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Cover image: Primary diagnosis of a right frontal glioblastoma following acquisition of axial 
slices of T1-weighted gadolinium-enhanced MRI (left) and 18F-FDG PET (right). See page 158, 
chapter 9 for details.
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Foreword ix

Foreword

Glioblastomas remain a conundrum in neuro-oncology, and the perception of a 
given generation of physicians and clinician scientists has somehow always been 
that progress is tedious, if visible at all. Looking beyond generations, however, it 
is clear that progress in understanding the molecular genesis of these tumors, 
their genetics and epigenetics, and also their clinical therapy is being made. Over 
the years, the prognosis of these tumors has been slowly improving as therapies 
are becoming more complex. Gone are the days in which the basic tenets of ther-
apy were surgery by the youngest and the least experienced neurosurgeons, with-
out early imaging to assess resection rates, followed by simple radiotherapy. 
Current surgical strategies are complex, encompassing complex intraoperative 
imaging combined with sophisticated mapping and monitoring, striving for maxi-
mal resections while maintaining function and quality of life. These are standard 
in specialized centers. State-of-the art surgery is followed by molecular classifica-
tion of tumors and multidisciplinary decisions regarding chemotherapy and 
radiotherapy. Second and third operations are not uncommon, as are second 
courses of radiotherapy and varying, individualized chemotherapy regimens. 
Patients can now participate in a large number of clinical trials. Thus, even though 
glioblastoma remains a devastating tumor, the knowledge about this disease is 
rapidly expanding.

This book, edited by Steven De Vleeschouwer, MD, PhD, is a timely, unique, 
and exhaustive compilation of preclinical and clinical knowledge and concepts 
regarding glioblastomas. It clearly goes beyond a simple guide for the clinical 
neuro-oncologist, as it also targets basic and clinician scientists devoted to the 
expanding field of neuro-oncology. This book covers genetics; epigenetics; stem 
cells; experimental methods; epidemiology; imaging; clinical surgical, radio-
oncological, and oncological management; and provides an exciting outlook at 
future concepts and treatment approaches. 

I strongly recommend this book to anybody active in the field of neuro-
oncology, preclinically, clinically, or both. 

Prof. Dr. med. W. Stummer
Department of Neurosurgery

University of Münster
September 2017

Doi: http://dx.doi.org/10.15586/codon.glioblastoma.2017.fr
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Preface

Glioblastoma is the most common and the most malignant variant in the wide 
spectrum of intrinsic glial brain tumors. Although it can affect children, its inci-
dence increases with age. To date, no uniform etiology has been identified. The 
pathogenesis in genetic and epigenetic terms is gradually being unraveled. Unlike 
most aggressive malignancies, glioblastoma only seems to thrive in the exclusive 
microenvironment of the brain and as such, extracranial metastasis is rare. 
Nevertheless, individual glioblastoma cells display an unmatched capacity to 
invade surrounding brain areas and thus exert a locally destructive influence on 
brain tissue and function. This finding, together with the intrinsic and extrinsic 
heterogeneity of the tumor, and its environment, makes glioblastoma one of the 
most difficult cancers to treat. In spite of significant improvements in surgical 
techniques, radiation technology, and systemic therapies, glioblastoma continues 
to be an incurable disease causing an enormous individual and societal burden. 
Although a slow, incremental improvement in survival rates has been noticed in 
those patients who are fit enough to get an intense, multimodal treatment sched-
ule, the medical need still is widely unmet. Therefore, physicians and basic scien-
tists will have to join forces to create some long-awaited breakthroughs for patients 
with this devastating disease.

This book, aimed at students, basic scientists, and physicians dedicated to 
neuro-oncological research and care to its full extent, is divided into three sec-
tions, focusing on a better understanding of the disease biology, an inclusive diag-
nostic and therapeutic management of the disease in the clinic, and an outreach 
to upcoming new insights and technical innovations.

Section I gives a comprehensive overview on the molecular genetics, biological 
hallmarks, and the current state-of-the-art preclinical animal models in glioblas-
toma research. Chapter 1 guides us through the complicated story of glioblastoma 
genomics and discusses validated and upcoming biomarkers with a potential to 
improve diagnosis and treatment. In Chapter 2, the genetic identity of secondary 
glioblastomas, an important minority subgroup, is highlighted as an example of 
how molecular genetics directly impacts clinical decision-making. Chapter 3 
introduces the reader to the fascinating world of epigenetics and its role in patho-
genesis, therapy response, and prognosis. Glioma cancer stem cell as the niche for 
glioma initiation and therapy resistance is the central topic of Chapter 4. In 
Chapter 5, which discusses glioma cell motility, the most important driver of 
glioblastoma invasiveness in a healthy brain is being thoroughly discussed, and in 
Chapter 6, the regulatory role of both microRNAs and long non-coding RNA is 
being explained showing their steadily mounting importance in understanding 
glioblastoma biology. Finally in Chapter 7, a concise and clear overview is 
given  of  the most widely used small animal models for preclinical research in 
malignant glioma.

Section II deals with the many diagnostic, therapeutic, and prognostic man-
agement challenges physicians are facing every day. Chapter 8 nicely rehearses the 
epidemiological factors involved in disease and outcome. In Chapter 9, an exten-
sive overview is given of PET imaging options that are increasingly being used in 
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the neuro-oncological field, and Chapter 10 further elaborates on the potential of 
different PET tracers as promising tools to assess therapy response versus disease 
progression, as a highly relevant item in the clinical arena since pseudo-progression 
and pseudo-responses are known to interrupt our classical decision-making based 
on MRI imaging and clinical performance of the patient. In Chapter 11, in a cen-
tral position in the book, a bright and critical appraisal is being performed on the 
current standard-of-care in glioblastoma therapy, including both conventional 
radiotherapy and chemotherapy but also newer approaches based on medical evi-
dence. After a comprehensive update on the surgical management of glioblastoma 
in Chapter 12, intraoperative cortical brain mapping is highlighted in Chapter 13. 
Challenges and considerations in the context of recurrent glioblastoma are 
described in Chapter 14 from a surgeon’s point of view. The peculiar aspects of 
pediatric glioblastoma, as a separate disease entity, are dealt with in Chapter 15 to 
conclude this clinical section on glioblastoma.

Section III has six chapters that try to capture innovative approaches and tech-
niques that might have the potential to gain impact in the field in the coming 
years. Chapter 16 elaborates on a comprehensive overview of the glioblastoma 
tumor microenvironment as an underexplored gateway to the tumor, lodging 
quite some new targets for therapy in the near future. In Chapter 17, combined 
targeting of cytotoxic compounds is described as a promising tool to maximize 
local access to therapeutic deliveries in glioblastoma. Chapter 18 elaborates on 
further improvements on the development of arborizing, multi-channel catheters 
for convection-enhanced delivery, and Chapter 19 introduces irreversible electro-
poration as a selective and powerful technique to destroy glioblastoma tumor 
cells. In Chapter 20, the authors discuss how to improve drug delivery by over-
coming the blood–brain barrier, and in Chapter 21 the audience will discover 
how canine models can instruct us on the values of new therapeutic approaches.

We are confident that this book will enable students, scientists, and physicians 
to widen their understanding of glioblastoma as a complex brain cancer with an 
ongoing high medical need, and develop potential game-changing innovations in 
the field of neuro-oncology.

Steven De Vleeschouwer, MD, PhD
Department of Neurosurgery

University Hospitals Leuven, Belgium
Laboratory of Experimental Neurosurgery and Neuroanatomy

KU Leuven, Belgium
September 2017

Doi: http://dx.doi.org/10.15586/codon.glioblastoma.2017.pr
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Abstract: Glioblastoma is a deadly disease that has not shown improvement 
despite the development of new diagnostic tools and innovative targeted therapies. 
This grim outcome is mainly related to a complex intra- and inter-individual 
heterogeneity resulting from severe genetic instability. Understanding glioblas-
toma biology may establish a foundation to improve prophylaxis, early diagnosis, 
prognosis, and treatment prediction, thus leading to a better outcome. Recent 
advances in technologies such as genomics, epigenomics, transcriptomics, and 
proteomics have led to unprecedented discoveries of potential prognostic and 
predictive markers. Several of these biomarkers are in deep need of validation to 
be used in clinical routine. In this chapter, we will discuss the most accomplished 
recent advances in the genomics of glioblastoma and insight into personalized 
medicine using validated, and not yet validated, biomarkers that may have great 
potential to improve patients’ outcomes.

Key words: Glioblastoma; Heterogeneity; Prognosis; Subtypes; Targeted therapies
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Introduction

Glioblastoma (GBM) is the most frequent type of primary tumors of the central 
nervous system in adults, and its very poor prognosis has not significantly 
improved despite the development of innovative diagnostic strategies and new 
therapies (1, 2). Complex and poorly reproducible diagnoses and the inability to 
accurately predict sensitivity or resistance to chemotherapy regimens, as well as 
less than optimal CNS bioavailability, have contributed to the poor prognosis for 
patients with glioblastoma. Therefore, understanding the molecular mechanisms 
underlying its aggressive behavior may lead to better management, appropriate 
therapies, and good outcomes. Cancer progression is promoted by somatic evolu-
tion, a process in which an accumulation of mutations causes the genome of a 
cancer cell to deviate from that of a healthy cell. Some cancers, such as colon 
cancer, have a very well-defined sequence of events leading to their development. 
GBM development is however remarkable in that it occurs via a complex network 
of different genetic and molecular aberrations, leading to significant changes in 
major signaling pathways. In recent years, substantiated data have emerged and 
demonstrated that tumors are made of multiple populations of cancerous cells 
harboring specific genetic alterations in addition to the classical founder genetic 
abnormalities (3). This heterogeneity in tumors results from the characterized 
genetic instability and increased mutation rates that accompany all neoplasms and 
from a Darwinian selection of the fittest clones through genetic and epigenetic 
modifications (4). GBMs are lethal as they disperse extensively throughout the 
brain parenchyma, making maximal surgical resection unattainable and also 
because of a high level of vascularization. Thus, the need for tumor-specific drug 
targets and pharmacological agents to inhibit cell migration, dispersal, and angio-
genesis is indeed immense. There are no inheritable traits that are predisposing to 
GBM development; therefore, all characterized genetic alterations are somatic and 
acquired aberrations. This chapter will discuss some of the most commonly 
affected signaling pathways and their relevance for possible use into a personal-
ized medicine approach.

Pathogenesis of Glioblastoma
Oncogenic pathways

The most frequently altered pathway involves receptor tyrosine kinases (RTKs) 
(5–7). RTKs are cell-surface receptors that bind growth factors (GFs). GF binding 
occurs via cross-linking, inducing the dimerization of two adjacent receptors and 
a conformational shift. This shift activates the kinase function of the RTK allowing 
cross-phosphorylation of tyrosine residues in preparation for downstream signal-
ing cascades (Figure 1A). Epidermal growth factor receptor (EGFR) signaling 
functions in the proliferation, migration, differentiation, and survival of all types 
of central nervous system cells (8). In GBM cells, EGFR signaling can be activated 
either through overexpression of the receptor or its ligand, amplification of the 
EGFR locus, and/or receptor mutation (9). It is important to note that any combi-
nation of these alterations may coexist within the same tumor. The oncogenic 
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properties of EGFR are associated with constitutive activation and uncontrolled 
increases in phosphorylation activity. The majority of GBMs that overexpress 
EGFR also have mutation of the EGFR gene. The most common mutation is the 
EGFRvIII, which corresponds to the loss of exons 2–7, leading to a deletion of 
267 amino-acids in the extracellular domain making the receptor ligand indepen-
dent and constitutively active. This mutation is never observed in healthy tissues 
and secondary GBM (10).

Another commonly modified pathway in GBM is the Ras pathway. Increases 
in Ras pathway activity are seen in nearly all GBMs; however, Ras mutations are 
rare in this population (11). In the absence of mutated Ras, these high levels 
can be attributed to increased activation of upstream factors, such as the EGFR 
(Figure 1A). Ras is a guanosine-binding protein (G protein) that cycles between an 
inactive state when bound to GDP and an active form when bound to GTP. Active 
Ras (Ras-GTP) promotes progression through the cell cycle, survival, and migra-
tion through a cascade of downstream effectors. The Phosphatidylinositol-
4,5-Bisphosphate 3-Kinase/Phosphatase and Tensin Homolog/serine threonine 
kinase Akt (PI3K/PTEN/Akt) pathway is also initiated by growth factor–receptor 

Figure 1  Genetic alterations in major key pathways altered in glioblastoma. Mutations, 
deletions, and amplifications in (A) RTK/RAS/PI3K, (B) RB, and (C) p53 signaling pathways are 
shown. Green boxes indicate activating mutation and amplifications. Red boxes indicate 
inactivating alterations such as mutations and deletions. Frequency of alterations are shown 
in each box. (Adapted from Ref. (7))
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interactions (Figure 1A). Upon growth factor receptor activation, PI3K is drawn 
to the cell membrane, resulting in the generation of the secondary messenger 
phosphatidylinositol (3,4,5)-trisphosphate (PIP3) (12). Akt is a downstream 
effector of PIP3 that leads to cell proliferation and inhibition of apoptosis. PTEN 
normally acts as a negative regulator of PI3K and terminates the PIP3 signal. In 
GBM, the tumor suppressor function of PTEN is frequently inactivated, either by 
loss of heterozygosity (LOH) or mutation-induced constitutive activation of PI3K, 
resulting in increased PI3K availability. Unopposed PI3K-mediated signaling has 
been implicated in GBM pathogenesis (13).

The retinoblastoma (RB) pathway plays a key role in the cell cycle. In cells that 
are dormant, or nonproliferating, RB is hypo-phosphorylated and actively binds 
to the transcription factor E2F. RB binding to E2F prevents the transcription of 
genes that are necessary for mitosis and the cell cycle is halted at the G1/S check-
point. In proliferating cells, GFs induce Cyclin D1 formation and activation of 
cyclin-dependent kinase-cyclin (CDK/cyclin) complexes. Active CDK/cyclin 
complexes phosphorylate RB, resulting in the release of E2F. Free E2F induces 
transcription of genes that promote DNA synthesis and cell proliferation occurs 
(14). Negative regulation of the RB pathway can be accomplished by cyclin-
dependent kinase inhibitor proteins (CDKN) belonging to the INK family. One 
example is the CDKN2A-p16INK4a, which competes with cyclins for CDK binding 
to prevent RB phosphorylation (15). Certain GBM cells can override this negative 
regulation via methylation of the RB promoter and gene silencing. Alteration of 
the RB pathway leads to substantial cell cycle imbalances (Figure 1B). The TP53 
pathway also functions in cell cycle control, DNA damage response, cell death, 
and differentiation. When DNA damage occurs, the cell becomes stressed and 
activates the TP53 pathway. To allow time for DNA repair to occur, TP53 increases 
transcription of p21, a CDKN that binds cyclin proteins and inhibits their func-
tions to halt progression through the G1 phase of the cell cycle (16). If there is 
more damage than can be repaired quickly, TP53 will induce cell death to prevent 
division of cells containing mutated or damaged DNA. The TP53 pathway has 
negative feedback loops. TP53 induces transcription of MDM2, a proto-oncogene, 
which leads to the degradation of TP53 and prevention of DNA repair. To main-
tain TP53 activity, the CDKN2A-p14ARF inactivates MDM2 via degradation. 
MDM4, a regulator of TP53, can inactivate TP53 via binding of the transcriptional 
activation domain (17). In human gliomas, TP53 mutations are often missense 
mutations that target exons crucial for DNA binding. Other alterations seen 
in GBMs are MDM2 amplification, MDM4 amplification, and CDKN2A-p14ARF 
deletion (7) (Figure 1C). Currently, there are no defined sequence of events that 
definitively lead to GBM development. Any number or combination of these 
pathways may contribute to GBM formation. Although these pathways are well 
defined, the complexity of GBM is enhanced by high levels of variability both 
between different tumors, as well as within a single tumor.

Intratumor heterogeneity

Intratumor heterogeneity is defined as the presence of multiple different cell sub-
populations within a single tumor from one patient (18). Tumor heterogeneity 
allows a tumor to respond to selective pressures, thus contributing to tumor 
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aggressiveness, growth, and treatment failure (19). Heterogeneity poses a signifi-
cant challenge to the design of effective new drug therapies. There are currently 
two proposed mechanisms for the development of intratumor heterogeneity: can-
cer stem cells that may possess varying degrees of stemness, the ability to self-
renew and differentiate into different tumor cell types, and clonal evolution that 
may enhance genetic diversity within the affected tissues (20, 21). Intratumor 
heterogeneity is spatially defined from the core of the tumor to the periphery. The 
core of a GBM tumor is an area of high proliferation and inflammation. The core 
is comprisesd of a zone of necrosis surrounded by the tumor zone. The margin 
between the tumor tissue and brain parenchyma is called the interface. Tumor cell 
density decreases throughout the interface as distance from the core increases 
(Figure 2) (22). The outermost area is known as the peripheral brain zone (PBZ), 
and it consists of mainly brain parenchymal tissue with isolated infiltrates (23). 
These isolated infiltrates dispersed throughout normal brain tissues in the PBZ 
help to explain why total surgical resection is impossible and recurrence is nearly 
inevitable. Studies have shown that biopsies taken from the core and interface 
zones had much higher levels of genomic alterations compared to biopsies of tis-
sues from the PBZ, suggesting that changes in gene expression are dependent 
upon tumor area. These results are clear evidence that tumor fragments from the 
same patient may be classified into different molecular subtypes (23). Tumor 
recurrence in the primary site or in surrounding brain parenchyma is all too often 
a great challenge despite new therapies and interventions. This is related to astro-
cytic tumor diffusion and invasion properties that are linked to the migrating 
glioma stem cells (24).

Figure 2  Pathogenesis of epithelial to mesenchymal transition (EMT). EMT is a programmed 
pathway for clonal outgrowth of localized tumors to colonize surrounding areas and 
promote angiogenesis. This process is a cross talk between glioblastoma stem cells (red 
circles), clonal cancer cells (gray and black circles [necrotic]), and epithelial cells via genetic 
reprograming, implicating several genes and transcription factors. (Adapted from Ref. (22).)
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Epithelial to mesenchymal transition

The epithelial to mesenchymal transition (EMT) is a programmed event in 
which epithelial cells, through a genetic reprograming or selection, acquire a 
mesenchymal phenotype. This process results from alterations in cell architec-
ture and behaviors following cell–cell and cell–extracellular matrix interactions 
(25), leading to clonal outgrowth of localized tumors to promote a mesenchy-
mal phenotype, conferring an unusual property for the cell to colonize sur-
rounding areas and activate angiogenesis (26). It has been demonstrated that 
tumors with high EMT activation are associated with hyper-vascularization and 
worse outcomes. Aberrant activation of several signaling pathways and EMT 
regulators can lead to oncogenic EMT and cancer progression (Figure 2). Wnt, 
TGF-β, and NOTCH pathways among other signaling pathways have been 
shown to play major roles in EMT (27). They act via modulating several EMT 
key transcription factors such as Snai1, Slug, ZEB1, ZEB2, Twist1, and Twist2 
(27). Specifically, positive correlation has been found between activation of 
NOTCH signaling pathway and the expression of EMT markers such as Snail in 
GBM specimens (28). Further studies have revealed that NOTCH acts upstream 
of Snai1 to confer invasive ability and mesenchymal phenotype to glioma cells 
(28). Moreover, recent transcriptomic studies have shown that among many 
cancer signature genes, mesenchymal genes are overexpressed at the expendi-
ture of proneural genes in several GBM biopsies from patients with poor prog-
nosis (29). Specifically, C/EBPb and STAT3 have been shown to act as 
mesenchymal driving genes of prognostic value (29). Patients with tumors that 
are double-positive for C/EBPb and STAT3 have shorter survival when com-
pared to patients with tumors that are single- or double-negative (29). This 
confirms that these two genes are global regulators of mesenchymal transforma-
tion in stem cells and that they are necessary in the maintenance of the aggres-
sive mesenchymal phenotype in glioma cells both in vitro and in vivo (29), and 
highlights potential cross talk between glioblastoma stem cell (GSC) theory and 
the EMT process.

EMT can generate cancer cells with stem-like properties (30). Indeed, upon 
acquisition of EMT phenotype, GSCs acquire both stemness and mesenchymal 
properties. Unlike tumors that metastasize, this double property may explain 
tumor invasion that is one of the hallmarks of recurrent GBM. It has been 
shown  that high expression of Slug (EMT marker) correlates with higher 
grade glioma and is associated with high levels of the GSC marker, CD44, which 
also has been reported to promote glioblastoma cells migration, invasion, and 
angiogenesis (31, 32).

GBM tumors are extensively vascularized resulting from an overactivated 
angiogenesis, a process of forming new blood vessels which is a critical step for 
supplying oxygen for tumor growth (33). However, it is often an inefficient pro-
cess, leading to tumors with areas of hypoxia, necrosis, and edema (34). 
Mechanisms of new blood vessel formation include differentiation of GSC into 
vascular endothelium in addition to the generation of new vessels that involves 
recruitment of endothelial progenitor cells (35). In response to hypoxia, the 
hypoxia inducible factor-1 (HIF-1α) is frequently activated in GBM (36) and 
induces VEGF expression (36) (Figure 1A). There is increasing evidence that 
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GSCs are maintained with a vascular niche which in turn is maintained with 
VEGF secreted by GSCs and acting through VEGFR-2/KDR (37). This shows 
that VEGF pathway might be the rate-limiting step of angiogenesis expansion. 
VEGFRs and PDGFRs are structurally and functionally related growth factor 
receptors that function in the promotion of angiogenesis and are well-known 
targets of cancer cells. The angiogenesis transition is believed to be a balance 
between pro- and anti-angiogenesis factors (38). Several other mediators have 
been shown to play roles in GBM angiogenesis. Such factors are represented by 
NOTCH, angiopoietins, PDGF, FGF, integrins, ephrins, and IL-8 (39–41). 
Conversely, many endogenous inhibitors such as angiostatin, thrombospondins, 
endostatin, tumstatin, and interferons oppose the action of these mediators 
(38). Several angiogenesis inhibitor drugs are used in recent clinical trials, most 
commonly targeting VEGF, VEGFR, PDGF and PDGFR, the key players in the 
angiogenesis pathway.

Classification of Glioblastoma Based on Genetic Markers
Genomic abnormalities of primary and secondary GBM

Most GBMs are primary tumors that arise in the absence of prior disease. 
Primary GBMs are aggressive, highly invasive neoplasms that are more com-
monly seen in the elderly. Secondary GBMs are much less common and typi-
cally affect people below the age of 45. Secondary GBMs develop from low-grade 
astrocytoma and are associated with better prognosis. Primary and secondary 
GBMs are histologically indistinguishable, yet they evolve from different genetic 
precursors and show distinctive genetic alterations that can allow for differen-
tiation (42, 43) (Table 1). The alterations seen most frequently in primary GBM 
are EGFR amplification or mutation, PTEN deletion or mutation, and CDKN2A-
p16INK4a deletion (44). Amplification or mutation of EGFR results in constitu-
tive activity, increased proliferation, and survival of mutated cells. PTEN 
deletions or mutations are almost exclusively seen in the advanced stages of 
disease in primary GBM. CDKN2A-p16INK4a deletions can be found in both 
primary and secondary GBMs, although it is more common in primary GBMs. 
The clinical relevance of CDKN2A-p16INK4a deletions is yet to be determined. 
Genetic alterations common to secondary GBM include TP53 mutations and 
Isocitrate Dehydrogenase 1/2 (IDH1/2) mutations (42, 45). TP53 mutations are 
detectable in the early stages of disease in secondary GBM. IDH1/2 mutations 
rarely occur in primary GBMs, and have recently been identified as alterations 
that frequently occur in low-grade gliomas and in the pathway to secondary 
GBMs. IDH1 mutations are considered the most reliable indicator to differenti-
ate primary from secondary GBM (45). Platelet-derived growth factor receptor 
(PDGFR) gene amplification is also known to occur in secondary GBM. Even 
though much time and effort has gone into developing a standard for the clas-
sification of GBM, there are still some alterations that cannot be limited to one 
subclass over another. A more comprehensive list of commonly seen alterations 
in primary versus secondary GBMs can be found in Table 1, although the list is 
not all inclusive.
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Genome-, epigenome-, and transcriptome-based 
classification

Initiation and progression of GBM are linked to genetic and epigenetic 
aberrations. Genetic subgroups of GBM have unique gene expression profiles. 
Based on these profiles, GBMs can be stratified into four clusters: mesenchymal, 
classical (or proliferative), proneural, and neural (Figure 3). These molecular 
subtypes are also associated with different spatial zones of a GBM tumor. 
Mesenchymal GBMs have overexpression of mesenchymal and astrocytic mark-
ers in addition to neurofibromin 1 (NF1) deletion. NF1 normally functions as a 
negative regulator of the Ras pathway. The classical subtype displays high-level 
proliferation and is associated with EGFR amplification, Chr.10 monosomy, and 
CDKN2A-p16INK4a deletion. Proneural subtype GBMs present with alterations in 
TP53, PDGFRA, PIK3C, and IDH1. These GBMs are seen most in younger 

Table 1	 Major Genomic, Epigenomic, Transcriptomic, 
and Proteomic Differences between Primary 
and Secondary GBM

Primary Secondary

Genetic alterations EGFR Amplification
CDKN2A-p16INK4a deletion
LOHa of chromosome 10
PTEN mutation

IDH1/2 mutation
LOH of 22q, 13q, 19q
TP53 mutation

Gene/protein 
expression  
profiles

Centrosome-associated protein 350
Enolase 1
Fas
IGFBP2b

MMP-9c

Survivin
Tenascin-X-precursor
VEGFd

VEGF fms-related TK

ADAMTS-19e

ASCL1f

Cadherin-related tumor suppressor 
homolog precursor

DUOX2g

ERCC6h

HNRPA3i

Loss of TIMP-3j

PDGFR
TP53
WNT-11k protein precursor

Promoter  
methylation

– CDKN2A-p14ARF

CDKN2A-p16INK4a

MGMTl

RB
TIMP-3

aLoss of heterozygosity; binsulin-like growth factor binding protein 2; cmatrix metallopeptidase 9; dvascular 
endothelial growth factor; ea disintegrin and metalloproteinase with thrombospondin motifs 19; fAchaete-Scute Family 
BHLH Transcription Factor 1; gdual oxidase 2; hexcision repair cross-complementation group 6; iheterogenous nuclear 
ribonucleoprotein A3; jtissue inhibitor of metalloproteinases 3; kWnt family member 11; l O-6-Methylguanine-DNA 
Methyltransferase.
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patients and are associated with favorable outcomes. Neural subtype GBMs 
show a strong composition of genes involved in nervous system development 
and function (46). The mesenchymal and classical subtypes are typically associ-
ated with more aggressive high-grade gliomas, while the proneural subtype rep-
resents less aggressive high-grade gliomas. Despite this fact, mesenchymal, 
classical, and proneural subtypes are all associated with tumor tissue. The neural 
subtype is associated with the interface and PBZ and is classified as a nonen-
hancing region (23). Another cluster of tumors has been recently identified 
based on the CpG island methylator phenotype, or G-CIMP tumors (Figure 3). 
These tumors have distinct copy number alterations, DNA methylation patterns, 
and transcriptomic profiles compared to the other four subsets of GBMs and are 
associated with a very favorable outcome (Table 2). The disease process of GBM 
is characterized by unique sets of molecular changes in cells and their microen-
vironment. It is increasingly evident that these processes not only differ from 
patient to patient but also differ between subtypes within the same tumor. These 
differences shed light on the difficulties seen when trying to develop new tar-
geted drug therapies.

Figure 3  Summary of GBM subtypes based on transcriptomics and methylation status 
analyses. Unsupervised clustering of GBMs delineates several molecular subtypes. 
These include proneural, neural, proliferative (or classical), mesenchymal, and 
G-CIMP. Their frequency is shown. (Adapted from ATLAS-TCGA.) NA: Not analyzed.

Count
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Mesenchymal 26.7

Classical 25
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NA 10.3
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Genomic Landscape of Glioblastoma
Common somatic mutation aberrations

Somatic aberrations are nonheritable mutations that can arise spontaneously in 
somatic cells due to errors that occur in DNA replication or from exposure to 
environmental mutagens. The resulting changes from these mutations can lead 
to cellular transformation and cancer progression. Many researchers have 
focused their efforts on identifying genes relevant to GBM progression by target-
ing genes with the highest density of missense mutations. A challenge to this 
method is that higher missense mutations counts may also be associated with 
higher silent mutation counts and thus be indicative of relaxed purifying selec-
tion rather than positive selection (47). One approach to determining which 
genes are under positive selection in GBM is to identify parallel mutations. 
Parallel, or recurrent, mutations are identical nucleotide substitutions found at 
the same site in tumors from different patients. Parallel mutations provide pow-
erful evidence of positive selection on GBM genes because independent random 
fixation of the same mutation in different patients is highly improbable (47). 
Genes that are significantly mutated and that display parallelism include EGFR, 
TP53, PTEN, RB, and IDH1 (Table 3). The advantage of using parallelism is the 
ability to identify sites under positive selection in GBM when the overall muta-
tion count is not statistically significant. For example, PDGFRA is a known 
oncogene that shows parallelism, but it is not significantly mutated. Research 
focusing solely on mutation counts would not classify PDGFRA as a significant 
mutation in GBM pathogenesis, which could preclude PDGFRA from further 
investigation (48).

Table 2	  Summary of Glioblastoma Subtypes Based on 
Genomics Data (adapted from Refs. (7, 45) and 
ATLAS-TCGA)

Gene Proneural/Neural Classical Mesenchymal G-CIMP

Age Young Old Old Young

Prognosis Good Poor Poor Good

Active process Neurogenesis Proliferation Angiogenesis Neurogenesis

Cell marker Neuroblast Stem cell Stem cell Neuroblast and 
nonneuroblast

Chromosomal 
aberration

Normal Chrs.7 and 10 Gain of Chr.7
Loss of Chr.10

Gain of Chr.7
Loss of Chr.10

Gain of Chrs.8 
and 10

IDH1 mutations

EGFR/PTEN loci Normal EGFR
Intact PTEN

EGFR amplified
Loss of PTEN

EGFR amplified
Loss of PTEN

Normal EGFR
Intact PTEN

Altered pathway NOTCH, TP53, PDGFRA, 
PIK3C, IDH

AKT, CDKN2A Met, NF1 MYC
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Common copy number aberrations

Copy number aberrations (CNAs) are somatic changes to chromosome structure 
that result in either a gain or loss of copies in sections of DNA. CNAs are different 
from copy number variations (CNVs) in that CNAs occur in somatic tissues, 
whereas CNVs occur in germline tissues and are present in all cells of the organ-
ism, not solely in the tumor tissue. The most common CNAs seen in GBM include 
loss, or partial loss, of chromosomes 9 and 10; polysomy of chromosomes 7, 19, 
and 20; focal deletion of CDKN2A/B locus (9p21.3); and focal high-level amplifi-
cations of EGFR locus (7p11.2) (5, 7) (Figure 4 and Table 4). CNAs targeting 
chromosomes 7 and 10 are some of the earliest events in GBM tumor evolution. 

Table 3	 Most Frequently Mutated Genes Observed in 
TCGA Glioblastoma Database

Genes
Number of 
mutations

Number of 
patients

Frequency 
(%)

PTEN 69 131 23.02

EGFR 73 117 20.62

TP53 69 115 20.27

PIK3R1 32 60 10.65

NF1; PIK3CA; SPTA1 28 51 8.93

FLG; PCLO 24 47 8.25

RYR2 21 39 6.87

RB1 20 39 6.87

HMCN1 19 35 6.19

AHNAK2; MUC17 18 33 5.84

IDH1 15 29 5.15

SYNE1; TCHH 14 27 4.81

OBSCN 13 23 4.12

RELN 12 23 4.12

KEL 11 21 3.78

FBN3; GABRA6; MROH2B 10 19 3.44

LZTR1; SEMA3C 9 18 3.09

PDGFRA 10 18 3.09

CNTNAP2; DMD; RBM47 9 18 3.09

BCOR; KMT2C; RPL5; STAG2; TAF1L 8 16 2.75

GRIN2A; HCN1; MYH2 8 14 2.41

ABCB1; ADAMTS16; AFF2; FGD5; GRM3; KIF2B; 
LRFN5; MYH8; NLRP5; OR8K3; PCDHA1; 
PCDHA3

7 14 2.41
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Figure 4  Genomic landscape of glioblastoma. Digital karyotype showing major CNA 
observed in glioblastoma. Major gain (red) and loss (blue) events are shown. (Adapted 
from Refs. (5, 7) and ATLAS-TCGA.) Clustering was performed using PartekGS software 
(Partek, St. Louis, MO).

Table 4	 Most Frequent Copy Number Alterations (CNAs) 
and the Corresponding Genes Observed in 
TCGA Glioblastoma Database

Gene Cytoband CNA Number of patients Frequency (%)

CDKN2A 9p21 DEL 323 57.37

CDKN2B 9p21 DEL 315 55.95

EGFR 7p12 AMP 246 43.69

MTAP 9p21 DEL 239 42.45

CDK4 12q14 AMP 80 14.21

PDGFRA 4q12 AMP 72 12.79

MLLT3 9p22 DEL 67 11.90

CHIC2 4q11 AMP 66 11.72

KIT 4q12 AMP 52 9.24

MDM4 1q32 AMP 48 8.53

FIP1L1 4q12 AMP 48 8.53

MDM2 12q14.3-q15 AMP 47 8.35

DDIT3 12q13.1-q13.2 AMP 46 8.17

PTEN 10q23.3 DEL 41 7.28

GLI1 12q13.2-q13.3 AMP 37 6.57
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Table 4	 Most Frequent Copy Number Alterations (CNAs) 
and the Corresponding Genes Observed in 
TCGA Glioblastoma Database

Gene Cytoband CNA Number of patients Frequency (%)

KDR 4q11-q12 AMP 35 6.22

TEK 9p21 DEL 34 6.04

LRIG3 12q14.1 AMP 22 3.91

SOX2 3q26.3-q27 AMP 21 3.73

CDKN2C 1p32 DEL 20 3.55

MET 7q31 AMP 19 3.37

CDK6 7q21-q22 AMP 19 3.37

IGFBP7 4q12 AMP 18 3.20

DCUN1D1 3q26.3 AMP 18 3.20

KLHL6 3q27.3 AMP 17 3.02

PIK3CA 3q26.3 AMP 16 2.84

AKAP9 7q21-q22 AMP 15 2.66

CCND2 12p13 AMP 15 2.66

FRS2 12q15 AMP 14 2.49

EPHB3 3q27.1 AMP 14 2.49

FGF6 12p13 AMP 14 2.49

FAS 10q24.1 DEL 13 2.31

IKZF1 7p12.2 AMP 13 2.31

MAGI2 7q21 AMP 13 2.31

SMO 7q32.3 AMP 13 2.31

PTPRD 9p23-p24.3 DEL 13 2.31

NFIB 9p24.1 DEL 13 2.31

FGF23 12p13.3 AMP 13 2.31

MYCN 2p24.3 AMP 12 2.13

KMT2C 7q36.1 AMP 12 2.13

XRCC2 7q36.1 AMP 12 2.13

SBDS 7q11.21 AMP 12 2.13

MAP3K13 3q27 AMP 12 2.13

HIP1 7q11.23 AMP 12 2.13

GRM3 7q21.1–q21.2 AMP 12 2.13

ABCB1 7q21.12 AMP 12 2.13

RB1 13q14.2 DEL 11 1.95

BTG2 1q32 AMP 11 1.95

JAZF1 7p15.2–p15.1 AMP 11 1.95

(Continued)
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Aberrations in other known GBM drivers include focal amplification of PDGFRA, 
sex determining region Y-box (SOX2, involved in the determination of cell fate), 
MDM2, and MDM4. These aberrations can occur at different steps in the tumor 
development process (23).

Potential Biomarkers for Prognosis and New Therapeutic 
Prediction

Several clinical trials are evaluating efficacy of numerous new targeted therapies 
with or without a predictive biomarker (Table 5).

Table 5	 Targeted Therapeutic Agents Currently Used in 
Several Ongoing Clinical Trials for Patients with 
Glioblastoma (Obtained from clinicaltrials.gov) 
and Their Official FDA Approval

Target Class Name FDA approval

EGFR Tyrosine kinase 
inhibitors

Panitumumab (Vectibix®) For metastatic colorectal cancer, 
KRAS wild type

Gefitinib (Iressa®) For advanced nonsmall-cell lung 
cancer

Erlotinib (Tarceva®) For advanced nonsmall-cell lung 
cancer and pancreatic cancer

Lapatinib (Tykerb®) For breast cancer as combination 
therapy

AEE788 (also a VEGFR 
inhibitor)

–

Vandetanib (Caprelsa®, also a 
VEGFR and RET inhibitor)

For metastatic medullary thyroid 
cancer

Monoclonal 
antibodies

Cetuximab (Erbitux®) For KRAS wild-type metastatic 
colorectal cancer and 
squamous cell carcinoma of 
the head and neck

Ras Farnesyltransferase 
inhibitors

Tipifarnib (Zarnestra®) –

Lonafarnib (Sarasar®) –

Raf Tyrosine kinase 
inhibitors

Sorafenib (Nexavar®, also 
a VEGFR and PDGFR 
inhibitor)

For advanced renal cell 
carcinoma and hepatocellular 
carcinoma

PDGFR Tyrosine kinase 
inhibitors

Imatinib (Gleevec®) For treatment of multiple 
cancers, most notably 
Philadelphia chromosome-
positive chronic myelogenous 
leukemia
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Table 5	 Targeted Therapeutic Agents Currently Used in 
Several Ongoing Clinical Trials for Patients with 
Glioblastoma (Obtained from clinicaltrials.gov) 
and Their Official FDA Approval (Continued)

Target Class Name FDA approval

Dasatinib (Sprycel®) For chronic myelogenous 
leukemia and Philadelphia 
chromosome-positive acute 
lymphoblastic leukemia

Sunitinib (Sutent®, also a 
VEGFR inhibitor)

Mainly for treatment of renal 
cell carcinoma and imatinib-
resistant gastrointestinal 
stromal tumors

Small molecule Crenolanib –

VEGFR Tyrosine kinase 
inhibitors

Vatalanib (also a PDGFR 
inhibitor)

–

Cediranib (Recentin®) –

Axitinib (Inlyta®) For advanced renal cell 
carcinoma

VEGFR Small molecule Carboxyamidotriazole –

Pazopanib (Votrient®) For advanced renal cell 
carcinoma and advanced soft 
tissue sarcoma

Lenvatinib (Lenvima®) –

IL-2 Monoclonal 
antibodies

Basiliximab (Simulect®) For the prophylaxis of acute 
rejection for renal transplant

Daclizumab (Zenapax®) For relapsing multiple sclerosis

PD-1 Monoclonal 
antibody

Nivolumab (Opdivo®) For squamous cell head and 
neck cancer, Hodgkin 
lymphoma, metastatic 
melanoma, nonsmall-cell 
lung cancer, advanced 
renal cancer, and urothelial 
carcinoma

PD-L1 Monoclonal 
antibody

Durvalumab –

NF-κB Proteasome 
inhibitor

Bortezomib (Velcade®) For mantle cell lymphoma and 
multiple myeloma

TGF-b2 Antisense oligo-
deoxynucleotide

Trabedersen –

Tenascin Monoclonal 
antibody

I131 81C6 (Neuradiab®) –

PARP Small molecule Olaparib (Lynparza®) For advanced ovarian cancer

Table continued on following page
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Clinically relevant aberrations (biomarkers)

Although there appears to be a motif of common aberrations, only a select few 
have been associated with clinical relevance. Specifically, EGFR amplification, 
IDH1/2 mutations, and MGMT promoter methylation are currently regarded as 
having clinical significance. EGFR amplifications are associated with high-grade 
malignancy, poor prognosis, and shorter survival time (49). Currently, EGFR sta-
tus can be used to predict patient response to EGFR-targeted therapies. Gefitinib 
and ertlotinib are small molecule tyrosine kinase inhibitors that act to prevent 
phosphorylation of tyrosine residues and block downstream signaling. Both gefi-
tinib and erlotinib have been rigorously tested for use in GBM; however, they 
have not been proven effective for monotherapy (50). Furthermore, targeting the 
mutation EGFRvIII using vaccine alone or in combination with tyrosine kinases 
inhibitors and temozolomide has been shown to improve in vitro cytotoxicity, to 
significantly reduce tumor development in xenograft models and in clinical trial 
by eliminating EGFRvIII-expressing cells and targeting its downstream target 
genes (51).

IDH1 mutations have been shown to exhibit characteristics associated with 
better prognosis. IDH1 mutations are typically found in younger patients that 
have high frequencies of TP53 mutations, and are currently used as positive pre-
dictors of prognosis. Wild-type IDH1 functions to convert a-ketoglutarate to iso-
citrate; however, a mutated IDH1 results in the formation of 2-hydroxyglutarate 
(2HG) (52). The consequences associated with the formation of 2HG are yet to 
be determined and is currently thought to function as an oncogenic metabolite 
(53). Serum levels of 2HG are being used to identify IDH1 mutations in patients 
with acute myeloid Leukemia (AML). MGMT promoter methylation is one of the 
most relevant prognostic markers and can also be used to predict therapeutic 
response to alkylating agents such as carmustine and temozolomide. The normal 
function of MGMT is to repair DNA damage, which would counteract the apop-
totic effects of temozolomide. Silencing MGMT would lead to enhanced cytotoxic 
activity of temozolomide. It has been shown that patients that have MGMT 

Table 5	 Targeted Therapeutic Agents Currently Used in 
Several Ongoing Clinical Trials for Patients with 
Glioblastoma (Obtained from clinicaltrials.gov) 
and Their Official FDA Approval (Continued)

Target Class Name FDA approval

FLT3 Tyrosine kinase 
inhibitor

Tandutinib, also inhibits c-KIT 
and PDGFR

–

Rb Cyclin-dependent 
kinase inhibitor

Ribociclib (Kisqali®) For advanced breast cancer

BRAF Small molecule Dabrafenib (Tafinlar®) For metastatic melanoma in 
patients with BRAF mutations

mTOR Small molecule Sapanisertib –
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promoter methylation have clinically significant increases in survival time when 
given temozolomide concurrently with radiation therapy (54). This is related to 
MGMT methylation that sensitizes tumor cells to alkylating agents, leading thus 
to increased survival time. One of the many challenges associated with glioblas-
toma is the lack of standardized testing for these prognostic markers. Per the 
guidelines published by the National Comprehensive Cancer Network (NCCN) 
for glioblastoma, patients under the age of 70 years are recommended to receive 
temozolomide therapy regardless of their methylation status, and there is no 
mention of IDH1 and/or 2HG testing. Even though this testing is noninvasive, it 
has not yet been implemented as part of a standardized protocol.

Temozolomide and Gliadel wafer

Temozolomide (Temodar®) and carmustine (BCNU, Gliadel®) are chemothera-
peutic alkylating agents that function as prodrugs and are noncell cycle specific. 
The Gliadel wafer is a polymer that contains 3.85% carmustine and is applied 
locally immediately following surgical resection of the GBM tumor (55). These 
agents exploit a weakness in mismatch repair function when given to patients 
with silenced MGMT. Although they fall under the same broad classification, their 
mechanisms of action differ. Temozolomide forms the active intermediate MTIC 
[(methyl-triazene-1-yl)-imidazole-4-carboxamide]. MTIC can methylate the 
6-OH on guanine. This methylation causes guanine to mispair with thymine, 
resulting in DNA double-strand breaks and cellular apoptosis. Carmustine can be 
more specifically classified as a nitrosourea. Upon activation, it forms active 
metabolites that are capable of DNA alkylation, DNA and RNA strand cross-
linking, and protein carbamylation. The cross-linking effects of carmustine result 
in inhibition of DNA synthesis, RNA production, and translation. Carbamylation 
of proteins may inhibit enzyme processes necessary for cell survival. Collectively, 
these actions contribute to its cytotoxic nature. Recent studies have shown that 
MGMT promoter methylation (MGMT inactive or silenced) in GBM patients 
treated with Gliadel, radiotherapy, and TMZ was associated with significantly 
improved overall survival and progression-free survival (PFS) compared to 
patients with active MGMT. Therefore, MGMT methylation status can be used as 
a predictive marker for these therapies.

Growth factor receptor inhibitors

There are many growth factor receptor inhibitors currently in use across several 
cancer types. Growth factor receptor inhibitors can be stratified into two main 
subclasses, monoclonal antibodies (mAbs) and small molecules. mAbs exert their 
effects extracellularly and can target either the ligand growth factor or the trans-
membrane tyrosine kinase receptor. Once bound, mAbs can inhibit signaling 
pathways and may induce cell death via apoptosis, complement activation, or 
effector cell activation. Small molecule growth factor receptor inhibitors were 
developed to penetrate the cell membrane and act on the cytoplasmic tyrosine 
kinase domain to inhibit its enzyme activity and disrupt signaling.

Recent clinical trials have attempted to translate the predictive qualities of 
EGFR status to GBM. Cetuximab is a mAb that targets the EGFR to prevent 
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receptor dimerization. Gefitinib and ertlotinib are small molecule EGFR tyrosine 
kinase inhibitors that act to prevent phosphorylation of tyrosine residues and 
block downstream signaling. Cetuximab, gefitinib, and erlotinib, although tested 
for use in GBM, have not been proven effective (50, 56). Aside from EGFR inhibi-
tors, studies have also been done targeting growth factor receptor inhibitors that 
target angiogenic pathways. Several EGFR mutations have been discovered and 
some are associated with an oncogenic activity or have a predictive power. 
Specifically, the point mutations A289V, G598V, R108K, and T263P were shown 
to predict in vitro response to erlotinib (57). Their relevance is much less studied 
than the T790M mutation that was shown to be oncogenic and to predict response 
to several TK inhibitors drugs in lung cancers (58). Indeed, patients with this 
mutation have been shown to not respond to erlotinib, afatinib, and gefitinib 
(first-generation TK inhibitors) but respond remarkably to second-generation TK 
inhibitors such as osimertinib (59). However, the therapeutic relevance of these 
mutations is under investigation in several clinical trials or still needs to be stud-
ied in GBM.

Angiogenesis inhibitors

Bevacizumab is a mAb that targets VEGF ligand to prevent its binding to VEGFR. 
It is the only mAb that has been approved for GBM treatment. Bevacizumab 
studies have shown a significant improvement in PFS over radiotherapy alone 
(60). Small molecule inhibitors of VEGFR and PDGFR, such as sorafenib and 
pazopanib, have been studied in GBM and have shown no significant clinical 
benefit. Apart from bevacizumab, most clinical trials testing targeted therapies 
for GBM have been unsuccessful. This lack of response may be attributed to the 
vast number of overlapping pathways, resulting in the development of GBM. 
Combination therapy design studies are ongoing (Table 5); however, they are not 
without challenge. A study combining the EGFR inhibitor erlotinib and the 
mammalian target of rapamycin (mTOR) inhibitor temsirolimus resulted in dose-
limiting toxicity without showing any significant benefit (61). Several clinical 
trials evaluated bevacizumab and irinotecan combination in high-grade gliomas 
including GBM (62, 63). This combination significantly improved PFS and over-
all median survival (62, 63) despite development of severe side effects. However, 
long-term use of bevacizumab is associated with emergence of resistance, high 
recurrence, rapid disease progression, and failure to respond to other chemo-
therapy (64,  65). Thus, there is a necessity to combine therapies that target 
multiple pathways simultaneously.

Miscellaneous agents

All of the previously mentioned agents target well-known pathways in GBM, yet 
little progress has been made in developing effective treatments. Some researchers 
have shifted their focus away from these aberrations and have developed alterna-
tive approaches to determining potential therapies. One such approach was to 
determine subtype-specific drugs for each of the four accepted GBM subtypes. 
Candidate drugs were chosen based on their association to subtype-specific genes 
and predicted patient phenotypes. The drugs chosen for the classical subtype 
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included irinotecan, a topoisomerase poison, and paclitaxel, an anti-microtubule 
agent, to target CDK6. For the mesenchymal subtype, pravastatin, a cholesterol-
lowering agent, was chosen to target the gene ITGB2, which encodes for integrin 
beta chain. Clomipramine, an antidepressant, was selected for the proneural sub-
type targeting the gene SLC1A1, a solute carrier transporter. Lastly, the GABA 
antagonist bicuculline was selected for the neural subtype based on its association 
with the gene CALM2, which encodes calmodulin. These subtype-specific 
drugs showed significant inhibitory effects on GBM cell clonogenicity and syner-
gistically reversed temozolomide resistance in MGMT methylation negative 
patients. Further studies must be done to refine this approach, though it does 
show promise (66).

Conclusion

Omic-based personalized medicine encompasses the utilization of data gathered 
via genomics, transcriptomics, proteomics, and metabolomics to create patient-
specific therapies and/or regimens for successful treatment of disease. There is a 
common expectation that with an understanding of the changes occurring in gene 
and protein expression, one would be able to establish the most effective pharma-
cotherapy for the patient in question. However, intratumor heterogeneity con-
founds current efforts to solidify molecular biomarkers. Genetic alterations are 
not common to all tumor tissues within the same patient and between patients, 
and thus cannot be effectively targeted using the same protocol and therefore need 
an individualized approach to implement a personalized medicine of this deadly 
disease. Utilizing Omic-based technologies, it is foreseeable that soon GBM might 
be treated much in the same way that HIV is currently treated. Upon diagnosis, 
HIV patients have resistance testing done for their specific strain of the virus. 
Based on that information, a practitioner has different combination therapies to 
choose from to suit each patient individually. Ultimately, the goal would be for a 
patient sample taken during tumor resection, before and after treatments, to be 
sequenced and analyzed by several omic technologies, and to design a regimen 
that includes a combination of therapies to target patient-specific aberrations and 
development of resistance. Combination therapies will require management of 
toxicities, drug interactions, and therapeutic response monitoring.
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Abstract: Glioblastoma (GBM, WHO grade IV astrocytoma) is among the most 
common adult brain tumors and one that is invariably fatal. GBM is classified as 
either primary (de novo) or secondary in origin. Secondary GBMs are derived 
from previously lower grade (WHO grades II or III) gliomas. While secondary 
GBMs present with similar clinical characteristics as their primary counterparts, 
the molecular pathways involved in their pathogenesis distinguish the two and 
have functional consequences for their behavior. Although a large number of his-
tologic markers are routinely utilized to distinguish primary from secondary 
GBM, advances in genomic and bioinformatics techniques have drastically 
improved classification of high-grade gliomas and our understanding of the 
molecular pathways that influence tumor behavior and response to treatment. 
The significant influence of molecular identity on tumor behavior has been recog-
nized by the most recent WHO classification of CNS tumors, wherein specific 
molecular markers have been integrated as part of tumor subtype identification 
process, as a supplement to traditional histological analysis. Indeed, the change 
heralds a new era for neuro-oncology, one that is moving toward targeted 
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therapeutics as part of the standard of care. Thus, a comprehensive grasp of this 
diverse landscape is necessary. In this chapter, we provide an overview of our lat-
est understanding of the molecular diversity of GBM, specifically as it pertains to 
primary and secondary GBMs, and how it influences prognostication and thera-
peutic decision-making.

