleles, such as the
EGFR variant III (EGFRvIII), which constitutes
an 801-bp-in-frame deletion of exons 2–7 and
leads to a truncated receptor protein that lacks the
ligand-binding domain. This mutation ultimately
leads to a constitutively activated
EGFR-phosphoinositide 3-kinase pathway and
appears to be unique to glial cells [50, 51].

The identification of EGFR amplifications and
mutations, especially EGFRvIII, has been asso-
ciated with poorer prognosis and in general are
considered indicative of high-grade malignancy.
However, the prognostic value of this informa-
tion is somewhat ambiguous as several studies
produced rather contradictory results. The
EGFRvIII mutation, however, might be helpful
in the identification of a subgroup of tumors with
more malignant behavior than suggested by their
histopathology alone. Further, gene expression
profiling approaches for glioblastomas with
EGFR amplifications enabled a subclassification
of morphologically indistinguishable tumors
based on their gene expression signatures [52].

Although EGFR pathway aberrations repre-
sent attractive therapeutic targets for molecular
inhibition, the clinical benefits thus far have been
rather disappointing. Attempts to impact tumor
growth with the use of EGFR inhibitors, such as
erlotinib and gefitinib, failed in spite of sufficient

bioavailability and activity to dephosphorylate
the EGFR in the tumor tissue. The overall
progression-free survival was not prolonged, and
only a subset of patients showed some response.
Additional missense mutations have been iden-
tified in exons that encode extracellular EGFR
domains, which appear to drive oncogenesis
in vitro and potentially could convey sensitivity
to small molecule tyrosine kinase inhibitors [53].

In general, a network of complex and redun-
dant signal transduction pathways that bridge cell
surface bound epidermal growth factor receptors
with its oncogenic effects in the nucleus likely
prevents rather simplistic therapeutic approaches
from being successful. In addition, glioblastoma
cells often show activation of multiple growth
factor pathways, suggesting that a panel of tar-
geting drugs might be necessary to interfere with
tumor growth. At this stage, assessments of
EGFR signaling pathways for glioblastomas is
academically interesting, but clinically not indi-
cated due to a lack of standard drug regimens that
specifically target these pathways.

The characterization of EGFR amplification in
glioblastoma is typically based on the detection
of double-minute chromosomes, which are small
fragments of extrachromosomal DNA by
fluorescent in situ hybridization (FISH)
(Fig. 2.3b). Other techniques such as real-time
PCR and MLPA are also used to identify EGFR
amplification. MLPA may also detect EGFRvIII
rearrangement in EGFR-amplified tumors but
appears to be less sensitive.

Diffuse Midline Glioma

Diffuse Midline Glioma is a high-grade glioma
with predominantly astrocytic differentiation
(Fig. 2.2d), which is mainly seen in children, but
can also occur in young adults [3]. The most
common locations are brain stem, thalamus, and
spinal cord. The diffuse midline glioma was
previously known as ‘brain stem glioma’ and
‘diffuse intrinsic pontine glioma (DIPG)’. His-
tologically, it shows divergent patterns.
Approximately, 10% of cases have a histologi-
cally low-grade appearance, whereas the
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remainder is of higher grade with features of
anaplasia such as mitoses, vascular proliferation,
and necrosis [54]. Sequencing studies have
demonstrated that diffuse midline gliomas typi-
cally carry the H3F3A K27M mutation, which
correlates with poor prognosis independent of
histologic grade. Consequently, the
K27M-mutated diffuse midline gliomas are now
introduced as a separate entity in the WHO 2016
classification [55, 56].

Ependymal Tumors

Ependymomas are defined as slowly growing
glial neoplasms, which can arise anywhere along
the walls of the cerebral ventricles or within the
spinal canal. The group of ependymal tumors is
comprised of the classic ependymoma (plus
variants) and anaplastic ependymoma (malignant
variant). The benign variants subependymoma
and myxopapillary ependymoma will not be
discussed in this chapter.

Ependymomas (Fig. 2.2f) account for
approximately 5–6% of all gliomas, and for 2.5%
of all primary intracranial neoplasms in adults. In
children below 14 years, these tumors play a
significant role and form about 7–8% of all pri-
mary intracranial neoplasms with an adjusted
annual incidence rate of 5–6 per 1 million indi-
viduals [15]. Overall, ependymomas are the third
most common pediatric tumor after astrocytomas
and medulloblastomas. Ependymomas can
develop at any age; however, there are two dis-
tinct incidence peaks: one in children before the
age of 14 years and a second one in adults
between 35 and 45 years. These tumors can arise
anywhere along the ventricular system within
brain and spinal canal, but approximately 60% of
lesions are located in the 4th ventricle, particu-
larly in pediatric patients. In the spinal cord, it is
the most common type of glial neoplasm affect-
ing adults. Males are in general slightly more
affected than females.

Morphologically, classic ependymomas are
composed of a relatively monotonous population

of cells, which tend to form characteristic
rosette-like structures, so-called perivascular
pseudo-rosettes and ependymal rosettes that have
been recognized as diagnostic hallmark features
(Fig. 2.4). Recent studies suggest that they might
arise from radial glial cells [57].

The WHO classification [3] separates
ependymal tumors into three grades, whereby
subependymoma and myxopapillary ependy-
moma correspond to WHO grade I, and classic
ependymoma and related variants (cellular, pap-
illary, clear cell, and tanycytic ependymoma)
correspond to WHO grade II, and anaplastic
ependymomas are WHO grade III.

Anaplastic ependymomas are the malignant
variant of classic ependymomas, characterized by
high cell density, high mitotic activity,
microvascular proliferation, and necrosis.
Anaplastic ependymomas are associated with
rapid disease progression and unfavorable
outcome.

Molecular Profiles of Ependymal Tumors
Until recently, there was very limited information
of molecular pathogenesis of ependymal tumors.
Frequent NF2 gene mutations and chromosome
arm 22q deletion had been described in spinal
intramedullary ependymomas [58]. Recent stud-
ies led to the discovery of a highly recurrent
fusion gene involving the NF-kB downstream
intermediate transcription factor p65 (RELA) and
an anonymous gene (C11 or f95) in a significant
number of supratentorial ependymomas [59, 60].
These RELA fusion-positive supratentorial
ependymomas are associated with unfavorable
prognosis and form a new entity in the WHO
classification of 2016.

A smaller subgroup of supratentorial
ependymomas is characterized by gene fusions
involving the YES-associated protein 1 gene
(YAP1). DNA methylation profiling revealed
further subtypes in an evolving field [61].
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3Personalized Medicine Through
Advanced Genomics

Mark W. Youngblood, E. Zeynep Erson-Omay
and Murat Günel

Introduction

Advances in genomic technologies have revolu-
tionized clinical approaches to the diagnosis and
treatment of various disorders. Over the past
decade, a drastic reduction in the cost and tech-
nical infrastructure needed for next-generation
sequencing has enabled routine clinical testing at
many large medical centers. Data from these
studies are processed by bioinformatic teams, and
the results are leveraged by the patient’s physician
to deliver precise molecular therapies with mini-
mal morbidity. Multidisciplinary teams composed
of geneticists, oncologists, pharmacologists, and
other experts are often consulted to decide the
optimal treatment for complex cases. Insights
gained from these collaborations can have con-
siderable impact on the course and quality of
patient care. Cases that might previously remain
undiagnosed can now be characterized using
unbiased methods. Additionally, well-established
diagnoses have also benefited from genomic

analysis, often through subclassification that
informs prognosis and effective treatment options.

The proliferation of next-generation sequenc-
ing has also benefited the research community,
with rapid integration of this technique as a
standard method of characterization. As a result,
a growing body of genomic literature has
described the pathologic effects of
disease-causing genomic alterations, providing a
crucial foundation for clinicians to draw upon
when interpreting patient data. These studies
have also directed commercial investment in
promising molecular targets, increasing the
arsenal of therapies available for precision med-
icine. The establishment of standard treatment
protocols for the application of these medications
remains an ongoing challenge that will be
addressed over the coming years.

Among medical disciplines, cancer has par-
ticularly benefited from the proliferation of
genomic techniques [1]. Large-cohort sequenc-
ing studies by consortiums such as The Cancer
Genome Atlas (TCGA) (http://cancergenome.
nih.gov/) and International Cancer Genome
Consortium (ICGC) [2] (https://www.icgc.org/
icgc) have described the molecular landscape
of the most common tumor types [3], with
others underway. Additionally, public resources
such as the Catalogue of Somatic Mutations in
Cancer (COSMIC) have compiled sequencing
data from hundreds of studies into databases
that are readily searchable [4]. In many cases,
downstream studies have capitalized on these
genomic findings by characterizing the molec-
ular mechanisms involved in initiation and
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progression of cancer. These studies have
reported targetable pathways that are frequently
involved in multiple cancer types, leading some
to suggest that genomic alterations could play
an important role in the classification of tumors
[5–7].

This chapter will discuss personalized medi-
cine through the use of genomic techniques,
focusing on the underlying technology that has
created this new field as well as important studies
that inform clinical decision-making. A series of
recent studies will illustrate how this technology
is being used to better understand disease
mechanisms and ultimately guide treatment.

Advanced Genomic Technologies

Following the completion of the Human Genome
Project in 2003, advances in technologies (such
as short read sequencing) and computational
methods (including alignment and assembly
tools) started the era of “next-generation
sequencing” (NGS) [8–10]. As NGS technolo-
gies evolved, the cost of sequencing an individ-
ual human genome dropped from ninety-five
million dollars in 2001 to ten thousand dollars in
2011, and to close to a thousand dollars in 2015
[11] (Fig. 3.1). With the exponential cost
decrease after 2008, sequencing individual gen-
omes to better identify the genomic background
of individual maladies, such as cancer, became a
reality and paved the way for precision medicine.

Before looking in depth at how NGS tech-
nologies have improved our understanding of the
complexity of cancer and made personalized
treatments possible, we will review commonly
used NGS techniques.

Whole-Genome Sequencing (WGS)
and Whole-Exome Sequencing (WES)

The emergence of precision medicine is a direct
result of technical advances in genomic
sequencing platforms. While the human genome

was largely assembled using automated Sanger
technology (commonly referred to as “first gen-
eration”) [12], this approach was incapable of
scaling to provide personalized data in routine
clinical practice. The emergence of
next-generation approaches has drastically
reduced the cost and complexity of genomic
analysis, such that enormous amounts of data can
now be acquired in a relatively short period of
time. Due to the availability of several excellent
review articles on this topic [13–15], we will give
only a brief overview of the technical steps
involved in exome and genome sequencing.

NGS technologies rely on massive paralleliza-
tion of sequencing tasks, allowing for rapid col-
lection of data that scales with increasing sample
numbers. The process begins with library prepara-
tion, in which a patient sample is fragmented into
smaller genomic regions that can be sequenced
continuously. The optimal size of fragments varies
based on sequencing platform (i.e., Illumina,
Pacific Biosciences, and Solexa); however, longer
reads are generally preferred to reduce ambiguities
in bioinformatics analysis, such as alignment.
Platform-specific, universal adaptors are ligated to
the ends of each fragment that permit hybridization
to a flow cell, a substrate upon which sequencing
will take place. These adaptors also allow for
amplification to create a localized colony of each
fragment, which increase the signal during the
sequencing stage. With the flow cell prepared,
sequencing commences with the stepwise addition
of labeled nucleotides to each colony. After addi-
tion of each base, an image snapshot of the flow cell
is collected that will be assembled chronologically
to infer the fragment’s sequence. Because many
colonies are imaged simultaneously, sequencing is
performed in parallel and scale is only limited by
the surface area and colony density of the flow cell.
With the sequences collected, bioinformatics
approaches are then used to align each read to its
corresponding genomic region (further discussed
below).

In exome sequencing, only the protein-coding
region of the genome is sequenced (less than
2%), significantly reducing the expense of data
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acquisition and complexity of analysis [16]. The
vast majority of human disease is driven by
mutations in these regions, making this approach
an efficient method for the detection of most
pathogenic variants. From a technical standpoint,
the biggest difference from whole-genome
sequencing occurs during library preparation, in
which an additional capture step is performed.
This most often occurs through hybridization of
adaptor-ligated fragments to biotinylated DNA
baits, followed by selective pull-down, amplifi-
cation, and sequencing [17]. Several commer-
cially available kits provide bait coverage of the
entire coding genome or selective regions,
depending on the application.

Bioinformatic Analysis of NGS

Computational components of genomic data can
be grouped into three stages: primary, secondary,
and tertiary analyses [18] (Fig. 3.2). Primary
analysis includes the conversion of raw image
data captured from the flow cell in sequencing
machines into human-readable representations of
the input (i.e., sequences of nucleotides). A sec-
ondary analysis then compares this sequence to
the reference genome, which was made available

with the completion of the Human Genome
Project. This step includes alignment of read
sequences to the reference genome and identifi-
cation of variations between the datasets, which
represent possible disease-causing mutations.
The alignment step tries to identify the genomic
origin of each sequencing read; however,
ambiguous alignments can sometimes occur in
regions containing similar DNA sequences.
Technologies that produce longer sequencing
reads help to solve this problem by reducing
ambiguity. Following the alignment step, variant
calling identifies regions in the aligned read that
differ from the reference genome, called mis-
matches. However, stochastic machine errors
introduced during sequencing and image capture
can introduce noise, which complicates this
step. These kinds of errors are handled compu-
tationally by the use of redundancy in data,
achieved by oversampling of the DNA [8]. Over
the years, many programs have been developed
for various components of the secondary
analysis step, including quality control,
alignment/assembly, and variant calling. Some of
these tools are for specific technologies, such as
CASAVA and ELAND for Illumina sequencing
machines and Newbler/GS Reference Mapper for
Roche/454 machines. However, it was the open

Fig. 3.1 Cost of
sequencing a single human
genome. Sequencing costs
have fallen rapidly over the
past five years as
next-generation
technologies become
increasingly efficient.
Graph is reproduced using
data from the National
Human Genome Research
Institute [11]
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access tools, providing standard and streamlined
analysis of genomic and transcriptomic data,
which paved the way for collaborative and
large-scale studies such as TCGA and ICGC.
Some of these tools include BWA [19], MAQ
[20], and Bowtie [21] for short DNA sequence
alignment, as well as toolsets such as SAMtools
[22] and GATK [23] which create a streamlined
analysis pipeline platform.

In tertiary analysis, variations identified in the
secondary analysis step are analyzed individually
to assess the biological impact and ultimately
decide whether an alteration is disease-causing,
specifically a driver event for cancer cases.
Whether it is genomic or transcriptomic data,
identification of a driver event is computationally
and biologically a challenging step due to the
large plethora of variations that are called in most
studies. To overcome this challenge, information
from various sources is aggregated to improve
understanding of the impact of the alteration on
disease biology. These annotation steps include
evaluating the functionality of the genomic
region in which the alteration occurs, by lever-
aging data from projects such as the Encyclope-
dia of DNA Elements project (ENCODE) [24]
and the encyclopedia of genes and gene variants
project (GENCODE) [25]. Additional

annotations use computational prediction algo-
rithms to assess the impact of an alteration on the
DNA residue based on 3D structure of the pro-
tein, or the conservation of the amino acid resi-
due where the alteration occurs [26, 27]. In
addition to the structural and functional annota-
tion schemes, the occurrence frequency of the
alteration in healthy populations such as 1000
Genomes [28] and disease cohorts such as
COSMIC [29] is also used to separate the
disease-causing alterations from passenger alter-
ations or noise. Once a set of candidate variations
are identified by downstream bioinformatics
analysis, the next step is the biological validation
of the candidates and clinical interpretation that
will ultimately lead the way to a precise treat-
ment of the individual case.

Gene Expression Studies

Gene expression studies have provided insight on
the molecular mechanisms underlying malig-
nancy and aided in subclassification of seemingly
homogeneous tumors into clinically distinct
entities [30]. In this approach, messenger RNA
(mRNA) is extracted and purified from a tumor
sample and undergoes transcript quantification

Fig. 3.2 Lifecycle of genomic analysis guided personal-
ized medicine. Genomic or transcriptomic material
extracted from each patient’s tumor is sequenced in
NGS machines to produce raw sequence data. Bioinfor-
matatic algorithms are used to align the raw data to the

reference genome, and variations in each tumor are
identified. Lastly, candidate alterations that may cause
tumorogenesis are identified as targets and appropriate
treatment regimens selected
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using either expression microarray or
RNA-sequencing (Fig. 3.3). In the former case,
mRNA is washed over a substrate covered with
complementary probes, with each probe emitting
florescence that is proportional to the amount of
RNA hybridized to it. The abundance of each
transcript can then be calculated by measuring
the signal of each probe [31]. In the case of
RNA-sequencing, purified mRNA undergoes
reverse transcription to produce a complementary
DNA (cDNA) library. This library undergoes
NGS, and the amount of reads that align to each
gene is used to estimate the transcript’s abun-
dance. In both approaches, careful normalization
must be performed to ensure that accurate com-
parisons can be made between samples. This is
often performed with respect to the overall
number of RNA-sequencing reads, as well as the
size of each gene (i.e., larger genes are expected
to have higher number of reads mapping to
them).

Proteomics

An emerging approach in precision medicine is
the application of insights from systems biology
to an individual’s disease [32]. DNA-sequencing
and gene expression studies give an indirect view
of cellular activity, since they measure activity
upstream of the molecular effectors. By provid-
ing a complete picture of the functional status
within a cell, proteomics has become an impor-
tant tool in personalized treatment. While tech-
nological approaches in protein quantification lag
behind equivalent tools in RNA and DNA mea-
surement, recent progress has been promising.
The most widely used methods are based on
mass spectrometry, in which ionized protein
fragments are detected according to their mass
and charge. In many cases, an additional selec-
tion technique such as chromatography is used to
limit the spectrum of proteins that undergo
detection. While assessment of the complete
proteome remains a technical challenge, mea-
suring the status and abundance of individual

biomarkers can be a valuable tool for clinicians.
One such example is prostate-specific antigen
(PSA), which can be differentially detected in
patients with prostate cancer using proteomic
techniques [33]. The packaging of multiple
biomarkers can also be used to construct an
oncogenic signature that is detectable using
patient serum. A previous study used this tech-
nique in combination with machine learning to
achieve a positive predictive value of 94% for the
detection of ovarian cancer [34].

Fig. 3.3 Gene expression analysis pipeline. Gene
expression analysis is most often performed using either
expression microarray, or RNA-sequencing. Each tech-
nique offers benefits depending on the application and
project goals
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Genomic Approaches to Personalized
Medicine

Precision or personalized medicine, a concept
that existed long before the emergence of NGS
technologies, is defined as the prevention and
treatment strategies developed based on an indi-
vidual’s biological and physiological variabilities
[35]. With the application of NGS technologies,
genomic variations that underlie disease mecha-
nisms have been better characterized, leading the
way to improved targeted treatments. Specifically
for cancer, personalized treatment is the precise
planning of treatment regimens based on the
molecular, genomic, and transcriptomic profile of
the individual tumor in addition to the patho-
logical and physiological features.

Before the emergence of personalized medi-
cine using NGS technologies, the first targeted
cancer treatment developed for a specific genetic
alteration was for chronic myelogenous leukemia
(CML). Development of the drug imatinib,
which targets the tyrosine kinase fusion protein
BCR-ABL, has increased the 5-year survival for
CML to 89% of patients [36]. This result ushered
in a period of expectant optimism regarding the
promise of targeted therapies, with many hoping
that cancer might some day be eliminated using
precision approaches. Unfortunately, most
malignant cancer types, such as gliomas, have
been found to be genomically heterogeneous,
making treatments that target a single genetic
alteration obsolete [37] (Fig. 3.4). The emer-
gence of cost-effective genomic and transcrip-
tomic profiling of tumors through NGS
technologies helped to identify this complexity
within most malignant cancer types, particularly
in malignant tumors such as gliomas [38–40],
medulloblastomas [41], and neuroblastomas [42]
and also in more benign types such as menin-
giomas [43]. While these findings have dimin-
ished hope for a “silver bullet” to selectively melt
away tumors, they have laid the groundwork for
personalized combination targeted therapies that
will increase survival.

Insights on Malignant Brain Tumors
from Genomic Studies

As genomic tools have become increasingly
accessible for clinical use, attention has shifted
to developing protocols for interpretation of
patient results. Until recently, the genomic
landscape of many cancers was poorly descri-
bed, leaving the significance of variants found
in a clinical dataset unclear. However, global
efforts over the past decade have elucidated the
oncogenic drivers underlying most tumor types,
including genetic mutations, changes in gene
expression, chromatin accessibility, and other
molecular features. These efforts have largely
occurred through national or international con-
sortiums that sequence hundreds of tumors
from large patient populations. By comparing
the genome of each tumor to a matching
non-tumor sample from the same patient,
researchers can identify genetic changes that
may drive oncogenesis. The variant databases
that are generated from these studies provide
an invaluable resource for clinicians, allowing
direct annotation of patient results with aggre-
gated data from across the spectrum of cancer,
such as COSMIC [4]. In addition to confirming
the presence of known oncogenic variants,
prognostic and therapeutic insights can also be
gleaned by studying the clinical course of
patients harboring similar mutations in previous
studies. The availability of large-cohort geno-
mic studies has provided critical context nec-
essary to carry out personalized medicine.

This section will briefly review several
genomic studies that have made seminal contri-
butions to understanding the molecular drivers of
brain tumors. The discussion is not intended to
be an exhaustive list of identified mutations for
each tumor type, but instead will focus on a small
number of pathways identified by researchers
that hold clinical promise. For almost all tumor
types, excellent review articles are available that
extensively describe the landscape of genomic
findings (Table 3.1).
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Glioblastoma Multiforme

Perhaps the best studied of malignant brain
tumors is glioblastoma (GBM), which was
selected by TCGA as the first type of cancer to

undergo extensive genomic characterization [44].
While previous studies had uncovered recurrent
genetic events in these tumors, their approaches
were largely hypothesis-driven and therefore did
not investigate the full landscape of GBM using

Fig. 3.4 Types of tumor heterogeneity. The presence of
several forms of tumor heterogeneity makes treatment of
malignant brain tumors a challenge. Schematics of

inter-tumor heterogeneity, intra-tumor heterogeneity, and
temporal heterogeneity are shown

Table 3.1 Common driver events associated with malignant brain tumors

Tumor type Cell of origin Driver events

Ependymoma Radial glial cells
[103]

Spinal: Chr7 amplification, Chr22 deletion, NF2 mutation [104],
Intracranial: Chr1q amplification [105], genomic imbalance [106],
CDKN2A deletion, C11orf95-RELA fusion [107]
Epigenomic alterations with CIMP-positive [108]

Schwannoma Schwann cells Bi-allelic NF2 loss with Chr22 deletion and NF2 mutation [109]

Pituitary
adenoma

Lactotroph
Somatotroph
Corticotroph
Gonadotroph

Prolactionoma: Deletion of Chr 11p [110]
Acromegaly: GNAS [111], GPR101 mutations [112]
Cushing syndrome: USP8 mutation [113], PRKACA for ACTH
independent cases [114]
Non-functioning adenomas: Chr 9p deletion [115]

Meningioma Arachnoid cap
cells

Bi-allelic NF2 loss with Chr22 deletion and NF2 mutation, mutations in
WD40 repeat region of TRAF7, DNA-binding domain of KLF4,
activating mutations in PI3K, and sonic hedgehog signaling [67, 68]

Medulloblastoma Cerebellar
lineage

Activating mutations in WNT or SHH signaling [54–56], amplification
of MYC and CDK6, and super-enhancer hijacking [116]

Glioblastoma Glial lineage Primary GBM: Dysregulation of RTK/Ras/PI3K signaling, p53, and Rb
pathways [44, 117]
Secondary GBM: Mutations in IDH1 with comutation of ATRX and
TP53, or deletions in RB1, CDKN2A, and PTEN [52, 118, 119]

While considerable overlap exists in the molecular mechanisms underlying transformation, each tumor type also
harbors unique genomic vulnerabilities based on its cell of origin and microenvironment
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unbiased methods. The TCGA study was notable
for establishing a systematic framework for the
characterization of tumors, including standard-
ization of biospecimen collection and integration
of data modalities to draw actionable conclu-
sions. They reported on alterations in DNA copy
number, gene expression, DNA methylation, and
somatic variants in a total of 206 GBM samples.
In addition to confirming several suspected
pathways underlying GBM, they also identified
an association between promoter methylation of
the DNA-repair gene O-6-Methylguanine-DNA
Methyltransferase (MGMT) and hypermutation
in treated samples. Methylation of this gene was
previously correlated with response to the alky-
lating agent temozolomide [45], and subsequent
studies have established this event as an impor-
tant biomarker for prognosis and therapeutic
course [46].

Collectively, genomic studies of this tumor
have led identification of numerous molecular
targets as well as classification schemes. Based
on gene expression studies, GBM can be divided
into proneural, neural, classical, and mesenchy-
mal subtypes, each with distinct mutational pro-
files [47, 48]. Genomic evidence, including
specific marker expression patterns, has sug-
gested that these subtypes may arise from distinct
cellular origins, although a common neural stem
cell hypothesis has also been proposed [49]. The
classification of a patient’s tumor may guide
treatment decisions, as classical tumors tend to
respond to aggressive therapy, while proneural
tumors are often refractory. Altered expression
and genomic events involving the epidermal
growth factor receptor (EGFR) are associated
with the classical subtype and are seen in a
majority of cases. The most common variant in
this gene involves deletion of exons 2–7 (termed
“EGFRvIII”), which is a negative prognostic
indicator in patients surviving greater than one
year [50]. In addition to EGFR amplification,
deletion of p16INK4a and mutations in the tumor
suppressor phosphatase and tensin homolog
(PTEN) are other common events seen in pri-
mary GBM. By contrast, secondary GBMs are
associated with mutations in the gene isocitrate
dehydrogenase 1 (IDH1), with frequent

comutation of alpha-thalassemia/mental retar-
dation syndrome, X-linked (ATRX) or tumor
protein P53 (TP53) and deletion of cyclin-de-
pendent kinase inhibitor 2A (CDKN2A), and
PTEN, or retinoblastoma 1 (RB1) [51].

In addition to GBM, other malignant gliomas
such as anaplastic astrocytoma and oligoden-
droglioma have also been genomically charac-
terized. IDH1 mutations are common in these
grade III tumors, which is consistent with their
high prevalence in secondary GBMs. The
malignant progression of oligodendroglioma,
which initially harbors losses on chromosomes
1p and 19q as well as mutations in the growth
regulators capicua transcriptional repressor
(CIC) and far upstream element binding protein
1 (FUBP1), may be propelled by the loss of
CDKN2A and PTEN [52, 53]. As discussed
above, malignant astrocytoma (including grade
III lesions) is more likely to be driven by muta-
tions in ATRX and TP53, in addition to Rb
pathway mutations.

Medulloblastoma

Like glioma, medulloblastoma has undergone
extensive genomic and transcriptomic character-
ization [54, 55]. These studies have led to the
classification of medulloblastoma into four
molecular subgroups, including WNT, SHH,
Group 3, and Group 4. While the WNT and SHH
subgroups harbor overactivity of their associated
pathways, Group 3 and Group 4 tumors are
characterized by MYC and CDK6 amplification,
respectively. Importantly, each of these groups
carries specific clinical and demographic features
as well as implications for prognosis and thera-
peutic options. For example, WNT medul-
loblastomas are more commonly found in older
children and are almost always of the classic
histological subtype [56]. By contrast, SHH
tumors often present during infancy and are
associated with the desmoplastic subtype
(although all histologies are possible in this
group). Until recently, the major drivers of
Group 3 and Group 4 subgroup medulloblas-
tomas were mostly unknown, as there were only
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a few recurrent somatic mutations identified.
This changed with the publication of a large
whole-genome sequencing project that identified
recurrent structural variations in 33% of Group 3
and 5–10% of Group 4 medulloblastomas, lead-
ing to the juxtaposition of the growth factor
independent-1 family proto-oncogenes, GFI1 and
GFI1B, with upstream cis-acting regulatory ele-
ments such as super-enhancers [57]. Such geno-
mic structural alterations, defined as the
super-enhancer hijacking, lead to overexpres-
sion of the proto-oncogenes, GFI1 and GFI1B,
and were shown to be oncogenic in mouse
models in the same study [57].

Importantly, medulloblastoma subgroups also
carry prognostic implications, with Group 3
medulloblastomas having a particularly poor
prognosis, while WNT tumors are relatively
favorable [58]. Interestingly, genomic approa-
ches have suggested that these subgroups may
arise from different cells of origin in the cere-
bellum, perhaps explaining the differences in
features and presentations [59, 60].

The identification of medulloblastoma sub-
groups has opened novel treatment approaches
that target specific pathways. The most notable of
these is the use of antagonists that block activa-
tion of the SHH pathway. Previous administra-
tion of the SMO inhibitor GDC-0449 in an adult
patient with metastatic disease caused a rapid
regression of the tumor; however, resistant
clones soon arose and the tumor returned [61].
Clinical trials are ongoing for pharmaceuticals
that block SHH, and this subgroup may be the
first to benefit from routine targeted therapy [62].
Owing to the favorable prognosis of
WNT-driven tumors, most attention has focused
on the optimization of current treatment approa-
ches (i.e., radiation, non-specific chemotherapy,
and surgery). With continued characterization of
Group 3 and Group 4 tumors, new genomic
targets may become available in coming years.

Meningioma

For decades, the only genetic alteration associ-
ated with meningioma was biallelic loss of the

tumor suppressor neurofibromin 2 (NF2), which
is found in approximately 50% of sporadic cases
[63]. Prior to 2013, numerous studies had
investigated the gene expression patterns and
copy number events in these tumors or used
candidate approaches to elucidate possible
oncogenic mechanisms [64–66]. However, the
recent use of unbiased methods has led to
important insights about meningioma pathogen-
esis, identifying five pathways that are altered in
over 80% of cases [67–69]. Besides NF2 loss,
exome sequencing of tumor–normal paired
samples has revealed recurrent activating muta-
tions in the PI3K signaling molecule V-akt
murine thymoma viral oncogene homolog 1
(AKT1) and sonic hedgehog (SHH) mediator
smoothened (SMO). Additionally, mutations in
genes not previously associated with cancer have
been identified. Somatic mutations affecting the
WD40-repeat domain of TNF receptor-associ-
ated factor 7 (TRAF7) were found in approxi-
mately one-quarter of sporadic meningioma.
Interestingly, these mutations frequently
co-occur with either AKT1 activating mutations,
or a recurrent K409Q alteration in the
DNA-binding domain of Kruppel-like factor 4
(KLF4). KLF4 is one of four Yamanaka factors
sufficient to induce pluripotency from somatic
cells [70]. Recent work has also identified
recurrent mutations in the dock domain of RPB1,
the largest and catalytic subunit of RNA poly-
merase II [69].

While activating mutations in PI3K and SHH
signaling are involved in numerous forms of
cancer, the mechanisms underlying other iden-
tified meningioma genes remain unclear.
Downstream molecular studies, similar to those
undertaken in glioma and medulloblastoma, will
provide important insights over the coming
years and may reveal pharmacologic targets.
Despite the identification of genomic drivers in
the vast majority of sporadic meningioma, the
primary treatment modality remains neurosur-
gical excision. While this procedure is curative
in most cases and carries relatively low risk, it
is an invasive procedure that is not without
complications [71]. Medical therapies for
meningioma have been investigated previously,
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but this occurred prior to the identification of
recurrent somatic events in these tumors and
therefore targeted general candidate pathways
[72, 73]. Higher-grade meningiomas (World
Health Organization grades II and III) in par-
ticular may benefit from targeted therapies, as
they are associated with aggressive features and
carry relatively poor prognosis [74]. As the
oncogenic mechanisms of TRAF7, POLR2A,
and KLF4 remain largely unknown, clinicians
have focused on leveraging treatments from
other tumor types to target the well-established
PI3K and SHH pathways in meningioma.
Notably, clinical trials have started for the
treatment of recurrent meningiomas that harbor
activating SMO mutations using SHH pathway
inhibitors [75].

Tumor Heterogeneity and the Need
for Personalized Approaches

As the cost of NGS exponentially dropped after
2008, further analysis of individual tumors with
higher resolution revealed another level of com-
plexity: intra-tumoral heterogeneity (Fig. 3.4).
Heterogeneity within a single tumor is caused by
the presence of different genetic alterations in
distinct subclones that carry separate biological
functions for the tumor to survive and proliferate
[76]. The complexity caused by both intra- and
inter-tumoral heterogeneity is sufficient to make
the classic “one-size-fits-all” impractical for most
patients. Therefore, detailed genomic characteri-
zation of individual tumors is essential to tailor
the most effective treatment regimen, making the
treatment personalized.

In this section, we will use a series of studies
to depict why conventional one-size-fits-all
approaches for cancer treatment have not been
consistently successful in malignant brain tumors
and how advanced genomic technologies pro-
mise to improve outcomes. We will specifically
focus on the causes of treatment resistance, how
these resistance mechanisms have been revealed
with genomic technologies, and how genomic
information can be utilized to overcome these
mechanisms.

Gliomas, the most common malignant brain
tumor, are an excellent model to discuss the
clinical use of advanced genomics. Genomic data
from this tumor have revealed the reasons for
variability in not only the treatment response, but
also for prognostic markers. Temozolomide
(TMZ) is an alkylating chemotherapeutic agent
commonly used in gliomas as a standard of care
treatment. As discussed earlier, a prognostic
marker in gliomas for assessing the response to
TMZ treatment is the methylation status of the
MGMT promoter region [77]. However, it has
also been shown that prognostic value of this
marker is dependent on the genomic background
of the tumor, such as existence of an IDH1
mutation [78]. In another prognostic marker
study, the tumors with mutant TP53 were shown
to be less sensitive to TMZ treatment. Even
though there are no other chemotherapy agents as
effective as TMZ that can be used as an alter-
native in gliomas, it is clear that genomic pro-
filing of individual tumor improves the
prognostic assessment for each patient.

As detailed above, EGFR is one of the fre-
quently altered genes in GBMs, either through
mutation, rearrangement, alternative splicing, or
amplification in 57% of all cases [38].
Since EGFR is also frequently altered in other
cancer types, it has been intensely studied as a
pharmacologic target using tyrosine kinase inhi-
bitor (TKI), antibody-based therapies,
immunotherapies, and RNA therapies. TKI
studies resulted in the development of successful
inhibitors for certain types of cancer, such as
non-small lung cancer. In these patients, those
receiving targeted treatment had a 1-year pro-
gression free survival rate of 42.9%, compared to
9.7% for patients receiving standard chemother-
apy [79, 80]. However, similar trials targeting
EGFR with agents such as gefitinib and erlotinib
in gliomas have not been as promising [81, 82].
One of the reasons for this variability is the
intra-tumor heterogeneity presented with other
alterations that co-occur with EGFR in the same
tumor.

Another reason may be the location of EGFR
alterations in glioma, which occur primarily at
extracellular sites of the protein. As opposed to
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the kinase domain mutations frequently observed
in lung cancer, extracellular EGFR mutations
such as A289V and EGFRvIII are more common
in gliomas and are known to be resistant to
kinase domain inhibitors such as erlotinib [83].
The most common EGFR mutation, EGFRvIII, is
found in 50% EGFR-amplified tumors [84] and
is known to create a constitutively active EGFR
by forming a complex with STAT3 and activat-
ing downstream signaling [81]. It is also shown
that EGFRvIII mutations create a different con-
formation than EGFR kinase domain mutations,
leading to TKI resistance. There are, however,
studies showing that certain extracellular domain
mutations respond relatively better to second
generation of EGFR inhibitors such as lapatinib
[83], aimed at targeting the conformational
change caused by the EGFRvIII mutation.
Besides the TKIs, there are also immunotherapy
approaches developed specifically for EGFRvIII
mutations with promising results. A multicenter
phase II trial using EGFRvIII peptides induced
patient immune systems to target the tumor cells
with this mutation, resulting in an improved
overall survival of 26 months compared to
14 months with standard therapy [85].

The other reason for the failure of targeting
EGFR mutations in gliomas is due to pathway
redundancy created by the co-occurrence of other
growth factor genes such as PDGFR and receptor
tyrosine kinase mutations [81]. With such
redundancy introduced by multiple hits in acti-
vating growth pathways, the use of a
single-target treatment only leads to the selection
of alternative clones, ultimately leading to treat-
ment resistance. Indeed, the co-occurrence of
multiple receptor tyrosine kinase mutations
(EGFR, PDGFRA, and MET) in distinct sub-
clones originating from a single founder clone
was shown in 4.5% of GBMs in a study depict-
ing the intra-tumoral heterogeneity of gliomas
[86]. One of the alterations that frequently
co-occur with EGFR mutation in gliomas is the
loss of function alterations in PTEN (36% of all
gliomas), which results in the activation of the
PI3K/AKT/mTOR pathway downstream of
EGFR. Interestingly, single-target treatments for
EGFR have been shown to cause treatment

resistance in cases where there are clones with
PTEN phosphorylation (Y240) [87]. Therefore,
even if the EGFR activation status is determined
in a tumor, the mechanisms through which this
activation occurs (amplification, EGFRvIII
mutation, EGFR kinase domain mutation, etc.)
and also other alterations that co-occur with
EGFR activation should be considered when
designing personalized therapies.

Another factor introducing complexity to the
management of malignant tumors is related to the
temporal evolution of tumors under the pressure
of treatment and progression (Fig. 3.4). Tumors
with increased heterogeneity may evolve by
selection of a subclone during a targeted treat-
ment, leading to a completely new genomic
profile of the relapsed or progressed tumor
compared to the primary tumor. Indeed, it has
been shown that IDH1 mutant gliomas evolve
and progress to high grade through acquiring
new genetic and epigenetic alterations on MYC,
RTK/RAS/PI3K pathways and
FOXM1/EZH2-mediated cell cycle transitions
[88]. Interestingly, a nonlinear progression pat-
tern has been observed, whereby mutations on
certain genes such as CIC and TP53 are lost and
replaced by new mutations on these genes during
progression. This shows the dynamic potential of
progression. Since longitudinal analyses display
immense heterogeneity, it is also expected to see
heterogeneity topologically within tumors. This
is confirmed in a related study investigating
specimens from different sections of primary and
recurrent gliomas, which demonstrated
intra-tumoral heterogeneity in genomic muta-
tions [89]. By comparing information from
multiple regions of the primary and recurrent
tumors, two distinct models for tumor evolution
(linear and nonlinear) were observed in this
study. In the linear model, the recurrent tumors
evolved from a founding clone that can be traced
to a specific sector in the primary tumor by
gaining additional mutations. In the cases dis-
playing a nonlinear evolution model, however,
the recurrent tumor emerged from an early
branch in the primary tumor and shared very few
alterations with the primary tumor and its clones.
Similar phenomenon of topologic genomic
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heterogeneity has been shown with deep
sequencing techniques in other various solid
tumors such as prostate cancer [90] and
non-small cell lung cancer [91]. Moreover, in a
study investigating the genomic profiles of vari-
ous primary tumors and their brain metastases, a
similar pattern was also observed. This study
presented the branching evolution of the primary
tumor into the metastatic tumor by gaining new
alterations in addition to the founding clone.
Strikingly, 53% of cases presented potentially
targetable alterations in the brain metastasis,
which were not observed in the matching pri-
mary tumor [92].

In addition to glioma, clonal separation is also
observed in metastatic medulloblastomas, despite
a long-held belief that primary and metastatic
tumors were biologically very similar. Recent
work has shown in both human cases and mouse
models that metastatic tumors can emerge from a
subclone in the primary tumor and gain addi-
tional genetic alterations. To test the impact of
this clonal separation on therapy, a previous
study compared therapeutic responses in primary
and matching metastatic tissues. Interestingly,
the results showed different response measures
between primary and metastatic tumors in 58%
of cases (however, the authors stated that there
might be different exposure rates between both
tissues) [93]. Genomic responses to therapy have
also been recorded in human medulloblastoma
cases. A previous case report described the
treatment of a PTCH1-mutated SHH-driven
tumor using the SMO inhibitor GDC-0449.
Even though the tumor initially showed remis-
sion, the disease progressed after 3 months.
Interestingly, upon genomic analysis of the
recurred tumor, a new somatic mutation was
found in SMO that blocked the therapeutic effect
of GDC-0449 [94]. In a more comprehensive
study, the genomic profile of primary and
recurrent medulloblastomas was analyzed both in
human samples and in murine models. This work
found that only 12 and 5% of genetic events were
preserved in recurrent tumor that was observed in
the primary tumor, in human samples, and in
murine models, respectively [95].

Besides intra-tumoral heterogeneity that is
observed temporally or topologically, another
component causing heterogeneity in malignant
brain tumors may be related to the cancer stem
cell (CSC) hypothesis. In this theory, a subset of
cells with long-term growth potential gives rise
to more differentiated, progenitor cells with
limited proliferation potential, similar to the
classic stem cell paradigm. This hypothesis can
be extrapolated to explain to the clonal evolution
of tumors leading to heterogeneity [96]. To
support the CSC hypothesis, the neural stem cell
marker CD133 is found to be strongly correlated
with tumor initiation and resistance to radio-
therapy in gliomas [97]. It is also known that
similar to normal stem cells, CSCs depend on a
specific microenvironment where the signals and
nourishment requirements are satisfied. Specifi-
cally, CSCs leading to brain tumors are located in
subgranular and subventricular zones where
these requirements can be supplied [98].When all
these attributes of CSC hypothesis are analyzed,
it is clear that the CSCs and their ability to create
new cancer progenitor cells, together with their
dependence to microenvironment, should be
addressed for successful targeted treatments.
Therefore, targeted treatments designed for CSCs
must have multiple facets, such as targeting the
surface markers (such as CD133), microenvi-
ronment elements, and downstream biological
pathways such as Notch, AKT, Hedgehog, Wnt,
and NF-KB [99].

These studies, which reveal multiple mecha-
nisms of genomic heterogeneity and tumor
plasticity, largely explain the varying response
rates of standard and targeted treatments.
Therefore, personalized treatments for malignant
brain tumors should consider (i) intra-tumoral
heterogeneity where multiple targets must be
addressed, (ii) temporal heterogeneity where
selective pressure of treatment or progression
affects and alters the genomic profile of the
tumor, and also (iii) the CSC-like structure where
new resistant clones are continuously being
generated. Hence, not only do genomic profiles
of individual tumors need to be analyzed, but
repeated profiling should also be performed upon
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progression and recurrence. Only with detailed
longitudinal data produced by advanced genomic
technologies can more successful personalized
treatments be realized based on adaptive
regimens.

Future Directions and Challenges

As our genomic understanding of cancer contin-
ues to grow, it has become clear that the molecular
events underlying tumor biology are more com-
plex than we previously imagined. We have long
abandoned the idea that a single tumor profile can
be informative across all types of cancer, nor can a
single agent be efficacious in all cases. It is this
insight that has necessitated the development of
precision treatment approaches. Years of detailed
genomic profiling of individual tumors have
revealed that there are often multiple oncogenic
clones within even a single tumor, such that ade-
quate treatment requires high-resolution profiling
and organization of a personalized regimen.

Despite recent advances, there remains room
for improvement in the technical and clinical
foundations of precision medicine. Current NGS
technologies such as whole-exome and
whole-genome sequencing use bulk DNA as
input, which is useful to assess the overall
genomic profile of individual tumors. However,
even if applying deeper sequencing increases the
resolution (i.e., through increased data redun-
dancy), critical information about subclones can
be lost due to pooling of all DNA from a tumor.
Therefore, recent advances in single-cell
DNA/RNA-sequencing technologies stand as
promising technologies. Although still in devel-
opment, preliminary studies have demonstrated
the potential to better resolve and understand
intra-tumor heterogeneity at cell-level resolution.
For example, a population-based single-cell
study of GBM found that seemingly coexisting
alterations of EGFR were in fact mutually
exclusive in distinct clones of cells [100]. This
finding suggests the idea that there are actually
many tumors within a single lesion [76],
emphasizing the importance of high-resolution
genomic profiling for personalized treatments.

Another challenge facing precision medicine
is the emergence of treatment-resistant clones
within a tumor, effectively making it a moving
target. As presented above, there are mainly two
paths for therapeutic resistance: selection of a
preexisting clone that is resistant to the treatment
and de novo formation of treatment-resistant
genetic alterations in new clones. There have
been many studies concerning the selection of
preexisting clones; however, a recent study not
only showed the possibility of de novo mutations
causing resistance during treatment, but also
demonstrated that the two paths to drug resis-
tance have different mechanisms [101]. The
dynamic nature of clonal evolution has been
demonstrated repeatedly in longitudinal studies
of treated tumors. In one interesting study,
extrachromosomal DNA amplicons harboring
EGFRvIII alterations in GBMs were treated with
the tyrosine kinase inhibitor erlotinib. While the
clones with EGFRvIII were lost during treat-
ment, EGFRvIII-mutated clones re-emerged and
reached the original ratio upon removal of the
drug [102]. Such biologic and mechanistic vari-
ations in resistance will require dynamic treat-
ment regimens, introducing another challenge for
personalized treatments.

Ongoing technical and bioinformatic studies
will tackle these challenges in the coming years.
In the meantime, the role of precision approaches
will continue to grow in the treatment of brain
tumors. As our understanding of the molecular
pathways underlying these lesions becomes more
complete, we expect to see new generations of
targeted pharmaceuticals that leverage genomic
insights. The combination of increasingly
sophisticated genomic analyses, development of
efficient clinical paradigms for interpreting
patient results, and availability of targeted med-
ications will provide optimal therapy for the
treatment of malignant brain tumors.
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4The Usefulness of Stereotactic
Neuronavigation Along
with Intraoperative Imaging
in Malignant Brain Tumor Surgery

Gregory Kuzmik, Anne Long, S. Bulent Omay
and Jennifer Moliterno Günel

Introduction

Neurosurgeons plan surgical approaches for the
initial stages of brain tumor surgery based on
preoperative magnetic resonance imaging (MRI).
Registering this imaging with astereotactic guid-
ance (i.e., neuronavigation) system allows for
more precise localization of the tumor, with more
focused craniotomies centered over the area of
interest. After the initial approach, however, nav-
igation based on preoperative imaging that was
once accurate and useful can become less reliable
due to the well-defined phenomenon of brain shift
following hyperosmotic therapy, cerebrospinal
fluid (CSF) release, and initial tumor resection [1].
Similarly, for certain types of tumors in particular,
such as gliomas, distinguishing between tumor
and infiltrative, gliotic brain during resection can
prove difficult for even the most experienced brain
tumor surgeon. Thus, the neurosurgeon could
benefit from a more updated representation of the
remaining tumor onmore current imaging to guide
the completion of resection. Moreover, the sur-
geon’s understanding of the tumor’s vascular
supply, with the possibility of decreasing it with
intraoperative embolization of particularly vas-
cular malignant brain tumors, can be important.

Intraoperative imaging is a powerful and
valuable tool in brain tumor surgery that has come
a long way since Walter Dandy pioneered pneu-
moencephalography [2]. Modern intraoperative
imaging modalities, with the potential for
real-time information and more advanced neu-
ronavigation systems, including intraoperative
ultrasound (iUS) and intraoperative magnetic
resonance imaging (iMRI), as well as intraopera-
tive angiography (iA), can improve patient safety
and minimize surgical morbidity by allowing the
surgeon to more accurately localize pathology and
avoid eloquent neural and vascular structures. At
the same time, it facilitates more complete resec-
tion of tumors by demonstrating to the surgeon the
location of residual tumor which is particularly
salient in the setting of glioma resection because
these tumors, due to their infiltrative nature, can be
difficult to differentiate from normal brain tissue
intraoperatively, particularly at the time of
reoperation.

Thorough surgical resection when possible,
followed by adjuvant chemotherapy and radiation,
represents the standard approach to treatment of
malignant brain tumors, such as high-grade glio-
mas (HGG), including glioblastoma (GBM) [3].
Amore complete extent of tumor resection (EOR),
and achieving a gross total resection (GTR) when
possible, has been shown to improve outcomes in
patients with gliomas [3–7] and is associated with
improved progression-free and overall survival
[4]. In one multivariate analysis comprising data
fromover 400 patientswithGBM,EORwas found
to be an independent predictor of survival [6]. In
another recent meta-analysis encompassing over
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12,000 patients studying the impacts of EOR of
high-grade malignant gliomas HGG, the authors
found that GTR was superior to subtotal resection
(STR) with regard to overall survival (mean dif-
ference 3.8 months), progression-free survival
(mean difference 2.2 months), and postoperative
Karnofsky performance status (mean difference
4.9% points) [3]. The authors also noted that there
was no significant difference in surgical morbidity
ormortality between theGTR and STRgroups [3].
Another study found that even in the case of
recurrent GBM, extent of repeat resection was an
independent predictor of survival and that patients
who had initially undergone a STR had signifi-
cantly improved overall survival when GTR was
achieved on their recurrent tumor compared to
STR [5]. Data frommeta-analyses of patients with
malignant gliomas provide evidence that increas-
ing extent of resection leads to improvements in
survival time, functional recovery, and tumor
recurrence rate [3, 6]. Studies similarly suggest
that safe extent of resection is associated with
improved outcomes in patients with low-grade
gliomas [8–10]. Achieving a greater extent of
resection has also been shown to improve survival
in patients with recurrent GBM [5]. It is also
important to note that achieving GTR may also be
an important and necessary step in fulfilling the
criteria for clinical trial enrollment.

In this chapter, we will discuss the utility of
stereotactic neuronavigation, iUS and iMRI, as
well as the potential usefulness of iA, and their
role in improving the success of surgery for
malignant brain tumors.

Stereotactic Neuronavigation

The precise localization of a tumor within the
brain and its relationship to critical neurovascular
structures is of significant importance and fun-
damental to every malignant brain tumor surgery.

Stereotactic neuronavigation systems use
three-dimensional (3D) digitizers to register
anatomical landmarks with preoperative imaging
[11]. The result is effectively a GPS for localizing

the tumor through the use of a tracking system that
links to a detector (optical or electromagnetic) with
a probe [12]. While these systems previously
required the use of a frame and thus quite cum-
bersome, more modern, frameless neuronavigation
has become standard at major tumor centers in the
last two decades and offers comparable accuracy.

Neuronavigation is incredibly effective with
targeting specific areas within a tumor for more
accurate biopsy and diagnosis. For instance, areas
of restricted diffusion or contrast enhancement
seenwithin a tumor on preoperativeMRI can serve
as a stereotactic target to help establish a more
representative diagnosis of a malignant brain
tumor and therefore appropriately influence treat-
ment decisions. With regard to surgical resection,
more focused, smaller craniotomies can be per-
formed and reliably centered over the tumor epi-
center when stereotactic neuronavigation guides
the surgical planning. Smaller craniotomies are
associated with reduced blood loss, decreased
operating time, and minimum trauma and brain
retraction [11, 13]. Furthermore, during tumor
resection, particularly for deep tumors, neuron-
avigation can serve as a useful adjunct for under-
standing the relationship with critical structures
nearby (i.e., ventricular system), allowing for
avoidance of complications and potential
morbidity.

More modern multimodal systems can incor-
porate functional data with regard to eloquent
cortex (i.e., motor or speech areas) and white
matter tracts (i.e., corticospinal tract), with
co-registration of functional MRI (fMRI) and
diffusion tensor imaging (DTI), further improv-
ing the safety of surgery. This allows for navi-
gation while taking these important structures
into consideration, providing a better under-
standing of their anatomical relationship in gen-
eral and with respect to the tumor. This is
paramount as important anatomy can be dis-
placed and altered by malignant brain tumors.
Moreover, it allows to facilitate the identification
of eloquent cortex and subcortical tracts,
enabling direct stimulation for confirmation of
their locations. Taken together, this can help
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minimize the risk of injury to highly functional
brain with improved preservation of function.
Indeed, studies have suggested the combination
of using multimodal neuronavigation with fMRI-
and DTI-integrated systems, coupled with corti-
cal and subcortical mapping techniques, enhan-
ces surgical safety by reducing surgical time,
identifying tracts for stimulation, preserving
function, and facilitating maximal surgical
resection [14–18].

The major limitations of the use of stereotactic
neuronavigation include patient-to-image regis-
tration inaccuracies and brain shift, resulting in
loss of anatomic accuracy. With regard to the
former, there is an inherent error in frameless
stereotactic navigation systems related to the
accuracy of probe tracking, the quality of the
images, and the method of image-to-patient
registration [19]. In addition, numerous routine
steps of an operation have been shown to nega-
tively impact the accuracy of frameless stereo-
tactic neuronavigation [1]. These include the
placement of surgical drapes, the placement of
skin retractors, and the process of performing a
craniotomy [1]. These factors may add up to an
overall spatial registration error of 5 mm [1]. The
duration of an operation has also been shown to
be a significant factor in loss of frameless
stereotactic neuronavigation accuracy; one study
demonstrated that 5 h of operating time can
result in a registration error of up to 3 mm [1].
Nonetheless, studies using pre- and postoperative
MRI suggest that more modern frameless meth-
ods for localization have accuracy within 2–
3 mm during surgery, similar to the accuracy of
previously used frame-based stereotaxy [20]. As
for brain shift, it is a well-described phenomenon
that can occur when such common events during
surgery, such as the resultant effects of hyper-
osmolar therapy on the brain, cerebrospinal fluid
loss, cyst decompression, tumor resection, and
cerebral edema, can effectively change the anat-
omy from the preoperative imaging and thus
decrease navigational accuracy [21].
State-of-the-art operating rooms with iUS and
iRMI capabilities can help overcome this with
the re-registration of intraoperative ultrasound
and MRI images. This allows for the ability to

navigate from a more accurate representation of
the current anatomical state. Finally, decrease in
navigational accuracy can also be introduced by
registering preoperative images obtained too far
in advance (i.e., weeks, months) from the time of
surgery. Malignant brain tumors, in particular,
can grow quite rapidly, and thus, obtaining pre-
operative imaging as close to the time of surgery
is recommended and can change surgical plan-
ning based on neuronavigation [12, 22].

Intraoperative Ultrasound (iUS)

iUS is commonly used as a noninvasive adjunct in
brain tumor surgery and can help evaluate normal
anatomical relationships, providing information
about location and size of brain tumors with regard
to the brain parenchyma [23]. Additionally, iUS
with Doppler can provide valuable information on
the overall vascularity of a tumor, where the main
feeders are located, as well as the location of
normal cerebral vasculature [24, 25]. Intraopera-
tively, the transducer probe of the ultrasound is
wrapped in a sterile sheath with sterile lubrication
on the tip and thus can be readily available to the
surgeon on the operative field throughout the
entirety of the case. The use of saline is important
when using the iUS on the brain in an effort to
improve acoustic coupling, and the operator has
the ability to increase or reduce the intonation
depth to provide more anatomical detail. CSF
within the lateral ventricles is anechoic (i.e., dark),
while the falx is hyperechoic (i.e., bright); thus,
these structures can serve as landmarks for orien-
tation purposes. In general, hyperechoic lesions
have decreased water content, a rich capillary
network, and stromal components [26]. Brain
tumors can be heterogeneous in appearance, often
appearing hyperechoic to normal brain tissue
(Fig. 4.1), and can mostly be differentiated from a
resection cavity. However, the variable appear-
ance of the surrounding brain due to edema and
tumor infiltration can sometimes render this
interpretation confusing.

The most important advantage of iUS is that it
provides the neurosurgeon with real-time infor-
mation, including accurate localization and
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characterization of a lesion, compensation for
brain shift that can be problematic for stereotactic
neuronavigation systems, and detection of
unforeseen surgical sequelae, such as intraoper-
ative hemorrhage or hydrocephalus, therefore
decreasing surgical time and potential morbidity
[25]. iUS can better define critical tumor margins
and decrease the likelihood of leaving residual
tumor [14, 27]. It can easily locate and help
evacuate cystic components, as well as define
tumor tissue planes. iUS can be readily available
with a relatively low cost when used routinely in
an established tumor practice [25, 28]. The time
it takes to perform an intraoperative ultrasound is
very short (i.e., seconds to minutes) and can be
performed numerous times, and no additional
personnel is needed if the surgeon has sufficient
experience with its use and interpretation.

Evidence indeed suggests that the imaging
provided by iUS is seemingly advantageous to
the success of brain tumor surgery. Saether et al.

studied the use of 3D iUS in GBM surgery, and
their findings suggest improvement in survival
with this technology even after adjusting for
known prognostic factors [14, 29]. In this retro-
spective study, Seather et al., reviewed
193 GBM patients and analyzed the effect of the
use of 3D ultrasound and neuronavigation on
overall survival [29]. They observed an increase
in survival (9.6 vs. 11.9 months; HR = 0.7;
p = 0.034) after adjusting for age, WHO per-
formance status, and type of radiotherapy and
chemotherapy [29]. Moiyadi et al. in a retro-
spective series studied the effects of the use of
3D iUS and revealed that combining 3D iUS data
with MR guided neuronavigation resulted in
further resection attempts and gross total resec-
tion (GTR) levels comparable to the use of iMRI
[14, 30]. In the senior author’s practice, the use
of iUS, along with stereotactic neuronavigation,
is standard on all tumor cases. The use of iMRI is
reserved as an adjunct to iUS in more infiltrative

Fig. 4.1 Intraoperative use of ultrasound revealing a
hyperechoic lesion representing tumor prior to resection.
A hypoechoic area in the center is the carotid artery. The

apparatus remains on the field allowing for relatively
quick, real-time feedback about extent of resection
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tumors, such as malignant gliomas, where it can
be more difficult to interpret residual tumor ver-
sus edematous brain on the border of the resec-
tion cavity.

Though undeniably useful, versatile, and
readily available, it should be noted, however,
the sensitivity and specificity of iUS is far less as
compared with iMRI (see below) and interpre-
tation of findings requires training and experience
[31]. For example, a hyperechoic rim can be
observed around the resection cavity which may
be interpreted as tumor, although this is a non-
specific finding [32]. One of the other common
artifactual problems of iUS is acoustic enhance-
ment artifact (AEA). These artifacts appear at the
bottom of the resection cavity after some tumor
debulking when ultrasound penetrates through a
higher column of saline. The appearance of
AEAs is due to a large difference between a very
low attenuation of acoustic waves in saline and
high attenuation of acoustic waves in brain tis-
sue, and they may block detection of tumor
remnants at the depth of resection cavity [33, 34].
Using a mini US probe within the cavity may
decrease the column of saline between the probe
area of interest and then reduce the AEAs at the
depth of the resection cavity [34, 35].

Novel technological advancements in ultra-
sonography can help overcome some of the short-
comings of more traditional, two-dimensional (2D)
iUS.Over the last twodecades, for instance, 3D iUS
systems have become available and such multi-
planar imaging capabilities can help overcome
some of the limitations with regard to orientation of
2D US, leading to improved quality of imaging
[30]. As mentioned, navigated iUS can use tracked
ultrasound images (both 2D and 3D) for guidance
and improvement in orientation [36]. The ultra-
sound can be used alongwith the preoperativeMRI
for the purpose of navigation and can help eliminate
any inherent potential registration inaccuracies
[37]. Co-registering with functional imaging [i.e.,
functional MRI (fMRI) and diffusion tensor imag-
ing (DTI)] can further enhance the safety of the
resection. Finally, contrast-enhanced iUS tech-
niques can help improve tumor visualization with
the intraoperative administration of contrast [38].

Intraoperative Magnetic Resonance
Imaging (iMRI)

While MRI imaging has long been a fundamental
component in the diagnosis and treatment of
malignant brain tumors for its ability to provide
surgeons with high-resolution multiplanar anatomic
detail of the brain, it has more recently become an
important intraoperative tool [39]. The ability to
image the brain during surgery facilitates superior
neuronavigation and can help overcome the limi-
tations of stereotactic neuronavigation systems,
rendering them more effective throughout the
entirety of the surgery. More specifically, the use of
iMRI can correct for these inherent neuronavigation
inaccuracies that accrue over the course of an
operation by allowing re-registration of the stereo-
tactic neuronavigation with the intraoperative scan
that is obtained after many of these steps of the
operation that contribute to neuronavigation inac-
curacy are completed. iMRI also has substantial
benefit in verifying the extent of tumor resection
and location of residual tumor after resection has
begun, although it should be noted that this pertains
primarily to intra-axial tumors that can be difficult to
distinguish from normal brain tissue and holds less
benefit from easily delineated extra-axial masses
(Fig. 4.2). Intraoperative imaging has the additional
capabilities that it can be used to confirm the correct
positioning of a biopsy needle in the case of
stereotactic biopsies or demonstrate the presence of
early complications such as hemorrhage or ischemia
that can be addressed intraoperatively [40].

Intraoperative MRI first became available in
the 1990s with the advent of open bore magnets
[39]. The first intraoperative magnets had low
field strength (0.2–0.5T), which required longer
scan times, limited anatomic resolution, and had
lower signal-to-noise ratios compared to modern
conventional high field strength MRIs [41, 42].
Furthermore, low field strength MRIs did not
provide the ability to perform more advanced
imaging techniques such as diffusion-weighted
imaging (DWI), DTI, magnetic resonance
angiography (MRA), magnetic resonance spec-
troscopy (MRS), and functional (fMRI) imaging
[43]. More recent advancements with higher field
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strength (1.5–3.0T) MRI systems address these
shortcomings and have subsequently become an
emerging tool in malignant brain tumor resec-
tion. The benefits of such an iMRI system not
only provide for high-resolution multiplanar
anatomic detail of intracranial tissues (and the
same caliber as preoperative imaging), but also
allow for these advanced imaging techniques.

iMRI has been shown to be an effective tool in
improving neurosurgical outcomes while mini-
mizing complications [44]. In one recent ran-
domized controlled trial of adults with enhancing
gliomas, 49 patients were analyzed after ran-
domization to undergo conventional surgical
resection or resection with the aid of intraoper-
ative MRI [44]. Patients in the iMRI group had a
significantly higher rate of complete tumor
resection than the control group, while the rates
of postoperative neurological deficits did not
significantly differ [44]. Notably, in patients who
underwent additional tumor resection based on
the iMRI findings, none suffered neurological
complications. Various case series have shown
that iMRI results in improved rates of tumor
resection [10, 31, 45–57]. For example, Senft and
colleagues demonstrated that in patients

undergoing surgery for intended GTR of GBM,
the use of iMRI leads to a significantly increased
rate of complete tumor resection (100%), com-
pared to patients who underwent resection with-
out iMRI (61%) [54]. One study investigating the
role of iMRI in GBM resection found that
achieving a >98% resection was significantly
associated with improved overall survival com-
pared to resection of <98% of the tumor (median
survival 14 months vs. 9 months) [10]. Hati-
boglu et al. found that in a subset of their patients
undergoing glioma resection, the use of iMRI
followed by additional tumor resection improved
the average extent of resection from 76 to 96%
[45]. Likewise, in a series of nearly 300 patients,
Kuhnt and colleagues found that the use of iMRI
with subsequent additional tumor resection gui-
ded by the intraoperative images significantly
improved the rate of GTR of gliomas. Addi-
tionally, they found using volumetric analysis
that additional resection following iMRI leads to
a significantly lower volume of residual tumor
[46]. Others, however, have not shown similar
benefits of iMRI. A recent but small randomized
controlled trial comparing resection with stan-
dard neuronavigation to resection aided by low

Fig. 4.2 A 47-year-old man with recurrent GBM after
treatment with radiation and chemotherapy. Preoperative
T1-weighted post gadolinium MRI (a) reveals a right
frontoparietal mass. Intraoperative T1-weighted post

gadolinium MRI (b) shows some residual treatment
effects with tumor along the anterior resection cavity that
appeared like gliotic brain grossly under the microscope
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field iMRI found no significant differences with
respect to extent of resection, clinical perfor-
mance, and survival. However, the benefits of
iMRI in this study may have been limited by the
low-strength (0.15T) magnet used [58].

Despite these advantages, an iMRI system
presents a number of logistical and safety chal-
lenges that must be addressed prior to clinical
implementation. The first among these is the
design and construction of a suitable operating
room. iMRI systems require rooms with adequate
radiofrequency shielding in order to prevent
image artifact and magnetic shielding to protect
equipment and patients outside the iMRI suite.
Additionally, the rooms must be equipped with
dedicated MR-compatible surgical and anesthe-
sia equipment and must be large enough so that
non-MRI-compatible equipment can be stored at
a safe distance from the magnet while it is in use.
Non-MRI-compatible equipment must be kept at
a distance beyond the 5-gauss field line of the
magnet while it is in use [59]. While the magnets
themselves may be too deep to allow easy sur-
gical access while the patient is positioned in the
scanner, mobile systems, in which the MRI bore
can be brought in and out of the operating room,

circumvent this drawback [41]. Many modern
iMRI suites house the MRI magnet in a separate
room connected to the main operating area, and
the magnet can be brought into the main oper-
ating room via tracks on the ceiling to center over
the patient’s head (Fig. 4.3).

Drawbacks to an iMRI system include the
significant upfront expense of the MRI systems
and constructing an MRI-compatible operating
suite, not to mention availability of space to be
specifically allocated to the suite which may not
be possible at certain centers. Apart from the
initial costs, and unlike iUS, these systems also
require additional personnel, including MRI
technicians, as well as additional traditional sur-
gical staff to operate the MRI during an opera-
tion. Special anesthesia monitors are required.
Older models of MRI-compatible head holders
can be quite cumbersome and can prohibit
positioning in the lateral or prone position, but
newer iMRI systems and head holders have
improved considerably to where this is amenable
(Fig. 4.4). It is also important to note that the use
of an iMRI system may be limited by metallic
implants in the patient, such as old aneurysm
clips or implanted defibrillators. An additional

Fig. 4.3 iMRI suite at Yale New Haven Hospital.
Photograph taken from the operating room looking
toward the garage that houses the iMRI (a). The patient
has been sterilely draped, and the metal objects have been

moved to safety. The magnet moves into the operating
room, along a track system, allowing its use in two
separate rooms. The magnet is centered over the patient’s
head and ready for use (b)
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safety consideration is that obtaining an iMRI
requires suspension of the surgical procedure in
order to place the patient within the MRI scanner.
The sterility of the surgical field must also be
maintained throughout the imaging process.
Relatively slow image acquisition time, coupled
with the time it takes to prepare the patient and
the room, results in relatively longer operating
times than without imaging and, therefore, longer
time under anesthesia. In the senior author’s
experience, this time is typically approximately
forty minutes. In patients with medical comor-
bidities, the benefits of obtaining intraoperative
imaging must be weighed against the risks of
additional operating and anesthesia time. In some
patients, depending on the type and extent of
their tumor in addition to their overall health and
prognosis, it may be best to complete tumor
resection without obtaining iMRI.

Intraoperative Angiography (iA)

The use of cerebral angiography for brain tumors
may be indicated when more detailed vascular
information is needed to evaluate arteriovenous

shunting, the relationship with major arterial and
venous structures, coexisting vascular pathology
within or in close vicinity of malignant tumors
[60, 61]. Moreover, embolization of tumors can
prove invaluable in tumor cases with a robust
vascular supply that may be difficult to otherwise
control during surgery. The one caveat with
preoperative embolization of tumors, however, is
that the sudden cutoff of the tumor’s blood sup-
ply can lead to an acute worsening of cerebral
edema, rendering an immediate life-threatening
situation for the patient. Tumor embolization
may also cause hemorrhage in large tumors, also
leading to acute herniation syndromes [62].
Thus, the removal of the skull flap and resection
of the tumor immediately after embolization can
be critical to relieve pressure, but these proce-
dures are often performed at two separate loca-
tions in the most hospitals.