Key words: Alpha thalassemia/mental retardation syndrome X-linked (ATRX); 
Isocitrate dehydrogenase (IDH); Low-grade glioma; Secondary glioblastoma

Introduction

Glioblastoma (GBM, WHO grade IV astrocytoma) is the most common malig-
nant primary brain tumor among adults. Despite aggressive therapy, the current 
median survival is approximately 15 months (1). In addition to the diffusely 
infiltrative nature of these tumors, which prevents complete surgical resection, 
tumor recurrence and ultimate patient demise is also largely attributed to the 
significant molecular and cellular heterogeneity of these lesions, which inevita-
bly results in treatment resistance and tumor recurrence. GBMs are further clas-
sified into primary (de novo) and secondary tumors that, while they present 
with similar clinical characteristics, are derived from previously lower grade 
(WHO grades II or III) gliomas. While both categories are diffuse in nature, the 
molecular pathways involved, along with functional tumor behavior, treatment 
strategy, and clinical outcomes are different (2, 3). Although clinical and imag-
ing biomarkers can be used to distinguish primary from secondary GBM, 
advances in genomic and bioinformatics techniques have drastically improved 
classification of high-grade gliomas and our understanding of the molecular 
pathways that influence tumor behavior and response to treatment. The signifi-
cant influence of molecular identity on tumor behavior has been recognized by 
the most recent WHO classification of CNS tumors, wherein specific molecular 
markers have been integrated as part of tumor subtype identification process, 
as  a supplement to traditional histological analysis (4). Indeed, the change 
heralds a new era for neuro-oncology, one that is moving toward targeted thera-
peutics as part of the standard of care. Thus, a comprehensive grasp of this 
diverse landscape is necessary. In this chapter, we provide an overview of our 
latest understanding of the molecular diversity of GBM, specifically as it pertains 
to primary and secondary GBMs, and how it influences prognostication and 
therapeutic decision-making.

Distinguishing Primary and Secondary GBMs

Primary and secondary GBMs are histologically indistinguishable. Historically, 
the distinction between the two has been based on clinical history. With a more 
in-depth understanding of the genetic, epigenetic, and molecular profile of these 
tumors, however, the distinction has become clearer (Table 1) (5).
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Epidemiology of secondary GBM

The incidence of secondary GBMs based on clinical and imaging criteria is 
somewhat lower than that estimated by isocitrate dehydrogenase (IDH) status 
(5% vs. 6–13%, respectively) (2, 6, 7). Furthermore, patients with a clinical diag-
nosis of secondary GBM are on average 17 years younger than those with primary 
GBM (2, 7); this bias toward a younger patient cohort correlates very closely with 
IDH1 status, as patients with IDH mutations are substantially younger (8, 9). The 
clinical course is substantially longer in patients with IDH-mutant GBM, indica-
tive of a less aggressive behavior (2, 6, 8).

Anatomic prevalence of secondary GBM

Interestingly, IDH-mutant GBM has a predilection for the frontal lobe and 
typically present with seizure rather than neurological deficit. The same has been 
demonstrated for IDH-mutant Grade II astrocytomas and oligodendrogliomas, 
including tumor with 1p/19q co-deletion (10). These findings support a hypoth-
esis that the precursor cell of origin among IDH-mutant tumor subtypes is shared, 

Table 1	 Key Characteristics of IDH-Wildtype and IDH-
Mutant Glioblastomas (adapted from Ref. (5).)

IDH-WT GBM IDH-mutant GBM

Synonym Primary glioblastoma Secondary glioblastoma

Precursor lesion Identified de novo Diffuse astrocytoma
Anaplastic astrocytoma

Proportion of glioblastomas ~90% ~10%

Median age at diagnosis ~62 years ~44 years

M:F ratio 1.42:1 1.05:1

Median length of clinical history
at diagnosis

4 months 15 months

Median overall survival
  Surgery + radiotherapy
  Surgery + RT + CTX

9.9 months
15 months

24 months
31 months

Location Supratentorial Preferentially frontal

Necrosis Extensive Limited

TERT promoter mutations 72% 26%

TP53 mutations 27% 81%

ATRX mutations Exceptional 71%

EGFR amplification 35% Exceptional

PTEN mutations 24% Exceptional

ATRX, adult thalassemia mental retardation x-linked; CTX, chemotherapy; EGFR, epidermal growth factor receptor; 
GBM, Glioblastoma multiforme; IDH, Isocitrate dehydrogenase; PTEN, phosphatase and tensin homolog; TERT, 
telomerase reverse transcriptase; TP53, tumor protein 53; RT, radiotherapy.
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and suggest that these tumors may arise from mutations within a cell population 
that is independent of the cell populations at risk during development of de novo 
GBM (11).

Molecular landscape of secondary GBM

Amplification of the EGFR gene and activating mutations of its protein product 
are hallmarks of primary GBM and appear to be exclusive of TP53 mutations (12). 
PTEN amplification and loss of chromosome 10 are additional features of primary 
GBMs (3, 13). Both primary and secondary GBMs have in common loss of hetero-
zygosity (LOH) at chromosome 10q (14–16); although PTEN is also located on 
chromosome 10, mutations in this gene are only observed in primary GBM. 
Therefore, additional genetic events must be responsible for oncogenesis of high-
grade gliomas that is shared among both primary and secondary tumors.

One of the earliest events, if not the initial event, in gliomagenesis is mutation 
of the IDH1 or IDH2 gene. Mutations in the promoter of the telomerase reverse 
transcriptase (TERT) gene lead to enhanced telomerase activity, which results in 
maintenance of telomere length and promotion of cell survival. Interestingly, 
TERT mutation is shared among both primary and secondary GBMs, potentially 
rendering this mutation as an early event in the process of tumorigenesis (17). In 
addition to these mutations, secondary GBM originating from a lower grade astro-
cytoma will frequently display mutations in the TP53 and ATRX (adult thalas-
semia mental retardation x-linked) genes, while anaplastic tumors arising from a 
lower grade oligodendroglioma lineage will have co-deletions of 1p and19q 
(2, 3, 18). There are several key signaling pathways involved in this transforma-
tion as well, and knowledge of mutations in genes involved in these processes and 
pathways is critical for an in-depth understanding of the biology of secondary 
GBM and in working toward targeted therapeutics. We will review these pathways 
in detail below.

Molecular Classification of GBMs Based on Gene Expression

In 2010, Verhaak and colleagues analyzed somatic mutations, DNA copy-number 
alterations, and gene expression profiling to group GBMs into discrete categories 
(19). Through this work, they were able to establish four subtypes of GBMs 
(Classic, Proneural, Neural, and Mesenchymal) based on the specific clustering of 
molecular and gene expression profiles. The Classic category demonstrated a 
greater preponderance of EGFR amplification, decreased rates of TP53 mutation, 
along with p16INK4A and p14ARF deletion. Histologically, the Classic subtype 
demonstrated features more consistent with astrocytes. The Proneural category 
was found to have a greater rate of PDGFR amplification, TP53 mutation, LOH, 
and IDH1 mutation. These tumors had histological features most consistent with 
oligodendrocytes. Moreover, patients harboring the Proneural subtypes were 
younger and responded better to therapy. The Neural subtype was found to have a 
greater degree of neuronal marker expression and the histology was consistent 
with a combination of oligodendroglial, astrocytoic, and neuronal features. The 
Mesenchymal subtype was found to have a greater degree of NF1 mutations, 
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along with alterations of PTEN and Akt. Histologically, these tumors demonstrated 
a greater degree of necrosis and inflammatory features. Furthermore, astroglial 
and microglial cell signatures were commonly noted. This landmark study estab-
lished the concept of differential behavior of GBMs that may be similar histologi-
cally but differ substantially from a molecular and gene expression perspective.

Mechanisms of Gliomagenesis

Gliomagenesis is a multicomponent process involving several genetic mutations 
affecting numerous molecular pathways (Figure 1). When considering tumor 
phylogeny, IDH mutation is critical to deciphering whether the identified tumor is 
a primary GBM or a GBM arising from secondary progression of a lower grade 
glioma. It is now established that while IDH mutations are early events in the 
process of gliomagenesis in secondary GBM, additional genes and their end prod-
ucts are altered during this process and these include ATRX mutation, loss of 
tumor suppressor genes such as TP53 and RB1, and mutations in the promoter of 
TERT (5). Alterations of chromosomes 1, 7, 10, and 19, each harboring a distinct 
subset of tumor suppressor/promoter genes, are pivotal as well. Distinct pathways 
that have been identified as part of the core drivers of gliomagenesis include the 
EGFR/PTEN/Akt/mTOR, TP53/MDM2/p14ARF, and the p16INK4a/RB1 pathways, 
which will be elaborated upon in the subsequent sections.

Figure 1  Molecular pathways to gliomagenesis. While the cell of origin in glioma is yet to be 
identified, large-scale expression and copy-number analyses have determined multiple 
molecular processes that result in glioma formation. Primary glioblastomas (and most 
Grade I gliomas) arise via an IDH-independent pathway. Conversely, IDH mutation is an 
early if not initiating event in the development of of low-grade astrocytomas and 
oligodendrogliomas. By definition, secondary glioblastomas arise from malignant 
degeneration of an IDH-mutant lower grade tumor.
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IDH and glioma initiation

First reported by Parsons and colleagues in 2008, a number of recent studies have 
since confirmed recurrent somatic mutations in the IDH1 and IDH2 genes (R132H 
and R172K as the canonical mutations in these genes, respectively) in a signifi-
cant proportion of patients with gliomas. Further, patients who harbored tumors 
with an IDH mutation exhibit distinct disease characteristics relative to patients 
with a glioma with wild-type (WT) IDH. In 615 WHO grade II/III gliomas, IDH 
mutations were identified in 79% of the patient tumors (17). In another series 
of 457 WHO grade II/III gliomas, 80.7% of the patients were found to harbor 
an  IDH mutation (20). The Cancer Genome Atlas Research Network found an 
IDH mutation in 226 (80.1%) of 282 WHO grade II/III gliomas (21). Based 
on these results, the WHO now recognizes IDH mutation as a critical biomarker 
in the classification of gliomas (4).

The IDH enzymes catalyze the oxidative conversion of isocitrate to 
α-ketoglutarate (α-KG). IDH mutations confer a gain-of-function neomorphic 
activity, converting α-KG to R-2-hydroxyglutarate (R-2-HG), instead of its race-
mic enantiomer S-2-HG. Although 2-HG is a trace metabolic product in normal 
cells, it is markedly elevated in IDH-mutant gliomas and in other malignancies, 
such as acute myeloid leukemia (22–24). The oncogenic effect of IDH mutation 
is thought to be twofold. First, 2-HG is considered an oncometabolite that may 
play a role in the process of glioma development, and progression or resistance 
to treatment. Although the exact role of IDH1 mutation in gliomagenesis had 
initially been hampered by difficulties in establishing in vitro cultures with IDH1 
mutations (25), recent reports have demonstrated that increased levels of 2-HG 
result in increased activity of HIF-1-α and increased levels of its downstream 
targets such as VEGF. In addition, 2HG also affects collagen maturation, result-
ing in defective basement membranes that are potentially pivotal to glioma pro-
gression (25). Second, IDH mutation results in decreased production of α-KG, 
which impairs the function of many α-KG-dependent dioxygenases, including 
but not limited to histone demethylases (e.g., collagen prolyl-4-hydroxylase, 
prolyl hydroxylases, and the ten-eleven translocation (TET) family of DNA 
hydroxylases) (26). Change in histone methylation is thought to also interfere 
with the terminal differentiation of cells and may predispose cells harboring 
mutant IDH to malignant transformation (27). Based on the above evidence, 
IDH1/2 mutations have been termed as lineage markers by some authors (11), 
and it is now accepted as a more definitive marker of secondary GBM than any 
other clinical or pathological criterion (28).

ATRX, TP53, and 1p/19q

The great majority of low-grade astrocytomas carry a p53 mutation while most 
oligodendrogliomas demonstrate loss of chromosomes 1p and 19q (26, 29–33). 
Biopsy-based studies suggest that the IDH1 mutation occurs prior to either p53 
mutation or 1p and 19q loss (26, 33). Following IDH-mediated oncogenesis, 
acquisition of p53 and ATRX mutations occurs in the setting of development of an 
astrocytoma (34, 35), while loss of chromosomes 1p and 19q occurs in the setting 
of development of an oligodendroglioma. While both subgroups are capable 
with  time of undergoing further malignant degeneration, the current WHO 
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classification system only considers progression to secondary GBM as an endpoint 
of astrocytoma progression. It is conceivable that all GBMs that harbor an IDH 
mutation are secondary tumors. In one study, the small subgroup of patients with 
primary GBM carrying an IDH mutation (3.4%) was younger than noncensored 
primary GBM patients and harbored frequent p53 mutations and an absence of 
EGFR amplification, features consistent with secondary GBMs (8). These findings 
suggest that these tumors could represent cases of a rapidly progressive secondary 
GBM, rather than a true primary GBM. Conversely, it can be argued that all GBMs 
harboring a WT IDH are biologically primary GBMs: cases of secondary GBM 
without an IDH mutation likely represent a progression from an undergraded, 
lower grade, or anaplastic glioma (8). These assumptions are borne out by recent 
data that show that gliomas lacking mutation in IDH or having chromosomal loss 
at 1p and 19q cluster by expression analysis and DNA copy-number profiling (21) 
and portend a severe prognosis (17). With an increased understanding of molecu-
lar markers and their incorporation into clinical trials, the disparity between 
molecular markers and histopathology-based diagnostics methods becomes more 
evident. For now, the current WHO classification system posits that, despite histo-
pathological features such as neo-vascularity and necrosis, a high-grade glioma 
with IDH1 mutation and 1p/19q co-deletion should be considered an anaplastic 
oligodendroglioma. Conversely, from a biological perspective, a histological ana-
plastic astrocytoma with WT IDH is now considered a GBM (36). These modifica-
tions in the classification system have been corroborated by outcomes data 
emerging from clinical trials. Together, these findings confirm the integral role of 
IDH and 1p/19q status in determining patient survival.

TERT promoter mutation

Mutations in the TERT gene are thought to prevent cell senescence through 
increased telomere length, thus promoting tumorigenesis in several cancers, 
including GBM (37). The contribution of TERT mutation to tumor aggressiveness 
however is not clear. Focusing on a sample of GBM cases, Mosrati et al. found that 
TERT promoter mutation was associated with a shorter overall survival (37). 
Interestingly, this mutation was found in both primary and secondary tumors. 
More recently, Eckel-Passow et al. found that, while GBMs had a higher propor-
tion of TERT mutations in isolation (74% of cases) or had neither TERT or IDH 
mutations or loss of chromosome 1p and 19q (what they termed “triple negative” 
tumors, making up17% of cases), lower grade gliomas were much less likely to be 
“triple negative” (7% of cases) or harbor a TERT mutation in isolation (10% of 
cases) (16). These findings suggest that while TERT promoter mutation is integral 
to tumorigenesis and may contribute to the overall aggressiveness of the tumor, its 
role is modified by other key mutations.

The G-CIMP phenotype

Methylation of the promoter region of the MGMT gene is more frequently found 
in secondary GBMs compared to primary GBMs (75% vs. 36%) (38), and it is 
frequently associated with mutations in IDH1/2 and TP53 and utilized as a 
strong predictive marker for response to chemotherapy in GBM patients. In fact, 
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IDH mutation has been shown to mediate widespread changes in chromosome 
structure and remodeling of the DNA methylome, resulting in the establishment 
of the glioma CpG island methylator phenotype (G-CIMP). Introduction of 
mutant IDH1 into primary human astrocytes was found to be sufficient to alter 
specific histone methylation marks and induce extensive DNA hypermethylation 
in a manner that resembles the changes observed in G-CIMP+ lower grade glio-
mas. Furthermore, the epigenomic alterations resulting from mutant IDH1 acti-
vate specific gene expression programs that are associated with G-CIMP+ 
proneural glioblastoma, but not other glioblastoma subtypes, and are associated 
with longer survival. Based on these data, IDH mutation is likely the molecular 
basis of G-CIMP in gliomas, highlighting the interplay between genomic and epig-
enomic changes in cancers including GBM.

In GBM, the proneural subtype is predominantly associated with IDH1/2 
mutations and these are further subclassified as either CIMP+ or CIMP- (of which 
the G-CIMP+ shows better prognosis). The proneural subtype by itself, however, 
appears to bear little prognostic significance unless considered in association with 
the IDH1/2 mutation status (39). In fact, Turcan et al. have demonstrated that the 
IDH1 mutation alone is capable of remodeling the genomic methylation profile of 
the tumor, thus promoting the CIMP+ profile (40). Interestingly, WT IDH1 status 
promoted hypomethylation at numerous foci and CIMP- low-grade gliomas 
lacked IDH1 mutation. In addition, decreased expression of ATRX is associated 
with downregulation of MGMT expression via promoter hypermethylation (41). 
Therefore, ATRX mutation status not only predicts cell of origin but also has a 
significant prognostic role as well (34, 42, 43).

Genetics of Glioma Progression
EGFR/PTEN/Akt/mTOR Pathway

Activation of the PI3K/Akt pathway results in increased cell proliferation via 
downregulation of p27, thereby influencing cell-cycle progression (44), inactiva-
tion of pro-apoptotic genes (45), and increased transcription of pro-survival genes 
under the influence of NFkB (46). PI3K is recruited to the cell surface and acti-
vated through EGFR. Once phosphorylated, PI3K activates PIP3 via phosphoryla-
tion, which induces activation of downstream molecules such as Akt—a serine/
threonine kinase (47)—promoting cell survival and proliferation (48).

EGFR is a tyrosine kinase growth factor receptor situated in the cell mem-
brane. Amplification of the EGFR gene and mutation of the protein product are 
key contributors to the activation of this receptor tyrosine kinase (RTK) pathway 
in primary GBM. The most common of the EGFR-activating mutants is the 
EGFRvIII variant, in which gene mutation results in a truncated protein product 
that is constitutively active. Mutations in Akt itself, however, are not common in 
gliomas (49).

PTEN is the second most commonly mutated tumor suppressor gene in all 
cancers after p53 (50), and PTEN mutation is found in approximately 40% of 
GBMs, predominantly in the primary form (51). PTEN is a tumor suppressor and 
one of its functions is dephosphorylation of PIP3, thus preventing activation of 
Akt and mTOR (47). Through this role, PTEN is central in inhibiting cell 
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proliferation and regulating the ability of cells in migration and invasion (52). 
Loss of PTEN function, either through genetic or epigenetic modifications, is a 
common component of the Akt/PI3K/mTOR activation pathway in cancer.

TP53/MDM2/p14ARF Pathway

Although mutations of the TP53 gene have been identified in both primary and 
secondary GBMs, its role appears to be predominantly related to the latter, 
where the mutation is an early event in gliomagenesis (2). While p53 mutations 
in primary GBM appear to involve all exons indiscriminately, they are predomi-
nantly focused at codons 248 and 273, particularly involving CpG sites, in 
secondary GBM (2). This discrepancy suggests that p53 mutation in secondary 
GBM is a specific and stereotyped event in secondary GBM ontology, while p53 
mutation in primary GBM is potentially a consequence of widespread genomic 
instability (3).

MDM2 amplification appears to be specific to primary GBMs that lack the p53 
mutation (53, 54). In normal cells, WT p53 induces the expression of MDM2, 
which in turn inhibits the function of WT p53. Furthermore, WT p53 inhibits 
the  function of p14ARF, which would normally inhibit the downregulation of 
p53 by MDM2. This autoregulatory loop is disrupted when any of the above is 
dysfunctional, adversely affecting cell-cycle control, DNA damage repair, cell 
proliferation/differentiation, and neovascularization (55).

p16INK4a/RB1 Pathway

Either through homozygous deletion or promoter methylation, the alteration of 
p16INK4a is an important step in both primary and secondary GBMs (56). 
Conversely, methylation of the RB1 promoter, correlating with decreased RB1 
expression, is more specific to secondary GBM (57). The p16INK4a/RB1 pathway 
is critical to cell-cycle control (58), as RB1 regulates the progression of the cell 
cycle from G1 to the S phase by preventing the release of the E2F transcription 
factor. The latter enables the transcription of genes required for cell-cycle progres-
sion, in addition to p14ARF. The phosphorylation of RB1, via the CDK4/cyclin D 
complex, inhibits this function enabling the progression of the cell cycle along 
with increased p53 expression via the activated p14ARF. WT p16INK4a serves as 
an additional checkpoint by binding to CDK4 and inhibiting the function of the 
CDK4/cyclin D complex. Therefore, altered expression of any of these genes 
results in an inability to control cell-cycle progression. The central role of cell-
cycle regulation in the genesis of secondary GBM has also been confirmed with 
cDNA expression profile analysis (59).

Effect of Treatment on Glioma Transformation

By virtue of the inherent heterogeneity of these tumors, it is expected that not all 
of the cells within a glioma will respond to chemotherapy and radiation, inevita-
bly resulting in tumor progression/recurrence. Further, recent evidence suggests 
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that chemotherapy and radiation may actually result in mutations that promote 
tumor cell survival. This pro-mutational ability has been most extensively studied 
in the setting of temozolamide (TMZ) and ionizing radiation.

Temozolamide and LGG progression

An alkylating agent, TMZ is an integral component of the standard treatment regi-
men for patients with GBM. Accumulating evidence from numerous studies sug-
gests that acquired treatment resistance following TMZ administration is 
multifactorial and rooted in transcriptional, metabolomic, genomic, and epig-
enomic changes that lead to this phenotype (60–67).

Costello and colleagues undertook genome sequence analysis of 23 initial and 
matched recurrent human gliomas to address two questions: (i) What is the extent 
to which mutations in initial tumors differ from mutations in their subsequent 
recurrent tumors? (ii) How does chemotherapy with TMZ affect the mutational 
profile of recurrent tumors? The authors found an average of 33 somatic coding 
mutations in each initial tumor, of which an average of 54% were also detected at 
recurrence (shared mutations), including mutations in IDH1, TP53, and ATRX. All 
other somatic mutations were identified only in the initial tumor or only in the 
recurrent tumor from a given patient (private mutations), though overall, the ini-
tial and recurrent gliomas displayed a broad spectrum of genetic relatedness. 
Interestingly, in multiple patients, the recurrent tumors shared ≤25% of mutations 
detected in the initial tumors, suggesting that these tumors were seeded by cells 
derived from the initial tumor at an early stage of its evolution, and that tumor 
recurrence can occur as the result of either linear or branched evolution.

Their findings regarding the effect of TMZ on tumor evolution and recurrence 
were as striking. Although the initial tumors and most of the recurrent tumors in 
their cohort had 0.2 to 4.5 mutations per megabase (Mb), 6 of the 10 patients 
treated with TMZ had recurrent tumors that were hypermutated; that is, they 
harbored 31.9 to 90.9 mutations per Mb. Overall, 97% of these were C>T/G>A 
transitions predominantly occurring at CpC and CpT dinucleotides, which is a 
signature of TMZ-induced mutagenesis distinct from nonhypermutated tumors. 
Further, acquisition of DNA mismatch repair (MMR) pathway dysfunction, which 
results in resistance to TMZ, appeared to exacerbate hypermutation in the face of 
continued TMZ therapy. The authors postulated that introduction of thousands of 
de novo mutations could drive the evolution of TMZ-resistant glioma cells to 
higher states of malignant potential. Indeed, all six recurrent tumors that showed 
evidence of TMZ-induced hypermutation underwent malignant progression to 
GBM. Many of these tumors developed mutations in pathways described as criti-
cal to gliomagenesis, including Akt-mTOR and the p16/RB. Treatment-induced 
somatic mutations were recently longitudinally studied in a patient with a 5-year 
survival period following initial diagnosis (68). Using whole exome sequencing, 
the investigators demonstrated that each successive therapy selected for resistant 
clones of tumor cells and that these had arisen via the process of chromothripsis. 
In addition, this approach enabled the provision of personalized therapy for this 
patient, based on the identification of target clonal populations sensitive to avail-
able treatment, which was critical for this long-term survival. Given the evidence 
derived from such analyses, it is clear that the genome of GBMs is dynamic and in 
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order to offer true personalized treatment, the genome of each successive tumor 
population must be investigated thoroughly.

Stepaneko et al. extended these findings with in vitro studies that demonstrated 
that long-term exposure of glioma cells to TMZ induces chromosomal instability, 
leading to alteration of cell growth, invasiveness, migration, and response to re-
treatment (69). Among the TMZ-resistant cell lines, some responded to temsiroli-
mus, an mTOR inhibitor. Interestingly, although TMZ has been shown to induce 
the transformation of glioma nonstem-like cells into glioma stem-like cells, the 
sensitivity of both differentiated and stem-like cells to TMZ was similar (70, 71). 
These findings further highlight the importance of the evolution of the genetic 
network that infers TMZ resistance in GBM.

Effect of radiation on glioma behavior

The introduction of radiation therapy to the armamentarium of therapy in patients 
with GBM has been a significant contribution. However, similar to TMZ, radiation 
is thought to promote malignant progression of gliomas as well. Based on transcrip-
tion profiling of patient-derived radiation-resistant GBM cells, the mesenchymal 
subtype was the most commonly identified (72). In vitro studies have also demon-
strated a proneural to mesenchymal transition among oligodendroglioma cell cul-
tures that were irradiated (73). The authors proposed that the activation of the 
STAT3 transcription factor following radiation was contributory, given that its inhi-
bition prevented this transition. Furthermore, Jak2 inhibition in mice undergoing 
radiation prolonged their survival. Alternative mechanisms such as activation of the 
TNF-a /NFkB pathway may also be involved (72). Other post-translational effects 
of radiation exposure, such as the stabilization of HIF-1α, promoting angiogenesis, 
have been proposed (74). Therefore, a combination of intrinsic cell changes and 
modifications to the tumor microenvironment may be responsible for the radia-
tion-induced malignant progression noted in gliomas.

Conclusion

The recent publication of the modified WHO classification for CNS tumors, inte-
grating molecular signatures into histological-based classifications, is timely and 
reflects the field’s evolution. Based on our understanding of the vast intratumoral 
heterogeneity among GBMs, the logical next step is to establish biomarkers that 
would be predictive of treatment response, identify clonal populations that are 
potentially resistant to therapy, and develop combination therapies tailored to the 
specific pathways involved within the entirety of the tumor. Analysis of initial and 
recurrent tumor samples may be helpful for better clonal evolution analysis.
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Abstract: Aberrant DNA methylation is a common event in the genesis and 
progression of tumors. The application of next-generation sequencing enables the 
identification and mapping of DNA methylation and its derivatives, 5fC and 
5hmC, to base-pair resolution. This chapter describes nine novel hypermethyl-
ation genes and six hypomethylation genes, identified by constructing a DNA 
methylation profile, in glioblastoma. Abnormal promoter methylation and his-
tone modifications were associated with differential expression of miRNAs in 
glioblastoma: miR-185 reversed global DNA methylation and the methylation 
level of the hypermethylation genes by targeting DNMT; and miR-101 regulated 
histone methylation of hypomethylation genes by targeting EED, EZH2, and 
DNMT3A. The long noncoding RNA CASC2c directly bound to miR-101 via 
microRNA response elements, and there was a reciprocal repression between 
CASC2c and miR-101. Despite being competitors they both led to the overex-
pression of their target hypomethylation genes CPEB1, PRDM16, and LMO3. 
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Taken together, glioblastoma is a complicated pathological process with deregu-
lated methylation and histone modifications. Focal differentially methylated 
region and differentially methylated site studies will be helpful for the identifica-
tion of regulatory elements of transcription. Studies of intragenic and distant 
intergenic alterations in DNA methylation will help elucidate the nature of epi-
genetic deregulation in glioblastoma.

Key words: Glioblastoma; Histone modification; lncRNA; Methylation; miRNA

Introduction

Aberrant DNA methylation patterns have been shown to be common events in 
the genesis and progression of tumors (1). In cancer cells, a general decline in the 
level of methylated cytosine (genomic hypomethylation) is accompanied by local 
locus-specific hypermethylation (2, 3). Genomic hypomethylation contributes to 
genetic instability and proto-oncogene hypomethylation, which is responsible for 
their stronger expression (4). In addition, functional silencing of tumor-associated 
genes is usually associated with local promoter hypermethylation (5). Thus, alter-
ations in tumor cell DNA methylation patterns contribute to abnormal gene 
expression and malignant phenotypes. Glioblastoma multiforme is the most 
common and aggressive primary central nervous system tumor in adults. 
Abnormal DNA methylation is responsible for glioblastoma genesis, develop-
ment, and malignancy progression (6). Promoter hypermethylation and epigen-
etic silencing of the MGMT gene have been widely described in glioma (7–9). 
Several genes that are involved in key cellular functions such as the cell cycle (10), 
tumor suppression (11–15), DNA repair (16, 17), tumor invasion (18), and 
apoptosis (19) have been shown to be silenced in association with promoter 
hypermethylation in malignant glioblastoma. Despite these important findings, 
aberrant DNA methylation on genome-wide scale is still not fully understood in 
glioblastoma. This chapter describes nine novel hypermethylation genes and six 
hypomethylation genes, identified by constructing a genome-wide DNA methyla-
tion profile, in glioblastoma.

Methylomes of Glioblastoma

DNA methylation profile in glioblastoma

MeDIP-chip was used to investigate the whole-genome differential methylation 
patterns between glioblastoma and nontumor brain samples (20). A total of 104 
hypomethylated and 524 hypermethylated regions were identified in glioblas-
toma. Of these, 70 hypomethylated and 361 hypermethylated regions were 
CpG islands (Figure 1A). Thirty hypomethylated and 199 hypermethylated 
regions were mapped to the unannotated gene regions (Figure 1B). Meanwhile, 
74 hypomethylation and 325 hypermethylation regions were mapped to 
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annotated gene regions comprising the promoter region, intragenic region, and 
the regions downstream. Furthermore, 81.1% (60 of 74) of hypomethylated 
and 66.5% (216 of 325) of hypermethylated regions mapped to the promoter 
regions of annotated genes (Figure 1C). Twenty-seven hypomethylated and 53 
hypermethylated regions mapped to CpG islands as well as the promoters of 
known genes (Figure  1D). Thus, a number of new differential methylation 
regions (DMRs) were shown to exist in unannotated genomic regions as well as 
the promoter regions, intragenic regions, and regions downstream of known 
genes in glioblastoma. The  promoter hypermethylated genes exist predomi-
nately on chromosomes 1, 2, 3, 17, and x, while the promoter hypomethylated 
genes were mainly distributed on chromosomes 1, 11, 16, 19, 20, and 22 
(Figure 1D). The functional and pathway analyses of these differential promoter 
methylated genes were performed by the DAVID bioinformatics tools. Most of 
the differential promoter methylated genes belonged to signaling networks that 
played critical roles in regulation of transcription, neurological process, ion 
transport, cell adhesion, apoptosis, and regulation of tumor development 
(Tables 1 and 2). Promoter hypermethylated genes that were correlated to 

Figure 1  Genome-wide analysis of DMRs in primary glioblastoma. (A) DMRs (differentially 
methylated regions) are correlated with or without genes. (B) Distribution of DMRs is 
correlated with genes. Most identified DMRs are mapped to gene promoters. (C) Numbers 
of DMRs are mapped to both gene promoters and CpG islands. (D) Chromosomal 
distribution of 60 promoter hypomethylated genes and 216 promoter hypermethylated 
genes (Zuping Zhang, Guiyuan Li. Study on epigenetic mechanisms of glioma. Doctoral 
thesis, Central South University, 2009; 12).
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Table 1	 Gene Ontology and KEGG Pathway Enrichment 
Analysis of Promoter Hypermethylated Genes 
Identified by MeDIP-Chip (Zuping Zhang. 
Doctoral thesis. Central South University, 2009)

Gene Ontology Analysis Promoter Hypermethylation Genes

Cell communication and intracellular signal 
transduction

22 Genes: ANKDD1A, OPN1MW, PKP1, PCDHB13, 
PI4KA, HSH2D, KNDC1, KCNMB3SST, DIRAS3, 
PTAFR, KCNN3, OR10Q1, CD81, ABRA, CASP9, 
FYN, MBP, OR10H5, RCVRN, GPR31, KCNMB2, 
TDGF1, 

Neurological system process, and synaptic 
and nerve impulse transmission 

20 Genes: SIX3, PI4KA, RCVRN, PCDHB13, OR10H5, 
MBP, KCNMB2, KCNMB3, CLN3, MPZ, S100P, 
TRPV1, DLGAP2, PROM1, FYN, SYPL1, SST, 
GAD1KCNN3, OR10Q1, HTR1D

Negative regulation of biological process, 
metabolic process, cellular process, and 
transcription activity

16 Genes: PAIP2, TDGF1, RASSF1, DEDD2, GRLF1, 
SALL4, RASSF2, TMSB4Y, CFTR, CLN3, GDNF, 
SIX3, DKK4, SST, ST18, B4GALNT2

Chemical homeostasis, homeostatic process, 
ion homeostasis, regulation of pH, and 
biological quality

13 Genes: KCNMB3, CCKAR, CLN3, MPZ, TRPV1, 
CYP11B2, RPH3AL, DNAJC16, DEDD2, MB 
KCNMB2, MBP, EDNRB

Brain development, neurons generation, and 
migration

9 Genes: FYN, SIX3, CFTR, NNAT, CCKAR, ROBO2, 
GRLF1, GDNF, LRRC4

Cell and biological adhesion, homophilic 
cell adhesion, and Cadherin

13 Genes: SDK1, FBLN7, PCDHB13, CLDN18, PKP1, 
CD300A, ROBO2, PCDHA12, PARVB, FGF6, 
FLRT1FERMT3, PCDHA8, PCDHA13

Ion transport, calcium channel, cation 
channel activity, gated channel activity, 
and ion transmembrane transporter 
activity

10 Genes: KCNMB3, TRPV1, FYN, CACNG7, KCNN3, 
TRPV3, CACNG1, SLC5A11, KCNK10, KCNMB2

Migration and motility of cell, localization 
of cell, cellular morphogenesis during 
differentiation, and cellular structure 
morphogenesis

9 Genes: S100P, TDGF1, EDNRB, SST, FYN, CCKAR, 
GDNF, ROBO2, CFTR

Actin binding and cytoskeletal protein 
binding 

8 Genes: TMSB4Y, PDE4DIP, FYN, PARVB, ABRA, C14 
or f49, RPH3AL, PHACTR3

Apoptosis induction by extracellular signals 2 Genes: SST, DEDD2

Neuroactive ligand–receptor interaction 6 Genes: EDNRB, PTAFR, HTR1D GH2, SST, CCKAR, 
TRPV1 

KEGG Pathway Analysis Promoter Hypermethylation Genes

MAPK signaling pathway 4 Genes: MAP2K3, CACNG7, FGF6, CACNG1

WNT signaling pathway 1 Gene: DKK4

JAK-STAT signaling pathway 1 Gene: GH2
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human tumor development included EDNRB, ARHI, FYN, GIPC2, GDNF, 
RASSF1, RASSF2, and ARHI (21–25).

Nine novel hypermethylation genes in glioblastoma

Sequenom MassARRAY platform quantitative analysis confirmed that LRRC4, 
ANKDD1A, GAD1, SIX3, SST, PHOX2B, PCDHA8, HIST1H3E, and PCDHA13 
were the nine novel promoter hypermethylation genes in glioblastoma (Figure 2B). 
LRRC4 (GeneBank: AF196976) is not only a brain-specific gene but also a novel 
candidate for tumor suppression. Methylation-mediated inactivation of LRRC4, 
SIX3, and ANKDD1A has been verified as a frequent and glioblastoma-specific 

Table 2	 Gene Ontology and KEGG Pathway 
Enrichment Analysis of Promoter 
Hypomethylation Genes Identified by MeDIP-
Chip (Zuping Zhang. Doctoral thesis. Central 
South University, 2009)

Gene Ontology Analysis Promoter Hypomethylation genes

Cell communication and intracellular signal 
transduction

14 Genes: ABR, OR1L6, FKBP8, DRD4, SORBS1, 
GP1BB, OR10G4, BAD, C9, OR51S1, CCRL2, 
OR8A1, SFN, MLNR

Protein metabolic, cellular metabolic, and 
biopolymer metabolic process 

11 Genes: CPEB1, C9, FKBP8, TUBB4Q, 
PRSS33, FUT5, NRBP2, PSMF1, OR51S1, 
KLHL21, TUBB8

Transport including metal ion transport and 
cation transport, ion channel activity

10 Genes: ACCN1, ABCC12, SLC5A9, SLC2A9, 
KCNK4, TUBB4Q, TUBB8, MFSD3, SLC28A1, 
SORBS1

Hydrolase activity and serine hydrolase 
activity

5 Genes: ABCC12, OR51S1, TUBB4Q, TUBB8, PRSS33

Regulation of gene expression, transcription, 
DNA binding, and transcription factor 
activity

5 Genes: CPEB1, LMO3, PHF13, TOX2, NAT14

Nervous system and organ development, 
and system development

3 Genes: ACCN1, ABR, IGSF8

Cell death, apoptotic program, and 
induction of apoptosis

3 Genes: BAD, C9, SFN

KEGG Pathway Analysis Promoter Hypomethylation Genes

Neuroactive ligand–receptor interaction 3 Genes: SCT, DRD4, MLNR

Insulin signaling pathway 2 Genes: BAD, SORBS1
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event (15). SIX3 is a novel negative transcriptional regulator and acts as a tumor 
suppressor that directly represses the transcription of AURKA and AURKB in 
glioblastoma (26). ANKDD1A inhibits the transcriptional activity of HIF1a to 
alter hypoxia microenvironment by directly interacting with FIH1. The tumor-
specific methylation of ANKDD1A indicates that it could be used as a potential 
epigenetic biomarker and also as a possible therapeutic target for glioblastoma.

Six new hypomethylation genes in glioblastoma

Signalmap software was used to select the following 12 genes from the 74 hypo-
methylated regions screened with the methylation chip: F10, POTEH, CPEB1, 
LMO3, ELFN2, PRDM16, CD207, BAD, NRBP2, SLITRK5, SLC44A2, and PGP 
These genes were tested in a large scale of samples by BSP, which revealed that 
there is no difference between the methylation levels of CD207, BAD, NRBP2, 
SLITRK5, SLC44A2, and PGP in glioblastoma tissues and in normal brain tissues. 
F10 (27), POTEH (28), CPEB1 (29), LMO3 (30), ELFN2, and PRDM16 (31) were 
hypomethylated in glioblastoma tissues. They were confirmed to be novel hypo-
methylated genes in glioblastoma. Because of their higher expression, and poor 
outcomes in patients harboring these genes, these hypomethylated genes could be 
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regarded as important prognostic markers of glioblastoma. While hypomethyl-
ation of F10 was correlated to patients’ age, high expression of POTEH and 
hypomethylation of PRDM16 were related to astrocytoma pathology grade 
(Table  3). Thus, high expression of POTEH and hypomethylation of PRDM16 
could be considered as important markers in the progression of glioblastoma. The 
glioblastoma tissues with a high POTEH expression level or PRDM16 hypometh-
ylation would be more malignant than those with a low POTEH expression level 
or PRDM16 hypermethylation.

Figure 2  MassARRAY methylation analysis for glioblastoma. (A) MeDIP-chip assay detected 
hypermethylation genes’ promoter methylation levels. Mass ARRAY assay were carried out 
using patients’ samples gDNA screened by microarray. The position of CpG dinucleotides 
were marked by circles within the sequence (straight line), and the methylation levels were 
marked by different circle colors. Gray circles represent CpG sites that could not be 
analyzed. The base-pair position in the gene sequence used the ruler on top and CpG sites 
number at the bottom. In all tested genes, glioma samples have significant hypermethylation 
in promoter regions compared with normal controls. N1, N2, N3, and N5 represent normal 
brain, while T1, T2, T3, T4, T5, and T6 represent glioma samples. Glioma samples and normal 
samples were matched for age and sex. (B) Methylation levels of eight selected genes were 
identified by MeDIP-chip in glioma patients, normal controls, and glioma cell lines. DNA 
methylation was analyzed using MassARRAY assay. The gene names were marked in the top 
of each graph. N represents the number of cases for this research. In the top of each graph, 
the results of an individual gene are represented (20).
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Table 3	 Correlation between Methylation Status and 
Protein Expression of Hypomethylation Genes 
and Clinical Parameters of Astrocytoma Patients

hypomethylation Sex Age(years)a Grade

Variables + − Male Female <median >median

Low 
grade 
(I+II)

High 
grade 

(III+IV)

FX(score)

<8 12 9 9 12 12 9 10 11

≥8 67 8 45 30 32 43 46 29

P 0.001 0.162 0.239 0.126

POTEH(score)

<8 27 12 23 16 15 24 29 10

≥8 51 6 31 26 29 28 27 30

P 0.006 0.656 0.230 0.008

CPEBl(score)

<8 18 7 17 8 14 11 14 11

≥8 25 0 17 8 9 16 12 13

P 0.010 1.000 0.781 0.571

LMO3(score)

<8 9 4 10 3 8 5 8 5

≥8 34 3 24 13 19 18 18 19

P 0.043 0.508 0.526 0.424

ELFN2(score)

<8 12 6 11 7 9 9 10 8

≥8 29 3 23 9 18 14 16 16

P 0.034 0.434 0.670 0.706

PRDM16(score)

<8 7 4 8 3 7 4 7 4

≥8 36 3 26 13 20 19 19 20

P 0.016 0.704 0.468 0.382

Note: Immunohistochemistry score ≥8 represents the high expression; <8 represents the low expression. The 
high expression of FX, POTEH, CPEB1, ELFN2, LMO3, and PRDM16 were companied by their hypomethylation in 
glioblastoma. And the hypomethylation of POTEH, CPEB1, LMO3, and ELFN2 did not have statistically significant 
correlation with sex, age, or histological grades. The hypomethylation of F10 was correlated to patients’ ages, and high 
expression of POTEH and hypomethylation of PRDM16 were related to the pathology grade of astrocytoma.
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miRNA and Methylation Genes in Glioblastoma

Epigenetic modifications encompass DNA methylation, chromatin remodeling, 
noncoding RNA expression, and histone tail modifications. Methylation modifica-
tion is important for a proper genome function by maintaining chromatin structure, 
chromosome stability, and transcription. Histones are the protein moiety around 
chromatin, which is packaged by DNA, and their N-terminal tails can suffer a variety 
of post-translational modifications, such as methylation, acetylation, sumoylation, 
ubiquitination, phosphorylation, and ADP ribosylation (32, 33). MicroRNAs 
(miRNAs) are 20–22 nucleotide (nt) noncoding RNAs that bind to the 3’ untrans-
lated region of the target mRNA to form RNA-induced silencing complexes, which 
lead to the down regulation of genes by causing mRNA destabilization and/or trans-
lational inhibition (34, 35). miRNAs, as both targets and effectors, play a critical role 
in regulation of DNA methylation (36–39). Moreover, miRNAs can regulate DNA 
methylation by targeting the DNA methylation machinery.

The LRRC4-AP-2-miR-182 loop

As miR-381 and miR-182 could facilitate glioblastoma cell growth in vitro and in 
vivo, they are regarded as potential therapeutic biomarkers in glioblastoma (40). 
The downregulation of miR-381 or miR-182 arrested cell cycle of glioblastoma 
cells in the G0/G1 phase and inhibited their proliferation by suppressing E2F3 
and upregulating phosphorylated Rb. LRRC4 was the co-target gene of miR-381 
and miR-182, and its expression was inversely correlated with miR-381, miR-
182, and BRD7 in glioblastoma. Knockdown of miR-182 and miR-381 inhibited 
LRRC4-mediated binding of AP-2/SP1/E2F6/c-Myc to BRD7 by ERK/MAPK and 
PI-3K/AKT (40). Transcription of miR-182 was induced by the transcription 
factor AP-2, as predicted by online software and confirmed by ChIP. miR-182 
inhibited the expression of LRRC4, and LRRC4 inhibited the expression and tran-
scription of AP-2 by negatively regulating the ERK/MAPK and PI-3K/AKT signaling 
pathways. This indicated that the LRRC4-AP-2-miR-182-LRRC4 loop is involved 
in glioblastoma development (40).

The LRRC4-miR-185/SP1-DNMT1 loop

LRRC4 upregulation induced the expression of miR-185, and the LRRC4-
miR-185/SP1-DNMT1-LRRC4 loop played a key role in glioblastoma: miR-185 
inhibited cell motility, invasion, and proliferation; and DNMT1, one of the most 
important DNA methyltransferases, maintained methylation. miR-185 upregula-
tion inhibited DNMT1 and decreased global methylation through HPLC-DAD; it 
also downregulated the expression of nine novel hypermethylated genes (SIX3, 
SST, LRRC4, GAD1, PCDHA8, PHOX2B, PCDHA13, ANKDD1A, and HIST1H3E) 
(20). Thus, miR-185 acts as a tumor suppressor by targeting DNMT1 to decrease 
global methylation and recover hypermethylation of these genes. The GO meth-
odology is a success-oriented probabilistic system performance analysis tech-
nique. Based on GO methodology, miR-185 was also considered to be involved in 
Rho GTPase activity. RhoA and CDC42 were the direct targets of miR-185, and 



Epigenetics of Glioblastoma52

the expression of these two molecules was negatively correlated with miR-185 in 
glioblastoma. Overexpression of miR-185 reduced the growth and migration of 
glioblastoma cells by inhibiting RhoA, CDC42 directly, and VEGFA indirectly 
(20). In summary, LRRC4 could regulate miRNAs as a tumor suppressor gene. 
These processes constitute multiple circuits, including LRRC4-miR-185-DNMT1-
LRRC4, LRRC4-SP1-DNMT1-LRRC4, and LRR C4-AP-2-miR-182-LRRC4. These 
circuits take part in the development of glioblastoma with multiple feedback 
mechanisms (Figure 3).

Figure 3 The regulation networks of hypermethylated genes, miRNA, DNMT, transcript factors, 
and target genes in glioblastoma. LRRC4-AP-2-miR-182-LRRC4loop: LRRC4 is a common target 
of miR-182 and miR-381, and miR-182 and miR-381 inhibit LRRC4 expression; meanwhile, the 
re-expression of LRRC4 also decreases miR-182 and miR-381 expression. The transcription of 
miR-182 is induced byAP-2; however, LRRC4 also inhibits the expression of AP-2 through 
negatively regulating the ERK/MAPK and PI-3K/AKT signaling pathways. The LRRC4-AP-2-miR-
182-LRRC4 loop was formed among LRRC4, miR-182, and AP-2. LRRC4-miR-185-DNMT1-LRRC4 
loop: The re-expression of LRRC4 increases miR-185 expression, while miR-185 decreases 
global methylation by targeting DNMT1 and increases the expression of LRRC4. LRRC4-SP1-
DNMT1-LRRC4loop: DNMT1 is positively regulated by SP1, and it increases the expression 
ofLRRC4, while LRRC4 also inhibits SP1 by negatively regulating the ERK/MAPK and PI-3K/AKT 
signal pathway (Adapted from Mol Cancer 2011;10:124.)
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miR-101 and hypomethylation genes

It has been shown that miR-101 is downregulated in multiple tumors, including 
glioblastoma, and acts as a tumor suppressor. Interestingly, the novel hypometh-
ylation genes CPEB1, PRDM16, ELFN2, and LMO3 were predicted to be targeted 
by miR-101. CPEB1, PRDM16, and ELFN2 were verified to be the direct target 
genes of miR-101; however, LMO3 was not the direct target (Figure 4). miR-101 
suppressed CPEB1 expression by reversing the CPEB1 promoter methylation sta-
tus. Furthermore, miR-101 reversed CPEB1 promoter methylation status by regu-
lating the methylation-related histones H3K27me3, H3K4me2, H4K20me3, and 
H3K9me3. In addition, the decreased expression of CPEB1 triggered senescence 
in a p53-dependent manner (Figure 4). miR-101 downregulated LMO3 expres-
sion by reversing the LMO3 promoter methylation status, inhibiting the presence 
of the methylation-related histones H3K27me3 and H3K4me2, and increasing 
the presence of H4K20me3 and H3K9me3 on the promoter. miR-101 reduced the 
occupancy of H3K27me3 through suppressing EED, DNMT3A, and EZH2, and 
reduced the H3K9me3 occupancy on the LMO3 promoter by PHF8, G9a, 
SUV39H1, and SUV39H2. Moreover, miR-101 inhibited LMO3 expression by 
reducing MZF1 and USF (Figure 4). miR-101 also reduced PRDM16 expression 
by affecting the PRDM16 promoter methylation status. miR-101 was related to an 
increase in H4K20me3 and H3K9me3 and a decrease in the methylation-related 
histones H3K27me3 and H3K4me2 on the PRDM16 promoter. In addition, 
miR-101 suppressed PRDM16 expression by targeting DNMT3A, which decreased 
histones H3K27me3 and H3K4me2 at the PRDM16 core promoter (Figure 4). In 
addition, miR-101 also reduced H3K27me3 occupancy at the core promoter of 
the hypermethylation gene LRRC4 and reversed the LRRC4 methylation level 
through targeting EED, EZH2, and DNMT3A (Figure 4).

LncRNA, miRNA, and Methylation in Glioblastoma

Interaction of lncRNA and miRNA

lncRNAs regulate gene transcription (41), chromatin remodeling (42), post-​
transcriptional processing of mRNA (43), and competing endogenous RNA 
(ceRNA) (44, 45). Emerging evidence suggests that lncRNAs communicate with 
ncRNAs, mRNAs, proteins, and genomic DNA, and act as tethers, guides, decoys, 
and scaffolds (46, 47). lncRNAs can participate in the ceRNA regulatory network 
and act as endogenous miRNA sponges to compete for binding of miRNA through 
MRE, which is “the letters” of the RNAcode (48). ceRNAs and miRNAs repress 
reciprocally and form a double-negative feedback loop (49, 50). Online promo-
terInspector and promoterScan softwares predicted that the CpG island status on 
the promoter of pre-miR-101-1 and pre-miR-101-2 is not the reason for the lower 
expression of miR-101. Furthermore, the LOH in chromosomes 1p31(pre-
miR-101-1) and 9p24 (pre-miR-101-2) was insufficient to lower the expression of 
miR-101 in glioblastoma. The software programs DIANA LAB and miRanda were 
used to search for lncRNAs and there were 18 lncRNAs predicted to form putative 
binding sites with miR-101. However, only six lncRNAs have been confirmed to 
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Figure 4 The networks of miRNA, gene methylation, and histone modification in glioblastoma. 
The hypomethylated genes CPEB1, PRDM16, and ELFN2 are target genes of miR-101, but 
LMO3 is not, and the expression of CPEB1, PRDM16, and ELFN2 are inhibited directly by 
miR-101. Moreover, miR-101 also indirectly suppresses the expression of CPEB1, ELFN2, 
PRDM16, and LMO3 and affects their methylation levels by targeting EZH2, EED, and 
DNMT3A and regulating histone methylation; miR-101 decreases the occupancy of H3K4me2 
and H3K27me3 at CPEB1, ELFN2, PRDM16, and LMO3 core promoter and increases the 
H3K9me3 and H4K20me3 occupancy at CPEB1, PRDM16, and LMO3 core promoter by 
targeting EZH2, EED, and DNMT3A; then, it recovers the methylation levels of CPEB1, ELFN2, 
PRDM16, and LMO3 gene promoter, and indirectly downregulates the expression of these 
hypomethylation genes. miR-101 does not bind to 3,UTR of hypermethylated gene LRRC4, 
but it remains to upregulate the expression of LRRC4. miR-101 decreases the occupancy of 
H3K27me3 at LRRC4 core promoter and induces hypomethylation of LRRC4 by targeting 
EZH2, EED, and DNMT3A. In short, miRNAs can not only directly regulate expression of 
hyper-/hypo- methylation genes by binding to 3’-UTR of genes but also regulate the 
methylation level and gene expression through histone and DNA methylation modification 
by targeting histone and DNA methyltransferases (Xiaoping Liu. Docotor’s thesis. Central 
South University, 2012).
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show significantly different expression between glioblastoma and normal brain 
tissues. CASC2c was bound to miR-101 directly by MRE of miR-101, and there 
was a reciprocal repression between CASC2c and miR-101. The higher expression 
of CASC2c is one of the reasons for the low expression of miR-101. CASC2c is 
also the target of miR-101 and commonly exists in the RISC complex with 
miR-101. A high level of CASC2c positively regulated the expression of pre-
miR-101; however, in the processing from pre-miR-101 to mature miR-101, 
CASC2c negatively regulated the expression of Dicer and inhibited the expression 
of mature miR-101 in glioblastoma (51). CASC2c is a long noncoding RNA and 
provided evidence that high expression of CASC2c occurred in glioblastoma. 
Knockdown CASC2c suppressed the proliferation, migration, and invasion in 
vitro and glioblastoma tumorigenesis in vivo.

Effect of lncRNA on methylation genes in glioblastoma

CASC2c functions as a suppressor of miR-101 or as a competitor of its target 
genes such as CPEB1, PRDM16, and LMO3. The expression of hypomethylation 
genes CPEB1, PRDM16, and LMO3 was increased in glioblastoma, and the 
depletion of CASC2c led to their repression. Thus, in normal tissue, CASC2c, 
miR-101, and target genes keep a balance by competitive restriction. In glioblas-
toma, because of the high expression of CASC2c; low expression of miR-101; or 
the overexpression of CPEB1, PRDM16, and LMO3 as a result of hypomethyl-
ation status of its promoter, the balance of this regulatory feedback is lost. In 
terms of complexity of molecular mechanisms in tumors, a cause-and-effect 
relationship among CASC2c, miR-101, CPEB1, PRDM16, and LMO3 could not 
be established. Despite this, miR-101might be a core unit, and MRE of miR-101 
is important for the crosstalk among CASC2c, miR-101, and their target genes 
in glioblastoma.

Conclusion

The application of next-generation sequencing enabled DNA methylation and its 
derivatives, 5fC and 5hmC, to be mapped at base-pair resolution. These studies 
have offered novel viewpoints into the distribution, dynamics, and function of 
DNA methylation in vertebrate genomes. Focal DMRs and DM site studies will be 
helpful for the discovery of regulatory elements of transcription factors, which 
may participate in specific gene regulation in vivo. Model systems should be used 
to test the functionality of individual DM sites or DMRs identified in epigenomic 
profiles. In the near future, studies of intragenic and distant intergenic alterations 
in DNA methylation will help elucidate the nature of epigenetic deregulation in 
diseases, especially for glioblastoma.
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Abstract: Glioblastoma is currently described as the worst brain tumor because of 
its aggressiveness and poor prognosis. Chemotherapy and irradiation are not cura-
tive, and the average survival for patients with glioblastoma is around 15 months. 
The cellular heterogeneity and infiltrative capability of glioblastoma make complete 
surgical resection almost impossible. Moreover, the presence of cancer stem-like 
cells in this tumor leads to therapeutic resistance and tumor recurrence after 
surgery. Numerous studies have explored the physiology of these cancer stem 
cells, and attempts have been made to develop devices aimed at isolating this rare 
population of cells. This chapter describes the complexity of cancer stem cells in 
glioblastoma. Their role in autophagy, gene regulation by epigenetic modifications, 
and the challenges in isolating these cells are addressed. This knowledge may pave 
the way for a better understanding of cancer stem cells in glioblastoma, and the 
potential development of new therapeutic strategies for this deadly disease.
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Introduction

Glioblastoma (GBM) is the most frequent and the most aggressive glial tumor of 
the central nervous system. Each year, about 240,000 cases of brain tumor are 
diagnosed worldwide, of which the majority are GBMs. Conventional therapeutic 
strategy is mainly surgery, in combination with temozolomide chemotherapy and 
radiation (corresponding to the Stupp protocol) (1). Novel drugs that are being 
developed include monoclonal antibodies against vascular endothelial growth 
factor (VEGF), inhibitors of tyrosine kinase receptors (2, 3), and Programmed 
death-ligand 1 (PD-L1) (4, 5). Despite recent advances, only a few patients with 
GBM are still alive 5 years after the initial diagnosis (3–10%, depending on the 
applied protocol). The estimated survival time without progression of the disease 
hardly exceeds 18 months. Various reasons could explain such a poor outcome: 
late diagnosis, difficulty to clearly identify the tumor due to its histopathological 
heterogeneity, relapse of the tumor due to GBM cancer stem-like cells (CSCs), dif-
ficulties in identification and isolation of these cells, and paucity of knowledge 
about the physiology of CSCs. This chapter gives an overview of the complexity 
of GBM and the ongoing cell sorting methods.

Evolution of Classifications and Diagnosis

Reliable identification of tumors is a prerequisite for the development of efficient 
therapies. Because of the heterogeneity of the cells found in GBM, interobserver 
variability is not infrequent (6, 7), and this makes proper identification a difficult 
task. A tumor that has been initially identified as a GBM could turn out to be of 
a different type on subsequent analysis (7). These discrepancies justify the need 
for tools that will allow the unambiguous identification of GBM. GBM is the only 
solid tumor defined as higher grade tumor (grade IV) in the absence of any meta-
static component. All other solid tumors can be classified (e.g., tumor-nodes-
metastasis [TNM] classification of colon tumor), depending on their tissue 
infiltration, degree of cell differentiation, mitotic index, and metastatic inva-
sion  (8). Because of the complexity and the heterogeneity of GBM, the 2007 
World Health Organization (WHO) classification of brain tumors was based only 
on the histological profile of the cells, combined with their mitotic index and 
molecular criteria (9). Different kinds of GBM were listed in this classification: 
pure astrocytoma, oligoastrocytoma, and neuro-astrocytoma. The 2016 WHO 
classification developed a new approach (10) that primarily relies on the genetic 
profile of the tumor. The most notable changes are in the isocitrate dehydroge-
nase (IDH) status (mutated vs. wild type) and the detection of 1p19q co-deletion. 
Importantly, if the histological phenotype and the genotype are nonconcordant, 
then the genotype will take over and will be used to determine the diagnosis and 
subsequent therapeutic decision-making. This guideline, associated with the 
mitotic index and the histological nature of the cells, helps to orientate the thera-
peutic scheme. In this way, the current WHO classification not only allows to 
determine the nature of the tumor but also enables to make a choice for thera-
peutic management.
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Cancer stem cell identification

CSCs were initially reported by Singh et al., who described a subpopulation of 
cells positive for CD133 that were able to initiate tumors in vivo (11). Hence, they 
were termed “tumor initiating cells” (11). Solid tumors such as GBMs are charac-
terized by a high degree of heterogeneity, which has been explained by two differ-
ent theories. According to the first theory, the stochastic model, tumor cells share 
the same genetic mutations (homogeneous), and heterogeneity is the result of 
intrinsic as well as extrinsic factors. According to the second theory, the hierarchy 
model, cells are intrinsically different in terms of differentiation stage and only a 
small subset, the CSCs, can initiate tumor growth and progression (12). This sub-
population is increasingly referred to as the cause of tumor onset and recurrence 
as well as therapeutic resistance. The difficulty encountered in studying CSCs is 
largely the result of challenges in precisely identifying them (13). Although CD133 
is classically associated with this cell subset, it is also expressed in normal neural 
stem cells; thus, the relevance of this biomarker is still a matter of debate when it 
comes to GBM stem cells. Indeed, it has been shown that CD133neg cells are also 
capable of inducing tumors when implanted in rat brains (14). Consequently, it is 
now recognized that additional markers are needed to identify this subpopulation. 
Among these markers, CD44 and ABC transporters are probably the most reliable. 
Recently, our team contributed to identify a new GBM stem-like cell marker, the 
KLRC3 gene coding for NKG2E, a protein expressed in natural killer cells (15). 
We showed that the silencing of KLRC3 decreased self-renewal, invasion, and 
proliferation capacities, along with radioresistance and tumorigenicity of the 
U87-MG GBM cell line. Transcription factors such as sox2, oct4, Bmi1, and nanog 
are also known to contribute to the stemness properties of CSCs (16). Researchers 
currently working on this peculiar cell subpopulation consider that seeking more 
than a single marker is mandatory to identify and/or enrich this population. These 
potential molecular markers, combined with functional properties, such as self-
renewal and cancer-initiation capacities, will enable the identification and enrich-
ment of this subpopulation of cells.

Autophagy

Similar to many solid tumors, GBM development leads to the formation of 
hypoxic areas. Uncontrolled proliferation of tumors, especially in the high 
cellular density pseudo-palisading region, leads to a decrease in O2 tension. 
In  response to this stress, cancer cells stabilize the hypoxia-inducible factor 1 
(HIF-1), which in turn induces overexpression of VEGF (17). The binding of this 
growth factor to its receptor on endothelial cells promotes neoangiogenesis. This 
vascularization is characterized by abnormal, dysfunctional, and/or occluded 
vessels, which are unable to sustain normoxia, hence the formation of hypoxic 
regions. Although a hypoxic microenvironment could induce cell death in nor-
mal conditions, it is also well known to maintain CSCs, especially in GBM (18). 
While actively proliferating cells are more likely to be found close to the vessels, 
stem-like cells lie in the central parts of the tumor, the core region, which 
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contributes to a CSC niche. The core region is more likely to be radioresistant 
and chemoresitant, and usually necrotic. These different distributions of cells 
illustrate the GBM heterogeneity. CSC population density and aggressiveness are 
inversely related to oxygen tension (19).

In the context of vasculature and oxygen supply deficiency, several studies, 
including ours, demonstrated that autophagy is induced as a cytoprotective 
mechanism (20, 21). This catabolic process, which is complementary to the 
ubiquitin–proteasome system, leads altered organelles and proteins to lysosomes 
where they are degraded. Besides basal physiological level, autophagy is upregu-
lated when cells are subjected to various stresses such as nutrient starvation, 
oxygen deprivation, or therapy (22). In GBM, hypoxia-induced autophagy pro-
motes cell survival and aggressiveness. This could be explained in part by the 
pro-survival effects of autophagy in response to antiangiogenic therapy, leading to 
hypoxia (23). Furthermore, it has been shown that antiangiogenic agents targeting 
VEGF or its receptor induce expansion of CSCs in tumors implanted in animals, 
supporting the link between hypoxia-induced autophagy and stemness  (24). 
Another major function of autophagy is to supply metabolic precursors, such as 
amino acids and/or fatty acids, via the catabolic process, which contributes to 
energy supply and cellular homeostasis. When microenvironment is unfriendly, 
autophagy is likely to be enhanced in CSCs to allow cell viability and quiescence 
(25). Such a response has also been demonstrated during temozolomide chemo-
therapy or radiotherapy (26, 27). Both treatments are known to favor conserva-
tion of the CSC subset, which is responsible for therapy escape and tumor 
recurrence. Consequently, the use of autophagy inhibitors, such as chloroquine 
or its analog hydroxychloroquine, combined with classical therapy (i.e.,  temo-
zolomide), appears to enhance the cytotoxicity against CSCs (28). Prospective 
studies are needed to better delineate the exact application and efficiency of this 
combination treatment, where autophagy inhibition could represent an adjuvant 
cancer therapy.

Epigenetic regulation

Cells constantly change their state of equilibrium in response to internal and 
external stimuli. These changes in cell identity are driven by highly coordinated 
modulation of gene expression, which is achieved largely by changes in the struc-
ture and composition of the chromatin, driven by epigenetic modulators. 
Epigenetic modifications such as histone modification and DNA methylation are 
crucial for normal development but can also be involved in cancer initiation 
and progression. Recent discoveries in cellular and genomic reprogramming have 
highlighted the importance of chromatin modifications in the regulation of 
CSC in GBM.

Histone modifications

Histones can be subjected to posttranslational modifications which alter their 
interaction with DNA and nuclear proteins. Modifications of the histone tails 
include methylation, acetylation, and phosphorylation, among others. Chromatin 
opening through the methylation of H3K4 (Lysine 4 of Histone 3) allows 
transcription to be performed, whereas chromatin closing through H3K9 and 
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H3K27 methylations (Lysine 9 and Lysine 27 of Histone 3) constitutes the two 
main repressive mechanisms in mammalian cells. In a study of 230 gliomas, the 
global expression of several histone modification markers was assessed using 
immunocytochemistry. Based on WHO grade, histology, and histone modifica-
tions, H3K9ac (acetylation of Lysine 9 of Histone 3), H3K4me2 (dimethylation of 
Lysine 4 of Histone 3), H3K18ac (acetylation of Lysine 18 of Histone 3), and 
H4K20me3 (trimethylation of Lysine 20 of Histone 4), 10 distinct prognostic 
groups were generated, suggesting that aberrant histone modifications can have a 
role in GBM (29).

In the case of CSCs, it has been demonstrated that CD133 expression is regu-
lated by H3K9me2. CD133-positive cells, which are usually considered as CSCs, 
were found to be H3K9me2 negative, whereas most cancer cells were found to 
be H3K9me2 positive. In their study, Tao et al. demonstrated that the G9a-
dependent H3K9me2 repression of CD133 was one of the crucial switches for 
the self-renewal of CSCs, similar to the embryonic stem cells (30). Transcriptional 
repression by histone methylation is facilitated by polycomb genes like EZH2 
and Bmi1 and had been linked to differentiation and self-renewal abilities of 
CSCs. EZH2 silencing of the BMP pathway in CSCs inhibits their ability to 
differentiate. Moreover, inhibition of EZH2 or forced expression of methylated-
promoter-repressed BMP pathway restores normal differentiation capacity of 
CSCs. This reduces proliferation and induces terminal differentiation of CSCs, 
causing loss of self-renewal and a decrease in tumorigenicity of CSCs (31, 32). 
Bmi1, a key component of the polycomb repressive complex 1 (PRC1), is upreg-
ulated in GBM and significantly enriched in the CSC population, but it is not 
expressed in normal astrocytes. Moreover, its suppression in human CSCs inhib-
its their growth in vitro and in vivo (33). Finally, the expression inhibition of Bmi1 
by knockdown in a glioma mouse model suppresses the formation of malignant 
tumors (34).

DNA methylation

DNA methylation, catalyzed by DNA methyltransferases (DNMTs), is a major 
epigenetic modification that modulates gene expression. DNA methylation pat-
terns are heritable and reversible, conserved during cell division, and involved in 
cell reprogramming processes. DNA methylation directly represses gene expres-
sion via the inhibition of transcription factor recruitment (35). Transcription 
inhibition could also be indirect through the recruitment of methyl-CpG-bind-
ing proteins and their associated repressive chromatin remodeling activities (36). 
DNA methylation deregulation is found in cancer where hypermethylation of 
specific tumor suppressor genes (TSGs) leads to the inhibition of their expression. 
It is known that aberrant DNA methylation is linked to the initiation and the 
progression of cancer. Global DNA hypomethylation promotes chromosomal 
instability, reactivation of transposable elements, and loss of imprinting. Local 
hypomethylation induces oncogene activation, while hypermethylation induces 
the silencing of TSGs (37). Aberrant DNA methylation patterns have been 
detected in GBM. A well-studied example is the silencing of the DNA repair 
enzyme MGMT (O6-methylguanine-DNA methyltransferase) following hyper-
methylation of the MGMT CpG island. Methylation of the MGMT promoter 
results in defects in DNA repair and is associated with a better response to 
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treatment with alkylating agents (38). MGMT methylation status is now used in 
the clinical management of GBM patients as a biomarker for predicting drug 
responsiveness.

Epigenetic changes like DNA methylation can be involved in the adaptation of 
CSCs to the environment in such a way that they reinforce the malignant state of 
the tumor. For example, it has been shown that the resetting of DNA methylation 
by induction of pluripotent stem cell reprogramming, followed by lineage differ-
entiation, suppresses the malignant properties of GBM (39). Moreover, in CSCs, 
the cell-surface marker CD133, defined as a CSC-specific marker, is found 
methylated. In their study, Gopisetty et al. showed that Sp1 and Myc regulate 
CD133 transcription in CSCs and that promoter methylation and methyl-DNA-
binding proteins cause repression of CD133 by excluding transcription-factor 
binding (40). Expression of the transcriptional coactivator with PDZ-binding 
motif (TAZ) has been linked to GBM subtype. It has been shown that its silencing 
in mesenchymal CSCs suppress the mesenchymal gene expression signature, 
while expressing TAZ in proneural CSCs, leading to increased expression of 
mesenchymal signature genes (41).

More recently, taking advantage of the genome-wide analysis technology, it has 
been shown that specific DNA methylation patterns were associated with CSCs. 
Concurrent promoter hypermethylation and gene body hypomethylation were 
observed in a subset of genes, including MGMT, AJAP1, and PTPRN2. These 
unique DNA methylation signatures were also found in primary GBM-derived 
xenograft tumors, indicating that they are not tissue culture–related epigenetic 
changes. Integration of GSC-specific epigenetic signatures with gene expression 
analysis further identified candidate TSGs that are frequently downregulated in 
GBMs, such as SPINT2, NEFM, and PENK (42).

Isolation of Cancer Stem Cells in Glioblastoma

Because of their key roles in tumorigenesis, metastasis, and therapeutic relapses, 
CSCs appear as major biological and therapeutic targets, in particular for GBM 
(43–46). This cellular status fully justifies the discovery, development, and valida-
tion of methods allowing purification and characterization of CSCs (43–46). 
However, the heterogeneity of the tumor cell population, the rarity of CSCs within 
the tumor mass (1–5%, depending on the type of cancer (43)), the difficulty in 
accurately defining their properties, and the criteria on which the sorting and 
characterization methods are based (44, 45, 47, 48) continue to pose major 
challenges.

Functional tests

CSCs are known to display different properties which give them the ability 
to relapse, and be more resistant to chemotherapy (49, 50) or radiation ther-
apy  (51). These properties are currently being investigated in order to better 
characterize CSCs. The self-renewal of CSCs (which is one of the properties 
defining CSCs) can be determined with two different tests: the colony forming 
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unit approach and the limiting dilution assay. Both tests are based on the abil-
ity of a single CSC to proliferate and create a new neurosphere in vitro (49). 
CSCs share common properties with normal stem cells such as their ability 
to differentiate into specific cell lineage. For GBM, the CSCs should be able to 
differentiate into neurons, astrocytes, and oligodendrocytes. Moreover, the 
most  important feature of CSCs is their ability to resist treatment (50, 51). 
In  GBM, this property leads to tumor relapse and unfortunately to patient 
death. The most conventional approach includes the evaluation of the apop-
totic  impact of temozolomide and/or radiation on CSCs. A strong resis-
tance to these treatments is a characteristic of CSC (52). Finally, the capability 
of CSC  to form a tumor has to be addressed by xenograft or orthotopic cell 
engraftment (51).

Classical cell sorting methods

The classical cell sorting methods are based on the recognition of specific extracel-
lular or intracellular antigens using fluorescent (FACS) or magnetic (MACS) 
probes. Other methods such as affinity chromatography, panning, and aptamers 
also use the immunological recognition principle (44, 47, 48). In GBM, some 
of  the most useful markers are SOX2, OCT4, NANOG, CD133, and ABCG2 
(44, 45, 53). However, no single marker can be considered a gold standard, and, 
therefore, a series of markers is mandatory to validate the stemness status. 
Aldehyde dehydrogenase (ALDH) activity can be used in addition to the above 
staining. High ALDH expression has been reported in precursor cells of GBM. 
Another way to separate CSCs from GBM is the detection of the side population 
using Hoechst staining. However, this labeling could lead to functional modifica-
tions of the cell such as induction of cell differentiation and therefore difficulties 
for in vitro studies (culture, graft, etc.) (44, 47).

Sedimentation field-flow fractionation cell sorting

Field-flow fractionation (FFF) techniques were developed by J.C. Giddings in 
the late 1960s (54). FFF methods are considered as gentle methods as cells are 
sorted by applying low-intensity forces: (i) one corresponding to an external 
multigravitational field due to the channel rotation and (ii) the other corre-
sponding to hydrodynamic lift-forces due to the flowing of the cells in the 
mobile phase (Figure 1). The balance of these two forces leads to the focusing 
of identical subpopulations (with respect to size, density, shape, and rigidity) 
into thin layers, which are eluted from the flow stream passing through their 
gravitational center (hyperlayer elution mode) (55). Sedimentation field-flow 
fractionation (SdFFF) is a gentle (low flow rate and low external field to limit 
shear forces exerted on cells) and noninvasive method, which takes into 
account, without any labeling, a complex matrix of cell properties such as the 
size, the cell-cycle position (related to the density), or the rigidity of the cyto-
skeleton, which are the major properties of stem cells. Usually, the largest and 
less dense cells (the most differentiated) are eluted first, while the smallest and 
the most dense cells (low nucleo-cytoplasmic ratio corresponding to stems 
cells) are eluted last. This elution order also depends on the ploidy or the 
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position in the cell cycle; the cells eluted in the last fraction are usually in the 
G0/G1 phase (56, 57).

Our first work on CSC isolation began with human neuroblastoma cell lines 
(SKNSH-SY5Y, IMR-32) and was then followed by the U87-MG human GBM 
cell line analysis (58–60). We demonstrated that cells eluted in the ultimate 
part of the fractogram (Figure 2) overexpressed vimentin and CD133, pre-
sented the ability to form neurospheres in defined culture medium, and were 
resistant to Fas-induced apoptosis. To increase the purity and the diversity of 
subpopulations with different degrees of differentiation, we developed an ana-
lytical SdFFF protocol using different external fields. The following four cell 
culture conditions were tested: normal (+ FBS), defined (− FBS), normoxia, and 
hypoxia (O2 < 0.1%). Defined culture medium and hypoxia mimicked the con-
ditions found in the tumor niche and yielded an enriched CSC population. The 
use of two different fields in SdFFF allowed the separation of differentiated 
cells at 25 g, while a lower field of 15 g favored the isolation of CSCs. Eight 
different subpopulations were identified based on the expression of CD133, 
NCAM, nestin, Oct4, A2B5, cell-cycle position, ALDH activity, and clonogenic-
ity (Figure 2). As described in Figure 2, differentiated cells are eluted in the 
fraction F1 of cells cultured in normal culture medium under normoxia,at 
25 g. The most undifferentiated cells were obtained by collecting fraction F3 at 
15 g from cells cultured in defined medium under hypoxic conditions. These 
populations should be further used to identify CSC properties or to test their 
sensitivity to therapy.

Figure 1  (1) Schematic representation of an SdFFF separation channel and its implementation 
in the chromatographic chain. (2) Schematic representation of hyperlayer elution mode and 
cell elution order depending on the size. a: distance from the center of gravity of the cell to 
the accumulation wall. V: velocity of cells.
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Conclusion

Despite current advances in the study of GBM and the physiology of GBM CSCs, it 
remains impossible to cure GBM. To develop a better therapy, one of the steps would 
be the development of new methods such as SdFFF that allow the isolation of CSCs 
without causing any cellular modification. The ability of tumor cells to adapt to their 
environment is of great interest and mechanisms by which tumor cells communicate 
with their microenvironment are increasingly being investigated. Studies concern-
ing exosomes (vesicles excreted from cells) and their role in  cancer progression 
underline new point of views on tumors including GBM (61, 62). Numerous studies 
are also being performed on the epigenetic profile of tumor cells, which could be 
involved in cell reprogramming and adaptation to their environment. Together, 
these approaches could enable a better understanding of the role of CSCs in GBM 
initiation and progression, and help develop novel therapeutics in the days to come.

Figure 2  Representation of the global method used to enrich CSCs from human glioblastoma cell 
line. Four conditions are established with different media and oxygen tensions, namely, NN, 
NH, DN, and DH, in order to obtain a matrix of CSCs enrichment (1). CSC level is increased 
by the use of SdFFF cell sorting method (2: representative fractograms). Oct4 stem cell 
marker expression (3) in subpopulations obtained after SdFFF sorting (F1/F3), compared to 
crude (C) populations. Concerning fractograms (2), the optimal elution conditions were: 
injection of 2×105 U87-MG cells; flow rate: 0.80 mL/min; mobile phase: sterile PBS, pH = 7.4; 
and external multi-gravitational field strength: 15 or 25.00 ± 0.02 g (312 or 412 ± 0.2 rpm). 
These optimal elution conditions allowed cell separation under the biocompatible 
hyperlayer elution mode. Time-dependent collected fractions F1 and F3 corresponded to 
differentiated and cancer stem cells, respectively.

U87-MG: human glioblastoma cell line

Normal (+ FBS)

N

NN

F1 (25g)

NN F1 NN F3 / NH F1 NH F3 / DN F1 DH F3 / DH F1 DH F30.075

AU
FS

0.06

0.045

0.03

0.015

0
0.75

0.6

0.45

0.3

0.15

0
NN C NN F1 NN F3 NH C NH F1 NH F3

Oct4

DN C DN F1 DN F3 DH 3 DH F1 DH F3

0 1 2

Ra
�o

 p
ro

te
in

 o
f i

nt
er

es
t /

 a
c�

on

4

NN
F1, 25 G

3
Elu�on �me (min)

5 6 7 8

0.05

0.04

0.003

AU
FS

.

0.02

0.001

0
0 1 2 43

Elu�on �me (min)
5 6 7

SdFFF F3 (15g)

NH DN DH

H N H

Define (– FBS)

N = normoxy (20% O2)
H = efine (– FBS)

Culture Medium

% O2

U87



Stem-Like Cells in Glioblastoma68

Acknowledgment: This work was supported by grants from Conseil Régional du 
Limousin, Ligue Nationale Contre le Cancer (comités de la Creuse, Corrèze et de 
la Haute Vienne), and CORC (Comité d’Organisation de la Recherche sur le 
Cancer du Limousin). The authors thank Dr. Michel Guilloton for his help in edit-
ing the manuscript.

Conflict of interest: The authors declare no potential conflicts of interest with 
respect to research, authorship, and/or publication of this manuscript.

Copyright and permission statement: To the best of our knowledge, the materi-
als included in this chapter do not violate copyright laws. All original sources have 
been appropriately acknowledged and/or referenced. Where relevant, appropriate 
permissions have been obtained from the original copyright holder(s).

References

	 1.	 Stupp R, Mason WP, van den Bent MJ, Weller M, Fisher B, Taphoorn MJ, et al. Radiotherapy plus con-
comitant and adjuvant temozolomide for glioblastoma. N Engl J Med. 2005 Mar 10;352(10):987–96. 
http://dx.doi.org/10.1056/NEJMoa043330

	 2.	 Erdem-Eraslan L, van den Bent MJ, Hoogstrate Y, Naz-Khan H, Stubbs A, van der Spek P, et al. 
Identification of patients with recurrent glioblastoma who may benefit from combined bevacizumab 
and CCNU therapy: A report from the BELOB trial. Cancer Res. 2016 Feb 01;76(3):525–34. http://
dx.doi.org/10.1158/0008-5472.CAN-15-0776

	 3.	 Schafer N, Gielen GH, Kebir S, Wieland A, Till A, Mack F, et al. Phase I trial of dovitinib (TKI258) 
in recurrent glioblastoma. J Cancer Res Clin Oncol. 2016;142(7):1581–9. http://dx.doi.org/10.1007/
s00432-016-2161-0

	 4.	 Tang X, Li Q, Zhu Y, Zheng D, Dai J, Ni W, et al. The advantages of PD1 activating chimeric receptor 
(PD1-ACR) engineered lymphocytes for PDL1(+) cancer therapy. Am J Transl Res. 2015;7(3):460–73.

	 5.	 Heiland DH, Haaker G, Delev D, Mercas B, Masalha W, Heynckes S, et al. Comprehensive analysis 
of PD-L1 expression in glioblastoma multiforme. Oncotarget. 2017 Jun 27;8(26):42214–25. http://
dx.doi.org/10.18632/oncotarget.15031

	 6.	 Scott CB, Nelson JS, Farnan NC, Curran WJ, Jr., Murray KJ, Fischbach AJ, et al. Central pathol-
ogy review in clinical trials for patients with malignant glioma. A report of Radiation Therapy 
Oncology Group 83-02. Cancer. 1995 Jul 15;76(2):307–13. http://dx.doi.org/10.1002/1097​-0142​
(19950715)76:2%3C307::AID-CNCR2820760222%3E3.0.CO;2-L

	 7.	 Kim BY, Jiang W, Beiko J, Prabhu SS, DeMonte F, Gilbert MR, et al. Diagnostic discrepancies in malig-
nant astrocytoma due to limited small pathological tumor sample can be overcome by IDH1 testing. 
J Neuro Oncol. 2014 Jun;118(2):405–12. http://dx.doi.org/10.1007/s11060-014-1451-0

	 8.	 Lo DS, Pollett A, Siu LL, Gallinger S, Burkes RL. Prognostic significance of mesenteric tumor nod-
ules in patients with stage III colorectal cancer. Cancer. 2008 Jan 01;112(1):50–4. http://dx.doi.org​
/10.1002/cncr.23136

	 9.	 Louis DN, Ohgaki H, Wiestler OD, Cavenee WK, Burger PC, Jouvet A, et al. The 2007 WHO classifi-
cation of tumours of the central nervous system. Acta Neuropathol. 2007 Aug;114(2):97–109. http://
dx.doi.org/10.1007/s00401-007-0243-4

	10.	 Louis DN, Perry A, Reifenberger G, von Deimling A, Figarella-Branger D, Cavenee WK, et al. The 
2016 World Health Organization classification of tumors of the central nervous system: A summary. 
Acta Neuropathol. 2016 Jun;131(6):803–20. http://dx.doi.org/10.1007/s00401-016-1545-1

	11.	 Singh SK, Hawkins C, Clarke ID, Squire JA, Bayani J, Hide T, et al. Identification of human 
brain tumour initiating cells. Nature. 2004 Nov 18;432(7015):396–401. http://dx.doi.org/10.1038​
/nature03128



Cheray M et al. 69

	12.	 Catalano V, Gaggianesi M, Spina V, Iovino F, Dieli F, Stassi G, et al. Colorectal cancer stem cells and cell 
death. Cancers. 2011 Apr 11;3(2):1929–46. http://dx.doi.org/10.3390/cancers3021929

	13.	 Abbaszadegan MR, Bagheri V, Razavi MS, Momtazi AA, Sahebkar A, Gholamin M. Isolation, 
identification, and characterization of cancer stem cells: A review. J Cell Physiol. 2017 Aug;232(8):​
2008–18.

	14.	 Wang J, Sakariassen PO, Tsinkalovsky O, Immervoll H, Boe SO, Svendsen A, et al. CD133 negative 
glioma cells form tumors in nude rats and give rise to CD133 positive cells. Int J Cancer. 2008 Feb 
15;122(4):761–8. http://dx.doi.org/10.1002/ijc.23130

	15.	 Cheray M, Bessette B, Lacroix A, Melin C, Jawhari S, Pinet S, et al. KLRC3, a Natural Killer receptor 
gene, is a key factor involved in glioblastoma tumourigenesis and aggressiveness. J Cell Mol Med. 
2017 Feb;21(2):244–53. http://dx.doi.org/10.1111/jcmm.12960

	16.	 Yi Y, Hsieh IY, Huang X, Li J, Zhao W. Glioblastoma stem-like cells: Characteristics, microenviron-
ment, and therapy. Front Pharmacol. 2016;7:477. http://dx.doi.org/10.3389/fphar.2016.00477

	17.	 Kaur B, Khwaja FW, Severson EA, Matheny SL, Brat DJ, Van Meir EG. Hypoxia and the hypoxia-
inducible-factor pathway in glioma growth and angiogenesis. Neuro Oncol. 2005 Apr;7(2):134–53. 
http://dx.doi.org/10.1215/S1152851704001115

	18.	 Heddleston JM, Li Z, McLendon RE, Hjelmeland AB, Rich JN. The hypoxic microenvironment main-
tains glioblastoma stem cells and promotes reprogramming towards a cancer stem cell phenotype. 
Cell Cycle. 2009 Oct 15;8(20):3274–84. http://dx.doi.org/10.4161/cc.8.20.9701

	19.	 Persano L, Rampazzo E, Basso G, Viola G. Glioblastoma cancer stem cells: Role of the microenvi-
ronment and therapeutic targeting. Biochem Pharmacol. 2013 Mar 01;85(5):612–22. http://dx.doi.
org/10.1016/j.bcp.2012.10.001

	20.	 Hu YL, DeLay M, Jahangiri A, Molinaro AM, Rose SD, Carbonell WS, et al. Hypoxia-induced autoph-
agy promotes tumor cell survival and adaptation to antiangiogenic treatment in glioblastoma. Cancer 
Res. 2012 Apr 01;72(7):1773–83. http://dx.doi.org/10.1158/0008-5472.CAN-11-3831

	21.	 Jawhari S, Bessette B, Hombourger S, Durand K, Lacroix A, Labrousse F, et al. Autophagy and 
TrkC/NT-3 signaling joined forces boost the hypoxic glioblastoma cell survival. Carcinogenesis. 
2017;38(6):592–603. http://dx.doi.org/10.1093/carcin/bgx029

	22.	 Feng Y, Yao Z, Klionsky DJ. How to control self-digestion: Transcriptional, post-transcriptional, and 
post-translational regulation of autophagy. Trends Cell Biol. 2015 Jun;25(6):354–63. http://dx.doi.
org/10.1016/j.tcb.2015.02.002

	23.	 Jawhari S, Ratinaud MH, Verdier M. Glioblastoma, hypoxia and autophagy: A survival-prone “menage-
a-trois.” Cell Death Dis. 2016 Oct 27;7(10):e2434. http://dx.doi.org/10.1038/cddis.2016.318

	24.	 Piao Y, Liang J, Holmes L, Zurita AJ, Henry V, Heymach JV, et al. Glioblastoma resistance to 
anti-VEGF therapy is associated with myeloid cell infiltration, stem cell accumulation, and a mes-
enchymal phenotype. Neuro Oncol. 2012 Nov;14(11):1379–92. http://dx.doi.org/10.1093/neuonc​
/nos158

	25.	 Guan JL, Simon AK, Prescott M, Menendez JA, Liu F, Wang F, et al. Autophagy in stem cells. Autophagy. 
2013 Jun 01;9(6):830–49. http://dx.doi.org/10.4161/auto.24132

	26.	 Ojha R, Bhattacharyya S, Singh SK. Autophagy in cancer stem cells: A potential link between chemore-
sistance, recurrence, and metastasis. BioRes Open Access. 2015;4(1):97–108. http://dx.doi.org/10.1089/
biores.2014.0035

	27.	 Koukourakis MI, Mitrakas AG, Giatromanolaki A. Therapeutic interactions of autophagy with radi-
ation and temozolomide in glioblastoma: Evidence and issues to resolve. Br J Cancer. 2016 Mar 
01;114(5):485–96. http://dx.doi.org/10.1038/bjc.2016.19

	28.	 Rangwala R, Leone R, Chang YC, Fecher LA, Schuchter LM, Kramer A, et al. Phase I trial of hydroxy-
chloroquine with dose-intense temozolomide in patients with advanced solid tumors and melanoma. 
Autophagy. 2014 Aug;10(8):1369–79. http://dx.doi.org/10.4161/auto.29118

	29.	 Liu BL, Cheng JX, Zhang X, Wang R, Zhang W, Lin H, et al. Global histone modification pat-
terns as prognostic markers to classify glioma patients. Cancer Epidemiol Biomarkers Prev. 2010 
Nov;19(11):2888–96. http://dx.doi.org/10.1158/1055-9965.EPI-10-0454

	30.	 Tao H, Li H, Su Y, Feng D, Wang X, Zhang C, et al. Histone methyltransferase G9a and H3K9 
dimethylation inhibit the self-renewal of glioma cancer stem cells. Mol Cell Biochem. 2014 Sep;​
394(1–2):23–30. http://dx.doi.org/10.1007/s11010-014-2077-4



Stem-Like Cells in Glioblastoma70

	31.	 Lee J, Son MJ, Woolard K, Donin NM, Li A, Cheng CH, et al. Epigenetic-mediated dysfunction of the 
bone morphogenetic protein pathway inhibits differentiation of glioblastoma-initiating cells. Cancer 
Cell. 2008 Jan;13(1):69–80. http://dx.doi.org/10.1016/j.ccr.2007.12.005

	32.	 Suva ML, Riggi N, Janiszewska M, Radovanovic I, Provero P, Stehle JC, et al. EZH2 is essential for 
glioblastoma cancer stem cell maintenance. Cancer Res. 2009 Dec 15;69(24):9211–18. http://dx.doi.
org/10.1158/0008-5472.CAN-09-1622

	33.	 Abdouh M, Facchino S, Chatoo W, Balasingam V, Ferreira J, Bernier G. BMI1 sustains human glio-
blastoma multiforme stem cell renewal. J Neurosci. 2009 Jul 15;29(28):8884–96. http://dx.doi.
org/10.1523/JNEUROSCI.0968-09.2009

	34.	 Bruggeman SW, Hulsman D, Tanger E, Buckle T, Blom M, Zevenhoven J, et al. Bmi1 controls tumor 
development in an Ink4a/Arf-independent manner in a mouse model for glioma. Cancer Cell. 2007 
Oct;12(4):328–41. http://dx.doi.org/10.1016/j.ccr.2007.08.032

	35.	 Prendergast GC, Ziff EB. Methylation-sensitive sequence-specific DNA binding by the c-Myc basic 
region. Science. 1991 Jan 11;251(4990):186–9. http://dx.doi.org/10.1126/science.1987636

	36.	 Robertson KD. DNA methylation and chromatin—Unraveling the tangled web. Oncogene. 2002 Aug 
12;21(35):5361–79. http://dx.doi.org/10.1038/sj.onc.1205609

	37.	 Esteller M. Epigenetics in cancer. N Engl J Med. 2008 Mar 13;358(11):1148–59. http://dx.doi.
org/10.1056/NEJMra072067

	38.	 Paz MF, Yaya-Tur R, Rojas-Marcos I, Reynes G, Pollan M, Aguirre-Cruz L, et al. CpG island hyper-
methylation of the DNA repair enzyme methyltransferase predicts response to temozolomide in pri-
mary gliomas. Clin Cancer Res. 2004 Aug 01;10(15):4933–8.

	39.	 Stricker SH, Feber A, Engstrom PG, Caren H, Kurian KM, Takashima Y, et al. Widespread reset-
ting of DNA methylation in glioblastoma-initiating cells suppresses malignant cellular behavior in 
a lineage-dependent manner. Genes Dev. 2013 Mar 15;27(6):654–69. http://dx.doi.org/10.1101/
gad.212662.112

	40.	 Gopisetty G, Xu J, Sampath D, Colman H, Puduvalli VK. Epigenetic regulation of CD133/PROM1 
expression in glioma stem cells by Sp1/myc and promoter methylation. Oncogene. 2013 Jun 
27;32(26):3119–29. http://dx.doi.org/10.1038/onc.2012.331

	41.	 Bhat KP, Salazar KL, Balasubramaniyan V, Wani K, Heathcock L, Hollingsworth F, et al. The transcrip-
tional coactivator TAZ regulates mesenchymal differentiation in malignant glioma. Genes Dev. 2011 
Dec 15;25(24):2594–609. http://dx.doi.org/10.1101/gad.176800.111

	42.	 Lee EJ, Rath P, Liu J, Ryu D, Pei L, Noonepalle SK, et al. Identification of Global DNA Methylation 
signatures in glioblastoma-derived cancer stem cells. J Genet Genomics. 2015 Jul 20;42(7):355–71.

	43.	 Boman BM, Wicha MS. Cancer stem cells: A step toward the cure. J Clin Oncol. 2008 Jun 
10;26(17):2795–9. http://dx.doi.org/10.1200/JCO.2008.17.7436

	44.	 Islam F, Gopalan V, Smith RA, Lam AKY. Translational potential of cancer stem cells: A review of the 
detection of cancer stem cells and their roles in cancer recurrence and cancer treatment. Exp Cell Res. 
2015 Jul 1;335(1):135–47. http://dx.doi.org/10.1016/j.yexcr.2015.04.018

	45.	 Lathia JD, Mack SC, Mulkearns-Hubert EE, Valentim CLL, Rich JN. Cancer stem cells in glioblastoma. 
Genes Dev. 2015 Jun;29(12):1203–17. http://dx.doi.org/10.1101/gad.261982.115

	46.	 Gilbert CA, Ross AH. Cancer stem cells: Cell culture, markers, and targets for new therapies. J Cell 
Biochem. 2009 Dec 1;108(5):1031–8. http://dx.doi.org/10.1002/jcb.22350

	47.	 Diogo MM, da Silva CL, Cabral JMS. Separation technologies for stem cell bioprocessing. Biotechnol 
Bioeng. 2012 Nov;109(11):2699–709. http://dx.doi.org/10.1002/bit.24706

	48.	 Tirino V, Desiderio V, Paino F, De Rosa A, Papaccio F, La Noce M, et al. Cancer stem cells in solid 
tumors: An overview and new approaches for their isolation and characterization. Faseb J. 2013 
Jan;27(1):13–24. http://dx.doi.org/10.1096/fj.12-218222

	49.	 Salmaggi A, Boiardi A, Gelati M, Russo A, Calatozzolo C, Ciusani E, et al. Glioblastoma-derived 
tumorospheres identify a population of tumor stem-like cells with angiogenic potential and enhanced 
multidrug resistance phenotype. Glia. 2006 Dec;54(8):850–60. http://dx.doi.org/10.1002/glia.20414

	50.	 Lu C, Shervington A. Chemoresistance in gliomas. Mol Cell Biochem. 2008 May;312(1–2):71–80. 
http://dx.doi.org/10.1007/s11010-008-9722-8



Cheray M et al. 71

	51.	 Bao S, Wu Q, McLendon RE, Hao Y, Shi Q, Hjelmeland AB, et al. Glioma stem cells promote radio-
resistance by preferential activation of the DNA damage response. Nature. 2006 Dec 07;444(7120):​
756–60. http://dx.doi.org/10.1038/nature05236

	52.	 Ishiguro T, Ohata H, Sato A, Yamawaki K, Enomoto T, Okamoto K. Tumor-derived spheroids: 
Relevance to cancer stem cells and clinical applications. Cancer Sci. 2017 Mar;108(3):283–9. http://
dx.doi.org/10.1111/cas.13155

	53.	 Podberezin M, Wen J, Chang C-C. Cancer stem cells A review of potential clinical applications. Arch 
Pathol Lab Med. 2013 Aug;137(8):1111–16. http://dx.doi.org/10.5858/arpa.2012-0494-RA

	54.	 Giddings JC. Field-flow fractionation: Analysis of macromolecular, colloidal, and particulate materials. 
Science. 1993;260(5113):1456–65. http://dx.doi.org/10.1126/science.8502990

	55.	 Bégaud-Grimaud G, Battu S, Leger DY, Cardot PJP. Mammalian cell sorting with sedimentation field 
flow fractionation. In: Williams SKR, Caldwell KD, editors. Field-flow fractionation in biopolymer 
analysis. Wien: Springer-Verlag; 2012; 223–253.

	56.	 Guglielmi L, Battu S, Le Bert M, Faucher JL, Cardot PJP, Denizot Y. Mouse embryonic stem cell 
sorting for the generation of transgenic mice by sedimentation field-flow fractionation. Anal Chem. 
2004;76:1580–5. http://dx.doi.org/10.1021/ac030218e
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Abstract: Gliomas are the most common intracranial tumors in humans. The 
most malignant among these tumors is glioblastoma (GBM), with an incidence 
of 3–5 out of 100,000 persons in Western countries. GBM arises either de novo 
(primary GBM) or develops from a lower grade glioma (secondary GBM). The 
prognosis is poor. GBMs are lethal tumors and even optimal surgical resection, 
followed by chemotherapy and irradiation, results in a median survival of about 
12–15 months. One characteristic that is responsible for GBM malignancy, and 
its worse prognosis, is the highly infiltrative growth of GBM cells into the healthy 
brain. GBM cell migration and invasion is a very complex process that is regu-
lated by several factors, which include changes in the migrating cell itself as well 
as the tumor microenvironment. This chapter provides an overview of routes of 
invasion of glioma cells, the signaling pathways that drive glioma cell motility, 
and the processes through which glioma cells modulate their surrounding 
environment.
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Introduction

Glioblastoma (GBM), the most malignant brain tumor, has a complex biology, 
and despite decades of research, much is still unknown. GBM separates itself from 
lower grade gliomas by exhibiting central necrosis and microvascular proliferation. 
It is characterized by a rapid and highly infiltrative growth. In GBM, extracranial 
metastases are extremely rare; tumor cell invasion and migration are the main 
features of GBM spreading (1). The invasive nature of GBM leads to local destruc-
tion of healthy tissues, and is the main source of recurrence (2). Even with the 
best imaging methods available, it is difficult to detect cells that had migrated 
away from the primary tumor. Glioma cells are able to migrate far away from the 
original tumor and can even cross into the contralateral hemisphere making 
complete surgical resection of GBM impossible (3). Invasion of glioma cells into 
the healthy brain also leads to the escape of these cells from irradiation and 
chemotherapy. Therefore, understanding the biology of glioma cell motility is of 
great importance for developing novel therapeutic approaches to treat GBM 
patients.

Glioma cells mainly use two routes to invade the healthy brain: the perivascu-
lar space around blood vessels and axons (4). Whether glioma cells exclusively 
use one route over the other, or whether other roads are also utilized, is not fully 
understood. In addition, it is not known how glioma cells decide to choose one 
pathway over the other for invasion. There are several cellular and environmental 
requirements that set the stage for a glioma cell to move. For example, migrating 
cells show changes in energy metabolism that are often induced by hypoxic con-
ditions (5, 6). Cytokines, chemokines, nutrition deprivation, and hypoxia lead to 
changes in the expression of transcription factors (TFs), and subsequently to 
altered protein expression (7). In this regard, differential expression of ion chan-
nels, neurotransmitters, proteases, chemokines, and cytokines has been described 
in moving versus resting glioma cells (2). Besides transcriptional changes, the 
cytoskeleton of the glioma cell has to be rearranged to allow cell movement, cell 
adhesion has to be reduced, and the tumor cell has to be shrunk to fit into the 
small perivascular space. Furthermore, the extracellular matrix (ECM) has to be 
remodeled or destroyed to allow glioma cell invasion (8). Even the interaction of 
glioma cells with adjacent nonneoplastic cells like astrocytes or endothelial cells is 
important for glioma cell migration (9, 10). This chapter gives an overview of dif-
ferent processes and mechanisms glioma cells use to migrate and invade, and the 
signaling cascades that regulate the motility of glioma cells.

Infiltration of Diffuse Glioma

Patterns of glioma cell infiltration

Glioma cells infiltrate into the healthy brain parenchyma using preexisting struc-
tures like blood vessels or myelinated nerve fibers of white matter tracts, both of 
which present high mechanical rigidity (11, 12). ECM stiffness is a major regulator 
of cell motility. The movement of cells toward a more rigid ECM area is called 
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mechanotaxis (13). A more rigid ECM, as in the perivascular space, promotes 
glioma cell migration (14). Stiffness varies with the grade of glioma. It is known 
that invasive GBM produces stiffness-promoting factors like collagen, fibronectin 
(FN), and laminin. Furthermore, glioma cells overexpress components of the basal 
membrane of the cerebral vasculature, for example, tenascin (TN)-C, which is 
associated with glioma progression (15). Glioma cells are recruited to the perivas-
cular space around blood vessels by chemoattractants like bradykinin, which is 
produced by endothelial cells (16). Also, overexpression of chemokine receptors 
on glioma cells has been associated with perivascular invasion (17). Cell move-
ment along white matter tracts, a second known route of glioma cell invasion, is 
mediated by a variety of proteins called axonal guidance molecules (see the section 
“Axonal Guidance Molecules”), which act as attracting or repelling factors.