State-of-the-art operating rooms, however,
allow for multiple modalities of diagnostic and
intervention capabilities, namely iA and iMRI to
coexist in the same room (i.e., hybrid rooms),
thus allowing for the opportunity to maximize
the success of surgery and patient safety. The
accessibility of a biplanar imaging technology

Fig. 4.4 A more current version of the nonmetal, 3.0T iMRI-compatible head holder
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within a neurosurgical operating suite allows the
neurosurgeon to have the ability to perform a
diagnostic or therapeutic cerebral angiogram
during or immediately before or after tumor
resection. Patients may be anesthetized in the
same operation suite, in the same setting, where
life-threatening cerebral edema and risks of her-
niation can be controlled and prevented. Hybrid
rooms provide the infrastructure to begin the
craniotomy and tumor resection immediately
after an embolization procedure, therefore reap-
ing the benefits of eradicating the tumor blood

supply, without the consequences. These
adjuncts increase the safety, accuracy, and suc-
cess of each procedure. One example of the
success of such a hybrid room is exemplified in
Fig. 4.5 in which a feeding artery aneurysm was
found deep within a malignant brain tumor. Such
an aneurysm would have been difficult to gain
access to and control with conventional open
surgery, and thus, the use of iA with emboliza-
tion in a hybrid suite allowed for treatment of the
aneurysm and removal of the tumor in the same
operative setting.

Fig. 4.5 29-year-old patient with a malignant heman-
giopericytoma found to have a feeding artery aneurysm
on CT angiogram. She was treated in a hybrid operating
room with intraoperative angiography capabilities,

allowing for embolization (a, b) in the same setting as
craniotomy and resection (c, d), minimizing the risk of
malignant cerebral edema
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Summary

Stereotactic neuronavigation is critical for more
precise surgery for malignant brain tumors and
for establishing diagnosis at the minimum, when
surgical resection is not possible. iUS and iMRI
are increasingly useful adjuncts in brain tumor
surgery and, when coupled with navigation, can
help push the extent of surgical resection, while
minimizing morbidity, resulting in improved
survival and decreased recurrence for patients
with malignant brain tumors. The upfront
investment of both can be costly and is usually
found at large medical centers with a
high-volume brain tumor surgical service and
specialized brain tumor surgeons. iUS can pro-
vide quick, real-time information regarding the
extent of resection, as well as critical relation-
ships of the remaining tumor with critical neu-
rovascular structures of the brain. Expertise in
interpreting the ultrasound imaging is paramount
to its usefulness. While the iMRI requires a
longer pause in the surgical procedure, more
logistical considerations and preparations for its
use, and a greater expense and dedication of
space, the improved imaging quality can be
invaluable. The complementary use of both iUS
and iMRI, when appropriate, along with the
ability to re-register neuronavigation can make a
significant difference in the state-of-the-art neu-
rosurgical management of patients with malig-
nant brain tumors. iA also serves as a critically
useful adjunct in select cases where the benefits
of preoperative embolization of particularly
vascular tumors in hybrid operative suites can be
performed and can immediately mediate any
negative effects of resultant increased cerebral
edema.
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5Mapping the Brain for Primary Brain
Tumor Surgery

Emmanuel Mandonnet and Hugues Duffau

Abbreviations
ACEPS Axonal-cortical evoked potentials
CCEPs Cortico-cortical evoked potentials
CST Cortico-spinal tract
DES Direct electrical stimulation
DTI Diffusion tensor imaging
ECoG Electrocortiograms
HGA High-gamma activity
IFOF Inferior fronto-occipital fasciculus
PPTT Pyramid-palm-tree test
R-fMRI Rest-based fMRI
rTMS Repetitive transcranial magnetic stimulation
SLF Superior longitudinal fasciculus
SMA Supplementary motor area
T-fMRI Task-based fMRI
vPMC Ventral premotor cortex
VWFA Visual word from area

Introduction

The goal of surgery in primary brain tumors is to
optimize the extent of resection, in order to sig-
nificantly increase the survival, while preserving
or even improving quality of life (for example by
controlling intractable epilepsy). In other words,

E. Mandonnet
Department of Neurosurgery, Lariboisière Hospital,
Paris, France
e-mail: emmanuel.mandonnet@aphp.fr

H. Duffau (&)
Department of Neurosurgery, Gui de Chauliac
Hospital, Montpellier, France
e-mail: h-duffau@chu-montpellier.fr

© Springer International Publishing AG 2017
J. Moliterno Günel et al. (eds.), Malignant Brain Tumors,
DOI 10.1007/978-3-319-49864-5_5

63



the aim is to find the best “onco-functional bal-
ance”, that is, to give the opportunity to the
patients to enjoy a normal life as long as possi-
ble. To this end, due to a considerable inter-
individual anatomo-functional variability, struc-
tural landmarks are important but not enough.
Furthermore, in essence, “tumoral limits” do not
exist in diffuse gliomas, because these tumors
migrate within brain parenchyma, especially
along the white matter tracts. As a consequence,
in the past decade, it has been proposed to switch
from “image-guided surgery” to “functional
mapping-guided surgery”, i.e., to achieve resec-
tion up to eloquent structures, both at cortical and
subcortical levels. Indeed, advances in brain
mapping have deeply improved the surgical
management of glioma patients, regarding func-
tional as well as oncological outcomes. In this
chapter, we summarize the preoperative and
intraoperative methods that allows to map the
brain and we review the cortical and axonal
mapping of the main cognitive functions.

Preoperative Mapping

The preoperative planning is likely to be the most
important step in functional brain tumor resec-
tion. Apart the non-invasive techniques of brain
mapping that will be discussed in this section, the
preoperative time is essential for selecting the
intraoperative tasks.

The choice of those tasks rely on three
parameters:

• location of the tumor, in relation to the
knowledge we have about the functional
anatomy and neural networks [1],

• the deficit evidenced on extensive neuropsy-
chological assessment. Indeed, any slight
deficit in a cognitive domain testifies that
plasticity limitations of the lesioned networks
have been reached, meaning that this specific
domain should be tested if it should be pre-
served (see for e.g. Chapter 19 in [2]),

• in-depth discussion with the patient. The
choice of functions to be preserved depends
on the patient’s way of life (profession, hob-
bies …) [3].

Over the last twenty years, several methods
have been developed to map preoperatively brain
functions. Although none of these methods is
reliable enough to get rid of awake brain map-
ping by direct electrical stimulation, their com-
bined use can be of help when there is a
contra-indication to awake surgery. We rapidly
review these methods and refer the reader to
more specific review papers on this topic.

Preoperative Cortical Methods

Task-Based fMRI (T-fMRI)
The link between non-invasive T-fMRI mapping
and intraoperative DES mapping remains poorly
understood. For primary motor areas, the degree
of correlation is quite high [4], although not
perfect (for e.g., sensitivity of 71% reported in
[5]). The problem is far more complex for higher
cognitive functions, like complex motor task or
language. Previous studies have approached the
problem through simple comparison between
activated areas on task-based fMRI and DES
eloquent sites. It has been concluded that sensi-
tivity and specificity of T-fMRI (with respect to
DES areas) are much too low to rely solely on
T-fMRI for determining functional boundaries.
Depending on the T-fMRI paradigm, some
studies concluded to a high sensitivity and low
specificity, and some others to the reverse [6]. Of
note, the advent of 3T MRI did not improve the
reliability of fMRI (for e.g., sensitivity of 37.1%
and specificity of 83.4% in [7]). At least two
caveats might explain the discrepancy between
T-fMRI and DES. First, as mentioned in [8], the
two methods are intrinsically different: DES will
jam some networks preventing their functional-
ity. But, through instantaneous dynamic reorga-
nization of the undisturbed networks, the
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function can eventually still be implemented by
compensatory networks. This would explain
some false positive of fMRI (i.e. an activated area
on T-fMRI is not found eloquent by DES). To
explain false negatives of fMRI, there are two
possibilities: either they correspond to “false
positives of DES” (i.e. removal of an eloquent
DES areas would not cause any deficit) or it is a
real false negative of fMRI (the site is eloquent
and not detected by fMRI). This last situation is
grounded by our recent understanding of the link
between neuronal activity and BOLD signal.
Indeed, it has been shown that BOLD contrast
indicate areas with input and local computations
rather than output spiking activity [9].

In the same vein, a recent study has shown
that in temporal regions, high-gamma band
power (which is believed to be the best surrogate
of BOLD signal) on electrocorticography during
picture naming and word reading vanishes after a
short duration of 10 s [10]. On the contrary, in
frontal areas, this activity lasted all along the 60 s
of analysis. Such dissociation in neuronal activity
between frontal and temporal areas during a
language task likely explains that temporal areas
are more difficult to detect on T-fMRI than
frontal areas (see [11] and references therein).

Rest-Based fMRI (R-fMRI)
Although the first observation of low-frequency
(0.1 Hz) correlations within distinct brain net-
works in a resting subject dates back to 1995 [12],
it is only 10 years later that a seminal paper
offered to use this technique to perform a segre-
gation of brain areas in different functional net-
works [13]. Among others, have been recognized
motor, language, attention (dorsal and ventral),
and default mode networks. According to pre-
liminary reports, R-fMRI could be a promising
tool, with better correlations with DES [14, 15].
Moreover, a very important study revealed a
high degree of correlations between R-fMRI and
cortico-cortical evoked potentials (CCEPs) [16].
Last but not least, positive and negative correla-
tions exhibited by R-fMRI have been found to

exist also electrophysiologically (by measuring
the correlations in the high-gamma band) [17].
All these datas support the idea that the parti-
tioning of the brain based on low-frequency cor-
relations in R-fMRI could be a powerful method
to achieve in a very short time a global brain
mapping for each patient.

rTMS: Motor/Language
The interest of rTMS regarding motor function
mapping has been established. The motor maps
obtained through neuronavigated rTMS are
highly correlated with the intraoperative maps
obtained by DES [18]. Moreover, for high-grade
tumors, due to edema and vascular redistribution,
T-fMRI might be unable to locate primary motor
areas, whereas rTMS is still effective. For that
reason, rTMS appears to be the gold standard for
preoperative mapping of primary motor areas.
Nonetheless, as it will be discussed in the para-
graph about intraoperative methods, there is
currently no reports testing by rTMS higher
motor functions (like grasping, fine movements,
bimanual coordination …). Moreover, there are
conflicting results regarding the interest of rTMS
for mapping language functions [19, 20]. Its
specificity for language mapping is only 23.8%,
with a positive predictive value of 35.6%
according to [21]. A recent study investigated the
relationship between T-fMRI, rTMS and DES
maps [22]. It was found that rTMS was more
sensitive compared to DES. On the contrary,
T-fMRI was not enough sensitive with regards to
DES. More specifically, T-fMRI failed to detect
temporal language areas, as previously discussed.

Preoperative Axonal Mapping

Preoperative tractography is gaining interest
among neurooncological surgeons. This MRI
modality enables to locate the main white matter
fiber tracts of the brain. In the past few years,
several new algorithmic methods have been
developed to infer fibers directions from diffusion-

5 Mapping the Brain for Primary Brain Tumor Surgery 65



weighted images. Diffusion tensor estimation is
the most widely used. It allows to draw RGBmaps
superimposed on a 3D-T1 anatomy, which is the
simplest way to visualize white matter anisotropy.
But this diffusion tensor estimation was unable to
resolve the problem of crossing fibers. Two dif-
ferent new categories of algorithm attempted to
overcome this limitation: the constrained spheri-
cal deconvolution and q-ball. Finally, it should be
reminded that there is another layer of algorithms
to determine the continuous line of a pathway:
tracking algorithms. These algorithm are classi-
fied in two broad categories: deterministic or
probabilistic. Tractograms can then be uploaded
in the neuronavigation systems, allowing to cor-
related images with intraoperative stimulation,
both for motor functions of the pyramidal tract and
language functions of the dorsal and ventral
streams. However, clinical interest of tractogra-
phy is quite limited for two reasons:

• First, the variability of the trackings with the
different methods. CSD and q-ball are sup-
posed to resolve the problem of crossing
fibers, however, there is currently no way to
validate the obtained tractograms. As a con-
sequence, a recent study by the DTI challenge
concluded that there are still limitations for
clinical use of DTI in neurosurgery [23].
Moreover, the problem of kissing fibers is
even more challenging.

• Second, even if tractography would be per-
fect, this imaging method cannot inform us
about the functional deficit that would be
encountered after resection of a tracked
fasciculus.

All in all, preoperative mapping methods are
becoming more informative about individual
brain functional and structural anatomy. It can be
anticipated that datas coming from all these
methods (T-fMRI, R-fMRI, tractography, rTMS)
could be integrated by means of biocomputa-
tionals models of the brain, allowing better cor-
relations with DES and surgical outcome.

Intraoperative Mapping

Cortical Mapping Under General
Anesthesia

Motor: DES Versus Train of Five
The primary motor areas can be identified under
GA by direct electrical stimulation. This seminal
technique, introduced by Penfield, consists to
apply a 60 Hz current for a few seconds (what
we call Ojemann stimulation, OS), until a
movement is elicited. About 20 years ago, the
train of five (To5) technique has been introduced
[24]. Since then, very few papers have studied
the pro and cons of the two techniques. In a large
series of glioma patients, Bello et al. very
recently compared the two techniques and con-
cluded that whereas To5 is always applicable, OS
is not recommended for cases with increased
excitability [25]. This excitability can be pre-
dicted from preoperative parameters, including
long seizure history, diffuse margins on FLAIR,
infiltration of CST, preoperative deficits.

However, it should be kept in mind that
theTo5 technique is more challenging in terms of
equipments and that interpretation of
motor-evoked potentials has to be made by a
qualified neurophysiologist. For this reason,
many teams prefer to awake the patient also for
motor functions.

Non-motor Functions: Cortico-Cortical
Evoked Potentials
Up to now, awake surgery was the only way to
identify cortical areas eloquent for non-motor
functions. However, the technique of CCEP,
initiated in 2004 by Matusmoto et al. (although
there are some sporadic earlier reports cited in
the paper of Matsumoto et al.) shows promising
results regarding the possibility to map language
functions under GA. In their initial report, these
authors have shown, in an extraoperative
recordings of grids put all over the perisylvian
language areas, that 1 Hz stimulation of anterior
frontal language areas (as detected by functional
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disturbances at 60 Hz stimulation) generates
CCEPs in a wide posterior temporal region (in-
cluding the 60 Hz temporal language site). And
reciprocally, the posterior temporal language site
also elicited CCEPs in the frontal operculum.
Importantly, it has been recently shown the shape
of these CCEPs is quite similar in awake and
asleep patients [26]. More studies are needed to
evaluate the clinical value of this new tool.

Cortical Mapping in Awake Condition
Several techniques can be used for intraoperative
mapping in an awake patient. The first kind of
methods is just to record electrical activity (by
electrocortiograms, ECoG) while the patient is
performing a task. Although high-gamma activ-
ity (HGA) of ECoG was the focus of several
previous studies [27–31], it is only recently that
this activity was analyzed on-line for language
mapping [10]. It was shown to be highly corre-
lated with direct electrical stimulation. This
method is appealing, because all the brain surface
can be mapped in a very short period of time.
However, this technique is quite sophisticated,
limiting currently its spread in daily practice [32].

Moreover, it should be noted that, similarly to
T-fMRI, HGA mapping is in essence inadequate
for distinguishing participating areas from
essential ones. Hence, only methods interfering
with neuronal networks can make the distinction.
There are two different ways to interfere with
brain networks: cooling and electrical stimula-
tion. Cooling as been reported once in humans,
and showed somewhat different results compared
to electrical stimulation [33]. For some reason,
this method has not been used by any other team
to our knowledge, and consequently, we will
focus, in the next sections, on brain mapping by
direct electrical stimulation.

Sensori-Motor Functions
In comparison to the motor mapping that can be
done asleep, awake motor mapping offers the
possibility to test not only the ability to move,
but also to perform complex movements or
motor behavior. Although there exists a variety
of tasks (repetitive movement of flexion and
extension of the different segments of the

superior limb, grasping, using a screw-driver,
in-phase and out-of-phase bimanual movements),
their use remains rare during awake surgery. In
fact, the first cases have been reported during
extraoperative mapping for epilepsy surgery [34,
35]. A recent review [36] discussed these so
called negative motor areas (negative, because
they stop the on-going motor behavior). Two
clusters have been found on each hemisphere: the
posterior end of inferior frontal gyrus (pars
opercularis) together with the lower end of pre-
central gyrus on the lateral surface, and the SMA
on the mesial surface. In a somehow contradic-
tory study about the exact location of these sites
on the superior frontal gyrus, it has been shown
recently that, in fact, 95% of sites blocking
repetitive complex movements or bilateral coor-
dination are located in the convexity of the
superior frontal gyrus (see also Fig. 5.1), while
only 5% are located in the mesial part of the
superior frontal gyrus [37]. Last but not least,
awake condition allows the patient to report
about sensory functions: for example, he can
warn the surgeon by telling during stimulation
(usually of parietal areas) «I do not feel my leg
anymore» and the preservation of these sites is
crucial to keep such a fundamental function as
walking.

Primary Visual Areas
The preservation of the primary visual areas on
both sides of the calcarine sulcus is in some cases
of utmost importance. Indeed, it should be
reminded to the patient that the driving license is
no more valid in case of hemianopsia. As initially
reported in 1968 [38], electrical stimulation
generates mainly positive visual phenomena, like
phosphene, flash of light, … Of note, as for any
primary motor or sensory areas, there is almost
no plasticity, meaning that anatomical landmarks
allow to locate primary visual areas reliably.

Language
Language is the most widely mapped function
during awake surgery. Since the very first reports
by Penfield, the technology did not change that
much: applying electrical stimulation for a period
of 3–4 s disturbs the language task. However, the
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classification of the different types of observed
errors has been only recently clarified: it is of
utmost importance to distinguish motor arrest,
speech arrest, and anomia. A simple algorithm
has been proposed, in order to optimize the initial
testing for differentiating the areas to these dif-
ferent types of error [39]. Most commonly, the
language assessment is performed through a
picture naming task. This raises a still debated
question: is it enough to assess a function as
complex as language just by naming pictures? In
a first response, it is important to notice that
picture naming allows to investigate the two
main components of language: phonology and
semantics [40]. Indeed, the speech therapist can
make the on-line distinction between phonolog-
ical paraphasia (e.g. log instead of dog) versus
semantic paraphasia (for e.g. cat instead of dog)
[41]. The current anatomo-functional model
maps these two components on the dorsal path-
way for phonology and ventral stream for
semantics [42]. However, on the cortical surface,
there is no clear-cut spatial segregation between
phonological and semantic sites [43]. There is for
each domain, three clusters in the left hemi-
sphere: one in the pars triangularis, one at the
posterior end of the middle frontal gyrus, and one
in the posterior part of the superior temporal
gyrus. The great well known inter-patients vari-
ability [44] proves once again the necessity of
intraoperative mapping in an awake patient. Of
note, there is a striking resemblance between this
map and the clusters evidenced by a
meta-analysis of T-fmRI studies [45]. This
overlapping suggests that the phonological and
semantic systems are not anatomically separable
at the 5 mm scale at the cortical level. Of note,

when the patient’s response is an anomia, one
cannot conclude whether this is a disturbance of
the phonological or semantic system, or both.

Hence, the ability to name a picture insures
that both phonological and lexico-semantic abil-
ities are preserved. However, it should be kept in
mind that naming does not warrant full semantic
judgment. Indeed, a dissociation has been shown
between picture naming and pyramid-palm-tree
test (PPTT), a supramodal semantic association
task: in some fronto-opercular and superior
temporal sites (see also Fig. 5.1), patients were
able to name pictures, without being able to
make semantic association [46, 47].

Moreover, language requires more than
phonology and basic semantics: syntax, that is
the ability to find the meaning of a sentence from
rules and links between words, is also an essen-
tial part of language. Interestingly, although
some patients exhibit difficulties to understand
syntactically complex sentences in the immediate
postoperative course, permanent syntactic deficit
after picture-naming based awake surgery are
rarely observed [48]. Similarly, there are no
reported case of patients with a long lasting
deficit of repetition (i.e. a language task with an
auditory rather than visual input). Still, many
authors have proposed numerous tasks for better
evaluating language intraoperatively (see fol-
lowing review papers [49–51]), and some new
protocols are still under investigation [52, 53].

Nevertheless, it should be mentioned that
proper name deficits have been reported after left
anterior temporal lobectomy [54, 55]. Whereas
this deficit can be prevented by adding a task of
naming famous faces, this should be balanced on
a case-by-case basis with the oncological benefit:

Fig. 5.1 Illustrative case of a 50 years-old frustrated
left-handed patient diagnosed with a left frontal glioblas-
toma revealed by headaches and language disturbances. a
Preoperative T1-gadolinium enhanced MRI, showing a
large enhancing mass of the superior frontal gyrus,
extending towards the ventricle and the head of the
caudate nucleus. b Intraoperative mapping, cortical
mapping evidenced a complete anarthria in the parietal
operculum (tag 1), primary motor area of the thumb (tag
2), negative motor areas, stopping repetitive movement of
upper limb (tag 3 and 4), and disturbances of PPTT with
preservation of picture naming (tag 5). Axonally,

resection was stopped in the lateral vicinity of the head
of the caudate nucleus, where stimulation at the
cross-road between aslant tract and IFOF generated
perseverations and semantic paraphasias. c Postopera-
tive FLAIR MRI showing a small residue in the posterior
wall (the enhancement was completely removed). Patient
was then treated with radiotherapy with concomitant
Temozolomide, followed by 6 cycles of Temozolomide.
He was able to resume his professional activity of sales
representative full time. He remained recurrence-free for
18 months

b
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indeed, the impact in daily life of an inability to
name proper names is highly variable for each
patient.

Similarly, one should not forget to test
patients in mother-tongue and secondary learned
languages for bilingual patients [56–60].

Last but not least, reading is an essential part
of language abilities. Removal of visual word
form area (VWFA) has been shown to result in
long lasting reading deficit [61], while its iden-
tification by DES allows to preserve reading
abilities [62, 63]. Apart in the basal temporo-
occipital areas, different studies reported specific
reading disturbances when stimulating posterior
superior left temporal gyrus and left supra-
marginal gyrus [64], but also posterior part of
inferior and middle left frontal gyrus [65]. These
latter sites were generally superimposed or close
to naming sites, meaning that they would have
been preserved even if lecture would not have
been tested. Finally, stimulation of FEF areas
also induced reading troubles, by generating
involuntary ocular movements (but this area can
be detected just by looking at eyes movements
[66]). On a practical point of view, these results
show that reading per se needs to be tested only
in (left) dominant posterior temporo-occipital
regions. Of note, disturbances were very infre-
quently observed in the anterior temporal lobe.
This is somehow in disagreement with the tri-
angle model, in which it has been shown recently
that the semantico-phonological conversion in
reading is thought to be supported by the anterior
temporal lobe [67]. Moreover, in this model, the
role of posterior inferior and middle frontal
regions was not assigned. Hence, electrostimu-
lation datas should be better integrated in the
currents neurocomputational models of reading.

Spatial Consciousness
It has been well known from stroke studies that
right parietal lobe lesions can result in spatial
neglect of the opposite hemi-space. Because such
deficit can be as debilitating in daily life, the
importance of preventing this syndrome cannot
be overemphasized. In a seminal report in 2005,
Thiebaut de Schotten et al. described two cases
of right parietal tumor resection with spatial

consciousness monitoring [68]. The bisection test
is very simple: the patient is asked to draw the
middle of a 20 cm line. In case of unilateral
spatial neglect (transiently generated by the
electrical stimulation), patient will deviate on the
right of the line. Two cortical deviations sites
were identified, in the caudal superior temporal
gyrus and in the supramarginal gyrus. Since then,
two studies reported larger series of spatial con-
sciousness mapping [69, 70]. Roux et al. found
several cortical regions with rightward but
also leftward deviations. Those regions were
centered around the temporo-parietal junction
and deviations in the superior parietal lobule
were uncommon. On the contrary, Vallar et al.
observed rightward deviations mainly in Broad-
man’s area 7b. Like for language, it is likely that
spatial consciousness is supported by a dis-
tributed set of interconnected cortical areas.

Calculation
The neural correlates of mental calculation have
been intensively studied by T-fMRI studies. It
involves a large set of areas, grouped in three
different networks [71]: the bilateral horizontal
segment of intraparietal sulcus for quantity pro-
cessing, the left angular gyrus for numbers
manipulation in verbal modality, and the bilateral
superior parietal regions for focusing attention
(and this network is not specific to number
manipulations). Accordingly, several authors
reported disruption of calculation in various
cortical areas, such as left angular gyrus [72–74],
right angular gyrus [75, 76], left superior parietal
lobule [77], horizontal portion of left intraparietal
sulcus and left supramarginal gyrus [74]. In all
these studies, some sites were specific to calcu-
lation and even to a subtype of computations
(susbtraction vs. multiplication), while some
others were also related to language disturbances.
It should be noted that, in comparison with lan-
guage mapping, there are very few reports about
mental calculation mapping. This might be in
relation to the relative rarity of parietal diffuse
low-grade glioma. Moreover, the functional
benefit of preserving mental calculation should
be balanced with the oncological benefit to
remove these areas: indeed, except for some very
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specific professions requiring mathematical
abilities, patients usually do not care to keep their
mental calculation abilities (probably because we
are more and more relying on computers for
daily arithmetic).

Double Task
The importance in efficient cognition of being
able to perform simultaneously two tasks cannot
be overemphasized. Fortunately, this can be
easily tested intraoperatively: a motor task can be
added to any other cognitive task. Hence,
patients can be asked to do picture naming or
PPTT or mental calculation while simultaneously
performing a repetitive movement of the upper
limb. This double task greatly enhances the
sensitivity to electrical stimulation, that is, some
sites will respond only to the double task, while
each task separately would be efficiently per-
formed [42]. Again, depending on the preopera-
tive discussion with the patient, one can decide to
preserve or not such areas requiring a high-level
of cognitive functioning.

Mentalizing
Emotions have a major influence in daily life,
particularly for decision making. Assessing the
subjective experience of others in terms of
mental states is a brain function referred to as
mentalizing. Recent theories hypothesizes a two
levels hierarchical network: a low-level network
for emotion recognition or motor intention (the-
ory of mind), and a higher-level network of
mentalizing per se for complex inferences about
other’s state of mind and intentions. The
low-level network is supposed to be linked to the
mirror neuron system, whereas the higher-level is
related to the default-mode network, in particular
the ability to attribute the intentions of others
[78]. Interestingly, the low-level network can be
monitored intraoperatively by the Read the Mind
in the Eyes test. A first study reported responses
in the right superior temporal gyrus, middle
temporal gyrus and supramarginal gyrus [79]. In
another study, responses were found in the pars
opercularis and triangularis of the right frontal
operculum [80]. If it is safer to preserve these
sites, it should be noted that this function is likely

to be distributed over redundant areas, ensuring a
high plastic potential: indeed, in a series without
intraoperative testing, only two patients out of
ten kept an impairment on the assessment
3 months after surgery [81]. Of note, whereas
mentalizing per se can be objectively evaluated
with the comic strips task, there is currently no
way to test the higher-level network in an intra-
operative setting. It could be anticipated that this
higher-level function is even more prone to
plasticity than its lower-level counterpart. This
would explain the very low risk of permanent
deficit (10%).

Other Self-reported Effects of Stimulations
A major advantage of on-line monitoring during
awake surgery is the possibility for the patient to
continuously report any inner conscious and
subjective feeling induced by electrical stimula-
tion. For example, intention to move (by stimu-
lation in the posterior parietal cortex [82]) or
out-of-body experiments (interpreted as a dis-
ruption of multisensory information by stimu-
lating the (right) temporo-parietal junction [83])
have been described by patients.

In the same vein, disruption of consciousness
of the external environment (induced by stimu-
lating the ventral part of the posterior cingulate
cortex) has been reported [84]. After recovering
from the stimulation, the patients could describe
their state as if «in a dream».

Axonal Mapping Under General
Anesthesia

Motor: DES Versus Train of Five
The To5 technique is becoming a popular tool for
axonal mapping of the cortico-spinal tract.

Continuous monitoring can be achieved by
stimulating with the resective surgical tool, either
the ultrasonic aspirator [85] or a suction device
[86].

All in all, To5 appears to be a powerful
method, for both cortical and axonal identification
of cortico-spinal pathway. However, it should
be kept in mind that with this technique, it is
currently not possible to assess higher order
motor function (like grasping, fine movements,
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bimanual coordination …) and the only way to
monitor these functions is intraoperative electrical
mapping in an awake patient.

Non-motor Functions: ACEPs
Until very recently, there was no technique to
map non-motor function axonally under GA.
A very recent study reported the identification of
the arcuate fasciculus by axono-cortical evoked
potentials [26]. The basic idea is to stimulate at
1 Hz during white matter removal and to record
in anterior and posterior language areas identified
by CCEPs. The reliability of this technique needs
to be assessed further, but seems promising.

Axonal Mapping in Awake Patients

Motor Functions
The possibility to test repetitive movements and
bimanual coordination opened new avenues in
the axonal mapping of motor functions. In par-
ticular, the stimulation of the fibers located in the
depth of the precentral sulcus generates impair-
ments of repetitive movements of unilateral or
bilateral limbs. It has been argued that the stim-
ulated pathway has direct projection to the spinal
cord [87]. In addition, the network for motor
control might also involve the frontal aslant tract
(linking the SMA to the pars opercularis/vPMC)
and the fronto-striatal tract [88, 89]. This is not
surprising, considering that the aslant tract makes
the link between the two clusters of «negative
motor areas». From past experience in surgery
with motor mapping under GA, it is known that
resection of these pathways will lead to the so
called «SMA syndrome», with a transient aki-
nesia (and mutism on the left dominant side).
Again, the oncological benefit should be care-
fully balance for each patient: it is certainly
important to preserve a high level of motor
coordination in a tennis player or a pianist, while
it might be not necessary for a sales manager.

Language Function
Since the seminal paper in 2002 [90], great
advances have been made in our understanding of
error patterns elicited by white matter pathways
stimulation. These advances were concomitant

with the development of new neuropsychological
models of language (identifying phonological and
semantic as the two main subsystems [40], and
hypothesizing that they are sustained anatomi-
cally by two parallel pathways, the dorsal and
ventral streams respectively [91]) and with the
(re)-discovery of white matter anatomy by diffu-
sion tensor imaging and cadaveric fiber dissec-
tions. For example, the inferior fronto-occipital
fasciculus has been rediscovered by DTI [92] and
detailed by fiber dissections [93, 94], and new
pathways (aslant [95–97], middle longitudinal
fasciculus [98–100]) were discovered by virtual
dissections and then confirmed by fiber dissec-
tions [96, 97, 101]. On the other side, as
explained above, tracking algorithms can lead to
unrealistic pathways: for example, the trajectory
of the SLF I as described by DTI [102] is the
subject of debate among fiber dissection experts
(see [103] for initial controversy, and [104] for
recent discussion). In the same vein, a long
standing debate about the putative existence of a
superior occipital-frontal fasciculus seems to be
resolved [105].

The datas gathered from axonal mapping can
be summarized in two ways:

• Probabilistic maps, either of functional tumor
remnants [106] or of eloquent sites [107].

• Neuropsychological models with anatomical
substrate [41, 42].

In brief, phonological errors are more fre-
quently encountered by stimulation of the arcuate
fasciculus [108, 109], while perseverations and
semantic errors are more frequently encountered
by stimulation of IFOF (see Fig. 5.1) [110, 111].
This is in line with the dual stream model of
language [91, 112]. Articulatory aspects are
supported by the SLF III [113], while distur-
bances of speech fluency are observed in relation
to the aslant and fronto-striatal tracts [114, 115],
linking the SMA area to the pars opercularis/
vPMC and the head of caudate nucleus respec-
tively. The connectivity of the reading system
has also been investigated [116]. The results
show that: stimulation of inputs to the VWFA
(i.e. the posterior part of the inferior longitudinal
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fasciculus) induces complete alexia; stimulation
of the white matter anteriorly adjacent to the
VWFA induces difficulties for irregular words
reading (i.e. for the semantic/addressed pathway
in the triangle model); while stimulation of the
white matter located superiorly to the VWFA
generates difficulties for both irregular and
pseudo-words, but not for regular words. This
intriguing observation suggest that the posterior
part of the arcuate fasciculus is involved in the
executive control that normally regulates the
balance between the semantic/addressed and
phonological/assembled pathways.

Visual Functions
Whenever the patients cannot accept to live with
a hemianopsia, the visual pathways should be
preserved by DES mapping. The anatomical
complexity of the visuals pathways has recently
been revisited, thanks to DTI and fiber dissection
studies [117–121]. It should be mentioned that
intraoperative testing of vision in a hemi-field
remains a challenge, because axonal stimulation
can generate visual defect rather than positive
phenomena. Hence, it is necessary to use for
example picture naming with images distributed
in the different quadrants. However, because the
patient can compensate with ocular movements,
this is not a 100% reliable methodology [122]
and this should be taken into account in the
onco-functional balance [3].

Spatial Consciousness
In a seminal study [68], the 2nd branch of the
superior longitudinal fasciculus was identified as
the tract whose stimulation generated rightward
deviations in line bisection test. Since this first
description, two other teams reported their
observations of intraoperative line bisection
[69, 70]. Results are not easy to compare, as
methodology were slightly different (line on
paper versus tablet, use of right hand or left hand
to mark the midpoint). Interestingly, leftward as
well as rightward deviations were observed.
Remarkably, both studies agreed that it is the
stimulation of the second branch of the superior
longitudinal fasciculus that generates massive
deviations. How these observations (and

especially the leftward deviations) could be
integrated in the general model of spatial neglect
as an interaction between right dominant
stimulus-driven ventral attention network (sus-
tained by SLF III) and goal-directed bilateral
dorsal attention network (sustained by SLF II)
[123] remains an open question.

Mentalizing
A lesion study suggested that disconnection of
the right arcuate fasciculus and/or SLF III was
associated with poorer low-level mentalizing,
while disconnection of the right cingulum was
associated with poorer high-level mentalizing
[78]. Accordingly, stimulation of the white mat-
ter of the right frontal operculum generated error
in the Read the Mind in the Eyes test, at a
location that could correspond to the termina-
tions of the the arcuate fasciculus/SLF III [80].
More studies are needed to make the link with
the more posterior sites observed cortically, that
is to stimulate the arcuate fasciculus/SLF III in
the depth of a tumor located to the right supra-
marginal gyrus.

Mental Calculation
While a first study did not report any distur-
bances of mental calculation when stimulating
white matter of the left angular gyrus [73], such
effects were observed when stimulating the white
matter in the right parietal lobe [124].

Plasticity and Remapping

Whenever the resection has been pushed until
encountering functional responses in an awake
patient, an immediate postoperative decline is
usually observed in one or several cognitive
domains. The onset of this deterioration is not
always immediate, and usually takes place
between postoperative day 1 and 3 [125]. The
classical explanation of this delay is that deteri-
oration is concomitant to the peak of edema. In
addition, it can be hypothesized that in the first
postoperative days, the brain is massively reor-
ganizing its connection weights, resulting in a
transient abnormal functioning. Recovery usually
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occurs in two steps: a rapid spontaneous post-
operative recovery in the first week after deteri-
oration, and a slow rehabilitation-guided long-
term recovery (lasting about 3 months). The
importance of intensive rehabilitation cannot be
overemphasized. It should be started as soon as
possible, right after the surgery [126, 127], and it
should be under the supervision of a trained
speech therapist or neuropsychologist. On a
patho-physiological point of view, this long-term
recovery is directly related to the patient’s
potential of plasticity, and it has been observed
that it took longer time in older patients.

All in all, for low-grade glioma, postoperative
plasticity is driven first by rehabilitation and then
by the slow regrowth of the tumor. As a conse-
quence, it should be kept in mind that, thanks to
this plasticity, responsive sites identified during a
first surgery might be unresponsive some years
later. This opens the possibility to reoperate on
low-grade glioma and to remove the second time
some areas found eloquent at first surgery—thus
to increase the extent of resection without elic-
iting permanent functional deficits [128, 129].

Conclusions

Advances in brain mapping techniques have
allowed a better understanding of the dynamic
organization of human brain, i.e. in large-scale,
parallel, delocalized and interactive sub-networks.
Therefore, anatomical landmarks are not enough
to preserve an optimal quality of life in brain
tumor patients undergoing maximal resective
surgery: individual functional mapping is
mandatory to tailor the resection according to
cortical and subcortical eloquent structures for
each patient. Because non-invasive preoperative
functional neuroimaging is currently not reliable
enough to identify the cortices and white matter
tracts crucial for brain processing, in particular
with regard to high order cognitive functions,
intraoperative mapping using direct electrical
stimulation is the goal standard to remove diffuse
gliomas. In awake patients, it is now possible to
achieve an extensive mapping, not only of sen-
sorimotor and language functions, but also of

cognitive and emotional functions. Cortical and
axonal stimulation enables a precise investigation
of the neural circuits of glioma patients, to detect a
possible remapping elicited by the tumor itself, in
addition to the interindividual variability, and to
define in real-time the boundaries of surgical
resection in order to improve both the oncological
results (e.g. by performing a supratotal resection,
extended beyond the enhancement in high-grade
gliomas and beyond the FLAIR abnormalities in
low-grade glioma) as well as the functional out-
comes. The ultimate goal is to increase the quan-
tity of quality of life, based upon a personalized
surgical strategy taking into account the wishes of
the patient. Therefore, a comprehensive explana-
tion of the natural history of the disease, but also
the determination of the individual quality of life
(according notably to the job and hobby of the
patient) is essential before the surgical act, with
the aim to adapt the selection of cognitive tasks
during resection, and then to optimize the
onco-functional balance of surgery.
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6Fluorescence-Guided Resection
of Malignant Gliomas

Walter Stummer

Introduction

During surgery for malignant gliomas, it is
sometimes excruciatingly difficult to distinguish
gross tumor and a more or less broad region of
infiltrated and functionally intact tissue from
surrounding “healthy” brain. Tactile or optical
information, the latter obtained with the operat-
ing microscope, is not sufficient for reliable dif-
ferentiation and neurosurgeons strongly tend to
overestimate resection based on their subjective
impression, as first demonstrated by Albert et al.
[1]. Neuronavigation has been investigated as a
tool for overcoming these difficulties but suffers
from brain shift [2, 3]. Re-referencing with the
intra-operative MRI helps resolve this problem,
but the MRI is itself expensive and incontro-
vertibly prolongs surgery. Further, MRI provides
images, which rely on contrast-enhancement for
identifying malignant gliomas tissue. Tissue
damage during surgery might lead to unspecific
extravasation of Gd-containing contrast agents, a
phenomenon that has to be taken into account
during resection. Further, even though enhancing
tissue is the accepted aim of resection in malig-
nant glioma surgery [4–9], enhancing regions
mark only a core region of the angiogenic tumor

with a high cell density, which is surrounded by a
broad rim of infiltrated tissue.

Obvious limitations of traditional methods for
adequately identifying tumor tissue intra-
operatively have spawned novel concepts,
among which fluorescence, based on active or
passive accumulation of so-called fluorophores in
tumor tissue, is receiving increasing attention.

Utilizing special wavelengths of light for
excitation (usually of a short wavelength) and
filter combinations for fluorescence detection,
these fluorophores can be selectively visualized,
because fluorophores emit light at a wavelength
differing and exceeding the excitation wave-
length (Fig. 6.1). The obvious practical advan-
tage for surgeons, given selectivity of
accumulation, is real-time detection of tumor
during surgery based on the contrast of tissues
containing the fluorophore as opposed to tissues
without the fluorophore. With fluorescence
information available using modified surgical
microscopes, and light conditions allowing, the
surgeon can resect using the fluorescence mode.
Tumor detection by this method is independent
of neuronavigation and brain shift.

A Brief History

Historically, the use of a fluorophore for high-
lighting malignant glioma tissue was first descri-
bed by Moore et al. [10] as a means of localizing
brain tumors. Equipped only with topographical
information from neurological examinations and
vague morphological–anatomical data from
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ventriculographic studies, and intra-operatively
with a brain needle for finding tumor-afflicted
brain and biopsies of tissue, these authors
employed a mercury vapor lamp and a Wood’s
filter together with intravenous fluorescein to
locate and resect tumors. They noted that in some
cases, they were able to identify additional small
regions of tumor, which escaped notice when
viewed with ordinary illumination, thus first
defining the two key elements of the use of
fluorescence for surgery of brain tumors:

• initial detection of the tumor in the brain
• optimizing resection based on tissue

fluorescence

Regarding fluorescein, they acknowledged,
however, that “the brain tissue immediately sur-
rounding the tumor is edematous and edematous
brain tissue is shown to retain a greater amount
of dye than otherwise normal brain” and “ede-
matous tissue surrounding the tumor does fluor-
esce, but to a lesser degree…” thus already
pointing out possible limitations of dyes which

reach the brain tumor via a breached blood–brain
barrier in the tumor, i.e., of passive permeability
markers. At that point of time, the concept of a
blood–brain barrier was long accepted, but the
lack of such in tumor was still in the realm of
theory and put forward by Moore et al. [10] as a
possible explanation for the differential uptake of
dye when comparing tumor, edematous tissue,
and normal brain. In summary however, the
authors felt fluorescence to have “definitive
clinical value.” On a by note, this paper already
envisages a coupling of 131-iodine to fluorescein
dyes for better diagnosis of malignant brain
tumors.

After this first report little was heard about
fluorescence in neurosurgery until the late 1990s
when Kuoriwa and co-workers from Japan pre-
sented three publications on fluorescein for
glioma surgery the last in 1999 [11–13].

In 1998, we published our first reports [14–
16] on 5-aminolevulinic acid (5-ALA) for
fluorescence-guided resections providing data on
both experimental data and data on the first use
of this compound in humans in a small phase I/II

Fig. 6.1 Scheme illustrating the nature of fluorescence and how it is visualized
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patient cohort. In contradistinction to fluorescein,
5-ALA is a prodrug, which is converted into a
fluorescing fluorophore within tumor cells [17,
18] and thus is unique so far, compared to other
fluorophores that have been investigated. 5-ALA
has been studied extensively for fluorescence-
guided resections since then.

Recently, with new filters integrated into
operating microscopes, fluorescein is again
receiving some, albeit controversial, interest
[19–22].

Both fluorochromes will be discussed in detail
in the course of this paper. Currently, new
approaches with fluorophores targeted to surface
markers of tumors cells are being investigated
and are on the verge of clinical translation.

ALA for Fluorescence-Guided
Resections

5-Aminolevulinic acid (ALA) is a natural
metabolite, which is involved in
heme-biosynthesis. When given in excess, this
compound results in the accumulation and/or
selective retention of fluorescing porphyrins,
particularly protoporphyrin IX (PPIX) in epithe-
lia and more predominantly in cancers arising
from such epithelia and in many brain tumors
[17, 18, 23]. Under physiological circumstances,
PPIX is converted into non-fluorescent
proto-heme by iron chelation and from there
into hemoglobin. In experiments utilizing the C6
glioma cell line in vitro and in vitro we were able
to first demonstrate selective retention in malig-
nant glioma cells [15], an observation, which was
safely extended to human malignant gliomas
[16]. The reasons for this selectivity are not
completely understood. Relationships have been
postulated to decreased expression of fer-
rochelatase in tumors [24], an enzyme which
converts PPIX to proto-heme by chelating iron
into the porphyrin ring. Other possible explana-
tions have been put forward, such as a decreased
activity of the ATP-binding cassette transporter
(ABCB6) [25] which eliminates porphyrins from
cells, as well as tumor cell density, tumor cell
proliferative activity and a disturbed blood–brain

barrier permeability in the region of the tumor
[26, 27].

PPIX is strongly fluorescent with an excitation
maximum at approximately 405 nm (the
so-called Soret band) with two emission peaks at
635 and 704 nm (Fig. 6.2) [28]. In vivo, the
spectrum detected from tissue has an additional
peak at between 450 and 500 nm, i.e., in the
green range, resulting from underlying brain
tissue autofluorescence from NADH, riboflavins
and carotenoids and other autofluorophores in
normal tissue. This autofluorescence is equally
stimulated by blue excitation light [29]. Surgical
microscopes adapted for protoporphyrin IX
detection currently use xenon excitation light
filtered for violet-blue with a wavelength peak at
375–440 nm. For observing fluorescence they do
not simply use a long-pass or barrier filter for
visualizing the 635 nm peak of protoporphyrin
IX, that is, cutting away all wavelengths below
for instance 600 nm. This would result in PPIX
being visible on a black background, without
allowing any background discrimination. We
considered the possibility of background dis-
crimination to be important for enabling resec-
tion and tissue manipulation by the surgeon
using the fluorescence mode. Rather, micro-
scopes by the major manufactures use barrier
filters for fluorescence detection, which open at
slightly below 440 nm. This allows a small
fraction of the excitation light to be included in
the observation pathway of the microscopes. In
addition, tissue autofluorescence, which is loca-
ted in the blue-green range, is also visualized.
Remitted excitation light and tissue autofluores-
cence together enable background brain tissue to
become visible with a green-blue tone [14].

5-ALA is currently approved for resections of
malignant gliomas in many countries of the
world after initial approval by the European
Medicines Agency (EMA). Approval was gran-
ted based on a study [30], which randomized
patients with malignant gliomas to be operated
on either with or without 5-ALA for
fluorescence-guided resections. Groups were
compared for extent of resection and safety as
well as for progression-free survival. Extents of
resection were greater in the 5-ALA group,
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resulting in a prolongation of progression-free
survival without significantly more frequent
neurological deficits. Rates of complete resection
of contrast-enhancing tumor were 65% for the
5-ALA versus 35% for the control arm with
conventional white light illumination.

On a by note, the rate of 65% is frequently
cited as the limit to what can be achieved using
5-ALA. This may not be the case however, since
patients operated on using 5-ALA in the context
of the study were the first dozen or so patients
ever to be operated on by surgeons with rela-
tively little experience with the novel technology.
Newer studies put forward by experienced sur-
geons indicate a much higher potential of 5-ALA
for facilitating gross total resections of enhancing
tumors in up to 96% of cases (Table 6.1), when
used in conjunction with neurophysiological
mapping and monitoring [31–35]. In one recent
study, intra-operative MRI in combination with
neurophysiological methods resulted in 82%

“complete” resections [35]. When augmented
with 5-ALA-induced fluorescence, gross total
tumor resection rates were stated to have been
reached in 100%. Overall, a meta-analysis by
Eljamel [36] indicated a rate of gross total
resection, i.e., resection of more than 98% of
enhancing tumor in over 75% of a total of 565
patients.

In retrospect, utilizing resection rates as a
primary study aim for a randomized study may
not have been a well-chosen endpoint for testing
the usefulness of 5-ALA. Resection depends on
many factors other than visualizing the tumor,
foremost the worry about maintaining function,
which depends strongly on the surgeon, the
surgeon’s convictions regarding the value of
resection and the use of mapping/monitoring for
safely extending resections. Particularly, the
concepts and views regarding these factors have
changed over time. Today the value of safe
resection is more generally accepted in the

Fig. 6.2 Fluorescence excitation and emission in tissues
containing PPIX, compared to the visible light spectrum.
PPIX has an absorption maximum at 405 nm, the so-called
Soret band, which is located in the blue range. Excitation
light sources typically used for microscopes feature a
wavelength range of 375 to about 440 nm. PPIX emission
peaks are at 635 and 705 nm, both in the red range. Brain

tissue additionally contains autofluorophores (carotenoids,
riboflavin, NADH). In vivo, autofluorescence is superim-
posed over the pure PPIX signal. By choosing a barrier
filter, which allows the passage of light of longer wave-
lengths than about 440 nm, a small part of the excitation
light and autofluorescence together provide background
“illumination” with superimposed red tumor fluorescence
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neurosurgical community and mapping/
monitoring has become a common adjunct for
surgery of malignant gliomas. Thus, it may have
been more appropriate to test 5-ALA as an
intra-operative diagnostic agent or contrast
medium. This would have involved testing the
compound for toxicological safety as well as for
measures of diagnostic accuracy only, e.g.,
looking at the positive predictive value of
fluorescence for demonstrating tumor rather than
attempting to prove a therapeutic value of the use
of 5-ALA. This potential therapeutic value is the
sum of patient selection and intra-operative
tumor detection but mostly of the surgeon per-
forming the surgery and utilizing any available
technology, the surgeon’s role being highly
uncontrollable and variable.

5-ALA is presently being marketed as “Gli-
olan®” in the EU and other parts of the world,
and surgical microscopes modified for
fluorescence-guided resections are available from
the leading microscope manufacturers, for which
fluorescence modules can be purchased as
accessories. These microscopes uniformly fea-
ture xenon light sources generating conventional
white light and are switchable to blue light illu-
mination and the appropriate observation filters,

usually by operating a switch or foot pedal, thus
enabling free shuttling between both illumination
modes.

What Does Visible PPIX Fluorescence
Signify in the Context of Glioma
Surgery?

Selectivity

Relying on 5-ALA-induced PPIX for
fluorescence-guided resection requires knowing
how accurately fluorescence indicates bulk tumor
or infiltrated brain. The authors have almost
unanimously determined a high positive predic-
tive value (PPV, the probability that fluorescence
indicates tumor) of over 95% [33, 35–42]. The
values for specificity and sensitivity are more
varied in the literature, the reason being that both
these traditional measures depend on tissue
sampling in non-fluorescing, normally appearing
tissue (Fig. 6.3, adapted from Stummer et al.
[43]).

Importantly, the results of such sampling
strongly depend on the distance from the tumor
the samples are collected because in malignant

Table 6.1 Resection rates using 5-ALA as reported in the literature

Publication n Location ioMR Monitoring
mapping

Study type Resection
rate (%)

Comment

Stummer
et al. [37]

50 Eloquent and
non-eloquent

No No Prospective monocentric
cohort

65

Stummer
et al. [30]

135 Eloquent and
non-eloquent

No No Prospective multicentric
two-arm randomized

65

De la
Puppa
et al. [34]

25 Eloquent only
(motor,
language)

No Yes Prospective monocentric
cohort

80

Diez Valle
et al. [33]

36 Eloquent and
non-eloquent

No Yes Prospective monocentric
cohort

83.3

Coburger
et al. [35]

33 Eloquent and
non-eloquent

Yes Yes Prospective Monocentric
cohort, historical matched
pair

100 ioMR
alone
82%

Schucht
et al. [32]

67 Eloquent only
(motor)

No Yes Prospective monocentric
cohort

76

Schucht
et al. [31]

103 Eloquent and
non-eloquent

No Yes Prospective Monocentric
cohort

96
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gliomas cell density rapidly decreases with dis-
tance from the tumor mass along with likelihood
for finding tumor-infiltrated biopsies. Therefore,
determining specificity and sensitivity depends
critically on the distance at which samples from
non-fluorescent marginal tissue are taken. Since
authors of different studies employ different
sampling algorithms, they will understandably
determine different values for these traditional
measures of diagnostic accuracy.

The PPV, on the other hand, is the only
measure of diagnostic accuracy that does not
require biopsies from non-fluorescing, normally
appearing tissue (Fig. 6.3). The negative

predictive value (NPV, the probability that
non-fluorescing tissue shows tumor cells) simi-
larly depends on the location in non-fluorescing
tissue from which samples are taken. If investi-
gators collect samples close to macroscopically
fluorescing tissue, the NPV will be lower com-
pared to the NPV determined by investigators
who collect samples at a larger distance from
macroscopically fluorescing tissue. The varying
values calculated by different authors are reflec-
ted in Table 6.2.

According to our recent experience [42],
fluorescence can be visualized using the micro-
scope down to a cell density of 10% in malignant

Fig. 6.3 Scheme for illustrating the calculation of mea-
sures of diagnostic accuracy, which are frequently used
for determining the value of a diagnostic method. In
studies on fluorescence-guided resection, “specificity” and
“sensitivity” are highly variable when comparing the
results of different investigators, since these measures

require random biopsies from “normal” appearing brain.
The distance to the main tumor mass at which these
biopsies are obtained is crucial, because with increasing
distance from the tumor cell density rapidly drops.
This distance is rarely defined in various studies (adapted
from [43])

Table 6.2 Accuracy of intra-operative fluorescence for predicting tumor

Publication PPV NPV Sensitivity Specificity

Stummer et al. [37] 99 50 89 96

Coburger et al. [35] 99 22 91 80

Yamada et al. [41] 92 69 95 53

Diez Valle et al. [33] 100 (strong)
97 (weak)

66 N.g. N.g.

Idoate et al. [38] 100 (solid tumor)
97 (infiltrating tumor)

67 N.g. N.g.

Stummer et al. [42] 96 40 N.g. N.g.
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gliomas. Using more sensitive spectrometry,
more infiltrating cells can be detected [42, 44],
which are not visible through the microscope due
the low intensity of fluorescence.

Although we were able to establish a rela-
tionship between WHO grade and fluorescence
as well as the MIB (Ki-67) index and fluores-
cence in gliomas, we were unable to detect a
relationship to other molecular markers, which
are currently being determined on a routine basis
for gliomas, e.g., 1p19q co-deletions, MGMT
promoter methylation, or IDH1 mutations [45].

False Positive Fluorescence
Induced by 5-ALA

False positive fluorescence, when described, was
usually related to tissue areas in close proximity
to the resection cavity [37, 39, 46, 47] or on a
microscopic basis [48] but was never observed at
a meaningful distance from the tumor cavity.
Such fluorescence has been attributed to reactive
astrocytes or inflammation, especially in patients
with recurrent malignant gliomas, but not to
normal brain tissue [46–49]. In 313 patients with
imaging suggestive of recurrence of glioblas-
tomas after multimodal therapy, 3% of patients
showed fluorescence in tissue where pathological
examination revealed radiation necrosis [49].
This fluorescence was described as weak. Fluo-
rescence in normal brain was not described in
that report.

Relationship Between 5-ALA-Induced
Fluorescence and Enhancement
on the MRI

Fluorescence has been related to contrast-
enhancement of malignant gliomas on the MRI
[39]. However, a number of investigators have
provided data demonstrating fluorescence to
extend beyond contrast-enhancement [35, 37, 42,
50–52] (Fig. 6.4). Resection of this area of
fluorescence tissue, which extends beyond
contrast-enhancing tumor, has been associated
with extended survival [51]. A number of groups

have provided evidence that fluorescence even
in non-enhancing tumors can be predicted by
amino acid positron emission tomography
(PET) with 18F-fluoroethyl-tyrosine (FET) or
11C-methionine [45, 52–55].

In Which Tumors Is 5-ALA of Value?

Use in Gliomas Apart from Gbm

The use of 5-ALA for fluorescence-guided
resections of brain tumors was first described
for malignant gliomas [16], and the use in
glioblastoma is the most common use described
so far. Other gliomas may be amenable to
fluorescence-guided resections as well, as is the
case for approximately 16–20% of grade II
gliomas [45, 53, 56, 57], despite the accepted
lack of significant blood–brain perturbations in
such tumors. In gliomas, which do not show
typical imaging characteristics of glioblastoma,
tumor size and patient age were predictive of
finding useful fluorescence intra-operatively,
either for fluorescence-guided resections or for
finding an anaplastic focus [45]. In the case of
gliomas without imaging features suggestive of
glioblastoma (i.e., necrosis marginal enhance-
ment and perifocal edema), any enhancement on
the MRI resulted in the likelihood of useful
fluorescence of 78%; if patients were older than
44 years and tumors were larger than 7 cm3, this
likelihood was 97%. In non-enhancing tumors,
tumor size and the FET-PET ratio were predic-
tive of fluorescence. Patients with non-enhancing
tumors and a FET-PET uptake ratio of at least
1.85 demonstrated a likelihood of 23% for
showing fluorescence. If tumors were addition-
ally larger than 11 cm3, this probability was
increased to 46% [45].

Thus, in our practice all patients with non-
enhancing tumors are subjected to FET-PET for
assessing whether 5-ALA would be of value for
surgery. FET-PET is also helpful for determining
the location of anaplastic foci in otherwise
apparently low-grade gliomas [53–55], which
would be identified during surgery based on
fluorescence and be specifically biopsied for
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targeted histological interrogation. Such hot
spots, if macroscopically fluorescent, were found
to indicate high-grade areas in otherwise low-
grade tumors [54], thus avoiding undergrading of
these tumors.

It is, however, important to understand that
the fluorescence visible to the surgeon through
the microscope is actually quite strong, and too
strong to be absorbed by the microscope lenses
and filters. Thus, the observation of fluorescence
in 16–20% of LGG gliomas alludes to macro-
scopic fluorescence, i.e., the fluorescence visible
to the surgeon through the microscope. In addi-
tion, light from the tumor cavity is divided
between surgeon, observer, and camera system.

Using spectrometry or confocal microscopy
[42, 58, 59], porphyrins can be detected even

when no macroscopic fluorescence can be
observed. These findings indicate that low-grade
gliomas commonly accumulate porphyrins which
are difficult to perceive using the surgical
microscope, based in part on the comparative
amount of accumulation per cell but also on the
low cell density observed in low-grade gliomas.

Tumors Other Than Gliomas
that Accumulate Useful Fluorescence

Multiple groups have investigated brain tumors
apart from gliomas regarding their capability of
accumulating visible porphyrin fluorescence
(e.g., Marbacher et al. [60]). Also, several reports
provide data on children [61–64] regarding the

Fig. 6.4 5-ALA-induced tumor fluorescence extends
beyond enhancing tumor. This patient with a left angular
gyrus glioblastoma was operated on first without fluores-
cence. Residual enhancing tumor is visible and the
resection cavity is slightly smaller than the original tumor

(yellow insert), due to decompression. Bottom row
surgery was repeated using 5-ALA and
mapping/monitoring. All fluorescing tissue was removed
safely. The final resection cavity (red insert) extends
considerably further than the enhancing tumor regions
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specific pathologies in this patient population. In
children with high-grade gliomas, similar use-
fulness of 5-ALA-induced porphyrins has been
reported as with adults. Grade II and III
ependymomas seem to avidly accumulate por-
phyrins. Medulloblastomas, pilocytic astrocy-
tomas, and PNETs were found to display
fluorescence in up to 50% of cases, which was
found useful by surgeons in about 20% of
patients (Table 6.3).

As is our own experience and from the literature
available so far, meningiomas have a strong
propensity for accumulating protoporphyrin IX
(Table 6.3). This characteristic may not be of
much practical value in the typical low-grade
convexity meningioma that is easily identified and
resected using conventional illumination. On the
other hand, porphyrins have been observed in
zones of bony invasion as well as in the dural
infiltration zone [65–73]. In recurrent atypical or
anaplastic meningiomas, especially after surgery
and radiotherapy with inherent scarring, 5-ALA-
induced porphyrins help identify residual tumor
cells [70]. The use of ALA has been reported for

pituitary adenoma, hemangioblastoma, ependy-
momas, metastasis, and gangliogliomas
(Table 6.3). Schwannomas have been found not to
accumulate significant fluorescence [60].

It is of interest to note that all investigators of
tumors apart from malignant gliomas use the
same dose and timing of application for 5-ALA
as initially published by our group in 1998, i.e.,
20 mg/kg orally 3 h prior to induction of anes-
thesia. Particularly in low-grade gliomas or other
benign cerebral tumors, metabolism of 5-ALA to
porphyrins may well differ from its metabolism
in highly proliferative malignant gliomas. The
question of using different doses or timelines of
application of 5-ALA has not been addressed so
far for these tumors. Even in high-grade gliomas,
we are now giving 5-ALA earlier, 4–5 h prior to
induction of anesthesia. Our recent data (manu-
script in preparation) suggest that porphyrin
accumulation peaks at 7–8 h rather than 6 h after
ingestion. Thus, assuming a time period of 3 h
from induction of anesthesia to surgically
approaching the marginal tumor after position-
ing, draping, craniotomy, and debulking,

Table 6.3 Non-glioma brain tumors and ALA versatility

Tumor type Visible fluorescence Useful? Reference examples

Meningioma
Low-grade
High-grade
Dural infiltration
Bony infiltration

+++
+++
++
++

−+a

+++
++
++

Coluccia et al. [73],
Valdes et al. [72],
Motekallemi et al. [68],
Cornelius et al. [69], Della
Puppa et al. [65]

Ependymoma
Grade I
Grade II
Grade III

+++
+++
+++

++
++
++

Inoue et al. [91], Arai
et al. [92], Stummer et al.
[64], Bernal Garcia et al.
[93]

Hemangioblastoma +++ + Utsuki et al. [94]

PNET +, 40% −+, 20% Stummer et al. [64]

Ganglioglioma +, 40% +, 40% Stummer et al. [64]

Medulloblastoma +, 50% +−, 20% Stummer et al. [64],
Eicker et al. [95]

Pilocytic astrocytoma +, 22% a−, 18% Stummer et al. [64]

Pituitary + + Eljamel et al. [79]

Metastasis ++, 70% + Kamp et al. [77]

Stereotactic biopsy (lymphoma,
inflammation, HGG, metastasis)

+++ +++ Moriuchi et al. [74],
Widhalm et al. [75], von
Campe [76]

aNot considered necessary
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administration 4–5 h prior to surgery appears
recommendable.

5-ALA has been suggested to be useful in the
context of stereotactic biopsies [74–76]. Investi-
gators argue that detecting fluorescence in a
stereotactic biopsy will prove that the target has
been correctly located, thus reducing the need for
intra-operative pathology or serial sampling.
While this may be true for malignant gliomas and
lymphomas, lesions such as abscesses or metas-
tasis may show unspecific fluorescence in peri-
focal tissue [77].

Practical Implementation of 5-ALA

Patient Selection

If a patient presents with imaging suggestive of a
malignant glioma (contrast-enhancement, necro-
sis, edema) and a metastasis is unlikely, these
patients will be given 5-ALA 4–5 h prior to
induction of anesthesia. In suspected gliomas
without contrast-enhancement, we will base our
decision to give 5-ALA on FET-PET. If the
uptake ratio in the lesion exceeds 1.85, such
patients will also be treated with 5-ALA. We do
not restrict ourselves to tumors where gross total
resections can be expected. Investigators cur-
rently assume that resection rates beyond 70%
will improve outcome in patients with glioblas-
tomas [6] and that above this threshold, survival
will depend on the amount of tumor additional
resected, optimally all of contrast-enhancing
tumor. Thus, whenever we perform resections
for malignant gliomas, we utilize 5-ALA for
maximizing resection even if we are at times
forced to leave infiltrating or gross tumor behind,
the latter if there is a risk that perforators are
involved in the tumor or due to the proximity to
important tracts or areas of cortex.

Phototoxicity

5-ALA-induced porphyrins also accumulate in
the skin, sensitizing skin up to a period of 24 h.
If skin is exposed to sufficient light, patients

might develop rubor of the skin or sunburn. The
risk of skin phototoxicity is highest between 6
and 8 h after administration. During this time,
patients are draped during surgery and are in the
operating room. Up to the time point of surgery,
we do not implement particular measures for
light protection. After surgery, patients are
transferred to a recovery ward and from there to
the intensive care ward for postoperative
surveillance. During this time until the next
morning, we close window shades and avoid
direct light reaching the patient. Ambient light, to
our knowledge, has not resulted in phototoxic
reactions. Care must be taken in patients whose
surgery is postponed unexpectedly, e.g., due to
an intervening emergency. If such patients are
unintentionally exposed to sunlight, they will
develop rubor of the skin or sunburn.

If surgery has to be postponed, we still try to
perform surgery on the same day. Re-dosing
5-ALA in case same-day surgery is canceled has
not been related to adverse events [78], but sys-
tematic and prospective data are not available.
This also alludes to early redo surgery if unex-
pectedly resectable tumor is detected during early
postoperative MRI.

All patients are given a dose of approximately
20 mg/kg dissolved in 50 ml of tap water.
Pharmacological data (unpublished data) show
that orally ingested 5-ALA at a dose of 30 mg/kg
body weight will result in a peak plasma con-
centration at 0.94 h after ingestions and is
cleared from plasma rapidly thereafter. Concerns
by anesthesiologists regarding the volume of
water with which 5-ALA is ingested can be
mitigated by this observation, since at the time of
induction of anesthesia almost all of the drug will
have passed from the digestive tract into the
plasma and from there into cells.

We do not recommend 5-ALA to be dissolved
in other liquids apart from clear water (e.g.,
orange juice) [79] to improve taste. The 5-ALA
solution tastes slightly acidic, the taste not being
complained about by patients. Dissolving 5-ALA
in other liquids might change pharmacokinetics.

Surgery is planned using technical adjuncts as
necessary. Neuronavigation is standard at our
institution, supplemented by ultrasound.
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Electrophysiological monitoring and mapping,
including “awake” craniotomies, will be imple-
mented depending on the location of tumors.
After craniotomy and cortical mapping, we resect
the tumor usually in critical regions first, espe-
cially when patients are awake, to ensure com-
pliance during this time. Resection will include
subcortical mapping, either with the
“train-of-five” technique for eliciting motor
evoked potentials or with the 60-Hz method for
ablating function, as in language mapping.

The information derived from tissue fluores-
cence can be utilized immediately at the begin-
ning after exposing the cortex for locating the
tumor. If the tumor reaches or almost reaches the
cortical surface, the exact location of fluores-
cence will demonstrate where initial corticotomy
might best be planned. When approaching a
subcortical tumor based on navigation or

ultrasound, the fluorescent margins will become
visible at an early stage, confirming the correct
trajectory of approach.

As part of our standard, we always obtain a
frozen section to rule out metastasis, lymphoma,
or abscess. These lesions might mimic
high-grade glioma on the MRI but require dif-
ferent therapies (lymphoma or abscess) or harbor
the danger of unspecific fluorescence (e.g., in
metastasis [77]).

In case intra-operative imaging (MRI, CT) is
not available, care must be taken not to lose the
fluorescing margin because this margin might
later be hidden by overhanging edges, may col-
lapse, and may not be visible on the surface or be
covered by necrosis (Fig. 6.5). Several groups
have pointed out synergies between intra-
operative MRI and 5-ALA. Resection is per-
formed using fluorescence and shuttling back and

Fig. 6.5 Possible pitfalls in fluorescence-guided resec-
tions potentially resulting in inadvertent residual tumor on
post-op MRI. A Residual tumor is hidden under over-
hanging edges and is outside the direct field of vision;

B cystic regions that collapse. Fluorescing tumor is not
visible on the surface; C non-fluorescent necrotic tumor
obscures residual enhancing tumor. Surgeons should take
to resect following the margin of fluorescence
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forth between the fluorescence-mode and con-
ventional white light illumination until fluoresc-
ing tissue is no longer visible. If subsequent MRI
demonstrates regions of residual tumor, surgeons
can return to these areas and will usually find
these areas to fluoresce, but to have been outside
the initial field of vision or covered by blood or
debris [80].

Using mapping and monitoring, we extend
resections to encompass all fluorescing tissue if
in any way possible without jeopardizing func-
tion. We do not uncritically resect all tissues that
fluoresce, also if we are concerned about perfo-
rators traversing the tumor that, if damaged, will
result in a significant remote ischemic deficit.

Tissue Fluorescence Qualities

Usually two types of fluorescence can be distin-
guished during resection, a more central strong
(“lava,” “red,” “solid”) and a marginal weaker

(“pink,” “salmon,” as previously termed by sur-
geons; Figs. 6.6 and 6.7). We have established that
these fluorescence qualities can reproducibly be
found in malignant glioma surgery [42]. Strong red
fluorescence is associated with solidly proliferating
tumor with a high cell density and neovascular-
ization, whereas weaker pink fluorescence is
associated with infiltrating tumor down to a tumor
cell density of 10%. This phenomenon can be used
for guiding resections, since functional tissue
cannot be located in the region of strong fluores-
cence, which can be safely removed, provided this
region is not transversed by perforators supplying
remote and functionally important brain. With
pink fluorescence (highlighting infiltrating tumor),
surgeons will approach such functionally intact
brain, i.e., deep white matter tracts. In this situa-
tion, it is necessary to have information whether
adjacent tissue carries critical function, e.g., by
mapping. Complete resection of fluorescence even
outside of the enhancing tumor has been associated
with extended survival [37, 51].