Hypoxia

The center of GBM is characterized by necrosis, surrounded by an area where 
tumor cells deal with hypoxia and nutrient starvation. Around the necrotic 
region, the population of “pseudopalisading” cells become prominent. These gli-
oma cells activate migratory processes in an attempt to escape hypoxia and to 
reach oxygen-rich areas adjacent to blood vessels (18). Some of the pro-migratory 
and pro-invasive factors produced or activated in response to hypoxic conditions 
include: metalloproteases like MMP-9, A Disintegrin, and Metalloproteinase 
(ADAM)-17 (19, 20); galectins (21); epithelial to mesenchymal transition (EMT) 
transcriptional regulators like SLUG and SNAIL and the zinc-finger E-Box-
binding homeobox proteins ZEB-1 and ZEB-2 (22, 23); and CXCR4 and CXCR7, 
the latter mediating glioma cell migration toward stromal-derived factor 
(SDF)-1a/CXCL12 (24, 25).

The “Go or Grow” of tumor cells

Migration and proliferation of glioma cells are mutually exclusive. This phenom-
enon, called “Go or Grow,” was first discovered in astrocytoma cells, where prolif-
eration and migration are timely separated (26). The “Go or Grow” is modulated 
by changes in the microenvironment like hypoxia or nutrient depletion, which 
prompts a tumor cell to “Go” in order to reach a more favorable environment and 
re-settle there, or to “Grow” if the environment provides enough oxygen and 
nutrients. The pentose phosphate pathway (PPP) is mainly used during prolifera-
tion, and glycolysis is used as the energy source during migration (5). Other 
parameters that influence the “Go or Grow” of glioma cells are the cell volume, 
cytoskeleton dynamics, and the ECM composition (27). Differential activation of 
TFs has been reported: increased NF-kB activity in migrating cells, and c-myc in 
proliferating cells (28). Also, changes in miRNAs expression modulate the “Go or 
Grow”: elevated miR-451 expression is associated with a shorter GBM patient 
survival and higher proliferation (29), whereas mir-9, being highly expressed in 
glioma cells, inhibits proliferation but promotes migration (30). Understanding 
the process of “Go or Grow” in glioma is of central importance since it is known 
that ionizing irradiation used for the treatment of GBM promotes the “Go” and 
thereby the invasive phenotype of glioma cells (31, 32).
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Extracellular Matrix

ECM constitutes 10–20% of brain volume. It is produced by the surrounding 
cells. ECM not only has a structural function but also a major role in brain 
development, cell survival, migration, maturation, differentiation, and tissue 
homeostasis (33, 34). The main components of the brain ECM are proteogly-
cans, hyaluronan, link-proteins like TN-C, and others (Figure 1) (35). Another 
ECM type in the brain is the basement membrane that covers blood vessels and 
is part of the perivascular space. Deregulated ECM dynamics is a hallmark of 
cancer. The ECM of glioma differs from that of the healthy brain. Whereas uni-
versal ECM components are expressed uniformly in healthy brains (36), in 
high-grade glioma fibrous proteins and laminin are upregulated (15, 37). 
Besides, the interaction of the ECM component hyaluronan with its receptor 
CD44, both being overexpressed in glioma cells, is a major requirement for 
glioma invasion (38–40). For glioma cells to invade the healthy brain tissue, the 
intact ECM has to be destroyed and remodeled. ECM degrading and remodel-
ing enzymes include several MMPs, A Disintegrin and Metalloproteinase with 
Thrombospondin Motifs (ADAMTS), the serine protease plasmin, 6-O-sulfatases, 
heparanases, cathepsins, and urokinase (uPa). These enzymes are not only regu-
lated at the transcriptional and translational levels but also post-translationally 
by their functionally inhibitory pro-domains or by selective natural proteinase 
inhibitors (41).

Figure 1  Mechanisms involved in the migration and invasion of glioblastoma (GBM). The 
migrational phenotype of GBM cells is regulated by a complex interplay of different factors, 
signaling cascades, as well as cellular and environmental features.
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Matrix-metalloproteinases

MMPs are a family of secreted or membrane-anchored endoproteinases (42). Their 
main function is the degradation and remodeling of the ECM. MMP expression in 
the normal brain is low. In glioma, MMPs are overexpressed or activated. MMP-2 
and MMP-9 are of interest for invasive processes in gliomas as their expression 
correlates with tumor grade and progression (43, 44). MMP-2 and MMP-9 con-
vert latent pro-migratory transforming growth factor (TGF)-β into its active form, 
which in turn induces MMP-2 in a feedback loop (see the section “The Role of 
TGF-β in Glioma Cell Motility” (45–47)). MMP-9 expression or activity can be 
regulated by: activation of signal transducer and activator of transcription (STAT)3; 
epidermal growth factor (EGF); FN; vitronectin (VN); interleukin (IL)-1b; tumor 
necrosis factor (TNF)-a; and TGF-b (47–52). Furthermore, glioma cells exploit 
MMP-14 that is expressed by surrounding microglia cells (53). MMP-14 activates 
MMP-2 by cleaving its pro-peptide (54, 55). Furthermore, MMP-3, -7, -12, -13, 
-16, -19, and -26 are also highly expressed and mostly associated with enhanced 
glioma invasion (56–63). MMPs are inhibited by the four tissue inhibitors of 
metalloproteinases (TIMP), TIMP-1–4. They inhibit all MMPs but also have other 
functions including MMP activation. TIMP-2 can form a ternary complex with 
pro-MMP-2 and MMP-14 that is necessary for efficient MMP-2 activation (55, 64). 
High TIMP-1 levels and TIMP-3 silencing are associated with a poor prognosis for 
glioma patients (65–68). Due to these paradoxical effects, the important role of 
TIMPs in glioma invasion remains elusive.

Integrins—The link between the ECM and cells

Integrins are catalytic inactive heterodimeric transmembrane glycoproteins 
responsible for cell–ECM interactions. They are the link between the ECM and the 
cytoskeleton and important for signal transduction. To date, 24 integrins com-
posed of different combinations of 18 a- and 8 b-subunits have been identi-
fied (69). The a/b combination determines ligand specificity. Typical ECM ligands 
for integrins are laminin, collagen, and FN, which are part of the basement mem-
brane in the brain and are expressed by high-grade gliomas (70). Other integrin 
ligands are thrombospondin (TSP), osteopontin (OPN), VN, and TN-C, all being 
overexpressed in gliomas. Upon ligand binding, integrins form clusters, leading to 
activation of the focal adhesion kinase (FAK) and finally to enhanced migra-
tion (71). FAK is active and overexpressed in gliomas, and its expression corre-
lates with the tumor grade (72–74). Upon integrin clustering, the cytoplasmic 
domain attaches to cytoskeletal components to form focal adhesion points at the 
leading edge of migrating cells (75). This adhesion points give cells a polarity 
which enable them to move forward. In GBM, integrin b1 is overexpressed and is 
associated with migration (76, 77). Integrin a9b1 expression correlates with gli-
oma grade and influences MMP-9 expression (78, 79). Furthermore, integrin 
a5b1 can stimulate MMP-2 expression upon interaction with angiopoietin (80). 
In addition, integrin avb3 and avb5 expression is associated with disease 
progression. Both can bind to the latency-associated peptide (LAP) of the LAP-
TGF-β complex and thereby release active TGF-b (81, 82). In summary, integrins 
are substantial for glioma cell migration, establishing the link between the brain 
ECM and the tumor cells (Figure 1).
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Chondroitin sulfate proteoglycans, 
Glycoproteins, and Galectins

One important class of proteoglycans are chondroitin sulfate proteoglycans 
(CSPG), which are overexpressed in glioma and associated with increased glioma 
invasion (83). A subgroup of CSPG, the lecticans, forms tertiary complexes with 
hyaluronan and TN-R. Three of them, versican, BEHAB/brevican, and neurocan, 
are overexpressed in glioma and enhance glioma motility (84–86).

Invasion-promoting ECM glycoproteins secreted in glioma are: Secreted 
Protein Acidic and Rich in Cysteine (SPARC); TN-C supporting cell adhesion 
through integrin binding; OPN and VN (87–90). In addition, TSP-1, a multifunc-
tional matrix glycoprotein, is implicated in cell adhesion, migration, invasion, and 
activation of TGF-β (91; see the section “The Role of TGF-β in Glioma Cell 
Motility”). Galectins are soluble lectins with specificity for b-galactoside which 
allow them to bind to proteoglycans and glycoproteins in the brain ECM (92). In 
malignant gliomas, galectin-1, -3, and -8 are overexpressed and promote glioma 
cell migration and invasion by modulating the actin cytoskeleton (93–96).

Migration-Associated Changes of the Cytoskeleton

Cell migration is a multistep process initiated by binding of chemoattractants or 
pro-migratory factors to cell surface receptors, followed by the activation or inac-
tivation of diverse small GTPases and cytoskeleton reorganization (97). The 
resulting structures are called filopodia, lamellipodia, and podosomes. Turnover 
of adhesion site formation at the cell front and disruption at the rear is essential 
for cell movement (98).

Small GTPases

The most important and well-characterized small GTPases associated with 
cytoskeletal remodeling are: RhoA, which is responsible for coordination of con-
tractility at the cell body and cell rear; RAC-1 that regulates protrusion formation 
at the leading edge; and CDC42 that modulates cell polarity (99). RAC-1 protein 
levels correlate with tumor grade in astrocytomas. In addition, RAC-1 is hyperac-
tivated in GBM (100). Enhanced activity of CDC42 and RAC-1 has been reported 
in infiltrating glioma cells (101). Migration-associated small GTPase activity is 
regulated by a variety of factors and signals. Rho GTPase activity is mediated by 
several receptors and effectors. In GBM, two members of the TNF receptor super-
family act through RAC-1: TNF-like weak inducer of apoptosis (TWEAK) and 
TNF receptor superfamily member 19 (TROY) (99, 102). EGFRvIII, a truncated 
and constitutively active EGF receptor, and Platelet Growth Factor Receptor alpha 
(PDGFRα) activate RAC-1-mediated migration through tyrosine protein kinase 
SRC-dependent DOCK180 phosphorylation (103, 104). RAC-1 is also activated 
by the IQ-domain GTPase-Activating Protein (IQGAP)-1/ADP-Ribosylation Factor 
6 (ARF6), neurotensin, and ephrinB3 signaling (105–107). RAC-1 activity is fur-
ther modulated by CDC42 (104, 108) as well as by axonal guidance molecules 
(see the section “Axonal Guidance Molecules”). RhoA activity correlates with 
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increased glioma cell migration. Functional evidence for the role of RhoA has 
been demonstrated via inhibition of the RhoA effector ROCK, which leads to 
enhanced invasion due to the fact that ROCK, together with mDia, coordinates 
stress fiber formation and focal adhesion, thereby exacerbating migration. The 
activity of Rho and RAC GTPases is tightly regulated by three main proteins: gua-
nine nucleotide exchange factors (GEFs), GTPase-activating proteins (GAPs), and 
guanine nucleotide dissociation inhibitors. Many GEFs (e.g., Ect2, ARHGEF7 
[βPIX], SWAP, SGEF, Vav3, Trio, Dock180, and Dock9) have been correlated with 
glioma pathology, higher tumor grade, and glioma invasion, in particular when 
co-localized with small GTPases (99).

Actin rearrangement, adhesion complexes, 
and cellular protrusions

Nonmotile cells show nonpolarized cell morphology. In these cells, the machin-
ery for actin filament and protrusions formation is inactive. Protrusion formation 
and actin polymerization requires, besides actin, at least six other proteins: the 
Arp2/3 complex; an Arp2/3 complex-activating nucleation promoting factor 
(NPF); a barbed-end capping protein; cofilin and profilin, the latter binding both 
ADP-bound and ATP-bound actin monomers (109). Lamellipodia are flat, 
branched, sheet-like actin membrane protrusions that drive cell migration by 
attaching to the substrate and generating force at the leading edge. Filopodia are 
thin, finger-like projections beyond the lamellipodial edge, composed of long, 
bundled, and unbranched actin filaments. No Arp2/3 complex or cofilin are 
present in filopodia. Invadopodia/podosomes are ventral membrane protrusions 
responsible for ECM degradation with a not yet well-characterized actin organi-
zation (98).

The Wiskott–Aldrich Syndrome (WASP) family consists of two principal 
classes of proteins: WASPs and SCAR/WAVEs. WASP/N-WASP induces invadopo-
dia and podosome formation, while WAVEs are key regulators of lamellipodia. 
Cofilin, involved in de-polymerization and polymerization of actin filaments, is 
highly expressed in migrating GBM cells. It is phosphorylated and inactivated by 
LIM1/2 kinase. For proper migration and protrusion formation, cofilin and LIM 
kinase activity must be perfectly balanced. Invadopodia formation is dependent 
on the activity of cortactin, an actin-binding protein (98).

During cell movement, focal adhesion complexes (FACs) are formed to con-
nect the rearranged actin cytoskeleton to the ECM. While integrin clustering is the 
first step for FAC formation, microtubule extension promotes FAC disruption. 
Several studies reported a transport of integrins from the rear to the front of the 
cell during migration, maintaining the focal adhesion turnover. The presence of 
large focal adhesions creates more links to actin stress fibers and makes cell move-
ment more difficult (110). The molecular structure of FAC includes integrins, 
intracellularly bound to paxillin and talin, which subsequently recruit FAK and 
vinculin. FAK then phosphorylates alpha-actinin, leading to cross-links with actin 
filaments. The resulting structures lead to alterations of the cell morphology and 
the generation of traction force necessary to move the cell body. Recent reports 
indicate that focal adhesion protein expression, like talin and alpha-actinin, 
is related to the invasiveness of glioma cells (111).
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Ion Channels and Their Contribution to Glioma Cell Migration

Autocrine glutamate signaling

Gliomas express glutamate receptors (GluRs) like a-amino-3-hydroxy-5-methyl-
isoxazole-4-propionic acid receptors (AMPAR), N-methyl-D-aspartate (NMDA) 
receptors, and metabotropic mGluRs. AMPARs are composed of four types of 
subunits: GluR1–4. Through autocrine glutamate signaling, they contribute to 
enhanced glioma cell invasion (112, 113). The subunits, especially GluR2, influ-
ence the cation permeability of AMPAR. In the presence of GluR2, the channel is 
Ca2

+
 impermeable, the situation in the mature and healthy brain (114, 115). In 

glioma, GluR2 is not expressed, leading to high Ca2
+
 permeability (116, 117). 

Artificial GluR2 overexpression in glioma cells inhibits migration (117, 118). 
Overexpression of GluR1 positively correlates with glioma cell adhesion to collagen, 
whereas stimulation of AMPAR leads to detachment from the ECM. In a mouse 
glioma model, overexpression of GluR1 results in enhanced invasion of glioma 
cells into the perivascular space similar to patterns described in human GBM.

Hydrodynamic model of glioma cell migration

Glioma cells migrate through the extracellular space in the brain. To aid such migra-
tion, they reduce their volume by more than 30% by releasing cytoplasmic 
water (119). For this purpose, glioma cells exploit ion channels which normally func-
tion as membrane potential regulators (Figure 1). Unlike adult neurons, glioma cells 
have high intracellular Cl− levels (120). This is due to the constitutive expression and 
prolonged activity of the Na+/K+/Cl− cotransporter 1 (NKCC1) that correlates with 
glioma grade and invasiveness (121). Upon opening of Cl− channels, the outflow of 
Cl− is accompanied by the efflux of water through aquaporins due to osmotic forces, 
leading to volume shrinkage. In glioma, the chloride channels ClC-2 and ClC-3 are 
functionally expressed, and blocking them reduces glioma migration (122–124).

The K+ gradient, regulated by Na+/K+-ATPase, is essential for invasion (125). 
The KCa family of Ca2

+
-activated K+ channels, especially KCa3.1, is overexpressed 

in 32% of the glioma patients, and its expression correlates with patient sur-
vival  (126). KCa3.1 is localized at the leading edge of migrating cells, and its 
inhibition results in reduced migration (127, 128). The bradykinin receptor 
B2 (B2R) is also expressed at the leading edge of migrating glioma cells. It is a criti-
cal attractor of glioma cells toward the vasculature, and an activator of ion chan-
nels (127, 129). Binding of bradykinin to B2R leads to increases in intracellular 
Ca2

+  which induces the opening of the KCa3.1 and ClC-3 channels, resulting in 
the efflux of Cl−, K+, and water (16, 127, 130). As a result, the glioma cells shrink 
which enable them to migrate through the narrow space of the brain.

Axonal Guidance Molecules

Glioma cell movement can also occur along myelinated neuronal axons of white 
matter tracts. A multitude of proteins act as axonal guidance molecules by either 
attracting or repelling axonal growth cones and modulating neural cell motility 
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during development (Figure 1). The most prominent axonal guidance molecules 
are: ephrins (Eph); netrins; Slits and their roundabout (Robo) receptors; sema-
phorins (Sema) and their receptors plexin and neuropilin (NRP) (131).

Ephrins

Ephrins serve as ligands of ephrin receptors (EphRs), a family of proteins contain-
ing nine EphR class A and five EphR class B members. Interaction of Eph and 
EphR regulates cell–cell interaction by forward (Eph to EphR) or reverse (EphR to 
Eph) signaling. Eph regulates cell migration, adhesion, morphology, differentia-
tion, proliferation, and survival through Jun-N-terminal kinase (JNK), STAT3, 
PKB/AKT, Rho GTPase, and paxillin pathways. Recent studies have detected an 
abnormal expression of EphB1 receptors in brain tumors (132). Eph proteins 
have a dual role in glioma cell migration: negative regulation that inhibits migra-
tion and positive regulation that promotes migration (133, 134). Therefore, it 
could be postulated that these proteins might serve as regulators of the “Go or 
Grow” behavior of GBM.

Netrins and Slit/Robo

Netrins are a family of laminin-related proteins. Netrin-1, the most prominent 
representative of the netrin family, is widely expressed in fetal and adult brain 
tissues. Its expression is associated with progression of various types of human 
cancers. Netrin-1 binds to UNC5-family dependence receptor (DR) deleted in 
colorectal cancer (DCC), or other UNC5 molecules. While the absence of netrin-1, 
DCC/UNC induces apoptosis, the absence of the DRs or enhanced netrin-1 
expression is tumorigenic. Netrin expression is associated with poor patient prog-
nosis in lower grade gliomas. In GBM cells, elevated netrin expression activates 
notch signaling, finally resulting in the gain of stemness and enhancement of 
invasiveness of these cells (135).

Slit (Slit 1–3) and the Robo receptor family proteins are evolutionarily 
conserved molecules. During normal development, secreted Slit proteins regu-
late axon guidance and neuronal precursor cell migration by mediating chemo-
repulsive signals on cells expressing Robo. In glioma, Slit2 and Robo1 provide 
different patterns. By hypermethylation of its promoter, the expression of Slit is 
low in most gliomas (136), whereas the expression of Robo1 is high. Slit2/Robo1 
signaling inhibits glioma cell migration and invasion by inactivation of CDC42 
signaling. In vivo, Slit-2 mitigates infiltration of glioma cells into the healthy brain 
(137), indicating that a chemo-repulsive signal transmitted by the interaction of 
Slit2/Robo1 participates in glioma cell migration or guidance (138).

Semaphorins and their receptors

Semaphorins (Sema), originally identified as guidance molecules that navigate 
axon growth in the brain, fall into eight subclasses of secreted, membrane-
anchored, and transmembrane proteins (139). Class 3 semaphorins (Sema3) 
transfer their function through a receptor complex consisting of plexins and neu-
ropilin (NRP)-1 and -2 (140, 141). Downstream signaling of Sema involves RhoA, 
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RAC-1, and cofilin, leading to the reorganization of the cytoskeleton (142). 
In GBM cells, inactivation of RhoA by Sema3F leads to the collapse of the cyto-
skeleton, whereas inhibition of Sema3F promotes cell motility (143, 144). Similar 
effects have been observed for Sema3G (145), and higher expression of Sema3G 
in GBM patients has been associated with a better prognosis (146). While Sema3A, 
3B, and 3F show antitumorigenic properties in many cancers, other Sema3 family 
members are associated with tumor progression. Overexpression of Sema3C pro-
motes cell invasion of prostate cancer cell lines, whereas enhanced expression of 
Sema3E induces metastasis in lung cancer (147, 148). Regarding this dual func-
tion of semaphorins, it should be kept in mind that the signaling complexes of 
Semas and their Robo receptors as well as the downstream signaling cascades that 
are modulated by Semas are complex and interconnected, which then might 
finally determine whether they work in a pro- or anti-migratory fashion.

The Role of TGF-β in Glioma Cell Motility

The TGF-β superfamily of cytokines consists of TGF-β 1–3 which are master 
regulators of inflammation and cell differentiation. They play a key role in tumor 
progression and metastasis (149). After binding to the TGF-β receptor (TGFβ-R)-I, 
TGFβ-RII is phosphorylated. This in turn phosphorylates SMAD2/3, which then 
combines with SMAD4. This complex translocates to the nucleus and regulates 
gene expression (150). TGF-β is heavily secreted by glioma cells in vitro and 
in vivo. TGF-β promotes a mesenchymal phenotype in GBM cells, enhancing inva-
sion and migration in vitro, and in an orthotopic mouse model (151). TGF-β also 
stimulates the production of reactive oxygen species (ROS), and activates ERK1/2, 
JNK, and NFκB. NFκB finally upregulates the expression of MMP-9 (152). Other 
mechanisms of TGF-β influencing the ECM and promoting migration include the 
upregulation of integrin αvβ3 and the versican isoforms V0/V1 (84, 153). 
Furthermore, TGF-β suppresses phosphatase and tensin homolog (PTEN) in 
glioma cells through enhanced miR10a/b expression (154). In patient samples, 
TGFB1I1 (TGF-β1-induced transcript 1) expression was found to be correlated 
with tumor grade, and activation of EMT pathways (152). In reaction to radiation 
treatment, the invasion capability of glioma cells is enhanced and TGF-β is upreg-
ulated. This suggests a role for TGF-β in treatment resistance (155).

EMT-Like Processes

EMT is a process by which epithelial cells lose their polarity and cell–cell adhesion, 
resulting in a mesenchymal phenotype characterized by enhanced motility, chemo-
resistance, and stem-like properties. EMT is involved in various biological func-
tions such as wound healing, embryonic development, and fibrosis (156). In 
epithelial carcinoma, EMT is a well-established driver of invasion and metastasis 
(157), and even though gliomas are nonepithelial tumors, EMT-like processes have 
been described (158). Among the signals that have been shown to induce EMT in 
glioma are TGF-β, EGF, and Hypoxia-Inducible Factor (HIF; Figure 1) (159).
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TWIST, SNAIL, SLUG, and ZEB

TWIST1 and TWIST2 are helix-loop-helix TFs involved in EMT during develop-
ment and cancer progression (160). In glioma, TWIST was found to be a possible 
prognostic marker, and its expression correlates with tumor grade (161, 162). 
TWIST overexpression promotes invasion of glioma cells in vitro and in ortho-
topic glioma xenotransplants in vivo by inducing the expression of EMT-associated 
genes like MMP-2 and FN-1. The SNAIL family of transcriptional repressors 
consisting of SNAIL/SNAI1 and SLUG/SNAI2 is known to drive invasion and 
metastasis in various carcinomas (163). SNAIL binds to E-box DNA sequences of 
genes related to an epithelial phenotype through carboxy-terminal zinc-finger 
domains, thereby suppressing their expression. Knockdown of SNAIL in glioma 
cells by siRNA diminished glioma migration and invasion (164, 165). In GBM, 
the Rho family GTPase (RND)-3 has been shown to promote the degradation of 
SNAIL in vitro and in vivo, while downregulation of RND3 strongly induces 
SNAIL expression and migration (166). SLUG expression was found to correlate 
with histologic grade and invasive phenotype in glioma, whereas knockdown of 
SLUG attenuated invasion and prolonged survival in an intracranial mouse 
model (167).

The TFs Zinc-finger E-box Binding homeobox proteins (ZEB)-1 and -2 also 
bind to E-boxes of DNA sequences, thereby repressing cell polarity-associated 
genes such as E-cadherin/CDH1, cell–adhesion molecules, and stemness-inhibiting 
miR-200 (168, 169). In GBM patients, ZEB-1 overexpression correlated with poor 
overall survival. Glioma cells implanted in mice brain were less invasive after 
knockdown of ZEB-1. ZEB-1 and PDGFRα were found to be co-expressed in tissue 
samples from GBM patients, while high expression of both ZEB-1 and activated 
PDGFRα was identified to significantly coincide with poor survival. The same 
study further established Protein Tyrosine Phosphatase/Nonreceptor type (PTPN)-1 
as a regulator of ZEB-1-induced and PDGFR-induced EMT in glioma (170). EMT 
may also be directly promoted by the microenvironment of GBM. Both the hypoxic 
marker HIF1α and ZEB-1 were shown to colocalize in hypoxic areas of human 
GBM. In glioma cells, the suppression of HIF1α negatively affected the level of 
ZEB-1 (22). ZEB-2 was overexpressed in glioma tissue samples compared to healthy 
brain tissue, and higher expression of ZEB-2 correlated with glioma pathology 
grading. Knockdown of ZEB-2 showed an upregulation of E-cadherin, whereas 
N-cadherin and SNAIL were repressed (171).

Cadherins

Cadherins are Ca2
+
-dependent transmembrane molecules with an important role 

in cell to cell adhesion, recognition, and signaling (172). In epithelial cancers, the 
loss of E-cadherin and an increased expression of N-cadherin, the so-called “cad-
herin switch,” is considered to be a hallmark of EMT (173). In tissues of GBM and 
healthy brain, the expression of E-cadherin is generally only marginal (174, 175). 
However, in a minor subset of GBM showing epithelial differentiation, high 
expression of E-cadherin is observed, correlating with poorer clinical outcome 
compared to GBM with low or no E-cadherin expression. Glioma cells with high 
E-cadherin expression show greater invasion when orthotopically implanted 
in  mice (176). In contrast to its role in carcinoma, N-cadherin is frequently 
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downregulated in GBM compared to the healthy brain (177, 178). N-cadherin 
overexpression has been shown to decrease glioma invasion in vitro and in 
vivo (179). Interestingly, the role of N-cadherin in glioma is postulated not only to 
be determined by its expression level but also by its distribution in the cell mem-
brane (180). ZEB-1 knockdown in GBM cells showed a loss of invasiveness and 
concentration of N-cadherin to the juxtaposed membranes between adjacent 
cells; the axon-guidance molecule Robo-1 mediated by ZEB-1 can reverse this 
process by severing the anchorage of N-cadherin to the cytoskeleton (181).

Conclusion

Migration and invasion of glioma cells in the brain follow different migratory 
routes. It is a complex process regulated by the surrounding environmental condi-
tions, and interconnected by diverse signaling cascades. Understanding the pro-
cess of migration and invasion of glioma cells is of central importance since these 
characteristics make GBM aggressive and complete resection impossible. 
Identifying the molecular mechanisms that govern the motility of GBM cells will 
help develop new therapeutic strategies to treat this deadly tumor.
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Abstract: The vast majority of the human genome is transcribed into noncoding 
RNAs. Among these, microRNAs (miRNA) and long noncoding RNAs (lncRNA) 
are frequently deregulated in cancer, where they regulate a wide variety of func-
tions. Glioblastoma (GBM) is the most common and the most deadly primary 
human brain tumor. This chapter reviews the deregulation, functions, mecha-
nisms of action, and clinical applications of miRNAs and lncRNAs in GBM. 
miRNAs are short noncoding RNAs that broadly and profoundly regulate gene 
expression. Numerous miRNAs are deregulated in GBM, where their expression 
levels can serve as diagnostic and prognostic biomarkers. miRNAs can act as 
oncogenes or tumor suppressors in GBM by regulating the expression of numer-
ous tumor-suppressive or oncogenic proteins. miRNAs regulate all GBM malig-
nancy parameters including tumor cell proliferation, cell survival, invasion, 
angiogenesis, cancer stem cells, immune escape, and therapy resistance. miRNAs 
are also secreted in body fluids, where they can be used as biomarkers. Because of 
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their deep involvement in GBM malignancy, efforts are under way to also exploit 
miRNAs as therapeutic agents or targets. lncRNAs are a diverse group of noncod-
ing RNAs that are >200 nucleotides long. Several lncRNAs are deregulated in 
GBM, where their expressions can associate with clinical parameters. lncRNAs 
regulate GBM functions including tumor cell proliferation, survival, invasion, 
cancer stem cell differentiation, and therapy resistance. lncRNAs exert their 
actions via transcriptional, post-transcriptional, and epigenetic mechanisms that 
are only partly understood. Studying noncoding RNAs is important for the under-
standing, management, and development of future therapies for GBM.

Key words: Cancer stem cells; Glioblastoma; Glioma; Long noncoding RNA; 
microRNA

Introduction

The vast majority (>80%) of the human genome is transcribed into RNA. However, 
only ~2% of RNA is translated into proteins. Consequently, the vast majority of 
cellular RNAs are noncoding RNAs (ncRNAs). NcRNAs function as crucial 
regulators of biological, physiological, and pathological processes and are not evo-
lutionary junk as previously thought. In the last decade, the small ncRNAs 
(microRNAs; 17–22 nucleotides) and long ncRNAs (lncRNAs; >200 nucleotides) 
have been extensively studied in cancer and have furthered our understanding 
and knowledge of cancer initiation and progression, and offered new therapeutic 
avenues. A  large number of studies have shown that microRNAs and lncRNAs 
play important roles in almost every aspect of cancer, including tumor initiation, 
progression, and resistance to therapy, as well as providing biomarkers for diagno-
sis and prognosis and serving as therapeutic agents or targets. This chapter reviews 
the roles of microRNAs and LncRNAs in glioblastoma (GBM).

Glioblastoma

Gliomas are the most common and most malignant primary human brain tumors. 
They are extremely aggressive tumors that account for the majority of deaths due 
to primary brain neoplasms (1). Despite the most advanced treatment with 
combinations of surgery, radiotherapy, and chemotherapy, the most commonly 
diagnosed grade IV GBM is associated with an average life expectancy of only 
14 months. The origin of gliomas is largely unknown, but there is increasing spec-
ulation that they might arise from glioma stem cells (GSCs), which might consist 
of transformed normal neural stem cells (NSCs). GBM malignancy is driven by the 
deregulation of molecules and pathways that control tumor cell proliferation, sur-
vival, invasion, and stem cell differentiation (2). The Cancer Genome Atlas (TCGA) 
classified these molecular deregulations as belonging to three major pathways: 
Receptor tyrosine kinase (RTK), p53, and Rb pathways (3). Factors responsible for 
GBM malignancy and poor prognosis include rapid cell proliferation, resistance to 
apoptosis, invasion of the surrounding brain, high levels of angiogenesis, immune 
evasion, and the existence of therapy-resistant GSCs.
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MicroRNAs

MicroRNAs (miRNAs) are short, noncoding, endogenous RNAs (17–22 nucleo-
tides) that post-transcriptionally regulate gene expression. More than 3,000 
human miRNAs have been identified to date (4, 5). Around two-thirds of miRNA 
coding genes are located in introns (6, 7). One-third of miRNAs are transcribed as 
independent single transcriptional units or in clusters (6–8). MiRNA genes are 
transcribed by RNA polymerase II as pri-miRNA and then processed into pre-
miRNA by the RNase III enzyme Drosha and its interacting partner DGCR8 or 
Pasha. The pre-miRNA is exported to the cytoplasm by exportin-5 and converted 
into a mature duplex by the Dicer complex (9–11). Mature miRNAs regulate their 
targets by incorporating into the RNA-induced silencing complex (RISC) and 
directing it to the targeted mRNA 3′ untranslated region (3′UTR) (12). MiRNAs 
directly cleave the mRNA or inhibit protein synthesis, according to the degree of 
complementarities with their targets’ 3′ untranslated regions (3′ UTR) (Figure 1). 
Notably, single miRNAs can regulate the expressions of numerous genes and most 
genes are regulated by multiple miRNAs. Computational predictions of miRNA 
targets suggest that more than 60% of human protein expressions are regulated by 
miRNAs (13). miRNAs are frequently deregulated in human cancers via genetic, 
epigenetic, transcriptional, and processing mechanisms (14–19). Deregulation of 
miRNA expression has been associated with cancer initiation, progression, and 
metastasis (20, 21). By targeting the mRNAs of oncogenes or tumor suppressors, 
miRNAs can act as tumor suppressors or oncogenes, respectively. miRNAs regu-
late all aspects of cancer biology including cell cycle, proliferation, death, apopto-
sis, migration, invasion, metastasis, angiogenesis, tumor microenvironment, 
tumor immunology, and cancer stem cell biology (5) (Figure 2). Thus, correcting 
miRNA deficiencies by either antagonizing or restoring miRNA function may pro-
vide a therapeutic benefit.

miRNA deregulation and association with clinical 
parameters in GBM

Several studies have shown that miRNA expression is deregulated in GBM. Recent 
reviews (22, 23) summarized the differentially expressed miRNAs in GBM and 
showed that 256 miRNAs were significantly overexpressed and 95 miRNAs were 
significantly downregulated in GBM as compared to the normal brain tissue. 
There follows a brief survey of select deregulated miRNAs in GBM.

MiR-21 was the first miRNA to be linked with glioma malignancy. Most reports 
describe miR-21 as an oncogenic miRNA. MiR-21 levels are elevated in human 
glioma cells and tissues as compared to normal glial cells and/or brain (24–26). In 
addition, miR-21 levels in gliomas correlate with tumor grade, and low miR-21 
levels in human tumors are associated with slightly better survival according to 
the TCGA database (27, 28).

Several reports have implicated miR-221/222 in glioma malignancy. A screen-
ing study identified miR-221 as one of the most frequently upregulated miRNAs 
in human glioma tumors and cell lines (29). MiR-221 upregulation was confirmed 
in a subsequent study which also found that miR-221 levels are further increased 
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Figure 1  miRNA biogenesis and functions. Black lines indicate the canonical pathway, with 
minor pathways depicted in gray lines. Modified with permission from Lee and Dutta (5).
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Figure 2  Mechanisms of miRNA deregulation in cancer. Modified with permission from 
Lee and Dutta (5).
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in higher grade tumors (30). TCGA data show that miR-221/222 downregulation 
in human tumors is associated with a better patient prognosis.

MiR-181a, miR-181b, and miR-181c were reported to be downregulated in 
GBM cells and tumors (29). miR-181a and, to a greater extent, miR-181b were 
subsequently described as tumor suppressors (31). Moreover, miR-181b and 
miR-181c were significantly downregulated in patients who responded to radia-
tion therapy and temozolomide (TMZ) in comparison to patients with progres-
sive disease. It was therefore proposed that expression levels of miR-181b and 
miR-181c could serve as a predictive marker of response to therapy in GBM 
patients (32).

Two high-profile publications identified miR-26a as a regulator of the tumor 
suppressor PTEN in gliomas (33, 34). The first publication showed that miR-26a 
gene is frequently amplified in human gliomas and that this is associated with 
monoallelic PTEN loss. The second publication used a multidimensional genomic 
data set of GBM from TCGA to identify miR-26a as a cooperating component of a 
frequently occurring amplicon that also contains CDK4 and CENTG1, two onco-
genes that regulate the RB1 and PI3K/AKT pathways, respectively.

Analysis of human specimens showed that miR-34a expression is downregu-
lated in GBM tissues compared to normal brain and in mutant p53 gliomas as 
compared with wild-type p53 gliomas. MiR-34a was also downregulated in GBM 
cell lines compared to astrocytes. MiR-34a levels in human gliomas were inversely 
correlated to RTK MET, measured in the same tumors (35).

MiR-148a expression was elevated in human GBM specimens, cell lines, and 
GSC compared with normal human brain and astrocytes. High expression of miR-
148a significantly correlated with survival in TCGA samples. Therefore, miR-148a 
can serve as a prognostic oncogenic miRNA in GBM (36).

MiR-10b expression was upregulated in glioma samples as compared to non-
neoplastic brain tissues, and expression levels were associated with higher grade 
tumors. Several lines of evidence suggest that miR-10b plays a role in glioma 
invasion (37, 38).

A recent study identified miR-182 as a prognostic marker for glioma progres-
sion and patient survival (39). miR-182 was upregulated in glioma cell lines and 
primary glioma specimens as compared to normal brain. miR-182 expression lev-
els in the tumors significantly correlated with tumor grade and clinical features. 
The 5-year survival rates of patients with low miR-182 levels were significantly 
better than the survival rates of patients with high miR-182 levels. Additional 
miRNAs that are differentially expressed in GBM are listed in Table 1.

Secreted miRNAs as GBM biomarkers

GBM cells shed microvesicles with cytoplasmic contents including substantial 
quantities of miRNAs that are stably preserved to allow quantitation in patient 
serum and cerebrospinal fluid. The quantification of miRNAs in fluid samples 
would permit noninvasive determination of GBM features based on miRNA 
signatures (40, 41). Interestingly, microvesicle shedding by GBM cells enables 
them to “share” miRNAs with surrounding cells, modifying nearby stromal 
cells, and essentially terraforming their environment (42). There are many 
examples of miRNAs released from tumor cells that indicate the importance 
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of  their roles in the modulation of the microenvironment in GBM (Table 2). 
MiR-21 is upregulated (43), while miR-205 is downregulated in patient plasma 
(44,  45). Many more miRNAs have been described as highly expressed in 
peripheral blood as compared to normal samples (46). MiR-454-3p was highly 
expressed in the plasma of GBM patients as compared to healthy controls and 
was lower in low-grade glioma. Furthermore, miR-454-3p expression in the 
postoperative plasma is markedly downregulated in comparison to preopera-
tive plasma, and a correlation of worsening prognosis of glioma was observed 
with increasing miR-454-3p expression (47). MiR-29 levels in serum can serve 
to distinguish the progression of malignancy from stage I–II to stage III–IV 
(48). In addition, a huge increase in miR-210 expression was found in serum 
samples of GBM patients compared to controls and this was associated with 
tumor grade and poor outcome (48). A study of serum miRNA profiles found a 
significant difference of miRNA levels between untreated high-grade astrocyto-
mas (grade III–IV) and controls in a genome-wide miRNA analysis. Seven miR-
NAs (miR-15b*, miR-23a, miR-133a, miR-150*, miR-197, miR-497, and 
miR-548b-5p) were markedly decreased in grade II–IV patients and showed 
high specificity (97.87%) and sensitivity (88.00%) for the prediction of malig-
nant astrocytomas (48, 49).

miRNAs in GSCs

GSCs are major contributors to therapy resistance in gliomas. It was shown that 
CD133+ tumor cells, presumably GSCs, represent the cellular population that 
confers glioma radioresistance and could be the source of tumor recurrence after 
radiation (50). It was hypothesized that GSCs originate from transformed NSCs. 
This hypothesis was recently supported by a study that found that gliomas dis-
play a miRNA expression profile reminiscent of neural precursor cells (51). 
Discussed below are select critical miRNAs that have been implicated in the regu-
lation of GSCs (summarized in Figure 3 and Table 1). A study assessed the effects 
of miR-124 and miR-137 on the differentiation of mouse NSCs, mouse oligoden-
droglioma-derived stem cells, and human GSCs (26). Transfection of miR-124 or 
miR-137 induced morphological changes and marker expressions consistent 
with neuronal differentiation in mouse NSCs, mouse oligodendroglioma-derived 
stem cells derived from S100β-v-erbB tumors, and CD133+ human GBM-derived 
stem cells. This study therefore implicated miR-124 and miR-137 in the differen-
tiation of NSCs and GSCs. A subsequent report examined the miRNA profiles of 
GSC and nonstem cell populations and found that several miRNAs including 
miR-451, miR-486, and miR-425 were upregulated in the GSCs (53). The expres-
sion of miR-451 is regulated by SMADs, which have been previously associated 
with GSC regulation, through binding to promoter region of miR-451 gene (54).
Two studies uncovered critical roles of miRNA-34a in GSCs (35, 55). It was first 
shown that miR-34a is downregulated in human GBM and exerts potent tumor-
suppressive effects in glioma cells and stem cells via direct inhibition of MET, 
NOTCH1, and NOTCH2 expressions. NOTCH is a critical regulator of normal 
and cancer stem cell maintenance (56–58). NOTCH pathway activation enhances 
the stemness, proliferation, and radioresistance of GSCs (57–60). These studies 
therefore implicated miR-34a in the regulation of GSCs partly via regulation of 
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NOTCH expression. The miR-17-92 cluster has been implicated in the regulation 
of GSC differentiation, apoptosis, and proliferation (61). It was first shown that 
expression of several members of miR-17-92 was significantly higher in primary 
astrocytic tumors than in the normal brain and significantly increased with tumor 
grade. A high-level amplification of the miR-17-92 locus was also detected in one 
GBM specimen, while inhibition of miR-17-92 induced apoptosis and decreased 
cell proliferation of GSCs.

Functions and Targets of miRNAs in GBM
Cell proliferation, viability, and stemness

One distinctive characteristic of GBM is uncontrolled proliferation and evasion of 
programed cell death. MiRNA deregulation is one mechanism for sustained pro-
liferation and evasion of apoptosis through regulation of the cell cycle, apoptosis, 
and growth signaling pathways.

AP-1–induced miR-21 downregulates tumor suppressors PDCD4 and PTEN. 
Inhibition of PDCD4 contributes to an increase in AP-1 activity, revealing an AP-1 
autoregulatory mechanism in RAS transformation (62). MiR-21 exerts antiapoptotic 
effects and enhances tumor formation through targeting of p53 and TGF-β signaling 

Figure 3  Regulation of glioblastoma stem cell targets and functions by miRNAs. Modified with 
permission from Zhang et al. (52).
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and the mitochondrial apoptotic pathway (63). MiR-21 affects apoptosis and the 
cell cycle by inhibiting heterogeneous nuclear ribonucleoprotein K (HNPRK); the 
tumor suppressor homologue of p53 (Tap63); programmed cell death 4 (PDCD4); 
and possibly also EGFR, cyclin D, and Bcl2 (63–65), as well as ANP32A, SMARCA4, 
SPRY2, IGFBP3, and LRRFIP1 (4, 66–68). MiR-21 is therefore an important 
miRNA  in gliomas that exerts oncogenic effects by regulating cell proliferation 
and survival.

MiR-221/222 directly targets the tumor suppressor and negative regulator of 
the cell cycle, p27 (69, 70). miR-221/222 can inhibit apoptosis by targeting 
p53-upregulated modulator of apoptosis (PUMA), which acts to induce rapid 
cell death via binding to Bcl-2 and Bcl-xL. Therefore, overexpression of miR-
221/222 and subsequent downregulation of PUMA enhance cell survival while 
knockdown of miR-221/222 induces apoptosis, thereby reducing tumor growth 
(71, 72).

MiR-26a regulates the major tumor suppressor PTEN in glioma (33, 34). It 
was shown that miR-26a can transform cells and promote GBM cell growth 
by  decreasing PTEN, RB1, and MAP3K2/MEKK2 protein expression, thereby 
increasing AKT activation, promoting proliferation, and decreasing c-JUN 
N-terminal kinase-dependent apoptosis. Overexpression of miR-26a in PTEN-
competent and PTEN-deficient GBM cells promoted tumor growth in vivo and 
increased growth in cells overexpressing CDK4 or CENTG1. MiR-335 is upregu-
lated in GBM and acts to prevent apoptosis and promote cell growth and inva-
sion of astrocytoma cells by targeting the potential tumor suppressor 
disheveled-associated activator of morphogenesis 1 (DAAM1), as well as regulat-
ing RB1 in a p53-dependent manner (73). Inhibition of miR-335 leads to effec-
tive suppression of growth and increased apoptosis of astrocytoma cells. 
Importantly, delivery of a miR-335 antagonist to rat glioma C6 cells prevented 
tumor growth, resulted in activation of apoptosis, and repressed invasion of 
astrocytoma xenografts (74).

MiR-34a is a downregulated miRNA in GBM that directly inhibits the expres-
sion of MET, NOTCH1, NOTCH2, CDK6, CCND1, and SIRT1 (35, 75–77). 
MET is a commonly overexpressed and activated RTK in GBM and is responsi-
ble for mediating multiple growth-signaling pathways. NOTCH is a critical 
regulator of cell fate and cancer stem cell maintenance (56–58). CDK6 and 
CCND1 are well-known cell-cycle regulators. By targeting these important mol-
ecules involved in cell proliferation, miR-34a inhibits cell survival, prolifera-
tion, and invasion, as well as GSCs self-renewal (35, 55).RTKs are co-deregulated 
in the majority of GBM. MiR-134 is upregulated in human tumors and GSCs 
and is regulated by the RTKs, MET, EGFR, and PDGFR (19). MiR-134 inhibits 
GSCs self-renewal, survival, and xenograft growth and induces GSC differentia-
tion by directly binding to KRAS and STAT5B 3′ UTRs. MiR-134 therefore rep-
resents an RTK-regulated tumor-suppressive hub that mediates RTK effects on 
GBM malignancy.

Many more miRNAs, including the tumor-suppressive miR-181, miR-15b, 
miR-153, miR-184, miR-326, miR-218, and miR-451 (23, 78–80), inhibit pro-
liferation and/or induce apoptosis in GBM. Additional upregulated oncogenic 
miRNAs that promote glioma cell viability and proliferation include miR-296 
(81), miR-125b (82), miR-196a (83), miR-148a (36), miR-363, and miR-582-5p 
(84, 52).
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Migration and invasion

The lethality of GBM is partly attributed to extensive and diffuse tumor cell infil-
tration throughout the brain. The invasive growth of GBM is driven by the modu-
lation of cell-to-cell and cell-to-matrix interactions, degradation, and remodeling 
of the extracellular matrix, cytoskeletal reorganization, and gain of migratory 
behavior (85). These processes are regulated by miRNAs. The oncogenic miR-21 
promotes GBM invasiveness through suppression of the expression of matrix 
metalloprotease (MMP) inhibitors. MMPs are a family of enzymes that function in 
proteolysis of extracellular matrix components and are critical for the migration 
and invasion properties of tumor cells. By targeting multiple molecules, such as 
RECK, TIMP3, ANP32A, and SPRY2, miR-21 can induce the expression and 
activity of various MMPs, increase Ras/Raf binding, and activate ERK phosphory-
lation, thereby enhancing the invasive potential of GBM cells (27, 68, 86).Several 
studies  reported that miR-146b and miR-10b can also promote GBM invasion 
(37,  87–89). MiR-146b inhibits MMP16 and leads the increased invasion in 
GBM, whereas MiR-10b can enhance GBM invasive growth by indirectly modu-
lating MMP14 as well as uPAR and RhoC through direct binding and inhibits 
upstream target, HOXD10 (37, 88). When treated with antisense miR-10b, GBM 
cells display reduced growth, invasion, and angiogenesis, as well as enhanced cell 
death (38, 88, 89).The let-7 family of tumor-suppressive miRNAs is inhibited by 
Lin28A, which is normally expressed in development but is also found overex-
pressed in GBM by TCGA data analysis. There is a strong correlation in GBM 
between Lin28A expression and expression of the pro-invasive HMGA2 gene tar-
geted by let-7 miRNAs, and an inverse correlation with let-7 family members. 
Overexpression of let-7g can reverse the invasive phenotype of Lin28A-expressing 
GSCs (90).

Angiogenesis

One of the primary characteristics of GBM is its ability to create extensive micro-
vasculature networks. New blood vessel growth orchestrates the growth of aggres-
sive GBM by supplying a greater quantity of energy and nutrients, in addition to 
providing infrastructure for invasion. A number of miRNAs have been identified 
as important regulators of neovascularization in GBM (91). MiR-218 was shown 
to prevent GBM tumor angiogenesis and cell survival by targeting multiple com-
ponents of RTK signaling pathways and the hypoxia-inducible factor, HIF2α 
(92). MiR-125b is downregulated in both human GBM-associated endothelium 
and in endothelial cells cultured with conditioned medium from GBM cells (82). 
Myc-associated zinc finger protein (MAZ), a transcription factor that regulates 
vascular endothelial growth factor (VEGF), is a target of miR-125b that is overex-
pressed in GBM-associated endothelium and is driven by VEGF. It was reported 
that miR-296 is a GBM angiogenic miRNA that is upregulated in tumor-associated 
endothelial cells. Augmented expression of miR-296 is associated with increased 
endothelial cell tube formation and enhanced vascularization of tumors, while 
knockdown of miR-296 results in reduced tumor angiogenesis (81).miR-210-3p 
is induced under hypoxic growth conditions and directly targets HIF3α, a nega-
tive regulator of hypoxic response that acts through downregulation of VEGF. 
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Therefore, miR-210-3p overexpression induces HIF, VEGF, and CA9 transcrip-
tional activity, enhancing vasculogenesis, while inhibition of miR-210-3p under 
hypoxia inhibits HIF-mediated induction of VEGF and CA9, reducing vascular 
density and tumor growth in vivo (93).A member of the miR-17 family, miR-93, 
plays a role in GBM-associated angiogenesis by targeting integrin B8, a tumor 
suppressor and inhibitor of angiogenesis (94). MiR-93 was sufficient to enhance 
angiogenesis and tumor growth and drastically reduce survival in a xenograft 
model of GBM.