Fig. 6.6 Different fluorescence qualities. After debulk-
ing, dark red fluorescence becomes visible, signifying
solidly proliferating, angiogenic tumor (A); after removal

of tissue with “red” fluorescence, areas of pink fluores-
cence become visible (B). Residual “pink” fluorescence at
the margins, signifying residual infiltrating tumor (C)
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Necrotic tissue, on the other hand, does not
fluoresce as this part of the tumor upholds no
metabolism.

Remember: 5-ALA-induced fluorescence
is a technique for identifying tumor. Giv-
ing 5-ALA for resection of malignant
gliomas does not alleviate the necessity for
immaculate surgical technique, intra-
operative mapping and monitoring in
eloquently located tumors, profound
knowledge of anatomy and a judicious
approach to resection, being aware of pit-
falls such as overhanging edges or
fluorescence being hidden by blood, cotton
patties, or necrotic tumor. Hardware needs
to be tested for correct function prior to
surgery.

In principle, resections can be performed using
fluorescence alone over large parts of surgery.
Blood slowly oozing into the resection cavity will
hide fluorescence, because hemoglobin is a very
strong absorber of light. The low light intensity
under blue-violet illumination does not allow

accurate hemostasis. In case oozing needs to be
controlled, surgeons will switch back to conven-
tional illumination. Due to the additional infor-
mation derived from fluorescence at all stages of
surgery (finding the tumor, resecting along its
margins), we liberally shuttle to the fluorescence
mode from the beginning of surgery. We take care
to not have the illumination intensity under white
light at too strong a level because switching to
subdued blue-violet light will otherwise be harder
to adapt to. Modern microscopes have excess light,
the full magnitude of which is not necessary for
surgery of a malignant glioma. We do not recom-
mend changing to the fluorescence mode only
when the surgeon feels the gross tumor has been
resected completely under white light illumination.
The surgeon misses important information during
the course of surgery, which guides his resection
strategy and renders resections as efficient as pos-
sible. Also, there is a worry about photobleaching
of PPIX during the course of surgery. As with any
dye, PPIX degrades under the influence of strong
light. This process is not immediate but takes a
matter of many minutes. Nevertheless, under
adverse circumstances marginal pink fluorescence
might be bleached away [16].

Fig. 6.7 Scheme illustrating the relationship between
fluorescence qualities and tissue morphology. “Red”
fluorescence signifies solidly proliferating tumor with

neovasculature, “pink” infiltrating tumor to a density of
about 10%, which borders on functionally intact brain
tissue [42]
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For resections of gliomas using 5-ALA-
induced fluorescence, we traditionally use the
ultrasound aspirator at the margins of the tumor.
We do try to avoid coagulation in critical sub-
cortical areas to reduce the risk of perilesional
ischemic brain damage. If we do use coagulation,
we note superficial PPIX fluorescence also to be
destroyed, which can be replenished by sucking
away the superficial level of tissue debris.

Usually we rely on the optical impression
under the microscope for distinguishing fluores-
cent from non-fluorescing tissue. The camera
image has a much lower resolution compared to
eye. In addition, the camera gain can be changed
and images integrated over different periods of
time by varying the shutter speed. However,
while longer integration times will increase
contrast, they will cause the images to blur and to
stutter, whereas increasing the gain and ampli-
fying image pixels will distort colors away from
the natural tone visible to the eye through the
microscope.

Fluorescein for Fluorescence-Guided
Resections

After its introduction by Moore et al. [10],
fluorescein has recently enjoyed a renaissance for
fluorescence-guided resections of malignant
gliomas [19–22]. This renaissance was based on
the popularity of older intra-operative fluores-
cence techniques (ICG, 5-ALA) as well as the
introduction of new filter combinations (Yellow
560; Carl Zeiss, Oberkochen) incorporated into
surgical microscopes for visualizing fluorescein.
Fluorescein sodium is approved in ophthalmol-
ogy for retinal angiography but is not approved
for intra-operative fluorescence-guided resections
in the brain and should only be used in the
context of clinical studies. Fluorescein appears
toxicologically safe apart from rare instances of
anaphylaxis, which have been described during
resection of a brain tumor [81].

Fluorescein is injected intravenously and
gives a strong yellow fluorescence and, in con-
junction with special microscope filters, provides
vivid background information.

Fluorescein enters the malignant glioma
through the breached blood–brain barrier. There
is no specific affinity to tumor cells [21].
Extravasation results in co-location of fluores-
cence and regions of blood–brain barrier dis-
ruption. This phenomenon is used for locating
tumor tissue. In practice, the fluorescent image
appears brighter than what is observed using
5-ALA and the filters are constructed to allow
more light reflected from normal tissue to pass,
giving greater background detail.

However, there are a number of pitfalls and
challenges involved in using fluorescein or other
fluorophores entering the tumor based on
increased blood–brain barrier permeability
within malignant gliomas, as illustrated in
Fig. 6.8.

1. After i.v. injection, concentrations of the
fluorophores will be highest in vessels and
will highlight all perfused tissues and not
necessarily the tumor. The contrast from
tumor to normal tissue will be weak.

2. The fluorophore will be extravasated within
areas of blood–brain disruption in the brain
tumor, while concentrations in plasma and in
perfused tissues will slowly subside.

3. Extravasated fluorophore will flow into peri-
tumoral tissue with edema. Tumor-related
edema has been shown to traverse tissue at a
rate of more than 2 mm/h [82]. Depending on
the duration between administration and
tumor resection, the distance of unspecific
spread of fluorescein will be significant.

Thus, even without surgical manipulation the
pharmacokinetics of i.v. fluorophores such as
fluorescein in plasma, tumor tissue, and perifocal
edema are complex. Further complexity is
introduced into the equation by surgical manip-
ulation of tissue, resulting in blood–brain barrier
breakdown in regions of surgical tissue injury
and unspecific extravasation at resection mar-
gins. Furthermore, blood or plasma containing
the fluorophore and oozing into the resection
cavity will unselectively stain tissue.

Together, intravenously administered, unse-
lective fluorophores are wrought with many
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pitfalls, and timing and dose of administration
are crucial. Currently, fluorescein is being used at
multiple doses and times of administration
(Table 6.4) and not according to a uniform pro-
tocol. We have investigated various time points
of application [83], ranging from acute injections
to injections after induction of anesthesia. With
acute injections, the amount of fluorescein in
vessels was high, resulting in strong staining of

all perfused tissues but also in extravasation with
blood and strong unspecific contamination
of tissue. With early injections after induction of
anesthesia, we still faced the problem of
unspecific oozing from resection margins.

Clearly, further research is necessary if
fluorescein and similar substances should be used
for fluorescence-guided resection. Ultimately,
randomized studies will be necessary.

Fig. 6.8 Scheme illustrating the pharmacokinetics of
intravenously applied fluorophores, which reach the
tumor via the broken down blood–brain barrier. After
injection, concentrations of fluorophores in vessels and
therefore in all perfused tissues are high. Extravasation
within the tumor leads to co-location of fluorophore in the
tumor resulting in a period of pseudo selectivity, which

can be used for fluorescence-guided detection. Fluo-
rophore extravasated in the tumor spreads with edema
into perilesional tissue at a speed of approximately
2 mm/h [82]. These physiological phenomena need to be
considered when using such fluorophores for
fluorescence-guided resections

Table 6.4 Time points and doses used for fluorescein in glioma surgery (publications after 2010)

Publication Fluorescein dose (mg/kg) Timing of injection

Rey-Dios et al. [88] 4 Fifteen minutes before dural opening, 4 mg/kg fluorescein

Schebesch et al. [22] 3–4 After bone flap removal prior to durotomy

Acerbi et al. [19, 20] 5–10 After intubation and before skin incision

Chen et al. [89] 15–20 After the dura at the craniotomy site was opened

Diaz et al. [21] 3 At the time of anesthesia induction

Okuda [90] 20 After induction of anesthesia and opening of the dura
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Dual-Labeling Approach

In a novel approach, we now attempt to combine
unspecific fluorescein tissue fluorescence for
contrasting normal brain with selective PPIX
fluorescence. For simultaneously visualizing red
PPIX fluorescence and yellow fluorescein
fluorescence, we exploit the fact that both fluor-
ochromes can be visualized using a single barrier
filter that opens at about 500 nm, since fluores-
cein has a fluorescence maximum at 525 nm and
PPIX at 635 nm. For excitation, we combine the
excitation light optimized for PPIX (375–
440 nm) together with light optimized for excit-
ing fluorescein (370–510 nm). The combination
highlights perfused tissue background while
allowing visualization of red porphyrin fluores-
cence. In case of co-location of fluorescein and
5-ALA-induced porphyrins, tissues appear a
vivid orange (Fig. 6.9, manuscript in
preparation).

Future Developments
in Fluorescence-Guided Resection

A number of newer agents for fluorescence-
guided resections are in the pipeline and are
being translated into clinical use. For the future,
more selective agents are being sought
with selective binding to malignant glioma cells.

One approach is to use the tumor ligand
chlorotoxin, a scorpion venom with established
affinity to malignant tumor cells [84]. CTX is
non-toxic to humans and is conjugated to indo-
cyanine green (ICG). “Tumor Paint BLZ-100” is
presently being tested in phase I clinical studies.

Huang et al. [85] have constructed a
near-infrared dye targeted to integrin αvβ3. Inte-
grins play an important role in tumor angiogen-
esis, growth, and metastasis. So far, in vivo data
are available showing utility of the probe for
detecting malignant gliomas with high integrin
expression.

In the same year, Wang et al. [86] evaluated
the use of monoclonal antibodies targeting vas-
cular endothelial growth factor receptor 1
(VEGF-1) conjugated to fluorophores in a
transgenic mouse model of medulloblastoma.
Since the antibodies do not cross the blood–brain
barrier, antibodies were topically applied,
demonstrating preferential binding to tumor cells,
and thus suggesting utility for intra-operative
detection of tumor.

Recently, cancer-selective alkylphospho-
choline (APC) analogs were used experimentally
for intra-operative tumor detection [87]. Coupled
to infrared fluorophores, these analogs appear to
be incorporated and selectively retained in tumor
cell membranes. Early-phase clinical trials are
underway for exploring this possibility of
intra-operative tissue diagnosis.

Fig. 6.9 Dual-labeling approach. This is an experimental
approach in which fluorescein (4 mg/kg, administered
immediately after induction of anesthesia, as previously
described [19, 20]) and 5-ALA (20 mg/kg, administered
4 h prior to induction of anesthesia) are simultaneously
visualized using a suitable combination of excitation light

and emission filters. Fluorescein in vessels highlights
perfused tissues, giving enhanced background informa-
tion to the surgeon, whereas 5-ALA-induced porphyrins
selectively highlight tumor. Regions with both fluoro-
phores appear orange (single asterisk). Note Extravasa-
tion of fluorescein at resection margins (double asterisk)
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Conclusions

Tissue fluorescence has become a helpful adjunct
for malignant glioma surgery. In this context,
5-ALA is unique because it elicits synthesis and
accumulation of the fluorochrome PPX within
the tumor cell. Its full potential for other brain
tumors has not been determined completely.

Fluorescein is being investigated in depth as
an agent with stronger fluorescence but, based on
the passive nature of its accumulation in tumors
via the leaky blood–brain barrier, low selectivity
based on the theoretical basis of its accumulation.
Further research with this compound, possibly in
conjunction with 5-ALA, is being performed.

Several other targeted and fluorescing com-
pounds are slowly translating into clinical use.
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7The Role of Laser-Induced Thermal
Therapy in the Management
of Malignant Gliomas

Elena Fomchenko and Veronica L.S. Chiang

Introduction

Current standard-of-care treatment for patients
with newly diagnosed HGGs includes maximally
cytoreductive tumor resection followed by a
combination of radiation and concomitant or
subsequent alkylating agent temozolomide,
based on the protocol described by Stupp et al.
[1–5]. Unfortunately, regardless of the success of
the initial treatment, these tumors often recur
both locally and at distant sites in the brain. No
standard protocols currently exist for manage-
ment of non-resectable HGGs or salvage man-
agement of HGGs, and treatment options are
often limited by their cumulative toxicities.
Novel systemic agents including targeted thera-
pies and immunotherapies are being actively
developed but have not been shown as yet to be
successful without surgical cytoreduction.

Rationale for Use of LITT for HGGs

Typically, the role of surgical resection is to
assist in making the diagnosis of HGG and
facilitate rapid reduction of intracranial hyper-

tension to maximize recovery of mass-related
neurological dysfunction. Multiple retrospective
studies suggest significant improvement in
progression-free survival (PFS) and overall
survival (OS) with gross total resection
(GTR) [6–22]. The average survival in patients
with untreated glioblastoma multiforme is merely
9 weeks [23] but can be significantly improved
to an average of 6.6 months with biopsy only
versus 10.4 months with partial resection versus
14.6 months with gross total resection followed
by chemotherapy and radiation, with a quarter of
patients surviving for up to 2 years and around
10% surviving for up to 5 years [3].

Other studies, however, call aggressive
resection into question. A recent study of 306
patients with newly diagnosed GBMs by McGirt
et al. [7] showed a 6% incidence of surgically
acquired motor deficits and a 5% incidence of
surgically acquired language deficits, resulting in
the lower OS times of 9.6 and 9 months,
respectively, as compared to 12.8 months OS in
patients without surgically acquired deficits [7].
This translated into a significant reduction in
two-year survival from 23 to 8% with newly
acquired motor deficits and 0% with newly
acquired language deficits [7]. Gulate et al. [25]
likewise reported that 15.3% of their patients
developed surgically related new neurological
deficits resulting in a significantly decreased
Karnofsky performance score (KPS) in 39% of
patients, which in addition to age was a signifi-
cant predictor of worse functional outcome [25].
Further, patients with surgically acquired neuro-
logical deficits were less likely to receive
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adjuvant radiation therapy or chemotherapy,
which has been shown to worsen survival [25].

Because of the potential risk of additional
neurological injury, the surgical management of
deep lesions requiring an approach through elo-
quent brain, such as the left insula or subcortical
motor regions, basal ganglia and the thalamus,
and tumors that cross the midline, such as those
involving the corpus callosum, may include only
a diagnostic biopsy. To improve surgical cytore-
duction of these surgically difficult-to-access
tumors, several novel methods have been devel-
oped including radiosurgery, laser interstitial
thermal therapy (LITT), photodynamic therapy,
and most recently, high-intensity-focused ultra-
sound. LITT, which is the focus of this chapter, is
a minimally invasive technique involving
stereotactic placement of a single or multiple
high-energy laser fibers into the substance of the
tumor in order to deliver thermal therapy for
tumor ablation. Delivery of heat is performed
under the guidance of MRI with intra-procedural
monitoring and verification of successful energy
delivery (Fig. 7.1).

Lasers in History

The most common use of lasers in the nervous
system includes the use of argon, ruby, and CO2

lasers to perform cutting and vaporization, and to
achieve tissue hemostasis [26, 27]. The first use
of interstitial laser photochemotherapy to ner-
vous tissue, however, traces back to 1987, when
Powers et al. [28] described the use of
mitochondria-specific rhodamine-123 dye and a
150 mW blue-green argon light for treatment of
flank and intracerebral rat gliomas, resulting in
progressive central tumor shrinkage and necrosis
over time, but eventual tumor recurrence at its
periphery, where light penetration was limited by
distance [28]. Further studies investigated effects
of variations in wavelength and types of thermal
energy emitting tips, including the end emitting
bare tip versus diffusion emitting sapphire tip
optical fiber probes [29] (Fig. 7.2), showing that
elevations in tissue temperature are related to
surface area of the probe, which directly affects
rate of energy delivery, and rate of temperature
change near the light source affected distance of

Fig. 7.1 MRI-compatible
surgical suite at Yale New
Haven Hospital. Patient
positioning and preparation
prior to obtaining pre-LITT
MRI. Heat delivery is
performed under MRI
guidance for
intra-procedural monitoring
and confirmation of
successful energy delivery
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heat penetration independent of light wavelength
[29]. Laser effect on tissues is also known to be
dependent on tissue thermal and optical proper-
ties, including thermal conductivity, hemoglobin
and fluid content, tissue density, and specific
heat, in addition to laser wavelength, mode, and
fluence [30].

Despite significant knowledge regarding the
factors that influence laser effect on the in vitro
tissues, the most significant barrier to the use of
laser thermocoagulation remained the inability to
predict the size of thermal lesioning in vivo. Its
re-invigoration in clinical practice in the past
decade is due solely to the development of MR
thermometry by Frank Jolesz in 1981 [31–34].
MR thermometry is the ability to interpret MR
gradient echo image changes in order to follow
thermal tissue changes (Fig. 7.3). Initial feasi-
bility work was performed in cat, dog, rabbit, and
pig brains, showing good correlation between
changes in gradient echo image information and
histological evidence of cell death [21–25].
Further, three histologically distinct zones of
post-laser regions of injury, including
(a) peri-laser vaporization zone, (b) zone of
coagulation necrosis, and (c) zone of
peri-lesional edema, can be clearly depicted
using gadolinium enhanced T1-weighted
spin-echo MR images [35–39] (Fig. 7.4).

Current Indications for Use in LITT
in Neurosurgical Patients

Over the past decade, the indications for the use
of MR-guided LITT have significantly expanded.
Treatment of glial tumors and brain metastases
failing radiation and surgery remain the major
indications for the use of LITT [40–42] (Fig. 7.5).
Within this group also fall the cases of radiation
necrosis, with which our center has had signifi-
cant treatment success [43–45]. Increasingly,
however, as the technology advances, LITT has
expanded its use into the areas of epilepsy, par-
ticularly in patients with mesial temporal sclero-
sis, or lesion-based seizures [46–48], the area of
neurovascular neurosurgery such as LITT use for
treatment of cavernous malformations [49, 50],
and for the treatment of benign tumors such as
meningiomas [51, 52]. The largest advantage of
LITT over the more traditional approaches is its
ability to minimize the intracranial approach
through the normal brain parenchyma in order to
access the lesion. In addition, with a stab incision
in the skin and a small drill hole in the skull,
intra-operative blood loss and postoperative pain
associated with the surgery are also significantly
minimized. Lastly, the ability to visualize heat
delivery based on real-time MRI allows the

Fig. 7.2 Types of probe tips commonly used to target intracranial lesions with laser interstitial thermal therapy.
Diffusion-tip probe creates an ellipse-shaped LITT lesion a and directional tip creates a wedge-shaped LITT lesion b
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Fig. 7.3 Intra-operative
LITT imaging showing
heat delivery (yellow line)
and lesion outline
(light blue). Serial images
(a–h) show radial growth
of area of tissue destruction
(shaded green)
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Fig. 7.4 Immediate post-LITT imaging showing laser
trajectory (yellow arrow) in axial (a) and coronal
(b) planes. Post-LITT MRI shows a hyperdense center
with a dark rim consistent with coagulation products,

surrounded by a thin rim of contrast enhancement (red
arrow) that shows the extent of laser-treated tissue at the
edge of ablation zone

Fig. 7.5 Response to LITT in a 50-year-old male patient
diagnosed with a multifocal GBM and treated with partial
surgical resection of a larger GBM focus, followed by laser
ablation of all GBM foci. a T1-weighted Gadolinium
sequence showing a large left occipital GBM focus that was
resected and treated by 54 Gy of fractionated radiation;

b second left temporal GBM focus treated by 54 Gy of
fractionated radiation alone without resection; c left tem-
poral GBM focus showed good initial response; (d and
e) follow-up T1-weighted gadolinium and FLAIR
sequences showing recurrence of the left temporal GBM
focus; (f) follow-up PET scan confirming tumor recurrence
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surgeon to determine adequacy of treatment in
real time [35–39] (Fig. 7.3).

The LITT Procedure

LITT procedures can be performed both in the
operating room, if an intra-operative MRI is
available, and in a diagnostic MRI suite
(Fig. 7.1). Prior to starting surgery, at our facil-
ity, we spend a significant amount of time plan-
ning the laser trajectory (Fig. 7.6). Using our
neuro-navigation planning software, we estimate
that each laser pass will allow us to cover a
cylinder of tissue of up to 25–30 mm in diame-
ter. By overlaying each trajectory onto the lesion,
one can plan the number of trajectories required
to cover the lesion and the direction from which
the laser is best introduced. While there is no
current data to support trajectory recommenda-
tions, we have found that treatment is usually
most easily achieved if the laser is brought along
the long axis of the lesion with the structures
most at risk at the tip of the fiber.

LITT can be performed under general anes-
thesia or conscious sedation along with local

anesthetics. In our facility, we have access to an
intra-operative MRI, and the ability to perform
LITT under general anesthesia has allowed us to
perform complex multiple trajectory treatments
more easily. Prior to starting the procedure, the
patient is medicated with 10 mg dexamethasone
and antibiotics. Mannitol is not administered in
order to minimize brain shift during surgery.
Following the administration of general anes-
thesia, the patient is placed in pins so that when
the head is secured to the operating table, the
head holder is in neutral position. In addition, the
trajectory of the laser needs to be taken into
account so that as it protrudes from the head, it is
directed as much as possible directly out the bore
of the magnet. If this is not possible, in general, it
is better for the laser fiber to be pointing off to the
side than straight up in the bore. At this time, we
obtain a preoperative MRI, since in our experi-
ence best results are obtained if the imaging for
the procedure is performed the day of surgery.
A T2-weighted MRI sequence is usually
obtained first, and if the target can be well
defined on this sequence, then gadolinium is not
administered. If, however, the T2 sequence is
insufficient, then a half dose of gadolinium is

Fig. 7.6 Pre-LITT trajectory planning using BrainLab.
Coronal and axial images depicting direction of the laser
placement are projected using BrainLab software based

on the intra-operative MRI, with an intent to cover the
lesion being treated with an estimated cylinder of heat
20 mm in diameter (a and b)
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administered only. Throughout the course of
treatment, repeat doses of gadolinium are
required and minimizing the amount of
gadolinium used initially can decrease potential
overall toxicity.

Placement of the laser fiber is then guided by
neuro-navigation based on this preoperative MRI
scan. For most cases, a stab incision is first made
in the scalp and then a twist-drill hole is made in
the direction of laser fiber placement. In our
experience, not only is it essential to use
neuro-navigation to guide the drilling of this
hole, but if the hole is not directly perpendicular
to the skull, then it is important to ensure that
skiving of the drill bit does not occur. In rare
cases, if the laser needs to be placed through a
burr hole instead of a twist-drill hole, we still
recommend drilling the burr hole in the direction
of laser placement; otherwise, significant diffi-
culty can occur with having to remove extra bone
around the edges of the burr hole. Once the dura
is opened, it has been our practice at this time to
obtain tissue biopsy, both to confirm the diag-
nosis and the tumor grade, as well as to obtain
tissue in some cases to determine subsequent
clinical trial eligibility. Following biopsy, an
MR-compatible anchor bolt used for laser probe
insertion is placed. The laser is then inserted to a
depth determined using the preoperative MRI
planning (Fig. 7.6).

At this time, a T1-weighted MPRAGE
sequence is obtained with full-dose gadolinium,
and in our system, drawing of the target is then
performed and the location of the laser within the
target is confirmed (Fig. 7.3). Laser heating is
then initiated and stopped when adequate heat
has been delivered to the margins of the target
(Fig. 7.4). Additional ablation can be achieved
by retraction, advancement, or rotation of the
laser fiber. Once it is felt that lesion ablation is
sufficient, T1-weighted MPRAGE images with
gadolinium are obtained again to assess thermal
injury margin (Fig. 7.4). If thermal injury margin
is satisfactory, then the bolt is removed, and the
surgical site is closed. All our patients have been
admitted to the ICU for overnight observation. In
addition to continuing steroids and antibiotics,
patients with lesion diameters greater than 4 cm

are sometimes administered mannitol overnight.
Most patients can be discharged home the fol-
lowing day with a dexamethasone taper over the
subsequent 2–3 weeks. Post-ablation MRI
imaging is then obtained at 2 weeks postopera-
tively to help guide postoperative dexamethasone
taper and then repeated at 1.5, 3, 6, and
12 months post-LITT (Fig. 7.7).

LITT Systems

Two FDA-approved LITT systems are commer-
cially available today in the USA. These are as
follows:

(1) NeuroBlate—Monteris Medical, Inc;
Minnesota.

(2) Visualase—Medtronic, Inc; Minnesota.

The NeuroBlate system uses a 1064 nm neo-
dymium:yttrium aluminum garnet (Nd:YAG)
laser that is cooled using CO2 [53]. The system
offers two probe types: a diffuse firing tip and a
directional firing tip, both of which create a
disk-shaped lesion circular around the probe but
flat proximally and distally. The directional tip
can potentially provide a larger radius of treat-
ment with better conformity to the actual tumor
shape but requires a larger cooling catheter.
Directional firing seems to be more successful at
lower power settings which therefore will make
treatment time longer. The laser power settings
range between 12 and 16 Watts, and the rapidity
of lesional heating is controlled by the ratio of
pulsed “time on”: “time off”; less “time off”
results in faster heating. Maximum temperatures
reached during LITT range from 45 to 70°. It has
also been suggested that use of less power may be
beneficial for lesions located in the eloquent brain
and for post-LITT edema reduction [54, 55]. In
addition to options for laser firing direction and
power settings, the NeuroBlate system also offers
flexibility in laser mounting to the skull. In
addition to the anchor bolt, the laser can be held in
place using a tripod in the case of salvage surgical
situations, where bone may not be present at the
site where the laser needs to be introduced.
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The Visualase system uses a 15 W 980-nm
diode laser and a diffusion-tip probe with a sili-
cone fiberoptic core surrounded by a cooling
sheath, and creates an ellipse-shaped LITT lesion
centered at the probe tip (Fig. 7.2). Lesion size is
time-sensitive due to its ability for rapid tissue
heating [48, 56, 57]. Maximum LITT tempera-
tures reach into the 80–90° range. Only the zone
of irreversible damage as calculated by the
Arrhenius equation is used with this system [39,
58]. Given the hotter temperatures, the laser “on
time” tends to be shorter with this system. In our
experience, while this system lacks directional
control, the heat does tend to conform to the
shape of the lesion well in most cases due to the

difference in composition of tumor versus sur-
rounding edematous brain.

The innovation that is unique to the Neuro-
Blate system, however, is an MR-compatible
robotic driver that is attached to the laser and
allows control of depth and rotational movement
of the laser from the control room, thus mini-
mizing the need for the surgeon to manually
manipulate the laser fiber and to be able to
accurately move the laser to the needed depth
and direction without the surgeon having to put
their head into the magnet bore and move the
fiber an estimated amount, or withdraw the
magnet each time a change in laser position is
needed.

Fig. 7.7 Postoperative imaging of LITT-treated lesion at
2, 6 weeks and 3 months after laser thermal coagulation.
T1-weighted gadolinium sequences (a, c, e) show stable
or marginally increased in size lesion over the first

6 weeks after treatment, followed by a decrease in size by
3 months after treatment. FLAIR abnormalities (b, d,
f) resolve earlier if the lesion is controlled by the LITT
treatment and disappear by 3 months post-LITT (e and f)
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With the laser turned on, both systems des-
ignated planes of imaging. For NeuroBlate,
monitoring is performed in 3 parallel planes
whereas with the Visualase system, monitoring is
performed in 2 orthogonal planes. Both then use
the Arrhenius equation [39, 58] to calculate the
effect of the heat on the cells surrounding the
laser over time. The Visualase system only cal-
culates a single cell kill line compared with the
NeuroBlate system that allows calculation of
zones of potentially reversible (protein denatu-
ration) versus irreversible (cell kill) injury. In our
experience, while the initial heating pattern of
both the diffuse tip and the directional firing tip
can start off equivalent, we have clearly seen an
advantage in using the directional tip in pushing
heat out beyond a 15 mm radius in a single
direction. Given that many high-grade gliomas
lesions are not round but rather quite irregular,
this system’s versatility seems advantageous in

treating these lesions. What is much needed is a
planning prediction model that helps the surgeon
decide where best to place the laser fiber based
on predicted heat diffusion patterns. With the
current imaging versatility and robotic driving
system within the magnet bore, development of
this technology should hopefully ultimately
allow for automation of LITT treatment delivery
in the future.

Reported Results of LITT Use for HGG

A comprehensive review of the literature
describing the results of LITT use for HGGs can
be found in the article by Hawasli et al. [59]. The
number of studies that describe the risks and
benefits of potential LITT use in treatment of
patients with HGGs published since the 1990s is
less than 20 (Table 7.1 [60–73]). Most of these

Table 7.1 Articles of LITT use in newly diagnosed and recurrent HGG

Citation Type #Patients WHO
III

WHO
IV

New Recurrent Location Size

Mohammadi et al.
[42]

CS 34 10 24 16 19 15f, 5p, 5t, 2i, 1cc, 7thal V: 0.7–49.9

Sloan et al. [60] CS 10 0 10 0 10 3f, 3p, 2t, 1to, 1tp V: 2.6–19

Hawasli et al. [41] CS 17 1 10 7 4 3f, 2p, 1cc, 4thal, 1bg V: 14.1
SD:10.7

Carpentier et al. [61] CS 4 0 4 0 4 1f, 2t, 1f/cc V: 3.8–8.9

Jethwa et al. [55] CS 20 1 6 3 4 5f, 1t, 1mb V: 0.4–68.9

Schwarzmaier et al.
[62]

CS 16 0 16 0 16 4f, 2p, 1o, 2t, 3po, 2tp,
1cc, 1ft

V: 21.6 SD:
18.6

Schwarzmaier et al.
[63]

CS 2 0 2 0 2 1t, 1po V: 20

Schulze et al. [64] CS 8 3 5 ? ? ? ?

Leonardi and
Lumenta [65]

CS 24 11 6 *17 ? D: 2.1–2.6

Lumenta et al. [66] CS 24 11 7 13 5 ? D: 2.8

Leonardi et al. [38] CS 24 12 9 0 21 ? D: 2.2

Reimer et al. [67] CS 4 3 1 0 4 3f, 1t D: 1–3.5

Schwabe et al. [68] CS 18 1 3 ? ? 2f, 1tp, 1fp D: 2–3.5

Kahn et al. [69] CS 8 2 1 ? ? 1p, 1tp, 1cc D: 1.8–2.7

Bettag et al. [70] CS 5 ? ? ? ? ? D: 2–3.5

Sakai et al. [71] CS 5 0 2 1 1 2p ?

Bettag et al. [72] CS 5 ? ? ? ? 2f, 2t, 1thal ?

Sugiyama et al. [73] CS 3 ? ? ? ? ? D: 1.2–3
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studies are case series, and there are no large
randomized controlled trials available to date.

In summary, a total of 230 patients with 161
high-grade LITT-treated lesions have been
described; 55 (34.2%) of these lesions were
diagnosed as grade III gliomas and 106 (65.8%)
as GBMs, with 40 (24.8%) being newly diag-
nosed and 107 (66.5%) being recurrent lesions.
A wide variation of tumor sizes treated is
reported, with diameters of up to 5.5 cm in a few
studies, but mostly ranging from 0.4 to 68.9 cm3

[41, 42, 60–73]. Only 21 (13%) of these lesions
were in locations where LITT would be consid-
ered a first-line approach for treatment, including
the insula, corpus callosum, basal ganglia, or the
thalamus. What makes it difficult to interpret
outcome following LITT is a similarly large
range of percentages of lesion heat coverage by
LITT. Cell kill coverage with LITT can range
from 100% of lesions usually in those less than
3.5 cm in diameter, to frequently quoted ranges
of 78–98% (but as low as 28%) in studies that
include larger and more complex lesions using a
variety (high versus low) of LITT energies [38,
41, 42, 55, 60–69]. This analysis is further
complicated by the use of multiple trajectories
for lesioning, which in some studies amounted to
nearly half of all treated patients [42]. Reported
procedural length times can therefore also range
significantly from 2 to 16 h.

In studies comparing LITT-treated grade III
tumors with LITT-treated GBMs, progression-
free survival (PFS) in patients with LITT-treated
GBMs was reported as 3–4 months, while PFS in
patients with LITT-treated grade III tumors was
10–17 months, with corresponding OS of 7–
9 months in patients with LITT-treated GBMs and
30 months in patients with LITT-treated grade III
tumors [38, 65, 66] (Table 7.2). Review of other
studies that predominantly included patients with
GBMs similarly showed average PFS of 4 months
and OS of 8.7 months after LITT treatment [41,
60–63]. When looking specifically at LITT use in
newly diagnosed HGGs, results are limited with
regard to number of patients included across these
studies (24.8%, or 40/161), lack of subgroup
analysis, inconsistent use of surgical interventions
in addition to LITT, and relatively short follow-up

times [41, 42, 66]. Studies that predominantly
included patients with LITT-treated recurrent
GBMs contain significantly larger numbers of
patients and reported OS of 6.9–15 months
post-LITT [60, 62].

In a recent multicentered study by Moham-
madi et al. [42], 19 new and 16 salvage HGG
patients were treated with LITT. Median PFS
was again 5.1 months, and 71% of cases pro-
gressed during follow-up. Multivariate analysis
of factors that may affect outcome showed that
patient gender, age, tumor recurrence, use of
prior chemotherapy or radiation therapy, or
tumor grade were not factors that determined the
OS. PFS, however, was doubled (from 4.6 to
>9.7 months) if only <0.05 cm3 of tumor volume
was missed by the protein denaturation line and
<1.5 cm3 of tumor volume was uncovered by the
cell kill line. In addition, the only significant
prognostic factor in the study was preoperative
KPS which has also been demonstrated in the
previous studies [41, 42, 66].

Complications associated with LITT are
described in Table 7.3 and are associated with
roughly a third of LITT procedures (53 of 161
LITT treatments). Of these, 15.5% (25/161)
represented neuro-deficits including aphasia or
paresis, around half of which were transient; 4%
(7/161) involved an infection; 2.5% (4/161)
involved transient cerebral edema; 1.9% (3/161)
were associated with seizures or an intracerebral
hemorrhage post-LITT. KPSs for LITT-treated
patients ranged from 70–100 pre-LITT and 40–
90 post-LITT, with most studies reporting same
or worse average KPS in treated patients as
compared to pre-LITT, and only a single study
quoting an improved KPS post-LITT [60].

Imaging Changes Following LITT

At our institution, a postoperative CT scan is
often obtained within 24 h of LITT completion.
This scan frequently shows centrally located
hyperdense blood breakdown products correlat-
ing with ground glass appearing T1 hyperinten-
sities seen on MRI consistent with coagulation
necrosis in the center of targeted lesions
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(Fig. 7.4a). Uniformity in timing of post-LITT
MR imaging is also lacking. Most studies quote
radiographic response based on T1-weighted or
T2-weighted MRI sequences ranging from
7 days to 3 months after surgery [41, 60, 61, 64,

66, 67, 69]. The most commonly reported
radiographic response following LITT has been a
transient increase in the size of the rim-enhancing
lesion with central necrosis seen on T1-weighted
imaging representing the ablation lesion—which

Table 7.2 Outcomes of LITT in new and recurrent HGG

Citation #HGG KPS
pre

KPS
post

Follow-up
time

Radiologic response Clinical response

Mohammadi
et al. [42]

34 50–90
(80)

– 7.2 mth 5 w/central, 12 w/peripheral,
6 distant progression

PFS ave 5.1 mth (4.6–
>9.7 mth); 1 year survival
68 ± 9%

Sloan et al.
[60]

10 70–90
(80)

10–20
better

3.6–39 mth
(15)

57–90% (78% ave) targeted OS 10.4 (7.4, 6.5,
14.3 mth vs. dosing)

Hawasli et al.
[41]

11 74.1 40–90 0.1–11.2 mth
(5.8)

Decrease to 91.4 ± 17.1% at
5 mth, 67.4 ± 8.4% at
10 mth

PFS: 2.6, 3.2, 7.6, 8.4,
9.2 mths OS: 0.1, 1.7,
4.1 mh

Carpentier
et al. [61]

4 50, 70,
90, 90

– Till expired Peripheral enhancement,
partial; decrease at 0.5, 1, 1.5,
and 2 mth

PFS: 1 mth OS: 10 mth

Jethwa et al.
[55]

7 – – – – –

Schwarzmaier
et al. [62]

16 70 – 9.1 ± 6.3 mth Decreased OS: 6.9 mth (5.2–11.2)

Schwarzmaier
et al. [63]

2 60, 70 50, 70 15, 30 mth Decrease at 12 mth PFS: 5 mth OS: 13,
15 mth

Schulze et al.
[64]

8 – – – Decrease at 2 mth PFS 2 mth in 1/8

Leonardi and
Lumenta [65]

17 78
(III) 69
(IV)

Same
to
worse

– – PFS: 10 (III), 4 (IV) mth
OS: 30 (III), 9 (IV) mth

Lumenta et al.
[66]

18 – – 3.5–4.2 mth Necrosis, peripheral
enhancement; partial

PFS: 17 (III), 3 mth; OS:
7 (IV) mth

Leonardi et al.
[38]

21 – – – Necrosis, peripheral
enhancement

–

Reimer et al.
[67]

4 – – – Decreased at 6 mth PFS: 6, 6, 8, 12 mth

Schwabe et al.
[68]

4 – – – Immediate necrosis and
edema, all decreased

–

Kahn et al.
[69]

3 – – 6, 9, 13 mth 15–87% decrease at 1 mth –

Bettag et al.
[70]

?5 – – – Necrosis, decrease in size at
1 mth

–

Sakai et al.
[71]

2 0, 90 – 12, 23 mth Response at 15 mth, 12 mth PFS: 12, 15 mth; OS:
23 mth

Bettag et al.
[72]

?5 – – – Necrosis, edema in all –

Sugiyama
et al. [73]

?3 0, 80,
100

– 9, 23, 31 mth All resolved OS: 12, 23a, 31a mth
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should be larger than the original tumor
(Fig. 7.7a, b, d, and e). LITT-treated lesions can
additionally develop a rim of restricted diffusion
in the area of pretreatment enhancement, with
concomitant development of peripheral
enhancement at the margin of the heat ablation
consistent with breakdown of blood-brain barrier
[47, 64, 68, 71, 74, 75] (Fig. 7.4b). Central
necrosis without peripheral enhancement, how-
ever, was noted in at least 57 (35.4%) patients.
38.5% of patients then showed a decrease in
radiographic size of enhancement at various
time-points ranging from 0.5–10 months. This
can be associated with a variable decrease in

amount of associated T2-weighted signal
although the timing of this is also not well doc-
umented. In our experience, best imaging results
are seen around 3 months post-LITT although
lesions can take up to 6 months to regress fully
to their new baseline (Figs. 7.5 and 7.7).

Radiographic recurrence has also not been
carefully addressed in most of these studies;
however, several studies report radiographic
recurrence in as many as 67% of patients, with
most recurrences observed at the periphery of the
treated lesion as would be expected based on laser
physics [41, 42, 67, 71]. There is a lack of literature
discussing which MR series would be best for

Table 7.3 Complications and adjuvants, LITT-treated patients with new and recurrent HGGs

Citation #HGG Complications Adjuvants

Mohammadi et al. [42] 34 5 transient 2 permanent deficits; 1
seizure, 1 hypoNa, 1 DVT, 2
infection, 3 ICH

New: temozolamide + XRT; recurrent:
temozolomide, bevacizumab, procarbazine,
lomustine, cytoxan

Sloan et al. [60] 10 1 pseudoaneurysm, 1 paresis, 1
transient hemianopia, 1 transient
dysphasia

–

Hawasli et al. [41] 11 3 transient aphasia, 2 transient
paresis, 2 hypoNa, 1 DVT, 1
infection

New: temozolamide + XRT; recurrent:
bevacizumab

Carpentier et al. [61] 4 1 aphasia, 1 seizure, 1 CSF leak Irinotecan, bevacizumab, BCNU,
temozolomide

Jethwa et al. [55] 7 1 cerebral edema –

Schwarzmaier et al. [62] 16 1 paresis, 3 neutropenia, 1
thrombocytopenia, 1 transaminitis

Temozolomide, doxorubicin, nimustine,
teniposide, thalidomide

Schwarzmaier et al. [63] 2 – Temozolomide

Schulze et al. [64] 8 – –

Leonardi and Lumenta
[65]

17 2 neuro-deficit, 1 infection –

Lumenta et al. [66] 18 1 neuro-deficit, 1 seizure, 1 apraxia,
3 infection/abscess

–

Leonardi et al. [38] 21 2 neuro-deficits –

Reimer et al. [67] 4 1 transient aphasia –

Schwabe et al. [68] 4 3 transient edema –

Kahn et al. [69] 3 – XRT

Bettag et al. [70] ?5 – –

Sakai et al. [71] 2 – Nimustine

Bettag et al. [72] ?5 – –

Sugiyama et al. [73] ?3 – –
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detecting recurrence although Tiwari et al. [47]
suggested that the standard T1-weighted MRI in
conjunction with a T2 GRE sequences may be
useful in detecting recurrence. In our experience, it
is possible to see areas of nodularity develop and
then regress making evidence of progression on
T1-weighted MRI difficult to interpret. Clinical
tumor progression has been reported at any time
between 1 and 17 months. Given that sometimes it
is unclearwhether or not there is evidence of tumor
recurrence after LITT, the optimal time-points to
restart bevacizumab or other chemotherapy agents
for patients that underwent LITT are also
unknown. Anecdotally, most patients were
restarted on systemic agents when cleared post-
operatively as would be used after standard sur-
gical resection.

Conclusions

MR-guided LITT is a rapidly developing, mini-
mally invasive, and promising surgical tech-
nique. In theory, the ability to induce rapid
cytoreduction in tumors that are otherwise not
surgically accessible without significant morbid-
ity remains attractive. While in some patients
LITT can result in meaningful PFS and OS, a
neurological deterioration rate that can be as high
as one in every three patients makes the role of
its use in HGGs unclear. Which patients would
benefit most from the use of LITT, whether LITT
in fact improves outcomes, at what time point
LITT fits into the overall treatment algorithm and
how LITT treatment should be delivered to
achieve best outcomes also remain unclear. Ide-
ally multicentered studies comparing LITT to
best alternative management should be per-
formed to determine its true efficacy.

Currently, LITT is only being used for its
cytoreductive capacity. However, there are animal
studies that suggest LITT causes blood-brain
barrier disruption and the induction of neovascu-
larization [75]. In addition, coagulated tumor tis-
sue would likely generate a robust immune
response lasting days to weeks. Both of these
properties raise the possibility for its role in
enhancing the efficacy of immunotherapy or the

local delivery of chemotherapies or adjuvant
radiation.

Lastly, the development of LITT technology
is intimately intertwined with the understanding
of both laser science and application of MRI.
Currently, the ability to ablate the entire lesion is
not guaranteed and often cannot be predicted
preoperatively. Several research groups have
focused on development of processing algo-
rithms for desired lesioning, including deform-
able registration scheme Thirion’s Demons
algorithm corrected by Gaussian smoothing
(GaSR) of the deformation field, or the Aniso-
tropic smoothing regularizer [76]. Improvement
of LITT therefore requires ongoing cooperative
developments in the area of preoperative plan-
ning based on an analysis of prior treatments to
determine heat diffusion prediction algorithms, as
well as better imaging techniques to assist with
intra- and postoperative understanding of the
effect of LITT on the tumor tissue and the sur-
rounding brain parenchyma.
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8Current Standard Treatment Options
for Malignant Glioma

Kevin P. Becker and Joachim M. Baehring

Introduction

The Central Brain Tumor Registry estimates that
there will be more than 24,000 new cases of
primary malignant brain and central nervous
system (CNS) tumors diagnosed in the United
States in the year 2016. Eighty percent or more
than 19,000 of these cases will be malignant
gliomas consisting of World Health Organization
(WHO) grade 3 anaplastic tumors and grade 4
glioblastoma. WHO grade 3 tumors can be fur-
ther broken down into threes anaplastic subtypes:
astrocytoma, oligodendroglioma, and oligoas-
trocytoma based upon morphologic and molec-
ular features.

Glioblastoma is the most common (46%) and
aggressive primary malignant brain tumor
(Fig. 8.1a). WHO grade 4 tumors are distin-
guished from grade 3 tumors by the presence of
pseudopalisading necrosis and vascular prolifer-
ation which are morphologic hallmarks of their
aggressive nature. Except in rare circumstances,
glioblastoma is a fatal diagnosis with current

median overall survival of 15–23 months and a
five-year survival of less than 5% [1].

Anaplastic gliomas (Fig. 8.1b) can be defined
based upon morphologic features of increased
hypercellularity, nuclear atypia with alteration of
the nuclear–cytoplasmic ratio, and increased
mitotic activity. Although early studies often did
not distinguish among the various subtypes (or
even WHO grade 3 from grade 4 tumors), we
now know that the oligodendroglioma feature is
often associated with 1p/19q co-deletion and a
favorable prognosis. The current median life
expectancy after diagnosis of a WHO grade 3
tumor is 2–3 years [2] for the general patient
population; however, this can be further broken
down when taking into account IDH1 mutation
status and 1p/19 co-deletion [3].

Chemotherapy

Nitrosoureas

Nitrosoureas such as carmustine (BCNU) and
lomustine (CCNU) are highly lipophilic com-
pounds that exhibit excellent blood–brain barrier
penetration with lomustine reaching brain con-
centrations nearly equal to serum levels. Nitro-
soureas are spontaneously broken down into two
active metabolites; chloroethyldiazohydroxide
and an isocyanate group. The chloroethyldiazo-
hydroxide moiety mediates DNA–DNA and
DNA–protein cross-linking and the isocyanate
group carbamoylates amino acids which leads to
disruption of RNA synthesis and DNA repair.
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The use of these agents is dose-limited by
cumulative myelosuppression and potential pul-
monary toxicity.

Nitrosoureas—Newly Diagnosed
Anaplastic Gliomas
Historically, nitrosoureas have been the most
common chemotherapy class used in the man-
agement of malignant gliomas with widespread
use since the 1970s. The approval of temozolo-
mide in March 2005, with its improved adverse
effect profile and efficacy, largely relegated these
agents to the treatment of recurrent disease with
several notable exceptions. In the RTOG 9402
clinical trial, lomustine combined with vin-
cristine and procarbazine as part of the “PCV
protocol” was evaluated for newly diagnosed
malignant gliomas [4]. In this study, 291 patients
with either anaplastic oligodendroglioma or
anaplastic oligoastrocytoma were randomized to
receive radiation therapy alone or up to 4 cycles
of PCV chemotherapy followed by radiation
therapy. In the end, there was no difference in
median survival between the PCV-radiation
group versus the radiation therapy-alone group
(4.6 vs. 4.7 years; hazard ratio [HR] = 0.79; 95%
CI, 0.60–1.04); however, subgroup analysis
demonstrated that patients with 1p/19q
co-deletions had a significant survival advan-
tage when treated with PCV radiation compared
to patients treated with radiation therapy alone

(14.7 vs. 7.3 years; HR = 0.59; 95% CI, 0.37–
0.95; p = 0.03). These findings suggested that
1p/19q co-deletion was predictive for
chemotherapy response.

A role for the use of PCV chemotherapy for
patients with 1p/19 co-deleted tumors was further
defined by the findings of EORTC 26951 clinical
trial which randomized 368 patients with
anaplastic oligodendroglioma or anaplastic
oligoastrocytoma to receive either radiation
therapy or radiation followed by up to six cycles
of PCV [5]. Unlike the RTOG trial, survival in
the radiation group combined with chemotherapy
was prolonged versus the radiation therapy-alone
group (42.3 vs. 30.6 months, hazard ratio [HR],
0.75; 95% CI, 0.60–0.95); however, in the 80
patients identified with 1p/19q co-deletion sur-
vival was further augmented by addition of PCV
following radiation (OS not reached in the
RT/PCV group versus 112 months; HR, 0.56;
95% CI, 0.31–1.03). These findings support the
use of chemotherapy for malignant tumors with
1p/19q co-deletion, i.e., oligodendrogliomas and
mixed gliomas.

Several questions arose out of these findings
including whether temozolomide could be sub-
stituted for the PCV regimen and whether it is
important to start with radiation followed by
chemotherapy or chemotherapy followed by
radiation. An attempt to address both these
questions was undertaken with the NOA-04

Fig. 8.1 a Magnetic resonance imaging of brain—
glioblastoma magnetic resonance imaging reveals the
aggressive nature of glioblastoma with the typical ring
enhancement, central necrosis, and significant mass effect.
b Magnetic resonance imaging of brain—anaplastic

astrocytoma. Magnetic resonance imaging demonstrates
the radiographic features of a WHO grade III anaplastic
astrocytoma with bulky FLAIR signal suggestive of mass
and absence of contrast enhancement
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clinical trial [6]. In this phase III clinical trial,
patients with newly diagnosed anaplastic glioma
were randomly assigned to receive either 60 Gy
fractionated radiation, 4 cycles of PCV, or 8
cycles of temozolomide. At the time of disease
progression or with the development of unac-
ceptable toxicity, patients were then allowed to
cross-over to receive either radiation (PCV and
temozolomide arms) or PCV or temozolomide
(radiation arm, randomized 1:1). Initial analysis
revealed there were no differences between
progression-free survival between the radiation
versus chemotherapy group (30.6 months vs.
31.9 months, HR 1.0; p = 0.87) or median
overall survival (72 months vs. 82 months, HR
1.2). This was further confirmed with long-term
analysis after following patients for 11.8 years
which showed there were no differences among
the treatment groups [7]. Several conclusions
arose out of this study. It appeared that PCV and
temozolomide had equivalent efficacy at least for
all gliomas and that there was no difference in
survival whether patients were treated with
radiation or chemotherapy upfront or at recur-
rence; however, the mature data from this trial
have yet to be published in a peer-reviewed
journal. Molecular analysis also revealed that
isocitrate dehydrogenase 1 mutations were
stronger positive prognostic factors than either
MGMT methylation status or 1p/19 co-deletion.

There are ongoing studies including the Alli-
ance trial—CODEL clinical trial which is cur-
rently recruiting patients with 1p/19q co-deleted
anaplastic gliomas (astrocytoma, oligoastrocy-
toma, and oligodendroglioma) and WHO grade
II low-grade gliomas. This study is evaluating
temozolomide and PCV chemotherapy head to
head following fractionated radiation therapy.
Another trial, the EORTC 26053/RTOG 0834
CATNON phase III clinical trial is an ongoing
study evaluating the timing of temozolomide and
whether adding temozolomide to fractionated
radiation is beneficial compared to radiation
treatment alone for patients with 1p/19q intact
anaplastic gliomas. Given the nature of clinical
trials and the involvement of both low-grade and
anaplastic tumors, it will likely be many years
before we have definitive data regarding this

important question; however, a general trend at
least in the USA is to treat patients with oligo-
dendrogliomas with PCV and other tumors with
temozolomide.

Nitrosoureas—Recurrent Glioblastoma
The phase II “BELOB” clinical trial investigated
the role of lomustine alone and combined with
bevacizumab versus monotherapy bevacizumab
for recurrent glioblastoma. This study enrolled
153 patients with recurrent glioblastoma who
were randomized to receive either lomustine
110 mg/m2 every 6 weeks, lomustine at either 90
or 110 mg/m2 along with bevacizumab 10 mg/kg
given every 2 weeks, or bevacizumab alone. The
investigators found that the nine-month overall
survival was 43% in the lomustine arm, 38% in
the bevacizumab arm, and 63% in the beva-
cizumab and lomustine (combined 90 and
110 mg/m2) arm and progression-free survival at
6 months was 13% for lomustine, 16% for
bevacizumab, and 42% for combined beva-
cizumab and lomustine. Although these results
appear to be an improvement over the results of
bevacizumab and irinotecan studied in the
BRAIN trial [8], a more definitive answer awaits
the conclusions of the EORTC 26101 phase III
clinical trial which has recently completed
enrollment of patients with progressive
glioblastoma to either lomustine 90 mg/m2 every
six weeks along with bevacizumab 10 mg/kg
every two weeks versus monotherapy lomustine
110 mg/m2 every six weeks.

The first clinical trial to prospectively evaluate
nitrosoureas and temozolomide head to head for
recurrent glioblastoma (and a small subset of
anaplastic gliomas—26% of enrollees) was
undertaken by Brada et al. [9]. In this study, 447
chemotherapy-naïve patients at first relapse fol-
lowing radiotherapy were randomized to receive
either 6 cycles of PCV every six weeks or
temozolomide at 150–200 mg/m2/day on a 5 of
28-day schedule or 100 mg/m2/day on a 21 of
28-day schedule. After a median follow-up time
of 10.4 months for the PCV and 14 months for
the temozolomide arm, there was no survival
benefit seen when comparing PCV to the com-
bined arms of temozolomide (6.7 months for
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PCV and 7.2 months for combined temozolo-
mide, HR 0.91; 95% CI 0.74–1.11, p = 0.36);
however, the 5 of 28-day schedule of temozolo-
mide did modestly improve survival compared to
PCV (5 months for temozolomide and
3.6 months for PCV; HR 0.8; 95% CI, 0.63–
1.03, p = 0.038). The conclusion of this trial was
that PCV and temozolomide on a 5 of 28-day
schedule were similar in efficacy but given an
observed improvement in quality of life and ease
of administration, temozolomide should be
favored over PCV.

Temozolomide

Temozolomide is an oral alkylating chemotherapy
agent whose drug development arose out of the
clinical trial failure of dacarbazine and mitozolo-
mide for patients with melanoma. At physiologic
pH, temozolomide undergoes base catalyzation to
monomethyl-triazeno-imidazole-carboxamide
(MTIC) which spontaneously converts to the
bio-reactive methyldiazonium cation. Methyldia-
zonium goes on to alkylate the N7 and O6 posi-
tions of guanine and N3 position of O6 alkylation
of guanine is thought to mediate the predominant
anti-tumor effect. Although early studies demon-
strated a variety of adverse effects including fati-
gue, nausea/vomiting, and myelosuppression,
these have proven to be relatively mild in clinical
practice and predictable compared to previously
used cytotoxic agents.

The first clinical trial evaluating temozolo-
mide solely for malignant glioma was conducted
by O’Reilly et al. [10] who enrolled 28 patients
with 18 of the patients having a high-grade
glioma. Of the 10 evaluable patients who
received adjuvant temozolomide, 5 patients (4
had WHO grade IV tumors) experienced signif-
icant clinical and radiographic improvement.
These findings led Roger Stupp and colleagues to
design a phase II study and ultimately the semi-
nal EORTC-NCIC phase III study which estab-
lished temozolomide along with fractionated
radiation followed by adjuvant temozolomide
administered at 150–200 mg/m2/day on a 5 of
28-day schedule as the standard of care for

patients with newly diagnosed glioblastoma. This
combination led to median survival ranges of 15–
23 months or a 3- to 11-month median survival
improvement beyond surgery followed by radi-
ation therapy alone [11, 12].

An additional important finding that arose
from the EORTC-NCIC trial was that patients
with methyl-guanine-methyltransferase (MGMT)
methylation were more responsive to temozolo-
mide and had prolonged survival compared to
patients with hypomethylated MGMT [13]. This
led to the hypothesis that temozolomide given
over a prolonged period could possibly lead to
MGMT depletion and improved chemorespon-
siveness. This theory was tested in a randomized
phase II study which enrolled 85 patients with
newly diagnosed glioblastoma treated with six
weeks of concurrent radiation and temozolomide
to receive adjuvant treatment with either
dose-dense temozolomide (150 mg/m2/day—
7 days on, 7 days off) or metronomic (daily)
temozolomide (50 mg/m2/day) [14]. One-year
survival for patients treated with the dose-dense
regimen was 80% which was superior to metro-
nomic dosing (69% survival at one year) and also
an improvement from the 61% one-year survival
observed with the EORTC-NCIC clinical trial
[11]. This was further studied in the randomized
phase III RTOG 0525 clinical trial which com-
pared adjuvant temozolomide given on a 5 of
28-day schedule at 150–200 mg/m2/day versus
temozolomide at 75 mg/m2/day on a 21 of 28-day
schedule [15]. Both dosing schedules were given
up to 12 cycles. No survival benefit was seen for
dose-dense temozolomide (median overall sur-
vival 14.9 months, 95%, CI 13.7–16.5 months)
versus standard dosing (16.6 months, 95% CI,
14.9–31.5 months, HR, 1.03, p = 0.63). On the
basis of these studies and others [9], there is
currently no role for dose-dense temozolomide
for newly diagnosed glioblastoma.

Gliadel Wafers

Gliadel wafers are biodegradable wafers con-
sisting of a poly (carboxyphenoxy-propane
sebacic acid) matrix embedded with the
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nitrosourea, carmustine (BCNU). The wafers
were developed by Henry Brem and colleagues
in an attempt to avoid the hematologic and pul-
monary toxicity associated with the systemic
administration of BCNU [16].

In 1993, Tamargo et al. were the first to
demonstrate that the interstitial release of BCNU
through BCNU-embedded polymer wafers was
superior to systemic administration in a gliosar-
coma animal model [17]. This ultimately led to a
series of clinical trials for patients with malignant
gliomas. Gliadel was approved by the Federal
Drug Administration (FDA) in 1996 for the
treatment of recurrent glioma on the basis of the
findings of a phase III clinical trial. In this ran-
domized, placebo-controlled trial, 222 patients
with recurrent malignant glioma were random-
ized to receive either surgically implanted wafers
embedded with 3.85% BCNU or placebo. The
median overall survival for patients on the
experimental arm was 31 weeks versus 23 weeks
for patients receiving placebo wafers (HR =
0.67, p = 0.06). Subanalysis of glioblastoma
patients demonstrated a survival advantage of
50 % at six months (44% vs. 64%, p = 0.02),
and there were no significant adverse events
observed [18].

A large, international, randomized phase III
clinical trial [19] for patients with newly diag-
nosed malignant glioma was initiated after the
encouraging results of a small randomized,
placebo-controlled trial [20]. In this trial, 240
patients with newly diagnosed glioma were ran-
domized to receive either BCNU wafer or pla-
cebo at the time of the initial surgical resection
followed by fractionated radiation therapy. At the
time of early follow-up (12–30 months), a sur-
vival benefit was observed for patients treated
with BCNU wafers (13.9 vs. 11.6 months,
p = 0.03). These findings were confirmed in a
long-term (59 months) follow-up report [21].
A meta-analysis of these two trials by Meldorf
et al. [22] further demonstrated a reduction in the
risk of death of 29% with the implantation of
BCNU wafers. On the basis of these findings,
FDA approved Gliadel for patients with newly
diagnosed glioma in 2003.

Although the development of Gliadel repre-
sented a significant advance for the treatment of
newly diagnosed and recurrent glioma, their
widespread use and acceptance has subsequently
been limited due to a high rate of postoperative
infections, problems with wound healing,
chemical meningitis, cerebral edema, obstructive
hydrocephalus, cyst formation, and pseudopro-
gression [23, 24].

Bevacizumab

Almost 50 years ago, Judah Folkman and col-
leagues hypothesized that targeting the tumor
vasculature of solid tumors would represent an
effective treatment strategy [25]. Ultimately, it
was discovered that the family of soluble ligand
vascular endothelial growth factor (VEGF)
mediates tumor neovascularization in a wide
range of tumors. VEGF was subsequently shown
to be an important mediator of angiogenesis in
malignant gliomas with 30-fold higher concen-
trations in glioblastoma when compared to
low-grade gliomas [26]. Bevacizumab is a
humanized monoclonal antibody that binds vas-
cular endothelial growth factor with high affinity
(Kd * 0.5 nM) and has been approved for a
variety of tumors including relapsed glioblastoma
[27]. Despite initial concerns about intra-cranial
hemorrhage and stroke, bevacizumab has been
shown to be well-tolerated agent and exhibits an
extended half-life of approximately 21 days.

Bevacizumab—Recurrent Glioblastoma
The first clinical trial evaluating bevacizumab for
malignant glioma was undertaken in 2004 with
21 patients (11 glioblastoma and 10 anaplastic
astrocytoma) who were treated with beva-
cizumab 5 mg/kg and irinotecan 125 mg/m2

every two weeks [28]. This was a seminal study
as it demonstrated not only the safety of beva-
cizumab but also a response rate of 43% which
was a significant improvement from historic
controls. This led to several pivotal phase II
studies in which bevacizumab was used as
monotherapy or in combination with irinotecan
for patients with recurrent glioblastoma [29–32].
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These studies demonstrated dramatically
improved imaging response rates of 28–35%
with bevacizumab and progression-free survival
at 6 months of 29–43%. On the basis of these
phase II clinical trials, on May 5, 2009, the FDA
approved bevacizumab monotherapy in the
United States for recurrent glioblastoma.

Bevacizumab—Newly Diagnosed
Glioblastoma
Two phase III clinical trials have been under-
taken to address the role of bevacizumab in the
upfront setting for newly diagnosed glioblas-
toma. The “Avaglio” or Avastin in glioblastoma
trial was a double-blind, placebo-controlled trial
that randomized 921 patients with newly diag-
nosed glioblastoma to receive the standard of
care consisting of fractionated radiation and daily
temozolomide at 75 mg/m2/day followed by six
cycles adjuvant temozolomide 150–
200 mg/m2/day on a 5 of 28-day schedule
along with either q2weekly bevacizumab
10 mg/kg or placebo [33]. In the end, there was
no improvement in overall survival between the
groups (median overall survival of 16.8 months
for bevacizumab-treated patients and
16.7 months for placebo control); however, there
was an improvement in progression-free survival
with the addition of bevacizumab (10.6 vs.
6.2 months, HR, 0.64, p < 0.001). In the RTOG
0825 clinical trial, Gilbert and colleagues ran-
domized 637 patients with newly diagnosed
glioblastoma to receive the standard of care
consisting of concurrent fractionated radiation
and temozolomide followed by up to 12 cycles of
adjuvant temozolomide with either bevacizumab
10 m/kg or placebo administered two weeks
[34]. Similar to the Avaglio trial, there was no
improvement in the median overall survival with
the addition of bevacizumab (15.7 months vs.
16.1 months for placebo arm), but there was a
modest increase in progression-free survival
(10.7 months vs. 7.3 months for placebo arm).
Importantly, it is unknown what effect the high
level of cross-over associated with this trial had
on survival. As such, at this time there is no role

for the regular use of bevacizumab upfront;
however, it may be beneficial in defined sub-
groups (patients with large volume residual dis-
ease; molecularly identifiable subgroups).

NovoTTF

In 2004, Kirson and colleagues reported that the
application of very low-intensity,
intermediate-frequency (100–300 kHz), alternat-
ing electrical fields (“tumor treating fields or
TTFields”) could disrupt the normal formation of
the mitotic spindle and cause growth inhibitory
effects in both cell culture lines and animal
models [35]. They went on to show that this
occurred in a non-thermal manner and exposure
to the alternating electrical field had no deleteri-
ous effect on non-dividing cells. The mechanism
of action was thought to be related to the dis-
ruption of the normal polymerization–depoly-
merization process that is required for cell
mitosis.

These findings led to the testing of alternating
electrical fields in the Fischer rat glioma model
where it was observed that increasing the number
of TTField directions led to significant tumor
growth inhibition. This inspired the development
of a single-arm pilot study with 10 patients with
relapsed glioblastoma. Progression-free survival
at 6 months was 50% (23–77%; 85% confidence
interval) and the median overall survival was
62 weeks (20–124 weeks) with two patients
alive more than two years from the start of
TTField [36]. There were no serious adverse
events, and the only significant toxicity was mild
to moderate dermatitis at the site of electrode
contact. Further studies demonstrated that the
TTFields were safe and additive when adminis-
tered in conjunction with chemotherapy in cell
lines and animal model. As part of this publica-
tion, additional pilot studies were conducted with
10 patients with relapsed glioblastoma (failed
first line) and 10 patients with newly diagnosed
glioblastoma who received the TTFields along
with adjuvant temozolomide [37].
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NovoTTF—Newly Diagnosed
Glioblastoma
A randomized, non-blinded clinical trial was
initiated in July 2009 evaluating the application
of TTFields in patients with newly diagnosed
glioblastoma [38]. In total, 695 patients with
histologically confirmed glioblastoma were ran-
domized 2:1 to receive either adjuvant temo-
zolomide 150–200 mg/m2/day on a 5 of 28-day
schedule along with NovoTTF delivered contin-
uously >18 h per day or temozolomide alone.
This trial was terminated prematurely after an
interim analysis revealed a survival benefit. The
interim analysis included 210 patients random-
ized to receive TTFields and temozolomide and
105 patients randomized to temozolomide alone.
The median progression-free survival was
7.5 months (95% CI, 5.9–8.2 months) versus
4.0 months (95% CI, 3.3–5.2 months) in the
temozolomide arm. Median overall survival was
20.5 months (95% CI, 16.7–25.0 month) in the
TTFiels and temozolomide and 15.6 months
(95% CI, 13.3–19.1 months) in the temozolo-
mide arm with HR 0.64 (99.4% CI, 0.42–0.98,
p = 0.04). There were similar adverse events
between the two arms with the exception of
localized skin toxicity with 45% of patients
experiencing mild to moderate skin toxicity and
2% grade 3 toxicity. TTField compliance was
estimated at 75% of patients enrolled on the
TTField arm for more than 75% of the time in the
first three months. In October 2015, NovoTTF
was approved for patients with newly diagnosed
glioblastoma along with temozolomide.

NovoTTF—Relapsed Glioblastoma
Stupp et al. conducted the first randomized clini-
cal trial with NovoTTFields in patients with
relapsed glioblastoma. Patients were randomized
1:1 to receive either TTFields or salvage
chemotherapy of physician choice. 120 patients
were randomized to receive TTFields, but only 93
patients (78%) completed >4 weeks of treatment.
Median compliance in the TTF group was
approximately 86% and the average daily use of
TTF was 20.6 h. 117 patients were enrolled and
113 patients received salvage chemotherapy as
determined by a local oncologist. In the end, there

was no improvement in survival seen; however,
TTfields did not appear to be inferior to the
chemotherapy arm. The results of this trial led to
the approval of NovoTTFields for patients with
relapsed glioblastoma in March 2011 [39].

Conclusions

Despite significant advances over the last two
decades, a comprehensive understanding of the
molecular underpinnings of malignant glioma
and the impact on clinical management is still a
long way off. Increasingly, the predictive power
of mgmt methylation, 1p/19q deletion, and IDH1
mutational status are being incorporated into
day-to-day treatment decision making for
patients with malignant glioma; however, as yet
undiscovered molecular features and the impli-
cation of these findings will likely lead to more
effective treatment in the future. Although as this
review has illustrated there are some reasonable
treatment options for patients with malignant
glioma, the hope is that one day we will employ
an understanding of the complex genetics of
these tumors to define diagnosis, treatment, and
clinical trial design.

References

1. Ostrom QT, Gittleman H, Fulop J, Liu M, Blanda R,
Kromer C, et al. CBTRUS statistical report: primary
brain and central nervous system tumors diagnosed
in the United States in 2008–2012. Neuro Oncol.
2015;17(suppl 4):iv1–62.

2. CBTRUS. 2009–2010 CBTRUS statistical report:
primary brain and central nervous system tumors
diagnosed in eighteen states in 2002–2006. IL:
Central Brain Tumor Registry of the United States;
2009–2010. Website: www.cbtrus.org; Available
from: www.cbtrus.org.

3. Eckel-Passow JE, Lachance DH, Molinaro AM,
Walsh KM, Decker PA, Sicotte H, et al. Glioma
Groups based on 1p/19q, IDH, and TERT promoter
mutations in tumors. N Engl J Med. 2015;372
(26):2499–508.

4. Cairncross G, Wang M, Shaw E, Jenkins R, Brach-
man D, Buckner J, et al. Phase III trial of chemora-
diotherapy for anaplastic oligodendroglioma:

8 Current Standard Treatment Options for Malignant Glioma 129

http://www.cbtrus.org
http://www.cbtrus.org


long-term results of RTOG 9402. J Clin Oncol.
2013;31(3):337–43.

5. van den Bent MJ, Brandes AA, Taphoorn MJ,
Kros JM, Kouwenhoven MC, Delattre JY, et al.
Adjuvant procarbazine, lomustine, and vincristine
chemotherapy in newly diagnosed anaplastic oligo-
dendroglioma: long-term follow-up of EORTC brain
tumor group study 26951. J Clin Oncol. 2013;31
(3):344–50.

6. Wick W, Hartmann C, Engel C, Stoffels M, Fels-
berg J, Stockhammer F, et al. NOA-04 randomized
phase III trial of sequential radiochemotherapy of
anaplastic glioma with procarbazine, lomustine, and
vincristine or temozolomide. J Clin Oncol. 2009;27
(35):5874–80.

7. Wick W. Long-term analysis of the NOA-4 random-
ized phase III trial of sequential radiochemotherapy
of anaplastic glioma with PCV or Temozolomide.
J Clin Oncol. 2015;33(suppl, abstract 2001).

8. Vredenburgh JJ, Desjardins A, Herndon JE, Mar-
cello J, Reardon DA, Quinn JA, et al. Bevacizumab
plus irinotecan in recurrent glioblastoma multiforme.
J Clin Oncol. 2007;25(30):4722–9.

9. Brada M, Stenning S, Gabe R, Thompson LC,
Levy D, Rampling R, et al. Temozolomide versus
procarbazine, lomustine, and vincristine in recurrent
high-grade glioma. J Clin Oncol. 2010;28(30):4601–
8.

10. O’Reilly SM, Newlands ES, Glaser MG, Bramp-
ton M, Rice-Edwards JM, Illingworth RD, et al.
Temozolomide: a new oral cytotoxic chemothera-
peutic agent with promising activity against primary
brain tumours. Eur J Cancer (Oxford, England:
1990). 1993;29A(7):940–2.

11. Stupp R, Mason WP, van den Bent MJ, Weller M,
Fisher B, Taphoorn MJ, et al. Radiotherapy plus
concomitant and adjuvant temozolomide for glioblas-
toma. N Engl J Med. 2005;352(10):987–96.

12. Stupp R, Dietrich PY, Ostermann Kraljevic S,
Pica A, Maillard I, Maeder P, et al. Promising
survival for patients with newly diagnosed glioblas-
toma multiforme treated with concomitant radiation
plus temozolomide followed by adjuvant temozolo-
mide. J Clin Oncol. 2002;20(5):1375–82.

13. Hegi ME, Diserens AC, Gorlia T, Hamou MF, de
Tribolet N, Weller M, et al. MGMT gene silencing
and benefit from temozolomide in glioblastoma.
N Engl J Med. 2005;352:997–1003 (United States:
Massachusetts Medical Society).

14. Clarke JL, Iwamoto FM, Sul J, Panageas K, Lass-
man AB, DeAngelis LM, et al. Randomized phase II
trial of chemoradiotherapy followed by either
dose-dense or metronomic temozolomide for newly
diagnosed glioblastoma. J Clin Oncol. 2009;27
(23):3861–7.

15. Gilbert MR, Wang M, Aldape KD, Stupp R,
Hegi ME, Jaeckle KA, et al. Dose-dense temozolo-
mide for newly diagnosed glioblastoma: a random-
ized phase III clinical trial. J Clin Oncol. 2013;31
(32):4085–91.

16. Brem H, Mahaley MS Jr, Vick NA, Black KL,
Schold SC Jr, Burger PC, et al. Interstitial
chemotherapy with drug polymer implants for the
treatment of recurrent gliomas. J Neurosurg. 1991;74
(3):441–6.

17. Tamargo RJ, Myseros JS, Epstein JI, Yang MB,
Chasin M, Brem H. Interstitial chemotherapy of the
9L gliosarcoma: controlled release polymers for drug
delivery in the brain. Cancer Res. 1993;53(2):329–
33.

18. Brem H, Piantadosi S, Burger PC, Walker M,
Selker R, Vick NA, et al. Placebo-controlled trial
of safety and efficacy of intraoperative controlled
delivery by biodegradable polymers of chemotherapy
for recurrent gliomas. The polymer-brain tumor
treatment group. Lancet. 1995;345(8956):1008–12.

19. Westphal M, Hilt DC, Bortey E, Delavault P,
Olivares R, Warnke PC, et al. A phase 3 trial of
local chemotherapy with biodegradable carmustine
(BCNU) wafers (Gliadel wafers) in patients with
primary malignant glioma. Neuro Oncol. 2003;5
(2):79–88.

20. Valtonen S, Timonen U, Toivanen P, Kalimo H,
Kivipelto L, Heiskanen O, et al. Interstitial
chemotherapy with carmustine-loaded polymers for
high-grade gliomas: a randomized double-blind
study. Neurosurgery. 1997;41(1):44–8 (discussion
8–9).

21. Westphal M, Ram Z, Riddle V, Hilt D, Bortey E.
Gliadel wafer in initial surgery for malignant glioma:
long-term follow-up of a multicenter controlled trial.
Acta Neurochirurgica. 2006;148(3):269–75 (discus-
sion 75).

22. Meldorf MGRV, Agarwal S, et al. Long-term
efficacy of the Gliadel wafer in patients with
glioblastoma multiforme. San Diego: Annual Meet-
ing of American Association of Neurological Sur-
geons; 2003.

23. Chowdhary SA, Ryken T, Newton HB. Survival
outcomes and safety of carmustine wafers in the
treatment of high-grade gliomas: a meta-analysis.
J Neurooncol. 2015;122(2):367–82.

24. Kleinberg LR, Weingart J, Burger P, Carson K,
Grossman SA, Li K, et al. Clinical course and
pathologic findings after Gliadel and radiotherapy for
newly diagnosed malignant glioma: implications for
patient management. Cancer Invest. 2004;22(1):1–9.

25. Folkman J. Tumor angiogenesis: therapeutic impli-
cations. N Engl J Med. 1971;285(21):1182–6.

26. Cheng SY, Huang HJ, Nagane M, Ji XD, Wang D,
Shih CC, et al. Suppression of glioblastoma angio-
genicity and tumorigenicity by inhibition of endoge-
nous expression of vascular endothelial growth
factor. Proc Natl Acad Sci USA. 1996;93
(16):8502–7.

27. Presta LG, Chen H, O’Connor SJ, Chisholm V,
Meng YG, Krummen L, et al. Humanization of an
anti-vascular endothelial growth factor monoclonal
antibody for the therapy of solid tumors and other
disorders. Cancer Res. 1997;57(20):4593–9.

130 K.P. Becker and J.M. Baehring



28. Stark-Vance V. Bevacizumab and CPT-11 in the
treatment of relapsed malignant glioma. 2005;7
(7):7:369.

29. Friedman HS, Prados MD, Wen PY, Mikkelsen T,
Schiff D, Abrey LE, et al. Bevacizumab alone and in
combination with irinotecan in recurrent glioblas-
toma. J Clin Oncol. 2009;27:4733–40 (United
States).

30. Vredenburgh JJ, Desjardins A, Herndon JE 2nd,
Dowell JM, Reardon DA, Quinn JA, et al. Phase II
trial of bevacizumab and irinotecan in recurrent
malignant glioma. Clin Cancer Res. 2007;13
(4):1253–9.

31. Vredenburgh JJ, Desjardins A, Herndon JE, Mar-
cello J, Reardon DA, Quinn JA, et al. Bevacizumab
plus irinotecan in recurrent glioblastoma multiforme.
J Clin Oncol. 2007;25:4722–9 (United States).

32. Kreisl TN, Kim L, Moore K, Duic P, Royce C,
Stroud I, et al. Phase II trial of single-agent
bevacizumab followed by bevacizumab plus irinote-
can at tumor progression in recurrent glioblastoma.
J Clin Oncol. 2009;27:P740–5 (United States).

33. Chinot OL, Wick W, Mason W, Henriksson R,
Saran F, Nishikawa R, et al. Bevacizumab plus
radiotherapy-temozolomide for newly diagnosed
glioblastoma. N Engl J Med. 2014;370(8):709–22.

34. Gilbert MR, Dignam JJ, Armstrong TS, Wefel JS,
Blumenthal DT, VogelbaumMA, et al. A randomized

trial of bevacizumab for newly diagnosed glioblas-
toma. N Engl J Med. 2014;370(8):699–708.

35. Kirson ED, Gurvich Z, Schneiderman R, Dekel E,
Itzhaki A, Wasserman Y, et al. Disruption of cancer
cell replication by alternating electric fields. Cancer
Res. 2004;64(9):3288–95.

36. Kirson ED, Dbaly V, Tovarys F, Vymazal J,
Soustiel JF, Itzhaki A, et al. Alternating electric
fields arrest cell proliferation in animal tumor models
and human brain tumors. Proc Natl Acad Sci USA.
2007;104(24):10152–7.

37. Kirson ED, Schneiderman RS, Dbaly V, Tovarys F,
Vymazal J, Itzhaki A, et al. Chemotherapeutic
treatment efficacy and sensitivity are increased by
adjuvant alternating electric fields (TTFields). BMC
Med Phys. 2009;9:1.

38. Stupp R, Taillibert S, Kanner AA, Kesari S, Stein-
berg DM, Toms SA, et al. Maintenance therapy with
tumor-treating fields plus temozolomide vs temo-
zolomide alone for glioblastoma: a randomized
clinical trial. JAMA, J Am Med Assoc. 2015;314
(23):2535–43.

39. Stupp R, Wong ET, Kanner AA, Steinberg D,
Engelhard H, Heidecke V, et al. NovoTTF-100A
versus physician’s choice chemotherapy in recurrent
glioblastoma: a randomised phase III trial of a novel
treatment modality. Eur J Cancer. 2012;48(14):2192–
202 (Oxford, England: 1990).

8 Current Standard Treatment Options for Malignant Glioma 131



9Targeting Aberrant Signaling
Pathways

Jacob Mandel and Santosh Kesari

Targeting Aberrant Signaling
Pathways

Malignant gliomas are the most common primary
brain tumor found in adults [1]. Regretfully,
prognosis for these tumors remains dismal
despite aggressive treatment with surgical resec-
tion, radiation, and chemotherapy. Treatment of
glioblastoma patients with the current standard of
care consisting of maximal resection, 6 weeks of
concurrent chemoradiation with daily temozolo-
mide followed by 6–12 cycles of adjuvant
temozolomide, results in a median overall sur-
vival of only approximately 16 months [2].
Malignant gliomas have proven to be among the
most difficult cancers to treat due to their genetic
heterogeneity, elaborate overlapping signaling
pathways, and difficulties in delivering drugs
across the blood–brain barrier [3]. Recent

in-depth description of the distinct molecular and
genetic alterations in glioblastomas, using
advanced sequencing technologies and
large-scale gene expression studies, has inspired
interest in the development of targeted therapies.
Targeted therapies work by the inhibition of the
deregulated cell signaling pathways in cancer
cells by small molecules or antibodies, whereas
traditional cytotoxic chemotherapies operate by
impeding DNA synthesis or cell metabolism.
This chapter will explore these aberrant signaling
pathways in malignant gliomas and the results of
the clinical trials of therapeutics targeting them.

The Cancer Genome Atlas

The Cancer Genome Atlas (TCGA), a collabo-
ration between the National Cancer Institute
(NCI) and National Human Genome Research
Institute (NHGRI), was undertaken to generate
comprehensive, multidimensional maps of the
major genomic changes in several types of can-
cer. One of the first cancers studied by the TCGA
was glioblastoma, and the analysis characterized
a decidedly interrelated network of aberrations. It
identified three key pathways: the retinoblastoma
(RB) and p53 tumor suppressor pathways, and
the receptor tyrosine kinases (RTKs) signaling
pathway [4]. For glioblastoma patients with
sequencing data, the frequencies of somatic
alterations were 78, 87, and 88%, respectively, in
each of these pathways (Fig. 9.1). Of further
note, 74% of glioblastoma samples contained
abnormalities in all three pathways [4].
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Retinoblastoma Tumor Suppressor
Pathway

The RB protein is a tumor suppressor protein that
is dysfunctional in several cancer types [5]. It is
encoded by the RB gene, which is located at

chromosome 13q14.1-q14.2. Normally, the RB
protein prevents unwarranted cell growth by
inhibiting cell cycle progression until a cell is set
to undergo mitosis. When ready for cell division,
the RB protein is then phosphorylated by cyclin
D, cyclin-dependent kinase 4 (CDK4), and
cyclin-dependent kinase 6 (CDK6) inactivating

Fig. 9.1 Critical signaling pathways altered in malignant
gliomas. Primary sequence alterations and significant
copy number changes for the components of the a |
RTK/RAS/PI3K, b | p53, and c | Rb signaling pathways
are shown. Red indicates activating genetic alterations.
Conversely, blue indicates inactivating alterations. For

each altered component of a particular pathway, the
nature of the alteration and the percentage of tumors
affected are indicated. Boxes contain the final percentages
of glioblastomas with alterations in at least one known
component gene of the designated pathway. Abbreviation:
RTK receptor tyrosine kinase
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the protein and allowing for cell cycle progres-
sion [5]. Most commonly, homozygous deletion
of cyclin-dependent kinase inhibitor 2A
(CDKN2A) can produce loss of p16INK4a and a
suppressor of CDK4, leading to dysregulation of
RB signaling [5–7]. Mutations in retinoblastoma
protein 1 (RB1) and CDK4 amplification can
also trigger dysfunction of the RB signaling
pathway. A CDK4 inhibitor, PD-0332991 (pal-
bociclib isethionate), has been examined in two
phase I trials leading to a phase II trial in recur-
rent RB-positive glioblastoma with results not
yet reported [8–10].

p53 Tumor Suppressor Pathway

The tumor protein p53 (p53) gene is the most
frequently mutated gene in human cancer and
performs a critical function in preventing cancer
formation [11]. It is located at chromosome
17p13.1 and reacts to DNA injury and toxic
pressures by producing cell cycle arrest and
apoptosis [12, 13]. Loss of p53 pathway function
can be due to p53 mutation/deletion itself or by
interferences in other genes that regulate p53
function such as murine double minute
(MDM2/4) and the tumor suppressor protein
alternate reading frame (ARF) [14–16].

The use of an intratumoral injection of a
p53-containing adenovirus vector to increase
wild-type p53 expression in tumor cells has been
attempted in a phase 1 study in recurrent glioma,
but it did not appear to achieve systemic viral
dissemination [17]. Phase I trials of wild-type
Ad5CMV-p53 gene therapy and recombinant
adenovirus p53 (SCH-58500) in combination
with surgery in recurrent malignant gliomas have
been completed, but the results have yet to be
published [18, 19].

SGT-53 is a nanocomplex of cationic lipo-
some encapsulating a normal human wild-type
p53 DNA sequence in a plasmid backbone
exhibited to supply the p53 cDNA to the tumor
cells with the goal of the p53 cDNA sequence to
restore wild-type p53 function in the apoptotic
pathway [20]. SGT-53 has shown to prolong
survival in a mouse model and is currently

undergoing investigation in a phase II trial in
recurrent glioblastoma [20, 21]. An MDM2
inhibitor, JNJ-26854165, was examined in a
phase I study in refractory solid tumors but has
yet to be examined in brain tumor patients
exclusively [22, 23]. MK-1775, a Wee1 kinase
inhibitor, has been shown to radiosensitize
p53-defective human tumor cells and is currently
under investigation in a multicenter phase I trial
in newly diagnosed or recurrent glioblastoma
[24, 25].

Receptor Tyrosine Kinase Signaling
Pathway

Receptor tyrosine kinases (RTKs) are
high-affinity cell surface receptors and primary
mediators of signal transduction events shown to
have an essential function in the growth and
progression of many cancers [26]. Twenty dif-
ferent RTK classes have been identified, and
members of this family include the vascular
endothelial growth factor receptor (VEGFR),
epidermal growth factor receptor (EGFR),
platelet-derived growth factor receptor (PDGFR),
and hepatocyte growth factor receptor (MET).
The receptor tyrosine kinase signaling pathway
has been the most extensively studied pathway in
malignant gliomas to date (Table 9.1).

Vascular Endothelial Growth Factor
Receptor (VEGFR)

Vascular endothelial growth factor (VEGF) is a
significant component implicated in the forma-
tion of new blood vessels which is a distin-
guishing feature of glioblastoma [27]. VEGF
binding to its receptors VEGFR-1 and VEGFR-2
leads to phosphorylation of tyrosine kinase and
initiation of downstream signaling pathways
including phosphatidylinositol-4,5-bisphosphate
3-kinase (PI3K)/protein kinase B (Akt/PBK) and
Ras/mitogen-activated protein kinases (MAPK)
[28].

Bevacizumab, a monoclonal antibody that
targets the VEGF-A ligand, was granted
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accelerated approval by the Food and Drug
Administration for use as a single agent in
recurrent glioblastoma in 2009 [29]. Approval
was granted based on the results of two phase II
clinical trials that demonstrated durable objective
imaging responses based on independent radio-
logic review with stable or decreasing corticos-
teroid use [29–31]. Subsequently, two phase III
clinical trials (RTOG 0825 and AVAglio) were
performed examining the addition of beva-
cizumab or placebo to the current standard of
care regimen of concurrent chemoradiation with

temozolomide followed by adjuvant temozolo-
mide in newly diagnosed glioblastoma [32, 33].
Both studies found that the addition of beva-
cizumab improved progression-free but not
overall survival [32, 33]. While the addition of
irinotecan to bevacizumab was not beneficial in
the early studies of bevacizumab, a subsequent
phase II study appeared to suggest that the
combination of lomustine and bevacizumab may
prolong overall survival compared to either
treatment administered alone [30, 31, 34]. Dis-
appointingly, the preliminary report of the results

Table 9.1 Targeted therapies for malignant gliomas in published clinical trials

Therapy Pathway Target/s

Bevacizumab RTK VEGF-A [30–37]

Cediranib RTK VEGFR-1, VEGFR-2, VEGFR-3, PDGFR-α/β, FGFR-1, c-Kit [38, 39]

Pazopanib RTK VEGFR, c-Kit, FGFR, and PDGFR [40, 41]

Sorafenib RTK VEGFR-2, Raf, PDGFR, c-Kit, Flt-3 [42–46]

Nintedanib RTK VEGFR 1-3, FGFR 1-3, PDGFR-α/β [47]

Vandetanib RTK VEFGR-2, EGFR [48, 49]

Sunitinib RTK VEGFR2, PDGFR-α, and c-Kit [50–53]

Aflibercept RTK VEGF and PlGF [54]

Vatalanib RTK VEGFR, PDGFR, and c-Kit [55–57]

Cabozantinib RTK VEGFR-2, MET, and RET [58]

Gefitinib RTK EGFR [64–69]

Erlotinib RTK EGFR [45, 70–80]

Cetuximab RTK EGFR [81, 82]

Lapatinib RTK EGFR and HER2 [83–85]

AEE-788 RTK EGFR, HER2, and VEGFR2 [86]

Nimotuzumab RTK EGFR [92]

Imatinib RTK PDGFR, Bcr-Abl, and c-Kit [56, 100–105]

Dasatinib RTK PDGFR, Src, Bcr-Abl, c-Kit, and EphA2 [106]

PX-866 RTK PI3K [118]

Enzastaurin RTK protein kinase C, PI3K, and Akt [125–128]

Everolimus RTK mTOR [135–137]

Temsirolimus RTK mTOR [46, 138–140]

Sirolimus RTK mTOR [49, 68, 79, 80]

Tipifarnib RTK Ras [151, 152]

Lonafarnib RTK Ras [155, 156]

Abbreviations: RTK receptor tyrosine kinase, VEGF vascular endothelial growth factor, VEGFR vascular endothelial
growth factor receptor, PDGFR platelet-derived growth factor receptor, FGFR fibroblast growth factor receptor, FLT3
Fms-like tyrosine kinase-3, EGFR epidermal growth factor receptor, PlGF placental growth factor receptor, MET
hepatocyte growth factor receptor, HER2 human epidermal growth factor receptor 2, EphA2 ephrin type-A receptor 2,
PI3K phosphatidylinositide 3-kinases, mTOR mammalian target of rapamycin
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of an EORTC phase III study comparing
lomustine alone versus lomustine and beva-
cizumab in reccurent glioblastoma failed to
demonstrate an improvement in overall survival
with the combination treatment [35]. Phase II
trials of recurrent glioblastoma examining the
addition of fotemustine or carboplatin to beva-
cizumab also did not demonstrate any increased
survival benefit with the addition of these cyto-
toxic therapies [36, 37]. Despite the improve-
ment in progression-free survival and increased
imaging response rate, bevacizumab has yet to
improve overall survival in either the upfront or
recurrent setting.

Other VEGF inhibitors have failed to even
match the limited success of bevacizumab.
Cediranib, an oral pan-VEGF receptor tyrosine
kinase inhibitor, demonstrated a 6-month
progression-free survival of 25.8% and partial
radiographic responses in 56.7% of patients in a
phase II study of patients with recurrent
glioblastoma [38]. However, a phase III ran-
domized trial in recurrent glioblastoma compar-
ing the efficacy of cediranib as monotherapy, and
in combination with lomustine, versus lomustine
alone failed to show any improvement with
cediranib either as monotherapy or in combina-
tion with lomustine versus lomustine alone [39].
Pazopanib, a multikinase inhibitor of c-Kit,
FGFR, PDGFR, and VEGFR, also did not show
any prolongation of progression-free survival in
a phase II study in recurrent glioblastoma [40].
A subsequent phase I/II examining pazopanib in
combination with lapatinib (an EGFR inhibitor)
in relapsed malignant glioma patients had limited
antitumor activity leading to early termination of
the study [41]. Sorafenib, an oral VEGFR-2, Raf,
PDGFR, c-Kit, and Flt-3 inhibitor, was used in
combination with temozolomide for initial adju-
vant therapy in a phase II study for patients with
glioblastoma but failed to improve the efficacy
when compared to historical controls [42].
Additionally, sorafenib has been examined in
several other phase II studies in recurrent
glioblastoma in combination with temozolomide,
bevacizumab, erlotinib, and temsirolimus of
which no combination resulted in a prolongation
of survival [43–46]. Nintedanib, an inhibitor that

targets VEGFR 1-3, FGFR 1-3, and PDGFR-α/β,
was studied in a phase II study that was termi-
nated early following a preplanned futility anal-
ysis [47]. Vandetanib, an inhibitor of VEFGR-2
and EGFR, failed to display any significant
activity in a phase I/II trial of patients with
recurrent malignant glioma [48]. In addition, a
phase I/II study of vandetanib plus sirolimus (an
mTor inhibitor) in adults with recurrent
glioblastoma failed to display benefit when
compared to historical controls [49]. Sunitinib,
an inhibitor of VEGFR-2, PDGFR-α, and KIT,
similarly did not show any improvement in sur-
vival either as a monotherapy or in combination
with irinotecan in phase I or phase II studies in
recurrent glioma [50–53]. An inhibitor of VEGF
and placental growth factor, aflibercept, also had
minimal evidence of single-agent activity in
unselected patients with recurrent malignant
glioma [54]. Vatalanib, an inhibitor of VEGFR,
PDGFR, and c-Kit, was examined alone in newly
diagnosed glioblastoma patients and with ima-
tinib and hydroxyurea at time of tumor recur-
rence in two phase I studies [55, 56]. However, a
planned randomized phase II trial was terminated
at its initiation (after completion of its phase I
component) because of industry decision [57].
Cabozantinib, an inhibitor of VEGFR-2, MET,
and RET, was used in a phase II study whose
final results are yet to be published [58].

Epidermal Growth Factor Receptor
(EGFR)

The epidermal growth factor receptor is located
on chromosome 7p12 and is a member of the
ErbB family of receptor tyrosine kinases [59].
Overexpression of EGFR is one of the most
common signaling mutations in GBM and is
thought to occur in around 50% of glioblastomas
[60]. Glioblastomas with EGFR overexpression
have been demonstrated to potentially be more
radioresistant [61]. Additionally, EGFR amplifi-
cation is often associated with the expression of a
constitutively active, ligand-independent mutant
form of the receptor called EGFRvIII generated
by an in-frame deletion of exons 2–7 [61, 62].
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EGFRvIII expression may be an independent
prognostic factor for poor survival [63].

Unfortunately, EGFR inhibitors in malignant
glioma trials have likewise been disappointing.
Gefitinib, an EGFR inhibitor approved to treat
non-small-cell lung cancer in 2003, failed to
show any benefit when added to the treatment in
newly diagnosed glioblastoma patients [64, 65].
Additionally, gefitinib in the treatment of recur-
rent disease has shown minimal activity alone or
in combination with mammalian target of rapa-
mycin (mTOR) inhibitors such as sirolimus or
everolimus [66–69]. Another EGFR inhibitor,
Erlotinib, also has shown minimal efficacy
against newly diagnosed or recurrent glioblas-
toma [70–76]. Furthermore, several phase II
studies in recurrent glioblastoma examining the
combination of erlotinib with carboplatin, sor-
afenib, bevacizumab, or sirolimus have failed to
demonstrate significant antitumor activity [45,
77–80]. Cetuximab, another EGFR inhibitor used
for the treatment of metastatic colorectal cancer,
metastatic non-small-cell lung cancer, and head
and neck cancer, regrettably has failed to show
benefit in recurrent glioblastoma when used
alone or in combination with bevacizumab and
irinotecan [81, 82]. Lapatinib, the first dual
inhibitor of EGFR and human epidermal growth
factor receptor 2 (HER2) tyrosine kinases, also
did not show significant activity in recurrent
glioblastoma patients [83]. Additionally, lapa-
tinib was studied in a phase I study with temodar
and a phase I/II study with pazopanib in recurrent
malignant gliomas [84, 85]. The phase II study of
lapatinib and pazopanib revealed limited antitu-
mor activity of this combination leading to early
study termination [84]. AEE788, another inhi-
bitor of EGFR, HER2, and VEGFR2, was asso-
ciated with unacceptable toxicity and minimal
activity for the treatment of recurrent glioblas-
toma in a phase I trial [86].

Afatinib, an irreversible covalent inhibitor of
the EGFR and HER2, is approved for first-line
treatment of patients with EGFR
mutation-positive non-small-cell lung carcinoma
[87]. Afatinib is currently under investigation in
a phase I/II trial in recurrent malignant glioma.
Additionally, a phase I trial of afatinib in newly

diagnosed glioblastoma patients with radiother-
apy alone in patients with an unmethylated
MGMT promotor or radiotherapy and temo-
zolomide in patients with a methylated MGMT
promotor is ongoing [88, 89]. Dacomitinib is
another selective and irreversible inhibitor of
EGFR studied in two phase II trials in recurrent
glioblastoma with one of the trials limited to only
patients with EGFR gene amplification and/or
EGFRvIII mutation [90, 91]. Another EGFR
inhibitor, nimotuzumab, has received orphan
drug status in the USA and EU for glioma.
A phase I/II trial in high-grade glioma with
nimotuzumab showed an excellent safety profile
and significant survival benefit in combination
with irradiation, but unfortunately, a subsequent
phase III trial of nimotuzumab in newly diag-
nosed glioblastoma was negative [92, 93].

Platelet-Derived Growth Factor
Receptor (PDGFR)

Platelet-derived growth factor receptors
(PDGFRs) are cell surface receptors for members
of the PDGF family and signal through the alpha
and beta PDGF receptor tyrosine kinases [94].
The PDGFR alpha (PDGFRA) gene is located on
chromosome 7p22 and amplified in approxi-
mately 13% of glioblastomas [4, 95]. PDGFRA
can be overexpressed, amplified, mutated, or
truncated in gliomas, with PDGFRA point
mutations being observed exclusively in
glioblastomas [96].

Imatinib mesylate is an inhibitor of the
PDGFR, Bcr-Abl, and c-Kit tyrosine kinases that
have been found to beneficial in the treatment of
chronic myelogenous leukemia b and in gas-
trointestinal stromal tumors [97–99]. However,
imatinib alone displayed only minimal activity in
recurrent malignant gliomas and in newly diag-
nosed glioblastoma [100, 101]. Subsequent
studies looking at imatinib with the addition of
hydroxyurea in recurrent malignant gliomas also
failed to show clinically meaningful antitumor
activity [102–105]. As discussed previously,
imatinib with hydroxyurea was also examined in
combination with vatalanib [56].
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Dasatinib, an inhibitor of PDGFR, Src,
Bcr-Abl, c-Kit, and EphA2 receptors, was stud-
ied in a phase 2 trial in target-selected patients
(activation or overexpression of ≥2 putative
dasatinib targets) with recurrent glioblastoma and
was found ineffective with no radiographic
responses [106]. Additional, phase II studies with
dasatinib in combination with bevacizumab in
recurrent glioblastoma and in newly diagnosed
glioblastoma with chemoradiation have not yet
reported results [107, 108]. A phase I multicenter
trial of dasatinib in combination with CCNU was
found to have substantial hematological toxicities
leading to suboptimal exposure to both agents
[109]. Another phase I study of dasatinib in
combination with erlotinib was better tolerated
[110].

Furthermore, Tandutinib, a small molecule
inhibitor of PDGFR, fms-like tyrosine kinase
receptor-3 (FLT3), and c-Kit, has been examined
alone or with bevacizumab in recurrent
glioblastoma with results awaiting publication
[111, 112].

PI3K/AKT/mTOR Pathway

Along with targeting cell surface receptors, there
has been a significant effort undertaken on
inhibiting downstream survival signaling path-
ways stimulated by these receptors. The
PI3K/Akt/mTOR pathway can be crucial in
controlling cellular functions regulating cellular
proliferation, apoptosis, cell invasion, and
mobility. Activation of phosphatidylinositide
3-kinase (PI3K) complex is regulated by several
growth factors in conjunction with their recep-
tors, the most frequent of which is the amplifi-
cation of EGFR [113, 114]. PI3K activation
phosphorylates and activates Akt (protein kinase
B) a serine/threonine-specific protein kinase
[115]. Akt next activates mTOR (mammalian
target of rapamycin), another serine/threonine
protein kinase that controls cell growth and
proliferation via the regulation of protein syn-
thesis and transcription [116]. It is comprised of
two parts, mTOR complex 1 (mTORC1) and
mTOR complex 2 (mTORC2), operating as both

a downstream effector and upstream regulator of
PI3K [117].

PX-866, an oral PI3K inhibitor, in a recent
phase II study had a low overall response rate
and failed to improve progression-free survival in
patients with recurrent glioblastoma [118].
BKM-120, another oral inhibitor of PI3 kinase, is
currently under investigation in combination with
standard of care for newly diagnosed glioblas-
toma and as monotherapy in recurrent glioblas-
toma [119, 120]. Additionally, a phase II study in
recurrent glioblastoma examining the combina-
tion of BKM-120 and bevacizumab is underway
[121]. XL-147 (a potent inhibitor of PI3K) and
XL-765 (a dual PI3K and mTOR inhibitor) are
currently being investigated as monotherapy in
recurrent glioblastoma [122]. XL-765 has also
been studied in combination with temozolomide
in malignant glioma patients with no results
published yet [123]. Pictilisib (a potent inhibitor
of PI3K) and BEZ235 (a dual ATP-competitive
PI3K and mTOR inhibitor) are also currently
undergoing investigation in a phase II study of
recurrent glioblastoma [124].

Enzastaurin is a protein kinase C and
phosphoinositide-3 kinase/Akt inhibitor that
failed to improve survival in newly diag-
nosed patients with and without O(6)-
methylguanine-DNA-methyltransferase (MGMT)
promotor methylation in combination with stan-
dard of care and as a monotherapy in recurrent
glioblastoma [125–128]. Perifosine, an Akt inhi-
bitor and a PI3K inhibitor, is currently being
examined in recurrent malignant gliomas alone or
in combination with temsirolimus [129, 130].
Ipatasertib, a highly selective pan-Akt inhibitor
targeting Akt1/2/3, is also present in a phase II
study of recurrent glioblastoma [131]. Nelfinavir, a
protease inhibitor interfering with Akt activity, has
been given neo-adjuvantly and concomitant to
chemoradiotherapy with temozolomide in a phase
I/II study of patients with newly diagnosed
glioblastoma [132].

Several mTOR inhibitors have been devel-
oped over the past few years. mTOR is inhibited
by these agents forming a complex with
FK-binding protein-12 (FKBP-12) which joins to
mTOR, blocking its stimulation and constraining
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tumor cell proliferation [133]. Everolimus, an
mTOR inhibitor, has been shown to cause a
marked reduction in the volume of subependy-
mal giant cell astrocytomas and seizure fre-
quency in patients with tuberous sclerosis [134].
Unfortunately, everolimus has not displayed
durable responses as a monotherapy or when
combined with gefitinib in patients with recurrent
glioblastoma [69, 135]. Moreover, the addition
of everolimus to standard of care in newly
diagnosed glioblastoma patients did not translate
into an appreciable survival benefit [136]. Fur-
thermore, a phase II study in newly diagnosed
glioblastoma patient of concurrent radiation
therapy, temozolomide, and bevacizumab fol-
lowed by bevacizumab/everolimus as first-line
treatment failed to improve survival compared to
historical controls [137].

Temsirolimus, an mTOR inhibitor approved
for the treatment of renal cell carcinoma, likewise
has shown limited benefit in recurrent glioblas-
toma as a monotherapy or in combination with
sorafenib [46, 138, 139]. When temsirolimus was
used in a phase I study in addition to standard of
care in newly diagnosed glioblastoma, an
increased risk of infection was noted [140].

Rapamycin (sirolimus), another mTOR inhi-
bitor, has also failed to show benefit in recurrent
glioblastoma when used in combination with
vandetanib, erlotinib, or gefitinib as discussed
earlier [49, 68, 79, 80]. Additionally, a phase II
trial of rapamycin in combination with beva-
cizumab in recurrent glioblastoma patients was
stopped early due to lack of response [141].

New mTOR-specific inhibitors are in devel-
opment which can block activity of both mTOR
complexes. AZD8055, one of these dual
mTORC1/mTORC2 inhibitors, is currently in a
phase I trial in adults with recurrent gliomas
[142].

The PTEN (phosphatase and tensin homo-
logue) gene, located on chromosome 10, is a
tumor suppressor gene that negatively controls
the PI3K/AKT/PKB pathway by preventing Akt
signaling via the reduction of intracellular levels
of phosphatidylinositol-3,4,5-triphosphate [143].
PTEN mutations have been reported in up to
40% of glioblastoma [4, 144]. In addition to

inhibiting the Akt pathway, PTEN has also
demonstrated the ability to enable the degrada-
tion of activated EGFR leading to the extinction
of EGFR signaling [145]. Instigating expression
of functional PTEN has been suggested as a
potential future therapeutic approach in
glioblastoma.

RAS/MAPK Pathway

The RAS/MAPK is another downstream survival
signaling pathway stimulated by RTKs such as
EGFR and PDGFR. Ras (rat sarcoma) gene
mutations are present in a diverse group of tumor
types with varying incidence [146]. Mutations in
one of the three Ras genes (H-Ras, N-Ras, or
K-Ras) in humans transform these genes to
operating oncogenes [147]. Ras proteins have
critical functions in regulating the activity of vital
signaling pathways that control normal cellular
proliferation. Activation and deactivation of Ras
are regulated by cycling between its binding with
the active guanosine triphosphate (GTP) and
inactive guanosine diphosphate (GDP) forms
[148]. Activated Ras results in activation of a
serine/threonine kinase named Raf (rapidly
accelerated fibrosarcoma). Raf subsequently
phosphorylates and activates a kinase enzyme
MEK (mitogen/extracellular signal-regulated
Kinase) which in turn then phosphorylates and
activates MAPK (mitogen-activated protein
kinases).

Ras gene mutations have been found to only
rarely occur in glioblastoma [4]. However, acti-
vation of Ras can occur by mechanisms that do
not involve mutations in Ras. The neurofibromin
1 (NF-1) gene located on chromosomal segment
17q11.2 is a negative regulator of Ras, and loss
of NF-1 may activate Ras [149]. NF-1 mutations
have been reported in up to 18% of patients with
glioblastoma [4].

Ras is posttranscriptionally modified by far-
nesyltransferase, and in vitro studies of
glioblastoma with farnesyltransferase inhibitors
have shown reduced cellular proliferation as well
as the ability to trigger cell cycle arrest and
induce apoptosis [150]. Tipifarnib is a potent and

140 J. Mandel and S. Kesari



selective inhibitor of farnesyltransferase that has
been examined in a phase I trial in newly diag-
nosed glioblastoma plus radiation therapy with
and without temozolomide [151]. Unfortunately,
a phase II trial of tipifarnib as a treatment for
recurrent malignant glioma did not show benefit
in 6-month progression-free survival compared
to historical controls [152]. Lonafarnib, another
farnesyltransferase inhibitor, has shown the
ability to inhibit cell growth in preclinical studies
[153, 154]. Two phase I studies have examined
lonafarnib in combination with temozolomide,
with one study in patients with malignant glioma
after radiation and the other in patients with
recurrent glioblastoma [155, 156].

Gene Expression-Based Molecular
Classification of GBM into Subtypes

Following The Cancer Genome Atlas Network
cataloging recurrent genomic abnormalities in
glioblastoma, they subsequently defined four
subtypes of glioblastoma (proneural, neural,
classical, and mesenchymal) based on gene
expression-based molecular classification [157].
Additionally, alterations and gene expression of
EGFR, NF1, and PDGFRA/IDH1 were found to
distinctly delineate the classical, mesenchymal,
and proneural subtypes, respectively [157]. These
discoveries support the supposition that certain
molecular-targeted therapies may potentially be
most effective against a segment of glioblas-
tomas. Results from a retrospective analysis of
AVAglio (a randomized, placebo-controlled
phase III trial examining the addition of beva-
cizumab to radiotherapy plus temozolomide in
newly diagnosed glioblastoma) suggest that
patients with IDH1 wild-type proneural
glioblastoma may derive an overall survival
benefit from first-line bevacizumab treatment
[158]. This finding, however, still remains to be
independently validated in future studies.

Furthermore, the classification of glioblas-
toma into unique subtypes based on genomic
expression implies that there is a propensity for
particular aberrations to group together. This
theoretically could enable particular

combinations of molecularly targeted agents to
be more successful in certain subtypes.

Discussion

Large-scale gene expression studies have
recently provided an in-depth description of the
distinct molecular and genetic alterations in
glioblastomas. This scientific progress has spur-
red an interest in the development of targeted
therapies for these signaling pathways. Unfortu-
nately, despite trying several agents and different
pathways, targeted therapies have currently failed
to improve the overall survival of glioblastoma
patients. New therapies examining novel targets
and innovative combinations are presently under
investigation (Table 9.2).

Several possible explanations have been pro-
posed on why early clinical results of molecu-
larly targeted agents in malignant glioma have
been so disappointing. These include the signif-
icant intratumoral heterogeneity, overlapping/
redundant signaling pathways, use of molecular
data from initial tumor resection as entry criteria
in trials of recurrent disease, poor drug delivery
to the brain, and unclear pharmacodynamic
effects of drugs on tumor tissue.

Tumor heterogeneity poses a significant
challenge with glioblastoma being renowned for
its intratumoral heterogeneity. Due to the
heterogenous nature of these tumors, it is possi-
ble that we may be inhibiting a distinct group of
cells susceptible to that specific targeted pathway
yet still permitting the proliferation of another
group of cells whose development is independent
of that pathway. A recent study has demonstrated
that glioblastoma subtype classifiers can variably
be expressed even across individual cells within
a tumor [159].

Additionally, these tumors appear to have the
intrinsic ability to respond to the inhibition of
one pathway by upregulating another different
pathway making a single agent unsuccessful in
stopping tumor progression. For example, the use
of EGFR inhibitors has demonstrated the lack of
ability to change downstream targets like Akt
and may even upregulate the activity of the
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PI3K/Akt pathway [160, 161]. Moreover, many
of the mutations that we are currently targeting
may be essential only for the early development
of the tumor and subsequently are superseded by
secondary pathways of tumor growth.

Another potential reason for the lack of suc-
cess with these agents may be that entry into
targeted therapy trials for recurrent disease is
often based upon molecular characteristics from
initial resection due to surgical resections at
tumor recurrence not being routinely performed.
However, it is possible that these targeted
mutations may be altered at time of recurrence
compared to initial diagnosis. A recent study in
glioblastoma found that of the tumors expressing
EGFRvIII at initial diagnosis, approximately
one-half loses their EGFRvIII expression at
tumor recurrence [162].

Additionally, with surgery at tumor recurrence
being difficult, it is often challenging to

determine how well the drugs are crossing the
blood–brain barrier. Furthermore, even if the
agent crosses into the brain, it is often uncertain
whether the drug is inhibiting its intended target
and having its envisioned effect without patho-
logical confirmation.

Numerous ways to improve the success of
targeted therapies in malignant glioma have been
propositioned and are currently underway. These
include the creation of more advanced preclinical
animal models, development of more potent
inhibitors that can affect multiple pathways, trials
with a combination of drugs designed uniquely
for each individual, identification of predictive
molecular biomarkers, and novel adaptive trial
designs.

Despite the discouraging results to date and
the above challenges, the use of targeted thera-
pies remains a promising approach that continues
to be explored in malignant glioma and will

Table 9.2 Targeted therapy for malignant gliomas in ongoing clinical trials or trails with results not yet published

Therapy Pathway Target/s

PD-0332991 RB CDK4 [10]

Ad5CMV-p53 P53 p53 [18]

Adenovirus p53 (SCH-58500) P53 p53 [19]

SGT-53 P53 p53 [21]

MK-1775 P53 Wee1 [25]

Afatanib RTK EGFR and HER2 [88, 89]

Dacomitinib RTK EGFR [90, 91]

Dasatinib RTK PDGFR, Src, Bcr-Abl, c-Kit, and EphA2 [107, 108]

Tandutinib RTK PDGFR, FLT3, and c-Kit [111, 112]

BKM-120 RTK PI3K [119–121]

XL-147 RTK PI3K [122]

XL-765 RTK PI3K and mTOR [122, 124]

Pictilisib RTK PI3K [124]

BEZ235 RTK PI3K and mTOR [122, 124]

Perifosine RTK Akt and PI3K [129, 130]

Ipatasertib RTK Akt [124]

Nelfinavir RTK Akt [132]

AZD8055 RTK mTORC1/mTORC2 [142]

Abbreviations: RB retinoblastoma, P53 tumor protein p53, RTK receptor tyrosine kinase, CDK4 cyclin-dependent
kinase 4, EGFR epidermal growth factor receptor, HER2 human epidermal growth factor receptor 2, PDGFR
platelet-derived growth factor receptor, EphA2 ephrin type-A receptor 2, FLT3 Fms-like tyrosine kinase-3, PI3K
phosphatidylinositide 3-kinases, mTOR mammalian target of rapamycin
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hopefully someday prove more beneficial for this
patient population in desperate need of more
effective treatments.
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Introduction

Almost a hundred years have passed since Otto
Warburg’s seminal hypothesis that cancer ulti-
mately stems from deregulated metabolism [1].
Indeed, since this time, it has been well estab-
lished that increased energetic and anabolic
demands of tumor cells result in numerous meta-
bolic alterations [2, 3]. However, skepticism still
remains as to whether such metabolic repro-
gramming is a cause or consequence of tumori-
genesis. The first evidence that genetic alterations
in metabolic genes are directly involved in
tumorigenesis came early in this century, with the
discovery of loss of function mutations in the
mitochondrial enzymes succinate dehydrogenase
and fumarate hydratase in renal cell carcinoma
and paragangliomas [4, 5]. However, the obser-
vation that an enzyme involved in the TCA cycle,
isocitrate dehydrogenase (IDH), is mutated at
high frequency in a wide array of cancers repre-
sented a pivotal point in the field of cancer meta-
bolism. Here, we aim to summarize such findings

in the context of how the relatively nascent IDH
field has progressed, and shed light on exciting
potential future directions.

Background

The first discovery of an IDHmutation appeared in
one of the earliest comprehensive analyses of
mutations in protein-coding genes in cancer, rep-
resenting an infrequent event in colorectal cancer
[6]. Two years later, the same group applied
genome wide, next-generation sequencing to 22
WHO Grade IV glioblastoma multiforme
(GBM) tumors, identifying highly recurrent
mutations in the IDH1 isoform of IDH in 12% of
sequenced tumors [7]. Here, the majority of IDH-
mutant GBMs (5/6) were found in tumors that had
progressed overtime from lower grade (WHO
grade II/III) gliomas. This seminal finding was
confirmed in a follow-up study with a much larger
sample of tumors, reporting that IDH mutations
were remarkably frequent (>70%) in low-grade
gliomas [8]. Since these initial studies, IDH
mutations have been observed in a number of
hematopoietic neoplasms, most notably cytoge-
netically normal-acute myelocytic leukemia
(AML; *10–15%) [9, 10]; blast-phase myelo-
proliferative neoplasms (20%) [11]; and
angioimmunoblastic T-cell lymphoma (20%)
[12]. Mutations also occur in chondrosarcoma
(56%) [13]; and less frequently (<5%) in other
solid tumors [14].

The vast majority of IDH mutations arise in
the catalytic pocket of the enzyme. Mutations in
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the cytoplasmic and peroxisome-localized IDH
isoform IDH1 predominantly occur at arginine
132, resulting in substitutions including R132H,
R132C, R132L, R132S, and R132G, with the
former representing the most common alteration.
The mitochondrial counterpart IDH2 is also
mutated at low frequency in glioma, at either the
analogous residue R140, or R172. Mutations in
IDH1 and IDH2 are mutually exclusive, sug-
gesting redundancy between the two isoforms.

Molecular Alterations: Basic
Biochemistry

IDH functions in the TCA cycle where it cat-
alyzes the NADP+-dependent oxidative decar-
boxylation of isocitrate to alpha ketoglutarate
(α-KG), producing CO2 and NADPH in the
process [15]. IDH1 and IDH2 share 69% struc-
tural similarity, the main difference being the
presence of a C-terminal peroxisomal targeting
sequence in the cytosolic IDH1 [16]. Loss of
function of the wild-type protein was put forward
as an early explanation for the prevalence of IDH
mutations. However, this contrasts with the
highly recurrent and monoallelic nature of such
mutations. In 2009, a landmark study conducted
a large-scale metabolomics screen in IDH-mutant
glioblastoma cells, finding that IDH1R132H con-
ferred a gain of function or ‘neomorphic’ ability
to produce the R(−) enantiomer of the metabolite
2-hydroxyglutarate (R-2-HG), resulting in mil-
limolar cytoplasmic levels [17]. R-2-HG was
shown to accumulate in glioma samples at up to
100-fold (5–35 µmol/g) higher levels versus IDH
wild-type gliomas, as well as leukemias [10], and
was subsequently shown to underlie all IDH
mutations [18]. Production of the R-2-HG ‘on-
cometabolite’ involves direct conversion from
α-KG and relies on the presence of a wild-type
allele [19], likely explaining the rareness of loss
of heterozygosity.

Current data suggests that the R-2-HG
oncometabolite is responsible for many, if not
all, biologic effects of IDH mutations (Fig. 10.1).
Cell permeable esters of R-2-HG phenocopy the
effects of mutant IDH in experimental models

[20, 21], and ectopic expression of the dehy-
drogenase [22] that converts R-2-HG into α-KG,
and thus counteracts the activity of mutant IDH,
is sufficient to reverse the cellular effects of
cancer-associated IDH mutations [23]. Due to
their utilization of α-KG as a cofactor, R-2-HG
competitively inhibits 2-oxoglutarate (2-OG)-
dependent dioxygenases [24], a diverse family
of *80 enzymes that maintain a number of
different cellular functions, many of which are
still currently unknown [25].

Molecular Alterations: Epigenetic
Modifications

Numerous lines of evidence suggest that IDH
mutations contribute to widescale epigenetic
modifications. One subgroup of the 2-OG
dioxygenase family that is potently inhibited by
R-2-HG is the jumonji domain containing (Jmjc)
family of histone lysine demethylases [26],
responsible for the removal of methyl groups
from lysine (K) residues of histone tails [27, 28].
Methylation of K residues on the tail of histone 3
(H3) is generally associated with either tran-
scriptionally silenced (H3K9, H3K27, H3K20)
or active (H3K4, H3K36, H3K79) regions of
chromatin and thus repressed or activated gene
expression, respectively [29]. These enzymes are
particularly sensitive to inhibition by R-2-HG
[26], and knockdown of Jmjd2c (also known as
Kdm4c) is sufficient to phenocopy the effects of
mutant Idh on adipocyte differentiation in
3T3-L1 cells [20].

R-2-HG also inhibits ten-eleven translocation 2
(TET2) [24]—a 2-OG-dependent dioxygenase
that catalyzes the conversion of 5-methylcytosine
(5mC) to 5-hydroxy-methylcytosine (5-hmC)—
thus effectively reversing gene silencing by DNA
methylation [30]. TET2 is itself mutated in mye-
loid malignancies [31], with mutations occurring
in a mutually exclusive fashion to those of IDH
[32]. This along with the observation of decreased
5-hmC levels in IDH-mutant AML [32], and the
identification of TET2 as a candidate effector of
mutant IDH in a short hairpin RNA library screen
of 2-OG dioxygenases [21], suggests that this
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enzyme is an important mediator of the effects of
IDH mutation, at least in myeloid malignancies.
Indeed, IDH mutations in AML are associated
with a hypermethylation phenotype, resulting
from increases in global methylcytosine, where

widespread DNA methylation results in epige-
netic silencing of gene expression [33].

In glioma, mutant IDH establishes a widescale
DNA methylation signature [34] known as
glioma CpG island methylator phenotype

Fig. 10.1 Molecular mechanisms of IDH-associated
tumorigenesis. Wild-type IDH1/2 (wtIDH1/2) converts
isocitrate (generated through the citric acid (TCA) cycle)
into α-KG, producing NADPH in the process. Mutant
IDH1/2 (mutIDH1/2) converts isocitrate (generated
through the citric acid (TCA) cycle) into α-KG, produc-
ing NADPH in the process. Epigenetic modifications
result from inhibition of histone lysine demethylases
(KDMs) and the 5-methyl cytosine hydroxylase TET2.

Inhibition of prolyl-hydroxylation impairs collagen mat-
uration. R-2-HG has been reported to activate the enzyme
prolyl-hydroxylase 2 (PHD2) that inhibits
hypoxia-inducible factor 1-alpha (HIF-1α) [37], although
other studies suggest that it may be inhibited [24].
Mutant IDH may also change the cellular redox environ-
ment by altering the ratio of NADPH to NADP+. IDH3
has been omitted from this figure for simplicity
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(G-CIMP), observed in the majority of IDH-
mutant tumors [20, 35]. In this study, ectopic
expression of mutant IDH1 in human astrocytes
led to a time-dependent build up of histone
methylation at H3K9, H3K27, and H3K36, in
addition to increases in global methylcytosine.
Treatment of IDH1-mutant glioma cells with a
mutant-specific IDH inhibitor decreases histone
methylation both in vitro and in vivo, although
this is not clearly linked to growth inhibition
[36].

Molecular Alterations: Hypoxia
and Metabolism

Despite its status as a 2-OG-dependent dioxy-
genase, prolyl-hydroxylase 2 (PHD2—also
referred to as EGLN1) has been reported to be
stimulated by mutant IDH [37]. This enzyme is
responsible for regulating the expression of
hypoxia-inducible factor (HIF)-1α through a
post-translational modification involving
hydroxylation of a proline residue in HIF’s alpha
subunit, leading to targeting by the Von Hippel–
Lindau (VHL) ubiquitin ligase complex under
normoxic conditions [38, 39]. R-2-HG stimulates
the activity of both PHD2 and the functionally
similar PHD1 at tumor-relevant concentrations,
resulting in a decrease in HIF1α and its target
genes [37]. Notably, knockdown of HIF1α and
overexpression of PHD2 in IDH1R132H-expres-
sing astrocytes, both had transforming effects in
soft agar colony formation assays. The same
group noted that knockdown of PHD2 abrogated
growth factor independence, and restored differ-
entiation ability in IDH1R132H leukemia cells
[21]. However, other reports have suggested that
R-2-HG inhibits PHD2-mediated HIF1α modifi-
cation [24], which has been suggested as an
explanation for the observed stabilization of
Hif1a, and increased transcription of downstream
target genes, reported in an Idh1R132H knock-in
mouse [40].

Alterations in the TCA cycle resulting from
IDH mutations would be expected to disrupt the
balance of intracellular redox signaling. Due to
impaired oxidative decarboxylation of isocitrate,

IDH-mutant tumors exhibit alterations in the
NADPH/NADP+ ratio [15, 41]. In addition to
scavenging mitochondrial free radicals itself,
NADPH is required as a hydrogen anion donor in
the generation of the reduced form of glutathione
(GSH), which constitutes the cells’ major
defense mechanism against reactive oxygen
species (ROS) [42]. IDH-mutant cells exhibit
both reduced levels of NADPH and a corre-
sponding reduction in GSH [43]. It has also been
noted that glioblastoma cells ectopically
expressing mutant IDH exhibit elevated levels of
ROS, rendering them more sensitive to radiation
[44, 45], which has been put forward as an
explanation for the favorable therapeutic
response [46, 47] and prognosis [48] of mutant
IDH [49]. However, elevation of ROS levels has
not been observed in transgenic models of
mutant Idh [40, 50].

Recent reports suggest that alterations in
metabolism and mitochondrial bioenergetics may
render IDH-mutant cancer cells more sensitive to
cell death. For instance, Tateishi et al. [51] found
that mutant IDH1 lowers NAD+ levels, sensi-
tizing cells to further NAD+ depletion that
resulted in autophagy and cytotoxicity. While
Chan et al. [52] found that R-2-HG-mediated
inhibition of the mitochondrial enzyme COX
rendered IDH-mutant AML cells sensitive to
inhibition of the anti-apoptotic protein BCL-2.
These studies raise the interesting notion that
IDH mutations might endow tumor cells with an
Achille’s heal that could form the basis of tar-
geted therapy, rather than drugging the mutant
protein itself.

The Contribution of Mutant IDH
to Tumor Formation

Large-scale analyses of clinical data suggest that
IDH mutations are an important event in
tumorigenesis. Analyzing over 300 gliomas,
Watanabe et al. [53] found that in the 51 cases
with multiple biopsies, neither acquisition of a
mutation in TP53 nor loss of 1p/19q occurred
prior to a mutation in IDH1, highlighting its early
occurrence. Whole-exome sequencing of
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matched biopsy pairs from glioma samples taken
at initial diagnosis and at the time of recurrence
showed that IDH1R132H was the only mutation
that was consistently present in both the initial
and recurrent biopsy specimen [54]. In leukemia
patients, IDH2mutations were observed to occur
in the absence of NPM1c mutations in both
mature and progenitor cell populations, sug-
gesting that IDH2 mutation might occur as a
pre-leukemic event [55].

Numerous studies have explored whether IDH
mutations can transform nonmalignant cells of
various lineages. Expression of mutant Idh in
mouse myeloid progenitor 32D cells and primary
mouse bone marrow cells impaired hematopoi-
etic differentiation and increased stem/progenitor
cell marker expression, suggesting a
pro-leukemogenic effect [56]. A more recent
study suggested that retrovirally mediated
expression of mutant Idh2R140Q in murine pri-
mary hematopoietic bone marrow stem and pro-
genitor cell populations was sufficient to induce
myeloproliferative-like neoplasms, T-cell lym-
phoma, or B-cell lymphoma, when transplanted
into irradiated mice [57]. However, these hema-
tological malignancies occurred at low pene-
trance and with long latency, suggesting that they
did not arise solely due to mutant Idh2 expres-
sion. Expression of mutant Idh2 in a
non-transformed mesenchymal multipotent
mouse cell line (C3H10T) impaired their differ-
entiation into adipocytic and chondrocytic lin-
eages and resulted in loss of contact inhibition
and tumor formation in vivo [58]. In immortal-
ized human astrocytes, expression of mutant
IDH, but not wild-type IDH or a catalytically
inactive IDH mutant, resulted in anchorage-
independent growth [37].

Further insights into the role of mutant IDH in
tumor initiation have emerged from experiments
with genetically engineered mice (Fig. 10.2).
Tamoxifen-induced global expression of
Idh2R140Q or R172K resulted in cardiomyopathy,
white matter abnormalities throughout the central
nervous system, and muscular dystrophy, while
mice engineered to expressmutant Idh2 in specific
tissues developed carcinomas, albeit with very
long latencies [59]. In a hematopoietic

tissue-specific model, mice that expressed a
doxycycline-inducible Idh2R140Q allele did not
develop leukemia after 1 year of continuous
doxycycline treatment [60]. The most common
cancer-associated IDH mutation, IDH1R132H, has
also been inserted into the endogenous murine
Idh1 locus, and expression of the mutant enzyme
subsequently targeted to specific cell populations.
Expression of Idh1R132H in hematopoietic cells
resulted in increased numbers of hematopoietic
progenitors, but no overt leukemia [61]. Expres-
sion of Idh1R132H in nestin-expressing neural stem
cells resulted in perinatal lethality due to cerebral
hemorrhage [40]. Expression of Idh1R132H in
GFAP-expressing astrocytes resulted in more
subtle defects, including impaired collagen matu-
ration and basement membrane function, likely
due to R-2-HG-mediated inhibition of prolyl-/
lysyl-hydroxylation of collagen proteins, but did
not result in glioma formation.
Tamoxifen-inducible expression ofmutant Idh1 in
chondrocytes resulted in the development of
enchondromas—benign cartilage tumors that are
precursors to malignant chondrosarcomas [62].
Doxycycline-induced expression of mutant Idh2
(Idh2R140Q or Idh2R172K) increased hepatocyte
proliferation in a liver injury model, but was not
sufficient to induce tumors [63].

The current data from knock-in mice suggest
that mutant Idh likely cooperates with other
genetic or epigenetic events to initiate cancer.
Using a mouse transplantation assay, Chaturvedi
et al. [64] found that mutant IDH1 alone did not
transform hematopoietic cells but greatly accel-
erated the onset of leukemia in cooperation with
HoxA9. Chen et al. [65] applied a mosaic mouse
modeling approach in which hematopoietic stem
and progenitor cells (HPSC) from Flt3-ITD or
NrasG12D mice were transduced with a retroviral
vector expressing mutant Idh2 and then assessed
for tumorigenic potential following transplanta-
tion into syngeneic recipient mice. Idh2 mutants
were found to cooperate with Flt3 or Nras alleles
to drive leukemia formation. This cooperativity
between mutant Idh2R140Q and other
leukemia-relevant pathway alterations (e.g.,
Flt3-ITD or homeobox proteins HoxA9 and
Meis1a) was confirmed in the aforementioned
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doxycycline-inducible transgenic model [60] and
another mosaic mouse modeling approach [66].
Saha et al. [63] showed that Idh2R172K cooper-
ated with mutant KRAS (KrasG12D) to induce
intrahepatic cholangio-carcinomas.

In sum, these studies demonstrate that mutant
IDH cooperates with other oncogenic events to
initiate cancer, consistentwith thefinding that IDH-
mutant human cancers typically harbor alterations
in multiple other cancer genes. In glioma, for
example, IDH mutations are associated with mis-
sense mutations in ATRX, TP53, and TERT (diffuse

astrocytomas) or codeletion of chromosome arms
1p and 19q (oligodendrogliomas; [48, 67]).
In AML patients with a normal cytogenetic profile,
IDH mutations are associated with mutations in
NPM1, FLT3-ITD, and DNMT3A [68, 69].

Targeting Mutant IDH

Recent studies have begun to address the ques-
tion of whether the activity of the mutant IDH
enzyme remains important for the growth of

Fig. 10.2 Transgenic models of mutant IDH. Transgenic knock-in systems have been used in an attempt to model Idh-
mutant AML, glioma, chondrosarcoma, and IHCC, both alone and in combination of other genetic lesions
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IDH-mutant cancers once they are fully estab-
lished. Studies in experimental cancer models
suggest that indeed this is the case with the
strongest evidence coming from leukemia mod-
els. In TF-1 human erythroleukemia cells, ecto-
pic expression of mutant IDH promotes growth
factor independence, a phenotype that can be
reversed with a small molecule mutant IDH
inhibitor [70, 71]. Ex vivo treatment of freshly
isolated IDH-mutant leukemic blasts with a
mutant-selective IDH inhibitor induces a cellular
differentiation program [70]. Pharmacological
inhibition of the mutant IDH enzyme blocks
colony formation of human AML cells, but not
of normal CD34(+) bone marrow cells [64]. In a
genetically engineered leukemia model, phar-
macologic or genetic inhibition of mutant Idh2
triggered the differentiation and death of AML
cells [65], and doxycycline-induced silencing of
mutant Idh2 similarly eliminated Idh2R140Q/
Hoxa9 or Idh2R140Q/Meis1a-driven leukemia
cells [60].

Data from experimental solid tumor models
suggest that IDH1-mutant tumors remain, at least
in part, dependent on the activity of the mutant
enzyme. Expression of mutant IDH1R132C in
hepatoblasts caused a differentiation block,
which could be reversed by treatment with an
inhibitor of mutant IDH1 [72]. In HT1080
human fibrosarcoma cells, RNAi-mediated sup-
pression of endogenous mutant IDH1 signifi-
cantly inhibited anchorage-independent growth
[73]. Knocking out the endogenous mutant IDH1
gene similarly impaired anchorage-independent
growth and in vivo growth of IDH-mutant human
sarcoma cells [74]. In IDH1-mutant glioma cells,
pharmacological blockade of the mutant enzyme
impaired their anchorage-independent and in vivo
growth [75].

The above-mentioned results in experimental
models are supported by the findings of an
ongoing clinical trial, which showed that the
mutant IDH2 inhibitor AG-221 produces clinical
responses, including complete and durable
responses, in about 40% of patients with AML
and MDS [76].

Using R-2-HG as a Clinical Biomarker

In addition to being responsible for the majority
of biological effects associated with mutant IDH,
R-2-HG represents a potentially useful clinical
biomarker for the detection of IDH-mutant tumor
cells. R-2-HG can be reliably detected in the
blood of IDH-mutant AML patients, and mea-
surement of R-2-HG levels can be used as an
indicator of therapeutic response [77]. Despite its
accumulation in IDH-mutant glioma tissue, ele-
vated R-2-HG is not observed in the blood of
these patients [78]. To overcome this problem,
magnetic resonance spectroscopy (MRS) has
been used as a means of measuring intratumoral
R-2-HG levels [79, 80], which allows the
detection of IDH-mutant tumors for both diag-
nostic and treatment monitoring purposes. The
majority of the publications to date have used
dedicated research scanners for R-2-HG detec-
tion. However, recent data suggest that clinically
used MRS scanners allow sensitive detection of
R-2-HG in medium to large tumors [81].

Conclusion

A remarkable body of knowledge has been gen-
erated in the few years since the first description
of cancer-associated mutations in IDH. However,
a number of key questions still remain as to the
exact involvement of mutant IDH in cancer. For
instance, what role does mutant IDH play in
tumorigenesis? And how does it interact with
other genetic lesions to transform cells? What are
the crucial molecular alterations caused by
R-2-HG? And how do they interact to transform
cells or maintain tumor growth? Perhaps the most
important question is, will targeted therapy
against mutant IDH yield success in the clinic?
With the development of numerous small mole-
cules targeting mutant IDH, and several clinical
trials currently examining their efficacy in multi-
ple types of cancer, the future seems bright for the
development of rationale therapeutic approaches
for IDH-mutant cancers.
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11Antiangiogenic Therapy
for Malignant Gliomas

Nancy Wang, Jonas Kloepper, Rakesh K. Jain
and Tracy T. Batchelor

Background

Anti-angiogenic therapies targeting new blood
vessel formation in cancer are based on the
principle that solid tumors require formation of
blood vessels in order to supply adequate oxygen
and nutrients [1]. Endothelial cells may also
secrete growth factors that further stimulate
tumor growth [2]. The vascular endothelial
growth factor (VEGF) pathway has been a focus
of drug therapy due to its ubiquitous and
increased expression in many human cancers.
Bevacizumab, a recombinant, humanized, mon-
oclonal antibody targeting the VEGF ligand A
was first approved for the treatment of metastatic

colorectal cancer by the United States Food and
Drug Administration (FDA) in 2004 [3], fol-
lowed by non-small cell lung cancer in 2006 [4],
and renal cell carcinoma [5] and recurrent
glioblastoma in 2009 [6]. Antiangiogenic therapy
has been explored in malignant gliomas based on
the rationale that these tumors express high levels
of proangiogenic factors and are characterized by
microvascular proliferation. This approach has
received a considerable amount of attention
given the limited survival following standard
therapy with concurrent radiation and temozolo-
mide followed by adjuvant temozolomide [7].

Mechanisms of Action

Angiogenesis in malignant gliomas is governed
by a complex network of angiogenic factors,
including VEGF (previously described as vas-
cular permeability factor), hepatocyte growth
factor (HGF), fibroblast growth factor (FGF),
platelet-derived growth factor (PDGF), hypoxia
inducible factor 1α, angiopoietins, interleukin-8,
and others [8–13]. Angiogenesis is also consti-
tutively activated by mitogenic pathways such as
Ras/mitogen-activated protein kinase (MAPK)
and phosphoinositide-3-kinase (PI3K) [14].

In the initial stages of treatment and at low
doses, antiangiogenic agents are thought to nor-
malize tumor vasculature by restoring a more
normal vessel phenotype characterized by smal-
ler vessel diameters. Normalization results in
improved vessel function with reduced vascular
permeability and consequently reduced
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edema [15]. These treatment benefits of VEGF
pathway inhibition are apparent radiographically
as the reduction of peritumoral contrast
enhancement and allow for lower corticosteroid
doses for vasogenic edema control. Corticos-
teroid use has been associated with lower OS in
patients with recurrent GBM [16]. Therefore, the
anti-edema effects of anti-VEGF therapy are of
high importance given recent advances in
immunotherapy, which can be associated with
increased peritumoral edema [17–19]. Preclinical
evidence also suggests that vascular normaliza-
tion has the potential to alleviate hypoxia in the
tumor microenvironment, thereby facilitating the
infiltration of T effector cells, reducing
myeloid-derived suppressor cells, and polarizing
tumor-associated macrophages to an immune
stimulatory M1-like phenotype [20]. Addition-
ally, improving tumor perfusion with
anti-angiogenic therapy has the potential to
facilitate the delivery of cytotoxic chemothera-
pies. The resulting increase in oxygenation can
sensitize the tumor to genotoxins, including
radiation and cytotoxic chemotherapy [21, 22].

Ultimately, and according to the tumor star-
vation hypothesis initially proposed in 1971 by
Folkman [1], antiangiogenic agents exert an
antitumor effect by inducing endothelial cell
apoptosis, inhibiting new blood vessel growth,
and inducing the pruning of immature vessels
poorly covered by perivascular cells [21–24],
thereby decreasing tumor perfusion and depriv-
ing the tumor of nutrients and oxygen [1].
However, the clinical data do not support the
notion that patients whose tumor perfusion
decreases in response to anti-angiogenic thera-
pies survive longer [15].

Additional mechanisms by which antiangio-
genic therapy can exert antitumor effects are
thought to include inhibition of Angiopoietin-2
(Ang-2) or VEGF-mediated recruitment of
tumor-infiltrating monocytes and glioblastoma
stem-like cells, which help regulate tumor
angiogenesis and sustain tumor progression [25–
29].