Immune evasion and drug resistance

Increased antitumor immune responses have been linked to enhanced survival in 
many cancers, including GBM (95–101). MiRNAs regulate immune evasion. MiR-
124 inhibits STAT3 to enhance T-cell-mediated immune clearance of glioma 
(102). Treatment of T cells isolated from GBM with miR-124 reversed a block in 
T-cell proliferation and also reduced expression of signal transducer and activator 
of transcription 3 and forkhead box P3—ultimately inhibiting the development of 
immune-suppressive regulatory T cells (102). MiR-124 delivery in mouse GBM 
xenograft models prolonged survival but only in immunocompetent mice. Dicer, 
miR-222, and miR-339 expressions were inversely associated with the expression 
of intercellular cell adhesion molecule (ICAM-1) and they enhanced the suscepti-
bility of tumor cells to antigen-specific lysis by cytotoxic T-lymphocytes. MiR-222 
and miR-339 contribute to GBM evasion of the immune system by targeting 
ICAM-1, which modulates T-cell responses (103).A major challenge of GBM ther-
apy is the resistance to chemotherapy and/or radiotherapy. A number of miRNAs 
can influence therapeutic sensitivity by targeting multidrug resistance proteins 
(104). MiR-21 strongly reduces the effect of TMZ on apoptosis, which is mediated 
through inhibition of proapoptotic proteins Bax and caspase-3 as well as upregu-
lation of antiapoptotic protein Bcl-2 (105). Inhibition of miR-21 can enhance the 
chemosensitivity of human GBM cells to TMZ and other drugs including pacli-
taxel, sunitinib, doxorubicin, and VM-26 (106–110). MiR-195, miR-455-3p, and 
miR-10a* were also implicated in TMZ resistance as they were upregulated in a 
TMZ resistant variant of the U251 GBM cell line (111). Knockdown of miR-195 
was shown to significantly enhance the effectiveness of TMZ. Two studies exam-
ined the link between the miRNA levels (32) and TMZ resistance (112) in GBM. 
They found that miR-221, miR-222, miR-181b, miR-181c, and miR-128 were 
significantly downregulated in GBM, while miR-21 was overexpressed. MiR-181b 
and miR-181c had the strongest correlation with responsiveness to TMZ treat-
ment, indicating their potential as predictive markers for response to TMZ ther-
apy. MiR-125b-2 has also been shown to increase resistance of GSCs to TMZ, 
whereas peptide nucleic acid (PNA) miR-125b inhibitors increase TMZ-induced 
GSCs apoptosis via mediation of cytochrome c release from the mitochondria, 
caspase-3, and PARP activation (113). MiR-328 has been found to sensitize GSCs 
to chemotherapy through downregulating the expression of ATP-binding cassette 
subfamily G member 2 (ABCG2), a transporter that regulates shuttling of sub-
strates across the cellular membrane (114). MiR-100 has been reported to increase 
the sensitivity of glioma cells to ionizing radiation through the downregulation of 
ataxia telangiectasia mutated (ATM) (115).
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miRNA Therapeutics

Because miRNAs regulate all aspects of cancer, they represent promising thera-
peutic agents or targets. The goal of miRNA therapeutics is to replace tumor sup-
pressor miRNAs or inhibit oncogenic miRNAs. There are a host of possible choices 
for both the therapeutic payload and the delivery vector. A number of reports in 
GBM describe preclinical efforts to characterize individual oncogenic and tumor-
suppressive miRNA that can be targeted in vitro, with some evidence of efficacy in 
mouse models; however, none of them has moved on to clinical trials in GBM 
patients to date.

As described earlier in this chapter, numerous groups have reported oncogenic 
and tumor-suppressive miRNAs, affecting cell viability in GBM. Therapeutic 
efforts targeting oncogenic miRNAs have largely focused on delivering stabilized 
antisense oligonucleotides complementary to the miRNAs sequence. Preclinical 
studies with GBM tumor-suppressive miRNAs have consisted of forced overex-
pression of miRNA mimics. Among the GBM oncogenic miRNAs described in 
multiple studies, miR-21 and miR-10b figure prominently (38, 116–118). Several 
of these GBM miR-21 and miR-10b studies have demonstrated preclinical efficacy 
with delivery of miRNA antisense, some of which are dubbed “antagomiRs” (anti-
miR); miR-10b may be an especially powerful oncogenic miRNA in GBM. One 
group has now shown preclinical efficacy in GBM models with a radically differ-
ent approach to targeting miR-10b; viral delivery of CRISPR/Cas9 elements was 
used to eliminate miR-10b expression in GBM (119). Even more studies have 
identified tumor-suppressive microRNAs in GBM and shown their potential for 
therapeutic delivery. Among these translational studies of tumor-suppressive miR-
NAs and their therapeutic potential in GBM, miR-34a has received the most atten-
tion (35, 55). Others include miR-326, mir-297, miR-128, and miR-182 
(120–124). Most of the published work with tumor-suppressive miRNAs in GBM 
has involved ex vivo transfection prior to GBM cell implantation in the mouse 
brain, but some studies have reached the higher bar of demonstrating in vivo effi-
cacy with tumor-suppressive miRNA delivery to previously established orthotopic 
GBM in mice. A number of studies have also shown the potential of miRNA-based 
therapies to indirectly attack GBM, through its vasculature or through immuno-
therapeutic effects (82, 92, 94, 102, 103).

The problem of efficient delivery of miRNA-based therapies to GBM remains 
perhaps the biggest challenge. Numerous approaches tested preclinically have 
involved local delivery, sometimes with the addition of convection-enhanced 
delivery (CED) to drive better penetration of the agent into the tumor and the 
nearby brain. These local delivery approaches have typically used lentivirus, ade-
novirus, or one of a large variety of nanoparticles as vectors to transfect the GBM 
cells. While in the occasional report naked miRNA or anti-miRNA has been 
infused, it is typically more efficient to use a viral or nanoparticle vector to get 
substantial quantities of the payload into GBM cells. It should also be noted that 
intravenous delivery of miRNA-based therapeutic vectors might be a possibility 
for GBM; some reports describe approaches targeted to the brain vasculature or 
designed to pass through the blood–brain barrier or locally disrupt it (124, 125).

One key question for miRNA-based therapies directly targeting GBM cells is 
whether it is necessary for the therapeutic vector to reach all or nearly all of the 



Zhang Y et al. 117

malignant cells to be highly effective. Some therapies might yield a bystander 
effect allowing for less-than-perfect delivery, but in general, it is likely that deliv-
ery will have to be highly efficient. However, this requirement might well be eased 
substantially by a biologic phenomenon found to be prominent in GBM cells—
intercellular sharing of cytoplasmic contents through exosome shedding and 
uptake (126). This has been found in GBM cells to allow transduced cells to share 
cytoplasmic contents such as overexpressed miRNAs with adjacent GBM cells 
(42), which could dramatically reduce the need to reach the overwhelming major-
ity of the GBM cells with any miRNA-based therapy.

Although there are numerous preclinical studies on miRNA-based therapeutic 
strategies for GBM, none has yet advanced to clinical trials in patients. However, 
miRNA-based therapeutics have entered clinical trial testing for other cancers, 
and GBM might not be far behind. A miRNA-34a therapeutic entered a Phase I 
trial for certain cancers (NCT01829971), enrolling 47 patients, yielding a partial 
response and four cases of stable disease, but it was marked by significant inflam-
matory side effects requiring immunosuppressive steroid premedication (127). 
This immune reaction may represent yet another challenge with miRNA thera-
peutics in the clinic, and it is hoped that valuable information will be gleaned 
from the analysis of this trial.

Long Noncoding RNAs

LncRNAs are nonprotein coding transcripts that are longer than 200 nucleotides 
(nt). LncRNAs are emerging as significant regulators of critical biological func-
tions in human disease, including cancer and GBM (128–132). Over 50,000 
human lncRNAs have been identified (133–135) and similar catalogs have been 
generated from various mouse tissues and model organisms (136–140). lncNRAs 
can regulate gene expression at the transcriptional, post-transcriptional, and epi-
genetic levels (141). Recent studies indicate that lncRNAs play important roles in 
glioma development (142, 143) by regulating several tumorigenic processes such 
as cellular proliferation and apoptosis (144). Differential expression of specific 
lncRNAs might correlate with disease progression and cancer malignancy and 
thus could potentially be used as therapeutic targets and biomarkers for prognosis 
(145–149).

lncRNA expression and correlation with clinical 
parameters in gliomas

One high throughput screening study of 1308 lncRNAs discovered 654 highly 
upregulated lncRNA in GBM compared to normal brain tissue (150), among 
which ASLNC22381 and ASLNC2081 were further investigated and found to be 
involved in GBM recurrence and malignant progression. Another study (145), 
using a microarray-mining approach, demonstrated aberrant lncRNA expres-
sion patterns in two large public cohorts (151, 152). They identified 127 lncRNAs 
that were differentially expressed between glioma and nontumoral brain tissues. 
Their analysis found that lncRNAs, CRNDE and HOTAIRM1, were significantly 
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upregulated in GBM while MEG3 was downregulated. In a clinical trial–based 
study, 80 GBM specimens were analyzed and 81 sets of lncRNAs were found to be 
deregulated (153). Another study found 37 lncRNAs that were upregulated and 
44 lncRNAs that were downregulated in GBM specimens compared to nontu-
moral brain tissues based on the profiling analysis of 30 GBM patient samples and 
5 GBM cell lines. They found that 147 out of 2448 lncRNAs were differentially 
expressed in tumor tissues compared to normal brain, and 213 lncRNAs were dif-
ferentially expressed in tumor cell lines compared to normal astrocytes. 
Importantly, certain lncRNAs, including CRNDE, HOTAIRM1, and MEG3, were 
consistently differentially expressed, indicating that they may play a role early in 
GBM initiation and tumorigenesis (153, 154) (Table 2).

A recent comprehensive study of global lncRNA expression analyzed over 650 
brain tumor and 70 normal brain tissues from TCGA and other public databases 
(155). A total of 611 induced and 677 repressed lncRNAs were identified in glial 
tumors relative to normal brains. One frequently reported oncogenic lncRNA, 
CRNDE, was confirmed to be upregulated over 40-fold in GBM. The lncRNA, 
TUNAR, was also identified as significantly downregulated (14-fold) in both GBM 
and LGG. Interestingly, TUNAR was found to act as a crucial positive regulator of 
neuronal development and differentiation in zebrafish, mice, and humans, sug-
gesting that its downregulation is required for increased oncogenic potential and 
uncontrolled neuronal cell growth (138, 156).

Specific lncRNAs correlate with patient survival. From TCGA data analysis, 
approximately 500 lncRNAs were associated with poor prognosis, while 200 
lncRNAs correlated with better survival outcomes (155). For example, patients 
displaying high expression of RP11-334C17.6 had a median survival time of 485 
days, while patients with lower expression had a median survival time of 380 days 
(HR = 0.728, 95% CI = 0.6011–0.883, p = 0.00122). Patients with high versus 
low expression of BTAT10 had median survival time of 335 and 485 days, respec-
tively (HR = 1.298, 95% CI = 1.0881–1.548, p = 0.00374).

Functions of lncRNAs in GBM

lncRNAs have been implicated in GBM development and malignancy by regulat-
ing cell proliferation, apoptosis, GSC self-renewal, differentiation, and response to 
hypoxic stress (see Table 2).

Cell proliferation and apoptosis

MEG3, a lncRNA that is significantly downregulated in GBM (144), acts as a 
tumor suppressor in GBM cells. Ectopic expression of MEG3 inhibits cell prolif-
eration and via p53 activation. CRNDE, an oncogenic lncRNA in GBM (157) and 
other cancer types (158), promotes cell proliferation, migration, and invasion 
while inhibiting apoptosis in GBM cells and GSCs (157, 159, 160). HOTAIR 
has been shown to regulate cell cycle progression in glioma via interaction with 
EZH2 (161). Knockdown of HOTAIR or EZH2 leads to cell cycle arrest in GBM 
cells (161) and inhibition of HOTAIR represses orthotopic GBM tumor growth 
in vivo (162).
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Migration and invasion

MALAT1 is one lncRNA that was found to regulate cell migration in GBM and 
lung cancer (163). Although its mechanism in glioma is unclear, initial evidence 
suggests that MALAT1 regulates cell migration in lung cancer cells through the 
mediation of several motility-associated molecules, including AIM1, LAYN, 
HMMR, SLC26A2, CCT4, ROD1, CTHRC1, and FHL1 (164). LncRNA SOX2OT 
is also downregulated in migratory GBM cells, although its exact mechanism of 
action is unknown. Increased expression of SOX2OT in GBM correlates with 
better prognosis (165).

GSC differentiation

A study discovered 39 lncRNAs that were differentially expressed between GSCs and 
differentiated GBM cells (166), while another lncRNA screening study identified 33 
lncRNAs that were expressed in a unique pattern between glioma cells and GSCs 
(167). Between these independent studies, six lncRNAs were consistently altered in 
a similar pattern, with LOC100192378, H19, RP11-112J3.16, and LOC100127888 
being upregulated, and HCG4 and FLJ39609 being downregulated in GSCs (167). 
The effects and mechanism of action of these lncRNAs on the biological properties 
of GSC remains unknown, although H19 has been reported to play an important 
role in the maintenance of adult hematopoietic stem cells (168).

Therapeutic response and resistance

Differential expression of lncRNAs has been associated with therapeutic response 
in GBM patients. Through gene expression profiling of GBM cell lines treated with 
the EGFR inhibitor erlotinib (ERL), the lncRNA GAS5 was significantly increased 
after treatment in both ERL-resistant and ERL-sensitive glioma cell lines. Moreover, 
knockdown of GAS5 sensitized GBM cells to ERL treatment (169). GAS5 is report-
edly upregulated in growth-arrested cells and sensitizes mammalian cells to apop-
tosis, by suppressing genes responsive to glucocorticoid (170). GAS5 may also 
sensitize mammalian cells to apoptosis through binding to the DNA-binding 
domain of the glucocorticoid receptor (GR) and competing with target genes of 
glucocorticoid response elements (GREs).

Mechanisms of action of lncRNA in GBM

Little is known about the regulation of lncRNA expression in GBM. c-Myc, a tran-
scription factor, has been found to induce the expression of the lncRNA H19 in 
GBM cells (171). Additional transcription factors, c-Myc, NFKB, E2F6, TAF1, and 
SMAD, which are well-known regulators in GBM (172–175), have been found to 
possess several binding sites in the promoter region of the lncRNA, CRNDE, which 
may mediate these important signaling pathways. Similarly, the lncRNA, HOTAIRM1, 
is highly overexpressed in GBM, and its gene promoter sequence has been bound by 
NFKB, PU.1, and USF-1 (176).The lncRNA, GASS, functions as a decoy GRE by 
binding to the DNA-binding domain of the GR and competing with target genes of 
GREs. Thus, GASS acts to suppress GR-induced transcriptional activity and may 



Noncoding RNAs in glioblastoma120

enhance ERL effects in GBM (132, 170). Through interaction with EZH2, lncRNA 
HOTAIR regulates cell cycle progression in glioma. Proteins with bromodomain and 
extraterminal (BET) domain are potential therapeutic targets in cancer and GBM, as 
treatment of GBM samples with a BET inhibitor decreases GBM growth and causes 
reduced HOTAIR expression. Interestingly, a protein with a BET domain has been 
found to directly bind the HOTAIR promoter (177). PNKY plays an important role 
in neuronal differentiation and chromatin-state maps of the PNKY/BRN2 locus in 
GSCs and shows widespread active chromatin marks at their promoters (178). 
PNKY can bind to PTBP1, which is upregulated in GBM, and plays a role as a driver 
gene in GBM tumor growth as well as in the V-SVZ neurogenic lineage (179).
CRNDE, an oncogenic lncRNA, induces cell proliferation, migration, and invasion, 
and inhibits apoptosis in GBM cells and GSCs via the activation of multiple signal-
ing pathways. It functions as a sponge by binding miRNAs, such as miR-384, result-
ing in the downregulation of piwi-like RNA-mediated gene silencing 4 (PIWIL4) 
and STAT3 protein in GBM cells (160). CRNDE also upregulates X-linked inhibitor 
of apoptosis (XIAP) and the evolutionarily conserved serine/threonine protein 
kinase, PAK7, by binding and inhibiting miR-186, which targets XIAP and PAK7 in 
GBM cells (159). The lncRNA, nuclear-enriched abundant transcript 1 (NEAT1), is 
essential for the formation of nuclear body paraspeckles (180) and is upregulated in 
GBM tissues. Inhibition of NEAT1 reduces cell proliferation, invasion, and migra-
tion. NEAT1 exerts its oncogenic effects through the direct binding of miR-449b-5p, 
leading to upregulation of the RTK MET (180).

Conclusion

MicroRNAs and long noncoding RNAs are frequently deregulated in cancer and 
GBM, where they regulate all aspects of malignancy, including tumor cell prolif-
eration, survival, migration, and invasion, as well as cancer stem cells, angiogen-
esis, tumor immune responses, therapy resistance, and the microenvironment. 
Studying these noncoding RNAs could lead to a better understanding of GBM 
initiation and progression. MiRNAs and lncRNAs could also be clinically exploited 
for diagnostic, prognostic, and therapeutic purposes. However, more research is 
required, especially in the case of lncRNAs, for a better understanding and effi-
cient clinical exploitation of this large and important class of regulatory molecules 
in cancer and GBM.
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Abstract: Glioblastoma is one of the most common malignant brain tumors. 
The prognosis for glioblastoma is still very poor despite intensive treatment by 
surgery, radiation, and chemotherapy. To develop new therapies for glioblastoma, 
preclinical mouse models are essential for analyzing the biology of glioblastoma, 
identifying new therapeutic targets, and evaluating the potential of new therapeutic 
strategies. Current preclinical glioblastoma models are classified into two categories: 
xenografts and genetically engineered mouse models. Xenografts are classified into 
two categories: glioblastoma cell-line xenografts and patient-derived xenografts. 
Glioblastoma cell-line xenografts generally have the advantages of high engraft-
ment and growth rates, but it is doubtful whether glioblastoma cell-line xenografts 
reflect the true biological nature of glioblastoma. Patient-derived xenografts retain 
both the genetic and histological features of the primary tumor, and thus are 
expected to be good preclinical models in translational glioblastoma research. 
However, they cannot fully reflect the host’s antitumor immunity in human 
glioblastoma. Glioblastoma genetically engineered mouse models make it possible 
to pinpoint genetic alterations involved in tumor initiation and progression, but 
tumors are usually composed of cells with specific, homogeneous genetic changes, 
and thus cannot completely reflect the intratumoral genomic and phenotypic het-
erogeneity of glioblastoma. Presently, patient-derived xenografts and glioblastoma 
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genetically engineered mouse models are excellent glioblastoma mouse models for 
current use, but more work is needed to establish mouse models that fully reca-
pitulate human glioblastoma.

Key words: Chemically induced mouse model; Genetically engineered mouse 
model; Glioblastoma; Preclinical model; Xenograft

Introduction

Glioblastoma is one of the most common malignant brain tumors. The prognosis 
for glioblastoma is still very poor; despite intensive treatment by surgery, radiation, 
and chemotherapy, the median survival is only about 15 months (1). Thus, there 
is an urgent need for more effective treatments, and various therapies for glioblas-
toma have been tested or are in development. To develop new therapies, preclinical 
mouse models are essential for analyzing the biology of glioblastoma, identifying 
new therapeutic targets, and evaluating the potential of new therapeutic strate-
gies. Current preclinical glioblastoma models are classified into three categories: 
xenografts, genetically engineered mouse (GEM) models, and syngenic murine 
models (2, 3). In this chapter, we summarize the currently available mouse models 
of glioblastoma, the advantages and disadvantages of each model, and the pros-
pects for developing better mouse models.

Xenografts

Glioblastoma xenografts are classified into two categories: glioblastoma cell-line 
xenografts and patient-derived xenografts.

Glioblastoma cell-line xenografts

Commercially available glioblastoma cell lines include U87, U251, T98G, and 
A172, among others. These traditional glioblastoma cell lines are the most 
common models used in both in vitro and in vivo glioblastoma research. These 
glioblastoma cell lines, which were originally derived from glioblastoma patients, 
are usually cultured in serum-containing medium and xenografted into immuno-
deficient mice such as nude mice, NOD/SCID mice, and NOD/SCID gamma mice.

Glioblastoma cell-line xenografts generally have the advantages of high engraft-
ment and growth rates, good reproducibility, and reliable disease growth and 
progression. Moreover, immortalized cell lines can be readily expanded for an 
unlimited number of passages in vitro, yielding a large number of tumor cells for 
experimental use (3). However, studies have reported that glioblastoma cell-
line  xenografts do not reflect the clinical characteristics of the original patient 
tumors (4); that is, the xenografted tumors are usually circumscribed and do not 
show single-cell invasion, tumor necrosis, or microvascular proliferation (5, 6). 
They also show differences in MHC (7) and integrin expression (3), suggesting 
that the xenografted tumors differ phenotypically from the original patient tumors. 
Genotypes of glioblastoma cell-line xenograft models also differ from the original 
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patient tumors (3); profiles from array-comparative genomic hybridization 
(aCGH) and whole-genome sequencing of glioblastoma cell lines are quite differ-
ent from those typically found in primary glioblastoma (8, 9). Thus, it is doubtful 
whether glioblastoma cell-line xenografts reflect the true biological nature of glio-
blastoma, and this is a disadvantage in preclinical trials. Due to their genomic and 
transcriptomic deviations from glioblastoma in situ, glioblastoma cell lines are 
poor models for glioblastoma (3, 10).

Patient-derived xenografts

Patient-derived xenografts (PDX) (11, 12), a recent focus of glioblastoma research, 
are used extensively in translational research. The PDX model has the advantage 
of retaining both the genetic and histological features of the primary tumor from 
which it was derived (Figure 1). Because the tumors are propagated in successive 
generations of mice, PDX cells are not subjected to stresses that can arise in cell 
cultures (13, 14). There is some controversy as to whether PDX models are best 
established by injecting freshly biopsied tumor tissue (15, 16) or cultured tumor 
spheres into mice (17), and whether orthotopic or subcutaneous xenograft is pref-
erable. PDX models are generally established by injecting glioblastoma tumor 
spheres produced under serum-free neurosphere-culture conditions, into immu-
nodeficient mice. Tumor spheres have several advantages over serum-cultured 
glioblastoma cell lines: the tumor spheres retain a molecular profile similar to that 
of the patient’s original tumor, thus maintaining tumor heterogeneity (18, 19); 
their molecular profile is stable over time, and they are both tumorigenic and 
phenotypically similar to the patient’s original tumor, even in aspects such as sin-
gle-cell invasion and tumor angiogenesis (20, 21). However, not all human glio-
mas are successfully cultured as tumor spheres; reported success rates vary from 
10 to 20% (3, 22). Thus, one group took an alternative approach of using a serum-
free cell-culture system to generate monolayer cultures on laminin-coated plates 
(23). At present, however, there is little molecular evidence for preferring adher-
ent culture over sphere culture. The generation of tumorigenic cell populations 

Figure 1  Representative picture of a H&E image from patient-derived orthotopic 
glioblastoma xenograft.
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from human glioblastomas using neurosphere culture has significantly advanced 
our knowledge of specific subpopulations within human primary tumors. Even 
though their phenotypes in vivo are not necessarily predictable, these cell popula-
tions are an important tool for studying the tumorigenicity and progression of 
glioblastoma in vivo.

Another method for establishing PDX models is to inject tissues from fresh 
brain-tumor biopsies into immunodeficient mice. The biopsy tissue is generally 
minced with surgical blades and placed in flasks containing standard serum-
supplemented tissue-culture medium (24). Under these conditions, tumor spher-
oids form quickly, and the spheroids maintain the architecture of the original 
tissue, including the endothelium, extracellular matrix components, and resident 
macrophages (24). PDX models from fresh brain-tumor biopsies display diffuse 
single-cell infiltration when implanted into the brain of immunodeficient rats or 
mice (15, 25, 26), and these biopsy xenograft models preserve other histological 
features of human glioblastoma. In one study, however, spheroids derived from a 
fresh brain-tumor biopsy failed to form tumors in the mouse brain (16). Thus, 
technological standardization is needed to establish highly reproducible PDX 
models from tumor spheroids.

Both cultured tumor spheres and tumor biopsy tissues maintain the genetic 
and phenotypical features of the original patient tumors when injected into immu-
nodeficient mice. However, in theory, tumor biopsy tissues may have advantages 
over tumor spheres in that they maintain the original tissue architecture, complete 
with endothelium, extracellular matrix components, and resident macrophages. 
Thus, the injected biopsy tissue has a greater potential for reflecting the biological 
features of the original human glioblastoma. However, more studies are necessary 
to confirm the superiority of one method over the other.

Another controversy related to PDX models is whether orthotopic or subcuta-
neous xenografts are better. While orthotopic xenografts more closely mimic the 
clinical situation, subcutaneous xenografts, usually accomplished by transplanting 
the patient-derived tumor spheres or freshly biopsied tissue directly into the flanks 
of immunodeficient mice (27), are less technically challenging than orthotopic 
xenografts and are easily passaged in vivo. PDX is very useful not only in preclinical 
models of glioblastoma but also for verifying molecular changes and signaling 
pathways in various types of cancer. Thus, PDX models are expected to remain a 
mainstay in translational glioblastoma research.

Genetically Engineered Mouse Models

GEM preclinical models of glioblastoma have been reported to reflect the histol-
ogy and biology of human glioblastoma. In many GEM glioblastoma models (3), 
gene expression is manipulated using Tet-regulation or Cre-inducible gene alleles 
to express or inactivate genes at a specific time or duration or in specific cells. 
GEM glioblastoma models can also be established by somatic-cell gene transfers 
using retroviral or adenoviral vectors to deliver Cre recombinase, such as in the 
RCAS/Tva system (28). Glioblastoma GEM models make it possible to pinpoint 
genetic alterations involved in tumor initiation and progression. These models are 
also useful for testing therapeutic strategies.
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Syngenic Mouse Models

Syngenic mouse models of glioblastoma have long been used as indispensable 
tools for glioblastoma research. These models (GL261, GL26, CT-2A, and P560) 
(29) are established from spontaneous or chemically induced murine glioma. 
GL261, GL26, and CT-2A are from chemically induced mouse models of 
glioblastoma while P560 is from spontaneous mouse models of glioblastoma. 
GL261 models are perhaps the most extensively used syngenic mouse models of 
glioblastoma. These models are reported to recapitulate histologic and biological 
characteristics of glioblastoma. Furthermore, these models use immunocompe-
tent mice, and thus are suitable for analyzing glioblastoma tumor immunology 
and immunotherapeutic research.

Advantages and Disadvantages of Each Type of 
Glioblastoma Mouse Model

Glioblastoma cell-line xenografts

Although cell lines in serum-containing media are readily established from human 
glioblastoma, it is difficult to establish cell lines from low-grade gliomas such as 
oligodendrogliomas (30, 31). More importantly, extensive clonal selection occurs 
after glioma cells are suspended in serum-containing medium, and further selec-
tion occurs during cell passaging. It is therefore highly doubtful that biological 
information obtained from glioblastoma cell-line xenografts can contribute to an 
accurate understanding of the biology of human glioblastoma. The glioblastoma 
cell lines are so different from the original patient tumors that it might be impos-
sible to recapitulate the complex genetic and phenotypic traits of human gliomas 
with these cell lines.

Patient-derived xenografts

Unlike xenografts from glioblastoma cell lines, PDXs have the advantage of main-
taining the histological and genetic features of the original tumor when engrafted 
into immunodeficient mice. It should also be emphasized that PDX models are 
highly variable, reflecting the inter-patient heterogeneity of glioblastoma, but 
are advantageous because of their clinical relevancy. However, PDX models also 
have shortcomings. They cannot be established from all patient tumors, especially 
from low-grade gliomas. Even if engraftment is successful, it usually takes between 
2 and 11 months to obtain tumors (25). Furthermore, standardization and experi-
mental planning may be difficult because PDX models are as variable as the glio-
blastomas they are derived from (3). However, once established, PDX models can 
contribute to the development of personalized treatment for individual patients. 
Another disadvantage of the PDX model is that it can only be established in 
immunodeficient mice such as nude, NOD-SCID, or NOD-SCID-gamma mice. 
The immune system in these mice differs innately from that of the host; thus, 
current PDX models do not represent the host immune system.
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Genetically engineered mouse models

GEM models are particularly useful for identifying the molecular events respon-
sible for tumor initiation and progression, and can also offer insight into the 
sequence of events underlying the genetic alterations occurring in response 
to specific mutations. GEM models are also useful for analyzing the role of the 
microenvironment in tumor biology (32).

However, it is not certain whether the gene changes involved in these models 
truly mirror the tumor-associated events in human glioblastomas. GEM tumors 
are usually composed of cells with specific, homogeneous genetic changes, and 
thus cannot completely reflect the intratumoral genomic and phenotypic hetero-
geneity of glioblastoma. In addition, GEM models are sometimes at a disadvan-
tage in therapeutic studies because tumor initiation cannot be controlled, and 
thus the time of tumor formation is not highly reproducible.

Syngenic mouse model

Syngenic mouse models use immunocompetent mice; thus, the greatest advan-
tage of these models is that they recapitulate host immunity and are considered to 
be suitable for analyzing glioblastoma tumor immunology and immunotherapeu-
tic research.

Preclinical findings from these mouse models have already been tested 
as  clinical trials in human glioblastoma patients such as dendritic cell vaccines 
pulsed with whole tumor homogenate (33). These findings came from studies 
using GL261 models.

However, it remains to be seen whether murine glioma models faithfully reflect 
human glioblastoma; thus, further studies are needed to conclude on this.

Future Prospects for Mouse Models of Glioblastoma

Table 1 summarizes the characteristics of currently available mouse models of 
glioblastoma. At present, none of the animal models mentioned fully recapitulate 
human glioblastoma development and progression. Glioblastoma cell-line xeno-
grafts do not reflect the genetic background of human glioblastoma. PDX, GEM, 
and syngenic models better reflect phenotypic features of glioblastoma, and are 
thus the best of the currently available models for analyzing glioblastoma develop-
ment and therapeutic strategies.

The value of PDX models in predicting human clinical-trial drug responses was 
recently highlighted by a study of 1000 PDX cancer models from various primary 
sites (34), and by the establishment of a large-scale breast-cancer PDX biobank 
(35). This type of large-scale PDX bank is likely to prove valuable for predicting 
human responses to clinical trials of new glioblastoma drugs, and should help 
make it possible to tailor therapy to the individual patient. However, since PDX 
models do not reflect the tumor microenvironment of the glioblastoma and are 
established in immunodeficient mice, they cannot fully reflect the host’s antitumor 
immunity in human glioblastoma. Thus, PDX models can be improved by devel-
oping models that recapitulate human immunity and the human glioblastoma 
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microenvironment. In the continued search for models that more fully reflect 
human glioblastoma, it will be particularly useful to compare the phenotypes 
developed in xenograft models with those obtained in various GEM models (3).

Conclusion

In this chapter, we summarized the currently available mouse models of glioblastoma. 
Each mouse model has its own advantages and disadvantages; thus, it is important 
to choose appropriate models depending on the purpose of the research. PDX, GEM, 
and syngenic models are excellent glioblastoma mouse models for current use and 
preclinical translational research for glioblastoma. However, further work is needed 
to establish mouse models that fully recapitulate human glioblastoma.
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Abstract: Glioblastoma (GBM) is the most aggressive malignant primary brain 
tumor. With an incidence rate of 3.19 per 100,000 persons in the United States 
and a median age of 64 years, it is uncommon in children. The incidence is 1.6 
times higher in males compared to females and 2.0 times higher in Caucasians 
compared to Africans and Afro-Americans, with lower incidence in Asians and 
American Indians. GBM is commonly located in the supratentorial region (frontal, 
temporal, parietal, and occipital lobes) and is rarely located in cerebellum. Genetic 
and environmental factors have been investigated in GBM. Risk factors include 
prior radiotherapy, decreased susceptibility to allergy, immune factors and immune 
genes, as well as some single nucleotide polymorphisms detected by genomic 
analysis. Use of anti-inflammatory medication has been found to be protective 
against GBM. Survival from GBM is poor; only few patients survive 2.5 years and 
less than 5% of patients survive 5 years following diagnosis. Survival rates for 
patients with GBM have shown no notable improvement in population statistics 
in the last three decades. Molecular epidemiology integrates molecular technology 
into epidemiological studies and outcomes. The future of the epidemiology of 
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GBM will depend on multicenter studies generating large clinical data sets of 
genomic data potentially leading to further understanding of the roles of genes 
and environment in the development of this devastating disease.

Key words: Brain tumors; Epidemiology; Glioblastoma; Outcome.

Introduction

Glioblastoma (GBM) is the most aggressive diffuse glioma of astrocytic lineage and 
is considered a grade IV glioma based on the WHO classification (1). GBM is the 
most common malignant primary brain tumor making up 54% of all gliomas and 
16% of all primary brain tumors (2). GBM remains an incurable tumor with a 
median survival of only 15 months (3). Treatment is complex, initially consisting 
of maximally safe surgical resection followed by radiation therapy (RT) and con-
current Temozolomide (TMZ) chemotherapy (4). The terms “primary GBM” and 
“secondary GBM” were first used by the German neuropathologist Hans Joachim 
Sherer in Antwerp in 1940 (5). Nowadays, GBM comprised of primary and sec-
ondary types, constituting distinct disease entities which evolve through different 
genetic pathways, affect patients at different ages, and likely differ in prognosis and 
response to therapy (5). Primary de novo GBM accounts for more than 80% of GBM 
(6), occurs in older patients (mean age = 64 years), and typically shows epidermal 
growth factor receptor (EGFR) over expression, PTN (MMC I) mutation, CDKN2A 
(p16) deletion, and less frequently MDM2 amplification. Secondary GBM develops 
from lower grade astrocytoma or oligodendrogliomas, occurs in younger patients 
(mean age = 45 years), and often contains TP53 mutations as the earliest detectable 
alteration (5). Mutations in isocitrate dehydrogenase-1 (IDH1) and IDH2 are pres-
ent in 70–80% of low-grade glioma and secondary GBM, and in only 5–10% of 
primary GBM (7–9). Strong link has been found between IDH mutations and 
genome-wide glioma cytosine–phosphate–guanine I and methylator phenotype 
(G-CIMP) across all subtypes of glioma (10). The WHO recently added a rare sub-
type of GBM termed “GBM-0,” with oligodendroglioma component, defined as 
GBM having areas resembling anaplastic oligodendroglioma, with features of GBM 
and necrosis without microvascular proliferation (7). According to the 2016 WHO 
classification of GBM multiforme, this tumor has been separated from the classical 
identity and is currently classified into three groups: GBM IDH-wild type (includ-
ing giant cell GBM, gliosarcoma, and epithelioid GBM), GBM IDH-mutant, and 
GBM NOS (1). The average annual age-adjusted incidence rate (IR) of GBM is 3.19 
per 100,000 persons in the United States (11), with the age-adjusted GBM rates 
being 2.5 times higher in European Americans than in African Americans (12).

Incidence of Glioblastoma

The average annual age-adjusted IR of GBM is variable, ranging from 0.59 per 
100,000 persons to 3.69 per 100,000 persons (11, 13–17), and is the highest 
among malignant primary brain tumors (Table 1).
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Age

GBM is primarily diagnosed at older age with a median age of 64 at diagnosis 
(2, 18). The incidence increases with age peaking at 75–84 years and drops after 
85 years (2). The age at diagnosis tends to be higher for primary GBM (mean 
age of 55 and median age of 64 ) (2, 18) than for secondary GBM (mean age of 
40 years) (19). GBM is uncommon in children (2). DNA methylation patterns for 
pediatric and adult groups are similar, but there are distinct clusters that are pre-
dominantly found in children and adolescents. Two of these correspond strictly to 
recurrent age-specific mutations in H3F3A. Another type was enriched for 
DPGFRA alterations and consists of patients from a more widespread age range 
(20). Age-adjusted and age-specific IRs for GBM according to age at diagnosis and 
gender are shown in Figure 1 (11).

Gender and site

Overall, the incidence of GBM is higher in males than in females (3.97 vs. 2.53 in 
the United States) (2). The male-to-female ratio is increased for each brain subsite 
except for the posterior fossa (18). The IR of primary GBMs is higher in men with 
reported male-to-female ratio of 1:0.33, while the IR of secondary GBMs is higher 
in women with reported male-to-female ratio of (0.65:1) (20).

GBM is most commonly located in the supratentorial region (frontal, tempo-
ral parietal, and occipital lobes), with the highest incidence in the frontal lobe, 
multiple lobes (overlapping tumors), followed by the temporal and parietal 
lobes (18). GBM is rarely located in the cerebellum and is very rare in the spinal 
cord (21, 22), with different tumor behavior found at these locations (21). 
Cerebellar location of GBM is more common in younger patients (50–56 years 
of age); supratentorial location is prevalent in older patients (62-64 years of 
age) and cerebellar location is rare (0.4–3.4%) in this age bracket (23). 
Cerebellar GBM is less common in Whites and is smaller in size (22–24). For 
spinal cord GBMs, the mean age is 27 years, with a male predominance; 53% of 
these tumors are seen in those aged less than 18 years (25).

Table 1	 Age-adjusted Incidence per 100,000 Persons 
(ICD-O Morphology Code 9450) in Different 
Countries

Region Years Overall Ref

United States 2006–2010 3.19 2

Australia 2000–2008 3.40 13

England 1999–2003 2.05 14

Korea 2005 0.59 15

Greece 2005–2007 3.69 17

Jordan 2012–2013 0.89 16
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Ethnicity and genetics

Whites have the highest IR of GBM followed by Blacks; age-adjusted GBM rate is 
2.5 times higher in European Americans than in African Americans and more 
common in non-Hispanics than in Hispanics (12) (Figure 2) (11). Associations 
between XRCC1 polymorphisms and glioma are still controversial. However, a 
recent meta-analysis showed that the Arg399Gln polymorphism was associated 
with an increased risk of glioma in Asians and of GBM in Caucasians. However, 
Arg194Trp/Arg280His polymorphisms probably have no influence on glioma in 
different ethnicities (26).

There is increased incidence of GBM in patients with hereditary tumor syn-
dromes, for example, Turcot syndrome (27) and Li-Fraumeni syndrome (5). 
Otherwise, GBM occurs sporadically without known genetic predisposition (28).

Classification of GBM

GBM is a grade IV glioma according to the WHO 2007 classification and is the 
most common and lethal primary malignancy of the central nervous system. 
Despite multidisciplinary treatments such as surgery, chemotherapy, and radio-
therapy, the median survival time for patients with GBM is only 14.6 months (4). 
Due to its high degree of invasiveness, radical tumor resection is not curative. 

Figure 1  Age-adjusted and age-specific incidence rates for glioblastoma at diagnosis and gender, 
CBTRUS statistical report: NPCR and SEER, 2006–2010. X-axis, age groups; Y-axis, incidence 
rates. Rates are per 100,000 and age-adjusted to the 2000 US standard population. NPCR, 
CDC’s National Program of Cancer Registries; SEER, NCI’s Surveillance, Epidemiology, and 
End Results program. (Adapted from Ref. (11).)
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There is experimental evidence that GBM contains a subpopulation of highly 
tumorigenic cells (GBM stem cells) from which recurrent GBM is thought to 
derive (29–31),and that GBM has the capacity to differentiate into multiple lin-
eages of tumor genesis (29, 31, 32).

As stated above, GBMs can be classified into primary and secondary GBMs. 
Primary GBM occurs de novo without evidence of a less malignant precursor, 
whereas secondary GBM develops from initially low-grade diffuse astrocytoma 
(WHO grade II diffuse astrocytoma) or anaplastic astrocytoma (Grade III). The 
majority of GBMs (90%) are primary (33), and patients with primary GBM tend 
to be older (mean age = 55 years) than those with secondary GBM (mean age = 
40 years). Genetic alterations more typical for primary GBM are EGFR overex-
pression, PTN mutation, and loss of chromosome 10 (5, 6, 34, 35), whereas 
genetic alterations more commonly seen in secondary GBM include IDH1 muta-
tions, TP53 mutations, and 19q loss (5, 6, 20, 36–39). IDH1 mutation is associ-
ated with better outcome and increased overall survival (33). Interestingly, IDH1 
mutations are also found in 80% of diffuse astrocytoma and anaplastic astrocy-
toma, the precursors of secondary GBM, and in less than 5% of primary GBM 
(8, 40–42). Thus, the IDH1 mutation is a reliable objective molecular marker for 
secondary GBM over clinical and pathological criteria (33).

Molecular diagnosis will contribute to a better understanding and classification 
of brain tumors (42). The classification of GBM based on gene expression distin-
guishes between four subtypes: proneural, neural, classical, and mesenchymal. 
Aberrations and gene expression of EGFR, NF1, and PDGFRA/IDH1 define classi-
cal, mesenchymal, and proneural GBMs, respectively. Genes of normal brain cell 
types show a strong relationship between subtypes and different neural lineages 

Figure 2  (A) Average annual age-adjusted incidence rates of glioblastoma by race, CBTRUS 
statistical report: NPCR and SEER, 2006 to 2010. X-axis, race; Y-axis, incidence rates. (B) Average 
annual age-adjusted incidence rates of glioblastoma by ethnicity, CBTRUS statistical report: 
NPCR and SEER, 2006 to 2010. X-axis, ethnicity; Y-axis, incidence rates. Rates are per 100,000. 
AIAN, Asian Indian Alaskan Native. (Adapted from Ref. (11).)
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and the response to aggressive treatment differs by subtype, with prominent ben-
efits in the classical and little or no benefit in the proneural subtype (35). GBMs 
have significant genetic heterogeneity and tumor subtypes with genetic alterations, 
which carry prognostic significance (5). In 2010, GBM was classified into four dif-
ferent molecular subtypes (35): classical, mesenchymal, proneural, and neural 
subtypes based on characteristic genetic alterations and distinct molecular profiles 
(33, 42–44). Each subtype harbors distinct genetic alterations and expression pro-
files (42, 44). Loss of chromosomal 10 is frequently observed in classical subtype 
as well as mutations in TP53 and IHD1. The mesenchymal subtype is enriched in 
the gene expression pattern of astrocytes as well as microglial markers. Proneural 
subtype is enriched in proneural genes expressed in oligodendrocytes and charac-
terized by alterations in TP53, platelet-derived growth receptor (PDGFR), and 
ILDH1 (5, 8, 35–37). The proneural subtype is also associated with younger age at 
diagnosis (31). Neural subtype is the most similar to the astrocytic and oligoden-
drocytic markers. Finally, a group with only telomerase reverse transcripts (TERT) 
mutation is found in primarily grade IV gliomas (45). According to the 2016 WHO 
classification of CNS tumors, GBM is divided into the following groups:

	 (i)	 GBM, IDH-wild type (about 90% of cases) corresponding most frequently to 
the clinically defined primary or de novo GBM and predominant in patients 
aged over 55 years (5, 33).

	(ii)	 GBM, IDH-mutant (about 10% of cases) corresponding closely to the so-
called secondary GBM, with a history of prior lower grade diffuse glioma, 
and preferentially occurring in younger patients (5, 33).

	(iii)	 GBM, NOS, a diagnosis that is reserved for those tumors for which full IDH 
evaluation cannot be performed.

One provisional new variant of GBM has been added to the classification: epithe-
lioid GBM. It joins giant cell GBM and gliosarcoma under the umbrella of IDH-wild 
type GBM. Epithelioid GBM features large epithelioid cells, with abundant eosino-
philic cytoplasm, vesicular chromatin, and prominent nucleoli (often resembling 
melanoma cells), and variably present rhabdoid cells. GBM with primitive neuronal 
component was added as a pattern in GBM. This pattern, previously referred to in the 
literature as GBM with PNET-like component, usually comprised of a diffuse astrocy-
toma of any grade (or oligodendroglioma in rare cases) that has well-demarcated 
nodules containing primitive cells that display neuronal differentiation, and some-
times has MYC or MYCN amplification. These tumors also have a tendency for cra-
niospinal fluid dissemination (46). About a quarter of them develop in patients with 
a previously known lower grade glioma precursor, a subset of which shows R132H 
IDH1 immunoreactivity in both the glial and primitive neuronal components (47).

Survival and Prognostic Factors
Risk factors

Factors associated with GBM risk are prior radiation, decreased susceptibility to 
allergy, immune factors and immune genes, and some nucleotide polymorphisms, 
detected by genome-wide association (48, 49).The lower risk of GBM in people with 
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asthma and other allergic conditions is consistent with findings that have been con-
firmed by objective evidence from asthma and other allergies-related germline poly-
morphism in patients with GBM and in controls. Genotypes that increase asthma risk 
are associated with decreased GBM risk (49). Nevertheless, both familiar aggregation 
of glioma and the inverse association of allergies and immune-related conditions 
with glioma have been shown consistently (48). A lower risk of gliomas has been 
associated with allergy or atopic disease (e.g., asthma, eczema, psoriasis) (50–52). A 
short-term (less than 10 years) use of anti-inflammatory medication is also associated 
with a protective effect against GBM (52). The use of cyclooxygenase-2 (COX-2) 
inhibitors is still controversial where a positive effect in laboratory investigation in 
reducing the gliomagenesis was achieved in vivo and in vitro (53). However, in clinical 
setting, the use of COX-2 inhibitor was unrelated to glioma risk (54).

Other factors associated with GBM risk are high socioeconomic status and a 
person’s height (18, 55). There is no substantial evidence of GBM association with 
lifestyle characteristics, such as cigarette smoking, alcohol consumption, drug 
use, or dietary exposure to nitrous compounds (56). Inconsistent and indefinitive 
reports have been published regarding the association of GBM with the use of 
mobile phones (57, 58). Prognostic factors that affect the survival of GBM patients 
include the resectability of the tumor, its location, size, multifocality, as well as 
advanced age, comorbidities, and the patient’s general condition (59).

Outcome and Prognostic Factors

GBM is an aggressive neoplasm with a median survival of only 3 months in untreated 
patients (60). Surgery remains an important component in the management of 
GBM. Surgery enables a histological confirmation of the clinical diagnosis and also 
has decompressive and cytoreductive effects, with an advantage of increased sur-
vival with complete resection (61). Tumor fluorescence derived from 5 aminolevu-
linic acid enabled a more complete resection of contrast-enhancing tumor, leading 
to improved progression-free-survival in patients with GBM (61). The main contra-
indications to resective surgery are poor performance status (Karnofsky of less 
than 70), advanced age, and eloquent location (19). The combination of radio-
therapy and TMZ chemotherapy is the most effective adjuvant therapy shown to 
prolong survival following primary resection. Radiotherapy followed by TMZ 
results in significantly prolonged survival compared with radiotherapy alone (4). 
Treatment of GBM remains challenging. The current experience in GBM treatment 
shows that several targets should be approached. Therefore, rational combinations 
between established treatments and new approaches aiming, for example, at inhibi-
tion of angiogenesis, induction of apoptosis, or inhibition of several signal transduc-
tion pathways might offer the best opportunity to improve prognosis.

Conclusion

GBM is still the most malignant primary brain tumor with clear predominance in 
males. The management and outcome of GBM have remained stable for almost 
the last four decades. However, resent advances in genetic and molecular research 
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will open a new horizon in the future of management and outcome of this devas-
tating tumor.
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Abstract: Positron emission tomography (PET) is a nuclear medicine imaging 
method with increasing relevance for the diagnosis, prognostication, and moni-
toring of glioblastomas. PET provides additional insight beyond magnetic reso-
nance imaging (MRI) into the biology of gliomas, which can be used for noninvasive 
grading, differential diagnosis, delineation of tumor extent, planning of surgery, 
and radiotherapy and post-treatment monitoring. In clinical practice, two classes 
of radiotracers have been used predominantly for imaging purposes, namely glu-
cose metabolism tracers and amino acid transport tracers. Both classes of tracers 
can provide information on grading and prognosis of gliomas, but amino acid 
tracers, which exhibit lower uptake in normal brain tissue, are better suited for 
delineation of tumor extent, treatment planning, or follow-up than 18F-2-fluoro-
2-deoxy-D-glucose (18F-FDG). Owing to the progress in PET imaging using radio-
labeled amino acids in recent years, the Response Assessment in Neuro-Oncology 
(RANO) working group, an international effort to develop new standardized 
response criteria for clinical trials in brain tumors, has recently recommended 
amino acid PET as an additional tool in the diagnostic assessment of brain tumors. 
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These developments as well as multimodality imaging should improve the diag-
nostic assessment of these tumors.

Keywords: 11C-MET PET; 18F-FDG PET; 18F-FDopa PET; 18F-FET PET; 
Glioblastoma

Introduction

The incidence of primary malignant brain and central nervous system tumors in 
the general population was estimated at 3 per 100,000 in 2008, with a higher 
incidence rate in developed countries than in developing countries (1). Among 
these tumors, glioblastomas account for approximately 60–70% of malignant 
gliomas (2, 3). With maximum safe resection, radiotherapy, and concurrent and 
adjuvant temozolomide, in clinical trial populations, the medium survival is 
12-15 months (4-7). Unfortunately, after initial treatment, these tumors invariably 
recur. Initial diagnosis, prognosis, and targeted treatment of these tumors thus 
represent very active areas of investigation.

In this setting, neuroimaging plays a key role in the assessment of these tumors 
(8). Magnetic resonance imaging (MRI), the current imaging gold standard, has 
offered limited insight to date with regard to grade of malignancy, tumor delinea-
tion, differentiation between necrotic tissues and recurrent tumor, as well as the 
management of therapeutic interventions such as surgery or radiotherapy (9, 10). 
In fact, although a rapidly enlarging or enhancing lesion on MRI with or without 
clinical symptoms is usually considered a progressing tumor, imaging the extent 
of contrast enhancement in malignant gliomas has limited accuracy due to the 
difficulty in distinguishing between progressive tumor and treatment-induced 
changes such as radiation necrosis (11).

Positron emission tomography (PET) is a nuclear medicine method with an 
increasing relevance especially due to the improved availability of radioactively 
labeled amino acids, allowing widespread applications in diagnosis, therapy plan-
ning, and therapy monitoring of glioblastomas (9, 10). PET provides additional 
insight beyond MRI into the biology of gliomas which can be used for noninvasive 
grading, differential diagnosis, delineation of tumor extent, planning of surgery 
and radiotherapy, post-treatment monitoring, and prognostication. Among PET 
radiotracers, 18F-2-fluoro-2-deoxy-D-glucose (18F-FDG) is the most widely stud-
ied and validated tracer to date. In addition, 18F-FDG is widespread in clinical 
nuclear medicine and is of low cost (8). In instances of suspicious low-grade gli-
oma, it is able to identify anaplastic transformation and displays good prognostic 
value. Indeed, tumor cells are characterized by increased glycolytic metabolism, 
in parallel with cell proliferation and loss of differentiation. 18F-FDG is an appro-
priate, albeit nonspecific radiotracer for noninvasively assessing the biological 
aggressiveness of tumors in vivo, as previously suggested in many cancer types 
(12). However, a high 18F-FDG uptake in surrounding normal brain tissue limits 
its use for the imaging of cerebral gliomas which may not be visualized in a large 
fraction of primary and recurrent tumors (13).