Clinical Trials in High Grade Glioma

Although many antiangiogenic agents have been
studied in glioblastoma, bevacizumab, currently
FDA approved in the United States as
monotherapy for recurrent glioblastoma, is the
most clinically utilized and has been subjected to
a number of randomized trials (Table 11.1).
Thus, bevacizumab will be the focus of this
discussion. Bevacizumab binds VEGF with high
affinity and specificity and was shown early on to
inhibit angiogenesis and tumor growth in pre-
clinical models of glioblastoma [30–33]. The
remarkable successes and lack of dose-limiting
toxicities in phase I studies in extracranial solid
tumors led to its use in glioblastoma.

Bevacizumab for Recurrent
Glioblastoma

Two single-arm studies evaluated the use of
bevacizumab and irinotecan in 67 patients with
recurrent high-grade glioma and compared the
outcomes to historic controls. Radiographic
response was observed in 60% of study subjects,
with 6-month progression-free survival (PFS-6)
of 38–46% [34, 35]. These results were in con-
trast to other contemporary salvage regimens that
demonstrated a radiographic response of 5–10%
and PFS-6 of 9–25% [36].

Two subsequent prospective phase 2 studies
were conducted which led to accelerated FDA
approval of bevacizumab as monotherapy for
recurrent glioblastoma in 2009 [6]. In the phase 2
BRAIN study, patients were randomized to
bevacizumab or bevacizumab plus irinotecan.
The overall response rates (ORR) were 28.2 and
37.8%, respectively, with PFS-6 of 42.6 and
50.3%, respectively [37]. Median overall sur-
vival (OS) was 9.2 months versus 8.7 months.
Older radiographic response criteria were used to
assess radiographic response, and the study was
not a superiority trial and allowed for crossover
from single-agent bevacizumab to combination

164 N. Wang et al.



Ta
b
le

11
.1

L
an
dm

ar
k
cl
in
ic
al

tr
ia
ls
of

an
tia
ng

io
ge
ni
c
ag
en
ts
fo
r
gl
io
bl
as
to
m
a

T
ri
al

Ph
as
e

D
is
ea
se

ty
pe

Pa
tie
nt
s
(n
)

A
rm

s
M
ed
ia
n

PF
S
(m

o)
PF

S-
6
(%

)
M
ed
ia
n

O
S
(m

o)
R
ef
er
en
ce

B
R
A
IN

2
rG

B
M

16
7

B
E
V

4.
2

42
.6

9.
2

[3
7]

B
E
V

+
ir
in
ot
ec
an

5.
6

50
.3

8.
7

N
C
I

2
rG

B
M

48
B
E
V

4.
0

29
.0

7.
8

[3
8]

B
E
L
O
B

2
rG

B
M

15
3

B
E
V

3.
0

16
.0

8.
0

[6
3]

L
om

us
tin

e
1.
0

13
.0

8.
0

B
E
V

+
lo
m
us
tin

e
4.
0

42
.0

12
.0

E
O
R
T
C

26
10

1
3

rG
B
M

43
7

B
E
V

+
lo
m
us
tin

e
4.
2

N
R

9.
1

[6
4]

L
om

us
tin

e
1.
5

N
R

8.
6

R
E
G
A
L

3
rG

B
M

32
5

C
ed
ir
an
ib

92
da
ys

16
.0

8.
0

[7
9]

C
ed
ir
an
ib

+
lo
m
us
tin

e
12

5
da
ys

35
.0

9.
4

L
om

us
tin

e
+
pl
ac
eb
o

82
da
ys

25
.0

9.
8

E
nz
as
ta
ur
in

3
rG

B
M

26
6

E
nz
as
ta
ur
in

1.
5

11
.1

6.
6

[8
5]

L
om

us
tin

e
1.
6

19
7.
1

R
T
O
G

08
25

3
nG

B
M

63
7

B
E
V

+
T
M
Z
/X
R
T

10
.7

N
R

15
.7

[7
2]

T
M
Z
/X
R
T

7.
3

N
R

16
.1

A
V
A
G
lio

3
nG

B
M

92
1

B
E
V

+
T
M
Z
/X
R
T

10
.6

N
R

16
.9

[7
1]

T
M
Z
/X
R
T

6.
2

N
R

16
.8

G
L
A
R
IU

S
2

nG
B
M

(M
G
M
T

un
m
et
hy

la
te
d)

17
0

B
E
V

+
ir
in
ot
ec
an
/X
R
T

9.
7

71
.1

16
.6

[7
0]

T
M
Z
/X
R
T

5.
9

26
.2

17
.3

A
bb

re
vi
at
io
ns

rG
B
M

re
cu
rr
en
t
gl
io
bl
as
to
m
a;

nG
B
M

ne
w
ly

di
ag
no

se
d
gl
io
bl
as
to
m
a;

B
E
V

be
va
ci
zu
m
ab
;
T
M
Z
te
m
oz
ol
om

id
e;

X
R
T
ra
di
at
io
n
th
er
ap
y;

N
R

no
t
re
po

rt
ed

11 Antiangiogenic Therapy for Malignant Gliomas 165



therapy. In a single-arm study of bevacizumab in
48 patients, the ORR and PFS-6 were 35 and
29%, respectively, with a median OS of
7.75 months [38]. While the FDA approved the
use of bevacizumab in recurrent GBM based on
these trials, the European Medicines Agency
declined approval due to the lack of a
non-bevacizumab control arm, modest improve-
ment in OS, and challenges with radiographic
response assessment [39]. This has led to a dif-
ference in standard of care for recurrent
glioblastoma in the U.S. versus Europe.

Subsequent phase 2 trials have evaluated
bevacizumab in various combinations with
irinotecan, cetuximab, carboplatin, etoposide,
fotemustine, sorafenib, temozolomide, erlotinib,
panobinostat, and temsirolimus [37, 40–59].
There have also been trials evaluating beva-
cizumab and re-irradiation [60–62].

The only trial to show a survival benefit of
combination therapy over bevacizumab alone
was the BELOB study, a randomized phase 2
study of 148 patients with recurrent glioblastoma
randomized to lomustine, bevacizumab, or both.
Combination therapy resulted in a PFS-6 of 41%
compared with 11 and 18% with OS at 9 months
of 59% compared to 43 and 38% for lomustine
and bevacizumab alone, respectively [63]. Based
on these results, a phase 3 study of lomustine
versus lomustine plus bevacizumab in patients
with recurrent glioblastoma (EORTC 26101) was
conducted, demonstrating no difference in OS
with a median of 9.1 months for combination
therapy versus 8.6 for lomustine alone [64].
However, there was a benefit in PFS of
4.2 months for combination therapy compared to
1.5 months for lomustine monotherapy. 35.5%
of patients in the control arm of this study did
cross over to receive bevacizumab.

Resistance to bevacizumab inevitably devel-
ops with resulting rapid clinical deterioration.
Retrospective data has suggested that continuing
bevacizumab beyond initial progression may
modestly improve outcome [65]. The ongoing
phase 3 TAMIGA trial (NCT01860638) aims to
evaluate whether adding bevacizumab to
lomustine as second-line therapy followed by
standard of care for third line therapy with

bevacizumab improves survival compared to
lomustine alone followed by standard of care
third line therapy with placebo.

In summary, clinical data to date offer only
limited support for combining bevacizumab with
chemotherapy in the setting of recurrent
glioblastoma.

Bevacizumab for Newly Diagnosed
Glioblastoma

Several single-arm phase 2 studies of beva-
cizumab in combination with temozolomide and
radiation showed near doubling of median PFS to
13–14 months compared to historic benchmarks.
However, only a modest improvement in median
OS to 19–21 months was observed in these stud-
ies [66–68]. The GLARIUS study was a phase 2
trial that compared the combination of beva-
cizumab and radiotherapywith either irinotecan or
temozolomide in newly diagnosed glioblastoma
patients whose tumors expressed the DNA repair
enzyme O6-methyl guanine DNA methyltrans-
ferase (MGMT). Loss ofMGMT function through
methylation of the gene promotor in GBM has
been shown to confer increased sensitivity to
therapy with the DNA alkylating agent temo-
zolomide [69]. The GLARIUS study demon-
strated a significant prolongation of PFS but no
difference in OS in the bevacizumab containing
arm [70]. PFS was 5.99 months in the control arm
compared to 9.7 months in the bevacizumab/
irinotecan arm, and median OS was 17.5 months
in the control arm compared to 16.6 months in the
bevacizumab/irinotecan arm. Neither therapy
regimen was superior in delaying the time to
deterioration in any of the pre-specified dimen-
sions of quality of life.

Two randomized, placebo-controlled, phase 3
trials, AVAglio and RTOG 0825, investigated
the addition of bevacizumab to the standard of
care treatment regimen consisting of surgery and
chemoradiation with temozolomide in patients
with newly diagnosed glioblastoma. Both studies
failed to show an improvement in OS.

In the AVAglio study, newly diagnosed
glioblastoma patients were randomized to
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bevacizumab versus placebo in combination with
standard chemoradiation. The median PFS for
standard therapy plus bevacizumab was
10.6 months versus 6.2 months for standard
therapy with placebo [71]. The predefined OS
endpoint, however, was not met with OS of
16.8 months in the bevacizumab arm compared
to 16.7 months in the placebo arm. The RTOG
0825 trial also compared bevacizumab to placebo
in combination with standard therapy and
demonstrated an improved PFS of 10.7 months
versus 7.3 months with placebo [72]. This
increase in PFS did not meet the predefined
significance level of P = 0.004. Similar to the
AVAglio trial, there was no difference in OS
with a median survival of 15.7 months in the
bevacizumab arm compared to 16.1 months in
the placebo arm. In both studies, approximately
30–50% of controls crossed over and received
bevacizumab at progression, potentially con-
founding the true impact on OS. While AVAglio
used the revised RANO criteria to assess disease
progression, RTOG 0825 used the traditional
Macdonald criteria, which only evaluates
enhancing disease [73, 74]. The differences in the
radiographic assessments used in the AVAglio
and RTOG0825 trials are laid out in detail in a
publication by Chinot et al. [75].

Both trials also attempted to assess other
measures of net clinical benefit, including
Karnofsky performance status, corticosteroid
requirement, and quality of life measures. Inter-
estingly, the European-led AVAglio and the
US-led RTOG 0825 studies showed conflicting
quality of life outcomes. In the AVAglio trial,
bevacizumab prolonged maintenance of Karnof-
sky performance status and decreased steroid
utilization. Moreover, time to deterioration was
prolonged in 5 pre-specified domains: global
health status, physical and social functioning,
motor dysfunction, and communication deficit.
In contrast, the RTOG 0825 study found that
bevacizumab consistently led to decreased
objective and perceived cognitive function (as
assessed by formal neurocognitive testing), as
well as motor dysfunction and communication
deficits compared to controls. The cause of the
differences in quality of life outcomes is unclear,

but possible reasons include different radio-
graphic response criteria used, substantial drop-
out among RTOG participants, and different
methods of statistical modeling.

Other Antiangiogenic Strategies

In addition to the VEGF neutralizing antibody
bevacizumab, other inhibitors of the VEGF
pathway as well as inhibitors of other angiogenic
growth factors have also failed to show an
overall survival benefit in glioblastoma. Afliber-
cept, a recombinant fusion protein that binds
VEGF and placental growth factor (PIGF),
improved survival in preclinical studies of
glioblastoma but failed to meet its primary end-
point of PFS-6 in a single-arm phase 2 study of
patients with recurrent glioblastoma [76, 77].
Receptor tyrosine kinase inhibitors (TKIs) that
inhibit the VEGF and other angiogenic pathways
have also been evaluated in glioblastoma,
including cediranib, sunitinib, pazopanib, van-
detanib, and sorafenib [78–83]. The only agent to
reach phase 3 of clinical development was cedi-
ranib. A phase 2 study evaluating single-agent
cediranib in patients with recurrent high-grade
glioma showed a 27% radiographic response rate
with a 6 month PFS of 26% [78]. However, a
randomized, placebo-controlled, phase 3 trial of
cediranib monotherapy and cediranib in combi-
nation with lomustine compared to lomustine
alone failed to reach its primary endpoint of PFS
prolongation [79].

Other approaches have included VEGF
receptor blockade and targeting upstream path-
ways that lead to increased VEGF expression.
A phase 2 trial of CT-322, a pegylated protein
that binds and blocks VEGFR2, was terminated
early due to insufficient efficacy [84]. An open
label phase 2 study of the anti-VEGFR2 mono-
clonal antibody ramucirumab versus the
anti-PDGFR monoclonal antibody IMC-3G3 has
completed accrual with results pending. Enzas-
taurin is an oral serine/threonine kinase inhibitor
that targets the proangiogenic protein kinase C
and PI3K/AKT pathways. A randomized, phase
3 trial of enzastaurin versus lomustine in
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recurrent glioblastoma showed no difference in
PFS and OS [85].

Mechanisms of Resistance

Despite promising preclinical data with antian-
giogenic therapy in GBM animal models and
increased PFS in patients, VEGF pathway inhibi-
tion has yet to demonstrate a survival benefit in
GBM patients. Given the multiple pathways
involved in tumor angiogenesis, it is perhaps not
surprising that VEGF pathway inhibition alone
does not durably or completely block tumor
angiogenesis. There are many proposed adaptive
mechanisms of resistance to anti-VEGF therapy.
First, the hypoxic tumor microenvironment may
trigger the release of alternative proangiogenic
factors such as HGF, FGF, ANG-2, SDF1α, and
interleukin-8 [29, 86–89]. Preclinical studies in
GBM animal models demonstrate that dual tar-
geting of VEGF and the alternative proangiogenic
factor Ang-2 may overcome resistance to
anti-VEGF monotherapy [24, 90, 91]. Second,
antiangiogenic therapy may foster other modes of
vessel recruitment, such as vessel co-option,
intussusception, vascular mimicry, recruitment of
endothelial progenitor cells, and differentiation of
cancer stem-like cells into endothelial cells [92–
94]. The process of vessel co-option, whereby
tumors utilize native brain vessels to recruit blood
supply, is under increasing investigation as an
escape mechanism to antiangiogenic therapy. The
molecular mechanisms of vessel co-option are still
poorly understood andwill yield novel approaches
once the pathways involved have been identified.
Third, theremay be inherent insensitivity toVEGF
inhibition among different tumor blood vessel
subtypes with decreased anti-VEGF sensitivity in
pericyte-covered tumor vessels [23, 95]. Further-
more, recruitment of bone marrow-derived cells
such as monocytes and M2-skewed macrophages
may rescue tumor angiogenesis through produc-
tion of pro-angiogenic factors [9, 27, 96]. Lastly,
studies in animal models have also shown that
VEGF inhibition may induce transformation from
a proneural to a more invasive mesenchymal
phenotype [97, 98].

Retrospective data in high grade gliomas and
prospective data in other cancers have suggested
potential benefit of continuing antiangiogenic
therapy past progression, suggesting that resis-
tance is potentially epigenetically based and
reversible [65, 99–101]. This becomes an
important consideration in clinical trials assess-
ing subsequent-line therapies.

Biologic and Imaging Markers

Unlike other targeted therapies, there are cur-
rently no established biomarkers that can be
utilized to select patients who are more likely to
respond to antiangiogenic agents. Biomarkers
that have been assessed as possible predictors of
increased efficacy include a 10-gene panel iden-
tified by RTOG 0825 [102], proneural tran-
scriptional glioblastoma subtype [103], VEGF
expression [104], epidermal growth factor
receptor (EGFR), platelet-derived growth factor
receptor a (PDGFR-a), and c-KIT [105]. How-
ever, none of these markers have been validated
and none are intended for clinical practice. Other
candidate biomarkers include circulating cytoki-
nes such as VEGF and sVEGFR2 [71, 106],
SDH1α [107], and matrix metalloproteinases [27,
108].

Efforts have also been directed at accurately
defining tumor response and progression as well
as using novel imaging techniques to predict
response. Unlike the Macdonald criteria, the
RANO criteria account for the possible effect of
antiangiogenic treatment on reducing tumor
enhancement when determining disease pro-
gression [73]. Antiangiogenic therapy decreases
vessel permeability, leading to a usually transient
phenomenon of decreased enhancement known
as “pseudoresponse”. Possible imaging markers
to predict tumor response include apparent dif-
fusion coefficient [109], restriction spectrum
imaging [110], dynamic contrast enhanced
(DCE) and dynamic susceptibility-contrast
(DSC) techniques [111, 112], vessel architec-
tural imaging [113], and dopamine and positron
emission tomography [114, 115]. Cerebral blood
flow has also been investigated, with increased
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tumor perfusion correlating with an increase in
overall survival in newly diagnosed and recurrent
glioblastoma patients treated with cediranib, a
pan-VEGF kinase inhibitor [105, 116].

Immunotherapy and Antiangiogenic
Therapy

Responses to immunotherapy across a spectrum
of cancers has led to interest in this strategy in
glioblastomas despite the historical view that the
central nervous system is immune-privileged due
to the blood brain barrier. Preclinical data in
extracranial tumors have suggested that antian-
giogenic therapies increase tumor delivery of
activated T cells, making the tumor more sus-
ceptible to immune attack [20]. Moreover, vas-
cular normalization may promote an
“immunosupportive tumor microenvironment”
[18, 24, 90], thereby enhancing the effects of
immunotherapy. There are a number of clinical
trials evaluating the use of antiangiogenic ther-
apy in combination with immune checkpoint
inhibitors (pembrolizumab, MEDI4736),
immune stimulants (Plerixafor), and vaccines
(SL-701, rindopepimut, heat shock protein pep-
tide complexes) in patients with glioblastoma.
Preliminary results from a phase 2 trial of stan-
dard of care plus bevacizumab in combination
with a dendritic cell vaccine showed improved
OS in the combination group compared to the
vaccine or bevacizumab alone [117]. Preliminary
results from the phase 2 ReACT study of patients
with EGFRvIII mutant recurrent glioblastomas
found that the combination of the vaccine rin-
dopepimut with bevacizumab prolonged median
OS to 12 months versus 8.8 months for the
control arm (bevacizumab plus keyhole limpet
hemocyanin) [118]. PFS-6 was also significantly
increased from 11% in the control arm to 27% in
the experimental arm. Additionally, animal
models have shown promising results in the use
of antiangiogenic therapy in combination with
adoptive cell transfer [119].

Future Directions

Multiple clinical trials of antiangiogenic agents
in newly diagnosed and recurrent glioblastoma
have failed to show an overall survival benefit.
Given the existence of multiple, redundant,
pro-angiogenic signal transduction pathways and
the propensity of glioblastoma to develop resis-
tance to therapeutics targeting one pathway,
combination strategies are the logical next step in
the development of anti-angiogenic agents.
These may include combinations of multiple
anti-angiogenic agents or the combination of
anti-angiogenic drugs with other classes of ther-
apeutics like immunotherapy. To better assess
which patients are most likely to derive clinical
benefit from antiangiogenic agents, further
research on imaging and biologic markers is
essential. Advances in genetically modified
mouse models (GEMMs), patient-derived and
stem-like cell models of glioma, and importantly,
human tumor-bearing humanized mouse models
will allow for more translatable preclinical stud-
ies. Additional studies are also needed to clarify
the conflicting data on the benefits of anti-VEGF
therapy on quality of life, an area of particular
importance to patients with glioblastoma. Given
retrospective data suggesting that treatment of
patients with high-grade glioma with low doses
of bevacizumab (5 mg/kg per week) may be
superior to standard dosing, further work is
needed to clarify the optimal dose and adminis-
tration schedule [120]. Lastly, a better under-
standing of the mechanisms of resistance to
antiangiogenic therapy will facilitate the devel-
opment of more effective therapeutic targets and
treatment strategies.
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12Immunotherapy for High-Grade
Gliomas

Teilo H. Schaller and John H. Sampson

Introduction

Anti-cancer immunotherapies which activate the
patient’s own immune system have shown effi-
cacy and specificity in a variety of cancers,
promising safer and more effective therapies.
FDA approval of the anti-CD20 antibody ritux-
imab for the treatment of lymphoma, the
anti-HER2 antibody herceptin for treatment of
breast cancer, and breakthrough checkpoint
inhibitors such as anti-CTLA4 and anti-PD-1
have validated the field of immunotherapy and
herald the start of an immunotherapy age that is
revolutionizing cancer treatment [1–3].

The Not-So-Privileged Blood-Brain
Barrier

Traditionally, literature describing the central
nervous system (CNS) portrays a limited
immune response marked by the blood–brain
barrier, lack of a conventional lymphatic drai-
nage system, and low levels of T cells,
antigen-presenting cells, and major histocom-
patibility complexes [4]. However, recent find-
ings provide evidence that while CNS entry is
limited, there is a fully developed immune

response in the brain. These findings include a
lymph node-like drainage system which drains
CNS antigens from the cerebrospinal fluid into
the cervical lymph nodes, thereby facilitating
immune surveillance of the CNS [5]. In addition,
evidence shows that some immune cells are fully
able to migrate into the CNS, where they are
involved in diseases such as multiple sclerosis,
CNS infections, and are also found in gliomas [4,
6]. In addition to the not-so-privileged blood–
brain barrier, angiogenesis around the growing
brain tumor leads to deterioration of brain
microvasculature, increasing leakage [7]. That is,
barrier functions such as tight junctions between
the endothelial or transcytosis mechanisms may
be relaxed, allowing increased penetration by
immune cells [8].

Both the inherent control of the immune sys-
tem over the brain and the deterioration of the
blood–brain barrier during cancer growth warrant
the potential of immunotherapy to redirect and
activate immune cells that specifically recognize
tumor cells within the brain.

Targets for Immunotherapies

The premise of immunotherapy rests on the idea
that tumor cells are foreign and that the immune
system can be taught to recognize the foreign
cells or that a pre-existing immune response can
be augmented. In order for such recognition to
take place, antigens must be found that identify a
specific tumor type and elicit an immune
response. Broadly speaking, there are two types
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of immunologic targets, (i) tumor-associated
antigens and (ii) tumor-specific antigens.

Tumor-Associated Antigens

Tumor-associated antigens (TAAs) are normal
proteins that are overexpressed in tumor cells and
can thereby serve to direct the immunologic
response. Commonly, these antigens are
lineage-differentiation antigens such as colorectal
cancer antigens (CEA) [9] and alpha-fetoprotein
(AFP) [10]. The major concern is that the
expression of these antigens on healthy tissue,
even if limited, could lead to autoimmunity if a
potent immune response is elicited.

In glioblastoma, several studies have shown
the overexpression of numerous proteins that
could serve as immunological targets and for
some antigens, clinical efficacy has been shown
[11, 12]. Numerous studies have tested TAAs as
potential immunotherapeutic targets for malig-
nant brain tumors, including survivin, HER2neu,
EphA2, EGFR, and telomerase [12–18].

Cancer/testis antigens (CTAs) represent a
unique class of TAAs with normal expression
restricted to germ cells in the testis but not in
adult somatic cells. The melanoma-associated
CTAs (MAGE, CAGE) are extensively expres-
sed in a wide range of different cancers [19, 20].

An extensive expression analysis by Freitas
et al. analyzed 153 cancer/testis antigens (CTAs),
a class of differentiation antigens shown to be
variably expressed within GBM tumors, and
identified 4 CTAs (ACTL8, CTCFL, OIP5, and
XAGE3) uniquely expressed within GBM
tumors when compared to normal brain [21].

As with all TAAs, the question remains
whether an approach targeting these antigens will
yield a therapeutic window that shows efficacy
yet limits adverse effects on healthy tissue
expressing low levels of the antigen.

Tumor-Specific Antigens

In contrast to TAAs, which are normal proteins
upregulated in cancer, tumor-specific antigens

(TSAs) arise as mutations of normal proteins
during the course of tumor progression and result
in antigens that are exclusively expressed on
malignant cells, albeit often on a subset of tumor
cells. These antigens serve as prime targets for
immunotherapies, as possible side effects such as
cytotoxicity to healthy tissue are avoided.

In glioblastoma, a number of TSAs have been
identified, of which some have already pro-
gressed into the clinic. Recent advances in
genetic sequencing are rapidly identifying new
mutations that identify subgroups of patients
expressing a certain histologic type of brain
cancer [22]. These neoantigens will need to be
tested for their immunogenic potential to deter-
mine which can be used to develop future
immunotherapies.

Currently, there are two TSAs that are highly
prevalent and have shown immunogenicity in
numerous studies. EGFRvIII is a conserved
mutation of the epidermal growth factor receptor
that is seen in approximately 31–50% of patients
with GBM as well as in other cancers [23–28]. In
those patients positive for EGFRvIII, the muta-
tion is expressed in 37–87% of tumor cells.

A conserved mutation of isocitrate dehydro-
genase type 1 (IDH1), which occurs at the critical
arginine residue (Arg 132) in the catalytic
pocket, results in a neomorphic enzymatic func-
tion, genetic instability, and malignant transfor-
mation [29]. This mutation, termed IDH1
(R132H), occurs in more than 70% of grade III
gliomas and, from a therapeutic viewpoint, rep-
resents an ideal candidate for a tumor-specific
treatment of malignant glioma [30].

In addition, viral antigens, when upregulated
specifically on malignant cells, may also serve as
TSAs and have the unique advantage of being
intrinsically foreign to the host and thus
immunogenic. Therefore, while viruses may not
be exclusively restricted to tumor cells, their
expression is often undetectable in normal tissue
of patients harboring virus-associated cancers.
Our laboratory and others have recently shown
human cytomegalovirus infection and low-level
viral gene expression in malignant glioma [31,
32]. Given the success and safety of cellular
immunotherapeutics targeting CMV in
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immunocompromised patients, immunodominant
CMV antigens such as immediate early 1 (IE1),
phosphoprotein 65 (pp65), and glycoprotein B
(gB) have been shown to be expressed in GBM
tumors and represent possible tumor-specific
targets for the development of immunotherapies
[33–35].

Antibodies for the Treatment
of Intracerebral Malignancies

Monoclonal Antibodies Target Tumor
Epitopes

The development of monoclonal antibodies
(mAbs) recognizing specific epitopes has been
used for the immunological treatment of many
diseases, including cancer [36]. By recognizing
and binding to specific epitopes, mAbs expose
intruding cells and target them for uptake by
phagocytic cells of the immune system, such as
macrophages and dendritic cells. Furthermore,
mAbs can target cellular components, such as
secreted proteins, and thereby interfere with cell
signaling.

Advances in technology over the past decades
have made it possible to produce fully human
affinity-matured antibodies via phage display
directed evolution, transgenic mice, or mRNA
and ribosome display, thereby resolving com-
plications associated with murine antibodies such
as human anti-mouse antibody formation and
cytokine release syndrome [37–41].

Although antibodies can be found in the
central nervous system at physiologic levels,
GBM-induced disruptions of the blood–brain
barrier facilitate antibody penetration. Several
studies have shown that injecting antibodies IV
in GBM patients results in significant therapeutic
benefit [42–45]. In murine GBM models, an
antibody directed against tenascin, a component
of the tumor stroma, given systemically was
shown to selectively localize to the tumor [42,
43].

The epidermal growth factor receptor (EGFR)
is a well-studied and versatile signal transducer
that is involved in cell proliferation,

differentiation, survival, and metastasis [46].
EGFR is overexpressed in a number of tumors
and plays an important role in the development
of high-grade gliomas, especially in glioblastoma
where it is commonly (40–60% of patients)
amplified up to hundreds of gene copies [47, 48].
Anti-EGFR antibodies approved for the treat-
ment of colorectal and head and neck cancers
have been shown to inhibit ligand binding,
receptor dimerization, and downstream signaling
[49]. Sym004, a recently developed anti-EGFR
antibody with enhanced effectiveness, is being
tested in a phase II trial in recurrent glioblastoma
in both patients that failed and did not fail
bevacizumab treatment (Table 12.1).

Bispecific Antibodies Redirect
and Activate Effector Immune Cells

Various solid tumors show infiltration with T
cells and increased T cell infiltration often cor-
relates with a good clinical outcome [50]. T cell
infiltration has also been shown in glioma and is
increased in high-grade tumors [51]. Substantial
evidence suggests that the redirection of these T
cells to specifically recognize and kill tumor cells
is able to eradicate well-established tumors [52,
53]. Furthermore, clinical data have shown that
mABs suffer from major limitations in their
mode of action, including alternative Fc glyco-
sylation, leading to suboptimal effector cell
interaction, competition with circulating IgG, and
activation of inhibitory receptors [54].

Bispecific antibodies (bsABs) are capable of
binding two distinct targets and can be used to
link T cells to tumor cells. Bispecific T cell
engagers (BiTEs) consist of two
antibody-derived linked single-chain Fv frag-
ments (scFv) that are translated in tandem. One
arm of the BiTE recognizes, for instance, the
CD3 epsilon subunit on the T cell and the other
arm binds a tumor antigen (Fig. 12.1). Upon
binding, the BiTE causes crosslinking between
adjacent tumor cells and T cells, regardless of the
T cell receptor recognition, leading to T cell
activation, synapse formation, and tumor lysis
via perforin and granzyme secretion. Following
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BiTE-mediated tumor cell lysis, the T cells pro-
liferate, express surface activation markers, and
undergo serial rounds of killing [53, 55–57].
Furthermore, since crosslinking depends on
binding to CD3 epsilon, T cell subsets implicated
with tumor progression, such as Tregs, are also
activated to lyse tumor cells [58, 59].

Since T cell activation requires physical
linking to a tumor antigen, the immune activation
is spatially and temporally restricted and highly
specific for the chosen antigen. Furthermore, the
small size of the BiTE results in a short half-life
that allows quick regulation of antibody-
mediated toxicity [60].

A recent clinical trial aims to treat patients
with recurrent or refractory glioblastoma with a
bispecific antibody made by the heteroconjuga-
tion of anti-EGFR and anti-CD3 antibody.
Autologous activated T cells are loaded with the
anti-EGFR-CD3 BiTE and injected intravenously
into the patient with the goal of increasing T
cell-mediated cytotoxicity toward tumor
expressing EGFR [61]. The aim in this trial will
be to determine whether a therapeutic window
exists that will allow cell killing of EGFR over-
expressing tumor cells without afflicting normal
tissue (Table 12.1).

Our laboratory recently developed a BiTE
produced by the heteroconjugation of an
anti-EGFRvIII and anti-CD3 antibody. Experi-
ments in mice show that systemic administration
of the BiTE activates T cells in mice, resulting in
extended survival and durable complete cures at
rates of up to 75% [62]. Given the tumor speci-
ficity of the EGFRvIII antigen, treatment of
patients with this antibody may have fewer side
effects and increased efficacy.

Immune Checkpoint Modulators

The growth of a tumor is marked by significant
changes to the microenvironment, leading to
cancer-associated immunosuppression. This
means that despite the presence of tumor-specific
endogenous T cells, tumors escape destruction
by upregulating inhibitory ligands that bind to
inhibitory receptors on T cells, secretion of
inhibitory cytokines (including TGF-beta and
IL-10), and other mechanisms. This immuno-
suppression is particularly pronounced in glioma
patients and leads to T cell dysfunction and an
increase in the regulatory T cell phenotype
[63–66].

Fig. 12.1 BiTE mode of action. The
anti-CD3-EGFRvIII bispecific T cell engager (BiTE) is
able to bind the CD3 epsilon subunit of the T cell receptor
with one of its single-chain Fv (scFv) fragments and
EGFRvIII on the glioma cell with the other scFv

fragment. This leads to spatially restricted crosslinking
and activation of the T cell, resulting in T cell-mediated
tumor cell cytotoxicity via synapse formation and the
release of perforin and granzyme
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Novel strategies for dealing with
tumor-associated immunosuppression are the
development of antagonistic mABs which block
inhibitory ligands, such as CTLA-4, PD-1 and
PD-L1, and agonistic mABs that stimulate the
immune response by binding agonistic cell sur-
face molecules, such as OX40 and 4-1BB
(Fig. 12.2). Recent advances, in particular the
FDA approval of the nivolumab–ipilimumab
combination for the treatment of metastatic
melanoma, highlight the powerful effect and
curative potential of immune checkpoint modu-
lators [67].

Using anti-CTLA4 antibodies, our laboratory
was able to show that systemic CTLA-4 block-
ade leads to long-term survival in 80% of treated
mice with established gliomas without eliciting
experimental allergic encephalomyelitis. Fur-
thermore, treatment resulted in the recovery of
normal CD4+ T cell counts and proliferative
capacity and also suppressed increases in CD4+

CD25+ Foxp3+ GITR+ regulatory T cell frac-
tions [68].

The first clinical trials with anti-CTLA4 and
anti-PD-1 antibodies have recently begun for the
treatment of newly diagnosed and recurrent
GBM and are being tested alone or in combina-
tion with other checkpoint modulators, small
molecules, and mAbs (Table 12.1). In one study

comparable to the recent approval of ipili-
mumab–nivolumab combination for melanoma,
anti-CTLA4 and anti-PD-1 are being tested sep-
arately or in combination in a three-armed study
in patients with newly diagnosed GBM
(Table 12.1).

However, even though trials using checkpoint
inhibitors and agonists or combinations thereof
have shown unprecedented potential for treating
various cancer types, only a certain percentage of
patients respond and toxicities are significant [3,
69]. The reasons for this are still unclear but are
likely to also occur in GBM, emphasizing the
need for in-depth diagnosis and hinting at the
future of personalized medicine where certain
checkpoint modulators or combinations thereof
are prescribed based on patient-specific cancer
and genetic traits.

Vaccinations for Tumor Control

The goal of vaccination is to sensitize the
immune system against a target antigen and
thereby elicit a potent and specific immune
response that includes a memory response to the
target. While vaccination has been used to suc-
cessfully prevent and eradicate numerous dis-
eases such as polio, tetanus, and typhoid,

Fig. 12.2 Immune checkpoint modulators. Monoclonal
antibodies directed against the immune checkpoint
inhibitors CTLA4 and PD1/PD-L1 are used to prevent
downregulation of T cell activity and show high potential

in GBM. OX40 and 4-1BB are agonistic molecules that,
when bound by an antibody, stimulate T cell activity.
Both mechanisms lead to a broad upregulation of immune
cell activity. APC, antigen-presenting cell
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anti-tumor vaccinations have not shown the same
efficacy and a lot of research is currently ongoing
in this field.

Peptides

The major determinant for peptide vaccine-
mediated immunogenicity is antigen choice.
TAAs, given their expression on normal cells,
usually elicit a subdued immune response due to
central tolerance. On the other hand, TSAs, given
their exclusive presentation on tumor cells, gen-
erally elicit a robust immune response similar to
the immune response seen against antigens of
infectious diseases.

The advantage of TAAs is their high fre-
quency of expression in gliomas, making it
possible to give most patients off-the-shelf syn-
thetic tumor antigen peptides. Furthermore, by
giving patients a cocktail of peptides, a broader
immune response targeting multiple tumor sub-
sets can be elicited. In contrast, TSAs are unique
to the tumor and thereby peptides from these
antigens may result in a highly tumor-focused
immune response.

The mutated protein EGFRvIII, as discussed
previously, represents an ideal target for
anti-tumor immunotherapy. Our laboratory con-
structed a 13-amino-acid peptide spanning the
vIII mutation and conjugated it to keyhole limpet
hemocyanin (KLH). A phase II clinical trial
showed that patients with EGFRvIII-positive
newly diagnosed GBM, when vaccinated with
rindopepimut, the EGFRvIII peptide, had a
median survival of 26 months compared with the
control historical cohort, which had a median
survival of 15 months [70]. These positive
results led to the start of a currently ongoing
phase III clinical trial with the EGFRvIII peptide
vaccine (Table 12.2).

However, given the heterogeneous nature of
malignant brain tumor and peptide HLA restric-
tions, the drawback of single peptide vaccina-
tions is that they may only be effective in a
percentage of patients, and in the case of
tumor-specific peptides only in the subset of
patients expressing the mutated peptide. Trials

are ongoing to determine whether combinations
of multiple peptides will result in clinically
effective peptide vaccination strategies
(Table 12.2). Furthermore, increased research on
neoantigens, antigens that spontaneously arise in
individuals during the course of tumor progres-
sion, may lead to personalized solutions in which
a patient’s tumor is sequenced after resection and
peptide vaccinations are constructed based on the
mutanome. Even though major challenges
remain, such as locating immunogenic mutations
and quickly constructing immunogenic peptides,
clinical trials employing a personalized peptide
pool approach have commenced (Table 12.2).

Whole Tumor Lysate

Whole tumor lysate can be used as a source of
antigen and has the advantage of providing a
tumor-specific repertoire of all potentially
immunogenic epitopes. The rich repertoire of
tumor-associated antigens contains epitopes for
both CD8+ and CD4+ T cells, which is impor-
tant as the parallel presentation of MHC Class I
and II antigens could result in a stronger
anti-tumor response and boost CD8+ T cell
memory [71]. The use of tumor lysate and its
encompassing antigen repertoire could also
eliminate the time-consuming task of discovering
strongly immunogenic antigens.

Tumor lysates can either be obtained from
autologous tumor cells, which are taken from the
patient, or from an allogenic cell line. Autolo-
gous tumor cells are only useful in
patient-specific anti-tumor immunotherapies
while allogenic tumor cells can be stored at cell
banks and vaccines can be created en masse at
GMP facilities [72]. Given alone, tumor lysates
are administered with a strong adjuvant hapten to
provoke a strong inflammatory response and
increase their immunogenicity. In a murine
glioma model, a CpG-tumor lysate vaccine given
subcutaneously had a cure rate of up to 55% and
showed significantly longer survival times than
tumor lysate or CpG alone. Given their potential
to be immunosuppressive, an alternative
approach, discussed below, is to create dendritic
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cell vaccinations by pulsing dendritic cells with
tumor lysate [73].

Dendritic Cells

Dendritic cells (DCs), with their powerful
antigen-presenting function and unique ability to
activate naïve T cells, form a crucial link
between the innate and adaptive immune system.
As sentinel members of the innate immune sys-
tem, DCs scavenge for foreign antigens (PAMPs)
and in response release cytokines. As members
of the adaptive immune response, DCs take up
pathogenic antigens, process them internally, and
present them on their cell surface, thereby acti-
vating naïve, effector, and memory T cells and B
cells, as well as maintaining tolerance against
self-antigens [74]. In fact, DCs are described as
the most potent endogenous activators of de
novo T cell and B cell responses [75].

DC vaccination in GBM is based on the pre-
mise that patient-derived DCs can be generated
ex vivo, stimulated to present immunogenic
antigen, and reinfused into the patient where the

cells will activate the adaptive immune response
to destroy malignant cells (Fig. 12.3).
Tumor-specific stimulation can be achieved by
loading DCs with tumor cell lysate, peptides,
viral vectors, DNA, or RNA [76–82].

In addition to loading DCs with the optimal
tumor antigen, numerous components of the DC
vaccine production process are undergoing
investigation to produce potent immune respon-
ses. DCs can be matured in vitro to amplify the
immune response using adjuvants or
pro-inflammatory molecules. Though the optimal
DC maturation is still under investigation, the
current “gold standard” is a cytokine cocktail
containing GM-CSF, IL-4, TNF-α, IL-1β, IL-6,
and, in some instances, prostaglandin E2 (PGE2)
[83, 84]. Subsequently, cytokines and chemoki-
nes have been used as adjuvants to increase
antigen presentation and boost T cell expansion.
Specifically, GM-CSF has been the most fre-
quently used adjuvant and has shown efficacy in
various systemic cancers and experimental brain
tumors [85]. The therapeutic mechanism of
GM-CSF involves the paracrine-mediated local
release of GM-CSF at the vaccine/tumor antigen

Fig. 12.3 Dendritic cell vaccine production. Patients
first undergo leukapheresis to isolate PBMCs, followed
by a period of differentiation to obtain immature dendritic
cells (DCs). These cells are then loaded with antigens in
the form of RNA, DNA, viral vectors, tumor lysate, or

peptides. The DCs endogenously process the antigen and
present it on their MHC molecules and, after a maturation
step, the DCs are reinfused into the patient where they
home to the lymph node and activate a tumor-specific
immune response
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presentation interface and the resulting recruit-
ment and activation of APCs [86]. These APCs
consequently prime CD8+ and CD4+ T cells
which recognize the tumor antigen, infiltrate the
tumor cells, and lead to tumor regression [87].

Our laboratory has shown clinical efficacy in
treating GBM patients with mRNA-transfected
DCs [88]. RNA-transfected DCs have the major
advantage that this approach is applicable to a
wide range of patients as RNA can be amplified
from a small number of tumor cells, meaning
very little tumor sample is needed to prepare the
therapy. In terms of safety, stimulating DCs with
mRNA poses no risk of integration and is
therefore a transient therapy, as compared to viral
or DNA vectors [74]. In a recent randomized
clinical trial, our group generated a dendritic cell
vaccine using pp65 mRNA for treating
glioblastoma (NCT00639639). Given its high
and specific expression in glioblastoma, this viral
antigen is ideal for eliciting a specific tumor
response. By pre-conditioning patients with
tetanus/diphtheria toxoid, lymph node homing
and efficacy of the tumor antigen-specific DCs as
well as patient survival was significantly
increased [88]. A confirmatory double-blinded
clinical trial is now testing the effects of tetanus
preconditioning on survival in patients with
newly diagnosed GBM (Table 12.2).

Alternatively, DCs can be pulsed with whole
tumor lysate, which has a number of (theoretical)
advantages over peptide loading, including the
availability of the full repertoire of
tumor-associated antigens, thereby allowing the
DCs to “choose” the immunogenic antigen, and
increasing the patient-response rate. Using
autologous tumor cell lysate from each patient to
load the DCs could represent an important step
toward personalized medicine in the treatment of
GBM. The DCVax-L vaccine (autologous den-
dritic cells pulsed with autologous tumor cell
lysate) showed a 3-year overall survival rate, 2.5
times the usual period of survival, in a phase I/II
clinical trial in newly diagnosed GBM, extended
survival by 5 months or more for recurrent

GBM, and is currently being tested in a blinded
randomized phase III trial (Table 12.2) [89–91].

Considerations for the Future

Despite years of dedicated research, diagnosis
with malignant gliomas, especially glioblastoma,
remains a death sentence and places a heavy
burden upon society. With a median survival of
15–17 months, traditional tumor treatments for
GBM are of limited use and the need for directed
therapy is dire. Recent developments in the field
of immunotherapy, such as the peptide vaccine
rindopepimut and the dendritic cell vaccine
DCVax-L, have seen significant increases in
overall survival and give hope that
immunotherapy will play a major role in the
treatment of malignant gliomas in the upcoming
years.

The recent stunning success of checkpoint
modulators, particularly the FDA approval of
nivolumab–ipilimumab combination for treating
metastatic melanoma, further validates
immunotherapeutic approaches and is driving a
number of ongoing clinical trials testing check-
point inhibitors alone or in combination in
high-grade glioma patients. However, issues
such as serious toxicities and the large fraction of
non-responders seen in other tumors will need to
be addressed in glioma treatment.

Ultimately, long-term treatment of malignant
gliomas may require approaches that combine
traditional cancer therapies with various
immunotherapeutics that serve to activate a
tumor-specific immune response and maintain a
tumor-suppressive milieu. The optimal combi-
nation of treatments could include peptides,
mAbs, checkpoint modulators, and loaded DCs
as well as activated immune cells and viral vec-
tors and may require patient-specific personal-
ization based on glioma subgroups, heterogeneity
profiling, genetic sequencing, and current
immune cell counts. Clinical trials testing such
extensive combination approaches will need to

188 T.H. Schaller and J.H. Sampson



use high-powered multi-armed approaches to
discern therapeutic efficacy.

References

1. Dotan E, Aggarwal C, Smith MR. Impact of
rituximab (rituxan) on the treatment of B-Cell
non-hodgkin’s lymphoma. P T. 2010;35(3):148–57.

2. Baselga J. Clinical trials of herceptin(R) (trastuzu-
mab). Eur J Cancer. 2001;37(Suppl 1):18–24.

3. Kim T, Amaria RN, Spencer C, Reuben A,
Cooper ZA, Wargo JA. Combining targeted therapy
and immune checkpoint inhibitors in the treatment of
metastatic melanoma. Cancer Biol Med. 2014;11
(4):237–46.

4. Preusser M, Lim M, Hafler DA, Reardon DA,
Sampson JH. Prospects of immune checkpoint mod-
ulators in the treatment of glioblastoma. Nat Rev
Neurol. 2015;11(9):504–14.

5. Louveau A, Smirnov I, Keyes TJ, Eccles JD,
Rouhani SJ, Peske JD, et al. Structural and functional
features of central nervous system lymphatic vessels.
Nature. 2015;523(7560):337–41.

6. Ransohoff RM, Engelhardt B. The anatomical and
cellular basis of immune surveillance in the central
nervous system. Nat Rev Immunol. 2012;12(9):623–
35.

7. Balabanov R, Dore-Duffy P. Role of the CNS
microvascular pericyte in the blood-brain barrier.
J Neurosci Res. 1998;53(6):637–44.

8. Banks WA, Erickson MA. The blood-brain barrier
and immune function and dysfunction. Neurobiol
Dis. 2010;37(1):26–32.

9. Sarobe P, Huarte E, Lasarte JJ, Borras-Cuesta F.
Carcinoembryonic antigen as a target to induce
anti-tumor immune responses. Curr Cancer Drug
Targets. 2004;4(5):443–54.

10. He Y, Hong Y, Mizejewski GJ. Engineering
alpha-fetoprotein-based gene vaccines to prevent
and treat hepatocellular carcinoma: review and future
prospects. Immunotherapy. 2014;6(6):725–36.

11. Tandon M, Vemula SV, Mittal SK. Emerging
strategies for EphA2 receptor targeting for cancer
therapeutics. Expert Opin Ther Targets. 2011;15
(1):31–51.

12. Okada H, Low KL, Kohanbash G, McDonald HA,
Hamilton RL, Pollack IF. Expression of
glioma-associated antigens in pediatric brain stem
and non-brain stem gliomas. J Neurooncol. 2008;88
(3):245–50.

13. Fenstermaker RA, Ciesielski MJ. Challenges in the
development of a survivin vaccine (SurVaxM) for
malignant glioma. Expert Rev Vaccines. 2014;13
(3):377–85.

14. Liu R, Mitchell DA. Survivin as an immunothera-
peutic target for adult and pediatric malignant brain

tumors. Cancer Immunol Immunother. 2010;59
(2):183–93.

15. Komata T, Kanzawa T, Kondo Y, Kondo S. Telom-
erase as a therapeutic target for malignant gliomas.
Oncogene. 2002;21(4):656–63.

16. Akiyama Y, Komiyama M, Miyata H, Yagoto M,
Ashizawa T, Iizuka A, et al. Novel cancer-testis
antigen expression on glioma cell lines derived from
high-grade glioma patients. Oncol Rep. 2014;31
(4):1683–90.

17. Ahmed N, Salsman VS, Kew Y, Shaffer D, Powell S,
Zhang YJ, et al. HER2-specific T cells target primary
glioblastoma stem cells and induce regression of
autologous experimental tumors. Clin Cancer Res.
2010;16(2):474–85.

18. Pedersen MW, Jacobsen HJ, Koefoed K, Hey A,
Pyke C, Haurum JS, et al. Sym004: a novel
synergistic anti-epidermal growth factor receptor
antibody mixture with superior anticancer efficacy.
Cancer Res. 2010;70(2):588–97.

19. Zendman AJ, Ruiter DJ, Van Muijen GN.
Cancer/testis-associated genes: identification, expres-
sion profile, and putative function. J Cell Physiol.
2003;194(3):272–88.

20. Bolli M, Kocher T, Adamina M, Guller U,
Dalquen P, Haas P, et al. Tissue microarray evalu-
ation of melanoma antigen E (MAGE)
tumor-associated antigen expression: potential indi-
cations for specific immunotherapy and prognostic
relevance in squamous cell lung carcinoma. Ann
Surg. 2002;236(6):785–93 (discussion 93).

21. Freitas M, Malheiros S, Stavale JN, Biassi TP,
Zamuner FT, de Souza Begnami M, et al. Expression
of cancer/testis antigens is correlated with improved
survival in glioblastoma. Oncotarget. 2013;4(4):636–
46.

22. Cancer Genome Atlas Research N. Comprehensive
genomic characterization defines human glioblas-
toma genes and core pathways. Nature. 2008;455
(7216):1061–8.

23. Aldape KD, Ballman K, Furth A, Buckner JC,
Giannini C, Burger PC, et al. Immunohistochemical
detection of EGFRvIII in high malignancy grade
astrocytomas and evaluation of prognostic signifi-
cance. J Neuropathol Exp Neurol. 2004;63(7):700–7.

24. Frederick L, Wang XY, Eley G, James CD. Diversity
and frequency of epidermal growth factor receptor
mutations in human glioblastomas. Cancer Res.
2000;60(5):1383–7.

25. Wikstrand CJ, McLendon RE, Friedman AH,
Bigner DD. Cell surface localization and density of
the tumor-associated variant of the epidermal growth
factor receptor, EGFRvIII. Cancer Res. 1997;57
(18):4130–40.

26. Wong AJ, Ruppert JM, Bigner SH, Grzeschik CH,
Humphrey PA, Bigner DS, et al. Structural alter-
ations of the epidermal growth factor receptor gene in
human gliomas. Proc Natl Acad Sci USA. 1992;89
(7):2965–9.

12 Immunotherapy for High-Grade Gliomas 189



27. Cunningham MP, Essapen S, Thomas H, Green M,
Lovell DP, Topham C, et al. Coexpression, prog-
nostic significance and predictive value of EGFR,
EGFRvIII and phosphorylated EGFR in colorectal
cancer. Int J Oncol. 2005;27(2):317–25.

28. Garcia de Palazzo IE, Adams GP, Sundareshan P,
Wong AJ, Testa JR, Bigner DD, et al. Expression of
mutated epidermal growth factor receptor by
non-small cell lung carcinomas. Cancer Res.
1993;53(14):3217–20.

29. Schumacher T, Bunse L, Pusch S, Sahm F,
Wiestler B, Quandt J, et al. A vaccine targeting
mutant IDH1 induces antitumour immunity. Nature.
2014;512(7514):324–7.

30. Yan H, Parsons DW, Jin G, McLendon R,
Rasheed BA, Yuan W, et al. IDH1 and IDH2
mutations in gliomas. N Engl J Med. 2009;360
(8):765–73.

31. Mitchell DA, Xie W, Schmittling R, Learn C,
Friedman A, McLendon RE, et al. Sensitive detection
of human cytomegalovirus in tumors and peripheral
blood of patients diagnosed with glioblastoma. Neuro
Oncol. 2008;10(1):10–8.

32. Cobbs CS, Harkins L, Samanta M, Gillespie GY,
Bharara S, King PH, et al. Human cytomegalovirus
infection and expression in human malignant glioma.
Cancer Res. 2002;62(12):3347–50.

33. Sampson JH, Mitchell DA. Vaccination strategies for
neuro-oncology. Neuro Oncol. 2015;17(Suppl 7):
vii15–25.

34. Fuji S, Kapp M, Grigoleit GU, Einsele H. Adoptive
immunotherapy with virus-specific T cells. Best Pract
Res Clin Haematol. 2011;24(3):413–9.

35. Riddell SR, Greenberg PD. Cellular adoptive
immunotherapy after bone marrow transplantation.
Cancer Treat Res. 1995;76:337–69.

36. Reichert JM, Valge-Archer VE. Development trends
for monoclonal antibody cancer therapeutics. Nat
Rev Drug Discov. 2007;6(5):349–56.

37. Hoogenboom HR. Selecting and screening recombi-
nant antibody libraries. Nat Biotechnol. 2005;23
(9):1105–16.

38. Lonberg N. Fully human antibodies from transgenic
mouse and phage display platforms. Curr Opin
Immunol. 2008;20(4):450–9.

39. Gaston RS, Deierhoi MH, Patterson T, Prasthofer E,
Julian BA, Barber WH, et al. OKT3 first-dose
reaction: association with T cell subsets and cytokine
release. Kidney Int. 1991;39(1):141–8.

40. Hansel TT, Kropshofer H, Singer T, Mitchell JA,
George AJ. The safety and side effects of monoclonal
antibodies. Nat Rev Drug Discov. 2010;9(4):325–38.

41. Reynolds JC, Del Vecchio S, Sakahara H, Lora ME,
Carrasquillo JA, Neumann RD, et al. Anti-murine
antibody response to mouse monoclonal antibodies:
clinical findings and implications. Int J Rad Appl
Instrum B. 1989;16(2):121–5.

42. Bourdon MA, Coleman RE, Blasberg RG,
Groothuis DR, Bigner DD. Monoclonal antibody
localization in subcutaneous and intracranial human

glioma xenografts: paired-label and imaging analysis.
Anticancer Res. 1984;4(3):133–40.

43. Bullard DE, Adams CJ, Coleman RE, Bigner DD. In
vivo imaging of intracranial human glioma xeno-
grafts comparing specific with nonspecific radiola-
beled monoclonal antibodies. J Neurosurg. 1986;64
(2):257–62.

44. Scott AM, Lee FT, Tebbutt N, Herbertson R, Gill SS,
Liu Z, et al. A phase I clinical trial with monoclonal
antibody ch806 targeting transitional state and
mutant epidermal growth factor receptors. Proc Natl
Acad Sci USA. 2007;104(10):4071–6.

45. Zalutsky MR, Moseley RP, Coakham HB, Cole-
man RE, Bigner DD. Pharmacokinetics and tumor
localization of 131I-labeled anti-tenascin monoclonal
antibody 81C6 in patients with gliomas and other
intracranial malignancies. Cancer Res. 1989;49
(10):2807–13.

46. Schlessinger J. Cell signaling by receptor tyrosine
kinases. Cell. 2000;103(2):211–25.

47. Kang CS, Zhang ZY, Jia ZF, Wang GX, Qiu MZ,
Zhou HX, et al. Suppression of EGFR expression by
antisense or small interference RNA inhibits U251
glioma cell growth in vitro and in vivo. Cancer Gene
Ther. 2006;13(5):530–8.

48. Watanabe K, Tachibana O, Sata K, Yonekawa Y,
Kleihues P, Ohgaki H. Overexpression of the EGF
receptor and p 53 mutations are mutually exclusive in
the evolution of primary and secondary glioblas-
tomas. Brain Pathol. 1996;6(3):217–23 (discussion
23-4).

49. Li S, Schmitz KR, Jeffrey PD, Wiltzius JJ, Kussie P,
Ferguson KM. Structural basis for inhibition of the
epidermal growth factor receptor by cetuximab.
Cancer Cell. 2005;7(4):301–11.

50. Melero I, Rouzaut A, Motz GT, Coukos G. T-cell
and NK-cell infiltration into solid tumors: a key
limiting factor for efficacious cancer immunotherapy.
Cancer Discov. 2014;4(5):522–6.

51. Lohr J, Ratliff T, Huppertz A, Ge Y, Dictus C,
Ahmadi R, et al. Effector T-cell infiltration positively
impacts survival of glioblastoma patients and is
impaired by tumor-derived TGF-beta. Clin Cancer
Res. 2011;17(13):4296–308.

52. Bargou R, Leo E, Zugmaier G, Klinger M, Goe-
beler M, Knop S, et al. Tumor regression in cancer
patients by very low doses of a T cell-engaging
antibody. Science. 2008;321(5891):974–7.

53. Hoffmann P, Hofmeister R, Brischwein K, Brandl C,
Crommer S, Bargou R, et al. Serial killing of tumor
cells by cytotoxic T cells redirected with a CD19-/
CD3-bispecific single-chain antibody construct. Int J
Cancer. 2005;115(1):98–104.

54. Chames P, Van Regenmortel M, Weiss E, Baty D.
Therapeutic antibodies: successes, limitations and
hopes for the future. Br J Pharmacol. 2009;157
(2):220–33.

55. Offner S, Hofmeister R, Romaniuk A, Kufer P,
Baeuerle PA. Induction of regular cytolytic T cell
synapses by bispecific single-chain antibody

190 T.H. Schaller and J.H. Sampson



constructs on MHC class I-negative tumor cells. Mol
Immunol. 2006;43(6):763–71.

56. Mack M, Gruber R, Schmidt S, Riethmuller G,
Kufer P. Biologic properties of a bispecific
single-chain antibody directed against 17-1A
(EpCAM) and CD3: tumor cell-dependent T cell
stimulation and cytotoxic activity. J Immunol.
1997;158(8):3965–70.

57. Dreier T, Lorenczewski G, Brandl C, Hoffmann P,
Syring U, Hanakam F, et al. Extremely potent, rapid
and costimulation-independent cytotoxic T-cell
response against lymphoma cells catalyzed by a
single-chain bispecific antibody. Int J Cancer.
2002;100(6):690–7.

58. Choi BD, Gedeon PC, Herndon JE, Archer GE,
Reap EA, Sanchez-Perez L, et al. Human regulatory
T cells kill tumor cells through granzyme-dependent
cytotoxicity upon retargeting with a bispecific anti-
body. Cancer Immunol Res. 2013;1(3):163.

59. Choi BD, Gedeon PC, Sanchez-Perez L, Bigner DD,
Sampson JH. Regulatory T cells are redirected to kill
glioblastoma by an EGFRvIII-targeted bispecific
antibody. Oncoimmunology. 2013;2(12):e26757.

60. Chames P, Baty D. Bispecific antibodies for cancer
therapy: the light at the end of the tunnel? MAbs.
2009;1(6):539–47.

61. Zitron IM, Thakur A, Norkina O, Barger GR,
Lum LG, Mittal S. Targeting and killing of glioblas-
toma with activated T cells armed with bispecific
antibodies. BMC Cancer. 2013;13:83.

62. Choi BD, Kuan CT, Cai M, Archer GE, Mitchell DA,
Gedeon PC, et al. Systemic administration of a
bispecific antibody targeting EGFRvIII successfully
treats intracerebral glioma. Proc Natl Acad Sci USA.
2013;110(1):270–5.

63. Dix AR, Brooks WH, Roszman TL, Morford LA.
Immune defects observed in patients with primary
malignant brain tumors. J Neuroimmunol. 1999;100
(1–2):216–32.

64. Roszman T, Elliott L, Brooks W. Modulation of
T-cell function by gliomas. Immunol Today. 1991;12
(10):370–4.

65. Morford LA, Elliott LH, Carlson SL, Brooks WH,
Roszman TL. T cell receptor-mediated signaling is
defective in T cells obtained from patients with
primary intracranial tumors. J Immunol. 1997;159
(9):4415–25.

66. Roszman TL, Brooks WH. Immunobiology of
primary intracranial tumours. III. Demonstration of
a qualitative lymphocyte abnormality in patients with
primary brain tumours. Clin Exp Immunol. 1980;39
(2):395–402.

67. Mullard A. FDA approves first immunotherapy
combo. Nat Rev Drug Discov. 2015;14(11):739.

68. Fecci PE, Ochiai H, Mitchell DA, Grossi PM,
Sweeney AE, Archer GE, et al. Systemic CTLA-4
blockade ameliorates glioma-induced changes to the
CD4+ T cell compartment without affecting regula-
tory T-cell function. Clin Cancer Res. 2007;13
(7):2158–67.

69. Grimaldi AM, Marincola FM, Ascierto PA. Single
versus combination immunotherapy drug treatment
in melanoma. Expert Opin Biol Ther. 2015.

70. Sampson JH, Heimberger AB, Archer GE,
Aldape KD, Friedman AH, Friedman HS, et al.
Immunologic escape after prolonged progression-free
survival with epidermal growth factor receptor
variant III peptide vaccination in patients with newly
diagnosed glioblastoma. J Clin Oncol. 2010;28
(31):4722–9.

71. Toes RE, Ossendorp F, Offringa R,
Melief CJ. CD4 T cells and their role in antitumor
immune responses. J Exp Med. 1999;189(5):753–6.

72. Chiang CL, Benencia F, Coukos G. Whole tumor
antigen vaccines. Semin Immunol. 2010;22(3):132–
43.

73. Wu A, Oh S, Gharagozlou S, Vedi RN, Ericson K,
Low WC, et al. In vivo vaccination with tumor cell
lysate plus CpG oligodeoxynucleotides eradicates
murine glioblastoma. J Immunother. 2007;30
(8):789–97.

74. Batich KA, Swartz AM, Sampson JH. Enhancing
dendritic cell-based vaccination for highly aggressive
glioblastoma. Expert Opin Biol Ther. 2015;15(1):79–
94.

75. Ashley DM, Faiola B, Nair S, Hale LP, Bigner DD,
Gilboa E. Bone marrow-generated dendritic cells
pulsed with tumor extracts or tumor RNA induce
antitumor immunity against central nervous system
tumors. J Exp Med. 1997;186(7):1177–82.

76. Song W, Kong HL, Carpenter H, Torii H,
Granstein R, Rafii S, et al. Dendritic cells genetically
modified with an adenovirus vector encoding the
cDNA for a model antigen induce protective and
therapeutic antitumor immunity. J Exp Med.
1997;186(8):1247–56.

77. Yamaguchi S, Tatsumi T, Takehara T, Sasakawa A,
Hikita H, Kohga K, et al. Dendritic cell-based
vaccines suppress metastatic liver tumor via activa-
tion of local innate and acquired immunity. Cancer
Immunol Immunother. 2008;57(12):1861–9.

78. Hatfield P, Merrick AE, West E, O’Donnell D,
Selby P, Vile R, et al. Optimization of dendritic cell
loading with tumor cell lysates for cancer
immunotherapy. J Immunother. 2008;31(7):620–32.

79. Courreges MC, Benencia F, Conejo-Garcia JR,
Zhang L, Coukos G. Preparation of apoptotic tumor
cells with replication-incompetent HSV augments the
efficacy of dendritic cell vaccines. Cancer Gene Ther.
2006;13(2):182–93.

80. Benencia F, Courreges MC, Coukos G. Whole tumor
antigen vaccination using dendritic cells: comparison
of RNA electroporation and pulsing with
UV-irradiated tumor cells. J Transl Med. 2008;6:21.

81. Okada H, Kalinski P, Ueda R, Hoji A, Kohanbash G,
Donegan TE, et al. Induction of CD8+ T-cell
responses against novel glioma-associated antigen
peptides and clinical activity by vaccinations with
{alpha}-type 1 polarized dendritic cells and
polyinosinic-polycytidylic acid stabilized by lysine

12 Immunotherapy for High-Grade Gliomas 191



and carboxymethylcellulose in patients with recurrent
malignant glioma. J Clin Oncol. 2011;29(3):330–6.

82. Phuphanich S, Wheeler CJ, Rudnick JD, Mazer M,
Wang H, Nuno MA, et al. Phase I trial of a
multi-epitope-pulsed dendritic cell vaccine for
patients with newly diagnosed glioblastoma. Cancer
Immunol Immunother. 2013;62(1):125–35.

83. Kalinski P, Vieira PL, Schuitemaker JH, de Jong EC,
Kapsenberg ML. Prostaglandin E(2) is a selective
inducer of interleukin-12 p40 (IL-12p40) production
and an inhibitor of bioactive IL-12p70 heterodimer.
Blood. 2001;97(11):3466–9.

84. Nair S, Archer GE, Tedder TF. Isolation and
generation of human dendritic cells. Curr Protoc
Immunol. 2012;Chapter 7:Unit7.32.

85. Gardner TA, Elzey BD, Hahn NM. Sipuleucel-T
(provenge) autologous vaccine approved for treat-
ment of men with asymptomatic or minimally
symptomatic castrate-resistant metastatic prostate
cancer. Hum Vaccin Immunother. 2012;8(4):534–9.

86. Gordon EM, Levy JP, Reed RA, Petchpud WN,
Liu L, Wendler CB, et al. Targeting metastatic cancer
from the inside: a new generation of targeted gene

delivery vectors enables personalized cancer vacci-
nation in situ. Int J Oncol. 2008;33(4):665–75.

87. Ojima T, Iwahashi M, Nakamura M, Matsuda K,
Naka T, Nakamori M, et al. The boosting effect of
co-transduction with cytokine genes on cancer vac-
cine therapy using genetically modified dendritic
cells expressing tumor-associated antigen. Int J
Oncol. 2006;28(4):947–53.

88. Mitchell DA, Batich KA, Gunn MD, Huang MN,
Sanchez-Perez L, Nair SK, et al. Tetanus toxoid and
CCL3 improve dendritic cell vaccines in mice and
glioblastoma patients. Nature. 2015;519(7543):366–
9.

89. Hdeib A, Sloan AE. Dendritic cell immunotherapy
for solid tumors: evaluation of the DCVax(R)
platform in the treatment of glioblastoma multiforme.
CNS Oncol. 2015;4(2):63–9.

90. Polyzoidis S, Ashkan K. DCVax(R)-L–developed by
northwest biotherapeutics. Hum Vaccin Immunother.
2014;10(11):3139–45.

91. Bosch M, Prins R, Liau L. Abstract 2491: treatment
with tumor lysate-pulsed autologous dendritic cells
prolongs survival in patients with recurrent glioblas-
toma multiforme. Cancer Res. 2015;75:2491.

192 T.H. Schaller and J.H. Sampson



13Novel Delivery Strategies

David S. Hersh, Aniket S. Wadajkar
and Graeme F. Woodworth

Barriers to Drug Delivery

The delivery of therapeutic agents to malignant
brain tumors faces unique challenges due to
several physical barriers that are only found in the
central nervous system (CNS). The widely stud-
ied “blood–brain barrier” (BBB) is the first
obstacle encountered by drugs that are adminis-
tered intravenously. The BBB is formed primarily
by the specialized endothelial cells of the CNS,
which are linked by tight junctions and are rein-
forced by a continuous, non-fenestrated basal
lamina and by interactions with the surrounding
glia, including pericytes and astrocytic end-foot
processes [1]. The endothelial cell tight junctions
of the BBB effectively limit the paracellular
transport of most compounds. Furthermore,

transcellular transport is typically restricted to
small (less than 400 daltons), lipophilic mole-
cules, or to nutrients and proteins that are recog-
nized by channels or receptors on the endothelial
cell surface, thereby facilitating carrier-mediated
transport (CMT), receptor-mediated transcytosis
(RMT), or adsorption-mediated transcytosis
(AMT). While the BBB protects the CNS from
neurotoxins and infectious agents, it also prevents
nearly 90% of all small molecule drugs and close
to 100% of all large therapeutic agents from
reaching their targets [2, 3]. Although portions of
many malignant brain tumors are associated with
“leaky” blood vessels where there is BBB
breakdown, the BBB typically remains rela-
tively intact in regions where invading tumor
cells are interspersed with healthy non-neoplastic
cells [4].

The few drugs that do cross the BBB must
avoid efflux transporters such as P-glycoprotein 1,
a member of the ATP-binding cassette family.
Efflux transporters are upregulated in certain
gliomas, where they confer drug resistance prop-
erties by transporting therapeutic agents back into
the vasculature [5]. Secondly, therapeutics that
successfully reach the brain parenchyma must
navigate the extracellular spaces (ECSs) of the
brain in order to reach tumor cells in distant
regions. The ECS comprises 15–20% of the total
brain volume and is made up of an anisotropic,
complex network of lipids, polysaccharides, and
proteins. Diffusion within the ECS is limited by
the width and tortuosity of the intercellular spaces,
as well as by electrostatic interactions with the
components of the ECS [6]. Recent efforts to

D.S. Hersh � A.S. Wadajkar � G.F. Woodworth
Department of Neurosurgery, University of
Maryland School of Medicine, 22 S Greene St Suite
12D, Baltimore, MD 21201, USA
e-mail: dhersh@som.umaryland.edu

A.S. Wadajkar
e-mail: AWadajkar@smail.umaryland.edu

D.S. Hersh � A.S. Wadajkar � G.F. Woodworth
Marlene and Stewart Greenebaum Comprehensive
Cancer Center, University of Maryland School
of Medicine, 655 W. Baltimore Street, 8th Floor,
Baltimore, MD 21201, USA

G.F. Woodworth (&)
Department of Anatomy and Neurobiology,
University of Maryland School of Medicine, 22 S
Greene St Suite 12D, Baltimore, MD 21201, USA
e-mail: gwoodworth@smail.umaryland.edu

© Springer International Publishing AG 2017
J. Moliterno Günel et al. (eds.), Malignant Brain Tumors,
DOI 10.1007/978-3-319-49864-5_13

193



accurately characterize the physicochemical
properties of the brain ECS are therefore critical
for designing more effective drug delivery sys-
tems [7, 8]. Interestingly, the ECS volume and
structure are altered in brain tumors, with changes
tending to correlate with the level of malignancy
[9]. The resulting effect on diffusion is an addi-
tional obstacle to drug delivery.

Several strategies are being utilized in efforts
to optimize the treatment of malignant brain
tumors in spite of these barriers. Novel drug
carriers including nanoparticles, viral vectors,
and stem cells have been developed as vehicles
for delivery to the CNS. These carriers may be
delivered systemically, in which case transient
BBB disruption becomes necessary. Alterna-
tively, a variety of delivery routes have been
explored that bypass the BBB, including
intrathecal/intraventricular, intranasal, and direct
interstitial delivery.

Novel Drug Carriers (Table 13.1)

Nanoparticles

Nanoparticle design and optimization have
become a particularly promising approach in the
development of novel drug carriers for thera-
peutic delivery to malignant brain tumors.
Nanoparticles possess several unique physico-
chemical characteristics including small size,
enhanced drug solubility, the ability for multi-
functionality, a controlled drug release profile,
and the potential for site-specific targeting [10].
In particular, various classes of nanoscale deliv-
ery systems—including metallic nanoparticles,
polymeric nanoparticles, and liposomes—have
been shown to cross the BBB via transcytotic
mechanisms in numerous preclinical studies [11–
14].

Metallic nanoparticles are commonly com-
posed of inorganic materials (such as gold, silver,
or iron oxide) as well as metallic allotropes of
non-metals (such as carbon fullerenes). Typically
smaller than polymeric nanoparticles or lipo-
somes, metallic nanoparticles are too dense to
encapsulate a drug. Nevertheless, therapeutic

agents can be successfully conjugated to the
surface of metallic nanoparticles for delivery to
the CNS. This approach was demonstrated suc-
cessfully in a preclinical glioma model [11], and
recent work has shown that the application of an
external magnet can further enhance the ability of
the particles to cross the BBB [25]. At the clin-
ical level, therapeutic applications of metallic
nanoparticles have been primarily limited to
intracranial thermotherapy [15]. In a phase II
study [16], aminosilane-coated iron oxide
nanoparticles were injected into the tumors of 59
patients at 2 medical centers and exposed to an
alternating magnetic field, resulting in heating of
the particles. Although the patients tolerated the
treatment well, other technologies including
magnetic resonance imaging (MRI)-guided laser
interstitial thermal therapy (LITT) and
MRI-guided focused ultrasound (MRgFUS) offer
competing options for achieving thermal
ablation.

Polymeric nanoparticles, on the other hand,
are capable of carrying a wide variety of pay-
loads, including chemotherapeutic drugs, pro-
teins, nucleic acids, and contrast agents.
Polymeric nanoparticles are characterized by a
large surface area containing functional groups
that can be conjugated to peptides, antibodies, or
other biomolecules. The ability to tailor these
surface characteristics, as well as the physico-
chemical properties of the nanoparticle core,
makes polymeric nanoparticles popular vehicles
for drug delivery to the brain [26, 27]. In par-
ticular, stabilizers such as polysorbate 80 and
polyethylene glycol (PEG) can be used to coat
the surface of drug-loaded nanoparticles, thereby
shielding the particles from clearance and
extending their circulation time [28]. Various
chemotherapeutic agents, including doxorubicin
[29], camptothecin [30], and paclitaxel [31], have
been encapsulated within polymeric nanoparti-
cles for the treatment of brain tumors in pre-
clinical studies, and phase I and II studies [32,
33] have begun to explore their safety and effi-
cacy in patients with other types of solid tumors.
Nevertheless, clinical trials involving patients
with brain tumors are currently lacking.
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Table 13.1 Ongoing and recent clinical trials involving novel drug carriers

Carrier Treatment Phase Study
population

# of
patients

Results Reference

Nanoparticles Aminosilane-coated
iron oxide particles
and alternating
magnetic fields

I Recurrent grade
IV astrocytoma

14 • Minor or no side
effects

• Median
maximum
intratumoral
temperature of
44.6 °C

[15]

II Recurrent grade
IV astrocytoma

59 • Overall survival
following first
recurrence:
13.4 months

• Overall survival
following
primary
diagnosis:
23.2 months

[16]

Liposomal
doxorubicin

I Pediatric
patients with
recurrent or
refractory HGG

13 • No dose-limiting
toxicities at
60 mg/m2

• Grade 4
neutropenia in 2
patients at
75 mg/m2

[17]

II Recurrent HGG 13 • Disease
stabilization in
54%

• Progression-free
survival at
12 months: 15%

[18]

II Newly
diagnosed grade
IV astrocytoma

40 • Progression-free
survival at
6 months: 58%

• Median time to
progression:
6.2 months

• Overall survival:
13.4 months

[19]

Liposomal cytarabine II Lymphomatous
meningitis

30 • Only 1 (3%)
recurrence

• 50% reduction in
# of injections

[20]

II Breast cancer
with neoplastic
meningitis

43 • Response
(intent-to-treat):
21%a

• Median survival:
88 days

[21]

Rhenium
nanoliposomes

I–II Recurrent grade
IV astrocytoma

N/Ab N/Ab NCT01906385

(continued)

13 Novel Delivery Strategies 195



Liposomes are nanoscale, self-assembled
vesicles comprised of amphiphilic phospho-
lipids that mimic the lipid bilayer of the cell
membrane. As a result, liposomes are capable of
carrying hydrophilic, hydrophobic, and ampho-
teric drug molecules and are effective at crossing
the BBB [34]. Similar to polymeric nanoparti-
cles, the surface properties of liposomes can be
modified to extend their circulation time. Con-
jugation to hydrophilic polymers sterically sta-
bilizes the liposomes, allowing them to avoid
opsonization and uptake by the reticuloendothe-
lial system [35]. Liposomal doxorubicin, in par-
ticular, has been used to treat patients with

recurrent and/or refractory high-grade glioma
(HGG) [17–19], as well as patients with brain
metastases from solid tumors [36]. Other appli-
cations of liposomal delivery that are being
actively explored include the intrathecal delivery
of liposomal cytarabine for the treatment of
neoplastic and lymphomatous meningitis [20,
21], as well as the intratumoral delivery of rhe-
nium nanoliposomes—a novel form of
brachytherapy—for the treatment of recurrent
HGG (NCT01906385).

Through surface modifications and ligand
conjugation, nanoparticles and liposomes that
specifically target brain tumors have been

Table 13.1 (continued)

Carrier Treatment Phase Study
population

# of
patients

Results Reference

Viral vectors Adenovirus-mediated
p53

I Recurrent HGG 12 • Maximum
tolerated dose
was not reached

• No evidence of
systemic virus

• Transfected cells
only within
5 mm of
injection site

[22]

Recombinant
adenovirus with the
HSV TK gene
followed by
ganciclovir

I Recurrent HGG 14 • Maximum
tolerated dose
was not reached

• Overall median
survival:
4 months

• 4 patients
survived >1 year

[23]

III Newly
diagnosed grade
IV astrocytoma

236 • Median time to
death or
reintervention:
308 versus
268 days
(p = 0.006)

• Overall survival:
497 versus
452 days
(p = 0.31)

[24]

Stem cells Neural stem cells with
cytosine deaminase
followed by oral 5-FC

I Recurrent HGG N/Ab N/Ab NCT01172964

5-FC 5-fluorocytosine; HGG high-grade glioma; HSV herpes simplex virus; N/A not applicable; TK thymidine kinase
aLiposomal cytarabine achieved comparable results to other intrathecal therapies but with one-fourth as many
intrathecal injections
bThe study is currently ongoing
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developed. These nanotherapeutic agents are
targeted to cell surface receptors that are
expressed specifically by tumor cells, such as the
epidermal growth factor receptor (EGFR) [37]
and interleukin-13 (IL-13) receptor [38].
Recently, fibroblast growth factor-inducible 14
(Fn14), a member of the tumor necrosis factor
receptor (TNFR) superfamily, has emerged as a
novel target for GBM therapy [22]. While Fn14
levels remain low in normal brain tissue, the
receptor is highly expressed by HGG—particu-
larly the invasive cells at the rim of the tumor
[39]. Nanoparticles coated with both PEG and
ITEM4—a monoclonal antibody that recognizes
the Fn14 receptor—were shown to specifically
target tumor cells in a human xenograft model,
with minimal non-specific binding to
non-tumoral tissue [23]. Targeted therapeutics
have the potential to reduce treatment toxicities
and generate fewer side effects.

Viral Vectors

Viral vectors are biologic vehicles that have been
studied extensively in the context of gene ther-
apy, due to their innate ability to enter cells and
transfer genetic material. While CNS-directed
gene therapy is commonly considered a potential
treatment for congenital disorders [24] and neu-
rodegenerative diseases [40], applications in
neuro-oncology have been explored as well. In
particular, phase I studies have evaluated the
safety and feasibility of using adenovirus as a
viral vector for the delivery of p53 [41] and
interferon beta [42] to patients with HGG.
A particularly promising approach involves the
intratumoral administration of a recombinant
adenovirus carrying the herpes simplex virus
(HSV) thymidine kinase (TK) gene followed by
the intravenous injection of ganciclovir in
patients with recurrent HGG [43]. The TK gene
sensitizes the tumor cells to ganciclovir, thereby
limiting the toxic effect to the neoplastic cells
infected by the virus. This approach was tested in
a recent phase III study [44] involving 236
patients at 38 centers in Europe, which identified
a longer median time to death or reintervention in

the experimental group (308 days vs. 268 days,
p = 0.006), although overall survival remained
unchanged.

Despite the advantages of viral vectors for the
application of gene therapy, safety and toxicity
concerns persist. Off-target biodistribution and
insertional mutagenesis carry the risk of trans-
gene overexpression, tissue damage, and
tumorigenesis. Immunogenicity represents
another obstacle, as clearance of the vector by the
immune system reduces its efficiency as a
delivery vehicle. Of note, adenovirus-associated
virus (AAV) is being promoted as a safer option
for viral delivery as it is non-pathogenic and
non-autonomous—it can only replicate in the
setting of coinfection with helper viruses. While
this results in greater safety and fewer side
effects, a limited amount of genetic material can
be packaged within AAV. Further modification
of viral vectors, as well as non-viral alternatives,
is being explored for therapeutic delivery to brain
tumors.

Immune and Stem Cells

As early as the 1980s, researchers recognized
that immune cells are capable of crossing an
intact BBB and subsequently infiltrating brain
metastases [45, 46]. As a result, macrophages
have been studied as a potential carrier for the
delivery of nanoparticles to an experimental
brain metastasis model [47]. Recently, however,
focus has shifted toward the use of stem cells as
alternative cellular vehicles. Neural stem cells
[48] and mesenchymal stem cells [49, 50] cross
the BBB effectively and migrate to primary and
metastatic brain tumors, likely in response to
cytokines and chemokines secreted by the tumor
microenvironment. Neural stem cells, in partic-
ular, demonstrate a strong tropism for the tumor
border, invasive glioma cells, and glioma stem
cells [48]. Additionally, neural and mesenchymal
stem cells locally suppress the immune system,
thus evading immune recognition and rejection
[51, 52].

Numerous preclinical studies have harnessed
these unique, intrinsic features of neural and
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mesenchymal stem cells to deliver various ther-
apeutic “cargo” to malignant brain tumors.
Oncolytic viruses [53–55], drug-loaded
nanoparticles [56, 57], and cytokines including
tumor necrosis factor apoptosis-inducing ligand
(TRAIL) [58–61], bone morphogenetic protein 4
(BMP4) [62], and interleukin-12 (IL-12) [63]
have all been packaged within stem cells in order
to enhance their delivery to tumor cells. One
promising approach utilizes stem cells to deliver
an enzyme—cytosine deaminase (CD)—to
glioma cells, where it converts the inactive pro-
drug 5-fluorocytosine (5-FC) into the active
chemotherapeutic compound 5-fluorouracil
(5-FU) [64]. While 5-FC crosses the BBB effi-
ciently following systemic administration, the
natural tropism of stem cells for glioma cells
ensures that the active drug will only be pro-
duced at sites of active tumor infiltration, thereby
limiting its effect on healthy tissue. Preclinical
studies [65] demonstrating the safety and efficacy
of this stem cell-mediated enzyme/prodrug
approach resulted in the first human study
(NCT01172964) to use stem cells as a delivery
vehicle for the treatment of HGG. Patients with
recurrent HGG underwent intracranial injections
of neural stem cells transduced with CD at the
time of tumor resection or biopsy. Beginning
four days later, the patients were administered
oral 5-FC every 6 h for 7 days. Various doses of
neural stem cells and 5-FC were tested for safety
and feasibility, opening the door to further
exploration of stem cell-mediated delivery for the
treatment of malignant brain tumors.

Several limitations must be overcome before
cell-mediated drug delivery can achieve broader
use in patients. One technical challenge involves
maintaining the viability of the cellular vehicle
itself when dealing with cytotoxic cargo. Toxic
effects of the therapeutic agent on the cell may
result in premature cell death and drug release
before the cell reaches its target. Nanoparticle
formulations have therefore been used as a
means of shielding the cell from its cargo and
delaying cell death [66, 67]. Nevertheless, the
lysosomal degradation of nanoparticles following
endocytosis remains an issue. Spatial and tem-
poral control over drug release from a cell

vehicle therefore requires additional research.
Further challenges arise from the poor loading
efficiency of most cellular carriers, necessitating
the delivery of large quantities of cells in order to
achieve a therapeutic effect.

The largest obstacle to the clinical translation
of cell-mediated delivery remains safety. Stem
cells are defined, in part, by their capacity for
self-renewal, which has raised concerns that stem
cell therapy may induce malignant transforma-
tion. The spontaneous transformation of bone
marrow-derived mesenchymal stem cells in
long-term cultures has been a controversial issue
[68, 69]. However, a clinical trial [70] involving
the intracerebellar and intrathecal administration
of neural stem cells for the treatment of ataxia
telangiectasia identified one subject who devel-
oped a multifocal glioneural tumor 4 years after
the treatment. Additionally, cytokines secreted
by stem cells, in addition to their locally
immunosuppressive effect, have been shown to
promote tumor growth and metastasis in other
tumor types [71, 72]. These safety concerns must
be fully investigated for the success of
cell-mediated delivery as a treatment strategy.

Routes of Delivery

Each of the drug carriers described above may be
delivered to malignant brain tumors via several
routes. Systemic administration must be coupled
with strategies to cross the BBB, while other
routes allow the BBB to be bypassed entirely.

Systemic Delivery

Current Strategies for Delivery Across
the BBB
Numerous approaches for enhancing systemic
drug delivery to the CNS have been developed
over the past several decades, including
intra-arterial therapy, osmotic BBB disruption,
chemical BBB disruption, and manipulation of
the endogenous RMT pathway. Intra-arterial
delivery results in higher local drug concentra-
tions than intravenous administration. The drug
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is distributed throughout the tumor capillary
network and achieves a higher “area under the
curve” due to the avoidance of first-pass meta-
bolism by the liver [73]. Although typically,
intra-arterial delivery is accomplished via the
carotid artery, more recently cerebral angio-
graphic techniques have been used to perform
superselective intra-arterial infusions of
chemotherapeutic agents [74]. Nevertheless, the
administered agent must still cross the BBB in
order to achieve its effect.

Transport across the BBB may occur via
paracellular or transcellular routes. Osmotic BBB
disruption, first proposed by Stanley Rapoport in
the 1970s [75], is one mechanism for enhancing
paracellular transport across the BBB. An
intra-carotid infusion of a hyperosmotic agent
(most commonly mannitol) is coadministered
with an intra-arterial chemotherapeutic agent.
The osmotic agent draws water out of the
endothelial cell, produces vasodilation, and
stimulates endothelial cell cytoskeletal contrac-
tion via a cadherin-dependent mechanism [76].
These processes place mechanical stress on the
tight junctions linking the endothelial cells.
While osmotic BBB disruption has demonstrated
promising results in clinical trials [77], the
technique has been associated with transient
cerebral edema [78]. Additionally, non-specific
disruption of the BBB takes place in areas of
normal brain tissue, allowing plasma proteins to
pass from the bloodstream into the parenchyma
with resulting neurotoxicity [79].

Chemical BBB disruption offers a second
mechanism for enhancing paracellular transport
across the BBB. Intra-arterial vasoactive agents
produce inflammation and destabilization of the
endothelial cell membrane, resulting in transient
opening of the BBB. Bradykinin, which binds to
B2 receptors on the endothelial cell membrane and
activates nitric oxide synthase, is a commonly
studied agent for BBB disruption, with evidence
suggesting that it specifically affects the BBB in
the region of a brain tumor [80, 81].More recently,
RMP-7—a synthetic bradykinin analog—has
been used due to its higher potency, longer
half-life, greater specificity for the B2 receptor,

and increased stability, enabling it to be delivered
intravenously [82]. However, while phase I and
early phase II studies [83, 84] found the combi-
nation of RMP-7 and carboplatin to be safe and
effective for the treatment of refractory brain
tumors, the treatment was ultimately ineffective in
a larger, multicenter, placebo-controlled trial [85].

An alternative strategy for crossing the BBB
involves molecular Trojan horses, which utilize
the endogenous RMT pathway. Recombinant
proteins or “chimeric” peptides are formed by
linking a therapeutic agent that cannot typically
cross the BBB on its own with a ligand or
monoclonal antibody that recognizes a receptor
on the endothelial cell surface. Upon binding to
the receptor, the entire complex undergoes tran-
scytosis [86]. Antibodies that recognize the
transferrin receptor [87, 88] and the insulin
receptor [89], both of which are found on cere-
bral endothelial cells, have been fused to diag-
nostic and therapeutic agents for delivery across
the BBB in preclinical studies. Additionally, a
phase I dose escalation study [90] was recently
completed in which GRN1005/ANG1005, com-
prised of paclitaxel conjugated to a low-density
lipoprotein receptor-related peptide, was admin-
istered to patients with recurrent HGG. While
patients experienced toxicities including neu-
tropenia and mucositis, there were no toxicities
specific to the CNS. Furthermore, therapeutic
concentrations of the drug were found in resected
tumor tissue, suggesting effective transport
across the BBB. Phase II trials (NCT02048059
and NCT01480583) involving patients with
metastatic breast cancer are ongoing.

Ultrasound-Mediated BBB Disruption

MRI-Guided Focused Ultrasound: The Clinical
Experience
Focused ultrasound is rapidly emerging as a
promising tool for noninvasive disruption of the
BBB. Interestingly, ultrasound was used for its
therapeutic potential long before it was devel-
oped into the imaging modality that we recognize
today. As early as the 1950s, Ballantine and
colleagues [91] used an ultrasound beam to open
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the BBB in brain tissue without causing a lesion.
However, the variable thickness of the skull
creates beam distortions and attenuation, and
prior to the 1990s, focused ultrasound could only
be applied through an opening in the skull. More
recently, hemispheric phased arrays of ultra-
sound transducers were designed together with
computer software that predicts and corrects for
the phase aberrations caused by the skull,
enabling noninvasive focusing of the beam at
points deep within the brain [92]. In addition,
advanced imaging modalities—in particular,
magnetic resonance thermometry—provide
real-time monitoring of temperature changes at
the skull, along the beam path, and at the focal
point, allowing appropriate adjustments to be
made [93].

Focused ultrasound produces a high rate of
energy deposition at the focal point, resulting in
spatial intensities that are orders of magnitude
higher than in the prefocal region. Heat is
released, and temperatures can reach up to 60 °C,
at which point coagulative necrosis occurs [94].
This mechanism is being harnessed in clinical
trials for the noninvasive ablation of deep brain
targets in the thalamus and basal ganglia for the
treatment of essential tremor and Parkinson’s
disease. However, ultrasound also produces
non-thermal, mechanical effects, including cavi-
tation, acoustic radiation forces, and acoustic
streaming. Cavitation refers to the oscillation of
micron-sized gas-filled bubbles in response to the
positive and negative components of the ultra-
sound beam. The diameter of the bubbles varies
with the pressure field—at lower amplitudes,
stable oscillation (i.e., non-inertial cavitation)
occurs, but as the pressure amplitude increases,
the bubbles become unstable and collapse (i.e.,
inertial cavitation). The latter process produces
shock waves and high-velocity jets, which place
mechanical stress on the adjacent tissue [95].
Acoustic radiation forces refer to the unidirec-
tional forces that occur along the beam path as a
result of the momentum that is transferred from
the ultrasound beam to a reflecting or absorbing
surface [96]. Radiation forces that occur in a
liquid medium produce acoustic streaming,
which may enhance convection [97].

Whereas continuous ultrasound exposures are
typically used for thermal ablation, pulsed
exposures with short duty cycles apply ultra-
sound energy at lower rates, producing temper-
ature elevations of only 4–5 °C, allowing the
mechanical effects of ultrasound to play a larger
role. Kullervo Hynynen, Nathan McDannold,
and colleagues [98] showed for the first time in
2001 that focused ultrasound could be used to
noninvasively disrupt the BBB without damag-
ing the surrounding tissue. Importantly, they
introduced the concept of using intravenous lipid
or albumin-encased gas microbubbles, 1–5 μm in
diameter. The microbubbles cluster near capillary
walls, where they undergo stable cavitation in the
presence of low frequencies and pressure
amplitudes. The resulting oscillations place stress
on the endothelial tight junctions that form the
BBB, localizing the effects of ultrasound to the
vasculature at the focal point [99]. Microbubbles
lower the threshold for cavitation and reduce the
amount of energy needed to achieve BBB
opening, thereby minimizing the risk of heating
at the skull or damage along the beam path. In
addition to the paracellular route generated by
microbubble cavitation, recent evidence suggests
that sonication may also promote transcellular
transport across the BBB by upregulating pro-
teins involved in transcytosis, such as caveolin-1
and caveolin-2 [100]. The resulting disruption of
the BBB typically persists for 4–6 h [101].

Numerous preclinical studies have demon-
strated that focused ultrasound can be used to
facilitate the delivery of various agents across the
BBB, including liposome-encapsulated doxoru-
bicin [102–104], methotrexate [105], carmustine
[106], temozolomide [107], and the monoclonal
antibody trastuzumab [108, 109]. Immunotherapy
agents (e.g., interleukin-12) [110], stem cells
[111], and gene therapy vectors [112–114] have
been successfully delivered across the BBB with
ultrasound technology, as well. Ultrasound-
induced opening of the BBB was demonstrated
to be safe in two recent studies [115, 116]
involving repeated BBB disruption in the central
visualfield targets and basal ganglia of non-human
primates. Long-term neurological deficits were
not identified.
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The first phase I study (NCT02343991) of
MRgFUS for opening of the BBB is currently
ongoing. Brain tumor patients are administered
microbubbles and undergo sonication, followed
by the intravenous administration of liposomal
doxorubicin. The patients are subsequently taken
to the OR for resection of the tumor, with careful
tissue sampling in the region of ultrasound
application to measure the concentration of
doxorubicin as well as in adjacent regions. The
first patient to enroll in the study was recently
treated successfully, without adverse effects.

Limitations of Focused Ultrasound
The potential for focused ultrasound to open the
BBB noninvasively is particularly attractive.
Nevertheless, transcranial focused ultrasound
currently requires the application of a stereotactic
frame, similar to deep brain stimulation and
Gamma Knife radiosurgery. Although this can be
performed on an outpatient basis, the inherent
risks of any frame-based procedure apply,
including pin site infection. In contrast to focused
ultrasound ablation for the treatment of move-
ment disorders, which entails only a single
treatment, current chemotherapy regimens typi-
cally involve complex dosing schemes. Given
the transient nature of ultrasound-induced BBB
disruption, sonication would be required prior to
each individual treatment—a complicated matter
when a stereotactic frame is involved. Further-
more, the need for complete hair removal in
order to achieve acoustic coupling is a source of
hesitation for some patients, and the use of MRI
to localize and monitor the targeted region pre-
cludes patients with pacemakers and certain
metallic implants. Technological limitations
exist, as well—while transcranial focused ultra-
sound has been optimized to treat small, focal
targets in deep brain regions such as the thalamus
and basal ganglia, it remains to be seen whether
regions adjacent to the skull can be included
within the treatment envelope, as well as whether
the BBB can be opened in large volumes of brain
tissue, such as the 2-cm rim surrounding a brain
tumor, within a reasonable time frame.

Future Directions
In addition to addressing the limitations described
above, researchers have been developing novel
microbubbles to be used with focused ultrasound.
The surface of a microbubble can be modified
with ligands that recognize and bind to
tumor-specific antigens, thereby increasing the
specificity of the microbubble for tumor vessels.
Additionally, a microbubble can be used to
encapsulate a therapeutic agent, only releasing the
drug upon exposure to ultrasound. As a proof of
principle, carmustine-loaded microbubbles were
recently shown to facilitate improved circulation
and reduced clearance of the drug and improved
survival in a murine tumor model [117, 118].
A vascular endothelial growth factor (VEGF)
ligand was subsequently conjugated to the
drug-loaded microbubbles, resulting in targeting
of the drug’s effects to regions of tumor-induced
angiogenesis [119]. Further advances in drug
carriers, combined with ultrasound-induced BBB
opening, will contribute significantly to effective
drug delivery to malignant brain tumors.

Intrathecal and Intraventricular
Delivery

As an alternative to opening or modulating the
BBB, bypassing the BBB itself has become a
common strategy. Early attempts to circumvent
the BBB as well as the blood–cerebrospinal fluid
(CSF) barrier involved delivering therapeutic
agents directly into the CSF via the lumbar
arachnoid space (intrathecal delivery) or ven-
tricular system (intraventricular delivery).
Intra-CSF administration is typically accom-
plished via lumbar puncture or through an
indwelling, subcutaneous ventricular access
device, such as an Ommaya or Rickham reser-
voir. However, rapid CSF turnover, as well as
limited diffusion across the ependymal layer and
into interstitial spaces, limits the efficacy of
intrathecal or intraventricular administration for
the treatment of parenchymal disease [120]. As a
result, drug delivery to the CSF is generally
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reserved for treating meningeal diseases, includ-
ing neoplastic meningitis and meningeal
gliomatosis [121–125].

Intranasal Delivery

Intranasal Delivery: The Clinical
Experience
Another route that has been garnering attention
for its potential to noninvasively bypass the BBB
involves intranasal delivery. Intranasal adminis-
tration has been investigated previously as a
means of achieving systemic distribution, due to
the porous endothelial membrane and large sur-
face area of nasal blood vessels, the rapid onset
following administration, and the ability to avoid
first-pass metabolism [126]. More recently,
however, nasal administration has also been
recognized as a strategy for delivering thera-
peutic agents directly to the CNS.

Following intranasal administration of a sub-
stance, transport must first take place across the
olfactory and respiratory epithelia in the nasal
passages. This may occur via intracellular path-
ways (including endocytosis into the olfactory
sensory neurons and transcytosis across susten-
tacular cells) as well as extracellular pathways
involving paracellular transport to the lamina
propria. Paracellular transport may be facilitated
by cell turnover within the nasal epithelium,
which produces rearrangements of the epithelial
tight junctions [127]. Local mechanical injury
occurring during intranasal delivery may also
allow larger substances to cross the nasal mucosa
[128]. Substances that reach the lamina propria
are then absorbed into the systemic circulation,
drain via nasal lymphatics to the deep cervical
lymph nodes, or travel along olfactory and
trigeminal nerve endings to the olfactory bulb or
the brain stem, respectively. Recent work
examining the transport rate of [125I]-insulin
growth factor-1 (IGF-1) from the nares to the
CNS has suggested that substances are carried by
bulk flow within the perineural spaces of the
olfactory and trigeminal nerves to points of entry
into the brain [129]. From there, the substances
distribute to distant sites within the CNS via

communication with the CSF of the subarach-
noid space or bulk flow within the perivascular
spaces of cerebral blood vessels, a process driven
by arterial pulsations related to the cardiac cycle
[130, 131].

A number of preclinical studies have explored
the intranasal administration of various thera-
peutic agents for the treatment of malignant brain
tumors. Carboplatin-loaded polycaprolactone
nanoparticles [132], methotrexate [133], neural
stem cells [134], mesenchymal stem cells [135],
telomerase inhibitors [136], and small interfering
RNA-based therapies [137] have been success-
fully delivered intranasally in various murine
models of glioma. In humans, intranasal delivery
has primarily been studied for cardiovascular,
endocrine, and neurocognitive agents, including
vasopressin [138], angiotensin II [139], chole-
cystokinin [140], insulin [141], and oxytocin
[142]. The only known study involving an anti-
tumoral therapy was a phase I–II study [143] that
examined the intranasal delivery of perillyl
alcohol, a compound with previously identified
anticancer activity through a poorly character-
ized, transforming growth factor-β (TGF-β)
and/or Ras-dependent mechanism. Perillyl alco-
hol had been shown to have some efficacy in
other solid tumors, but oral administration
resulted in a variety of gastrointestinal side
effects [144, 145]. Adults with recurrent HGG
were administered an inhalational formulation of
perillyl alcohol 4× daily through the nose. None
of the patients in the study reported any toxicities
associated with the treatment. However, further
studies will be needed to study the efficacy of this
treatment.

Limitations of Intranasal Delivery
One challenge in the study of intranasal delivery
is that small animal models are not particularly
representative of nasal anatomy and physiology
in humans. Approximately 50% of the total sur-
face area of the nose consists of olfactory
epithelium in rats, whereas it is only 3–8% of the
total surface area in humans [128]. Therapeutic
agents that were successfully delivered to the
CNS via the intranasal route in murine models
may therefore fail in clinical trials. Other
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limitations are related to the low pH and rela-
tively low permeability of the nasal mucosa. As a
result, intranasal drug delivery is mainly limited
to potent drugs that are delivered in small vol-
umes. Higher volumes are likely to cause nasal
irritation or injury. Active mucociliary clearance
represents yet another obstacle to efficient intra-
nasal delivery [127]. New drug formulations and
carriers are therefore being explored in order to
optimize the use of the intranasal route for the
treatment of malignant brain tumors.

Interstitial Delivery

While intrathecal, intraventricular, and intranasal
delivery bypasses the BBB, interstitial delivery
represents the most direct option for intra-
parenchymal treatment. The current options for
the interstitial delivery of therapeutic agents
include implantable interstitial wafers and
catheter-based convection-enhanced delivery
(CED).

Interstitial Wafers

Carmustine Interstitial Wafer: The Clinical
Experience
In 1976, Robert Langer and Judah Folkman
revolutionized the drug delivery world by suc-
cessfully incorporating macromolecules into
non-inflammatory, biodegradable polymers
[146]. These polymers can be safely implanted
into biologic tissues, where subsequent degra-
dation facilitates the sustained release of the
biochemically active macromolecules. By modi-
fying the chemical composition of the polymer,
the kinetics of polymer degradation and macro-
molecule release can be closely regulated.
Throughout the 1980s and 1990s, Langer part-
nered with Henry Brem and his colleagues at the
Johns Hopkins University in order to translate
this work from the bench to the operating room.
Their efforts culminated in the clinical applica-
tion of interstitial chemotherapy in the form of
carmustine-loaded wafers, which currently
remains the only FDA-approved locally deliv-
ered treatment for HGG.

The carmustine interstitial wafer (CIW) is
comprised of the polyanhydride polymer poly
[1,3-bis-(p-carboxyphenoxy propane)-co-
(sebacic anhydride)] (CPP:SA) loaded with 3.8%
carmustine (bis-chloroethylnitrosourea (BCNU)),
a member of the nitrosourea family of
chemotherapeutic agents [147]. At the time that
CIW was being developed, intravenous BCNU
was a standard treatment for HGG at many
centers. The systemic administration of nitro-
soureas had been shown to have a modest effect
on survival [148], but BCNU has a short half-life
and has been associated with side effects that
include pulmonary fibrosis, myelosuppression,
and hepatic dysfunction [149]. BCNU therefore
represented a good choice to be incorporated into
the hydrophobic matrix of the wafer, which
would increase its half-life, increase local deliv-
ery of the drug to the residual tumor cells at the
margin of the resection cavity, facilitate sustained
release of the drug over 2–3 weeks, and decrease
off-target effects.

Initial clinical trials [147] examined CIW
implantation in patients with recurrent gliomas
who had completed radiation therapy. A phase I–
II study enrolled 21 patients with recurrent grade
III or grade IV astrocytomas, who underwent
tumor resection followed by implantation of up
to 8 wafers. Three concentrations of BCNU were
studied: 1.93, 3.85, and 6.35% by weight.
Patients tolerated the interstitial treatment at all 3
doses, and there were no adverse reactions to the
BCNU wafers themselves. The intermediate dose
of BCNU, 3.85% by weight, was studied in a
subsequent phase III study [150]—a prospective,
randomized, placebo-controlled trial involving
27 centers and a total of 222 patients with
recurrent grade III or grade IV astrocytomas. The
study demonstrated a median survival of
31 weeks versus 23 weeks for patients receiving
CIW versus placebo, respectively (hazard
ratio = 0.67, p = 0.006), and the 6-month sur-
vival of patients with GBM was 50% higher in
the treatment group relative to placebo
(p = 0.02). The following year, in 1996, the FDA
approved CIW for patients with recurrent HGG.

A second set of clinical trials focused on the
use of CIW at the time of initial diagnosis.
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A phase I study [151] involving 21 patients with
grade IV and 1 patient with grade III astrocytoma
established the safety of implanting CIW during
the initial tumor resection, followed by radiation
therapy. A phase III prospective, multicenter,
randomized, double-blind trial [152] involving
32 patients identified a median survival of
58 weeks versus 40 weeks for the treatment and
placebo groups, respectively (p = 0.012). A sub-
sequent phase III study [153] confirmed the
survival benefit in a larger group of patients,
enrolling 240 patients and establishing a median
survival of 13.9 months in the treatment group
versus 11.6 months in the placebo group, with a
29% risk reduction (p = 0.03) over the course of
30 months. A follow-up study [154] confirmed
that on long-term follow-up (i.e., 3 years after
implantation), the survival advantage was main-
tained. The success of these clinical trials
prompted the FDA to approve CIW for patients
with newly diagnosed HGG in 2003.

CIW was the first major advance in HGG
therapy since 1978, when radiation therapy was
adopted into the standard adjuvant treatment of
HGG [149]. In 2005, however, a second agent
was added to the neuro-oncologist’s armamen-
tarium, when a phase III study by Roger Stupp
and colleagues [155] demonstrated the safety and
efficacy of a postoperative chemoradiation treat-
ment strategy using orally delivered temozolo-
mide and fractionated radiation therapy together
over 6 weeks followed by maintenance temo-
zolomide for six months. This regimen improved
median survival from 12.1 to 14.6 months com-
pared to radiation alone. Following this study,
clinicians and researchers have explored the
safety and efficacy of combining CIW with
postoperative radiotherapy and temozolomide.
Typically, chemoradiation is not initiated until 2–
4 weeks following surgical resection or biopsy to
allow for recovery and healing; CIW therefore
offers a theoretical bridge to the chemoradiation
treatments, providing sustained release of BCNU
during the intervening period. A number of ret-
rospective studies [156–163] and two prospec-
tive, observational studies [164, 165] have
supported a role for multimodal therapy and have

encouraged efforts for a randomized phase III
study.

Limitations of Interstitial Wafers
Despite the survival advantage offered by CIW,
some clinicians have been hesitant to implement
interstitial wafers into their practice due to con-
cerns that there is an increased risk of perioper-
ative complications. Theoretical risks of CIW
include seizures, cerebral edema, intracranial
abscess, CSF leak, wound infection, impaired
wound healing, and wafer migration. The phase
III study that established the role of CIW in the
initial treatment of HGG found similar rates of
adverse events in the treatment and placebo arms
of the trial, with two exceptions: CSF leak (5% in
the treatment group vs. 0.8% in the placebo
group) and delayed intracranial hypertension
(9.1% in the treatment group vs. 1.7% in the
placebo group) [153]. As a result, CIW has only
been recommended for circumstances in which a
watertight dural closure can be obtained; addi-
tionally, patients are monitored for cerebral
edema and treated with high-dose corticosteroids
postoperatively. Nevertheless, reported rates of
adverse events remain highly variable. While one
meta-analysis [166] associated CIW with a
complication rate of 42.7%, a recent study [167]
identified similar complication rates among
patients with and without CIW wafers, even
when combined with chemoradiation.

Interstitial chemotherapy is also limited by
restricted distribution and rapid clearance of the
free drug within and from the brain. Initial pre-
clinical studies [168] in rabbits were promising,
demonstrating that 3 days after wafer implanta-
tion, the effective depth of penetration of BCNU
(defined as the distance from the polymer at
which the concentration was 10% of its maxi-
mum value) was 10–12 mm. Given the evidence
that the majority of HGG recurrences occur
within 2 cm of the initial resection cavity, these
data were felt to be encouraging. The limited
distribution of BCNU is likely due to a combi-
nation of factors, including high interstitial
pressure compared to pressure within the tumor
resection cavity, the narrow width and high
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tortuosity of the brain ECS, and rapid clearance
or partitioning into nearby cells. Nevertheless,
experiments in non-human primates demon-
strated high doses of BCNU (in the millimolar
range) 3 mm from the wafer, as well as signifi-
cant doses (in the micromolar range) throughout
the entire brain. Importantly, 7 days following
implantation, significant doses of BCNU per-
sisted 1–2 cm from the wafer [169]. Postopera-
tive edema may contribute to the convective flow
of BCNU, allowing greater distribution than with
diffusion alone. Additionally, while the
lipophilicity of the drug contributes to rapid
partitioning and/or clearance, it is possible that
this same property allows BCNU to circulate
within the blood and/or CSF and reenter the brain
parenchyma at sites distant from the wafer [170].

Future Directions
Although CIW is the only local treatment
approved for use in humans, a variety of thera-
peutic agents are being incorporated into poly-
mer wafers and hydrogels for preclinical testing,
including methotrexate [171], doxorubicin [171],
carboplatin [172], 5-fluorouracil [173], ardi-
pusilloside I [174], and butylidenephthalide [175,
176]. Additionally, biomaterial advances have
resulted in improved polymers, new wafer
designs, and most recently, implantable micro-
chips consisting of multiple, discrete,
drug-containing reservoirs [177]. Microchips
enable controlled release via two mechanisms.
On the one hand, each reservoir can be sealed
with a polymer membrane; the composition and
molecular mass of the polymer determine its rate
of degradation, thereby allowing the contents of
that reservoir to be released at a predefined point
in time [178]. Alternatively, a metallic membrane
can be incorporated and subsequently disinte-
grated by electrothermal ablation [179]. A re-
sorbable polymer microchip containing BCNU
and a microelectromechanical (MEMS) micro-
chip containing temozolomide have both
demonstrated efficacy in a 9L rat gliosarcoma
model [180, 181], and the first clinical trial of an
implantable microchip for drug delivery (for the
treatment of osteoporosis) was recently com-
pleted [182]. Incorporating microchip technology

into the treatment of malignant brain tumors
would potentially allow more precise temporal
control over the local delivery of
chemotherapeutics.

Convection-Enhanced Delivery

CED: The Clinical Experience
A second strategy for interstitial delivery
involves infusing a therapeutic agent directly into
the region of interest via one or multiple stereo-
tactically placed catheters. In 1994, Bobo et al.
[183] described the underlying principles of CED
—the continuous infusion of a therapeutic agent
under pressure generates bulk flow. As a result,
the distribution of the infusate is pressure driven,
in contrast to therapeutic agents that are delivered
via interstitial wafers or bolus injections, where
the volume of distribution (Vd) is dictated by
diffusion—a process dependent on the concen-
tration gradient. Whereas interstitial wafers result
in a high concentration of drug in the immedi-
ately adjacent region followed by a steep
drop-off, CED has been promoted for the ability
to generate more constant concentrations over
larger distances. Nevertheless, the experience
with CED has shown that a number of factors
influence the Vd, including the infusion volume
(Vi), infusion flow rate, tissue parameters (e.g.,
the size of the ECS), and infusate parameters
(e.g., molecular size and charge) [184].

Numerous phase I and phase II clinical trials
have explored the safety and efficacy of CED for
the delivery of various compounds. The ideal
agent does not cross the BBB easily (thereby
reducing its rate of clearance from the brain),
specifically targets neoplastic cells, and is asso-
ciated with non-CNS toxicities that preclude its
systemic administration. Conventional
chemotherapeutic agents that fit this description
include topotecan and carboplatin, and prelimi-
nary phase I studies [185–187] suggest that CED
allows these agents to be delivered at therapeutic
concentrations while avoiding toxicity. The vast
majority of studies, however, have explored the
use of CED for the delivery of more exotic ther-
apies that target a variety of tumor-specific anti-
gens. These include antisense oligonucleotides
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that inhibit TGF-β2 [188], immunostimulating
oligodeoxynucleotides containing CpG motifs
[189], liposomal gene therapy vectors [190], and
monoclonal antibodies conjugated to radioactive
isotopes [191].

Targeted immunotoxins represent the most
heavily studied class of compounds delivered via
CED. Toxins in current use are obtained from
either Corynebacterium diphtheria or Pseu-
domonas aeruginosa and modified by replacing
the toxin’s native targeting mechanisms with
tumor-specific ligands that recognize the trans-
ferrin receptor, interleukin-4 (IL-4) receptor,
IL-13 receptor, or EGFR. Phase I and II studies
have included TP-38 (Pseudomonas exotoxin
fused with EGFR) [192], NBI-3001 (Pseu-
domonas exotoxin linked to IL-4) [193, 194],
and TF-CRM107 (diphtheria toxin fused to
transferrin C) [195, 196]. TF-CRM107, in par-
ticular, demonstrated a 50% decrease in tumor
volume in 9 of 15 patients in an initial phase I
trial; less impressive results in a subsequent
phase II trial, however, resulted in the termina-
tion of a planned phase III trial.

As a result, the only CED agent to reach a
phase III study has been cintredekin besudotox
(CB), a Pseudomonas toxin fused with recom-
binant human IL-13. Phase I studies [197, 198]
initially identified maximum tolerate infusate
concentrations of 0.5 µg/mL, delivered via CED
for 96 h. These parameters were then tested in
the PRECISE trial [199], a phase III study in
which patients were randomized 2:1 to receive
CB versus CIW. The trial, which recruited 296
patients from 52 centers, was unfortunately
deemed a failure, as it did not result in a statis-
tically significant difference in median overall
survival between the groups. Of note, there was a
significant improvement in progression-free sur-
vival (17.7 vs. 11.4 weeks, p = 0.0008), but this
was not a prespecified end point of the study.
While trying to explain the negative outcome of
the trial, some have pointed to flaws in its sta-
tistical design, while others have emphasized a
subsequent analysis showing that, on average,
the “coverage volume” included only 20% of the
2-cm rim around the resection cavity [200].
Suboptimal catheter positioning (only 51% of the

catheters were accurately positioned) and the
inability to accurately track the drug distribution
in real time likely contributed to the poor distri-
bution of CB [201].

Limitations of CED
The outcome of the PRECISE trial highlights
some of the inherent limitations of CED in its
current form. In the absence of real-time imaging
to track the distribution of infusate, numerous
factors can alter the geometry and Vd in unpre-
dictable ways. For example, leakage into the
subarachnoid space and/or the ventricles can
result in diminished concentrations at the region
of interest, as well as a higher prevalence of
toxicities, including chemical meningitis. Opti-
mizing catheter placement is therefore critical in
ensuring adequate distribution. Additionally,
even when catheter positioning is appropriate,
the tissue characteristics in and adjacent to a
tumor are often heterogeneous and difficult to
predict. Of note, the tumor is often characterized
by a higher interstitial pressure than the sur-
rounding tissue [202]; the pressure gradient
therefore shunts the infusate away from the
tumor.

Another process that reduces the effective Vd

involves “backflow” or “reflux” along the
catheter. Preclinical studies [203] have shown
that with larger cannula size, there is more
trauma to the tissue upon insertion of the cathe-
ter. If the surrounding tissue is not tightly sealed
around the catheter, the infusate will travel along
the path of least resistance—along the catheter
itself, instead of into the tissue. Similarly, high
infusion rates promote reflux, although con-
versely, infusion rates that are too low allow the
infusate to be cleared before adequate concen-
trations can accumulate. Optimizing the rate of
infusion often requires finding a balance between
the two extremes [204].

Future Directions
Since the early CED trials, a number of advances
in the realms of engineering, mathematical
modeling, and imaging have dramatically chan-
ged the landscape of tumor treatment with CED.
Of note, CED was initially performed with
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simple, one-port catheters. However, a variety of
more advanced catheters are now available.
Reflux-free catheters involve different variations
of a “stepped” cannula design, which allows for a
small catheter tip while maintaining ease of
placement [205, 206]. Multiple port catheters are
characterized by multiple openings, although
studies have shown that the infusate is, in reality,
only delivered from the most proximal port
[184]. Porous hollow fiber catheters have walls
that consist of millions of pores with diameters of
0.45 µm in order to increase the surface area
exposed to the infusate [207]. Balloon-tipped
catheters incorporate a balloon proximal to the
tip of the catheter, which can be expanded to fill
the resection cavity and prevent reflux during the
infusion. Early results in a canine model are
promising [208].

In addition to newer catheter designs, being
able to predict the distribution of the infusate
ahead of time would have significant implica-
tions for planning catheter placement and infu-
sion volumes. Rigorous mathematical modeling
and computational methods have begun to
account for the anisotropy and heterogeneity of
the human brain, particularly in the setting of
tumor infiltration [209–212]. Until such models
are perfected, however, the only way to know the
spatial distribution of the infusate is through
real-time imaging. MRI has been used to monitor
the distribution of liposomes delivered via CED
by incorporating gadolinium–diethylene triamine
pentaacetic acid (Gd-DTPA) into the liposome
construct [213]. Alternatively, Gd-DTPA can be
coinfused with the therapeutic agent during CED
[214]. For those who would prefer to visualize
the therapeutic agent itself, iron oxide nanopar-
ticles can be imaged directly with MRI, thus
enabling real-time adjustments to the flow rate if
reflux occurs [215].

Despite these advances, drug distribution
following CED remains limited by the physical
constraints of the narrow and anisotropic brain
ECS. Strategies to increase the “effective pore
size” of the brain ECS include using enzymes to
degrade the extracellular matrix (ECM) [216]
and dilating the brain ECS by coinfusing a
hyperosmotic solution [216–218]. Applying

ultrasound energy to brain tissue has emerged as
another potential strategy for modifying the ECS
and has been shown to increase the dispersion of
locally delivered dyes (e.g., Evans blue dye),
3H-labeled molecules of various sizes, and drugs
(i.e., BCNU) in the brain parenchyma [219–222].
These ultrasound-based effects are likely sec-
ondary to radiation forces that contribute to the
convective flow produced during CED [220], in
addition to mechanical effects that alter the
structure of the brain ECS, resulting in greater
brain tissue permeability [222]. By increasing the
pore sizes within the ECS, ultrasound has the
potential to facilitate the delivery of larger ther-
apeutic agents with bigger payloads.

As CED technology undergoes further
refinement, it may also become useful to provide
prolonged infusions over longer time frames.
Currently, CED requires patients to remain hos-
pitalized, with infusions taking place via an
externalized catheter. Chronic therapies could be
provided in an outpatient setting, however,
through implantable ports. One such system
involves connecting the port to a subcutaneous
pump in a manner comparable to intrathecal
pumps used for chronic pain and spasticity [223].
An alternative model uses a transcutaneous port
which can be accessed for an intermittent deliv-
ery regimen, similar to an Ommaya reservoir
[187]. These newer designs will enable more
widespread use of CED.

Conclusion

In summary, unique physical and biological
features of the CNS present significant barriers to
the effective delivery of therapeutic agents to
malignant brain tumors. As a result, clinicians
and researchers have developed novel methods
for packaging and delivering treatments to the
CNS. Nanoparticle carriers, viral vectors, stem
cell-mediated delivery, MRgFUS, interstitial
wafers, and catheter-based CED are all in vary-
ing stages of clinical development and testing.
The success and failure of each of these strategies
will help guide new directions for research, with
the ultimate goal of improving the survival and
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quality of life of patients with malignant brain
tumors.
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Introduction

Based on data from 2008 to 2012, the estimated
average annual age-adjusted incidence rate of
malignant primary brain tumors is 7.23 per
100,000 [1]. Malignant gliomas are the most
common subtype, comprising 80% of patients
with malignant primary brain tumors. These
tumors are most often highly aggressive, inva-
sive, and carry a poor prognosis. Other chapters
in this book are dedicated to the epidemiology,
pathology, diagnosis, and prognosis of malignant
gliomas. It is worth re-emphasizing that over the
past decade increasing attention has been paid to
genomic analysis of malignant gliomas as
patients with histologically identical tumors
could have very different outcomes. In particular,
three specific molecular markers have undergone
extensive study: 1p/19q chromosomal codele-
tion, O6-methylguanine methyltransferase
(MGMT) promoter methylation, and mutations of
isocitrate dehydrogenase (IDH) 1 and 2 [2–5].
Recent studies have confirmed that in particular
IDH mutations and 1p/19q codeletion correlated
better with clinical outcomes than did histologic
classification. This chapter will focus on the role
of radiotherapy in the management of malignant
gliomas, with discussion of the impact of

molecular genetic factors on treatment
recommendations.

Glioblastoma

The standard of care for patients with glioblas-
toma (GBM) is maximum safe resection fol-
lowed by adjuvant radiation therapy and
chemotherapy. Surgical resection can alleviate
mass effect, achieve cytoreduction, and provide
tissue for histopathologic and molecular charac-
terization. More extensive surgical resection is
associated with improved outcomes in several
retrospective analyses [6–9]. However, if gross
total or subtotal resection cannot safely be per-
formed, biopsy is necessary for diagnostic con-
firmation of glioblastoma unless the tumor is in
an area where even if a biopsy would result in
severe neurologic deficits. In addition to extent of
surgical resection, younger age, lack of corti-
costeroid use at baseline, higher Karnofsky Per-
formance Status (KPS), and better mental status
are associated with improved outcomes [10, 11].

Adjuvant radiation therapy is an integral
component of the multimodality management of
GBM given its demonstrated improvement on
local control and survival. The survival benefit of
adjuvant fractionated adjuvant radiation therapy
(RT) compared to supportive care or to single or
multiagent chemotherapy for patients with
glioblastoma was demonstrated in five random-
ized controlled trials performed in the 1970s–
1980s [12–16]. With the inclusion of RT, the
median survival improved 16–24 weeks
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compared to supportive care or chemotherapy
alone (Table 14.1). A pooled analysis of these
five trials and one additional contemporary trial
that failed to show a survival benefit with the
addition of RT [17] demonstrated a relative risk
of death of 0.81 (95% CI, 0.74–0.88, p <0.001)
with the addition of RT [18]. The addition of
chemotherapy to RT in the Brain Tumor Study
Group (BTSG) and Scandinavian Glioblastoma
Study Group (SGSG) studies did not signifi-
cantly improve overall survival [12–14]. The
value of chemotherapy in addition to RT was
demonstrated, however, in a meta-analysis which
showed a 5% increase in two-year overall sur-
vival with the addition of chemotherapy [19].

In addition to RT, adjuvant temozolomide
(TMZ) has become standard of care based on a
landmark study by Stupp et al. [20] demonstrat-
ing a median survival benefit of 2.5 months with
the addition of TMZ concomitant with and
adjuvant to RT after debulking surgery for
glioblastoma. Median overall survival at two
years was also improved from 10 to 26%. The
benefit of TMZ is most pronounced in patients

withMGMT promoter methylation; in this patient
population, median survival improved from
15.3 months (95% CI, 13.0–20.9) to 21.7 months
(95% CI, 17.4–30.4) (p = 0.007) [21]. The
MGMT gene encodes a DNA-repair protein that
removes alkyl groups from the O6 position of
guanine, an important site of DNA alkylation.
Chemotherapy-induced lesions, especially O6-
methylguanine, trigger cytotoxicity and apoptosis
if left unrepaired. High levels of MGMT activity
in cancer cells can decrease the therapeutic effi-
cacy of alkylating agents [21]. However, pro-
moter methylation leads to silencing of this gene,
which prevents DNA damage repair. TMZ
improves overall survival even for those patients
with unmethylated MGMT albeit to a much
smaller degree than in patients harboring MGMT
promoter methylation [22]. MGMT promoter
methylation has also been shown to be an inde-
pendent favorable prognostic factor. Induc-
tion TMZ was proposed for patients with newly
diagnosed glioblastoma given these data demon-
strating the significant benefit of TMZ. A phase II
trial by Chinot et al. [23] gave patients with

Table 14.1 Early studies in malignant glioma analyzing the role for adjuvant chemotherapy, radiation therapy, or both
compared to supportive care alone following surgery for patients with malignant gliomas

No
patients

Histology Extent of
resection

Median overall survival by group (months)

Supportive
care (mo)

Chemoa

(mo)
Radiationb

(mo)
ChemoRTa

(mo)

BTSG 69–01
[13]
(1978)

303 90% GBM, 9%
AA, 1% other
HGG

5% biopsy
only;
otherwise
varied

3.2 4.2 8.1 8.0

BTSG 72–01
[14]
(1980)

467 84% GBM, 11%
AA, 5% other
HGG

“Definitive
surgical
intervention”

– 5.5 8.3 9.7
(semust.)
11.7
(BCNU)

SGSG [12]
(1981)

118 Grades III and
IV astrocytoma

“Large
tumor
resection”

5.2 – 10.8 10.8

University
Hospital, Lund,
Sweden [16]
(1991)

171 53% Grade III,
42% Grade III–
IV, 4% Grade IV

35% gross
total
resection

– 10.5 – 15.5

aChemotherapy Regimen: BTSG 69-01: BCNU; BTSG 72-01: Semustine for chemo alone group and BCNU or
semustine for chemoRT groups; SGSG: Bleomycin; Swedish: Procarbazine, Vincristine, Lomustine (CCNU)
bRT Regimen: BTSG 69-01 and BTSG 72-01: 50-60 Gy to the whole brain; SGSG: 45 Gy to supratentorial brain;
Swedish: 58 Gy to ipsilateral hemisphere, 50 Gy to contralateral hemisphere
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inoperable newly diagnosed glioblastoma TMZ
in a 7-day on/7-day off regimen for 28 days for up
to 4 cycles prior to delivery of conventional RT.
At a median follow-up of 6 months, median
progression-free and overall survival was shorter
than other published reports [20]. Based on these
data, the standard of care for GBM remains
maximal safe surgical resection followed by
adjuvant concurrent chemoradiation then adju-
vant chemotherapy.

Molecular analyses may play an increasingly
important role in treatment recommendations for
patients with glioblastoma. This is particularly
relevant given recent studies that demonstrate
that gliomas can be classified based on TERT
promoter mutations, IDH mutations, and 1p/19q
codeletion. This classification method identifies
groups with distinct ages at diagnosis, overall
survival, and association with germ line variants
[24]. This methodology is particularly relevant
given poor histopathologic reproducibility
among pathologists when classifying gliomas,
particularly for tumors with oligodendroglial
components [25].

Management of Malignant Glioma
in the Elderly

Management of high-grade glioma, specifically
glioblastoma, in the elderly and in patients with
poor performance status is a specific research
focus. This research is motivated by a concern
that long courses of RT or combined modality
therapy may not be tolerable in this patient
population. Keime-Guibert et al. [26] examined
patients randomized to either fractionated RT
(50 Gy in 28 fractions) and supportive care or
supportive care only, which consisted of treat-
ment with corticosteroids and anticonvulsant
agents, physical and psychological support, and
management by a palliative care team. Patients
were 70 years of age or older with a newly
diagnosed anaplastic astrocytoma or glioblas-
toma and a KPS 70 or greater. Eighty-five
patients were enrolled, and the trial was discon-
tinued at the first interim analysis based on
results demonstrating superiority of RT and

supportive care when compared to supportive
care alone. At a median follow-up of 21 weeks,
the median survival was 29.1 weeks (95% con-
fidence interval (CI), 25.4–34.9 weeks) with RT
and supportive care compared to 16.9 weeks
(95% CI, 13.4–21.4 weeks) with supportive care
alone (p = 0.002). Importantly, the investigators
also examined differences in KPS, health-related
quality of life, and cognition and did not find
significant differences between the two treatment
arms. These results demonstrate the benefit of RT
for anaplastic astrocytomas or GBM in an elderly
patient population with good performance status.

Two studies examined shorter-course RT in
elderly patients or those with worse performance
status. One Canadian study by Roa et al. [27]
randomized patients to standard (60 Gy in 30
fractions) versus hypofractionated (40 Gy in 15
fractions) RT in 100 patients equal to or older
than 60 years old with histologically confirmed
GBM and a KPS of 50 or greater. The investi-
gators did not see a statistically significant dif-
ference in overall survival between the two
regimens with a similar median survival of
5.1 months in the standard RT arm and
5.6 months in the hypofractionated arm
(p = 0.57). Another prospective study by the
Nordic Clinical Brain Tumour Study Group
randomized patients older than age 60 to one of
three regimens: six monthly cycles of TMZ,
standard fractionated RT (60 Gy in 30 fractions),
or hypofractioned RT (34 Gy in 10 fractions).
[28] For patients ages 60–70, there was no dif-
ference in overall survival. However, for patients
older than 70, treatment with either TMZ or
hypofractionated RT resulted in improved overall
survival when compared with standard fraction-
ation RT. Temozolomide alone was shown to be
non-inferior compared to standard fractionation
RT in patients older than 65 with glioblastoma or
anaplastic astrocytoma in NOA-08, a phase 3
randomized trial [29]. MGMT promoter methy-
lation was independently associated with
improved overall survival. Event-free survival
was dependent on MGMT promoter methylation
status; those patients with promoter methylation
had improved overall survival if they were ran-
domized to TMZ compared to RT; the inverse
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was also true for those without promoter
methylation. These results together suggest that
for elderly patients or patients with a poor per-
formance status with newly diagnosed glioblas-
toma or anaplastic astrocytoma, hypofractionated
radiation therapy or temozolomide alone may be
considered. MGMT status can help guide the
choice between TMZ and RT monotherapy.

Anaplastic Astrocytoma

Three histologic subtypes of WHO grade III
anaplastic gliomas are described by the WHO
2007 classification system: anaplastic astrocy-
toma (AA), anaplastic oligodendroglioma (AO),
and anaplastic oligoastrocytoma/mixed anaplas-
tic glioma (AOA). MGMT promoter methylation
has been identified as a prognostic marker in
patients with grade III gliomas; it is unclear
whether it is also a predictive factor as it is in
patients with glioblastoma [30]. As astrocytic
tumors tend to behave more aggressively than
oligodendroglial tumors, the recommended
approach to AA is maximum safe resection typ-
ically followed by adjuvant radiation therapy,
with or without concurrent TMZ. This approach
is extrapolated from the management of GBM.
Although patients with AA were only a small
proportion of the total numbers of patients, the
trials from the 1970s and 1980s described above
that demonstrated a survival benefit with the
addition of adjuvant RT following surgery as
compared to chemotherapy or supportive care
alone support the use of RT in this patient pop-
ulation [13, 14]. Although there are no data to
guide the optimal dose and/or RT schedule in
treating patients with grade III gliomas, many
radiation oncologists choose to use a dose of
59.4 Gy in 1.8 Gy fractions for grade III tumors
in comparison to 60 Gy in 2 Gy fractions like for
glioblastoma. The rationale is that the biologic
dose reduction and smaller fraction size may lead
to reduced late normal tissue toxicity for patients
with more favorable prognoses.

The role for adjuvant chemotherapy for
patients with AA is less definitive than in patients
with glioblastomas. Often recommendations are

made based on molecular features that suggest the
tumor will behave more like a lower or higher
grade tumor. Before the introduction of TMZ,
procarbazine, lomustine, and vincristine (PCV)
chemotherapy was most often prescribed. Recently
presented results from NRG Oncology/Radiation
Therapy Oncology Group (RTOG) 9813, a ran-
domized phase III study, demonstrate similar
overall survival but decreased toxicity, most
related to bone marrow toxicity, when utilizing
radiation therapy and TMZ as compared to radi-
ation therapy and nitrosourea-based chemother-
apy for patients with AA [31].

The recently closed CATNON trial is a ran-
domized Phase III trial of anaplastic glioma
without 1p/19q loss of heterozygosity (Clinical-
trials.gov, NCT00626990). The purpose of the
trial is to study the impact of temozolomide
concomitant with and adjuvant to RT in this
patient population. This study will help elucidate
the optimal treatment of anaplastic glioma by
taking into account both histology and genotype.
Until these results are available, knowledge of
clinical and molecular prognostic factors and
extrapolation from data from studies of higher
and lower grade tumors will help guide the
optimal therapy in patients with AA.

Anaplastic Oligodendroglioma

Anaplastic oligodendrogliomas and mixed
anaplastic oligoastrocytomas generally have a
better prognosis than AA, with a median survival
of at least 3–15 years compared with 2–3 years,
respectively. Based on molecular analysis, these
tumors have been characterized by a greater
likelihood of harboring specific molecular
markers, including co-deletion of 1p/19q chro-
mosomes, which is a favorable prognostic feature
associated with improved response to treatment
and better survival [32]. These tumors are also
more likely to show mutations in IDH.

RTOG 9402, a phase III trial randomizing
patients with pure AO or AOA to induction PCV
chemotherapy plus RT versus RT alone, showed
no difference in overall survival for the entire
cohort. However, the median survival of those

220 L.E.G. Warren et al.



with co-deleted 1p/19q tumors treated with PCV
and RT was twice as long as patients receiving
RT alone (14.7 vs. 7.3 years; p = 0.03) [33].
European Organization for the Research and
Treatment of Cancer (EORTC) 26951 similarly
randomized patients with AO or AOA to RT with
or without adjuvant PCV. Overall survival in
the RT/PCV treatment arm was significantly
longer for all patients (42.0 vs. 30.6 months) and
there was a trend toward greater benefit from
adjuvant PCV in the patients with a 1p/19q
codeletion [34].

At most centers, similarly to anaplastic
astrocytoma and glioblastoma, TMZ has replaced
PCV chemotherapy secondary to reduced toxic-
ity and ease of administration; there are no ran-
domized trials comparing these two agents.
Further complicating the sequencing of therapy
is that PCV chemotherapy cannot safely be given
concurrently with RT; therefore, it was given
before or after RT in the published trials.
Therefore, if the decision is made to extrapolate
these data and use TMZ as an alternative
chemotherapy, the question arises whether TMZ
should be given prior to RT, following RT, or
concurrent to and following RT. The optimal
sequence of RT and chemotherapy remains
unknown; the most common approach is RT with
concurrent and adjuvant TMZ. For patients with
mixed oligodendroglial and astrocytic compo-
nents, often the presence or absence of the
1p/19q co-deletion and MGMT status are used to
guide the decision on whether to include
chemotherapy with RT.

Given the concerns about the neurocognitive
toxicities of radiation therapy and the
chemosensitivity of anaplastic oligoden-
drogliomas to chemotherapy, some practitioners
have chosen to utilize chemotherapy alone in the
post-operative adjuvant setting and utilize RT
only as salvage therapy [35]. The NOA-04 trial
randomized patients with grade III anaplastic
gliomas to PCV chemotherapy versus RT versus
TMZ following surgical resection; if unaccept-
able toxicity or disease progression occurred,
patients who had previously received RT
received chemotherapy whereas those who had
only received chemotherapy received RT [30].

Patients randomized to upfront RT or
chemotherapy had similar outcomes with regard
to median time to treatment failure. Long-term
results that were presented recently in abstract
form confirm a similar efficacy of these different
approaches [36]. The CODEL trial, which is
sponsored by the Alliance for Clinical Trials in
Oncology (Clinicaltrials.gov, NCT00887146), is
currently accruing and randomizing patients to
RT with concomitant and adjuvant TMZ, RT
with adjuvant PCV chemotherapy, or TMZ alone
for patients with 1p/19q co-deleted anaplastic
glioma or low-grade glioma. Initially, RT alone
was one of the randomized treatment protocols;
however, based on the results from RTOG 9402
and EORTC 26951, this arm was discontinued.
The results from this trial will help elucidate the
optimal treatment approach for patients with
1p/19q co-deleted tumors.

Low-Grade Gliomas

Low-grade gliomas are a heterogeneous group of
intracranial and spinal tumors that occur pri-
marily in children and young adults. As defined
by the WHO grading system, these tumors are
grades I-II/IV. Molecular and genetic analyses
are increasingly helpful in understanding the
clinical behavior of these tumors. The known
negative prognostic factors include age greater
than 40, astrocytoma histology, persistent neu-
rologic symptoms, new symptoms after an
asymptomatic period, high Ki-67 (>3%), and
crossing the midline [37, 38]. This section will
only address the role for radiation therapy in
adults with grade II gliomas, including astrocy-
tomas, oligodendrogliomas, and mixed oligoas-
trocytomas given the breadth of management
approaches to low-grade gliomas across histolo-
gies and patient populations.

The role for immediate post-operative radia-
tion therapy in grade II gliomas is less clear than
in patients with higher grade gliomas. EORTC
22845 was a phase 3 trial that randomized 311
patients to early RT (54 Gy in 1.8 Gy daily
fractions), defined as a maximum of eight weeks
between surgical resection and the start of RT, or
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RT at the time of clinical and/or radiographic
progression [39]. All patients underwent maxi-
mal debulking surgery at diagnosis. While
progression-free survival was improved with
early RT (55% vs. 35%, p <0.0001), median
overall survival was similar across the arms (7.2
vs. 7.4 years in the early versus no early RT,
p = 0.9). Importantly, early RT did not signifi-
cantly increase the risk of transformation to
high-grade glioma. Seizures were better con-
trolled in the early radiotherapy group but a full
quality of life analysis was not performed so the
impact of RT on other measures is unknown.
This trial is often used as justification to postpone
RT until disease progression.

If adjuvant RT is recommended, two trials
examined the impact of dose escalation on out-
comes. EORTC 22844 randomized 379 patients
with supratentorial low-grade glioma to either
45 Gy or 59.4 Gy of RT post-operatively. There
was no significant difference in overall survival
or disease-free survival between the 2 arms;
however, patients in the high-dose arm reported
significantly worse levels of functioning and
more symptom burden following RT [40, 41].
An Intergroup trial conduced by the National
Central Cancer Treatment Group (NCCTG)/
RTOG/Eastern Cooperative Oncology Group
(ECOG) randomized 203 patients with low-grade
glioma to either 50.4 Gy or 64.8 Gy
post-operative RT [42]. Similar to EORTC
22844, this study showed no overall survival or
disease-free survival benefit and increased toxi-
city with increased RT dose. Grade 3–5
radionecrosis was more common in the
high-dose arm (5% vs. 2.5%). Taken together,
the EORTC 22844, EORTC 22845, and the
Intergroup trials suggest that the decision to
recommend adjuvant RT should be made after
review of a patient’s risk factors, clinical status,
and discussion with the patient about the risks
and benefits. For patients with more favorable
risk factors, initial observation after surgery with
RT reserved for salvage therapy may be reason-
able. For older patients with unresected disease
or unfavorable features, immediate adjuvant
therapy should be considered. In those patients in
whom adjuvant radiation therapy is

recommended, most radiation oncologists rec-
ommend 50.4–54 Gy in 1.8 Gy daily fractions to
balance efficacy and toxicity.