Due to the relatively low tracer uptake in normal gray matter, amino acid 
PET tracers can detect gliomas with greater sensitivity than 18F-FDG in primary 
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and recurrent tumors and are helpful in differentiating recurrent tumors from 
treatment-induced changes (14). 11C-methyl-methionine (11C-MET) is the 
most studied and validated amino acid tracer. It is a natural amino acid avidly 
taken up by glioma cells, with only a low uptake in normal cerebral tissue. A 
smaller portion of 11C-MET is metabolized by decarboxylation. However, sev-
eral experiments have suggested that during PET studies, tumor uptake of 
11C-MET mainly reflects increased amino acid transport (15). Its major draw-
back lies in the short half-life of the 11C-carbon, only 20 min, and thus requires 
close proximity to a cyclotron, thereby limiting its use in routine nuclear medi-
cine centers. To overcome the drawbacks of the short-lived MET, 18F-labeled 
amino acids have been developed in order to expand amino acid tracer utiliza-
tion, namely O-(2-[18F]-fluoroethyl)-L-tyrosine (18F-FET) and 3,4-dihydroxy-
6-[18F]-fluoro-L-phenylalanine (18F-FDOPA). 18F-FET is increasingly used in 
Europe as a tracer for both high-grade gliomas as well as low-grade gliomas, 
owing to its several advantages including synthesis by an efficient nucleophilic 
reaction, elevated uptake by tumor tissues, low uptake by inflammatory tis-
sues, and high stability (16). Similar to 11C-MET and 18F-FET, 18F-FDOPA is 
incorporated into cells through amino acid transporters that are overexpressed 
in gliomas, and its transport and uptake are independent of the blood–brain 
barrier (17). Of note, a striatal uptake has nonetheless been reported in the 
case of 18F-FDOPA, which may lead to difficulties in delineating gliomas in 
these areas (17).

The aim of this chapter is to define clinical practice PET indications in glio-
blastomas for the purposes of diagnosis, delineation of glioma extent, as well as its 
value in treatment planning, follow-up, and prognostication. The following 
mainly focuses on imaging tracers of glucose metabolism (18F-FDG) and amino 
acid transport (11C-MET, 18F-FET, and 18F-FDOPA), since these compounds are 
already part of current clinical practice. Future perspectives in novel radiotracers 
and technical improvements are also outlined.

Primary Diagnosis/Differential Diagnosis

18F-FDG is useful for differentiating high-grade gliomas from other types of brain 
tumors (18). In the specific setting of glioblastomas, 18F-FDG is particularly sen-
sitive at the initial stage of the diagnosis (19, 20), an example of which is given 
in Figure 1. In a study involving 31 newly diagnosed glioblastomas, Colavolpe et al. 
found an uptake of 18F-FDG in these tumors with a tumor-to-background ratio 
max (TBRmax) of 1.4±0.8 (12). However, differential diagnosis at the initial stage 
with 18F-FDG may be difficult to achieve due to the low specificity of this radio-
tracer. Indeed, brain lymphomas can display a higher glucose metabolism uptake 
than high-grade gliomas (21). Moreover, nonneoplastic neurological diseases 
can mimic brain neoplasms on 18F-FDG, including pyogenic abscesses, tubercu-
losis, fungal infections, or sarcoidosis (22). Studies comparing the 18F-FDG and 
amino acid tracer uptake in the assessment of brain tumors demonstrated signifi-
cantly higher tumor to brain contrast with amino acid PET than with 18F-FDG 
(23–25), demonstrating a higher sensitivity of amino acid tracers for glioblas-
toma detection.



PET Imaging in Glioblastomas158

18F-FET has shown comparable results to 11C-MET in the detection of brain 
gliomas (26). Approximately 95% of high-grade gliomas, including glioblasto-
mas, display a significant uptake of 18F-FET (27–29), leading to a high sensitivity 
of 18F-FET for tumor detection. A study conducted in rats demonstrated that 
18F-FET uptake was absent in macrophages, a common inflammatory mediator, in 
contrast to accumulation of 18F-FDG in these cells (30). Nevertheless, in patient 
studies, unspecific FET uptake has been observed in nonneoplastic brain lesions 
(28, 31). Despite its limited specificity (32), 18F-FDOPA is also a sensitive tool for 
diagnosing glioblastomas with similar results to 11C-MET (33). For instance, in a 
study of 23 histologically confirmed tumors, 18F-FDOPA had a TBRmax of 2.50 ± 
0.73 for 18 high-grade tumors, 3 of which were glioblastomas (24).

In the diagnosis of gliomas, noninvasive tumor grading may be helpful in 
order to define aggressive forms at initial stages with poor prognosis. In this 
instance, 18F-FDG is helpful to detect glioblastomas, since low-grade gliomas 
often appear as hypometabolic lesions, particularly when compared with cortical 
uptake (34). However, due to its high uptake in gray matter, tumor to brain ratios 
of 18F-FDG uptake are low (1.23 ± 0.69) for high-grade tumors, leading to a 
poorer tumor imaging contrast in comparison to amino acid tracers (24). 
18F-FDOPA uptake was found to be significantly higher in high-grade tumors 
compared to low-grade tumors in newly diagnosed but nonrecurrent tumors that 

Figure 1  Primary diagnosis of a right frontal glioblastoma in a 79-year-old man following 
acquisition of axial slices of T1-weighted gadolinium-enhanced MRI (left side) and 18F-FDG PET 
(right side). The right frontal glioblastoma is contrast-enhanced on MRI (white arrow) and 
shows an extensive uptake of 18F-FDG PET (white arrow), despite the high uptake in 
surrounding normal brain tissue.
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had been previously treated in a series of 59 gliomas of which 25 were glioblasto-
mas (35). In another study, 18F-FDOPA uptake was significantly different in high-
grade and low-grade gliomas or for both newly diagnosed and recurrent gliomas 
in a series of 31 gliomas of which 5 were glioblastomas (17). Similarly, several 
studies, including those on glioblastomas, have shown significantly different 
TBRmax between high-grade and low-grade gliomas with 11C-MET (36–38), 
although other study results are more controversial (39, 40).

For 18F-FET, it has been shown that a TBRmax < 2.5 excludes a high-grade 
tumor with high probability (27). Furthermore, 18F-FET accuracy for tumor 
grading can be markedly improved by assessing dynamic PET data, which typi-
cally show steadily increasing time–activity curves in low-grade gliomas, as 
opposed to an early activity peak around 10–20 min after injection, followed by 
decreased uptake in high-grade gliomas (41, 42). Accordingly, in a study com-
bining MRI and dynamic 18F-FET data for initial glioma grading (43), the 
authors concluded that on multivariate logistic regression analysis, a negative 
slope of the tumor FET time–activity curve remains the best predictor of high-
grade glioma. Analysis of dynamic data was not helpful for tumor grading nei-
ther with 11C-MET (44) nor with 18F-FDOPA (45, 46). Altogether, PET is helpful 
in the diagnostic evaluation of glioblastomas at the initial stage by means of 
glycolytic or amino acid metabolism-based tracers. Differential diagnosis with 
nonneoplastic lesions, however, is poorer with 18F-FDG due to its low specificity. 
On the contrary, all commonly used PET tracers can contribute to the differen-
tiation of glioblastomas from low-grade gliomas, especially 18F-FET, when using 
dynamic data.

Delineation of Glioma Extent

The accurate definition of initial tumor volume as well as extent of recurrence is 
essential in treatment planning. Accordingly, PET data provide valuable additional 
information compared with MRI, which suffers from high interindividual vari-
ability in delineation of glioblastoma target volumes (47). Furthermore, multiple 
histopathological and postmortem series have demonstrated the limitations of 
conventional MRI in defining the extent of gliomas (48, 49). Amino acid PET trac-
ers are the better candidates for this indication compared with 18F-FDG, which 
exhibits high uptake in normal brain tissue (13). In a study involving 12 patients 
with recurrent glioblastoma, the metabolically active tumor volume as defined by 
11C-MET PET was substantially underestimated by contrast enhancement in MRI. 
These findings support the notion that information derived from 11C-MET uptake 
in addition to contrast-enhanced MRI may be helpful in optimized targeting of the 
tumor mass by surgery and radiotherapy (50).

Similarly, some studies in which the radiological findings were compared with 
the histological findings in tissue samples obtained by biopsy or open surgery 
have provided evidence that FET PET detects the solid mass of gliomas and meta-
bolically active tumor areas more reliably than MRI (51, 52). Furthermore, in a 
study of initial diagnosis of 56 gliomas, 24 of which were glioblastomas, 18F-FET 
showed considerably higher TBRmax and larger tumor volumes when compared 
to regional cerebral blood volume maps derived from perfusion-weighted 
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MR  imaging (53). In addition, postoperative 18F-FET PET has been shown to 
reveal residual tumor with higher sensitivity than MRI as well as show larger 
tumor volumes (54). In this latter series of 62 patients with recurrent glioblas-
toma, 18F-FET was thus recommended as a helpful adjunct in addition to MRI for 
postoperative assessment of residual tumor (54). Similar results have been 
obtained with 18F-FDOPA PET in progressive or recurrent glioblastomas where a 
larger tumor extent was identified when compared with MRI-derived regional 
cerebral blood volume maps (55). Accordingly, 18F-FDOPA PET-based tumor vol-
umes have been shown to extend beyond the contrast-enhancing volume on con-
ventional MRI (56). In addition, initial nonenhancing glioblastoma areas were 
also identified with this radiotracer since they were subsequently followed by 
abnormal MRI contrast enhancement (57).

Value in Treatment Planning
Biopsy and resection

PET enables better identification of intra-tumor heterogeneity compared with 
standard MRI in addition to delineating tumor extent with much greater 
accuracy. The identification of malignant foci, commonly defined as “hot spots” 
in heterogeneous gliomas and a specific characteristic of glioblastomas (58), is 
essential for biopsy planning. The objective is to ensure that the most biologi-
cally aggressive portion of the tumor, which ultimately determines the patient’s 
prognosis as well as treatment, is not under-sampled (56, 59). Similar to 
the  delineation of tumor extent, amino acid tracers are more suitable than 
18F-FDG in identifying malignant foci in gliomas. In a study aimed at guiding 
stereotactic brain biopsy of gliomas by using 18F-FDG and 11C-MET, the 
authors showed that all 32 gliomas, 10 of which were glioblastomas, exhibited 
an area of abnormal 11C-MET uptake, whereas only 7 glioblastomas showed 
abnormal 18F-FDG uptake (60). An example of superiority of 11C-MET in com-
parison to 18F-FDG is given in Figure 2. In another study aimed at comparing 
performances with MRI, stereotactic PET-guided biopsies were also performed 
with 18F-FDOPA PET. Thirteen of the 16 high-grade biopsy specimens were 
obtained from regions of elevated 18F-FDOPA uptake, while MRI contrast 
enhancement was present in only 6 of the aforementioned 16 samples (56). 
These observations, in accordance with previous results, thus underscore the 
potential benefit of using PET amino acid tracers in determining the most 
aggressive portion of the tumor.

Of particular interest, in a study using a combination of 18F-FDG and 11C-MET, 
surgical tumor resection based on PET tracer uptake was found to be significantly 
associated with longer survival in glioblastoma patients when compared with sur-
gical resection based on MRI contrast enhancement (61). Thus, in addition to its 
value in biopsy planning, PET data provide added prognostic value with regard to 
surgical resection outcome (61). It has moreover been suggested that patients 
with glioblastomas may potentially benefit from maximal PET-guided tumor 
resection since lower biological tumor volume (BTV) before treatment with 
18F-FET was independent of clinical prognostic factors: patients with smaller 
tumor volumes had significantly longer progression-free and overall survival (62).
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Radiation

In radiotherapy treatment planning, 18F-FDG PET can provide prognostic infor-
mation. Indeed, 18F-FDG PET volumes are predictive of survival and time to 
tumor progression in the treatment of patients with glioblastomas (63). However, 
18F-FDG uptake abnormalities generally demonstrate a smaller region of uptake 
contained within the MRI abnormality, with only an occasional extension outside 
of the MRI target (63). 18F-FDG PET is therefore of limited value for radiation 
treatment planning except for the definition of target volumes in radiation dose 
escalation. PET amino acid tracers are thus better suited to delineate tumor vol-
ume prior to radiotherapy. Accordingly, in a study of 39 patients with high-grade 
gliomas before radiotherapy, the region of 11C-MET uptake was larger and detected 
up to 45 mm beyond MRI contrast enhancement in 29 patients (15). Similarly, 
high-grade glioma contours obtained with 18F-FDOPA PET-based consensus tar-
get volumes were larger than MRI-based volumes (64). 11C-MET PET was also 
found to provide supplementary information to MRI data, whereby BTV defined 
with 11C-MET PET included all localizations of recurrences in a series of 52 glio-
blastomas (65). Thus, these pretreatment 11C-MET PET volumes appear to iden-
tify areas at highest risk of recurrence for patients with glioblastomas since 
inadequate PET-gross-tumor-volume coverage was associated with increased risk 
of noncentral failures (66).

Of note, in re-irradiated patients, significant longer survival times have been 
reported using image fusion in treatment planning when compared with treated 
patients based on MRI/CT alone (67). Large BTC on 18F-FET PET is accordingly 

Figure 2  PET performed with 18F-FDG (A) and 11C-MET (B) in a 62-year-old woman with a 
glioblastoma in the left prerolandic cortical area. Uptake of 18F-FDG was reduced in the tumor 
area except for one area of uptake equivalent to that in the surrounding gray matter. Uptake 
of 11C-MET was higher in the tumor than in the surrounding cortex, allowing the definition 
of a target for biopsy. When PET images obtained with the two tracers were co-recorded, 
the highest focus of 11C-MET uptake corresponded to the hot spot of 18F-FDG uptake 
(intersecting lines). (Adapted from J Nucl Med 2004;45:1293–1298. Copyright: The Society 
of Nuclear Medicine and Molecular Imaging, Inc. Reproduced with Permission.)



PET Imaging in Glioblastomas162

an independent prognostic factor of poor overall survival and of progression-free 
survival in newly diagnosed glioblastoma patients, to the detriment of other prog-
nosis factors such as clinical factors or MRI-based tumor volume (62, 68). A num-
ber of centers have accordingly begun to integrate amino acid imaging into 
CT-based and MRI-based radiotherapy planning (69), particularly in high-grade 
gliomas and in instances when high-precision radiotherapy is to be given, or in 
the setting of dose escalation studies, or for re-irradiation of recurrent tumors (70, 
71). In this context, 11C-MET /CT/MRI fusion has also been proposed to optimize 
hypofractionated stereotactic radiotherapy by intensity-modulated radiation ther-
apy (HS-IMRT) in recurrent glioblastomas, with good treatment tolerance and a 
median survival time of 11 months (72).

Follow-up: Treatment Response, Progression, 
Pseudoprogression, and Radionecrosis

The extent of MRI contrast enhancement is usually considered an indicator of 
treatment response or progression (73). However, contrast enhancement after 
radiotherapy with or without concomitant temozolomide can mimic tumor pro-
gression and is termed “pseudoprogression.” This phenomenon typically occurs 
within the first 12 weeks after chemoradiation with concurrent temozolomide 
or radiotherapy alone (74, 75). Moreover, contrast enhancement is linked to 
nonspecific post-therapeutic effects, in the specific setting of post-radiation 
effects, occurring several months later than pseudoprogression (76). It is rela-
tively similar to that observed in tumor recurrence thus impeding the differen-
tial diagnosis between radionecrosis and recurrence. Finally, since the 
introduction of antiangiogenic agents such as bevacizumab, the phenomenon of 
pseudoresponse further complicates the assessment of treatment response using 
standard MRI alone (74, 77).

18F-FDG PET shows a decreased metabolic rate of cerebral glucose after radio-
therapy or chemotherapy even if hypermetabolism is observed in the early phase 
after radiotherapy mostly due to the inflammatory process (20, 78, 79). 18F-FDG 
nevertheless displays low specificity between radionecrosis and tumor recurrence 
(80) as well as a weak added value to MRI (81). In contrast, amino acid tracers 
appear to be better tools to provide sensitive monitoring of the response to various 
treatment options as well as the early detection of tumor recurrence, including an 
improved differentiation of tumor recurrence from post-therapeutic effects (82).

11C-MET is considered as very helpful in the assessment of these patients 
because the decrease in amino acid in the metabolically active tumor volume is 
a  sign of treatment response associated with long-term outcome (83, 84). 
Accordingly, combined assessment with MRI and 11C-MET at 8 weeks can differ-
entiate true responders, that is, those predicted to show a more favorable progno-
sis, from pseudoresponders (85). F18 labeled amino acid tracers can also determine 
treatment response after chemotherapy with a higher accuracy than MRI alone. 
A  comparative illustration between 18F-FET PET and contrast-enhanced MRI is 
shown in Figure 3. For example, in a study involving 25 patients with glioblas-
toma after early completion of radiochemotherapy, a decrease in both 18F-FET 
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TBR(max) and TBR(mean) was found to be a highly significant and independent 
statistical predictor of progression-free survival and overall survival. On the con-
trary, contrast enhancement volume changes had no significant predictive value 
for survival (86).

Otherwise, it has been shown that 18F-FET PET is able to differentiate pseudo-
progression from early tumor progression within the first 12 weeks after comple-
tion of radiochemotherapy with concomitant temozolomide. In patients with 
pseudoprogression, 18F-FET uptake was found to be significantly lower than in 
patients with early progression (TBRmax 1.9 ± 0.4 vs. 2.8 ± 0.5, TBRmean 1.8 ± 0.2 
vs. 2.3 ± 0.3). Performances for diagnosis of pseudoprogression with 18F-FET PET 
were high in sensitivity, specificity, and accuracy by using TBRmax reaching up to 
respectively, 100, 91, and 96% (87). Moreover, a rapid increase in radiotracer 
uptake in time activity curves (shorter time to peak) was more frequently present 
in patients with tumor progression (87). Furthermore, a recent study has even 
proposed an original method of clustering based on textural 18F-FET PET features 
that could distinguish pseudoprogression from true tumor progression (88). 
In addition, 18F-FET PET has also been found to provide valuable information in 
assessing the elusive phenomenon of late pseudoprogression (89).

Figure 3  18FET-PET in a 59-year-old woman with glioblastoma. Brain imaging was performed 
after surgery (upper panel; MRI-/FET-1) and 6–8 weeks after completion of 
radiochemotherapy (lower panel; MRI-/FET-3). Contrast-enhanced MRI with corresponding 
contrast-enhanced volume is shown on the left and 18F-FET PET with corresponding 
metabolic volume on the right. Enlargement of contrast-enhanced volume on MRI 6–8 weeks 
after completion of radiochemotherapy (lower panel) is suggestive of tumor progression, 
whereas 18F-FET PET conversely indicates responsiveness with decreasing amino acid uptake 
(reduction of TBRmax) and unchanged metabolic volume. (Adapted from J Nucl Med 
2012;53:1048–1057. Copyright: Society of Nuclear Medicine and Molecular Imaging, Inc. 
Reproduced with Permission.)
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18F-FDOPA can identify treatment responders to antiangiogenic therapy as 
early as 2 weeks after treatment initiation and thus could be an efficient tool in 
case of suspicion of pseudoresponse (90). In a study involving antiangiogenic 
therapy, a decrease in 18F-FDOPA PET tracer uptake was associated with longer 
progression-free survival and overall survival (91). Furthermore, in this latter 
study, the volume fraction of increased 18F-FDOPA PET uptake measured at two 
time points after bevacizumab treatment also enabled to stratify long-term and 
short-term progression-free survival as well as overall survival (91). Responders 
based on 18F-FDOPA PET data survived 3.5 times longer (12.1 months vs. 3.5 
months of median overall survival) than nonresponders, which was much higher 
than responders based solely on MRI (90). Similar results have been reported for 
18F-FET (92–94).

With regard to the differential diagnosis between tumor recurrence and radio-
necrosis, 11C-MET provides a better sensitivity and clearer delineation of the sus-
pected recurrence (83). In a comparative study, 11C-MET was found to be superior 
to 18F-FDG for diagnostic accuracy in distinguishing glioma recurrence from radi-
ation necrosis (95). Similarly, in a prospective comparison with 18F-FDG PET, 
18F-FDOPA PET had a diagnostic accuracy of 100% for the diagnosis of glioblas-
toma recurrence versus 92.8% with 18F-FDG PET (96). In addition, in a study of 
110 glioblastoma patients, 18F-FDOPA PET detected recurrence with high accu-
racy while lesion-to-normal-tissue ratios were predictive of progression-free sur-
vival (97). Finally, 18F-FDOPA PET is also able to distinguish tumor recurrence 
from treatment-related changes (24), an example of which is depicted in Figure 4. 

Figure 4  Left temporal glioblastoma recurrence in a 66-year-old man after surgery and adjuvant 
radiochemotherapy. The axial slice of Fluid-Attenuated Inversion Recovery (FLAIR)-weighted 
MRI (left side) shows a hypersignal at the posterior area of the exeresis cavity (white arrow), 
making the distinction between tumor recurrence and post-therapeutic effects somewhat 
challenging. The axial slice of 18F-FDOPA PET shows an intense uptake in the same area 
(white arrow), which is strongly in favor of tumor recurrence.
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In a similar manner, static and dynamic 18F-FET PET parameters can differentiate 
progressive or recurrent glioma from treatment-related nonneoplastic changes 
with a higher accuracy than conventional MRI, especially with regard to glioblas-
toma recurrence (98, 99).

Prognostication

18F-FDG provides an additional prognostic value to MRI (100) in newly diag-
nosed (12) or recurrent glioblastomas (101). Indeed, the tumor-to-normal brain 
tissue ratio has been reported to predict overall survival in a newly diagnosed 
glioblastoma subgroup, independently of age, Karnofsky performance status, 
histological grade, and surgery (12). In addition, in a series of 20 recurrent glio-
blastomas, 18F-FDG uptake was found to be the most powerful predictor of 
both  progression-free survival and overall survival, using either univariate or 
multivariate analysis, among all variables tested, including histological grade, 
Karnofsky performance status, steroid intake, and number of previous treat-
ments (101).

Prognostic value is also a feature of amino acid tracers. Indeed, 11C-MET 
uptake is correlated to prognostic, histological, and molecular parameters in 
gliomas at initial stage (102). Moreover, a prospective multicenter trial investi-
gating the role of pretreatment 18F-FET PET in newly diagnosed glioblastoma 
found BTV prior to radiochemotherapy to be highly prognostic of outcome (62). 
Furthermore, 18F-FET PET time–activity curves before treatment and their 
changes after radiochemotherapy were also related to outcome, whereby patients 
with increasing time–activity curves experienced longer overall survival (62). 
This latter observation is in accordance with results of previous studies investi-
gating amino acid PET in malignant glioma prior to therapy in which volumetry 
of 11C-MET uptake was a pretreatment prognostic marker in patients with malig-
nant glioma (103). Interestingly, tumor-to-normal brain tissue ratio using 
18F-FDOPA PET was also reported as an independent predictor of survival, along 
with the size of recurrent tumor on MRI in patients with suspected recurrent 
glioblastomas (104). More recently, a combination of two radiotracers was used 
to define a metabolic tumor volume in hypoxia, with the latter expressed as the 
volume of 18F-FDG /18F-fluoromisonidazole (18F-FMISO) double-positive, and 
18F-FMISO used as a radiotracer of hypoxia. This metabolic tumor volume in 
hypoxia was a significant predictor of progression-free survival and overall sur-
vival in glioblastoma patients (105).

Future Perspectives: Novel Radiotracers and Multimodality

Several other radiotracers have been developed for diagnosis, prognosis, or 
follow-up of glioblastomas (106). Among the better-known compounds, the 
aforementioned 18F-FMISO, a nitroimidazole derivative, was developed as a PET 
imaging agent of hypoxia (107), through the trapping of its metabolites into 
hypoxic cells (108). Hypoxia in tumors is a pathophysiological consequence of 
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structurally and functionally disturbed angiogenesis along with a deterioration 
in the ability of oxygen to diffuse through the tissues and is associated with pro-
gression and resistance to radiotherapy (109). 18F-FMISO uptake has been found 
in high-grade gliomas, but not in low-grade gliomas, along with a significant 
relationship between its uptake and expression of the angiogenesis marker 
VEGF-R1. Thus, 18F-FMISO may have a role in directing and monitoring tar-
geted hypoxic therapy (110).

Another radiotracer, 18F-fluorothymidine (18F-FLT), is a thymidine analog 
developed for the purpose of imaging tumor cell proliferation (111). 18F-FLT has 
been used in diagnosis and assessment of glioma grading, in differentiating tumor 
recurrence from radionecrosis, in assessing response to treatment, and in predict-
ing overall survival (112). In an image-guided biopsy study, results demonstrated 
that 18F-FLT, while a useful marker of cell proliferation, and although correlated 
with regional variations in cell proliferation, was unable to identify the margin of 
gliomas (113). This is due to the fact that 18F-FLT is not able to penetrate the 
intact blood–brain barrier and normally accumulates only in areas with contrast 
enhancement on MRI (114, 115).

11C-Choline has been used as a marker of cell membrane phospholipids in 
brain tumors, exhibiting a significant correlation of uptake with the degree of 
glioma malignancy (116). However, as is the case with 18F-FLT, tracer uptake is 
limited to areas with blood–brain barrier disruption and therefore this tracer 
offers limited additional information compared to a contrast-enhanced MRI. It 
should nevertheless be emphasized that, despite their many advantages, the 
majority of these radiotracers as well as multiple others are not widely available 
and are only used in a limited number of centers since they require well-
experienced staff with on-site radiochemistry equipment and cyclotron. These 
radiotracers are currently available only in research centers. Furthermore, 
future perspectives also include multimodality imaging. Accordingly, techno-
logical innovations in glioma imaging assessment such as simultaneous acquisi-
tion of anatomic and functional images with the integration of PET–MRI data 
appear to be of particular promise for research, diagnosis, and treatment of 
glioblastomas. Fully integrated PET/MRI scanners are now available and the 
number of scanner installations and published studies is steadily on the rise 
(117–119). Furthermore, hybrid PET–MRI systems offer improved patient 
comfort due to a significant reduction in measurement time and improved spa-
tial and temporal co-recording of PET and MRI data. Hybrid PET–MR allows 
comparing amino acid PET data with advanced MR parameters including per-
fusion-weighted imaging, magnetic resonance spectroscopy, and diffusion-
weighted imaging (118).

In addition to this technical multimodality and the concomitant efforts of 
using various radiopharmaceuticals to characterize multiple biological targets 
(61, 105), currently used multiparametric imaging also integrates the develop-
ment and applications of innovative methods of image processing and analy-
sis (120). While common metrics such as standard uptake value (SUV) or BTV or 
TBR only partially describes the properties of pathological lesions, novel param-
eters such as shape and uptake heterogeneity may provide additional information 
on the biological profile associated with tumor aggressiveness or degree of 
response to specific treatment and, consequently, with prognosis (121).
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Conclusion

In summary, PET is a nuclear medicine imaging method with increasing relevance 
in diagnosis, therapy monitoring, and prognostication of glioblastomas. In clinical 
practice, currently used radiotracers are focused on imaging of glucose metabo-
lism and amino acid transport. Both classes of tracers can provide information on 
grading and prognosis of gliomas, but amino acid tracers, which exhibit lower 
uptake in normal brain tissue, are better suited for delineation of tumor extent, 
treatment planning, and follow-up than 18F-FDG. Although the use of PET in the 
diagnosis of glioblastomas is still at an early stage of development in clinical prac-
tice, development of novel radiotracers and recent innovations in multimodality 
imaging are expected to enhance its use in the assessment of these tumors in the 
near future.
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Abstract: Glioblastoma (GB) is the most malignant and the most common type of 
glioma in adults, accounting for 60–70% of all malignant gliomas. Despite the 
current therapy, the clinical course of GB is usually rapid, with a mean survival 
time of approximately 1 year. For therapy response assessment in GB, magnetic 
resonance imaging (MRI) is the method of choice. In 2010, the Response 
Assessment in Neuro-Oncology (RANO) was introduced, including the tumor 
size (in 2D) as measured on T2-weighted and Fluid Attenuated Inversion Recovery 
(FLAIR)-weighted images, in addition to the contrast-enhancing tumor part. 
Although the RANO criteria addressed some of the limitations of the previous 
MacDonald criteria for therapy evaluation in high-grade glioma, treatment-related 
side effects hamper correct response assessment. To address the above-mentioned 
drawbacks in the follow-up of GB, incorporating changes in tumor biology mea-
sured by advanced MRI and positron emission tomography (PET) imaging, which 
may precede anatomical changes of the tumor volume, is promising. Imaging 
biomarkers capable of predicting response at an early time point after treat-
ment  initiation are the premise of personalized treatment enabling change or 
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discontinuation of therapy to prevent ineffective treatment or adverse events of 
treatment. In this chapter, an overview of applicable PET tracers for the therapy 
response assessment in GB and the determination of tumor recurrence versus 
treatment-related effects is given.

Key words: Glioblastoma; MRI; PET; Radiation necrosis; Therapy response

Introduction

Gliomas are the most common primary brain tumors with a peak incidence in the 
fifth and sixth decade of life (1, 2). The highest grade of gliomas (WHO grade IV) 
are called glioblastoma (GB). GBs account for more than half of all glial tumors, 
are a highly invasive solid tumor type, and are most often found in cerebral hemi-
spheres, particularly in frontal, parietal, and temporal lobes, although they can be 
situated in any lobe. They can arise de novo (primary GB) or after progression of a 
low-grade glioma (secondary GB) (2–4). Usually, GBs are poorly delineated, het-
erogeneous tumors with necrosis, hemorrhage, and increased vascularity. Central 
necrosis is the hallmark of GBs and may occupy as much as 80% of total tumor 
mass (2). GB cell infiltration into the surrounding brain parenchyma renders a 
complete surgical resection mostly impossible without producing significant neu-
rological injury. Residual glioma cells at the tumor margins frequently lead to 
tumor recurrence (3). In patients with suspected brain tumor, after medical his-
tory taking and clinical examination, the most important diagnostic procedure is 
magnetic resonance imaging (MRI) of the brain with a contrast-enhancing agent. 
However, the diagnosis should be confirmed via a stereotactic biopsy or, when 
appropriate, via resection. Functional and molecular imaging has gained a lot of 
attention in the last decade. Before confirmation of the diagnosis via tissue analy-
sis, MR spectroscopy (MRS), perfusion weighted MRI (PWI), and positron emis-
sion tomography (PET) imaging can be helpful. After the diagnosis has been 
confirmed pathologically, these imaging modalities can be even more valuable. In 
particular, they may be useful for planning of radiation therapy (RT) and even 
more established in clinical practice for the monitoring during therapy, post-
treatment surveillance, and prognostication (5, 6).

Treatment of Glioblastoma

Surgical resection remains one of the most effective treatments for cerebral glio-
mas (7, 8). It has been shown that patients who had a gross total resection also 
have a better response to subsequent adjuvant treatments than those who had 
only a partial resection or biopsy (7). However, in about half of the patients, 
(total) resection is not possible (9). The current standard of care for patients with 
GB has slowly evolved over the course of several decades. In the early 1960s, 
systemic corticosteroids were shown to have a beneficial impact on patients’ 
quality of life by reducing peritumoral edema. Shortly thereafter, whole brain 
radiation therapy (WBRT) became recognized as an effective adjuvant therapy. 
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However, the dose was limited by potential toxicity to the surrounding normal 
brain (3). New developments in RT enabled to shape the radiation dose conform 
to the tumor target, limiting the dose to normal tissues, resulting in so-called 
conformal RT. Intensity-modulated radiation therapy (IMRT) allows even greater 
control over the shape of the dose distribution using variable intensities of the 
radiation beam (10, 11). In an effort to complement the beneficial effects of cor-
ticosteroids and RT, systemic chemotherapeutic agents were also studied (3). In 
2005, Stupp et al. established the superiority of surgery and combined chemora-
diation therapy with temozolomide (TMZ) over surgery and RT alone. As a result, 
for newly diagnosed GB patients with a good performance status, the standard 
of  care now includes maximal surgical resection followed by combined exter-
nal beam RT (60 Gy in 30 fractions) and TMZ, followed by maintenance TMZ 
(12–14). TMZ is an oral deoxyribonucleic acid (DNA) alkylating agent with good 
blood brain barrier (BBB) penetration. It is usually well tolerated with thrombo-
cytopenia as its main and dose-limiting toxicity. In contrast to TMZ, nitrosoureas 
such as lomustine (CCNU), carmustine (BCNU), nimustine (ACNU), or fotemus-
tine can induce prolonged leukopenia and thrombocytopenia, requiring dose 
reductions for the subsequent cycles, or a change of regimen. Nitrosoureas are 
now second-choice agents relative to TMZ for glioma treatment. In high-risk, 
low-grade gliomas, RT followed by procarbazine, CCNU, and vincristine (PCV) 
constitutes a new standard of care due to prolonged survival reported in the 
RTOG 9802 trial (15). The most recent development with respect to novel thera-
pies for GB involves the use of angiogenesis inhibitors, such as bevacizumab, 
which improve the quality of life of patients due to their capacity to reduce vessel 
leakiness, resulting in diminished intracranial edema (16). Despite the current 
therapy for GB, the clinical course of GB tumors is usually rapid, with a mean 
survival time between 6 and 12 months (2).

Therapy response assessment of glioblastoma

Several prognostic factors have been identified in patients with GB, such as age, 
Karnofsky performance status, neurological status, WHO tumor grade, tumor 
location, extent of surgery, genetic and molecular biomarker status, and concomi-
tant TMZ (17, 18). For therapy response assessment in GB, MRI is the method of 
choice. Until 2010, mainly MacDonald criteria were used for assessing response 
to therapy in high-grade glioma (HGG). Although the MacDonald criteria were 
developed primarily for computed tomography (CT) scans, they have been 
extrapolated to MRI. The criteria are based on two-dimensional (2D) tumor mea-
surements on CT or MRI, in addition to a clinical assessment and corticosteroid 
use and dose (19). In the MacDonald criteria, a significant increase (≥25%) in the 
contrast-enhancing lesion is used as a reliable marker for tumor progression. 
However, contrast enhancement after the administration of gadolinium is nonspe-
cific and primarily reflects the passage of contrast material across a disrupted BBB. 
Furthermore, in 20–30% of patients, pathological contrast enhancement on MRI 
subsiding without any change in therapy is shown on the first post-irradiation 
MRI. This phenomenon, known as pseudoprogression, likely results from a combi-
nation of transiently increased permeability of the tumor vasculature from irradia-
tion, treatment-induced necrosis, and post-operative infarcts, and should always 
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be considered in the first 3 months after concurrent chemoradiation for gliomas 
(19–21). In addition, it is worth mentioning that pseudoprogression may be rein-
forced by chemotherapy with TMZ (9, 19, 22). This treatment-related effect com-
plicates the determination of tumor progression immediately after the completion 
of RT and may result in premature discontinuation of effective adjuvant therapy 
(19, 22). Furthermore, since the introduction of antiangiogenic agents, another 
phenomenon known as “pseudoresponse” occurred. These agents can produce a 
marked decrease in contrast enhancement as early as 1–2 days after initiation of 
therapy, which may be partly a result of normalization of abnormally permeable 
tumor vessels and not a true anti-glioma effect as a nonenhancing tumor may 
continue to grow (19, 20). This normalization of BBB disruption is often com-
bined with a regression of perifocal edema followed by an improvement of neuro-
logical symptoms and consequently a reduction of corticosteroid use (22). In an 
attempt to more accurately assess treatment response, new criteria for Response 
Assessment in Neuro-Oncology (RANO) were introduced in 2010, including the 
tumor size (in 2D) as measured on T2-weighted and Fluid Attenuated Inversion 
Recovery (FLAIR)-weighted images, in addition to the contrast-enhancing tumor 
part. Although the RANO criteria addressed some of the limitations of the 
MacDonald criteria for evaluation of therapy in HGG, the abovementioned treat-
ment-related side effects hamper correct response assessment. The proposed new 
response criteria suggest that within the first 3 months after completion of RT, 
progression can only be determined if the majority of the new enhancement is 
outside of the radiation field or if there is pathologic confirmation of progressive 
disease. This means that response assessment shortly after the end of RT is not 
accepted (22). Furthermore, increased enhancement and FLAIR/T2 hyperintense 
signal abnormalities can also occur due to treatment-related inflammation, post-
surgical changes, subacute irradiation effects, and radiation necrosis (RN) (19). As 
such, tumor recurrence cannot be accurately distinguished from treatment effects 
on CT or conventional MRI (9).

Differentiation between treatment-related effects 
and glioblastoma recurrence

Early and late therapy-related effects on brain tissues are an unwanted but 
unavoidable consequences of RT (7). The incidence is increasing with more fre-
quent use of stereotactic radiosurgery and combined modality therapy for brain 
tumors. These therapy-related effects on the brain, such as radiation injury, also 
add to the complexity of imaging response and recurrence patterns, which is 
particularly important in patients with HGG in whom recurrence is commonly 
seen (20, 21). Radiation injury is known to potentially target glial cells and vas-
cular endothelial cells and has been divided into acute, early-delayed, and late-
delayed reactions (20, 23). Acute RN (during RT to 3 months after completion 
of RT) is a consequence of injury to the vasculature, more specifically radiation-
induced endothelial cell apoptosis, leading to capillary leakiness and edema. Up 
to 12 weeks following RT, early-delayed injury can occur due to a delay in 
myelin synthesis (injury to oligodendrocytes). However, pseudoprogression 
must be considered. Late vascular changes include vessel wall thickening, with 
resulting occlusive vasculopathy, perivascular parenchymal coagulative necrosis, 
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and inflammation. Late delayed reactions are reported to occur in 3–24% of 
patients from 3 months to 13 years after the completion of RT (23–26). The risk 
increases with increasing radiation dose, fraction size, irradiated volume, and 
the (concomitant) administration of chemotherapy (24). The pattern of radia-
tion injury may vary from diffuse periventricular white matter lesions to focal or 
multifocal lesions and may occur even distant from the original site of treatment 
(27). Differentiation between RN and recurrent brain tumor presents a diagnos-
tic dilemma as both entities frequently develop at the resection site and often 
have a similar appearance on conventional MRI (20, 21). Both types of lesions 
can have similar clinical presentations, such as seizures, focal neurologic defi-
cits, and increased intracranial pressure (25). Obviously, a correct diagnosis is 
important for further patient management. RN may require the administra-
tion of steroids, whereas tumor recurrence necessitates second-line treatment 
(20, 28). A definite diagnosis requires a biopsy. Unfortunately, a biopsy is subject 
to sampling error, is invasive, and can lead to potential complications such as 
brain hemorrhage (21).

To address the abovementioned drawbacks in the follow-up of GB, incorporat-
ing changes in tumor biology measured by advanced MRI and PET imaging, 
which may precede anatomical changes of the tumor volume, is promising 
(9, 29, 30). Imaging biomarkers able to predict response at an early time point 
after treatment initiation are the premise of personalized treatment enabling 
change or discontinuation of therapy to prevent ineffective treatment or adverse 
events of treatment. Moreover, identification of treatment failure may help reduce 
costs. This is highly relevant because the expense of newer systemic treatment 
options (e.g., bevacizumab) is considerably higher than conventional alkylating 
chemotherapy (e.g., lomustine) (31). Currently, MRI techniques that interrogate 
the vascular density and permeability of tumor vasculature, such as dynamic con-
trast-enhanced MRI (DCE-MRI), diffusion-weighted MRI (DWI), perfusion-
weighted MRI (PWI), and metabolite concentrations using MRS, are being 
evaluated as imaging biomarkers of tumor response in treatment trials (9). Using 
DWI, higher apparent diffusion coefficients (ADCs) were found in RN compared 
to tumor recurrence due to an increase in water in the interstitial spaces resulting 
from cell necrosis (32). Choline/creatine and choline/N-acetylaspartate ratios as 
measured by MRS may also add valuable information in differentiating recurrent 
tumor from RN, and even a higher diagnostic accuracy was achieved when com-
bining DWI with MRS (32, 33). PWI, such as dynamic susceptibility contrast-
enhanced MRI (DSC-MRI), was found to distinguish tumor recurrence from RN 
by using cerebral blood volume (CBV) maps (9, 34–36). Furthermore, the use of 
the amide proton transfer MRI signal of endogenous cellular proteins and pep-
tides as an imaging biomarker has been shown to be able to differentiate viable 
glioma from RN in rats (37). Although advanced MRI techniques may yield prom-
ising results, a major disadvantage is the current lack of standardization and vali-
dation, which hampers the translation into the clinic. In the remainder of this 
chapter, the focus is on the use of PET for therapy response assessment in GB. In 
the future, incorporation of these advanced imaging techniques into the RANO 
criteria is necessary, but it needs standardization and requires rigorous clinical 
validation before they can be recommended and incorporated into response crite-
ria (19). Currently, the decision tree given in Figure 1 can be proposed for the 
follow-up of HGG (38).
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PET for Therapy Response Assessment in GB

In the past decades, a variety of molecular targets have been addressed by specific 
PET tracers in neuro-oncology and could be used for therapy response evaluation 
in HGG, see Figure 2 (39–44).

18F-Fluorodeoxyglucose (18F-FDG) PET

18F-Fluorodeoxyglucose (18F-FDG) is the most common clinically utilized PET 
tracer due to its high potential to detect tumors in the body based on increased 
energy demand of malignant tumors. 18F-FDG PET measures cellular glucose 
metabolism as a function of the enzyme hexokinase (40, 41, 45). 18F-FDG-6-PO4 
accumulates in cells over time, leading to signal amplification and making this 
imaging agent a suitable indicator of hexokinase-II activity as well as a cell’s need 
for glucose (45). In the brain, 18F-FDG exhibits high uptake in normal gray mat-
ter, reflecting the metabolic demands of neurons and glia. This high uptake in 
normal brain parenchyma often makes the localization and the delineation of 
brain tumors difficult and only co-registration of 18F-FDG PET with MRI allows 
the rating of glucose metabolism in specific areas of a tumor, see Figure 2A 
(40, 41). Several studies investigating the potential of 18F-FDG in discriminating 
tumor recurrence and RN have been performed. However, equivocal results with 
sensitivities and specificities ranging from 40 to 100% were published (21, 28, 
34, 46–48). Besides the high and variable uptake by the normal cortex, radiation 

Figure 1  Decision tree for post-treatment follow-up in high-grade gliomas. 
(Adapted from Ref. (38).)
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injury can activate repair mechanisms or lead to inflammation, which can lead to 
false-positive results (20).

Our research group compared the uptake of 18F-FDG, 18F-fluoromethylcholine 
(18F-FCho), and 18F-fluoroethyltyrosine (18F-FET) in GB and RN in rats, see 
Figure 3 (49, 50). We found significantly higher values for the maximum and 
mean standard uptake value (SUVmax and SUVmean) and the maximum and mean 
lesion to normal tissue ratio (LNRmax and LNRmean) on 18F-FDG PET in GB com-
pared to RN. Uptake of 18F-FDG in GB was high, which means that the uptake 
was higher than that in the cortex. The latter was not shown in RN (51, 52). In 
the literature, 18F-FDG PET has been found to be of only moderate additional 
value to MRI for differentiation between glioma recurrence and RN, especially due 
to low specificity (6, 21, 28, 30, 48, 53, 54). A potentially useful approach for 

Figure 2  Contrast-enhanced MRI (top row) and multiple PET tracers (bottom row) in 
glioblastoma. (a) 18F-Fluorodeoxyglucose (18F-FDG), (b) 18F-fluoroethyltyrosine (18F-FET), 
(c) 18F-Fluoromethylcholine (18F-FCho), (d) 18F-fluoromisonidazole (18F-FMISO) (43) PET 
in human GB, (e) 18F-fluoroazomycin arabinoside (18F-FAZA) PET of the rat F98 model, 
(f) 18F-fluorothymidine (18F-FLT) (9) PET, and (g) 18F-AIF-NOTA-PRGD2 (18F-RGD) PET/CT in 
human GB. (Adapted from Ref. (44).)

(a) (b) (c) (d) (e) (f) (g)

Figure 3  Contrast-enhanced MRI (A and F) and PET of glioblastoma (top row) and radiation 
necrosis (bottom row). For clarity, the rat brain is contoured in white. 18F-FDG PET 40-60 min 
post-injection (B,G) and 240 min post-injection (C,H), 18F-FCho PET 10-20 min post-injection 
(D,I), 18F-FET PET 35-55 min post-injection (E,J) (49).

(A) (B) (C) (D) (E)

(F) (G) (H) (I) (J)
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18F-FDG PET is dual-phase imaging. It was shown previously that delayed 
18F-FDG imaging 3–8 h after injection improves the distinction between tumor 
and normal gray matter because the outflow of glucose was hypothesized to be 
higher from normal brain tissue than from the tumor. This was confirmed using 
kinetic modeling (KM) showing that the dephosphorylation rate of FDG-6 phos-
phate values were not significantly different between tumor and normal brain 
tissue at early imaging times but was lower in tumor than in normal brain tissue 
at delayed imaging times (55–58). Applying conventional and delayed 18F-FDG 
PET, Horky et al. found that early and late SUVs of the lesion alone did not dif-
ferentiate between tumor and necrosis. However, the change of LNRmax between 
early and late 18F-FDG images was 95% sensitive, 100% specific, and 96% accu-
rate (58). In our study, we found that differences in LNRmean and LNRmax between 
GB and RN were higher on the delayed PET images compared to the conventional 
18F-FDG PET. A plausible explanation is that, like normal brain tissue, necrotic 
tissue shows increased 18F-FDG excretion at delayed times when compared with 
tumor (56). Consequently, the LNR increases over time for tumor but remained 
stable or even decreased for RN (58).

Amino-acid PET

Radiolabeled amino acids are the most commonly used PET tracers for imaging 
brain tumors. An advantage over 18F-FDG is the relatively low uptake of amino 
acids by normal brain tissue. Therefore, cerebral gliomas can be distinguished 
from the surrounding normal tissue with higher contrast, see Figure 2B (40, 41). 
Labeled amino acid tracers developed so far for PET imaging are divided into 
two categories: tracers actively incorporated into the proteins, such as 
11C-Methionine (11C-MET), potentially allowing investigating protein synthesis, 
and tracers not integrated into proteins, such as 18F-fluoroethyltyrosine (18F-
FET) and 3,4-dihydroxy-6-18F-fluoro-l-phenylalanine (18F-FDOPA), which are 
valuable tools to evaluate amino acid transport (59). The increased uptake of 
18F-FET and 18F-FDOPA by cerebral glioma tissue appears to be caused mainly 
by increased transport via sodium-independent amino acid transport system L 
for large neutral amino acids (LATs) and Na+-dependent general amino acid 
transporters B0,+ and B0, with a disruption of the BBB not being a prerequisite for 
intratumoral accumulation (20, 60–62). Most PET studies of cerebral gliomas 
have been performed with 11C-MET, although the short half-life of 11C (20 min) 
limits the use of this tracer to the few centers that are equipped with an on-site 
cyclotron facility. Results with 18F-FET PET are similar to those with 11C-MET 
(63), and due to its longer half-life (109 min) and lack of (or minimal) uptake in 
macrophages and inflammatory cells, 18F-FET PET is preferred for clinical use 
(56, 59, 61, 64–67). The diagnostic potential of 18F-FET PET in brain tumors is 
well documented, for example, a superior delineation of human gliomas by 18F-
FET PET compared with MRI and a high specificity for the detection of gliomas 
and biopsy site planning (31, 64, 68). Among WHO grades III and IV gliomas, 
the vast majority (>95%) shows increased 18F-FET uptake. However, a lack of 
18F-FET uptake does not exclude a glioma, as approximately one-third of WHO 
grade II gliomas and most dysembryoplastic neuroepithelial tumors (WHO 
grade I) are 18F-FET negative (6). Several studies have also indicated that 
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time–activity curves of 18F-FET uptake contain biological information beyond 
that of static images, and these data may be helpful for glioma grading (31). 
In  HGGs, uptake patterns of 18F-FDOPA are not significantly different from 
18F-FET, but both SUVmean and LNRs were 10–15% higher for 18F-FET than 
18F-FDOPA (69).

Current amino acid PET data suggest that deactivation of amino acid trans-
port and/or decrease of the metabolically active tumor volume is a sign of treat-
ment response associated with long-term outcome (6, 70–73). Treatment 
response and outcome in bevacizumab therapy has been suggested to be better 
assessed by 18F-FET and 18F-FDOPA, compared to MRI (6, 74–77). Also, reliable 
monitoring of TMZ and nitrosourea-based chemotherapy effects has been dem-
onstrated in patients with recurrent HGG (9, 31, 64, 66, 70, 71). In a study by 
Rachinger et al., 18F-FET PET was able to distinguish tumor progression from 
stable disease with 93% specificity and 100% sensitivity, while the specificity of 
conventional MRI alone was 50% (78). 18F-FET PET responders, based on a 
decrease of more than 10% of LNR after completion of therapy, also showed a 
significant longer overall survival than nonresponders (60). The biological tumor 
volume on 18F-FET PET prior to chemoradiotherapy and as early as 7–10 days 
after the completion of treatment in GB was also found to be highly prognostic. 
Remarkably, the time-to-peak and the shape of the 18F-FET time–activity curve, 
derived from dynamic PET acquisitions, were shown to have value in therapy 
response assessment (6, 60, 70, 79, 80).