With regard to the addition of chemotherapy to
early RT, RTOG 9802 randomized patients with
grade 2 gliomas with KPS 50 or greater and
high-risk features, defined as age 40 years old or
older or 18–39 with a less than gross total
resection, to adjuvant RT alone versus RT fol-
lowed by six cycles of PCV [43]. The first pub-
lished report demonstrated that there was a trend
toward improved progression-free survival
patients with the addition of PCV chemotherapy
(5-year progression-free survival: 63% vs. 46%,
p = 0.06); 5-year overall survival was not sig-
nificantly different (72% vs. 63%, p = 0.13).
However, on post hoc analysis, for 2-year sur-
vivors the addition of PCV to RT did confer a
survival advantage. More recent results presented
in abstract form demonstrate improved median
survival (13.3 vs. 7.8 years, p = 0.03) and pro-
gression-free survival (10.4 years vs. 4.0 years,
p = 0.002) at a median follow-up of 11.9 years
with the addition of PCV [44]. The role for
chemotherapy alone was investigated in EORTC
22033, which randomized high-risk low-grade
gliomas to either 12 cycles of post-operative dose-
intense TMZ or RT (50.4 Gy) [45]. Preliminary
results at a median follow-up of 3.8 years suggest
no difference in progression-free survival between
the two arms. 1p deletion was a positive prognostic
factor irrespective of treatment. Patients with
1p-intact tumors showed a trend toward worse
progression-free survival with TMZ alone (30 vs.
41 months, p = 0.06). Final results from this study
as well as the CODEL trial discussed above will
hopefully help elucidate the best initial adjuvant
therapy for patients with 1p/19q co-deleted tumors.

Radiation Planning, Treatment
Fields, and Dose

Quality magnetic resonance imaging (MRI) is
critical to radiation treatment planning. Although
computed tomography (CT) can visualize the
tumor, MRI is significantly more sensitive to the
extent of the tumor as well as its associated

222 L.E.G. Warren et al.



findings, including peri-tumoral edema. The
most useful sequences on MRI are T1- and
T2-weighed images. Glioblastomas are nearly
always heterogeneously enhancing on
T1-weighted images following administration of
gadolinium contrast; anaplastic gliomas are more
variably enhancing. T2-weighted fluid attenua-
tion inversion recovery (FLAIR) images are the
most useful series for full visualization of
tumor-associated edema for high-grade gliomas.
Low-grade gliomas most often are
non-enhancing, thus, the FLAIR sequence is
often the best sequence by which to visualize the
tumor. Ideally, the extent of tumor resection and
determination of residual disease should be
assessed by performing a post-operative MRI
within 24–48 h of surgery. By performing this
study within this time period, residual tumor can
be distinguished from post-surgical effects.

In the pre-CT and MRI era, whole brain
irradiation was usually employed as adjuvant RT
for malignant glioma. However, studies demon-
strated that the majority of recurrences were
within a few centimeters of the pre-surgical
tumor [46, 47]. With the added impetus to reduce
treatment-related toxicity of whole brain radia-
tion therapy (WBRT), subsequent trials con-
firmed no benefit to whole brain irradiation
compared to more focal irradiation [48]. Addi-
tionally, with the development of image-based
RT planning, more localized RT was feasible.
Utilization of both MRI and CT data for treat-
ment planning is now standard of care [49].
Based on the tendency for malignant gliomas to
infiltrate adjacent brain tissue, potential expan-
sion across the midline via the corpus callosum
should be considered when defining treatment
volumes. The value of utilizing F-18
fluorodeoxyglucose (FDG) PET for definition
of treatment volumes, particularly the boost
volume, has been of recent interest. However,
studies have not demonstrated improved survival
with the use of FDG PET compared to historical
controls [50, 51]. The value of PET for patients
with glioblastoma continues to be investigated,
particularly with regard to its potential role in
assessing early treatment response or recurrence.

A typical RT plan involves an initial course of
targeting the T2 hyperintense volume plus a 1–
2 cm margin to encompass potential microscopic
disease and treating this target volume to 45–
50 Gy. This first course is followed by a boost to
the T1 post-contrast tumor plus a 2–2.5 cm
margin to a total dose of 60 Gy using 30 frac-
tions of 2 Gy. Alternatively, the T1 enhancing
and T2 hyperintense disease can be treated as a
single volume with a margin to 60 Gy (see
Fig. 14.1). A total dose of 60 Gy is the standard
of care based on several studies that showed
improved survival with dose escalation to 60 Gy
[52–54].

Several other studies examined the utility of
dose escalation beyond 60 Gy for glioblastoma
using a variety of techniques including 3D con-
formal RT, [55] stereotactic radiosurgery, [56]
brachytherapy, [57, 58] and particle therapy [59,
60]. However, even up to doses as high as
90 Gy, tumor recurrence often occurs in-field
[59, 61] and dose escalation with brachytherapy
failed to show a survival benefit in a randomized
trial [57]. Radiation necrosis often proves the
limiting factor preventing dose escalation to a
larger volume and/or to a boost volume. Given
the technical complexity of brachytherapy and
the emergence of stereotactic techniques, interest
in brachytherapy has declined in favor of
stereotactic radiosurgery (SRS) or stereotactic
radiation therapy (SRT). SRS and SRT will be
discussed in more detail in the next section.
Given continued poor outcomes with conven-
tional radiation therapy and lack of efficacy of
dose escalation, several other approaches have
been studied, including hyperfractionation, [62,
63] without evidence of improved survival with
altered fractionation. The doses for anaplastic
gliomas are extrapolated from the glioblastoma
trials and most often are 59.4 Gy in 1.8 Gy per
fraction. An acceptable dose range for low-grade
gliomas is 45–54 Gy; the most often prescribed
dose is 54 Gy in 30 fractions.

The use of 3D conformal RT versus
intensity-modulated RT (IMRT) is often decided
upon based on tumor location. IMRT is an
advanced type of radiation therapy that modu-
lates the intensity of the radiation of each beam
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during treatment by utilizing computer algo-
rithms to simultaneously optimize the tumor dose
and minimize dose to normal structures. Dosi-
metric planning studies have shown superior
target coverage and increased dose sparing to
neighboring normal structures with the use of
IMRT [64, 65]. IMRT is most beneficial when
the tumor abuts critical radiation-sensitive struc-
tures such as the optic chiasm, optic nerves,
pituitary gland, and/or brainstem. Figures 14.2
and 14.3 demonstrate the capacity of IMRT to
increase the dose homogeneity and reduce the
dose to critical normal structures. However, level
I evidence examining clinical endpoints is lack-
ing to support the use of IMRT over 3D con-
formal radiation therapy.

Role for Stereotactic Radiosurgery
and Stereotactic Radiation Therapy

SRS and SRT are techniques that use an external
stereotactic localization system to precisely aim
at small targets typically within the cranium.
Because of the combination of high precision
targeting a small volume, high doses of radiation
can often be safely delivered. When delivering

the dose in one treatment (or up to five), the term
SRS is used. When the stereotactic planning and
delivery system is used with more traditional low
dose per day fractionation, the term SRT is
employed. SRS and SRT allow for limited dose
to the adjacent normal structures by utilizing
multiple radiation beams, often with arcs, accu-
rate localization of the lesion, and reproducibility
of patient positioning using more stringent
immobilization techniques. Using this technique,
treatment precision and accuracy are within 1–
1.5 mm with either frame-based or frameless
approaches, the latter made possible by more
advanced real time image guidance [66–68]. In
comparison to conventionally fractionated treat-
ment, the target volume with SRS is defined by
residual or recurrent T1-enhancing tumor.

Given that glioblastoma usually recurs within
the original treatment field after conventional
doses of RT, studies were undertaken to assess
the value of dose escalation with stereotactic
radiosurgery for newly diagnosed malignant
gliomas. One prospective study examined the
utilization of a radiosurgery boost given 2–
4 weeks after conventional RT for patients with
glioblastoma and anaplastic astrocytoma [69].
The median radiosurgery boost was 12 Gy

Fig. 14.1 Clinical target volume (CTV) is outlined
(pink) on representative slices at the same level from the
planning computed tomography (CT), T1-weighted
post-gadolinium, and T2-weighted FLAIR magnetic res-
onance imaging (MRI) series, respectively, from left to

right. The planning CT is fused with the pre- and
post-operative MRI images to aid with contouring of the
target volume and neighboring critical structures. The
lenses, retinae, optic nerves, optic chiasm, and brainstem
are seen on this representative slice
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(Range: 10–25 Gy) after 59.4 Gy of conven-
tional RT. At a median follow-up of 19 months,
76% of patients were still alive; of those who
died, 67% of patients died of recurrent disease,
22% died of treatment complications, and 11%
died of intercurrent disease. The authors con-
cluded that radiosurgery was a useful adjunct to
other treatment modalities. Several other
prospective trials suggested a benefit with the
additional of stereotactic radiosurgery when
compared to historic controls [70, 71]. However,
a prospective randomized trial, RTOG 9305, did
not confirm a survival benefit with SRS boost
delivered prior to standard external beam radia-
tion therapy [56]. Of note, in this study there was
no difference in patterns of failure between the
two arms with 93% of patients failing locally,

defined as recurrent or persistent tumor located
within 2 cm of the enhancing edge of the
post-operative lesion.

Hypofractionated stereotactic radiotherapy
(hSRT) combines SRT with intermediate dose
per fraction and typically a limited number of
fractions. Utilization of the stereotactic approach
enables reduction of normal tissue dose and
hopefully corresponding toxicity. RTOG 0023
was a prospective Phase II trial examining the
feasibility, toxicity, and efficacy of an integrated
stereotactic boost of either 20 or 28 Gy delivered
in 4 fractions as part of initial management for
resected glioblastoma. No significant survival
benefit was seen with this dose-intense regimen
[72]. A subsequent randomized trial, EORTC
22972-26991/MRC BR10, attempted to

Fig. 14.2 A comparison of intensity-modulated radia-
tion therapy (IMRT) and 3-dimensional conformal radi-
ation therapy (3DCRT) for the same patient as in Fig. 1
with a resected glioblastoma. The top row is the IMRT
plan as seen on the computed tomography (CT),
T1-weighted post-gadolinium and T2-weighted FLAIR
magnetic resonance images, respectively, from left to

right. The bottom row is the corresponding 3DCRT plan.
The clinical target volume (blue) was expanded by 3 mm
to create the planning target volume (PTV) seen in pink.
The PTV was prescribed 60 Gy in 30 fractions. The area
receiving 62 Gy, also known as the “hot spot,” is visibly
larger in the 3DCRT plan

14 Radiation Therapy for Malignant Gliomas: Current Options 225



randomize patients with high-grade gliomas to
conventional radiation therapy with or without
fractionated stereotactic boost but was closed
early due to poor accrual [73]. Published results
found acute and late toxicities of the stereotactic
boost to be low but no definitive conclusions
regarding the value of the stereotactic boost
could be reached given the small number of
patients enrolled.

Toxicities of Radiation Therapy

During radiation therapy, common potential
acute toxicities include fatigue, skin erythema,
headache, alopecia, loss of appetite, nausea, and
more rarely seizures or vomiting. Long-term
effects of radiation may include ongoing fatigue,
cataracts, vision loss, hearing loss, xerostomia,
RT-induced leukoencephalopathy, endocrino-
pathies, and neurocognitive impairments. Brain
necrosis secondary to RT is dose-dependent, rare
but serious and may require corticosteroids or
surgical intervention in the more severe symp-
tomatic cases. The risk of radiation-associated

secondary malignancy following irradiation of
the central nervous system is estimated to be
1–3% twenty years following RT and generally
occurring to those who received radiation deliv-
ered during childhood or young adulthood
[74–76].

Radiation and Recurrent Disease

Recurrent disease can be treated with resection,
re-irradiation, second-line chemotherapy, or
experimental therapy on a clinical trial. Consid-
eration of resection is dependent on the location
of the recurrence and tumor volume and may be
most appropriate for patients with a reasonable
performance status and symptomatic disease that
would benefit from a debulking surgical proce-
dure. Re-irradiation for malignant gliomas is
only feasible for a minority of patients due to
concerns about normal tissue tolerance. The time
interval between initial RT and re-irradiation is
particularly important given the concern that
treatment-related toxicities are inversely propor-
tional to the interval between initial and

Fig. 14.3 A dose–volume histogram (DVH) allows for
evaluation of the dose received by the target volumes and
critical normal structures. This dose–volume histogram
compares the doses delivered by an intensity-modulated
radiation therapy plan (IMRT, solid lines) as compared to
a three-dimensional conformation radiation therapy plan

(3DCRT, dashed lines). The vertical axis represents the
proportion (%) of the total volume of a structure receiving
a particular dose, which is represented on the horizontal
axis. Coverage of the clinical target volume (CTV), and
planning target volume (PTV) is improved and doses to
the critical normal structures are lower with use of IMRT
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re-irradiation. There are no prospective random-
ized trials defining the standard of care with
regard to re-irradiation. Retrospective studies
utilizing fractionated RT [77], SRT [78], or SRS
[79] demonstrated tolerability and seeming effi-
cacy. Several retrospective and prospective
studies examined the role of brachytherapy for
recurrent or progressive glioblastomas; the
investigators concluded that brachytherapy both
at the time of re-resection using inflatable balloon
catheters [80, 81] or permanent seed implants
[82] were safe and efficacious. One significant
concern with re-irradiation delivered via
brachytherapy in particular is radiation necrosis,
which can be associated with significant mor-
bidity and even mortality [83, 84].

With regard to systemic agents, both PCV and
TMZ have activity in patients who have failed
initial treatment; however, salvage chemotherapy
only offers modest benefits with progression-free
survival rates of 20–30% at six months. Beva-
cizumab is approved for relapsed disease based
on phase II data showing it is well-tolerated and
active given with or without irinotecan for
recurrent glioblastoma [85]. Several studies have
researched the potential of combining
re-irradiation with systemic therapies. One study
examined re-irradiation to a total dose of 36 Gy in
18 fractions with or without APG101, a CD95
ligand-binding fusion protein, for patients with
recurrent glioblastoma measuring 1–4 cm in size.
It demonstrated a progression-free survival rate at
six months of only 3.8% with re-irradiation alone
but 20.7% with combination therapy [86]. Other
studies have examined the combination of beva-
cizumab with radiation therapy for recurrent
malignant gliomas and found this combination to
be safe and well-tolerated [87–89]. RTOG 12-05
is a Phase II randomized trial currently accruing
that is examining bevacizumab alone versus
bevacizumab with re-irradiation for patients with
recurrent glioblastoma. The role for re-irradiation
for recurrent anaplastic gliomas should be con-
sidered on an individual basis with particular
attention paid to patient preference, performance
status, time since prior therapies, and anatomic
location. The prior radiation dose to critical
structures, in particular the optic nerves, optic

chiasm, and brainstem must be taken into account
when considering a safe cumulative dose.
Enrollment on clinical trials is recommended.

Conclusions and Future Directions

Unfortunately, the prognosis remains poor for
patients with malignant gliomas despite robust
investigation into multimodality therapies.
A number of additional ongoing studies are uti-
lizing advanced radiation modalities, vaccines,
novel chemotherapies, and targeted agents to try
to improve patient outcomes. Maximum safe
resection with adjuvant concomitant RT and
TMZ followed by TMZ remains the standard of
care for patients with glioblastoma. Increasingly
for patients with Grade II and Grade III gliomas
molecular data is guiding management with
regard to the role for RT and chemotherapy. How
best to incorporate genomic data into prognosti-
cation and treatment recommendations is under
investigation and will likely change standard
approaches to malignant gliomas in the future.
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15Glioma Radiosensitizers: Exciting
New Developments and Directions

Christopher D. Corso and Ranjit S. Bindra

Introduction

Systemic therapies are often given with radiation
(RT) or other DNA damaging agents concurrently
to enhance local control for solid tumors with high
local recurrence rates, including malignant brain
tumors such as glioblastoma (GBM).This approach
capitalizes on synergistic interactions between the
agents and is referred to as chemo- or radiosensiti-
zation [1]. To this end, temozolomide (TMZ) is
given concurrently as a radiosensitizer as part of the
current standard of care for GBM following surgi-
cal resection [2, 3]. Furthermore, approximately
50% ofGBM tumors are found to have silencing of
the O(6)-methylguanine-DNA methyltransferase
(MGMT) gene via promoter hypermethylation [4].
MGMT is a keyDNA repair protein that is required
for the resolution of TMZ-induced DNA damage,
and thus these tumors exhibit increased sensitivity
to this agent.

Ionizing radiation and many chemotherapies
produce double strand breaks (DSBs) which can

lead to death in actively dividing cells if they
cannot be repaired prior to progression of the cell
cycle. Mammalian cells utilize two main path-
ways to repair DSBs: homologous recombination
(HR) and non-homologous end joining (NHEJ).
While HR utilizes homologous DNA sequences
as a repair template, NHEJ processes and
re-ligates the DSB ends [5]. Emerging data
suggest that DSB repair proteins are viable tar-
gets for chemo- and radiosensitization, especially
for GBM. The rationale for this approach is
supported by several key findings: (1) many
gliomas have altered or dysregulated DNA repair
activity as a result of mutations in PTEN, EGFR,
and other genes [6–8], which renders them sus-
ceptible to inhibition of the remaining intact
DNA repair pathways [9]; (2) actively dividing
tumor cells exhibit replication stress and are
susceptible to agents which disrupt genomic
integrity [10–12]; and (3) DSB repair pathways
are critical for the repair of DSBs induced by RT
and other DNA damaging agents [5].

Here, we discuss several exciting new direc-
tions in the development of malignant glioma
radiosensitizers which act via inhibition of key
DSB repair pathways. In particular, we highlight
ongoing translational research efforts and ongo-
ing clinical trials related to the development of
inhibitors targeting the ataxia telangiectasia
mutated (ATM) and ataxia telangiectasia and
Rad3 related (ATR) axes, as well as a key G2/M
checkpoint protein, Wee1. Finally, we discuss a
unique bench-to-bedside trial at our institution
which is testing novel DSB repair inhibitor in
recurrent GBM.
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ATM and ATR as Targets
for Radiosensitization

As discussed above, DSBs lead to activation of
DNA damage response (DDR) pathways which
are mediated, in part, by ATM and ATR as well
as two downstream kinases, checkpoint kinases 1
(Chk1) and 2 (Chk2) [13]. After activation, ATM
and ATR upregulate cell cycle checkpoint path-
ways, which induce cell cycle arrest and DNA
repair. By transiently arresting or delaying the
cell cycle, they provide the necessary time for the
repair of a lesion prior to DNA replication and
mitosis, where unrepaired lesions can lead to
mitotic cell death. It is has been shown that
expression of DSB repair genes is often altered in
human gliomas and other cancers, leading to
dependence on the remaining intact repair DDR
pathways [14, 15]. Thus, ATM and ATR sig-
naling pathways provide attractive points of
intervention for inhibition of radiation-induced
DNA cell cycle arrest which can potentiate the
efficacy of cancer treatment and lead to
radiosensitization.

Overview of the ATM-Chk2 Axis

DSBs are sensed by the heterotrimeric
Mre11/Rad50/NBS1 (MRN) complex which
serves as an activation platform for the DNA
damage checkpoint kinase ATM [16, 17]. In
undamaged cells, quiescent ATM exists as
homodimers, which dissociate into active mono-
mers upon activation [18]. Inactive ATM
auto-phosphorylates at Ser1981 and subsequently
phosphorylates histone variant H2AX (γH2AX)
proximal to the DNA break. Phosphorylation of
H2AX leads to further enhancement of ATM
binding and allows the DNA damage signal to
spread along the chromatin [16]. Activated ATM
phosphorylates hundreds of proteins including
p53, c-Abl, BRCA1, and NBS1 which further
propagates the DNA damage signal into numer-
ous cellular pathways and processes [19].

ATM coordinates DNA repair primarily via
homologous recombination (HR) which is a rel-
atively error-free method of DSB repair that uses

a homologous sister chromatid as a template for
repair [20]. ATM is responsible for recruitment
of HR proteins such as Mre11 and CtIP (CtBP
Interacting Protein) which leads to creation of 3′
single-stranded nucleotide overhangs, followed
by replication protein A (RPA) and RAD51
nucleofilament formation [21, 22]. The nucle-
ofilament mediates the homology search, strand
invasion, and formation of the D-loop, leading to
promotion of DNA synthesis. A full review of
ATM involvement in DNA repair is beyond the
scope of this work; however, a recent review
provides excellent discussion on this topic [23].

An important effector of ATM signaling is
checkpoint kinase 2 (Chk2), which is phospho-
rylated at residue Thr68 by ATM following DSB
formation [24]. Once activated, Chk2 is thought
to dissociate from sites of damage and disperse
as a monomer throughout the nucleus to phos-
phorylate over 20 substrates involved in apop-
tosis, gene transcription, and cell cycle
progression [25]. In the presence of DSBs, Chk2
arrests the cell cycle by several mechanisms
including through phosphorylation and
cytoplasmic-translocation of Cdc25C phos-
phatase [19]. In the cytoplasm, Cdc25C can no
longer dephosphorylate and activate the
cyclinB1/cyclin-dependent kinase 1 (Cdk1)
complex, maintaining Cdk1 in an inert form and
preventing progression into mitosis [26]. Chk2
also phosphorylates p53 to promote p21 accu-
mulation and G2/M arrest. Through similar
molecular mechanisms, Chk2 activation can also
lead to G1/S arrest in the presence of DSBs.

Overview of the ATR-Chk1 Axis

In the classical model, ATM and ATR were
thought to act on different types of DNA breaks:
ATM was activated in response to DSBs,
whereas ATR was thought to act in response to
single-strand breaks (SSBs). Studies now show
that in fact, ATR responds to single-stranded
regions of DNA generated at stalled replications
forks, but it also appears to be activated in the
presence of single-strand DNA (ssDNA) gener-
ated by processing of DSBs [27]. The activation
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of ATR in the presence of DSBs requires both
ATM and the nuclease activity of Mre11 to
generate ssDNA coated with RPA that is neces-
sary for ATR recruitment [27, 28]. ATR, like
ATM, has a large number of molecular sub-
strates. ATR appears to exert its effects on cell
cycle arrest primarily through the phosphoryla-
tion of checkpoint kinase 1 (Chk1) [29]. Chk1
has an effect on S-phase progression through
inhibition of Cdc25 phosphatases and regulation
of cyclin-dependent kinases [30]. Chk1 also
plays a role in preventing cellular progression
into mitosis with unrepaired DNA damage
through sequestration of Cdc25C into the cyto-
plasm and degradation of Cdc25A which main-
tains Cdk1 in its inactive state resulting in G2/M
arrest [30, 31]. Importantly, it appears that
IR-induced G2/M-phase arrest involves the
cooperation of ATR and ATM, since double
deletion of ATR and ATM eliminates nearly all
IR-induced delay [32]. While the activation of
ATM occurs essentially irrespective of the cell
cycle phase, ATR is primarily activated in the S
and G2 phase, suggesting that ATR activation is
regulated by ATM in a cell cycle-dependent
manner [27].

Small Molecule ATM and ATR
Inhibitors as Glioma Radiosensitizers

GBM is a highly radioresistant tumor that tends
to recur locally despite aggressive surgery and
chemo-radiation. One explanation for this nearly
eventual recurrence following an initial response
to treatment is that GBMs appear to exhibit
upregulation of the DNA damage response. This
is supported by an analysis of multiple human
glioma cell lines by Bartkova and colleagues, in
which constitutive activation of the DDR path-
way and upregulation of the ATM-Chk2 axis
was observed at increased levels in GBM when
compared to lower grade gliomas [33].

Other investigators have suggested that high
rates of local failure may be attributed to failure
to sterilize a subpopulation of radioresistant
GBM cancer stem cells (CSCs), which are cells

that are capable of repopulating a GBM tumor
in vivo. In one study, Bao and colleagues
demonstrated that CD133-positive cancer stem
cells exhibited radioresistance due to preferential
activation of the DDR and an increase in DNA
repair capacity when compared to
CD133-negative cells [34]. This radioresistance
was overcome with an inhibitor of Chk1 and
Chk2, suggesting that targeting DDR pathways
in CSCs could provide an important therapeutic
strategy for malignant brain cancers [34].

Recently, it was demonstrated that primary
GBM cells grown in stem cell conditions
exhibited increased radioresistance relative to
differentiated cell populations originating from
the same parental tumor [9]. The stem-like cells
exhibited enhanced G2/M checkpoint activation
and DSB repair following IR relative to their
differentiated tumor cell counterparts. The
observed radioresistance was capable of being
overcome by treatment with the ATM inhibitor
KU-55933, which produced potent radiosensiti-
zation of the GBM CSCs [9]. ATR and Chk1 are
also expressed at high levels in GBM stem-like
cells under basal conditions, which exhibit rapid
Chk1 activation in response to IR [9]. Combined
inhibition of PARP and ATR using olaparib and
VE-821 resulted in profound radiosensitization
of the GBM CSCs, which exceeded the effect of
ATM inhibition alone [9].

There have been many other studies demon-
strating the efficacy of ATM and ATR inhibitors
in malignant glioma models both in vitro and
in vivo. One group found that ATM inhibition
with KU-55933 led to improved radiosensitiza-
tion when compared with a DNA-PK inhibitor in
glioma stem cells and led to prolonged survival
for mice with intracranial xenografts [35].
The ATM inhibitor KU-60019 was also shown to
cause radiosensitization of mutant p53 human
glioma cells when delivered via intracranial
convection-enhanced delivery [36]. ATR inhibi-
tion with VE-821 was shown to be effective in
inhibiting the growth of cancer cells in 3-D
spheroid models of glioblastoma [37]. These
studies, among others, provide evidence that
inhibition of ATM and ATR may represent an
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effective therapeutic strategy moving forward for
targeting even the most radioresistant subpopu-
lations of GBM.

Wee1 as a Target
for Radiosensitization

Another molecule that has emerged as a key G2/
M checkpoint regulator is Wee1 kinase [38]. As
discussed above, Wee1 is phosphorylated by
Chk1 in response to DNA damage. Wee1 blocks
entry into mitosis by catalyzing inhibitory
phosphorylation of the Tyr15 residue on Cdk1.
Inhibition of Cdk1 leads to inactivation of the
Cdc2/cyclin B complex that leads to G2/M cell
cycle arrest [39]. This checkpoint plays a key
role in repairing DNA damage prior to entry into
mitosis. Inhibition of Wee1 has been shown to
abrogate G2/M arrest and propel cells into pre-
mature mitosis which can ultimately lead to cell
death via mitotic catastrophe or apoptosis [40].
Inhibition of Wee1 through pyrido-pyrimidine
derivatives such as PD0166285, or via siRNA
knockdown has been shown to sensitize multiple
cancer cell lines to radiation and other DNA
damaging agents [40–42]. The sensitization
effect is most pronounced in p53-deficient cells
which exhibit increased reliance on the G2/M
checkpoint due to disruption of the p53 mediated
G1 checkpoint [41]. Consistent with the concept
of synthetic lethality, if a cell harbors an inherent
G1/S deficiency and then undergoes induced
disruption of the G2/M checkpoint, unrepaired
DNA damage will lead to enhanced cell killing.

Preclinical efficacy of the Wee1 inhibitor
MK-1775 as a radiosensitizer was initially stud-
ied in p53-deficient mouse xenograft models
[43]. Bridges et al. demonstrated that oral
administration of MK-1775 enhanced xenograft
tumor response when combined with daily frac-
tionated radiation in mice bearing p53-null lung
cancer xenografts. Others have since shown that
inhibition of Wee1 is also effective in p53
wild-type tumor models, including a pediatric
high-grade glioma xenograft model where
MK-1775 combined with radiation was shown to

confer a survival benefit when compared to
radiation alone [44].

The successful preclinical studies led to clin-
ical trial testing in humans. Recently, Do et al.
published a phase I trial which examined the
safety of MK-1775 monotherapy [45]. The drug
exhibited a half-life of approximately 11 h and
common toxicities included myelosuppression
and diarrhea. Interestingly, archival tissue from
five patients confirmed TP53 mutations, though
no responses were observed in these patients.

There are currently two ongoing clinical trials
that are studying the efficacy of Wee1 inhibitors
with radiation in CNS tumors. In the ABTC1202
trial, MK-1775 is being combined with radiation
and temozolomide for newly diagnosed or
recurrent GBM (NCT01849146). In another
ongoing Phase I trial, MK-1775 is being studied
together with local radiation for pediatric patients
with diffuse intrinsic pontine glioma
(NCT01922076). Whether the combination of
radiation and MK-1775 is effective in humans
remains to be seen, since MK-1775 was recently
reported to have limited blood brain barrier
penetration in mouse xenograft models of GBM
[46].

Drug Repurposing to Rapidly
Developing Novel Radiosensitizers:
A Case Study

As illustrated by the recent formation of the
National Center for Advancing Translational
Sciences (NCATS) program, Discovering New
Therapeutic Uses for Existing Molecules, there is
great interest in identifying new disease indica-
tions for existing drugs. This approach, referred
to as “drug repurposing,” is advantageous
because such agents have already cleared key
developmental milestones, and thus they can
rapidly enter into clinical trials [47]. Our labo-
ratory recently identified a calcium channel
blocker, mibefradil dihydrochloride, as a GBM
radiosensitizer in a screen for novel DNA repair
inhibitors. Mibefradil was previously
FDA-approved to treat hypertension, and we
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subsequently repurposed it as a GBM radiosen-
sitizer in an investigator-initiated Phase I trial for
recurrent GBM at our institution. Interim results
from this study indicate that mibefradil can be
combined safely with RT, and we have observed
several promising treatment responses. The novel
application of mibefradil at our institution is
outlined below.

We executed a high-throughput, cell-based
screen for novel DSB repair inhibitors, using a
unique assay that we developed which measures
NHEJ and HR in living cells. This screen iden-
tified mibefradil as a potent NHEJ repair inhi-
bitor, and we demonstrated that it could induce
substantial radiosensitization in glioma tumor
cells in vitro, at levels similar to that induced by
TMZ. This work was recently published [48].
Radiosensitization by mibefradil was indepen-
dently confirmed by another laboratory in vivo
using a rat C6 glioma model [49]. Ongoing work
in our laboratory using a variety of orthogonal
approaches indicates that mibefradil targets a
sub-pathway of NHEJ which also repairs TMZ
damage, with greatest activity in replicating cells.
Collectively, these data identified mibefradil as a
novel DSB repair inhibitor and a glioma
radiosensitizer.

Based on our finding that mibefradil inhibits
NHEJ and radiosensitizes glioma tumor cells, we
recently designed a single center, open-label
Phase I trial testing this drug as a radiosensitizer
in recurrent GBM (NCT02202993). This is a
standard 3 + 3 drug dose escalation trial with a
fixed 30 Gy RT dose in 5 fractions. The
hypofractionated RT scheme is based on previ-
ous re-irradiation protocols utilizing larger frac-
tion sizes (50–52). A subset of eligible subjects
are offered the option to participate in a transla-
tional research sub-study that administers mibe-
fradil for 5 days prior to planned surgery, and a
sample of resected tissue is sent for analysis of
mibefradil brain tissue concentrations, using
optimized protocols that we established with
collaborators at the Massachusetts General
Hospital (53).

Our trial opened for enrollment in August
2014 with a target accrual of 24 subjects. Pre-
liminary results in the first 12 patients show that

mibefradil can be safely combined with RT. No
evidence of radionecrosis was observed, and the
combination therapy was generally well tolerated
in all patients. Interim results indicate a median
progression-free survival (PFS) and overall sur-
vival (OS) of 5.3 and 12.8 months, respectively.
These results compare favorably to historical
controls, a finding which suggests an expected
median PFS and OS of 1.8–2.1 and 5.8–
7.7 months, respectively (54, 55). Several
intriguing cases of local control were observed in
our study patients, including complete responses
(CRs) at the treated sites. Moreover, results from
2 translational-surgical sub-study subjects have
demonstrated mibefradil brain tumor tissue con-
centrations up to 3.5 micromolar in
contrast-enhancing tumor tissue, and up to
0.788 µM in non-enhancing tissue. These levels
are well within the range of concentrations
required for radiosensitization in vitro (56, 57).
While this is a Phase I trial with primary safety
endpoints, these data are nonetheless promising
for potential efficacy.

Conclusions and Future Directions

Taken together, these data highlight the emerging
promise of targeting key DSB repair pathways as
a strategy for glioma radiosensitization. While
only a few DSB repair targets have been dis-
cussed here, it should be noted that there a
number of drugs in preclinical or clinical devel-
opment which are being tested as potential
glioma radiosensitizers, which either directly or
indirectly target other key DSB repair proteins
and pathways. Examples include the develop-
ment of poly(ADP)-ribose polymerase (PARP)
inhibitors and histone deacetylase inhibitors. One
of the greatest concerns for radiosensitizer
development is the therapeutic index, since
radiosensitization of surrounding normal tissue
may negate any potential gain in local control for
this disease. Conventional wisdom has specified
that NHEJ inhibitors, while known to induce
potent radiosensitization, may inadvertently tar-
get quiescent normal tissue in the brain. How-
ever, this paradigm is now being challenged,
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with DNA-PK inhibitors in clinical trials as
radiosensitizers for extracranial solid tumors
(e.g., NCT02516813). Regardless, the HR path-
way is preferentially utilized in replicating tumor
cells, and inhibitors of this pathway may also
represent ideal glioma radiosensitizers with a
favorable therapeutic index.
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16Infiltrative Glioma

Ghazaleh Tabatabai

Introduction

Infiltrative glioma includes astrocytoma, oligo-
dendroglioma, and until recently mixed gliomas
of World Health Organization (WHO) grades II
and III. All these tumors have in common that
they might lead to malignant progression. Even
patients with the same histological diagnosis and
WHO grade, however, have very different out-
come showing that histological diagnosis and
WHO grade do not suffice to reflect the full
spectrum of heterogeneity. Recent molecular
analyses that are discussed below will certainly
change this. Yet, all randomized clinical trials so
far enrolled patients mainly based on histological
diagnoses, and molecular markers that had been
discovered during the conduction of the trial
were then assessed in subsequent retrospective
analyses. Therefore, the first part of the chapter
summarizes clinical evidence based on the clin-
ical trials. Then, recent advancements in prog-
nostic and predictive factors are briefly discussed
regarding their impact on current clinical
decision-making outside clinical trials and
potential future clinical trial concepts.

Clinical Presentation, Diagnostic
Workup and Unfavorable Risk
Factors

Most patients present with seizures or focal
neurological deficits or headaches. MRI shows
intraparenchymal lesions; most of lower grade
tumors do not show contrast enhancement but
turn up on fluid-attenuated inversion recovery
(FLAIR) or T2-weighted sequences.

Several clinical criteria had been discussed to
define clinical risk factors at initial presentation.
Since these criteria were mainly defined in the
pre-molecular era, their limitation from today’s
perspective is certainly the lack of novel molec-
ular markers (see below). In addition, the defin-
ing clinical criteria used in clinical trials so far
are different; therefore, it is important to take this
into account when comparing outcomes across
clinical trials. For example, criteria defined by
Pignatti and coauthors defined the following five
criteria as unfavorable prognostic indicators in
patients with low-grade glioma: (i) age >40,
(ii) histology of astrocytoma, (iii) tumor maximal
diameter >6 cm, (iv) tumors crossing midline
structures, and (v) focal neurologic deficits/
seizures. A high-risk low-grade glioma was
defined by the presence of three of these five
factors warranting postoperative radiation ther-
apy (see below) [1]. These factors were validated
in the NCCT86-72-51 trial by correlating the
Pignatti score-derived definition of high-risk vs
low-risk glioma with median overall survival
(MOS) and MOS was 3.9 years in the high-risk
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group and 10.8 years in the low-risk group. Of
note, completeness of resection, mini-mental
status examination (MMSE) scores and dele-
tions of 1p and 19q were evaluated in addition to
the Pignatti criteria in this trial. Multivariate
analyses indicated that tumor size >5 cm, histo-
logical diagnosis of astrocytoma, and MMSE
score <27 were correlated with worse clinical
outcome. A co-deletion of 1p and 19q was cor-
related with a better outcome, but it has to be
taken into account that the 1p and 19q status was
only available in 66/203 patients in this trial [2].

A pooled analysis of the EORTC 22844 and
EORTC 22845 with subsequent validation in the
RTOG 9802 and NCCTG trial showed that focal
neurological deficits, astrocytoma histology,
tumor size >5 cm are correlated with poor PFS
and OS [3].

Neurosurgical Resection

Surgery has a dual aim of mass reduction and
tissue asservation for histological and (nowa-
days) molecular diagnostics. Depending on neu-
roanatomical location and patients’ comorbidity,
the safety of maximal resection can be assessed.
In fact, whenever possible, this should be taken
into account. It might be helpful to include epi-
lepsy surgery approaches in the planning of
surgical resection of infiltrative gliomas, because
symptomatic seizures might be substantially
reduced with surgery alone [4]. Early maximal
safe resection is attempted in many centers.

Chemotherapy: PCV
and Temozolomide

A postoperative treatment with chemotherapy
alone instead of radiation therapy was assessed in
the EORTC 22033-26033 trial (WHO grade II
tumors) and in the NOA-04 trial (anaplastic glio-
mas) [5]. Among the rationale for this therapeutic
strategy was to defer radiation therapy because of
potential radiation-induced neurotoxicity. This
was not only considered relevant for patients with
low-grade glioma but also for anaplastic glioma.

The chemotherapy regimen tested in com-
parison with radiation therapy (50.4 Gy) alone in
patients with low-grade glioma with the EORTC
22033 trial was temozolomide in a dose-dense
regimen (21/28, 75 mg/m2). First data after a
median follow-up of 3.75 years showed no dif-
ference in PFS (40-month PFS with TMZ alone
versus 47 months in the RT group).

Current molecular subgroup analyses of the
EORTC 22033 indicate that 1p deletion was a
overall favorable prognostic marker. The pres-
ence of IDH1 mutation and intact 1p and 19q
seemed to predict better PFS for RT. Median
overall survival has not yet been reached; there-
fore, these results are still premature. Of note, the
statistical design of this trial is not a
non-inferiority design; thus, it remains to be
clarified based on the mature data to which extent
equal measures for PFS and OS really reflect
equality of TMZ compared with RT [6].

The polychemotherapy regimen including
procarbazine, lomustine/CCNU, and vincristine
(PCV) was available before temozolomide, and
therefore, many early clinical trials used this
chemotherapy regimen.

In the NOA-04 trial, patients with anaplastic
glioma received either chemotherapy or RT as
postoperative treatment. The chemotherapy arm
was further divided into PCV or TMZ. Apart
from this, no direct comparative trials have been
conducted to compare TMZ with PCV directly
head to head. Patients in the NOA-04 trial with
anaplastic astrocytoma (52.6%) or anaplastic
oligodendroglioma (47.4%) were randomized to
receive initial radiation therapy up to 54–60 Gy
(Arm A) or 4 cycles of PCV (Arm B1) or 8
cycles of TMZ (Arm B2). The randomization
was performed at 2:1:1 between study arms A:
B1:B2. Primary endpoint was time to treatment
failure; further analyses included PFS, OS, and
correlation of molecular markers with clinical
outcome. The first results were reported in 2009
[7], and at that time, the analysis did not
demonstrate any difference in clinical efficacy
measures between initial chemotherapy and
radiation therapy. A long-term clinical follow-up
of the intention-to-treat population and the bio-
marker group was presented at the ASCO Annual
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Meeting in 2015 [8]. The long-term follow-up
did not support a differential efficacy of initial
TMZ or PCV versus initial RT. Most astrocytic
tumors in this trial were CIMPneg, and hyper-
methylation of MGMT was predictive of benefit
for PFS in arms B1 and B2, i.e., PCV and TMZ.
This finding had been previously suggested in a
study within the biomarker cohort of the
NOA-04 trial with known MGMT and IDH1
status [9]. The study investigated the impact of
IDH1 mutation on the prognostic or predictive
role of MGMT gene promoter methylation or
co-deletion of 1p/19q, and PFS was used as
primary clinical endpoint. All results of the
NOA-04 biomarker cohort (n = 183) were vali-
dated in two independent validation cohorts, the
German Glioma Network (n = 75) and the
NOA-08 trial (n = 34), respectively. A predictive
role of MGMT gene promoter methylation for a
benefit from chemotherapy (but not RT) was
confined to patients with IDH1 wild-type tumors.
In IDH1-mutated tumors, MGMT gene promoter
methylation correlated with prolonged PFS in all
treatment groups, i.e., chemotherapy alone or in
combination with RT or RT alone, indicating a
prognostic role in this setting. However, 1p/19q
co-deletion did not distinguish a prognostic from
a predictive role of MGMT methylation. Thus,
for clinical decision-making in infiltrative
glioma, a combined assessment of IDH1 and
MGMT status will be helpful (Fig. 16.1).

Radiation Therapy

In randomized clinical trials (Table 16.1), dif-
ferent doses and regimes of radiation therapy
(RT) have been applied: higher dose (59.4 Gy,
64.8 Gy) or—in grade II gliomas—lower dose
(45 Gy, 50.4 Gy). The randomized multicenter
phase III trial EORTC 22844 [10] investigated
the impact of low-dose versus high-dose radia-
tion therapy in patients with low-grade gliomas.
The primary endpoint was median overall sur-
vival. Importantly, quality of life was assessed in
both arms too. There was no difference in median
overall survival, but quality of life was better
in the low-dose radiation group. Another trial

group compared different radiation dosages: In
the NCCTG/RTOG/ECOG trial, high-dose
(64.8 Gy) versus low-dose RT was investi-
gated. Median overall survival was similar, but
patients in the high-dose group had significant
reduction of scores in the mini-mental status
examination. Both trials suggest, therefore, that
low-dose RT leads to similar progression-free
and overall survival with more stable quality of
life and mini-mental status examinations.
In WHO grade II tumors, the next arising ques-
tion was whether the onset of RT after complete
resection could be delayed. This question was
addressed in the EORTC 22845 trial, where RT,
a dosage of 54 Gy, was either administered
immediately after resection or at next tumor
progression. Median progression-free survival
after immediate RT was 5.3 years compared with
3.4 years with delayed RT. Yet, median overall
survival was not significantly different (7.4 years
in immediate RT versus 7.2 years in delayed RT)
[11]. A similar patient population is represented
in a subgroup of the RTOG 9802 trial, i.e.,
patients (n = 111) under the age of 40 years and
with macroscopic complete resection as verified
by postoperative MRI. These patients did not
receive any further therapy after resection, and
48% had progression at 5 years after resection
[12].

Combining Radiation Therapy
with PCV or Temozolomide

Combinations of RT with chemotherapy have
been investigated in grade II and grade III
glioma, and RT was either combined with PCV
(usually in earlier trials) or TMZ.

The RTOG 9802 trial compared a sequential
therapy of RT (54 Gy) followed by PCV (max-
imum 6 cycles) versus RT (54 Gy) alone in
patients with low-grade glioma with clinical risk
factors (defined in this trial as age >40 years or
subtotal resection). Both PFS and MOS were
significantly prolonged with RT → PCV, mainly
in patients with histology of oligodendroglioma.
The authors’ conclusion was that RT followed by
PCV is superior to RT alone in patients with
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low-grade glioma, age >40 or incomplete
resection leading to practice change in clinical
routine [13].

Progressive Disease

At progression, all three therapeutic modalities
surgery, chemotherapy, or RT will in principle be
reconsidered. The choice of treatment modality
depends on several clinical factors including
patient’s wish, KPS, neuroanatomical site of
progression, latency between first RT and a
potential second RT, chemotherapy regimen at
primary diagnosis, and treatment-related toxici-
ties. The impact of re-resection has not been
prospectively evaluated; subgroup analysis of
glioblastoma trials suggests that re-resection is
beneficial only if complete re-resection at

progression is feasible [14]. If a postoperative
watchful waiting strategy was considered and
safe maximal re-resection is not feasible, RT will
be evaluated. For patients who have a progres-
sion of their disease after RT → PCV, salvage
chemotherapy with TMZ is considered.

Neurocognition and Quality of Life

Since many otherwise healthy young patients are
often affected, and treatment regimens lead to a
significant prolongation of the life span, the
preservation of quality of life and neurocognitive
functioning is of utmost importance.

Neurocognition at diagnosis has not been
widely explored in clinical trials, but only lon-
gitudinal assessments of patients enable the
detection of subtle deficits during therapy. On the

Fig. 16.1 Schematic overview of a possible clinical
decision algorithm outside clinical trials for infiltrative
glioma. IDH isocitrate dehydrogenase; ATRX alpha
thalassemia mental retardation X-linked; MGMT O6

methylguanine methyltransferase; G-CIMP glioma-CpG
island methylator phenotype; RT radiation therapy; TMZ
temozolomide; PCV procarbazine, lomustine/CCNU, and
vincristine
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other hand, it might be difficult to clearly attri-
bute the occurrence of deficits to a certain
(therapy-induced) cause. At diagnosis, for
example, cognitive deficits are usually attributed
to the tumor or to tumor-related seizures or
depressed mood alterations resulting from the
diagnosis or anticonvulsive medication. Cer-
tainly, further factors including genetic suscep-
tibility, lifestyle, and sleeping disorders have a
profound influence on cognition [15]. Conse-
quently, any measured changes in neurocognitive
deficits during therapy need to be carefully
assessed.

Worsening of neurocognition can transiently
occur after neurosurgical resection [16], and
comparison of treatment-induced alterations in
neurocognitive function in different trials might
be difficult due to different test batteries in dif-
ferent series. Moreover, longitudinal assessments
of MMSE scores do not integrate all neurocog-
nitive modalities and are therefore rather insen-
sitive for detecting subtle deficits. In the RTOG
9802 trial, MMSE assessments were assessed at
baseline and then yearly up to 5 years. There was
no difference between treatment arms [15].

Refinement of Treatment Strategies
in Clinical Practice Based
on Comprehensive Molecular
Diagnostics?

As outlined above, most clinical phase III trials
(Table 16.1) started at a timepoint before the
recent advancements in molecular biomarkers.
The study populations were therefore mainly
based on histological diagnosis and
histology-based grading of tumors. Besides the
well-accepted high interobserver variability in
classification and grading of glioma based on
morphology alone, even clinical trials with cen-
tral pathology review show different clinical
courses in patients with same histological diag-
noses. The longitudinal follow-up analyses of the
NOA-04, the EORTC 26951, and the RTOG
9402 impressively demonstrate that molecular
diagnosis is superior to histological diagnosis for
defining the course of the disease and for pre-
dicting a benefit from therapy. This lesson does
definitely not imply that histology is outdated
and replaced by molecular diagnosis but rather

Table 16.1 Randomized clinical phase III trials in gliomas grade II and grade III

Trial Study population Study treatment

EORTC 22844 Low-grade glioma
WHO grade II

After surgery
RT 45 Gy versus 59.4 Gy

EORTC 22845 Low-grade glioma
WHO grade II

After surgery
RT versus watchful waiting

EORTC 22033 Low-grade glioma
WHO grade II

Registration after surgery
Enrollment at progression
RT versus TMZ (21/28)

RTOG 9802 Low-grade glioma
WHO grade II
Incomplete resection

RT versus RT → PCV

NOA-04 Anaplastic glioma
WHO grade III

RT versus chemotherapy
(4 × PCV vs. 8 × TMZ5/28)

EORTC 26951 Anaplastic glioma
WHO grade III

RT versus RT → PCV

RTOG 9402 Anaplastic glioma
WHO grade III

RT/PCV versus RT

EORTC 26053 Anaplastic glioma
WHO grade III
No co-deletion of 1p and 19q

RT versus RT/TMZ versus RT/TMZ → 12 × TMZ
RT → 12 × TMZ

RT radiation; TMZ temozolomide; PCV procarbazine; CCNU vincristine
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demonstrates that a multilayer diagnostic workup
including morphology, histology-based grading,
and molecular diagnostics is a necessity (and not
a luxury anymore).

The most commonly used molecular markers
for further categorizing infiltrative gliomas
include IDH/G-CIMP, MGMT, 1p/19q, ATRX,
and TERT. A suggestion for clinical algorithm
for therapy decision outside clinical trials is
outlined in Fig. 16.1.

The question on the optimal treatment of
anaplastic gliomas without 1p/19q co-deletion, i.e.,
mainly anaplastic astrocytoma (as anaplastic
oligodendroglioma harbor 1p/19 q co-deletion),
was addressed in the EORTC 26053 CATNON
trial (Principal investigator: Martin van den Bent).
In this 4-arm trial, patients were randomized to
(i) RT alone, (ii) RT plus concomitant TMZ,
(iii) RT followed by 12 cycles of TMZ (5/28)
maintenance therapy, and (iv) RT plus concomitant
TMZ followed by 12 cycles of TMZ maintenance
therapy. Recruitment was finalized in July 2015.

Perspectives on Future Therapeutic
Strategies in Infiltrative Glioma

Current trials investigating targeted strategies
against IDH1 mutations, e.g., the NOA-16 trial
(NCT02454634) using a peptide vaccination, or
trials using an IDH1 inhibitor will lead to
important insights for extending currently avail-
able postoperative treatment options like RT,
TMZ, and PCV.

Clinical trials with immune checkpoint inhi-
bitors nivolumab or pembrolizumab are currently
ongoing in glioblastoma (NCT02017717,
NCT02617589, NCT02667587). It might be
interesting to investigate safety and efficacy of
combining immune checkpoint blockade in IDH
wild-type MGMT-unmethylated infiltrative
glioma with RT.

Further rare actionable mutations are present,
e.g., BRAF mutations or EGFRvIII calling for
investigating vemurafenib or dabrafenib in
BRAF-mutated infiltrative gliomas, potentially
combined with MEK inhibitors (like in

malignant melanomas). Therapeutic strategies
targeting EGFRvIII have been investigated in
several clinical trials, most recently in a peptide
vaccination phase III trial in EGFRvIII-positive
glioblastoma (NCT01480479).

All potential novel approaches that will be
tested in clinical trials need to be thoroughly
evaluated for effects on patient-reported outcome
and assessments on neurocognitive functioning
to ensure that an extension of progression-free or
overall survival is accompanied by a preservation
of quality of life and neurocognition.
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17Tumor-Specific Approach:
Oligodendroglioma (IDH1 Mutated,
1p/19q Deleted)

Charles Marc Leyrer, Erin Murphy
and Manmeet Ahluwalia

Introduction

Oligodendroglioma (OD) is a histologic subtype
of gliomas representing approximately *5% of
CNS gliomas. Of the 77,670 CNS tumors esti-
mated for 2016, ODs are estimated to comprise
490 of them [1]. The majority of these tumors are
World Health Organization (WHO) grade II;
however, >10% are grade III disease requiring
nuclear atypia, brisk mitotic activity, endothelial
proliferation, and/or necrosis [2]. Oligoden-
drogliomas tend to develop in younger patients in
the 4th to 5th decade of life and have a long
natural history given their slower progression
than other malignant gliomas. However, regard-
less of treatment, the risk of recurrence is high
and *70% will undergo anaplastic transforma-
tion in their lifetime [3]. These histologic chan-
ges are thought to occur gradually over time
which can make it difficult to determine when
treatment is required. The current treatment
paradigm involves a combination of maximum

safe resection followed by observation or further
treatment with radiation therapy and/or
chemotherapy.

The choice and timing of the most appropriate
adjuvant therapy is currently changing to strike a
balance between optimal survival and minimiz-
ing toxicities. Previously, decisions were based
mostly on clinical factors; however, there is a
myriad of new molecular factors that aid in our
decision making [4, 5]. These factors will likely
help select patients who may, or may not, require
more intensive therapy [6].

Overview

Origin/History

There is very little data on the exact etiology of
ODs with no significant inheritance pattern.
These tumors typically arise within the cerebral
hemispheres, and specifically the frontal lobe,
with a higher incidence in African Americans
and males in the 5th and 6th decades of life [1,
7]. These tumors are rarely associated with
genetic syndromes (i.e., Lynch syndrome, Li–
Fraumeni syndrome, neurofibromatosis type 1)
and even rarer to be the hallmark of these syn-
dromes [8]. Oligodendrogliomas are thought to
have improved outcomes compared to other
similar glial tumors, such as astrocytoma, and are
increasingly identified as requiring a thoughtful
treatment approach [8]. The diagnosis of ODs
requires a combination of neuroimaging,
histopathology, and molecular characterization.
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Neuroimaging

Gliomas are typically initially identified on
magnetic resonance imaging (MRI), usually after
a symptomatic presentation. They are classically
hyperintense on T2-weighted and fluid-
attenuated inversion recovery (FLAIR) sequen-
ces with little mass effect or vasogenic edema [9].
Contrast enhancement on CT and MRI was ini-
tially thought to be a hallmark of high-grade
disease and regarded as a sampling error if a
low-grade tumor was identified. Newer evalua-
tions are showing it is possible that contrast
enhancement may be present in roughly half of
low-grade ODs and was not significant for low-
versus high-grade disease [10, 11]. Oligoden-
drogliomas with contrast enhancement have
worse outcomes when compared to their
non-enhancing counterparts [12–14].

Oligodendrogliomas can be distinguished
from other gliomas by their tendency to present
with seizures on initial diagnosis as it can be seen
in over 80% of cases [15]. While gliomas tend to
originate from the frontal/temporal lobes and
grow along white matter tracts, the type of sei-
zure can indicate the location of the greatest
lesion load with generalized tonic–clonic sei-
zures showing in the mesial frontal regions and
partial seizures located more caudolaterally in the
orbitofrontal and temporal lobes [16, 17]. Sei-
zures were initially thought to be a favorable
prognostic factor for ODs; however, this has not
been replicated in larger trials by EORTC [18].
The reason is complicated by the fact that
patients with seizures tend to be without neuro-
logical deficits possibly due to the location of the
lesion or it could be the association with seizures
and 1p/19q codeleted tumors which is one of the
most significant recent advancements in molec-
ular genetics and tumor evaluation [19].

Newer imaging techniques may aid in further
determining higher risk disease. Amino acid
uptake of [F-18] fluoroethyltyrosine ([17]
F-FET) PET with a diffuse pattern on MRI cor-
related with a higher risk of transformation and
death in low-grade glioma compared to a cir-
cumscribed pattern [20]. MR spectroscopy is
being utilized to aid in identification of isocitrate

dehydrogenase (IDH)-mutated tumors based on
elevated protein levels and may be able to aid in
distinguishing ODs from astrocytomas [21, 22].
While these newer imaging techniques may
inform our management decisions, pathologic
examination remains critical in the diagnosis.

Histology

The classification is still largely based on
histopathologic features which centers on the
2007 World Health Organization classification
[2]. These cells resemble oligodendroglia and are
called anaplastic if they have focal or diffuse
features which infer a worse prognosis. Accord-
ing to the WHO 2007 classification, the type of
tumor must first be differentiated as astrocytic,
oligodendroglial, or mixed. These tumors are
then classified as grade II (low-grade), grade III
(anaplastic), or grade IV (glioblastoma). Features
used to make this differentiation include mitotic
activity, microvascular proliferation, nuclear
atypia, and necrosis [7]. Accurate diagnosis can
be hampered by the fact that a biopsy alone may
result in sampling error and the innate hetero-
geneity of gliomas [23, 24].

Oligodendroglioma cells are characteristically
round and uniform with clear nuclear mem-
branes. Occasionally seen is a clear perinuclear
halo which is due to how the tumor is fixed with
formalin. The perinuclear halo in combination
with the round membrane appears similar to a
fried egg and is classically associated with ODs.
Oligodendrogliomas are usually evenly spaced in
a honeycomb- or ‘chicken wire’-like pattern with
various branching capillaries. Calcifications are
common in *20% of low-grade gliomas and can
be suggestive of ODs [25].

Oligodendroglioma Versus
Astrocytoma

Even with histologic characterization, it can be
difficult to identify ODs as we are limited in
immunohistochemical identifiers specific to ODs
[26]. Glial fibrillary acidic protein (GFAP) is
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occasionally expressed by these cells which can
aid in diagnosis; however, it has not been asso-
ciated with a significant prognostic value [27].
Olig2 and neuronal intermediate filament
alpha-internexin (INA) expression were thought
to be helpful in distinguishing ODs given their
association in development. Yet recent publica-
tions have shown they do not provide the accu-
racy necessary to classify ODs from its
astrocytoma counterparts [28–31]. INA expres-
sion has been associated with 1p/19q codeletion
along with the absence of phosphorylated
cyclic-AMP responsive element binding protein
(p-CREB) expression as it is associated with
astrocytoma histology [30–32]. These markers
will require further study to fully assess their
value as they are still very early in evaluation.

Molecular Characterization

The advancement of molecular genetics has
allowed for further classification of gliomas and
is playing a larger role given its prognostic value.
The exact clinical prognostic significance for
ODs is limited as the majority of data available
are from research encompassing ODs, mixed
oligoastrocytomas, and astrocytomas [18, 33].
The most commonly used prognostic models are
the EORTC model and RPA for low-grade
gliomas developed by Bauman et al. [18, 34].
The EORTC prognostic model was based on
analysis of EORTC 22844 and 22845 which
identified a number of prognostic factors
including age ≥40 years, tumor diameter >6 cm,
tumor crossing midline, neurologic deficits at
diagnosis, and astrocytoma histology. The RPA
classification categorizes tumors to four different
risk groups based on KPS, age at diagnosis, and
presence/absence of contrast enhancement.

The association of OD and loss of heterozy-
gosity for chromosome arms 1p and 19q was
initially reported in 1994 and has since shown to
have a significant prognostic significance [35,
36]. Patients with 1p/19q codeletion have sig-
nificantly longer median and progression-free
survival compared to their counterparts with
preserved 1p and 19q. The majority of tumors

showing 1p/19q codeletion are thought to be due
to a single unbalanced translocation event
between arms 1 and 19 at centromere (q10;p10)
rather than smaller deletions [37]. This may
explain why tumors require both 1p and 19q loss
for a better predictive outcome rather than 1p or
19q alone [38, 39]. In further evaluation, 1p/19q
codeletion has since been shown to be predictive
of treatment response in large prospective ran-
domized studies and associated with improved
overall survival and improved response to PCV
chemotherapy [35, 40–42].

A second major discovery was the association
of IDH mutation with 1p/19q and can correlate
with tumor type as IDH1 mutations are mostly
found at codon 132 in astrocytic tumors and
IDH2 mutations at codon 172 in oligodendroglial
tumors [43]. Newer studies now believe that IDH
mutations may be one of the initial events of
early tumor mutations and are created prior to
1p/19q deletion. These mutations can drive
gliomas toward OD subtype unlike tumor protein
53 (TP53) and alpha-thalassemia/mental retar-
dation syndrome, X-linked (ATRX) mutations
which are associated with the astrocytoma his-
tology [44]. Both IDH1 and IDH2 are associated
with improved outcomes in oligodendroglial
tumors [45]. However, attempts to associate
IDH-mutated astrocytomas with improved PFS
and OS have not held for IDH1-mutated tumors
[46, 47].

Of recent interest are two mutations which are
rarely found together: telomerase reverse tran-
scriptase (TERT) and alpha–thalassemia/mental
retardation syndrome, X-linked (ATRX) [48].
ATRX is associated with telomere maintenance,
and a mutation is typically associated with
astrocytoma histology where IDH is mutated and
1p/19q is intact [49–51]. Recent molecular
analysis of the NOA-04 clinical trial showed
improved survival in anaplastic astrocytomas
tumors which were ATRX mutated [49]. TERT
is required to maintain telomere length, and
mutations result in increased telomerase activity.
It is most commonly found in high-grade disease,
but it can present in oligodendrogliomas with
1p/19q codeletion. When absent in 1p/19q
codeleted tumors or the mutation is present in
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1p/19q non-codeleted or IDH wild-type tumors,
it carries a poor prognosis which some compare
to glioblastomas [52–54].

The investigation and sequencing of 1p/19q
deleted tumors led to the discovery of two inac-
tivating mutations in a homologue of Drop-
sophilia Capicua (CIC) on 19q and far-upstream
binding protein 1 (FUBP1) on 1p [55]. Both CIC
and FUBP1 are associated with tumor suppressor
activity and are present in 46 and 24% of grade
II/III oligodendrogliomas, respectively, but rarely
in mixed oligoastrocytomas or astrocytomas [55,
56]. The impact of these mutations on prognosis
is indeterminate at this time; however, they may
play a role, in conjunction with ATRX, in better
defining astrocytic versus oligodendroglial
tumors [57].

Another factor to consider is O6-
methylguanine-DNA-methyltransferase (MGMT),
which is an important DNA repair enzyme which
acts to prevent errors during DNA replication. In
higher grade tumors, MGMT promotor methyla-
tion has been associated with improved prognosis
and with increased sensitivity to alkylating
chemotherapies such as temozolomide [58].
MGMT methylation is closely associated with
IDH mutation status and whether it is the former or
the latter that is important in prognosis is difficult
to determine. It may play a larger role is in IDH
wild-type tumors where patients with MGMT
methylation were shown to have a more favorable
prognosis [53, 59, 60].

Current Management

Our treatment approaches in the past have been
based on grade of tumor and classic prognostic
factors. However, with new molecular prognostic
information of these tumors, the treatment
approaches will likely change in near future.
Historically, approach to treatment for grade III
tumors was a combination of maximal safe
resection followed by radiation and/or
chemotherapy, which has yielded median sur-
vival times of 12–14 years in patients with WHO
grade III 1p/19q codeletion [61]. Similarly,
treatment approaches for grade II tumors start

with maximal safe resection followed by obser-
vation or adjuvant therapies based on the classic
prognostic factors. Although the outcomes may
be better in WHO grade II patients, the risk of
recurrence is still high [8]. Initial management is
generally focused on symptom control including
antiepileptic drugs for seizures, steroids for
vasogenic edema, and occasionally surgical
drainage or decompression if there is significant
obstruction or intracranial pressure [62]. With
improved imaging and prognostic factors,
physicians are increasingly considering delayed
treatment given the long and indolent history of
these tumors with good prognostic factors once
the initial symptoms are controlled. However we
await randomized data to help guide treatment
such as the ongoing CATNON and CODEL tri-
als. CODEL [NCT00887146] will attempt to
evaluate TMZ versus PCV concurrent with
radiation and if radiation can be delayed with
TMZ alone. In patients who are 1p/19q code-
leted, CATNON [NCT00626990] has recently
closed and is focused the role of concurrent
and/or adjuvant TMZ with radiation.

Surgery

First-line management generally utilizes surgery
at diagnosis as it has many additional benefits
above tumor debulking as it can be utilized to
improve symptom control and provide tissue
which can better predict outcomes and aid in
treatment management. Given the long natural
history of these tumors and high risk of recur-
rence, even with GTR, some have considered
up-front observation with the idea that this may
improve a patient’s quality of life without an
impact on overall survival if they are followed
closely [63, 64]. While this may be an option
with a more carefully selected patient population,
recent studies are showing improved survival in
patients with earlier surgical intervention [5, 65].
A recent evaluation in Norway of two centers,
one which favored biopsy and another favoring
early resection of LGGs, showed improved OS in
patients at the center with earlier surgical
intervention. Also of concern is evidence that
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these tumors will continue to grow over time and
can complicate future treatments given the
increase in size [66]. In patients presenting with
seizures, surgery is important not only as a means
of symptom control, but also has been shown to
impact overall survival [65].

Surgery can range anywhere from biopsy to
complete resection with aggressiveness of sur-
gery dependent on a multitude of factors
including patient age/performance status, tumor
involvement of eloquent brain areas, amount and
feasibility of tumor reduction with aggressive
surgery, and time since last intervention [67].
While there are no randomized trials evaluating
extent of resection, there is increasing evidence
that correlates a more aggressive surgical inter-
vention with improved outcomes among
low-grade tumors [68–71]. This is especially true
in larger tumors or patients presenting with sei-
zure as GTR can improve seizure control over
STR by almost double (43–79%) [72]. When
compared to GTR, patients with a STR have up
to 1.4 and 4.9 times the risk of recurrence and
death, respectively [68]. However, there is an
inverse correlation between the increasing size of
a lesion and the decrease in extent of resection
[18].

The data involving extent of resection are
limited in ODs as the majority of previous
studies included low- and high-grade tumors or
mixed oligoastrocytomas/astrocytomas. The
more protracted course and increased
chemosensitivity of ODs may allow for less
aggressive early surgical intervention. El-Hateer
et al. [19] had previously shown an OS and PFS
benefit with > 90% resection, but when evaluat-
ing solely tumors with OD subtype, they were
unable to show a benefit with increased extent of
resection at presentation which has been sup-
ported in other evaluations [14, 73, 74].

As we attempt to better determine which
patients require more extensive resection,
molecular genetics are becoming important even
in surgical evaluation. Patients with IDH
wild-type tumors tend to be more infiltrative on
MRI compared to their counterpart IDH-mutated
tumors which tend to be more localized and often
presenting with seizures [75, 76]. Conversely,

IDH-mutated tumors are associated with a more
complete surgical resection, even in enhancing
disease [77]. With the aid of utilizing improved
imaging techniques such as awake craniotomy,
functional MRI mapping, and intraoperative MRI
(as outlined in previous chapters), we may be
able to obtain a safer and more extensive resec-
tion. There may be a subset of OD patients who
would not benefit with significant surgical
resection at presentation; however, this popula-
tion is difficult to define without a prospective
evaluation.

Radiation Therapy

Historically, radiotherapy followed surgery either
within weeks from completion or delayed and
utilized at time of recurrence/progression. Radi-
ation acts by causing DNA damage and subse-
quent apoptosis of active tumors cells but is
non-discriminatory and also damages normal
surrounding brain tissue. The acute side effects
such as fatigue, headaches, dizziness, nausea,
vomiting, and seizure can resolve; however, the
concern comes with long-term clinical side
effects such as neurocognitive changes, reduced
quality of life, and radiation necrosis [78, 79].
Careful consideration is given to the timing of
radiotherapy especially given the longer life span
associated with these tumors.

Treatment of gliomas, specifically ODs, is
usually a dose to 45–54 Gy in 1.8–
2.0 Gy/fractions. Attempts at escalating beyond
these doses were performed in prospective ran-
domized trials. EORTC 22844 showed there was
no benefit to dose escalation of 59.4 Gy over
45 Gy at 1.8 Gy/fraction with similar 5-year OS
(59% with high doses vs. 58% with lower doses)
and PFS (50% vs. 47%) [70]. Given that the
majority of recurrences occur within the radiation
field, further dose escalation was evaluated by
the combined efforts of NCCTG, RTOG, and
EORTC. They compared radiation doses of 50.4
and 64.8 Gy at 1.8 Gy/fraction [11]. Again, there
was no significant improvement in OS (65% vs.
72% in the low-dose group) while also showing a
significant increase in risk of grade 3–5 radiation
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necrosis from
2.5 to 5%.

Given the slow progression of ODs, some
have questioned the role of radiation therapy
immediately following surgery as radiation can
be an effective salvage therapy. EORTC 22845
was a large phase 3 trial which attempted to
evaluate this question of radiation alone after
surgery or delayed until progression [3]. After
7 years of follow-up, there was a benefit in
5-year PFS of 55% with early RT and 35% with
delayed RT but no benefit in 5-year overall sur-
vival (68.4% vs. 65.7%) as most patients in the
observation arm received salvage radiotherapy.
Quality of life and cognitive toxicity were not
evaluated in this trial, but there was a benefit in
seizure control if RT was received after surgical
intervention.