A promising role of amino acid PET for the distinction between tumor recur-
rence and benign post-therapeutic changes has also been suggested. The LNR of 
11C-MET PET revealed a sensitivity and specificity of 70–80% for the differentia-
tion of brain metastasis recurrence from radiation-related effects (31). A higher 
diagnostic accuracy was shown by Grosu et al., with 11C-MET able to differentiate 
tumor tissue from treatment-related changes with a sensitivity of 91% and a spec-
ificity of 100% (63). Using 18F-FET PET, the detection of tumor recurrence/pro-
gression was even more accurate, with a sensitivity and specificity of 100% and 
93%, respectively, compared with 93- and 50% for MRI alone (73, 78). Pöpperl 
et al. were able to distinguish recurrent tumor and RN with 100% accuracy, 
applying a threshold of 2.0 for LNRmax, and Galldiks et al. suggested that the 
combined evaluation of the LNRmean of 18F-FET uptake and the pattern of the 
time–activity curve can differentiate brain metastasis recurrence from RN with 
high accuracy (70, 73). The lower specificity of 11C-MET may be explained by 
its higher affinity for macrophages compared with 18F-FET as demonstrated in 
animal experiments (81, 82). In our study, 18F-FET uptake in GB was more 
intense and more heterogeneous compared to RN, see Figure 3E. It was already 
mentioned that focal and high 18F-FET uptake was suspicious for tumor recur-
rence, whereas low and homogeneous uptake around the resection cavity was 
considered benign due to post-treatment alterations of the BBB (73). Furthermore, 
amino acid PET was assumed to be superior to both 18F-FCho PET and 18F-FDG 
PET for diagnostic accuracy in distinguishing glioma recurrence from RN (6, 49, 
50, 83). Using 18F-FDOPA PET, a sensitivity and specificity of more than 80% to 
distinguish recurrent GB or recurrent brain metastasis and radiation-related 
effects was shown (25, 84). However, the lack of physiological 18F-FET uptake in 
the basal ganglia when compared with 18F-FDOPA PET makes 18F-FET the most 
promising amino acid tracer for PET imaging in brain tumor patients (31). 
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However, it should be kept in mind that (moderately) increased 18F-FET uptake 
can also be seen in acute inflammatory lesions such as active multiple sclerosis 
and brain abscesses (6).

18F-Fluoromethylcholine (18F-FCho)

Positron-labeled choline analogues appear to be successful as oncological PET 
probes because a major hallmark of cancer cells is increased lipogenesis (85, 86). 
Phosphorylation by choline kinase (CK) constitutes an important step in the incor-
poration of choline into phospholipids, which is an essential component of all cell 
membranes. In cancer, there is often an increase in the cellular transport and phos-
phorylation of choline, as well as an increase in the expression of CK, increasing 
the uptake of radiolabeled choline (87–89). Choline can be labeled with either 11C 
or 18F. As a tracer, 11C-Cho is biochemically indistinguishable from natural choline; 
however, the short half-life of 11C has led to the development of 18F-labeled deriva-
tives, such as 18F-Fluoromethylcholine (18F-FCho) (90, 91). Previous in vitro stud-
ies have clearly documented that these fluorinated choline analogues are suitable 
substrates for the enzyme CK (90, 92), although the rate of their incorporation in 
phospholipids may be slower than that of endogenous choline (93). 18F-labeled 
choline analogues have been investigated as oncological PET probes for the detec-
tion of (recurrent) local prostate cancer, but seem to have limited value for tumor 
and nodal staging. Rapidly proliferating GB cells have increased membrane/fatty 
acid requirements, which result in a higher 18F-FCho uptake than in healthy brain 
tissue (86). Kwee et al. showed promising results for 18F-FCho in brain tumor PET 
imaging with a differential uptake in HGG, brain metastases, and benign lesions 
(87). One of the assets of this tracer is the very low uptake in normal brain, increas-
ing distinctively the contrast between GB and healthy brain, see Figure 2C. Changes 
in 18F-FCho uptake may also precede post-treatment anatomical changes on con-
ventional MRI (86). However, only a few studies investigated the potential of 
18F-FCho for therapy response assessment in gliomas. Li et al. reported that, for 
11C-Choline PET, an LNR≤1.4 might predict a longer overall survival in patients 
with suspected recurrent glioma after treatment (94). Parashar et al. suggested that 
there was a good correlation between a change in SUVmax of the tumor during RT 
and response (95). However, in the latter study, only one patient with a malignant 
glioma was included. Our research group recently investigated the potential of 
18F-FCho PET for early therapy response assessment in GB patients; see Figure 4 
(96). Based on our results, 18F-FCho SUV values pre-RT, during RT, and 1 month 
post-RT did not predict response. Physiological phenomena, such as therapy-
induced perfusion changes due to alteration of BBB, cell repair mechanisms 
obscuring assessment of true cell death, and aspecific uptake of PET tracers due to 
infiltrating macrophages, may complicate response assessment. It should also be 
kept in mind that GBs are very heterogeneous tumors, containing clusters of 
tumor and normal cells, vascular structures, and necrotic tissues (29), which are 
not fully captured when using SUVmax or SUVmean values. Based on our results, we 
also noted that in some nonresponders, absolute SUV values decreased during 
the course of the treatment while the metabolic tumor volume (MTV) increased, 
indicating that MTV is an important parameter. As such, we found that the 
18F-FCho PET-derived parameter, MTV x SUVmean, allowed prediction of therapy 
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response as early as 1 month after the completion of RT. Interestingly, the tumor 
volume derived from contrast-enhanced MRI was able to predict response earlier, 
that is, at week 6 during RT. However, due to the possibility of pseudoprogression, 
inclusion of PET in the RANO criteria might be helpful for early therapy response 
prediction in HGG.

Finally, 18F-FCho PET was assumed to be promising in differentiating GB from 
RN (47, 52, 97). 18F-FCho PET was studied in patients with solitary brain lesions 
and correctly identified patients with RN based on LNR (87). Tan et al. showed 
higher sensitivity and specificity for 11C-Cho PET compared to MRI and 18F-FDG, 
and Spaeth et al. noted a higher 18F-FCho uptake in HGG compared to acute 
radiation injury (52, 97). Although promising results for the differentiation of RN 
and tumor recurrence in gliomas were reported, in our in vivo animal experiment, 
18F-FCho was not able to differentiate “pure” GB from “pure” RN; see Figure 3D 
(87, 97). Using KM and graphical analysis, we tried to interpret these results. 
However, we could not confirm an increased choline transporter-like protein-
mediated transport, nor a higher expression of CK in GBs compared to RN. 

Figure 4  18F-Fluoromethylcholine (18F-FCho) PET and contrast-enhanced T1-weighted MR images 
in 3 GB patients (a,b,c). (a) A 47-year old female patient diagnosed with GB in the right frontal 
and temporal lobe. According to the RANO criteria the patient is categorized as a partial 
responder. A 60 % decrease in SUVmax and SUVmean is observed from pre-RT to 1 month 
post-RT. (b) A 71-year old male patient diagnosed with a bifrontal GB. According to the RANO 
criteria, the patient was categorized as stable disease. From pre-RT to 1 month post-RT, 
SUVmax decreased 17 % while SUVmean remained more or less stable. (c) A 66-year old male 
patient diagnosed with multifocal GB. A new lesion was visible on follow-up MRI, 
categorizing the patient as progressive disease. From pre-RT to 1 month post-RT SUVmax and 
SUVmean decreased 52 % and 59 % respectively, while MTV increased with > 300 % (96).
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The immediate metabolization of choline raises the question if 18F-Fluorobetaine 
attributes to the detected choline signal, and the uptake in RN is influenced by 
leakage through the damaged BBB and inflammation (93, 98–101). As such, cor-
relative imaging with MRI is of utmost importance (85). Also, it should be kept in 
mind that the metabolism of choline tracers in humans is slower than in rodents.

Hypoxia-PET

Hypoxia is a pathological condition arising in living tissues when oxygen supply 
does not adequately cover the cellular metabolic demand. Detection of this phe-
nomenon in tumors is of utmost clinical relevance because tumor aggressiveness, 
metastatic spread, failure to achieve local tumor control, increased rate of recur-
rence, and ultimate poor outcome are all associated with hypoxia (39, 102, 103). 
A number of hypoxia tracers are available for PET. The first introduced hypoxia 
tracer is called 18F-fluoromisonidazole (18F-FMISO). After passive diffusion 
through the membrane and in the presence of reduced pO2, 18F-FMISO under-
goes progressive reduction by the nitroreductase enzyme (NTR). This process is 
reversible in the presence of sufficient O2. Conversely, in hypoxic conditions, the 
reduced 18F-FMISO is covalently bound to the intracellular proteins, resulting in 
tracer accumulation within the hypoxic cell (39, 40, 45, 88). To date, 18F-FMISO 
has predominantly been used in a preclinical setting (79, 104). Concerning its use 
in therapy response assessment, the volume and intensity of hypoxia on 18F-FMISO 
PET in GB before radiotherapy was strongly associated with poorer time to pro-
gression and survival (57). However, the slow uptake of 18F-FMISO in target tis-
sue and slow clearance of unbound 18F-FMISO from nonhypoxic areas stimulated 
the development of 18F-fluoroazomycin arabinoside (18F-FAZA) with improved 
pharmacokinetics (39). A highly increased uptake of 18F-FAZA was observed in 
all glioma types, with a LNR ranging between 2 and 16 due to low uptake in nor-
mal brain tissue (105). Also, in the F98 GB rat model, we observed a high LNR on 
18F-FAZA PET; see Figure 2D. Further prospective studies are however needed 
before incorporating hypoxia PET in glioma in the clinic. Another promising role 
for hypoxia PET lies in the era of PET-guided RT in GB.

18F-fluorothymidine

DNA synthesis is required for cell growth and proliferation. Nucleotides of the four 
bases (cytosine, guanine, adenine, and thymidine) are required for DNA synthesis. 
Of these four nucleosides, thymidine is the only one incorporated exclusively into 
DNA, and not ribonucleic acid (RNA), providing a measure of DNA synthesis (106). 
18F-fluorothymidine (18F-FLT) has been proposed to directly assess DNA synthesis 
to estimate tumor cell proliferation and has been proposed for therapy monitoring, 
based on the concept that change in DNA synthesis should be the most direct index 
of therapeutic effects on tumor proliferation (59). A direct correlation between 18F-
FLT uptake and Ki67 expression in tumor cells has been documented (56), leading 
to the use of this tracer in many tumor types as a surrogate for aggressiveness and 
an early marker of response (39, 56, 107–111). Obviously, tumor size is an impor-
tant prognostic indicator, and tumor volume determined by 18F-FLT was assumed 
to be a better predictor of overall survival than the intensity of uptake  (112).  
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In preclinical GB models, early therapy response to chemotherapeutic and/or anti-
angiogenic therapy could be predicted via 18F-FLT PET (113–115). This was con-
firmed in recurrent glioma patients treated with bevacizumab and irinotecan 
showing that 18F-FLT is able to predict overall survival and would allow differentia-
tion between recurrent glioma and RN (56, 116, 117). A high LNR of a GB tumor 
on 18F-FLT PET is visible in Figure 2F (9). However, the sensitivity for the detection 
of HGG might be lower than required for clinical application, and dependence of 
18F-FLT uptake on BBB disruption raises the question of its specificity (59).

Novel PET tracers

Currently, novel promising glioma PET tracers are under investigation. The value of 
new amino acid PET tracers, such as α-11C-methyl-tryptophan and 18F-Fluciclovine 
as well as glutamine-based amino acid PET tracers has been evaluated with promis-
ing results in glioma patients in terms of tumor delineation, prognostication, and the 
differentiation of tumor recurrence from radiation injury (31, 118–122). Another 
interesting new PET target is the translocator protein (TSPO), a mitochondrial mem-
brane protein highly expressed in activated microglia, macrophages, and neoplastic 
cells. Imaging with the TSPO ligand 11C-(R)PK11195 demonstrates increased 
binding in HGG compared to low-grade gliomas and normal brain parenchyma 
(123, 124). More recently, the TSPO ligand 18F-DPA-714 has been evaluated in gli-
oma animal models, but results in human glioma patients are pending (31, 125, 126). 
A  novel labeled integrin αvβ3-targeting 18F-AIF-NOTA-PRGD2 (18F-RGD) tracer 
showed positive results in assessing sensitivity to concurrent chemoradiotherapy in 
GB. An example is given in Figure 2G (44, 26). Another approach was published by 
Oborski et al., suggesting the ability to image therapy-induced tumor cellular apop-
tosis using 18F-2-(5-fluoro-pentyl)-2-methyl-malonic acid (18F-ML-10) for early 
therapy response assessment of a newly diagnosed GB patient (127).

Conclusion

The identification of new MRI and PET biomarkers and their inclusion in the 
RANO criteria may be helpful for early therapy response prediction in HGG. 
However, it is difficult to compare results of individual studies because of meth-
odological differences and varying clinical endpoints (128). As such, standardiza-
tion and validation are needed first.
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Abstract: Glioblastoma (GBM) is the most common primary malignant brain 
tumor in adults. Regardless of ideal multidisciplinary treatment, including maxi-
mal surgical resection, followed by radiotherapy plus concomitant and mainte-
nance temozolomide (TMZ), almost all patients experience tumor progression 
with nearly universal mortality and a median survival of less than 15 months. The 
addition of bevacizumab to standard treatment with TMZ revealed no increase in 
overall survival (OS) but improved progression-free survival (PFS). In newly diag-
nosed GBM, methylation of the O6-methylguanine-DNA methyltransferase 
(MGMT) promoter has been shown to predict response to alkylating agents, as 
well asgnosis. Therefore, MGMT promoter status may have a crucial role in the 
choice of single modality treatment in fragile elderly population. No standard of 
care is established in recurrent or progressive GBM. Treatment alternatives may 
include supportive care, surgery, re-irradiation, systemic therapies, and combined 
modality therapy. Despite numerous clinical trials, the identification of effective 
therapies is complex because of the lack of appropriate control arms, selection 
bias, small sample sizes, and disease heterogeneity. Tumor-treating fields plus 
TMZ represent a major advance in the field of GBM therapy, and should be 



Standards of Care in Glioblastoma Therapy198

considered for patients with newly diagnosed GBM with no contraindications. As 
a disease with such a poor prognosis, treatment of GBM should go beyond improv-
ing survival and aim at preserving and even improving the quality of life of both 
the patient and the caregiver.

Key words: Bevacizumab; Glioblastoma; MGMT; Radiotherapy; Temozolomide

Introduction

Glioblastoma (GBM) is the most common and devastating primary malignant 
brain tumor in adults, encompassing 16% of all primary brain and central ner-
vous system neoplasms (1). Regardless of advanced diagnostic modalities and 
ideal multidisciplinary treatment that includes maximal surgical resection, fol-
lowed by radiotherapy (RT) plus concomitant and maintenance temozolomide 
(TMZ) chemotherapy, almost all patients experience tumor progression with 
nearly universal mortality. The median survival from initial diagnosis is less than 
15 months, with a 2-year survival rate of 26–33% (2, 3). The addition of bevaci-
zumab to standard treatment revealed no increase in overall survival (OS), but 
improved progression-free survival (PFS). That finding caused considerable 
debate regarding whether the combination is cost-effective in first-line treatment 
(4, 5). In – newly diagnosed GBM (nGBM), methylation of O6-methylguanine-
DNA methyltransferase (MGMT) promoter has been shown to predict response to 
alkylating agents; its status may play a crucial role in the choice of single modality 
treatment in fragile elderly population (6–8).

Currently, no standard of care is established for recurrent or progressive GBM 
(rGBM) (9). Despite numerous clinical trials, the identification of effective thera-
pies is complex due to the lack of appropriate control arms, selection bias, small 
sample size, and disease heterogeneity (10). Treatment alternatives may include 
supportive care, reoperation, re-irradiation, systemic therapies, and combined 
modality therapy. Therapeutic options need to be carefully weighted, taking into 
account tumor size and location, previous treatments, age, Karnofsky perfor-
mance score (KPS), patterns of relapse, and prognostic factors. The association of 
tumor-treating fields (TTFields) with TMZ represents the first major advance in 
the field of GBM therapy in approximately a decade and should be considered for 
newly diagnosed patients with no contraindications (11).As a disease with such a 
poor prognosis, treatment of GBM should go beyond improving survival and aim 
at preserving and even improving the quality of life (QoL) of both the patient and 
the caregiver.

Newly Diagnosed Glioblastoma
Surgery

Surgery is the initial therapeutic approach for GBM and remains a hallmark in 
the treatment of malignant brain tumors. Some preoperative issues such as medi-
cal conditions of the patient, appropriate imaging and functional studies, 
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neuropsychological evaluation, and the use of corticosteroid and antiepileptic 
drugs should be taken into account. While steroids can control cerebral edema 
and symptoms/signs of intracranial hypertension, thus improving brain condi-
tions for surgical resection, antiepileptic drugs should not be used prophylacti-
cally (12). In patients with brain tumors who have not had a seizure, tapering 
and discontinuing anticonvulsants after the first postoperative week is appropri-
ate (12). Attention should be paid to patients who are going to be operated with 
cortical stimulation, in an asleep–awake–asleep manner, due to the potential 
development of stimulation-induced seizures. The goals of surgical treatment 
are: maximal safe resection; tissue specimen for pathological diagnosis; improv-
ing conditions for complementary treatments; delaying clinical worsening; and 
improving QoL.

While strong predictors of good outcome are essentially patient related, the 
most important treatment-related predictor is extent of resection (EOR) (13). 
A more extensive surgical resection is associated with longer life expectancy, 
achieving the longest survival in those patients who undergo gross total resec-
tion followed by RT and TMZ (13–15). An important issue is the fine balance 
between the aggressive removal and the preservation of function; so the goal is 
to achieve maximal safe surgical resection. A postoperative magnetic resonance 
imaging (MRI) should assess the EOR within 72 h of surgery. MRI after 72 h of 
surgery cannot be relied upon because of inflammatory postoperative changes. 
It has been postulated that ≥98% EOR is necessary to improve survival signifi-
cantly (16). However, Sanai and colleagues showed that, for oncological 
purposes, resections of 78% of the tumor volume, associated with chemoradio-
therapy, already have prognostic advantages (17). More recently, some authors 
revealed that more important than the EOR is the amount of the residual 
volume (18, 19).

Tumors located within eloquent cortex pose a particular surgical challenge due 
to the high risk of postoperative neurological deficits (20). Muller and colleagues, 
using functional MRI to map the functional cortex, showed that postoperative 
neurological deficits occurred in 0% of cases in which the resection margins 
were beyond 2 cm of the eloquent cortex, in 33% of cases when resection margins 
were within 1 to 2 cm, and in 50% of cases when resection margins were less than 
1 cm (21). Intraoperative electrical stimulation mapping with awake craniotomy 
decreases the risk of novel neurological deficits, while maximizing the EOR 
(17, 22). A large meta-analysis demonstrated that resections with the use of intra-
operative functional mapping were associated with fewer late severe neurological 
deficits (3.4% vs. 8.2%) and more extensive resection (75% vs. 58%), although the 
tumors were more frequently in eloquent locations (100% vs. 96%) (23). Motor 
evoked potentials and somatosensory evoked potentials can also be recorded 
during surgery to continuously monitor the integrity of motor and somatosensory 
pathways.

To increase the EOR, enhancing the visualization of the tumor margins, some 
fluorescent agents have been used, namely the most widely employed 
5-aminolevulinic acid (5-ALA). Panciani and colleagues showed that fluorescence-
guided resection revealed a sensitivity of 91.4% and a specificity of 89.2% (24). 
The use of 5-ALA increases the rate of gross total resection, in randomized con-
trolled trials (65% vs. 35%) and in observational studies (from 25 to 94.3%) 
(25, 26), and also increases PFS (8.6 vs. 4.8 months) and the 6-month PFS (PFS6) 
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(46% vs. 28%) (27, 28). The increase in gross total resection rate and PFS was 
confirmed by three meta-analyses performed to evaluate the literature on 5-ALA. 
Fluorescein is another option but was not tested in randomized controlled trials 
(25). Fluorescence near eloquent areas should be managed carefully. A biopsy 
should be reserved for patients with multiple comorbidities, who would not be 
able to tolerate a large cranial surgery, or for those with unresectable tumors, and 
the only benefit is provision of tissue specimen for pathological diagnosis (29). 
The surgery also allows relieving of the mass effect with concurrent amelioration 
of symptoms, in patients with increased intracranial hypertension and brain 
edema, leading to an improvement in the QoL.

Complementary Treatment

The current standard of care for patients with nGBM is maximum safe surgical 
resection followed by concurrent TMZ (75 mg/m2/day for 6 weeks) and RT (60 Gy 
in 30 fractions) and then six maintenance cycles of TMZ (150–200 mg/m2/day for 
the first 5 days of a 28-day cycle—sdTMZ), according to the results of the phase III 
EORTC 26981 (2). Stupp et al. showed an OS and PFS improvement with 
the combination therapy relative to RT alone (median OS 14.6 vs. 12.1 months; 
P < 0.001) (3). These results were supported by other trials (30–33). A recently 
published meta-analysis by Feng et al. revealed a median OS of 13.4–19.0 months 
in the combination treatment group, as opposed to 7.7–17.1 months in the 
RT-alone group (34).

Age, neurological status (assessed by KPS and Mini Mental State 
Examination), EOR, IDH (isocitrate dehydrogenase) mutations, and methyla-
tion of the MGMT promoter region are established prognostic factors in GBM 
patients (35, 36). The predictive role of MGMT promoter methylation in 
response to TMZ has also been established in several studies (3, 37). 
Nevertheless, the clinical utility of MGMT remains poor, primarily because of 
a lack of therapeutic options for patients with unmethylated MGMT promoter 
GBM. The only exception is in the management of elderly patients with GBM. 
TMZ is an oral chemotherapeutic drug that induces DNA methylation and 
tumor cytotoxicity through cell cycle arrest. The cytotoxic activity of TMZ and 
other alkylating agents is apparent by the formation of O6-methylguanine DNA 
adducts, which are repaired by the enzyme MGMT. Consequently, the primary 
mechanism of resistance to TMZ is dependent on the MGMT activity (38). It 
exhibits a linear pharmacokinetics with excellent bioavailability, readily enters 
the cerebrospinal fluid, and it does not require hepatic metabolism for activa-
tion (39). Although evidence suggests that TMZ chemotherapy is associated 
with few adverse events, risk of hematological complications, fatigue, and infec-
tions were increased with its use (40).

Dose-Dense Temozolomide

Dose-dense schedules of TMZ (ddTMZ) have been designed to deplete tumor 
MGMT levels and thereby improve activity of TMZ, particularly in the MGMT 
unmethylated GBM cohort (41). In the RTOG 0525 phase III trial, 833 patients 
were randomized to receive sdTMZ or ddTMZ (75–100 mg/m2 days 1 through 
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21 of a 28-day cycle), for 6–12 cycles, after completion of concomitant RT-TMZ. 
The median OS (16.6 vs. 14.9 months; P = 0.63) and the median PFS (5.5 vs. 
6.7 months; P = 0.06) were not significantly different between the two treatment 
arms. There was increased grade ≥3 toxicity in ddTMZ arm (34% vs. 53%; 
P < 0.001), as well as a greater deterioration on function subscales and QoL (2).

Duration of Temozolomide Maintenance Therapy

RT with concomitant and adjuvant TMZ was initially introduced with six TMZ 
maintenance cycles (3). In clinical practice, however, many centers continue TMZ 
therapy beyond six cycles. The impact of this strategy is controversial and has not 
yet been confirmed in prospective randomized clinical trials. A phase II compari-
son of 6 versus 12 cycles of TMZ (NCT02209948) is currently underway. Some 
retrospective studies suggested a benefit in OS with extension of maintenance 
TMZ (42–45). The major limitation of all these studies, beyond the retrospective 
nature, is the comparison of patients who were treated with at least seven cycles 
of TMZ to patients receiving ≤6 cycles, who, in most cases, stopped TMZ because 
of tumor progression. Other limitations are missing information on MGMT meth-
ylation and univariate Kaplan–Meier description of OS, but no investigation of 
significance by multivariate Cox regression (42–45). Data from a large pooled 
analysis of four clinical trials for nGBM indicates that extended treatment with 
TMZ beyond six cycles is not associated with improved OS, but prolongs PFS 
(2, 3, 46–48). A similar analysis was performed in patients enrolled in the German 
Glioma Network. A total of 61 of the 142 identified patients received at least seven 
maintenance TMZ cycles (median 11, range 7–20). Patients with extended main-
tenance TMZ treatment had better PFS (20.5 months vs. 17.2 months; P = 0.035) 
but not OS (32.6 months vs. 33.2 months; P = 0.126). However, there was no 
significant association of prolonged TMZ chemotherapy with PFS or OS adjusted 
for age, EOR, KPS, presence of residual tumor, MGMT promoter methylation sta-
tus, or IDH mutation status (49). This study provides Class III evidence that in 
patients with nGBM, prolonged TMZ chemotherapy does not significantly increase 
PFS or OS.

Gliadel (carmustine) implantable wafers

Biodegradable carmustine wafers, implanted into the tumor bed, after near or 
complete tumor resection, has been approved by the FDA for first-line treatment 
of GBM and anaplastic glioma. Nevertheless, the use of carmustine wafers 
remains  controversial due to the questionable survival benefit and potential 
adverse events (50).

Optimal dose-fractionation schedule for external 
beam radiation therapy

For patients aged under 70 years with good PS (KPS ≥ 60), the optimal dose-
fractionation schedule for external beam RT, following resection or biopsy, is 
60 Gy in 2 Gy fractions delivered over 6 weeks. Numerous other dose schedules 
have been explored without clear benefits. Attention must be paid to ensure that 
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dose to critical structures (such as brainstem, optic chiasm, optic nerves) is kept 
within acceptable limits. Risk of radiation necrosis increases with concurrent che-
motherapy and larger volume of irradiated brain. The QUANTEC authors empha-
size that for most brain tumors, there is no clinical indication to give fractionated 
RT > 60 Gy (51).

Targeted Therapy—is there a place in newly diagnosed 
glioblastoma?

Since GBM is one of the most vascularized tumors, antiangiogenic therapeutic 
strategies are very attractive. Bevacizumab is a monoclonal antibody that binds 
to circulating VEGF-A and inhibits its biological activity by preventing the 
interaction with the VEGF receptor. This leads to a reduction in endothelial 
proliferation and vascular growth within the tumor (52). Bevacizumab was 
approved by the FDA, based on unprecedented response rates (RRs) in rGBM, 
which led to its evaluation in the postoperative setting of nGBM (Table 1) 
(64,  65). Two large phase III, randomized, placebo-controlled trials, adding 
bevacizumab to standard treatment were conducted (4, 5). In the RTOG 0825 
trial, median PFS was increased (10.7 vs. 7.3 months), although it did not reach 
the predefined significance level, and there was no difference in OS between the 
two treatment groups. The MGMT methylation status and recursive partitioning 
analysis (RPA) class were prognostic regardless of the study treatment. A decline 
in QoL and neurocognitive function (NCF) was more frequently observed with 
bevacizumab (5). In the AVAglio trial, there was a significant increase in PFS 
(10.6 vs. 6.2 months; P < 0.001), but not in OS. Baseline health-related QoL 
and PS were maintained longer in the bevacizumab group (4). Grade 3 or 4 
toxicities occurred more often in the bevacizumab arms of both studies. In 
RTOG 0825, the crossover from placebo to bevacizumab, at disease progres-
sion, was planned and occurred in 48.3% of patients, and in AVAglio, the cross-
over was about 30%. This may have eliminated a potential survival benefit 
(4, 5). In both RTOG 0825 and AVAglio, efforts have been made to identify a 
subset of patients who could benefit from upfront treatment with bevacizumab, 
but no marker proved consistently effective in predicting either response or 
resistance to bevacizumab (4, 5).

In summary, these trials have shown that the combination of bevacizumab 
with standard RT–TMZ for the treatment of nGBM resulted in improved median 
PFS, without gain in OS. Data regarding QoL and functional status are contra-
dictory. Not surprisingly, there was an increase in adverse events associated 
with bevacizumab therapy. Cilengitide, a selective αvβ3-αvβ5-integrin inhibi-
tor, had shown promising results in phase II trials, with more pronounced 
benefits in GBM with methylated MGMT promoter (66–68). Two prospective 
randomized trials evaluated the role of cilengitide in combination with stan-
dard treatment, in patients with a methylated MGMT gene promoter (CENTRIC) 
and in those with an unmethylated MGMT status (CORE). They both failed in 
demonstrating an OS gain (47, 48). Other agents, namely enzastaurin and tem-
sirolimus, have been studied in phase II trials, without any improvement in OS 
or PFS (41).
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Recurrent Glioblastoma
Surgery at recurrence

When tumor recurs, treatment options include supportive care, reoperation, 
re-irradiation, systemic therapies, and combined modality therapy. In this set-
ting, the role of reoperation remains unclear. A recent review of the literature, 
including 28 studies and 2279 patients, who underwent second surgery, 
showed a median survival from reoperation of 9.7 months and concluded that 
EOR at reoperation improves OS, even in patients with subtotal resection at 
initial surgery (69). Nonetheless, clinical and survival benefit is dependent on 
patient and tumor characteristics, which need to be considered before pursu-
ing a second surgery. The most consistently demonstrated prognostic factor is 
favorable PS (KPS ≥ 70), which associates with significantly improved PFS and 
OS, following salvage therapy (70–76). Younger age is the second most fre-
quently reported prognostic factor associated with improved survival (70, 72, 
77, 78). Park et al. have devised a scale to predict survival after reoperation 
based on tumor involvement of pre-specified eloquent/critical brain regions 
(MSM, motor–speech–middle cerebral artery score), KPS score of 80, and 
tumor volume (50 cm3). The scale identified three statistically distinct groups 
within the validation cohort as well (median survival of 9.2, 6.3, and 1.9 
months, respectively) (76). Recently, a new 3-tier scale was developed, includ-
ing KPS score of 70 and ependymal involvement, allowing identification of 
groups of patients with significant differences in median OS after reoperation 
(79). Maximal tumor volume resection should be the surgical goal even in can-
didates for a second surgery. In this perspective, involvement of eloquent brain 
usually precludes this objective and is associated with shorter OS (15, 80). 
Molecular markers’ impact in rGBM is still a matter of debate. Brandes et al. 
reported that MGMT methylation status determined at first surgery seems to be 
of prognostic value, although it is not predictive of outcome after the second 
surgery (81).

The DIRECTOR trial, although not aimed at addressing the reoperation issue, 
allowed the retrospective analysis of EOR and residual tumor volume in approxi-
mately two-thirds of the patients, who underwent surgery prior to study entry. 
Complete resection of enhancing tumor was achieved in 68% of the patients, and 
in multivariate analysis it was found to be an independent predictor for post-
resection survival (82). A multicenter retrospective study, including 503 patients 
with rGBM submitted to reoperation, concluded that preoperative and postopera-
tive KPS, EOR of first re-resection, and chemotherapy after first re-resection sig-
nificantly influenced survival after reoperation. Importantly, this study reported a 
rate of permanent new deficits after first re-resection of 8% (83). In conclusion, 
evidence suggests higher OS in selected patients who undergo reoperation at the 
time of GBM recurrence. It should be considered in patients with a good KPS and 
a favorable preoperative clinical and radiological characteristics. Age <60 years 
and KPS ≥70 are particularly associated with better outcome. Of paramount 
importance are the preservation of eloquent brain areas and the avoidance of neu-
rological deterioration after second surgery, since that might mitigate the expected 
survival benefit.
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Re-irradiation and Special techniques

The majority of studies on re-irradiation of gliomas are retrospective and they use 
a variety of techniques, including brachytherapy, fractionated stereotactic RT 
(FSRT), radiosurgery, and conformal or intensity-modulated RT, with or without 
new systemic agents. Furthermore, the published data include a wide range of 
doses, emphasizing the fact that no standard approach exists (84). Inter-study 
comparison is difficult because studies have heterogeneous samples, different 
endpoints, and some patients were treated at first and others at second or third 
progression. Although the biology of re-irradiation remains to be fully under-
stood, there is now a large body of clinical and animal data that can guide recom-
mendations. Mayer and Sminia identified and analyzed 21 studies on re-irradiation 
of gliomas (85). They opined that the incidence of toxicity, including radionecro-
sis, may be underreported, since only symptomatic necrosis is likely to be 
recorded. The major factor contributing to necrosis was the total dose received. 
There was no correlation between time to re-irradiation and its development, 
although the minimum time interval between treatments was 3 months. They 
concluded that the incidence of necrosis did not increase significantly until the 
total cumulative dose was 100 Gy. In younger patients with good PS, focal re-
irradiation (stereotactic radiosurgery, SRS; hypofractionated stereotactic radio-
therapy, HFSRT) for rGBM may improve outcomes compared to supportive care 
or systemic therapy alone. Tumor size and location should be taken in to account, 
when evaluating safety of re-irradiation.

Stereotactic radiosurgery and hypofractionated 
stereotactic radiotherapy

Since most recurrences occur within brains previously irradiated with a high 
dose, re-irradiation with doses and margins used in the primary treatment of GBM 
could confer high toxicity risks. Thus, limited volume re-irradiation using SRS or 
HFSRT is often employed. Stereotactic methods offer optimal precision of target 
definition while sparing dose to the surrounding tissues. Both SRS and HFSRT 
deliver more than 2 Gy per fraction and typically have smaller margins and much 
shorter durations than conventionally fractionated radiotherapy (cfRT). RTOG 
90-05, a phase I dose escalation study, established maximum tolerated doses and 
demonstrated that single-fraction SRS could be performed, in this setting, with 
acceptable morbidity (86). In the rare event that disease recurs in a portion of 
brain not previously irradiated, cfRT with chemotherapy should be considered, 
after surgery.

SRS and HFSRT appear to provide promising outcomes compared to chemo-
therapy alone for the treatment of rGBM. Shepherd et al. described 29 recurrent 
high-grade glioma patients treated with a diversity of HFSRT doses with a median 
OS of 11 months (87). This compared favorably to a matched cohort of patients 
treated with nitrosourea chemotherapy, with a median OS of 7 months. The stud-
ies were nearly all retrospective, however, lacking randomized control groups and 
with inherent selection bias limiting conclusions. Several of the early studies 
involving single-fraction SRS reported high rates of radiation necrosis requiring 
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reoperation (20–40%) (86, 88–90). Compared to SRS, the use of HFSRT may help 
to mitigate the risk of adverse radiation events. A series of 105 GBM patients 
treated with 35 Gy in 10 fractions had a median survival, from salvage HFSRT, of 
11 months, without clinically significant acute morbidity and only one case of late 
grade 3CNS toxicity (78). However, no direct comparison between salvage SRS 
and HFSRT is available. Defining target volumes for SRS and HFSRT is controver-
sial and variable. A variety of dose-fractionation regimens, target volumes, and 
stereotactic systems have been used in the treatment of rGBM. These approaches 
have not been subjected to randomized comparison, so the optimum technique is 
yet to be established.

Conventionally fractionated radiation

Despite most studies discussing re-irradiation with SRS or HFSRT focus, cfRT may 
theoretically allow more generous target volumes. A large retrospective series of 
172 recurrent glioma patients included 59 patients with GBM, who attained a 
median survival of 8 months, with only one patient developing radiation necrosis 
(91). The median dose was 36 Gy (15–62 Gy; 2 Gy/day) and was delivered to the 
enhancing volume plus a 0,5–1 cm margin. There are not enough clinical data 
available to recommend cfRT for routine use in the recurrent setting. Practitioners 
using large-volume re-irradiation should take into account brain tolerance data to 
reduce the risk of radionecrosis (51).

Brachytherapy

Brachytherapy has also been evaluated for use in rGBM. Typically performed after 
resection of recurrent disease, brachytherapy features a sharp dose gradient. 
Strategies include permanent iodine 125 (I-125) seeds and a silicone balloon 
catheter system containing I-125 solution. Retrospective studies on I-125 have 
demonstrated median survivals, from the time of brachytherapy, ranging from 11 
to 15 months (92). A review by Combs et al. reported high reoperation rates and 
radionecrosis incidence (93). It should be noted that patients that are selected for 
brachytherapy are normally those with resectable tumors, good PS, and small 
volume of disease. As given in the literature on SRS, selection bias confuses inter-
pretation. Also, the patients receiving brachytherapy need to be healthy enough to 
undergo surgery and, generally, have localized rather than diffuse recurrences.

Combination Treatment

Several studies have addressed the combination of chemotherapy with re-irradiation. 
A few studies have explored TMZ, given its efficacy at radiosensitization in the 
upfront treatment of GBM. TMZ plus re-irradiation has been found to be safe and 
effective. Other studies have explored the addition of bevacizumab, which may 
block hypoxia factor-mediated angiogenesis, which is upregulated by RT (94–96). 
Moreover, bevacizumab has been used to treat radionecrosis and may reduce its 
risk following re-irradiation (97–99). A few small studies have investigated con-
current TMZ and SRS or FSRT. Median OS ranged between 8 and 9.7 months. 
Regarding toxicity, it was mild in one study, while neurologic toxicity was reported 
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in two other studies (8–13%) (89, 100, 101). Several studies have investigated 
adding bevacizumab to SRS (72, 88, 102–105). A prospective trial at Memorial-
Sloan Kettering Cancer Center, investigating the safety of SRS (30 Gy in 5 frac-
tions) with bevacizumab, reported no radionecrosis among 25 recurrent 
malignant glioma patients, but three patients discontinued treatment because of 
bevacizumab grade 3 related toxicity. They documented a 50% RR in the GBM 
population and a median OS of 12.5 months (102, 106). Another prospective 
study, in 15 patients with recurrent malignant gliomas, reported one grade 3 and 
no grade 4–5 toxicities, while QoL and neurocognition were well maintained 
(88). Median OS from SRS was 14.4 months. A retrospective study from Duke 
University, in 63 recurrent malignant glioma patients, found that median survival 
was longer for those who received bevacizumab around the time of SRS, than 
those who did not (11 vs. 4 months for GBM patients, P = 0.014) (72). Several 
studies have reported relatively low rates of adverse radiation events in patients 
treated with bevacizumab and SRS/HFSRT (72). Minniti et al. combined HFSRT 
(25 Gy in five fractions) with bevacizumab or fotemustine and described signifi-
cantly better OS and PFS in the bevacizumab cohort (107). These studies are 
nonrandomized, so selection bias remains a serious concern and additional data 
are required.

Second-line Chemotherapy

Several chemotherapy options are available for second-line treatment, but no 
standard of care has been established. Comparing results between the various 
studies, particularly the older ones, is difficult, given the heterogeneity of inclu-
sion criteria, patient characteristics, and choice of endpoints and response criteria. 
Many trials included patients with anaplastic gliomas (WHO grade 3) and GBM 
(WHO grade 4). Trials conducted prior to the establishment of standard first-line 
TMZ chemoradiotherapy often included patients not pretreated with TMZ. In 
addition, most studies were noncomparative, or did not include an adequate con-
trol arm. Most considered the PFS6 and the median OS since recurrence as the 
primary end points. Although PFS6 is considered a reliable measure of tumor 
control and a strong predictor of survival, this is influenced by other rescue thera-
pies (108). Regarding radiological response assessments, they were often incom-
pletely reported, with most using the Macdonald criteria. The following sections 
will describe the most relevant trials performed to date with respect to the medical 
treatment of rGBM.

Nitrosourea monotherapy and combination regimens

Nitrosoureas are DNA alkylating agents, namely carmustine (BCNU), lomustine 
(CCNU), nimustine (ACNU), and fotemustine. They are characterized by high 
lipophilicity and thus can cross the blood–brain barrier, making them useful in 
the treatment of brain tumors such as GBM (109). Table 2 summarizes nitro-
sourea-based trials in rGBM. Nitrosoureas, particularly BCNU, were the chemo-
therapeutic agents of choice for first-line treatment of GBM in the 1970s and 
1980s. Based on two phase II trials, TMZ was approved for recurrent high-grade 
gliomas, and nitrosoureas were relocated into second-line therapy (126, 127). 
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Two phase II trials and a retrospective study assessed the efficacy of BCNU mono-
therapy regimens in rGBM (110, 118, 125). They reported a PFS6 and a median 
OS of 13.0–17.5% and 5.1–7.5 months, respectively. RRs were limited and no 
complete remission was observed. The predominant side effects were hematologic 
and long-lasting hepatic and pulmonary toxicity. Although BCNU regimens have 
shown similar efficacy to other cytotoxic therapies, toxicity can be substantial, 
and the patient recovers slowly, such that the administration of other drugs in the 
case of further tumor progression can be infeasible (110). BCNU was also evalu-
ated in combination with other agents, such as irinotecan and TMZ, in two 
phase II studies, with a median OS of 7.8–11.7 months (115, 116). These data 
demonstrate that BCNU is an effective agent in the treatment of rGBM, but at 
present its use in clinical practice is limited.

In a small retrospective study, with 32 patients pretreated with TMZ, ACNU 
was given alone (n = 14) or in combination with teniposide (n = 17) or cytarabine 
(n = 1), yielding a PFS6 of 20% and a median OS of 6.7 months (124). 
Hematological toxicity was substantial (grade 3 or 4 in 50% of patients). Three 
phase II–III randomized trials compared lomustine as monotherapy with investi-
gational agents, namely enzastaurin, cediranib, or galunisertib (119–121). In all 
three trials, the results were comparable between arms, pointing toward relevant 
activity of the control arm or lack of efficacy of the investigational agent. PFS6 
ranged from 11 to 34.5%, median OS from 6.6 to 9.8 months, and observed RRs 
were low (0–16%). Four prospective phase II trials, using different schedules of 
administration, evaluated fotemustine in TMZ pretreated patients at first recur-
rence/relapse of GBM (111–114). These four studies, encompassing 160 patients, 
showed a PFS6 of 20.9–61% and a median OS of 6 to 11 months. The best effi-
cacy and toxicity profile was obtained with a low-dose induction regimen (fote-
mustine 80 mg/m2 on days 1, 15, 30, 45, and 60, followed by a 4-week rest 
period) ensued by a maintenance therapy (80 mg/m2 every 4 weeks) in nonpro-
gressive patients (114). However, these data were derived from phase II trials with 
a small sample of patients. Phase III studies are required to determine the efficacy 
and safety of fotemustine, in the treatment of rGBM, after TMZ. The efficacy of 
PCV (procarbazine–lomustine–vincristine) was described in two retrospective 
studies (122, 123). They included 149 patients, of whom 16 received previous 
TMZ treatment. Similar results were described, with PFS6 of 29–38.4% and a 
median OS of 7.7–7.8 months. As expected, grade 3/4 hematologic toxicity was 
the most common (26%); pulmonary fibrosis was not reported (123). There is 
also suggestion that MGMT promoter methylation may be predictive of respon-
siveness to this class of agents (7, 128). In summary, different nitrosoureas show 
comparable efficacy in monotherapy, remaining an option in the treatment of 
rGBM. However, their toxicity profile, particularly hematological, limits the com-
bination with other agents, as well as a more widespread use.

Temozolomide monotherapy and combination regimens

In both trials leading to the approval of TMZ, the sdTMZ schedule was used (126, 
127). Four other prospective single-arm trials, all without previous TMZ treat-
ment, used the same schedule and reached similar results with a PFS6 rate of 
21–32% and a median OS of 7.0–9.9 months (129–132). Table 3 reviews 
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TMZ-based trials in rGBM. Different schedules of TMZ were experimented to 
increase dose intensity, aimed at overcoming TMZ resistance by cumulative deple-
tion of MGMT (165). The main alternative schedules were continuous low dose 
(40–50 mg/m2 daily), 3 weeks on/1 week off (75–100 mg/m2 for 21 days every 28 
days), 1 week on/1 week off (150 mg/m2 for 7 days every 14 days), but other 
dose-dense schedules are described (133–145). The toxicity profile did not vary 
between the different schemes. Besides the fact that the studies did not have a 
comparator arm, the heterogeneity in the inclusion criteria, regarding the number 
of recurrences and previous treatments, limits the comparison of efficacy data. 
The RESCUE phase II trial examined the best timing for TMZ rechallenge, by 
prospectively dividing the 91 GBM patients into three groups, according to the 
“TMZ-free interval”: early group (progression during the first six cycles of adju-
vant TMZ); extended group (progression while receiving extended adjuvant TMZ, 
beyond the standard six cycles, but before completion of adjuvant treatment); and 
rechallenge group (progression after completion of adjuvant treatment and a treat-
ment-free interval greater than 2 months). The “early” and “rechallenge” groups, 
respectively, showed comparable PFS6 rates of 27.3% and 35.7%, with median 
PFS of 3.6 and 3.7 months, experiencing most benefit than the “extended group” 
(PFS6 of 7.4%, median PFS of 1.8 months). The authors considered the possibil-
ity that the PFS6 results in the “early” group could be attributable to pseudopro-
gression (140).

Four randomized phase II clinical trials were conducted using single-agent 
TMZ (127, 159, 166, 167). A randomized trial comparing sdTMZ with procarba-
zine, in TMZ-naive patients, revealed a PFS6 of 21% versus 8%, with a median OS 
1.5 months longer in the TMZ arm (127). Brada et al. compared two different 
TMZ schedules with PCV, before TMZ became first-line standard, in patients with 
recurrent high-grade glioma (no separate data for GBM patients were provided) 
(166). In this trial, TMZ (both arms combined) did not display a clear benefit 
compared with PCV. It also showed that TMZ dose-intense regimens do not pro-
vide a survival or PFS benefit compared with standard doses, in the treatment of 
TMZ-naive patients. The DIRECTOR trial compared two dose-dense regimens of 
TMZ (120 mg/m2/day, 1 week on/1 week off versus 80 mg/m2/day, 3 weeks on/ 
1 week off), in patients with GBM at first progression, after TMZ chemoradio-
therapy and at least two maintenance TMZ cycles (160). The outcome was com-
parable between arms regarding efficacy, safety, and tolerability. The most 
important result of this trial was the strong prognostic role of the MGMT pro-
moter methylation status in patients rechallenged with TMZ. PFS6 was increased 
by 5.8-fold (39.7 % in patients with methylated MGMT versus 6.9 % in unmeth-
ylated tumours), and OS at 12 months by 2.4-fold. Also, a significantly improved 
outcome was demonstrated in patients with an interval above 2 months from 
previous TMZ, and largely confined to patients with MGMT methylated promoter 
(160). Wick et al. conducted a retrospective review of 80 patients with recurrent 
glioma (45 with GBM) rechallenged with various TMZ schedules (163). Upon 
progression, those who had stable disease and a TMZ-free interval of at least 
8 weeks were treated with the same or an alternative regimen of TMZ; the group 
progressing under TMZ received an alternative regimen. The efficacy results were 
comparable between groups and no clear evidence of cumulative toxicity 
has emerged (163). Considering the small numbers of patients in most studies 
and the wide range of TMZ regimens tested, there was no evidence that one 
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metronomic schedule was superior over the other in terms of efficacy or safety. 
Numerous other studies evaluated TMZ-based combination regimens in rGBM 
but have failed to deliver conclusive efficacy beyond single-agent activity of TMZ. 
Those combination partners prospectively evaluated in single-arm designs were 
bevacizumab, interferon-α2b, sorafenib, O6-benzylguanine, irinotecan, cisplatin, 
liposomal doxorubicine, and ABT-414 (146–156, 158).

Bevacizumab monotherapy and combination regimens

The first documented use of bevacizumab in GBM was a small series of patients 
with rGBM treated by Stark-Vance et al. (Table 4) (168). The authors used the 
combination of bevacizumab with irinotecan, which showed activity, with accept-
able toxicity profile. Several prospective phase II studies were subsequently 
conducted. Two phase II studies, by Vredenburg et al., using the same combina-
tion, achieved a RR of 57–60.9%, PFS6 rate of 30–46%, and a median OS of 9 to 
10 months (171, 172). Previous reports on salvage therapy for rGBM showed 
inferior efficacy results, with RR of 5–10%, PFS6 rate of 9–25%, and median OS 
of 5 to 6 months (108, 202, 203). In 2009, FDA approved bevacizumab for 
patients with rGBM, based on the results of two phase II prospective studies (64, 
65). However, in Europe, bevacizumab was not approved because of lack of a 
bevacizumab-free control arm. The BRAIN study, a phase II noncomparative trial, 
randomized patients to bevacizumab plus irinotecan or bevacizumab monother-
apy (64). RR was 37.8 and 28.2% for the combination and monotherapy arms, 
respectively, and PFS6 was similar between the groups (50.3 and 42.6%), which 
compared favorably with historical controls. Numerous other retrospective stud-
ies addressing the combination of bevacizumab plus irinotecan described similar 
results (191–193, 196, 199, 201). Several phase II trials evaluated the combina-
tion of irinotecan with bevacizumab, and two trials added a third combination 
partner, cetuximab or carboplatin (171–173, 176, 178, 179). RR ranged from 25 
to 60.9%, PFS6 between 28 and 46.5%, and median OS between 6.7 and 9.7 
months. A retrospective analysis by Nghiemphu et al. compared two groups: one 
with bevacizumab in combination with different chemotherapy agents, and the 
other, a control group, without bevacizumab. The authors found a significant 
improvement in PFS (P = 0.01) and OS (P = 0.04) in favor of the group treated 
with bevacizumab (195).

Numerous studies have assessed bevacizumab in combination with other 
agents, namely etoposide, TMZ, fotemustine, dasatinib, temsirolimus, erlotinib, 
sorafenib, panobinostat, or vorinostat (154, 158, 175, 177, 179–181, 183, 184, 
187–189). In randomized trials involving two arms—one with bevacizumab in 
combination with experimental agents (irinotecan, carboplatin, vorinostat, or 
dasatinib) and the other with bevacizumab alone—it was found that both arms 
showed comparable efficacy, leading to the conclusion of poor efficacy of the 
experimental agent, without valid evidence regarding the single-agent activity of 
bevacizumab. A recent Dutch, open-label, three-group multicenter phase II trial 
(BELOB) reported promising results with bevacizumab combined with lomustine 
(128). Improved OS at 9 months (59% vs. 43% vs. 38%) and PFS6 (41% vs. 13% 
vs. 16%) were seen in the combination arm compared with single-agent lomus-
tine and single-agent bevacizumab, respectively. Effectively, this was the first trial 
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with bevacizumab in rGBM to demonstrate an improvement in a primary OS 
endpoint, suggesting increased effectiveness with the combination of bevaci-
zumab and lomustine versus each of these agents alone. Therefore, a randomized 
phase III trial was performed, comparing bevacizumab–lomustine with single-
agent lomustine (189). Unfortunately, a benefit in OS was not observed, while the 
improvement in PFS for the combination arm was maintained. A crossover to 
bevacizumab occurred in 35.5% of patients, which may account for these results. 
To evaluate the efficacy of bevacizumab beyond the second-line treatment, 
Piccioni et al. performed a retrospective analysis of 468 GBM patients treated at 
different recurrences (first, second, third, or more), including 80 who were treated 
upfront. The authors found that PFS and OS were similar for all three recurrence 
groups (median 4.1 and 9.8 months, respectively) (204). These data suggest that 
bevacizumab could have a role in the treatment of GBM independent of the line 
of therapy, and that a deferred use of bevacizumab seems not to decrease 
effectiveness. When comparing the results of available phase II trials on bevaci-
zumab, alone or in combination with irinotecan, with those of standard cytotoxic 
chemotherapy, in rGBM, several findings are clear: bevacizumab alone has activ-
ity and increases RR, PFS6, and median PFS; on the other hand, the impact on OS 
is less clear.