With the introduction of stereotactic radio-
surgery (SRS), some institutions have utilized
SRS in select cases of both initial and recurrent
treatment. The benefit of SRS is the theoretical
ability to decrease radiation dose to normal tis-
sues surrounding the tumor. In the up-front set-
ting, current reviews show that these treatments
are well tolerated; however, they have been
unable to show a clear advantage over standard
treatment outcomes [80]. While patients did have
favorable short-term and long-term outcomes, the
patients selected can be biased by tumor location,
size, and patient performance [81–83]. SRS may
be advantageous in recurrent tumors who have
previously received radiation as these patients
can sometimes be limited in further treatment
options. Reirradiation has been shown to be well
tolerated in a small subset of patients with
recurrent low- and high-grade disease, but the
exact fractionation and timing is unclear [84, 85].

There is still concern for the long-term impact
of radiation with some retrospective series
showing evidence that RT can be associated with
increased late neurotoxicity [86–88]. It may be
more appropriate to identify patients at high risk
with poor prognostic factors who may better
benefit from early intervention with RT. One of
these subsets may be subtotally resected tumors
as they are at higher risk for earlier progression,
1p/19q intact patients as they are less susceptible

to chemotherapy, and possibly IDH wild-type
tumors [69, 89].

Chemotherapy

In the few years with increasing recognition of
the chemosensitivity associated with ODs and
1p/19q, chemotherapy has played a significant
role in the management of this disease. The
association of 1p/19q with chemosensitivity was
shown to be significant in anaplastic ODs and
oligoastrocytomas after the long-term results of
RTOG 9402 was published [61]. While
chemotherapy did not influence median survival
in combination with radiation in non-deleted
tumors (2.6 vs. 2.7 years), there was a significant
improvement if procarbazine, lomustine, and
vincristine (PCV) were given concurrently with
RT (14.7 vs. 7.3 years). Given the increasing role
of IDH status in gliomas, this was retrospectively
validated in RTOG 9402 and, again, there was an
overall survival benefit to combined chemother-
apy and radiotherapy in IDH-mutated tumors but
not in IDH wild-type tumors [90].

In low-grade gliomas specifically, the results
of the phase III study RTOG 9802 did show a
significant benefit in PFS and initially no OS
benefit with the addition of concurrent PCV
chemotherapy to RT in high-risk patients
(age >40 or STR) [91]. However, with longer
follow-up, there was a significant OS benefit
(p = 0.002) with a 10-year overall survival of
40% with RT alone versus 60% with addition of
PCV chemotherapy [92]. These results, unfortu-
nately, did not include molecular analysis which
was shown to be such an important factor in
RTOG 9402. While the role of 1p/19q and IDH
status is a known prognostic marker, its role in
chemosensitivity is not as clearly defined as in
anaplastic gliomas. Still, recent data are
promising.

Reviews have shown longer PFS and
improved response to chemotherapy in tumors
with 1p/19q codeletion [93–95]. In a study of
132 patients with a known IDH status, there was
an association with IDH mutation with improved
overall survival and chemosensitivity with
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temozolomide [96]. The methylation status of
MGMT has also been shown to be a predictor of
response to chemotherapy in low-grade disease
[97]. The majority of this data are limited in size,
population, and extent of analysis and as such
questions still remain if these markers can predict
response to chemotherapy on their own or,
instead, predicting response to treatment. Hope-
fully, upcoming prospective trials by RTOG,
EORTC, and ECOG will shed light on this
question as they are also hoping to answer the
other important question of the use of
temozolomide.

PCV Versus Temozolomide

While PCV was used in the earlier large pub-
lished prospective trials, temozolomide is gain-
ing increased use over the historically proven
PCV. When undergoing treatment with temo-
zolomide, patients with low-grade gliomas are
able to maintain their quality of life in all realms
[98]. It can be given safely and has been shown
to have an improved response in 1p/19q code-
leted tumors with favorable outcomes [99–102].
While the role for treatment in higher grade
disease is more certain, the role in low-grade
gliomas is still under active investigation and will
hopefully be answered in the coming years given
the already early results.

RTOG 0424 evaluated high-risk patients
undergoing RT with concurrent and adjuvant
temozolomide which has shown an improved
three-year overall survival of 73.1% compared to
historical controls in EORTC 22844 and 22845
[103]. While limited by the comparison to his-
torical controls, EORTC 22033–26033 will
attempt to answer the difficult question of radi-
ation versus temozolomide after surgical resec-
tion with 1p status included in the stratification.
Still early in analysis, patients with 1p intact who
received temozolomide trended toward a worse
PFS, while those with 1p deleted had an
improved OS [104]. While long-term follow-up
is required, early results show that 1p/19q status
may allow for stratification into different treat-
ment algorithms. The ECOG-E3F05 will further

attempt to define the role of temozolomide as it
investigates concurrent and adjuvant treatment
with RT versus radiation alone in low-grade
glioma patients with tumor progression or
uncontrolled symptoms.

Even if results prove to have better outcomes,
there may be those who advocate for temozolo-
mide. The reasoning is due to the toxicity and
complexity of administration of PCV
chemotherapy. Recent studies have shown up to
38% of patients are forced to discontinue PCV
versus 8% for TMZ and 9% refused to continue
PCV versus 4% for TMZ [105]. This does not
account for patients who required dose reduction,
treatment interruptions (both impairing treatment
outcomes) or had more severe toxicities such as
debilitating fatigue, neuropathy, and even death.
PCV chemotherapy also requires three agents
given over 6–8 weeks of varying dose and
intensity. This can be further complicated by
non-compliant patients, given the complexity of
the schedule, who already have difficulty with the
cognitive effects of their disease, surgery, and/or
radiation. TMZ is an oral agent which is given at
a relatively simpler dosing schedule at more
regular intervals. There has already been a large
shift by a number of large institutions away from
PCV to TMZ chemotherapy given the belief that
TMZ will be similar to PCV in terms of out-
comes and it may be difficult for some to shift
back if PCV has improved outcomes [106].

Future Chemotherapies

In brain cells, IDH1 and IDH2 are very similar in
their effect where they catalyze the reversible
conversion of isocitrate to alpha-ketoglutarate
(aKG). When IDH is mutated, this pathway is
disrupted and instead it generates
D-2-hydroxyglutarate (D2HG) which can
be >100 times more when compared to normal
cells [107]. Elevated levels of D2HG are
believed to disrupt the normal function of
aKG-dependent enzymes. This in turn leads to
several detrimental downstream effects including
increasing levels of DNA methylation by inhi-
bition of TET hydroxylase along with disruption
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of histone demethylase and prolyl hydroxylase
leading to abnormal collagen maturation [107–
109]. It is suggested that this process, and the
downstream effects, may be one of the key events
in tumorigenesis [110, 111]. By disrupting the
conversion of isocitrate to aKG, it also disrupts
the normal pathway by which the cell can create
NADPH which can further impair cellular
activity and may be the reason IDH has a sig-
nificant prognostic value [112]. Tumor cells
account for this by attempting to balance the
metabolic shift by increasing conversion of other
metabolites, such as glutamine and glutamate to
aKG by glutaminase and glutamate dehydroge-
nase (GDH) [113, 114].

Ways to disrupt this pathway and the com-
pensatory mechanisms by which it recovers are
becoming an increasing area of research as novel
targeted agents for gliomas. Glutaminase inhibi-
tion with small interfering RNA (siRNA) or
molecular inhibitors have already shown promise
with increased sensitivity in IDH-mutated tumors
[114]. Multiple compounds have been developed
which specifically inhibit IDH-mutated tumors
by inhibiting IDH1 R132H (AGI 5198, IDH305,
AG-120, and AG-881) and IDH2 R140Q (AGI
6780 and AG-881) as these are the more com-
mon sites of IDH mutations [115, 116]. Also,
undergoing phase I evaluation is a peptide vac-
cine specifically targeting the IDH1 R132H
mutation (NCT02454634) with idea to provoke
an immune response to the IDH1-mutated
tumors. While the exact benefit is unclear, early
mouse models have shown impaired growth in
IDH1-mutated gliomas with both inhibitor com-
pounds and IDH1 peptide vaccine [117].

Given the ability to detect 2-hydroxyglutarate
(2HG) on proton MR spectroscopy, there is
increasing evidence of the correlation between
2HG detection on imaging and IDH1 mutation
status [118, 119]. The prognostic significance of
IDH status may have a significant impact on the
future of surgical planning and management.
This imaging may be able to aid in biopsy tar-
geting and risk stratification before a surgical
resection, and we may be able to identify a subset
of patients who can be observed prior to resec-
tion. It has already been shown as a sufficient

way to monitor treatment response to the recent
inhibitors AGI 5198/6780 and may be an
important aspect of future trials as it can be dif-
ficult to assess response on normal CT/MRI
imaging [120].
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Hans-Georg Wirsching and Michael Weller

Epidemiology

Incidence and Survival

Approximately half of all malignant primary
brain tumors are glioblastomas (46.1%), but
compared to other cancer entities, the annual
incidence of 3.2 per 100,000 is low [1]. For
example, in the USA, 172 per 100,000 women
per year are diagnosed with breast cancer [1], and
the estimated incidence proportion of brain
metastases in women with breast cancer lies
around 5.1% [2]. Males are affected 1.6-fold
more often than females, and Whites are affected
approximately 2-fold more often than Blacks, but
no major geographical differences in the distri-
bution of new diagnoses of glioblastoma have
been reported [1]. Age-adjusted annual incidence
rates of glioblastoma increase with age to peak at
15.2 per 100,000 in patients aged 75–84 [1].

The median age at diagnosis is 64 and sur-
vival rates decrease with age (Fig. 18.1).
Approximately one-third of children and ado-
lescents with glioblastoma survive for two years,

as opposed to only 3.3% of patients aged 75 or
older [1]. Despite the better prognosis of younger
glioblastoma patients, no curative therapies exist
for either old or young patients. Patients aged
65–70 years or older are underrepresented or
have even been excluded from most clinical trials
in glioblastoma patients due to their particularly
poor prognosis and concerns of dropouts from
long-lasting therapy regimens due to general
health impairment. In reverse, these limitations
prompted several clinical trials designed to
overcome these limitations by the implementa-
tion of simplified and shorter therapy regimens in
elderly patients [3], as discussed further below.

Endogenous Risk Factors

The cell of origin of glioblastoma is thought to be
a neural stem cell (Box 18.1), but risk factors
yielding malignant transformation of these cells
remain largely elusive. Endogenous risk factors
for glioblastoma other than age include a small
minority of below 1% of glioblastomas that arise
in patients with hereditary cancer syndromes,
such as the Li-Fraumeni syndrome commonly
caused by mutations in the tumor suppressor
gene TP53, neurofibromatosis types I and II
caused by mutations in the NF1 and NF2 genes,
or the Turcot syndrome caused by mutations in
the DNA repair gene APC [4, 5]. Glioblastomas
in these mostly young patients are usually pre-
ceded by the diagnosis of World Health Orga-
nization (WHO) grade II or III gliomas. Families
with more than one family member affected by
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glioblastoma are rare, thus challenging the search
for susceptibility gene loci. Although a twofold
risk for glioma has been reported in first-degree
relatives of affected individuals [6], the familial
risk association is low in consideration of the low
overall glioma risk. Consequently, no high pen-
etrance gene variants associated with glioma risk
have been identified by genome-wide linkage
studies among family members [7, 8].
Population-based genome-wide association
studies identified five single nucleotide poly-
morphism (SNP) risk alleles for gliomagenesis in
four genes: TP53 (odds ratio [OR] 2.70, allele
frequency [AF] 0.01), EGFR (2 risk alleles: OR
1.20 and 1.25, AF 0.28 and 0.83), TERT (OR
1.35, AF 0.50), and RTEL1 (OR 1.40, AF 0.75)
[9]. Of these, TERT and RTEL1 are both involved
in the maintenance of telomeres and the identi-
fied risk alleles are strongly associated with older
age at diagnosis and histological classification as
glioblastoma [10]. These studies indicate that a
distinct telomerase-associated pathomechanism
is associated with the development of glioblas-
tomas in elderly patients. The low penetrance of
any risk alleles suggests that the pathophysiology
of gliomas follows polygenic patterns and that
these patterns follow distinct evolutionary
sequences [11, 12], as discussed in more detail in
Chap. 2.

Box 18.1. The Cell of Origin of
Glioblastomas
The brain is the micro-anatomically by far
most complex organ of the human body.
Its composition of hundreds of different
cell types poses the question of the cell of
origin of glioblastomas. DNA is most
sensitive to mutational stress during repli-
cation, but most brain cells enter a definite
post-mitotic state until adulthood. A small
pool of brain cells termed neural stem and
progenitor cells (NSPC) retains the ability
to replicate which may play a role in
learning and memory as well as tissue
repair after injury. Consequently, NSPC
have been suggested as the most likely
origin of glioblastomas [13]. In adults,
NSPC have been identified in the subven-
tricular zones lining the lateral ventricles
[14], in the subcortical white matter [15]
and in the hippocampi of the temporal
lobes [16]. In line with the hypothesis that
NSPC are the cells of origin in gliomage-
nesis, the majority of adult gliomas arise in
supratentorial brain areas that harbor
NSPC, particularly in the frontal (25.8%),
temporal (19.7%), and parietal (12.2%)
lobes, contrasted by lower frequencies of
gliomas arising from the spinal chord
(4.3%), brainstem (4.2%), cerebellum
(2.9%), or occipital lobe (3.2%) [17].

Atopic disease is an endogenous factor that is
associated with reduced risk for gliomas. A risk
reduction by approximately 40% has been
determined in a meta-analysis of 3450 patients
diagnosed with glioma from eight observational
studies [18]. Analyses of 911 immune function
genes in germ line DNA of 1054 glioblastoma
patients and 2384 controls revealed an associa-
tion of glioblastoma with the IL2-RA gene
encoding the regulatory T-cell (T-reg) marker
CD25 [19]. The physiologic function of T-regs is

Fig. 18.1 Survival rates of glioblastoma patients by age
groups [1]
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to limit T-cell responses and thereby prevent
autoimmunity, and lower T-reg levels are
observed in patients with atopic disease. In
contrast, in preclinical glioblastoma models
higher frequencies of T-regs decrease survival
and contribute to the immunosuppressive
microenvironment that prevents immunologic
antitumor responses [20, 21]. The challenges that
T-reg and other immunosuppressants pose to
upcoming immunotherapy approaches against
gliomas are discussed in more detail in Chap. 12.

Exogenous Risk Factors

Exogenous risk factors for the development of
glioblastomas are widely elusive. No association
with exposure to cancerogenic agents or smoking
has been reported. Risk associations of brain
cancer and gliomas with ionizing irradiation have
been studied, but data on the more specific asso-
ciation with glioblastoma have not been reported.
In a cohort of 105,427 atomic bomb survivors
including 56 patients with gliomas, a linear dose–
risk relationship with an excess relative risk
(ERR) of 0.56/Gy (95% confidence interval [CI] -
0.2-2.0) has been reported for gliomas at moder-
ate dose levels with a time lag of more than
15 years, and this relationship was less pro-
nounced with increasing age at exposure [22]. In
a population-based study in 14,361 long-term
survivors of childhood primary brain tumors,
high-dose irradiation (30–44.9 Gy) yielded an
excess absolute risk of 19.3 per 10,000 patient
years for the diagnosis of gliomas (N = 40,
including 10 glioblastomas) [23]. A third
population-based study investigated the
long-term risk for brain tumors during a median
follow-up period of 40 years after radiotherapy of
the skull. A total of 10,834 patients were treated
for tinea capitis during childhood with up to
6 Gy. Comparison with 5392 siblings as well as a
matched population group yielded an ERR of 2.6
(95% CI 0.8–8.6) for any gliomas and the ERR
for “high grade gliomas,” referring to anaplastic
gliomas or glioblastomas, followed linear kinetics
at 1.98/Gy (95% CI 0.73–4.69) [24, 25]. Doses of
diagnostic computed tomography (CT) scans of

the brain reach doses in the range of 30–40 mGy
and should be considered too low to increase
glioma risk, but recent epidemiology studies with
a maximum follow-up in the range of 20 years
suggest that the relatively higher biological
activity of low-energy x-radiation from CT scans
may yet yield relevant effects: In a
population-based study among 176,587 children
receiving diagnostic CT scans, the ERR for
gliomas was 0.019/mGy [26] and a case–control
study reported an increased risk for gliomas
among patients with a positive family history for
any cancer that received >3 repeat CT scans (OR
3.74, 95% CI 1.24–11.28) [27]. A third
population-based study in 11 million people in
Australia including 680,000 children and ado-
lescents exposed to diagnostic CT scans defined
an incidence rate ratio of 2.44 (95% CI 2.12–
2.81) for brain cancer based on 210 patients
exposed to brain CT that suffered from brain
cancer subsequently and these values decreased
with increasing age at first exposure [28], but the
specific risk for glioblastoma was not reported.

The spread of mobile phone use at the end of
the 1990s prompted extensive studies of brain
tumor risk, but no definite association of mobile
phone use with gliomagenesis has been reported
[9, 29]. Occupational exposure to extremely
low-frequency electric fields was studied over
decades, including one study following 20,141
Swiss railway workers for 30 years [30] and one
Dutch study following 120,852 people with high
exposure to electric fields for 17 years [31], but
no association with lifetime risk for glioblastoma
or other brain cancers was observed.
The INTEROCC study including 2054 glioma
cases and 5601 controls likewise reported no
association of exposure to extremely
low-frequency electric fields with lifetime glioma
risk, but there was an association of glioma risk
with exposure 1–4 years prior to diagnosis [32].

Viral oncogenesis and particularly an onco-
genetic or oncomodulatory role for cytomegalo-
virus (CMV) in gliomagenesis have been
postulated, because some of the CMV gene
products interact with glioblastoma core signal-
ing pathways, but experimental evidence to
confirm this role for CMV is scarce [33, 34].
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Screening and Prevention

Biomarkers for detecting glioblastomas in a
systematic screening program are not established
and concerns exist about the wide use of mag-
netic resonance imaging (MRI), because detec-
tion of incidental imaging changes of unclear
clinical significance may yield unnecessary
operations [35]. Low incidence rates of
glioblastomas would yield high rates of
false-positive MRI lesions, whereas rapid growth
renders the time window for detection in the
range of a few weeks to months [36]. The recent
identification of single nucleotide polymorphism
(SNP) risk alleles sheds light on the perspective
of a genetic blood test to estimate glioblastoma
risk [36]. Such a test would be less
resource-intense than MRI and could preselect
high-risk patients for MRI to reduce the rate of
false-positive MRI, but clinical risk factors that
could add to such a genetic risk assessment are
elusive, thus disabling preventive measures [36].
Detection of smaller tumors facilitates safe
resection and thereby improves outcome in
selected study populations [37–39], but, finally,
there is a lack of evidence to support the notion
that earlier detection and earlier treatment of
glioblastoma improve outcome.

Diagnosis and Disease Monitoring

Clinical Presentation

Tumor location, epilepsy, and the extent of
edema and tissue destruction determine the dis-
ease course. Therefore, there is no typical clinical
presentation of glioblastoma. Despite the fatal
prognosis of glioblastoma, quality of life and
cognitive functioning may be preserved or
improved by the standard treatment options dis-
cussed further below, even in the frail elderly
population, but once first-line treatments have
failed, decline of quality of life and cognition is
usually rapid and may be severe [40–43].

In adults, approximately half of all glioblas-
tomas infiltrate multiple lobes and multifocal
growth occurs in approximately 5% [44].

Approximately 20% of all patients with
glioblastoma initially present with sensorimotor
symptoms, and initial growth in the
speech-dominant, i.e., mostly the left hemisphere
yields aphasia as the presenting symptom in
approximately 5% of glioblastoma patients [45].

Transient aphasia and transient sensorimotor
deficits termed Todd’s paresis may result from
epilepsy, particularly from seizures that evolve
from the temporal lobes [46]. Epilepsy precedes
the initial diagnosis of glioblastoma in 24–68%
of patients and develops in additional 19–38%
later during the course of the disease [46–49].
Epilepsy at diagnosis is associated with longer
survival, probably because tumors are diagnosed
earlier during the disease course, as indicated by
an association with smaller tumor size, and
because epilepsy is associated with younger age
as well as cortical location, thereby yielding good
surgical resectability [45, 46]. Anticancer effects
of anti-convulsant drugs have been proposed,
particularly for valproic acid [50], but pooled
analyses of prospectively collected data of 1896
patients from four recent clinical trials do not
support this hypothesis [51].

Less than one-third of all patients with
glioblastoma initially present with headaches
[45], mostly as a result of increased intracranial
pressure that typically presents at night or at
awakening with a dull character. Other symp-
toms of increased intracranial pressure including
dizziness, fatigue, nausea, vomiting, and neu-
rocognitive slowing may be present at diagnosis.
Almost generally, these symptoms evolve during
the disease course. Symptoms of increased
intracranial pressure may be ameliorated by the
use of steroids, typically dexamethasone at up to
12 mg daily as single dose in the morning [52].

Diagnosis of frontal lobe glioblastomas may
be delayed, because frontal tumors can mimic
psychogenic disorders or may be mistaken for
the physiologic aging process by presenting with
mood disorders or personality changes. How-
ever, survival of patients with frontal lobe
glioblastoma is longer compared to patients with
glioblastomas arising from the parietal or tem-
poral lobes [53], probably due to an association
with favorable prognostic features such as
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younger age, mutations in the genes encoding
isocitrate dehydrogenase (IDH) 1 and 2 [54, 55],
and higher rates of complete resection of
contrast-enhancing tumor [56].

Leptomeningeal dissemination of glioblastoma
cells may cause headache and mimic spinal dis-
ease such as painful nerve root compression or
myelitis. Clinical suspicion and diagnosis of lep-
tomeningeal dissemination are rare and, if at all,
usually occur late during the disease course [57],
but in one autopsy study 5 of 25 patients had
leptomeningeal metastases [58]. Risk factors
reported from the few systematic studies on lep-
tomeningeal dissemination in glioblastoma
include incomplete or multiple resections, ven-
tricular entry or proximity of the tumor to the
ventricular system, younger age, male gender, and
gains at the 1p36 chromosomal region [59–63].

Glioblastomas arising from the brain stem
typically present with combinations of cranial
nerve palsies, dysphagia, or occlusive hydro-
cephalus. Brain stem glioblastomas are rare in
adults, but account for the majority of pediatric
glioblastomas [64].

Glioblastomas exhibit a particular tropism to
the brain and only few anecdotal cases of distant
organ metastases, mostly to lung, pleura, lymph
nodes, bone, and liver, have been reported [65].
Consequently, follow-up scans of the entire body
are dispensable in glioblastoma patients and
transplantation of organs from donors with
glioblastoma is per se feasible, because the risk

of cancer transmission is minimal [66, 67].
However, organ donation requires sudden
intracranial events such as hemorrhage that lead
to brain death, or gradual death of intubated
patients to enable non-heart-beating organ
donation [68], but both modes of death are
uncommon in glioblastoma, because patients
mostly die as a consequence of gradual decline in
a home or hospice setting.

Imaging

New onset neurological symptoms are commonly
followed by MRI as part of a neurological
work-up. CT may be performed when MRI is not
available or not possible, e.g., because of cardiac
pacemakers or other metallic implants, or when
acute hemorrhage is suspected, but the sensitivity
of CT to detect glioblastoma-specific changes is
inferior to MRI. On MRI, glioblastomas typically
appear as diffuse masses that are characterized by
contrast enhancement at the margin that marks
disruption of the blood–brain barrier. Further-
more, hypointensity on T2-weighted images at
the tumor core marks necrosis, and hyperintensity
on T2-weighted and fluid-attenuated inversion
recovery (FLAIR) images of the surrounding
brain parenchyma is a correlate of edema or
non-contrast-enhancing tumor tissue (Fig. 18.2).

Radiographic diagnostics of glioblastoma
have been refined by diffusion/perfusion- and

Fig. 18.2 Neuroimaging features of glioblastoma. Magnetic resonance imaging (MRI), T1-weighted
gadolinium-enhanced (a), fluid-attenuated inversion recovery (FLAIR, b).
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susceptibility-weighted MRI sequences, T1 con-
trast subtraction maps, and MR spectroscopy,
and tractography or functional MRI has been
implemented in many centers to improve maxi-
mal safe resection [69]. Overall, advances in
imaging technology have improved the discrim-
ination of glioblastoma from other
contrast-enhancing lesions such as metastases,
from non-brain tumors, primary central nervous
system lymphomas, or abscess or inflammatory
lesions [70–74]. Detection of the oncometabolite
2-hydroxyglutarate, which is metabolized by
mutant isocitrated dehydrogenase (IDH), may
enable the diagnosis of IDH-mutated glioblas-
toma by MR spectroscopy [75]. Positron emis-
sion tomography (PET) utilizing amino acid
tracers, typically O-(2-[18F]fluoroethyl)-L-tyr-
osine (FET), is increasingly applied to identify
hot spots of increased metabolism and presum-
ably highest tumor grade before biopsies [76].
The developments of imaging technology are
discussed in more detail in Chap. 1, but we
emphasize that despite these advances, the
appearance of glioblastoma on imaging scans can
vary considerably, thus making tissue-based
diagnosis yet indispensible [77].

Histopathology

The definite diagnosis of glioblastoma is made
by histology. Glioblastomas are assigned to the
highest grade of the 2007 World Health Orga-
nization (WHO) classification of primary brain
tumors, i.e., grade IV, which is defined by the
presence of necrosis and microvascular prolifer-
ation. Other signs of malignancy shared with
anaplastic gliomas, which are assigned WHO
grade III, include anaplasia, high mitotic rates,
and invasiveness [78]. Furthermore, two rare
histopathological glioblastoma variants, giant
cell glioblastoma and gliosarcoma, have been
included as distinct tumor entities in the 2007
WHO classification of primary brain tumors and
account for approximately 2% of all WHO grade
IV gliomas [78]. Extensive lymphocytic infiltra-
tion is present in giant cell glioblastoma, but a
putative clinical significance of this feature, e.g.,

for the application of immunotherapy approa-
ches, is not known. The multinucleated pheno-
type of giant cell glioblastoma is associated with
the loss of TP53 and high expression levels of
aurora B [79]. Giant cell glioblastoma is associ-
ated with slightly better prognosis than
glioblastoma when adjusting for age, gender,
race, tumor size, surgical extent, and radiation
therapy use (HR = 0.76, 95% CI 0.59–0.97)
[80]. Gliosarcomas may resemble meningiomas
macroscopically and are characterized by a
prominent mesenchymal metaplastic histological
appearance. Extracranial metastases occur more
frequently and the prognosis of gliosarcoma is
probably slightly worse compared to glioblas-
toma (HR = 1.17, 95% CI 1.05–1.31) [81].

Recently, overlap of the genomic and epige-
netic characteristics of central nervous system
primitive neuroectodermal tumors (CNS-PNET)
and a distinct molecular glioblastoma subtype
that is characterized by point mutations in G34 of
histone H3.3 have been identified in a cohort of
81 G34-mutant CNS tumors, thus suggesting that
CNS-PNET and G34-mutant glioblastomas
comprise a single biological entity [82]. Other
histopathologic glioblastoma variants that have
been suggested include small cell astrocytoma,
fibrillary glioblastoma, and granular cell astro-
cytoma [83], but the biological significance of
these histopathological diagnoses is less clear.
Glioblastomas that are preceded by the histo-
logical diagnosis of WHO grade II or grade III
gliomas are termed secondary glioblastoma, but
the molecular marker-based classification of
gliomas discussed further below and in more
detail in Chap. 2 has widely substituted this ter-
minology and will complement the next edition
of the WHO classification of primary brain
tumors [36].

Molecular Classification

The evolving landscape of molecular hetero-
geneity of glioblastoma currently defines at least
7 molecular subtypes based on the integrated
analyses of genomic, epigenetic, and gene
expression data [12, 54], but treatment concepts
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that take these molecular classifications into
account are yet to be established. It is also of note
that the biomarker with the strongest impact on
clinical decision making, i.e., hypermethylation
of the promoter of the O6-methylguanyl DNA
methyltransferase (MGMT) gene, was not detec-
ted as a distinguishing feature of the molecular
glioblastoma subtypes that were identified by
unsupervised integrative analyses of (epi-)
genome-wide analyses. MGMT is a DNA repair
protein that counteracts DNA alkylation by
chemotherapy and MGMT gene silencing due to
promoter methylation predicts benefit from
alkylating chemotherapy in glioblastoma [84–
87].

Besides MGMT testing, a rough dual prog-
nostic categorization of glioblastoma based on
the presence of distinct point mutations of IDH-1
or -2 has entered clinical practice [36]. IDH-1 or
-2 mutations are early events during the evolu-
tion of glioblastoma that are strongly associated
with younger age and longer overall survival,
and these glioblastomas commonly evolve from
histopathological WHO grade II or grade III
gliomas [88, 89]. IDH mutations are present in
approximately 5–10% of all glioblastomas and
are virtually absent in patients aged 65 years or
older. The most common IDH mutation making
up approximately 90% of all IDH mutations in
glioblastoma is IDH1R132H, which can be detec-
ted by immunohistochemistry [90], but detection
of other IDH1 or IDH2 mutations requires gene
sequencing.

In 2010, four glioblastoma subtypes termed
proneural, neural, classical, and mesenchymal
were defined based on the differential expression
of 840 genes in 200 glioblastoma samples, and
IDH mutant glioblastoma was identified as a
subgroup of the prognostically favorable
proneural gene expression subtype [91]. Subse-
quent methylome-wide analyses of 210 glioblas-
toma samples that included 59 pediatric
glioblastomas identified six glioblastoma sub-
types of which only IDH mutant tumors retained
the favorable prognosis of the proneural gene
expression pattern [54], and these IDH mutant
glioblastomas can be further subclassified based
on a distinct epigenetic pattern designated glioma

CpG island methylator phenotype (G-CIMP) [92,
93]. IDHmutant glioblastomas that do not exhibit
the G-CIMP gene methylation pattern are instead
characterized by the activation of cell cycle genes
as a result of cyclin-dependent kinase 4 (CDK4)
gene amplifications and cyclin-dependent kinase
inhibitor 2A (CDKN2A) gene deletions, and the
prognosis of these patients is unfavorable [12].
IDH wild-type glioblastomas that cluster with
proneural gene expression include two glioblas-
toma subtypes that affect children and adolescents
almost exclusively and that are characterized by
G34 and K27 mutations of histone H3 (H3F3A).
Mutations in IDH and H3F3A G34 or K27 are
mutually exclusive, but share a strong association
with mutations in the tumor suppressor gene
TP53 [54]. A third IDH wild-type glioblastoma
subtype with proneural gene expression and
unfavorable prognosis was termed receptor tyr-
osine kinase (RTK) I and is associated with high
expression levels of the gene encoding
platelet-derived growth factor receptor alpha
(PDGFRA) and with gene deletion of CDKN2A
[54]. The RTKI subtype may occur at any age.
Furthermore, two non-proneural subtypes with
unfavorable outcome have been defined, and
these cluster with (i) the classical gene expression
subtype characterized by EGFR amplifications
and CDKN2A deletions (designated RTKII), and
(ii) the molecularly more heterogenous mes-
enchymal gene expression subtype [54].

Other molecular markers in glioblastoma
include activating mutations in the promoter
region of telomerase reverse transcriptase (TERT)
and a specific deletion in the ligand-binding
domain of EGFR designated EGFRvIII or delta-
EGFR yielding ligand-independent receptor
activity. TERT promoter mutations are associated
with older age and particularly poor prognosis in
IDH wild-type glioblastoma [94, 95]. The
EGFRvIII deletion is present in approximately
half of all RTKII (classical) subtype glioblas-
tomas with EGFR amplifications [96] and is
thought to confer poor prognosis by interacting
with cells that bear amplified wild-type EGFR
[97], but immunologic targeting of EGFRvIII
utilizing a peptide vaccine directed against
EGFRvIII failed to improve survival in the
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double-blinded phase III trial ACT-IV
(NCT01480479). Despite such drawbacks and
the fact that treatment choices are not affected by
the detailed molecular characterization of indi-
vidual tumors, the ongoing segregation of
glioblastoma subtypes will eventually yield more
personalized approaches to improve the outcome
of glioblastoma patients, as discussed in more
detail in Chap. 3.

Standard First-Line Therapy

Surgery

Tissue for establishing the diagnosis of
glioblastoma is indispensible, and therefore,
surgery is the first step in the therapeutic cascade
for suspected glioblastoma. Complete microsur-
gical resection of contrast-enhancing tumor
(CRET) is the standard of care whenever safely
possible, but biopsies are performed in multifocal
disease or if major disability upon tumor resec-
tion is expected due to tumor location in func-
tionally vulnerable areas of the brain [77].
Biopsies are mostly performed stereotactically,
but open biopsies may be preferred in cases
where the tumor is well accessible, because a
larger amount of tissue can be obtained for
molecular diagnostics and because the risk of
sampling errors is lower.

Whether surgery for mere reduction of tumor
volume rather than aiming at complete resection
improves outcome is under debate, because no
prospectively collected data support that the
higher risk of open surgery compared to stereo-
tactic or open biopsies pays off in terms of
overall survival. Various retrospective cohorts
do, however, indicate benefit from incomplete
tumor resection, including one cohort comprising
500 consecutive patients from a single institu-
tion, which identified a threshold of approxi-
mately 80% reduction of tumor volume for
survival benefit from surgery [38], but such
estimates are rarely applied in clinical practice
for pragmatic reasons, and all these uncontrolled
series have been criticized for major biasses.

In contrast, the therapeutic value of CRET is
well documented and clinically applicable for
both planning surgery and estimating the patients’
postoperative prognosis. In a randomized con-
trolled phase III trial that was designed to assess
the value of 5-aminolevulinc acid to improve the
extent of resection in 322 patients with suspected
anaplastic glioma or glioblastoma, a prespecified
stratification by extent of resection demonstrated
that CRET improved overall survival compared
to patients with residual contrast-enhancing
tumor on postoperative MRI (17.9 months [95%
CI 14.3–19.4] vs. 12.9 months [95% CI 10.6–
14.0]) [39]. CRET was also associated with
improved outcome among the 371 elderly
patients with anaplastic astrocytoma (N = 40) or
glioblastoma (N = 331) that were treated in the
phase III NOA-08 trial. Besides extent of resec-
tion, the prespecified survival model controlled
for age, histology, MGMT promoter status, and
study treatment discussed further below, i.e.,
postoperative radiotherapy or chemotherapy with
temozolomide [85]. Means to improve the extent
of resection are discussed in more detail in
Chaps. 4–6.

Chemoradiotherapy

The standard postoperative therapy regimen for
patients with newly diagnosed glioblastoma in
good general condition is radiotherapy
(30 × 2 Gy = 60 Gy of the involved field) plus
daily concomitant temozolomide at 75 mg/m2,
followed by an interval of approximately
4 weeks without therapy and up to 6 cycles of
temozolomide at 150–200 mg/m2 on 5 out of
28 days [77]. The randomized phase III trial
establishing this regimen was a transatlantic
cooperative effort of the European Organisation
for Research and Treatment of Cancer (EORTC)
and the National Cancer Institute of Canada
(NCIC) and demonstrated improvement of med-
ian overall survival from the adjunct of temo-
zolomide to radiotherapy alone by 2.5 months
(hazard ratio [HR] 0.63, 95% CI 0.52–0.75) [98],
but benefit from temozolomide among patients
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without MGMT promoter hypermethylation was
only marginal [84]. Furthermore, patients aged
66–70 years appeared not to benefit from the
adjunct of temozolomide to radiotherapy in post
hoc analyses (HR 0.78, 95% CI 0.50–1.25,
p = 0.29) [99], and patients aged older than
70 years were not included in this trial [98]. The
efficacy of combined chemoradiotherapy versus
radiotherapy alone in elderly patients with newly
diagnosed glioblastoma in good general condi-
tion will be defined by the recently completed
NCIC CE6 phase III trial (NCT00482677), but to
date combined chemoradiotherapy should prob-
ably only be considered in fit elderly patients
with a methylated MGMT promoter [77]. Fur-
thermore, two phase III trials in 811 patients with
newly diagnosed glioblastoma [100] and in 223
patients with recurrent anaplastic astrocytoma or
glioblastoma [101], respectively, failed to
demonstrate benefit from a dose-intensified
temozolomide regimen utilizing 80–100 mg/m2

on 21 out of 28 days compared to standard
temozolomide dosing at 150–200 mg/m2 on 5
out of 28 days, but more toxicity was observed
with the dose-intensified regimen in both trials,
thus making dose-escalation strategies obsolete
[77].

Therapeutic Approach in Elderly
Patients

Radiotherapy
A randomized controlled trial that included 83
patients aged 70 years or older with newly
diagnosed glioblastoma (N = 81) or anaplastic
astrocytoma (N = 2) demonstrated that postop-
erative radiotherapy in elderly patients improves
overall survival compared to best supportive care
alone (median overall survival: 29.1 vs.
16.9 weeks, p = 0.002) without detrimental
effects on quality of life or cognition [40], and a
population-based retrospective analysis of almost
three thousand patients with glioblastoma aged
71–98 years (median age 76.9 years) further
supports these results (HR 0.43, 95% CI 0.38–
0.49) [102]. In consideration that daily traveling
to receive radiotherapy is too much of a burden

for some of the sometimes clinically severely
affected elderly patients, a randomized trial in 95
patients aged 60 years or older compared the
standard radiotherapy regimen (30 × 2 Gy = 60
Gy) with hypofractionated radiotherapy
(15 × 2.66 Gy = 40 Gy) and demonstrated
comparable activity of both regimens (HR 0.90,
95% CI 0.60–1.35, p = 0.61) [41]. The rationale
for this study was further underpinned by results
from the intention to treat population of the
three-armed randomized Nordic trial, which
included a standard radiotherapy arm with
numerically even inferior survival compared to a
hypofractionated radiotherapy arm with
10 × 3.4 Gy = 34 Gy (overall survival 7.0 vs.
5.2 months, p = 0.02), probably because stan-
dard radiotherapy was discontinued prematurely
by 22 of 94 patients, compared to only 2 of 119
patients who discontinued hypofractionated
radiotherapy [86].

Chemotherapy
Two randomized phase III trials, the Nordic trial
and the NOA-08 trial, established postoperative
chemotherapy with temozolomide as an alterna-
tive to radiotherapy in elderly glioblastoma
patients with hypermethylation of the MGMT
promoter [85, 86]. The NOA-08 trial randomized
412 patients aged 65 years or older with primary
diagnosis of glioblastoma or anaplastic astrocy-
toma, out of which 373 patients received at least
one dose of standard radiotherapy or temozolo-
mide at a dose-dense schedule of 100 mg/m2

given on days 1–7 every other week (1 week
on/1 week off) to be included in efficacy analyses
and demonstrated non-inferiority of temozolo-
mide to standard radiotherapy after adjustment
for histological diagnosis, extent of resection,
age, and MGMT promoter methylation status
(HR 1.09, 95% CI 0.84–1.42) [85]. The Nordic
trial randomized 342 patients aged 60 years or
older with primary diagnosis of glioblastoma to
receive one of two radiotherapy regimens or
temozolomide dosed at 150–200 mg/m2 on 5 out
of 28 days. Survival analyses of the intention to
treat population demonstrated similar efficacy of
temozolomide (N = 93) versus hypofractionated
radiotherapy (N = 98) (HR 0.82, 96% CI 0.63–
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1.06) after adjustment for age, type of surgery
(biopsy versus resection), and WHO perfor-
mance score [86]. In consideration that
dose-intensified temozolomide regimens yield
higher toxicity at similar efficacy in glioblastoma
(see above), temozolomide at 150–200 mg/m2 on
5 of 28 days is the standard dosing regimen that
should be applied in patients with newly diag-
nosed or recurrent glioblastoma [77].

Management at Recurrence

To date, no standard of care has been defined for
recurrent glioblastoma [77] and treatment options
are overall limited [103]. The choice of treatment
depends not only on previously administered
therapies, but is substantially influenced by
tumor characteristics, availability, and local
preferences. The efficacy of any established
treatments for recurrent glioblastoma is modest,
particularly in consideration that patients recrui-
ted to randomized controlled trials for recurrent
glioblastoma comprise a preselected population
with more favorable prognosis, excluding a
substantial fraction of patients that are already
heavily impaired at first progression. Therefore,
best supportive care focusing on the amelioration
of symptoms including psycho-oncological
interventions may be adequate in many patients
already at first progression [77].

Disease Monitoring

MRI, typically performed every 2–3 months, is
the standard method for the diagnosis of recur-
rent disease. Unimodal response assessment
based on contrast enhancement was the standard
for almost two decades [104], but pseudore-
sponse, i.e., rapid normalization of contrast
enhancement under anti-angiogenic treatment,
and pseudoprogression, i.e., an increase in size of
contrast-enhancing lesions after radiotherapy,
challenge MRI-based response assessment in
glioblastoma [105]. Therefore, multidimensional
criteria defined by the Response Assessment in

Neuro-Oncology (RANO) working group, which
incorporate time and type of treatment,
T2/FLAIR, corticosteroid use, and clinical char-
acteristics, have been widely adopted [106] and
emphasize the requirement of interdisciplinary
boards for treatment decisions in glioblastoma
patients (Chap. 1). More recent developments
suggest that O-(2-[18F]fluoroethyl)-L-tyrosine
positron emission tomography (FET-PET) may
overcome some of the limitations of MRI [107–
109], but FET-PET is not part of the standard
work-up of glioblastoma.

Surgery

The role of repeat surgery is under debate
because of a lack of randomized controlled
clinical trials, availability of subgroup analyses
of only few prospectively collected datasets, and
high probability of selection bias for surgery
among patients included in retrospective analy-
ses. The largest available dataset was derived
from a prospective registry study including 764
patients with glioblastoma diagnosed and treated
2004–2010, among which repeat surgery was
performed in approximately one-third of patients.
No association of repeat surgery with overall
survival was noted in this cohort (HR 1.02, 95%
CI 0.77–1.34) [110]. Similarly, a pooled analysis
of 300 patients with recurrent glioblastoma
treated in 8 phase I and II trials conducted by the
EORTC brain tumor group found no association
of repeat surgery with survival [111]. However,
no stratified analyses and annotation of clinical
predictors of survival, additional therapies or
tumor volume were included in these reports.

The randomized controlled DIRECTOR trial,
designed to explore the efficacy of two different
dose-intensified temozolomide regimens at pri-
mary recurrence after standard first-line
chemoradiotherapy, included 72 out of 105 ran-
domized patients that underwent surgery at pri-
mary recurrence in 16 neurosurgical centers. No
difference in the efficacy of both temozolomide
regimens at recurrence was noted, thus providing
a homogenous cohort that was well suited for the
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assessment of potential benefit from neuro-
surgery in subgroups of patients in a
well-controlled setting [87]. In line with previous
prospective datasets, surgery per se was not
linked to improved post-recurrence survival
(P = 0.633). However, post-recurrence survival
was almost twofold longer in patients with
complete resection of contrast-enhancing tumor
(12.9 months, 95% CI 11.5–18.2), compared to
patients with incomplete tumor resection (6.5
months, 95% CI 3.6–9.9), yielding a hazard ratio
of 0.42 (95% CI 0.21–0.85) in a survival model
adjusting for age, MGMT promoter methylation
status, Karnofsky performance score (KPS), and
steroid use at study entry. Despite the relatively
small number of patients included in this trial, a
strong trend toward inferior outcome upon
incomplete resection became apparent, compared
to patients not undergoing surgery (6.5 vs.
9.8 months, P = 0.052), thus indicating that
repeat surgery should only be offered to patients
where total resection of contrast-enhancing
tumor seems possible [112]. Validation of these
results may be achieved by the phase
II RESURGE trial, which will randomize a total
of 120 patients with recurrent glioblastoma in
which complete resection of contrast-enhancing
tumor is deemed safely feasible to receive sur-
gery prior to systemic therapy, or systemic ther-
apy alone (NCT02394626). Generally, tumor
resections should be followed by systemic ther-
apies, because infiltrating tumor cells beyond the
radiographic tumor margin will generally remain
and can drive tumor progression rapidly.

Radiotherapy

Elderly patients with MGMT methylated
glioblastoma do commonly not receive first-line
radiotherapy, and therefore, hypofractionated
radiotherapy is the first-choice treatment at
recurrence in this population [77]. The role of
repeat radiotherapy in the remainder population
of glioblastoma patients is less clear, because
randomized controlled trials are lacking and due
to the risk of iatrogenic harm from radiation
necrosis. Reports from retrospective data

analyses and uncontrolled trials suggest some
activity of repeat radiotherapy in glioblastoma,
particularly in patients with smaller tumor vol-
umes, younger age, better general condition, and
an interval of at least 6–12 months after first
radiotherapy [113–115]. Typical dosing sched-
ules that have been used are in the range of 30–
36 Gy in 2–3.5 Gy fractions, usually applied as
stereotactic radiotherapy. Hypofractionated regi-
mens are also used. Radiosurgery and proton
irradiation are rarely performed in glioblastoma,
in part because the high precision of dose
application that is the key characteristic of these
techniques does not match the requirements of a
diffusely infiltrating disease process.

The combination of repeat radiotherapy with
alkylating or anti-angiogenic agents is supported
by little or no evidence [103]. Novel agents
continue to be explored. In a phase II trial of 91
patients with recurrent glioblastoma randomized
in a 2:1 fashion to receive either repeat radio-
therapy in combination with a fusion protein
designed to target the cell surface death receptor
CD95 (APG101), or repeat radiotherapy alone,
the adjunct of APG101 showed a strong trend
toward prolonged post-recurrence survival when
adjusting for tumor size (HR 0.60, 95% CI 0.36–
1.01), and hypomethylation in the promoter
region of the gene encoding the CD95 ligand
CD95L was associated with improved response
to APG101 (HR 0.19, 95% CI 0.06–0.58) [116].
Whether the drug will be further developed
remains uncertain.

Chemotherapy

Most patients are treated with single agent sys-
temic treatments at recurrence of glioblastoma.
Options that are usually well tolerated include
CCNU/lomustine, temozolomide, and beva-
cizumab [117]. The alkylating agent lomustine is
commonly utilized as a control in clinical trials
for recurrent glioblastoma. Oral administration at
longer time intervals (90–110 mg/m2 every
6 weeks) is advantageous in patients with
impaired general condition, but progression-free
survival rates at 6 months do not exceed 19–25%
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in clinical trial populations [118, 119].
Re-challenge with temozolomide is associated
with longer post-recurrence survival, particularly
in patients with apparent benefit from first-line
temozolomide after a temozolomide-free interval
[120]. Such patients bare mostly tumors with
hypermethylation of the MGMT promoter [84,
87]. As outlined in the above section on first-line
chemotherapy, dose-intensified temozolomide
regimens are obsolete since more toxicity, but no
survival difference was noted in two phase III
trials directly comparing standard and
dose-intensified temozolomide regimens in
newly diagnosed and recurrent glioblastoma
[100, 101]. Alternative chemotherapy agents
such as procarbazine and carboplatin have also
been used in the treatment of patients with
recurrent glioblastoma, but no randomized data
are available to support the efficacy of these
approaches, whereas severe adverse effects can
accompany their application. Systemic approa-
ches to recurrent glioblastoma that are still under
debate are discussed further below.

Molecularly Targeted Therapies
and Future Directions

The histology-based definition of glioblastoma of
the WHO classification of 2007 [78] has been
increasingly complemented by the assessment of
molecular markers, including IDH, MGMT and
TERT status, as discussed in more detail in
Chaps. 2 and 3. In prospect of a more personal-
ized treatment of glioblastoma, molecular mark-
ers will be included in the revised WHO
classification of 2016. However, a major chal-
lenge of decoding mechanisms of resistance is
posed by temporal and intratumoral heterogene-
ity [121, 122]. Tumor progression and particu-
larly failure of initially effective therapy
regimens are accompanied by molecular adap-
tions due to clonal selection, acquisition of
additional genomic alterations, epigenetic adap-
tions, and alterations in gene expression. For
example, temozolomide chemotherapy can
induce a hypermutation phenotype [123], and
radiotherapy of proneural glioblastoma can

induce rapid changes toward a mesenchymal
gene expression pattern [124]. Yet, compared to
the profound molecular landscapes generated of
newly diagnosed glioblastoma, knowledge of the
molecular patterns that underly glioblastoma
progression and therapy resistance is only mar-
ginal and requires further joint efforts of the
scientific community in order to develop effec-
tive molecularly targeted therapeutic approaches
with durable efficacy.

Targeting Aberrant Signaling
Pathways

Initial molecularly targeted treatments of
glioblastoma and other cancers utilized small
molecules to inhibit aberrant signaling pathways.
RTK are the key mediators of extracellular signal
transduction in glioblastoma, as outlined in more
detail in Chap. 9.

RTK contain an extracellular receptor domain,
which induces a conformational change upon
ligand binding to initiate intracellular
adenosine-triphosphate (ATP)-dependent tyr-
osine phosphorylation signals. The biological
functions of RTK overlap widely and the con-
vergence of downstream signals as well as cru-
cial roles of RTK in healthy tissues complicate
the development of tumor-specific RTK inhibi-
tion. However, the RTK inhibitor imatinib,
designed to specifically fit the ATP-binding
pouch of a cancer-specific tyrosine kinase
derived from the BCR-ABL fusion gene, was
found to offer a well tolerated, highly effective
treatment for chronic myeloic leukemia [125].
This provided the incentive to develop person-
alized drug treatment, in particular RTK inhibi-
tion, in many cancers including glioblastoma.

Small molecule inhibitors of the RTK EGFR
yielded disappointing results in glioblastoma, but
EGFR amplification was not monitored in these
trials, and blood–brain barrier penetration of all
tested compounds was suboptimal [126].

Inhibition of the downstream RTK conver-
gence molecule mammalian target of rapamycine
(mTOR) utilizing temsirolimus (CCI-779) raised
expectations in an uncontrolled phase II trial of
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65 patients with recurrent glioblastoma: The
radiographic response rate was 36% and high
levels of phosphorylation of the mTOR target
S6-kinase was associated with radiographic
response and improved survival upon treatment
with temsirolimus [127]. However, these results
were not followed by a controlled trial to further
explore the efficacy of temsirolimus in recurrent
glioblastoma and a more recent randomized
controlled phase II study of temsirolimus as an
adjunct to standard chemoradiotherapy in
patients with newly diagnosed, MGMT
unmethylated glioblastoma failed to demonstrate
improved survival (HR 1.16, 95% CI 0.77–1.76)
[128].

A simple but key lesson from these and other
clinical trials in the early days of personalized
medicine for glioblastoma is the importance of a
preselection of patients based on biomarker
profiles that support the rationale of the tested
targeted therapies. Several ongoing clinical trials
utilizing small molecules to inhibit aberrant sig-
naling in glioblastoma apply such molecular
entry controls. Examples include the assessment
of rare activating fibroblast growth factor recep-
tor (FGFR) mutations and fusion proteins prior to
inclusion in an uncontrolled phase II trial that
assesses the safety of an FGFR-inhibitor in
newly diagnosed glioblastoma (NCT01975701),
or early-phase trials exploring the inhibition of
the RTK signaling convergence molecule phos-
phatidyl inositol 3-kinase (PI3K) alone or in
combination with different anti-angiogenic
agents in patients with recurrent glioblastoma
(NCT01339052, NCT01870726,
NCT01349660).

Anti-angiogenic Therapy

Microvascular proliferation is one of the defining
histopathological features of glioblastoma [78].
The concept of cutting off nutrient supply by
targeting angiogenesis appeared reasonable and
was intensely studied. The vascular endothelial
growth factor (VEGF) is a key driver of angio-
genesis in glioblastoma and other cancers and is

therefore one of the most intensely studied
molecules in cancer research [129–132].

The anti-angiogenic monoclonal antibody
bevacizumab, commonly dosed at 10 mg/kg
bodyweight, i.e., every other week, directly
binds to VEGF and thereby inhibits its signaling.
Severe complications associated with the
administration of bevacizumab are rare and
include thromboembolic events, complications of
wound heeling, hemorrhage, congestive heart
failure, and gastrointestinal perforations. Arterial
hypertension from bevacizumab is more com-
mon and usually well manageable with common
antihypertensive drugs. Overall, bevacizumab is
well tolerated without significant side effects by
the vast majority of patients.

Bevacizumab obtained accelerated, condi-
tional approval for the treatment of recurrent
glioblastoma by the United States Food and Drug
Administration (FDA) and in various other
countries. However, approval was based on
durable objective response rates observed in two
uncontrolled phase II trials [133, 134] in an era
when radiographic pseudoresponse, i.e., the
reduction of contrast enhancement due to blood
vessel normalization, was not yet taken into
account as a radiographic phenomenon under
anti-angiogenic therapy that does not reflect
tumor volume (for details, refer to Chaps. 1 and
11). More recently, the open label phase
III EORTC 26101 trial randomized 437 patients
with first recurrence of glioblastoma in a 2:1
fashion to receive a combination of lomustine
plus bevacizumab (N = 288) versus lomustine
alone (N = 149), and there was no
post-recurrence survival benefit for the adjunct of
bevacizumab (HR 0.95, 95% CI 0.74–1.21)
despite promising gain in progression-free sur-
vival (HR 0.49, 95% CI 0.39–0.61) [135]. These
data are in line with two phase III trials utilizing
the small molecule inhibitors of VEGF signaling
cediranib and enzastaurin, which failed to
improve post-recurrence survival compared to
lomustine, too [118, 119]. Furthermore, the
EORTC 26101 trial rebutted results of the
non-comparative randomized phase II BELOB
trial, which suggested an overall survival benefit
from the combination of lomustine plus
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bevacizumab compared to either lomustine or
bevacizumab alone (median post-recurrence
survival: 12 vs. 8 vs. 8 months) [136]. Thus,
the conditional approval of bevacizumab for
recurrent glioblastoma in some parts of the world
is under debate and currently opposed only by
the clinical experience of subjective benefit of
sometimes heavily impaired patients.

In contrast to recurrent glioblastoma, beva-
cizumab is not FDA approved for the treatment of
newly diagnosed glioblastoma. Two
placebo-controlled phase III trials evaluating the
adjunct of bevacizumab to standard first-line
chemoradiotherapy (RTOG 0825 and AVAglio)
noted no overall survival benefit despite pro-
longed progression-free survival [137, 138].
The RTOG 0825 trial even reported neurocogni-
tive decline and stronger impairment of quality of
life with the adjunct of bevacizumab [137], but
this may reflect a lack of measures to detect
pseudoresponse: Radiologic progression in the
RTOG 0825 trial was defined based on contrast
enhancement and could therefore have missed
early tumor progression, and these patients could
have distorted measures of quality of life and
neurocognition [129]. The RANO criteria, out-
lined in more detail in the above section on dis-
ease monitoring and in Chap. 1, take
pseudoresponse into account [106] and were
applied in the AVAglio trial, which noted pre-
served general condition and quality of life as
well as less corticosteroid use as additional ben-
efits from bevacizumab [138]. Improved overall
survival with the adjunct of bevacizumab to
standard chemoradiotherapy was reported from
subgroup analyses of the AVAglio trial for
patients with IDH wild-type tumors that clustered
with the proneural gene expression pattern in a
survival model controlling for age, corticosteroid
use, extent of resection, general condition,
MGMT, cognitive functioning, and gender (HR
0.42, 95% CI 0.25–0.71) [139].

Despite this promising subgroup analysis, fur-
ther efficacy studies of anti-angiogenic treatments
in glioblastoma became unlikely after a series of
three negative phase III trials in newly diagnosed
glioblastoma and three negative phase III trials in
recurrent glioblastoma (Table 18.1). Overall, the

available evidence is unlikely to maintain the
conditional approval of bevacizumab in recurrent
glioblastoma and does indeed not support the
administration of anti-angiogenic therapies as
first-line therapy or at recurrence, but there is some
rational for the coadministration of
anti-angiogenic agents to improve effects of
immunotherapy, as discussed in Chaps. 11 and 12.

Immunotherapy

The drainage of brain lymphatic vessels to cer-
vical lymph nodes connects the brain directly to
cellular immunity [140]. Lymphocytes readily
cross the blood–brain barrier in the healthy brain
and in various central nervous system diseases
including glioblastoma [141], but local
immunosuppression is a hallmark of cancer that
prevents clearance of tumor cells by the immune
system [142]. Attempts to overcome immuno-
suppression and reprogram the cellular immune
system to specifically attack glioblastoma cells
include (i) drugs that target specific T-cell
receptors to overcome inhibitory signals,
(ii) transfer of T cells that were boosted in vitro
or that were genetically engineered to target
tumor cells with high avidity, or to activate T
cells, and (iii) the so-called tumor vaccines, i.e.,
peptides or antigen-presenting cells pre-exposed
to peptides utilized to boost an antitumor
immune response [141]. The molecular back-
ground of these immunotherapy approaches is
discussed in more detail in Chap. 12.

The activation of cellular immune responses
utilizing monoclonal antibodies that are directed
against T-cell receptors that mediate immuno-
suppression has translated into clinical practice in
the treatment of metastatic melanoma [143–145]
and non-small cell lung cancer [146, 147].
Commercially available antibodies that are
approved by the FDA and EMA are directed
against the programmed death protein (PD)1
(nivolumab, pembrolizumab) or the cytotoxic
T-lymphocyte antigen (CTLA) 4 (ipilimumab),
but several reagents directed against other
immune checkpoint targets such as programmed
cell death 1 ligand 1 (PDL1), lymphocyte
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activation gene 3 (LAG-3), or killer-cell
immunoglobulin-like receptors (KIR) are cur-
rently tested in early-phase trials for different
cancers, including glioblastoma [148]. The effi-
cacy of nivolumab in recurrent glioblastoma is
currently being evaluated in comparison with
bevacizumab in the phase III trial CheckMate
143 (NCT02017717, results expected in 2017).

Despite the apparent disruption of the blood–
brain barrier in glioblastoma, there are, however,
concerns regarding the pharmacokinetics of

macromolecules such as monoclonal antibodies.
This limitation is circumvented by genetically
engineered chimeric antigen receptor T cells,
which are reprogrammed to express binding
domains of monoclonal antibodies linked to
intracellular signaling domains that trigger T-cell
activation upon tumor antigen binding [149]. In
glioblastoma, a phase I/II trial targeting the
tumor-specific antigen of the EGFRvIII deletion
mutant is exploring this approach
(NCT01454596). The tumor-specific EGFRvIII

Table 18.1 Phase III trials of anti-angiogenic agents in glioblastoma

Trial Study population Treatment Hazard ratio for
overall survival
(95% confidence
interval)

Reference

RTOG 0825 Newly diagnosed
glioblastoma

Standard chemoradiotherapya plus
bevacizumab 10 mg/kg every
2 weeks versus standard
chemoradiotherapya plus placebo

1.13 (0.93–1.37) Gilbert
et al.
[137]

AVAglio Newly diagnosed
glioblastoma

Standard chemoradiotherapya plus
bevacizumab 10 mg/kg every
2 weeks versus standard
chemoradiotherapya plus placebo

0.88 (0.76–1.02) Chinot
et al.
[138]

Proneural IDH
wild type: 0.43
(0.26–0.73)

Sandman
et al.
[139]

CENTRIC
(EORTC
26071-22072)

Newly diagnosed
glioblastoma with
MGMT promoter
hypermethylation

Standard chemoradiotherapya plus
cilengitide 2000 mg twice weekly
versus standard
chemoradiotherapya alone

1.02 (0.81–1.29) Stupp
et al.
[166]

EORTC
26101

Recurrent
glioblastoma

Lomustine 90 mg/m2 every
6 weeks plus bevacizumab
10 mg/kg every 2 weeks versus
lomustine 110 mg/m2 every
6 weeks

0.95 (0.74–1.21) Wick
et al.
[135]

Enzastaurin
versus
Lomustine in
Glioblastoma

Recurrent
glioblastoma

Enzastaurin 500 mg/days versus
lomustine 100-130 mg/m2 every
6 weeks

1.20 (0.88–1.65) Wick
et al.
[118]

REGAL Recurrent
glioblastoma

Cediranib 30 mg/days versus
cediranib 20 mg/days plus
lomustine 110 mg/m2 every
6 weeks versus lomustine
110 mg/m2 plus placebo

Cediranib alone
versus lomustine
alone: 1.05 (0.74–
1.50)

Batchelor
et al.
[119]

Cediranib plus
lomustine versus
lomustine alone:
0.76 (0.53–1.08)

aRadiotherapy of the involved field (30 × 2 = 60 Gy) plus daily concomitant temozolomide at 75 mg/m2, followed by
6 cycles of temozolomide at 150–200 mg/m2 on 5 of 28 days [98]
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peptide sequence was also deemed an ideal target
for vaccination, but monthly intradermal injec-
tions of the 13-amino-acid peptide rindopepimut,
which comprises the EGFRvIII-specific antigen,
failed to improve survival in combination with
granulocyte–monocyte colony stimulating factor
(GM-CSF) as an adjunct to standard chemora-
diotherapy in the placebo-controlled,
double-blind phase III ACT-IV trial
(NCT01480479).

Vaccination against such tumor-specific anti-
gens, i.e., peptide sequences that are present
exclusively in tumor cells due to mutations such
as EGFRvIII, is tempting because in theory
non-tumor cells are spared from T-cell responses,
but the extent of immune responses is limited
when only one stimulatory peptide is utilized.
This limitation may be overcome by targeting
tumor-associated antigens, i.e., peptide sequen-
ces of proteins that are highly, but not specifi-
cally expressed by tumor cells. Utilizing
tumor-associated antigens enables vaccination
against a whole set of antigens that may be
adapted depending on the expression profile of
single tumors to elicit a more profound immune
response, but immune tolerance against such
physiologically occurring peptides may limit the
T-cell response elicited from vaccination.

Tumor-associated antigens are commonly
utilized for in vitro pulsing of antigen-presenting
cells. In most clinical trials following this strat-
egy, dendritic cells are isolated from the patients’
peripheral blood for this purpose, as is the case in
two double-blind phase III clinical trials in newly
diagnosed glioblastoma that are currently evalu-
ating the efficacy of autologous dendritic cell
therapies as an adjunct to standard chemoradio-
therapy: The partially undisclosed DCVax plat-
form technology utilizes the patient’s tumor
lysate for in vitro dendritic cell pulsing
(NCT00045968) and the ICT-107 trial utilizes
epitopes from six glioblastoma-associated pro-
teins (NCT02546102). Of note, the ICT-107 trial
will include only HLA-A2 positive patients,
because in a preceding phase II trial that included
124 patients randomized in a 2:1 fashion to
receive ICT-107 or placebo as an adjunct to

standard postoperative chemoradiotherapy, ben-
efit appeared to be restricted to HLA-A2 positive
patients. Overall, the adjunct of ICT-107 was
safe and prolonged progression-free survival for
2.4 months in the per protocol group of this
initial ICT-107 phase II trial (HR 0.54,
P = 0.006) [150]. A similar vaccine consisting of
11 tumor-associated antigens designated
IMA950 is currently evaluated for intracutaneous
injection in a phase I/II trial of newly diagnosed
glioblastoma alongside standard chemotherapy
(NCT01403285 and NCT01920191).

Another potential target for adaptive
immunotherapy that has evoked an antitumor
response in preclinical studies is the
tumor-specific epitope of mutant IDH [151].
Furthermore, the viral CMV antigen pp65 trig-
gered a dendritic cell-mediated,
anti-glioblastoma T-cell response in 12 patients,
and the adjunct of tetanus/diphtheria toxoid has
facilitated this immune response [152], calling
for further exploration. However, clinical trial
design is challenged by the fact that repro-
grammed immune cells will most likely not
suffice to induce a durable response in larger
tumors and that cytotoxic therapies and steroids
may suppress immune-mediated antitumor
responses, thus dampening the expectations
posed to ongoing and future immunotherapy
approaches [36].

Tumor-Treating Fields

Based on a phase III trial in newly diagnosed
glioblastoma, a device for the application of
“tumor-treating fields” (TTF) via skin electrodes
was proposed as a novel standard of care for
newly diagnosed glioblastoma [154]. TTF are
200 kHz alternating electric fields that are sup-
posed to be delivered through the shaved
scalp. Trial design, proactive data interpretation
and uniformity of benefit from the device
throughout subgroups were accompanied by
significant skepticism of the scientific commu-
nity [155]. The place of TTF in clinical practice
remains to be defined.

280 H.-G. Wirsching and M. Weller



Outlook

Increasing the understanding of the molecular
background of glioblastoma has not yet trans-
lated into survival benefit. A more thorough
patient selection for clinical trials that investigate
novel-targeted therapies and combination treat-
ments based on molecular profiles of individual
tumors may ultimately yield improved outcome.

However, several issues will need to be
addressed in the future, including a more pro-
found understanding of therapy-induced molec-
ular alterations that drive resistance and tumor
progression in order to design clinical trials that
include combinations that anticipate such escape
mechanisms.

Furthermore, the understanding of hetero-
geneity of glioblastoma on the cellular level must
be evolved further. It is of note that the gene
expression-based definition of different glioblas-
toma subtypes also applies to single cells within
the same tumor, but the significance of these
findings is yet unclear [121]. A subpopulation of
cells deemed to mediate resistance to chemo- and
radiotherapy was defined based on molecular
marker profiles and specific features observed
in vitro and upon propagation in the brains of
immune-compromised mice [156]. These cells
were termed glioblastoma stem cells (Box 18.2)
for sharing features with neural stem cells, but
the definite identification of such a subpopulation
was not achieved by single-cell RNA sequencing
in freshly dissected human glioblastomas [121]
and attempts to target signaling cascades that are
deemed specific for glioblastoma stem cells were
disappointing in early clinical trials [157].
Another surprising biological characteristic of
glioblastoma is the capability to transduce signals
and exchange molecules in between cells even
over large distances through membrane protru-
sions and connexins [158], thereby challenging
targeted therapy approaches that aim to interrupt
intercellular signaling by neutralizing cytokines
or membrane bound receptors, but the actual
clinical significance of these findings remains to
be determined.

Box 18.2. Glioblastoma Stem Cells
Glioblastoma growth and cellular diversity
is driven by similar molecular mechanisms
such as embryonic and fetal neurogenesis.
The term glioblastoma stem cells
(GSC) refers to a subpopulation of
glioblastoma cells that share features of
neural stem cells and that have the capacity
to grow tumors that resemble
micro-anatomically the original tumors
when transplanted into the brains of
immunocompromised mice [159]. Other
terms have been applied to GSC, particu-
larly with referral to their stem-like features
such as self-renewal and the capacity to
differentiate along multiple neuroglial lin-
eages. The existence of GSC has evoked
hope for drug development, because a role
of GSC in mediating resistance against
conventional chemoradiotherapy has been
suggested based on preclinical models
[160, 161]. Experimental targeting of GSC
prolongs survival [162], but therapeutic
approaches that aim at targeting GSC have
not been successful in clinical trials. Plas-
ticity of glioblastoma cells allows them to
switch between a non-GSC and GSC
phenotype, probably via a continuum of
cellular states [121]. Such cellular states
are influenced by the tumor microenvi-
ronment and specific anatomical GSC
niches promote the GSC phenotype.

Various cell surface markers, including
CD44, CD15, CD133, integrin alpha 6,
and others, have been utilized to enrich
GSC experimentally [156]. However,
molecular signatures of the GSC and
non-GSC subpopulations are derived from
genome-wide microarrays that require the
expansion of freshly dissected glioblas-
toma cells under non-physiologic in vitro
conditions that artificially alter gene
expression [121] and that select for sub-
populations of cells with particular epige-
netic [163] and genetic features [164, 165].
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Cells that proliferate slowly and subpopu-
lations with low frequencies are likely not
characterized with these approaches.
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