Tumor-Treating Electric Fields for Glioblastoma
Concept

Tumor-Treating Fields (TTFields) has been called the “fourth cancer treatment 
modality,” after surgery, RT, and pharmacotherapy. It’s a locoregionally antimitotic 
treatment that delivers low-intensity, intermediate-frequency (200 kHz), alternat-
ing electric fields, through four transducer arrays, consisting of nine insulated 
electrodes applied to the shaved scalp and connected to a portable device (11). 
In vitro studies have shown that TTFields arrests cell division and kills tumor cells 
through multiple mechanisms, namely, misalignment of microtubule subunits 
during division, aberrant chromosomal segregation, and cytoplasmic blebbing 
during anaphase.

Clinical Trials

Clinical effectiveness and feasibility of TTFields was first tested in 10 patients with 
rGBM, with PFS6 and median survival doubling that of historic controls (205).

Two pivotal randomized trials studied TTFields in rGBM (EF-11) and nGBM 
(EF-14).

In EF-11 trial, a total of 237 rGBM patients, after initial treatment with RT-TMZ, 
were randomized 1:1 to either the novel TTFields therapy (120 patients) or to 
treatment according to investigator’s choice (117 patients). Although EF-11 did 
not meet its primary endpoint of improving OS, similar median OS, and PFS in 
both arms, it established TTFields as noninferior to chemotherapy (206). In addi-
tion, the favorable QoL and toxicity profile led to FDA approval, in 2011, of 
TTFields as a therapeutic option for use in rGBM. The EF-14 trial, an open-label 
phase 3 study, enrolled 695 patients and evaluated the efficacy and safety of 
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TTFields in combination with TMZ maintenance treatment, after chemoradiation 
therapy for patients with nGBM. The trial was terminated based on the results of 
the preplanned interim analysis that evaluated the outcomes of the first 315 
patients and showed a significant improvement in PFS and OS. The percentage of 
patients alive at 2 years was 43% in the TTFields/TMZ group and 29% in the TMZ 
alone group (P = 0.006) (207). In October 2015, the FDA approved TTFields for 
use in nGBM patients. National Comprehensive Cancer Network has further 
incorporated TTFields in their updated guidelines (208).

Issues

TTFields are particularly safe, since no additional systemic toxicity was observed 
with the addition of this technology. The most common side effects are mild to 
moderate skin reactions beneath the transducer arrays, observed in 44% of 
patients, and grade 3 skin reactions in 1–2 % of patients. Additional research is 
warranted, in order to identify which patients are most likely to be responsive to 
TTFields. Benefit was present across all subgroups studied (according to age, PS, 
MGMT methylation status, and EOR), but the follow-up remains short, and 
some subsets are rather small in number. Detailed subgroup analyses are to be 
performed on the final and validated dataset. Although approximately three-
quarters of patients, in EF-14, had a treatment compliance of 75%, this is an 
important issue unique to this therapy, since it requires >18 h of usage per day. 
Another important point is the high cost of this therapeutic approach (about 
$20,000 monthly). Strong price regulation by health authorities could make this 
technology more affordable and consequently accessible to patients (209). 
TTFields plus TMZ represents the first major advance in the field of GBM ther-
apy in roughly a decade, and it should be considered for patients with nGBM and 
no contraindications.

Although showing significant improvements in survival, the results still under-
score that the majority of patients did not survive beyond 2 years, highlighting the 
need for additional improvements in GBM therapeutic strategies. Due to its unique 
and localized mechanism of action, and general absence of systemic toxicity, 
TTFields is particularly well suited for combination therapies, such as immuno-
therapy and targeted therapies (210).

Glioblastoma in the Elderly

GBM is diagnosed at a median age of 64 years, and the incidence peaks between 
75 and 84 years (15.24/100,000) (211). With aging population, this incidence is 
expected to increase. The poor survival rates associated with GBM (about 5% at 
5  years) get even poorer in patients over 65 years (less than 2.1% at 5 years) 
(212). Age has long been recognized as the most important prognostic factor. 
Elderly patients tend to have more comorbidities and worse PS than their younger 
counterparts diagnosed with GBM. Similarly, their tumors seldom have favorable 
molecular features (IDH mutations occur in less than 2% of the tumors) (213). As 
a result, these patients have frequently been undertreated and underrepresented 
in clinical trials.
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Surgery

Several retrospective studies have shown an increase in OS, in elderly patients 
submitted to surgical resection (as opposed to biopsy) (206, 214–216). In the 
study by Keime-Guibert, and in the NOA-08 and the Nordic trials, the EOR was 
identified as an independent prognostic factor. As such, age alone should not 
preclude an attempt at complete resection (8, 206, 217).

Radiotherapy

RT was associated with a statistically significant, although modest, gain in OS, 
when compared to best supportive care (BSC), in patients aged over 70 years 
(206). The study was interrupted after the first interim analysis due to superiority 
of RT. There was no difference between the two groups, regarding QoL and NCF. 
Roa et al. compared hypofractionated RT (HFRT; 40 Gy in 15 fractions over 
3 weeks) with cfRT (60 Gy in 30 fractions over 6 weeks) in 100 patients aged 
60 years or older (218). There was no difference in OS between the two groups 
and the patients treated with HFRT required less increment in post-therapy 
corticosteroid dose (23% vs. 49%; P = 0.02). Although the study could not show 
that the two treatments were equivalent, together these results led to the adoption 
of HFRT as a valid option in the treatment of elderly patients, particularly those 
with a poor PS.

Chemotherapy

In an ANOCEF phase II trial, 70 patients aged 70 years or older, with a KPS under 
70%, received sdTMZ until disease progression (219). The 25 weeks median OS 
compared favorably with the 12–16 weeks expected with BSC alone. Furthermore, 
there was an improvement in functional status in 33% of patients. Patients with 
MGMT promoter methylation had longer PFS and OS. A previous study by Chinot 
and colleagues had shown similar survival results (220).

Chemotherapy and Radiotherapy

The 5-year analysis of the hallmark study by Stupp et al. (3) showed a survival 
benefit for the combination in all subgroups, including patients aged over 60 years, 
RPA class V, and unmethylated MGMT promoter (211). However, an analysis by 
age strata showed a diminishing benefit of TMZ association with increasing age, 
especially in patients older than 65 years (221). Caution should be made in inter-
preting these results as the group over the age of 65 years represented only 15% 
of the study population. The 2014 EANO guidelines reflected this concern by 
including the multimodality treatment as an option for fit elderly patients (9). 
A retrospective analysis of 293 patients over the age of 65 showed a benefit for the 
combined regimen (222). A retrospective survey of the National Cancer Database 
yielded similar results, with combined modality treatment showing superiority 
over both chemotherapy alone and RT alone, in a group of 16,717 patients, with 
nGBM, aged 65 years or older (223). Two prospective randomized studies 
addressed the question of which single modality treatment would be best for 
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elderly patients. In the Nordic trial, patients over the age of 60, with ECOG PS 
0-3, were randomized between three treatment arms: sdTMZ (up to six cycles), 
HFRT (34.0 Gy administered in 3.4 Gy fractions over 2 weeks), and cfRT (217). 
Fewer patients completed the course of RT in the standard group (72%) com-
pared to the hypofractionated one (95%), which may partly account for the poor 
results obtained in the former group. TMZ and HFRT yielded similar survival 
results and, particularly in patients over the age of 70, these were significantly 
better than the ones for cfRT. MGMT promoter methylation was predictive of 
response to TMZ. In the NOA-08 trial, patients older than 65 years, with a KPS 
>50%, were randomized to receive TMZ (100 mg/m2, given on days 1–7 of 1 week 
on, 1 week off cycles) or cfRT (8). The trial showed noninferiority of TMZ and 
there were no differences regarding QoL either, between the treatment arms. 
MGMT promoter methylation was both prognostic and predictive of response to 
TMZ. Event-free survival was longer in patients with methylated MGMT promoter 
treated with TMZ than in those submitted to RT (8.4 vs. 4.6 months) and the 
opposite was true for the group of patients with an unmethylated promoter 
(3.3  vs. 4.6 months). Taken together, these results support the role of MGMT 
promoter methylation in the choice of single modality treatment, in elderly 
patients with nGBM.

The EORTC 26062-22061 trial was designed to assess whether the addition of 
TMZ to HFRT would translate into a survival benefit (224). A total of 562 patients, 
aged 65 years or older, were randomized, with the combined modality being asso-
ciated with a longer median OS (9.3 vs. 7.6 months; P < 0.001) and PFS. Again, 
MGMT promoter methylation was predictive of response to TMZ (median OS: 
13.5 months with RT-TMZ vs. 7.7 months with RT alone; P < 0.001). Although 
not reaching statistical significance, the combined therapy also offered a survival 
advantage to the group with an unmethylated MGMT status (median OS: 10.0 
months vs. 7.9 months; P = 0.055). QoL was similar in both study groups. An 
unsolved question is which RT-TMZ scheme is better for fit elderly patients. Some 
retrospective studies have addressed this issue. Arvold and colleagues found no 
differences in OS, between cfRT-TMZ and HFRT-TMZ, after adjusting for selection 
bias (225). Minitti also found no differences in OS and PFS between the two 
groups (226). However, cfRT-TMZ was associated with more neurologic toxicity 
(P = 0.01), lowering of KPS scores over time (P = 0.01), and higher post-treatment 
dosing of corticosteroid (P = 0.02). There are numerous issues that make this a 
special and challenging group. The definition of elderly varies widely between 
studies limiting the extrapolation of results to our patients’ population. Several 
trials lack NCF and QoL evaluations necessary for us to understand the real 
impact of the current available therapies in the elderly patient. The assessment of 
MGMT promoter methylation, although proven useful in this population, is not 
readily available to all. Furthermore, these patients are frequently only submitted 
to biopsy, which may render insufficient samples to MGMT promoter status 
determination.

Elderly patients with GBM have a worse prognosis than their younger counter-
parts. This relates to several factors, namely, poorer PS, comorbidities, delay in 
diagnosis (symptoms are often interpreted as signs of depression or dementia), 
and IDH wild-type tumors. These patients tend to be undertreated solely based on 
their biological age and because, they are underrepresented in clinical trials, there’s 
a paucity of data guiding clinical decisions. Based on prospective trials, HFRT has 
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become standard in this population and proven equivalent to TMZ, and MGMT 
promoter methylation status has a paramount importance in the choice of single 
modality therapy. In addition, there’s now evidence that the addition of TMZ to 
HFRT yields an increase in OS, representing an alternative to the Stupp regimen, 
in elderly patients with a good PS.

Supportive Care

The patient with GBM is, simultaneously, a patient with cancer and one with a 
progressive neurological disease. As such, there are certain specificities regarding 
not only the most frequent symptoms exhibited but also some end-of-life (EOL) 
care issues. Patients with primary brain tumors were found to have poorer PS, 
higher levels of nursing and social support, and more family overburden than 
other palliative care patients. Disorientation and confusion were also more 
frequent. Conversely, general EOL symptoms, such as dyspnoea, nausea, vomit-
ing, anorexia, constipation, and pain, were experienced less frequently (227). 
Palliative care should aim at improving QoL, both for the patient and the care-
giver, and is not limited to the EOL stage. The timing of its introduction, in the 
management of GBM patients, is an understudied issue. The experience with 
metastatic nonsmall cell lung cancer indicates improvements in QoL, mood, and 
symptom burden, as well as better EOL care and even extended survival, with 
early initiation of palliative care (228). Disease itself, along with GBM treatment 
side effects and symptomatic medication (namely antiepileptic drugs), affects cog-
nition and impairs decision-making, very often early in the disease course (229, 
230). As such, timely involvement of the patient in treatment decisions (including 
supportive measures ahead) is of paramount importance. Two systematic reviews 
of studies addressing the EOL phase, in high-grade gliomas, showed a high bur-
den of symptoms, namely reduced consciousness (44–90%), dysphagia (10–
85%), headache (36–62%), seizures (10–56%), focal neurological deficits (>50%), 
cognitive disturbances (>30%), confusion (15–51%), and poor communication 
(64–90%) (227, 231–236).

Seizures

Approximately 30% of glioma patients have a seizure during the last week of life, 
regardless of having or not having a history of seizures (235, 237). As mentioned 
earlier, prophylactic use of anticonvulsant drugs is not indicated in patients with-
out history of seizures (12). Enzyme inducers antiepileptic drugs should be 
avoided as they interact with commonly used cytotoxic agents and dexametha-
sone, having the potential to reduce their efficacy (238). Valproic acid is an 
enzyme inhibitor that may increase therapeutic levels of antineoplastic agents. 
Several reports also suggest a direct antitumor effect, but this is yet to be proven 
(239). Levetiracetam is the most studied of the recent anticonvulsants in this 
setting. It appears safe without major interactions with the commonly used drugs 
(240). At the EOL, dysphagia and altered consciousness are common and impair 
the administration of oral medication. As a result, half of the patients taper anti-
epileptic drugs in the last week of life, with one-third experiencing seizures (237). 
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As the occurrence of seizures is associated with nonpeaceful death, it is impor-
tant to maintain antiepileptic treatment throughout the EOL phase (231). This 
can be achieved by using alternative routes of administration. For patients in 
home care, rectal diazepam and buccal or intranasal midazolam are convenient 
alternatives (241).

Depression

Diagnosis can be difficult as all the symptoms of a major depressive disorder, with 
the exception of suicidal thoughts, can be attributed to the tumor, its treatment, 
or both (242). Selective serotonin reuptake inhibitors may be considered as first-
line treatment of depression, as they have not shown increased toxicity in glioma 
patients and they are not associated with increased incidence of seizures in the 
general population (242, 243). The benefit and feasibility of psychotherapy in 
treating depression and anxiety in glioma patients is uncertain (242).

Raised intracranial pressure

Raised intracranial pressure, as a result of tumor growth and cerebral edema, can 
cause headache, nausea, vomiting, somnolence, and visual disturbances. 
Corticosteroids are the treatment of choice. Dexamethasone is often used for its 
long half-life, anti-inflammatory activity, and absence of mineralocorticoid effect 
(244). Corticosteroids must be tapered as soon as possible and kept in the lowest 
dose capable of controlling symptoms. Attention must be given to the complica-
tions associated with prolonged steroid use.

Confusion

Confusion is a major cause of distress for the patient and his caregivers. It can 
arise from the tumor itself, or be caused by pain, infection, metabolic imbalances, 
symptomatic treatments, fecaloma, bladder retention, intracranial hemorrhage, or 
seizures (244). Neuroleptics, such as haloperidol, risperidone, and olanzapine, 
are often needed. Opioids and sedatives are also options if pain or sleep and 
behavioral disorders coexist.

Issues at EOL care

During the EOL phase, dysphagia and altered consciousness will impair nutrition 
and hydration, and the administration of symptomatic medication, namely, corti-
costeroids and anticonvulsants. As mentioned before, these last ones should be 
kept, but steroids are often tapered and discontinued in the last days of life, when 
the patient is already unconscious, to avoid futile prolongation of life. Maintenance 
or withdrawal of artificial nutrition and hydration and symptomatic medications 
are EOL decisions common to all glioma patients. Another topic that can be dis-
cussed with the patient in advance is palliative sedation. Between 13 and 45% of 
patients were reported to have received it. Refractory seizures, agitation, and 
delirium are among the reasons that lead to its institution (245). The knowledge 
on palliative care in glioma patients is largely based on retrospective studies and 
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on extrapolations from studies performed on other cancer patients. Properly con-
ducted prospective and interventional investigations, specifically designed for 
glioma patients, addressing the specificities of this population are needed.

Conclusion

Despite maximal safe surgical resection and combined chemotherapy and RT, 
GBM retains a poor prognostic value. To date, excluding TTFields, no new agents 
improve survival when added to standard therapy. Although MGMT promoter 
methylation is predictive of response to TMZ, its role in the choice of first-line 
therapy is currently limited to the elderly GMB patients. No standard of care is 
established in the recurrent setting. Bevacizumab clearly impacts PFS, although its 
role in OS is less certain. TMZ rechallenge is a treatment option, especially for 
MGMT promoter-methylated rGBM. All in all, while efforts are being put in strate-
gies to prolong OS, enhancing QoL for these patients must be a priority.
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Abstract: Malignant gliomas are characterized by their propensity to invade sur-
rounding brain parenchyma. The median survival of patients is less than 2 years 
with maximal surgical resection, chemotherapy, and radiotherapy. Although there 
have been controversial arguments about the role of surgical resection, there is 
increasing evidence that a safe and radical removal of malignant glioma is associ-
ated with a better survival outcome. Surgery is still essential to obtain brain tissue 
for pathological analysis, and reduce mass effect. Intraoperative magnetic reso-
nance imaging, neuronavigation, ultrasonography, and fluorescence-guided 
surgery are the most used tools worldwide. 5-Aminolevulinic acid surgery, com-
bined with Stupp protocol, produces a median survival of 15 months. The objec-
tives of perioperative positioning are to enhance optimal exposure, prevent injury 
related to position, and maintain normal body alignment without excess flexion, 
extension, or rotation. Advances in surgical techniques have contributed to 
enhanced recovery after tumor resection, improved postoperative functional sta-
tus, and decreased length of stay in the hospital. This chapter presents the current 
literature related to the surgical management of high-grade gliomas.

Key words: Extent of resection; Fluorescence-guided surgery; High-grade glioma
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Introduction

The annual incidence of malignant glioma is about 5.26 cases per 100,000 people 
(1, 2). Malignant astrocytomas are the most common malignant primary central 
nervous system tumors in adults (3). Glioblastoma accounts for approximately 
60–70% of malignant glioma (1, 3, 4). The number of patients is expected to 
increase with the aging of population, the peak incidence being within the fifth 
and sixth decades of life (2, 4). The most common symptoms of glioblastoma 
include headache, focal neurologic deficits, and other nonspecific changes such as 
altered mental state or gait alteration (5). The classification of brain tumors has 
been based largely on concepts of histogenesis that label tumors according to their 
microscopic similarities with putative cells of origin, their presumed differentia-
tion level, and the degree of tumor as a prognostic factor (6, 7). According to clini-
cal characteristics, glioblastomas can be divided into primary and secondary 
subtypes. Primary glioblastomas emerge from de novo process whereas secondary 
glioblastomas develop progressively from low-grade astrocytoma, over a period of 
5–10 years (8) Recently, the Cancer Genome Atlas Network classified glioblas-
toma into proneural, neural, classical, and mesenchymal, and established an inte-
grated multidimensional genomic data based on patterns of somatic mutations 
and DNA copy number (9) (Table 1).

Adult neural stem cells, in the subventricular zone and on the walls of the 
lateral ventricle (LV), generate young neurons and oligodendrocytes under non-
pathologic conditions (10). This unique region, which harbors neural stem cells, 
appears to be more susceptible to tumorigenesis (10). Tumors bordering the LV 
and patients with subependymal-spreading tumor may be associated with 
decreased survival. Chaichana et al. reported that the median survival time of 
patients with LV tumors is less than those with non-LV tumors (8 months vs. 11 
months; P = 0.02) (11). Glioblastoma progression is thought to be driven by a 
subpopulation of cancer stem cells, and in vitro studies show that these cells are 
chemoresistant and radioresistant (12). However, Nestler et al. were not able to 
support the theory of malignant glioma developing in the periventricular stem cell 
region (13). Most tumors (89%) were in contact with brain cortical regions, 

Table 1	 Comparative Table of the Molecular Classification 
of Glioblastoma

Phillips et al. (14) Proneural Proliferative Mesenchyme

Verhaak et al. (9) Proneural Neural Classic Mesenchyme

Genetic signature Olig2/DLL#/SOX2 MBP/MAL EGFR/AKT2 YKL40/CD44

Mutation TP53
PI3K
PDGFRA

crom7 (gain)
crom10 (lost)
PDGRFA

NFkB
NF1

Clinical characteristic Little response to 
chemotherapy

Favorable 
prognostic to 
TMZ and RT

Favorable prognostic 
to TMZ and RT



Surgical Management of Glioblastoma 245

whereas only half of glioblastomas (52%) involved the ventricular wall (13). 
Older age, poor performance status, motor or language deficit, and periventricu-
lar tumor location independently predict poor survival in patients with glioblas-
toma (15). Infiltration and invasion of malignant astrocytoma often involve 
eloquent areas (4). Historically, surgery has been the initial therapeutic approach 
for tumor debulking (decompressing mass effect) as well as for obtaining tissues 
for diagnosis (16, 17). Walter Dandy, in 1928, studied a series of patients under-
going hemispherectomy for invasive high-grade glioma (17, 18). The case series 
included a patient surviving three and a half years following surgical resection. 
High doses of corticosteroids (usually dexamethasone 8–16 mg/day) allowed fast 
decrease of tumor-associated edema and improved clinical symptoms, which were 
rapidly tapered according to individual needs (4, 19, 20). This chapter provides 
an overview of surgical management of high-grade gliomas.

Preoperative evaluation

Signed informed consent is mandatory for all surgical candidates in Mexico and 
in most surgical centers worldwide before going into the operating room (OR). 
Abstinence from both alcohol and cigarette for 1 month is recommended when 
appropriate and feasible (21). Preoperative intracranial tumor evaluation should 
include the assessment of neurological and general status. Current treatments 
such as steroids and osmotic diuretics must be considered. Assessing status of 
intracranial pressure (ICP) is the primary aim of evaluating neurological status. 
Seizures secondary to direct mass effect can also occur in about 60% of cases (22). 
Antiepileptic drug for seizure prophylaxis is decided by assessment of individual 
risk factors and careful discussion with patients (22). Preoperative administration 
of steroids helps to control ICP by reducing peritumoral edema. Patients with 
symptomatic high-grade tumors (HGTs) or with poor life expectancy can be 
maintained on dexamethasone 0.5–1 mg daily. The side effects of steroids are 
common, and their frequency and severity increase with higher dose and therapy 
duration. Patients must be monitored for endocrine, muscular, skeletal, gastroin-
testinal, psychiatric, and hematological complications (19). Brain relaxation can 
be achieved using either hypertonic saline (HS) or mannitol. A recent meta-anal-
ysis pointed out that HS could increase the odds of satisfactory intraoperative 
brain relaxation (OR: 2.25, 95% CI: 1.32–3.81; P = 0.003) (22).

Intravenous anesthetics

Barbiturates have four main actions in the brain: (i) hypnosis, (ii) depression of cere-
bral metabolic rate (CMR), (iii) reduction in cerebral blood flow (CBF) by increasing 
cerebral vascular resistance (CVR), and (iv) anticonvulsant activity. All of these 
actions are able to produce significant hypotension. Propofol has a relative short 
half-life (1–2 h) but causes hypotension with marked reduction in cerebral perfusion 
pressure (CPP) (24). Opioids (synthetic opioids: fentanyl, sufentanil, alfentanil, and 
remifentanil) attenuate ventilator response to hypercarbia and enable the ventilator 
response to hypoxia, increasing CBF through an increase in PaCO2. Most opioids 
(except meperidine) are vasotonic, so they can lead to bradycardia; in patients with 
brain tumors, it is important to distinguish this effect from Cushing’s reflex (25). 
Dexmedetomidine is a highly selective alpha-2 adrenergic receptor  agonist. 
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Clinical effects are both sedative-hypnotic and analgesic by activating alpha-2 adren-
ergic receptors in the locus coeruleus and the spinal cord. This sedation is useful for 
awake craniotomy because of the mild increase in PaCO2 (26, 27).

Muscle relaxants

Neuromuscular blocking agents (NMBAs) do not have direct effect on CMR, ICP, 
or CBF. Pancuronium can increase heart rate and mean arterial pressure (MAP). 
Succinylcholine can increase ICP in brain tumor patients, secondary to the cere-
bral activation associated with fasciculation and enhanced muscle spindle activity; 
however, when coadministered with the intravenous agent propofol, ICP can be 
alleviated (28).

Extent of resection

Cytoreductive surgery for malignant glioma has been performed for decades, 
from lobectomies to hemispherectomies (17, 29). The purpose of resection is to 
remove as much tumor as possible to alleviate mass effect and to obtain brain 
tissue for pathological analysis (class I evidence) (30).Tumor recurrence occurs 
within a 2-cm margin of the primary site in 90% of the cases (31–33). Evidence 
to promote brain tumor resections in the current literature are as follows: Ia: 
0(0%), Ib: 0(0%), IIa: 1(0.8%), IIb: 7(5.8%), IIc: 0(0%), IIIa: 16 (13.3%), IIIb: 
63 (52.5%), IV: 13 (10.8%), and V: 20 (16.8%) (31). Post hoc analysis of 
243 patients, randomized for extent of resection in a trial of 5-Aminolevulinic 
acid (5-ALA) versus white light in newly diagnosed HGG, suggested a positive 
correlation between complete resection and survival benefit (HR 0.54, 95% CI 
0.41 to 0.71) (5). Once the diagnosis for malignant glioma is established, frac-
tionated focal radiotherapy (60 Gys) and chemotherapy are continued. The first-
line of choice for chemotherapy is temozolomide (TMZ 75 mg/m2), administered 
daily around 1 and 1.5 h prior to radiotherapy during the initial phase. For the 
maintenance phase, the dosage increases to 150–200 mg/m2, 5 days a week, 
every 28 days (29).

Intraoperative Technologies

Emerging imaging technologies facilitate the extent of resection while minimizing 
the associated morbidity profile (16). Novel assisting technologies require expen-
sive equipment along with prolonged surgical time; more evidence is necessary to 
justify such adjuncts (34).

Fluorescence-guided surgery

5-ALA is a natural amino acid biosynthesized from glycine and succinyl-CoA in 
the mitochondria. Following systemic administration, ALA in tumor cells is 
metabolized into protoporphyrin IX (PpIX), a photosensitizing porphyrin (35). 
The reason for the selective PpIX accumulation in malignant glioma is not fully 
understood. It is highly specific (98%) in areas of infiltrating tumor, and 



Surgical Management of Glioblastoma 247

PpIX-levels in tumor tissue are highest at 6 h after administration (36) (Table 2). 
5-ALA is an orally administered product used for visualization of high-grade 
glioma tissue during surgery, allowing a safer and more extensive tumor resec-
tion. Under blue light excitation (400–410 nm), the tumor tissue appears red, 
whereas normal tissue (including edema) does not show fluorescence (37) 
(Figure 1). Another fluorophore is fluorescein sodium; the major disadvantage is 
that the fluorescence depends on blood–brain barrier integrity, making it less 
specific. Fluorescein concentration will be high in all perfused tissues and ves-
sels. If tissue is perturbed by surgery, there is unspecific extravasation of fluores-
cein unrelated to tumor (38). After patient intubation and before skin incision, 
patients receive 5–10 mg/kg of a 20% solution of sodium fluorescein, adminis-
tered intravenously using a modified microscope with wavelength range of 
560 nm (39) (Figure 2).

Indocyanine green 

Angiography with indocyanine green (ICG) was first developed for ophthalmol-
ogy purposes in 1956 to evaluate choroidal microcirculation; other uses are to 
assess hepatic function, live blood flow, and cardiac output (40). Near-infrared 
ICG videoangiography was introduced in the neurosurgical field to visualize cere-
bral vessels for aneurysm clipping, bypasses, and vascular malformations. 
Superficial avascular areas in HGT have been seen during pre-resection 

Table 2	 Commercially Available Fluorophores for 
Fluorescence-Guided Surgery

5-ALA Fluorescein ICG

Fluorophores Protoporphyrin IX (PpIX) Sodium Fluorescein ICG tricarbocyanine

Localization Intracellular Extracellular/
Intravascular (43)

Intravascular

Range of photo-
stimulation

409 ± 10 nm 540–690 nm 790–835 nm

Sensitivity & 
specificity

0.87 (IC 95%, 0.81–0.92)
0.89 (IC 95%, 0.79–0.94) 

(44)

NA Correlation >90%
Digital Angiographic 

Subtraction

Dose 20 mg/kg 8–10 mg/kg
20 mg/kg

0.3 mg/kg

Administration route Orally Intravenous Intravenous (45)

Adverse reactions Photosensibility, nausea, 
hypertension

Nausea and vomit, 
anaphylaxis, death 
(7, 46) 

None

Auto fluorescence Yes No No (45)

Contraindications Porphyria NR Iodine allergy, pregnancy, 
liver disease, uremia, and 
history of anaphylaxis
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Figure 1  (a) Brain tumor resection using regular white light and (b) blue excitation light 
(400–410 nm) using 5-ALA; the tumor tissue appears red, whereas normal tissue shows no 
fluorescence. (Courtesy of Prof. Walter Stummer.)

(a)

(b)

ICG videoangiography (41). Neovascular architecture; alterations of the caliber, 
morphology, and course of vessels; and the hemodynamic patterns can be 
observed. The dye does not penetrate the membrane and therefore is unable to 
define the margins of the tumors (42). ICG helps to avoid injury by preserving 
small caliber vessels during brain tumor surgery (Figure 3).
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Figure 2  Brain tumor resection using fluorescein. The whole brain parenchyma and tumor 
tissues were colored and fixed; the blood–brain barrier had been damaged, making it less 
specific. (Courtesy of Prof. Walter Stummer.)

Figure 3  Intraoperative videoangiography in the arterial phase with combined white-light 
visualization to localize major vasculature and avoid medium and small vessel injury. (Courtesy 
of Prof. Alfredo Quiñones-Hinojosa.)
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Neuronavigation

Neuronavigation systems have been developed for image-guided neurosurgery to 
aid accurate lesion localization in the brain. Before craniotomy, the patient’s head 
is secured to a head holder with head pins; this fixation might cause skin displace-
ment (skin shift) and reduce accuracy which could be corrected using intraopera-
tive imaging systems (CT and/or magnetic resonance imaging, MRI) (43). The 
most-widely used tracking systems utilize dual infrared camera that tracks the 
position of a probe relative to a fixed reference frame. Electromagnetic tracking 
systems are the major commercially available alternatives to optical tracking sys-
tems. Electromagnetic navigation relies on the tracking probe within an electro-
magnetic field, created by a field generator in a fixed location. Using MRI, the 
positional accuracy is within 2–3 mm during surgery. Clinical factors that cause 
shift of the brain or a lesion, such as cerebrospinal fluid loss, cyst decompression, 
and cerebral edema, may diminish navigational accuracy (44). Neuronavigation is 
most useful as an adjunct to other brain-mapping techniques such as awake map-
ping and electrocorticography in the resection of lesions within eloquent motor 
and language areas (45). Intraoperative MRI has become more widespread and 
the evidence supporting the use of intraoperative MRI to maximize resection has 
also grown. A systematic review of existing data on the use of intraoperative MRI 
for glioma surgery revealed 12 high-quality studies providing level II evidence for 
the use of intraoperative MRI to improve the extent of resection, quality of life, 
and survival in glioma patients (46).

Patient Position

Patient positioning is an essential element before the surgical procedure. Patient’s 
safety is the responsibility of all team members. The objectives of perioperative 
positioning are the following: optimal surgical exposure; preventing injury; and 
maintaining normal body alignment without too much flexion, extension, or rota-
tion (47). The operating table is situated in the central area of the OR. Control 
consoles (monopolar and bipolar coagulation, suction, and drills) are located at 
the foot of the operating table. An electrophysiological technician is involved 
when neurophysiological monitoring is indicated. The surgical microscope should 
be used carefully in accordance with the manufacturer’s recommendations. All 
hardware (optic attachments, eyepieces, mouthpiece, and video-recording device) 
must be checked before the surgical procedure and adjusted to the surgeon’s spec-
ifications. When possible, neuronavigation systems can be synchronized to the 
microscope with the focal point of the surgeon’s microscopic view (48). Maintaining 
normothermia is essential; peripheral vasoconstriction following anesthesia is 
often common and can result in peripheral hypoperfusion and cell hypoxia (47, 
49). Other measures include minimizing skin exposure, using a temperature-​
regulating blanket or forced-air warming device, and controlling the OR ambient 
temperature. Neurosurgical procedures are known for extended surgical time, 
thus increasing the risk of pressure ulcers. Tissue hypoperfusion, ischemia, and 
necrosis can occur. Soft devices (i.e., gel pad, cotton roll) have to be placed 
between the patient and any hard surface. The use of graduate compression 
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stocking and intermittent pneumatic compression is recommended in craniotomy 
patients to prevent venous thromboembolism (50, 51). Routine use of anticoagu-
lants is not recommended (20, 51). Burn prevention, from electrosurgical tools, 
can be achieved by ensuring that the patient’s skin does not rub against any metal 
surface (47). Staphylococcus aureus is responsible for 32% of the surgical site infec-
tions after craniotomy (52). Proper head position allows optimal exposure for 
surgical access. The use of the three-pin skull clamp can firmly fixate the head in 
the desired position. Pins should be placed in a band-like distribution on the 
head. They are often coated with antibiotic ointment before pinning the head. 
Thin bones, for example, the temporal bone squamous portion, frontal sinus, and 
mastoid sinus should be avoided. Prior placed shunt, cranial defects, and thick 
temporalis muscle may cause unstable fixation (53). The practice of shaving 
before surgery has not proven to reduce surgical site infection. Most surgeons 
choose to perform a small (<1 cm) strip parallel to the skin incision (21).

Supratentorial approaches: Supine position

Supine position is often used in neurosurgery because it offers good exposure to 
(i) anterior and middle fossae of the cranium, (ii) anterior aspect of the neck, and 
(iii) anterior, medial, and lateral aspects of the upper and lower extremities. 
Patients’ arms should be flexed less than 90° from the long axis to avoid intrave-
nous drop obstruction, injury to the brachial plexus, and compression or occlusion 
of the subclavian and axially arteries (54) (Figure 4). Preoperative MRI is obtained 
with skin markers (fiducials when needed), and a surgical trajectory is planned, 

(a)

Figure continued on following page
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Figure 4  Head-fixation system is recommended when the neuronavigation system is used. The 
head clamp must be firmly secured to the skull. Special attention is required when awake 
craniotomy is performed (a). Head rotation should be limited to the patient’s cervical spine 
condition and to avoid reducing venous return (b). The head must be maintained above the 
heart level to reduce bleeding (c). (Courtesy of Prof. Alfredo Quiñones-Hinojosa.)

(b)

(c)

avoiding corticospinal tracts or any other eloquent area. After head fixation, the 
tumor plane is aligned perpendicular to the floor. The head is kept above the level 
of the heart. The skin incision is planned based on the location of the lesion. 
Eyebrow or eyelid incisions can be selected in patients with anterior lesions (55, 
56). The craniotomy entry point depends on tumor location; one burr hole is often 
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sufficient for small craniotomies using a high-speed drill. Dural opening is adjusted 
to specific needs using either a cruciate or a C-shaped fashion. Trans-sulcal 
approach can be used for intra-axial lesions in the subcortical space underlying an 
evident sulcus. For deep tumors in the subcortical space (>1 cm), it may allow an 
easy access for resection while minimizing disruption of the overlying cortical tis-
sue. The arachnoid overlying the sulcus is incised sharply and is usually opened 
where the subarachnoid space is the largest. Arteries and veins running within the 
sulci that supply and provide venous drainage to surrounding gyri must be pre-
served and bipolar cautery should be used only if bleeding occurs. Use of brain 
retraction system must be carefully evaluated to avoid pressure-related iatrogenic 
injury to the surrounding cortical tissue. Once the tumor is identified, it can be 
resected en bloc or by piecemeal fashion. The tumor can be debulked in such a 
way that edges are moved inward and removed. Transcortical approaches could be 
used for subcortical tumors that neither underlie an obvious sulcus nor involve 
eloquent cortical regions. Corticectomy should be performed in a linear fashion for 
small tumors. For larger tumors, circumferential corticectomy is preferred (57). 
For deep intra-axial lesion, tubular retractor system could be useful, as it creates a 
controlled surgical corridor with minimal brain retraction and damage to the 
surrounding brain tissue, to reach lesion in the basal ganglia, insular cortex, lateral 
and/or third ventricle, pineal region, and the thalamus (58). The craniotomy must 
be large enough to fit the tubular retractor. The initial approach might be transcor-
tical or trans-sulcal. The navigation probe is conducted through the brain paren-
chyma and the tubular retractor is gently pushed down into the white matter. The 
retractor is opened to create the surgical corridor to access the lesion (59).

Infratentorial approaches

Infratentorial approaches have been used since the 1990s for posterior fossa 
lesions using either craniotomy or craniectomy, usually using the asterion as a 
constant bone landmark, extending the resection down into the foramen magnum 
(60). Numerous approaches including anterior petrosectomy, posterior petrosec-
tomy, translabyrinthine, and transcochlear have been developed. A key element to 
reduce surgical complications is the correct position of the patient, as it will pro-
vide a good surgical corridor minimizing brain tissue retraction. Lesions of the 
cerebellar-pontine angle, whether emerging extra-axially or intra-axially, are chal-
lenging due to surrounding vascular and eloquent neural structures. Furthermore, 
bone anatomy limits access to the ventral surface of the brain stem. Most surgeons 
begin with the surgical exposure of Dandy’s point for potential intraoperative 
intraventricular catheter placement (61).

Prone position

Prone position provides good exposure to the dorsal surface of the body. It allows 
access to the posterior head, neck, and spinal column. For occipital and suboccipi-
tal lesions, chest rolls are required. Areas on the patient’s body with excess pressure 
or traction are to be protected using a thick foam pad. The suboccipital craniotomy 
is used for most lesions in the posterior fossa, for example, tumors (meningiomas, 
ependymomas, gliomas, medulloblastomas, acoustic neuromas, and metastatic 
lesions), vascular lesions (aneurysm, cavernous malformations, arteriovenous 
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malformations, and intraparenchymal hemorrhages), and development anomalies 
(Chiari malformations). Patients with cervical spine disease with limited flexion 
and rotation movements should be excluded from this position (62).

Sitting position

In 1931, De Martel introduced the sitting position for patients undergoing neuro-
surgical procedures (63). Posterior fossa tumors can be reached with good 
exposure using the sitting position. Although it has lost its popularity, it is still 
used in some surgical centers. Major disadvantages of this approach include 
venous air emboli (6–76%), pneumocephalus, and bradycardia (63). Preoperative 
cardiology evaluation, cardiac Doppler ultrasound, and intraoperative neurophys-
iology monitoring are essential. Intraoperative transesophageal echo or precordial 
Doppler monitoring can be used to track any air embolism, while a right atrial 
central venous pressure line can be placed to aspirate the air embolism. Patients 
with patent foramen ovale are in higher morbidity risk, so an alternative surgical 
position should be considered. Anesthesiological monitoring also includes a cen-
tral venous catheter placed in the right atrium, continuous invasive blood pres-
sure measurement with an arterial catheter (radial artery most of the times), 
electrocardiogram, pulse oximetry, and capnography with end-tidal CO2 (64) 
(Figure 5).

Figure 5  Although it has lost its popularity, sitting position is still used in some surgical centers. 
Attention must be paid to avoid pressure points (red arrows). The head is partially flexed and 
the neck turned to lesion side. All care must be taken to prevent neural injury of the spinal 
cord or the brachial plexus with continuous neurophysiological monitoring. Air embolism 
detection is essential to avoid complications. Used with permission from the original 
copyright holder, Elsevier.
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Park bench position

Park bench position is the modification of the lateral position and is very com-
monly used for more laterally positioned lesions, including the lateral cerebellar 
hemisphere and cerebellopontine angle. The head is flexed and the vertex of the 
head is tilted toward the floor. Excessive neck flexion and/or side bending may 
prevent venous return. Patient is well padded to avoid pressure injuries, especially 
to the ulnar nerve, brachial plexus, and popliteal fossa (Table 3; Figure 6).

Table 3	 Advantages and Disadvantages of Prone and 
Sitting Positions for Posterior Fossa Approaches

Prone position Sitting position

Air embolism Less likely Highly likely

Brain tissue retraction Highly likely Less likely

Cervical spine traction Less likely Highly likely

Venous sinus thrombosis Equally likely Equally likely

Pneumoencephalus Less likely Highly likely

Anatomic orientation Less likely Highly likely

Cranial nerve preservation (65) Highly likely Less likely

(a)

Figure continued on following page
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Figure 6 The park bench position. (a) The face should be facing the floor. Shoulder retractor 
will allow a more comfortable working area for the surgeon. (b) Cushion paths are placed 
under the axilla to prevent brachial plexus injury. (c) The incision is planned from above the 
pinna down to the mastoid process, 2 cm behind the ear. (Courtesy of Prof. Alfredo 
Quiñones-Hinojosa.)

(b)

(c)
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Postoperative care

Incidence of postoperative complications within 30 days of tumor resection is as 
follows: stroke (2.1%), myocardial infraction (1.3%), death (2.7%), infection 
(2.4%), and the need for revision surgery (6.6%). Aiding early hospital discharge 
for cancer patients expedites chemotherapy and/or radiation therapy and other 
treatments, potentially improving patient outcomes by decreasing the time period 
between surgery and resumption of daily activities (20). Bladder catheters are to 
be removed on postoperative day 1 or as early as possible. Postoperative artificial 
nutrition is not typically needed for these patients, unless patients are in a pro-
longed comatose state (>7 days). Early mobilization of patients is encouraged (20) 
(Table 4). Venous thromboembolic events, pneumonia, and respiratory complica-
tions are preventable comorbidities. Urinary tract infections are independently 
associated with longer hospitalization (67%).

Conclusion

Surgery plays an essential role in the management of glioblastoma. A combination 
of techniques including intraoperative MRI, neuronavigation, ultrasonography, 

Table 4	 Preoperative and Operative Predictors of 
Extended Length of Hospital Stay Following 
Craniotomy for Tumor (8 Days)

Variable OR 95%CI P

Age over 70 years 1.67 1.41–1.99 <0.001

African American 1.79 1.48–2.17 <0.001

Hispanic 1.54 1.25–1.89 <0.001

Infratentorial 1.42 1.26–161 <0.001

ASA class 3 1.59 1.40–1.79 <0.001

ASA class 4 & 5 2.41 2.03–2.86 <0.001

Diabetes mellitus with insulin treatment 1.50 1.20–1.87 <0.001

Class I obesity 0.84 0.72–0.97 0.02

Preop sodium (mEq/L) <135 1.26 1.08–1.47 0.003

Impaired sensorium 1.69 1.24–2.31 0.001

Hemiplegia 2.40 1.84–3.13 <0.001

Steroid use 0.67 0.58–0.76 <0.001

Anesthesia time >300 min 2.28 1.96–2.65 <0.001

Mechanical ventilation >48 h 11.07 6.56–18.70 <0.001a

Source: Adapted from Ref. (66).
ASA = American Society of Anesthesiologists.
aAll predictors model.
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and fluorescence-guided surgery has enabled safe and maximal surgical resection, 
leading to a better survival outcome, and postoperative functional recovery. 
Despite maximal surgical resection and adjuvant chemoradiation, tumor 
recurrence occurs within 10 months in many cases, thought to be mediated by 
resident cancer stem cells. It is imperative that more effective treatment strategies 
are developed for glioblastoma. 
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Abstract: Cerebral gliomas are diffuse intrinsic primary brain tumors that are 
most commonly encountered in the frontal, temporal, and parietal lobes, and that 
can present with an array of symptoms including alterations in mental status, 
speech and language difficulties, motor or sensory abnormalities, and seizures. 
Maximal safe surgical debulking of the tumor reduces mass effect, provides a 
precise histological diagnosis, and facilitates genetic analysis that may shed light 
on the response to therapies and prognosis, reduces the oncological burden of the 
tumor facilitating the effectiveness of adjuvant treatments such as radiation and 
chemotherapy, and may reduce seizures. Preoperative and intraoperative cortical 
mapping strategies are used to delineate the relationship of the tumor with adja-
cent eloquent and association cortical areas to provide a maximal functionally 
safe surgical resection. This chapter describes the protocols used at our institution 
for the surgical management of patients with malignant gliomas in proximity to or 
involving eloquent cortical areas.
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Introduction

Cerebral gliomas are diffuse intrinsic primary brain tumors that are most 
commonly encountered in the frontal, temporal, and parietal lobes. They can 
present with an array of symptoms including alterations in mental status, speech 
and language difficulties, motor or sensory abnormalities, and seizures. Maximal 
safe surgical debulking of the tumor reduces mass effect, provides a precise histo-
logical diagnosis, and facilitates genetic analysis that may shed light on the 
response to therapies and prognosis, reduces the oncological burden of the tumor 
facilitating the effectiveness of adjuvant treatments such as radiation and chemo-
therapy, and may reduce seizures. Retrospective reviews suggest that the extent of 
resection is a critical prognostic factor for all grades of glioma (1). However, func-
tional deficits from tumor resection are assiduously avoided as they have a strong 
negative prognostic effect both on the patient’s quality of life and on the overall 
outcome related to the primary tumor. Hence, a strong emphasis remains on max-
imal safe resection with preservation of neurological function particularly in criti-
cal areas of the brain. Preoperative and intraoperative cortical mapping strategies 
are used to delineate the relationship of the tumor with adjacent eloquent and 
association cortical areas to provide a maximal functionally safe surgical resection. 
A protocol that encompasses anatomical, functional, and metabolic imaging 
provides a comprehensive view of the location and nature of the tumor and its 
relationship with the adjacent cortex (1–3). Preoperative and postoperative neu-
ropsychological testing further identifies areas of subtle cognitive, motor, and lan-
guage deficit. This facilitates more effective preoperative patient counseling and 
maximal safe resection.

Preoperative Planning

Magnetic resonance imaging

Cranial computed tomography (CT) has utility in presenting bone detail and the 
presence of calcification within a tumor bed. However, the anatomic detail 
provided by magnetic resonance imaging (MRI) is exquisite and provides cortical 
anatomical landmarks that are useful in preoperative planning. Relatively predict-
able patterns of sulci and gyri allow for identification of the primary sensory/
motor cortices and speech centers. The concordance between MRI images and 
gross anatomical specimens has revealed “keys” for cortical landmark identifica-
tion (4, 5). The first key is the Sylvian fissure and its five major rami. The posterior 
horizontal ramus (PHR) forms the main fissure that is visible on the convexity of 
the brain; it extends rostrally into the posterior ascending (PAR) and descending 
rami (PDR). The PAR is “capped” by the supramarginal gyrus (SMG). Anteriorly 
along the PHR, the sylvian fissure extends into two sulci, the anterior horizontal 
and anterior ascending rami. These rami extend into the inferior frontal gyrus 
(IFG) dividing it into the pars orbitalis, pars triangularis, and pars opercularis. 
The pars triangularis (Brodmann’s areas 45) and pars opercularis (Brodmann’s 
area 44) represent the primary motor or expressive speech area (Broca’s area).



Zakaria J and Prabhu VC 265

The frontal lobe contains three gyri (superior, middle, inferior) separated by 
the superior and inferior frontal sulci. The superior frontal gyrus is appreciated on 
both axial and sagittal images (Figure 1). The middle frontal gyrus (MFG) extends 
posteriorly and fuses with the vertically oriented precentral gyrus. The precentral 
sulcus starts at midline and extends anteriorly and laterally in an oblique direction. 
The next key finding is the merging of the inferior frontal sulcus with the inferior 
ramus of the precentral sulcus, forming a “T” shape (4, 5). More posteriorly, the 
central sulcus is identified over the convexity on axial or sagittal images. It is ori-
ented obliquely from posterior to anterior and does not extend all the way into the 
Sylvian fissure. Inferiorly, the precentral gyrus and postcentral gyrus merge under 
the central sulcus through a “U”-shaped gyrus (the subcentral gyrus). The post-
central gyrus is characteristically narrower than the precentral gyrus (4,  5). 
Posteriorly, the Sylvian fissure is capped by the SMG, which is the anterior most 
portion of the inferior parietal lobule. Inferiorly, within the temporal lobe, cours-
ing in parallel with the Sylvian fissure, is the superior temporal sulcus, which is 
capped posteriorly by the angular gyrus, the posterior limit of the inferior parietal 
lobule. The angular gyrus (Brodmann’s area 39) and posterior aspect of the supe-
rior temporal gyrus (STG) (Brodmann’s area 22) represent the primary receptive 
speech area (Wernicke’s area). The SMG (Brodmann’s area 40) contains fibers from 
the arcuate fasciculus that connect Wernicke’s and Broca’s areas (4, 5). The cingu-
late sulcus separates the cingulate gyrus from the medial aspect of the superior 
frontal gyrus. If followed posteriorly, the cingulate sulcus angles superiorly to 
form the pars marginalis, marking the posterior aspect of the paracentral lobule. 
The paracentral lobule houses the central sulcus, Broadman Areas 3,1,2 and 4,6. 
On axial images, the pars marginalis may be appreciated as a “bracket” 
(pars bracket) extending symmetrically from midline left and right. Anterior to 

Figure 1  Axial T2-weighted MRI 
showing the middle frontal gyrus 
(MFG), superior frontal gyrus (SFG), 
superior frontal sulcus (SFS), central 
sulcus (CS), supplementary motor area 
(SMA), postcentral sulcus (PCS), pars 
bracket (PB), hand motor area (HMA), 
and proximal leg area (PLE).
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this are the primary motor cortex and the postcentral sulcus. Areas 3,1,2 relate to 
the primary sensory cortex, and areas 4,6 include primary motor and supplemen-
tal motor areas (4, 5) (Figures 1 and 2).

Functional MRI

Functional MRI (fMRI) is a noninvasive imaging procedure that allows one to 
localize speech, language, and motor centers through blood oxygenation-level-
dependent (BOLD) contrast imaging (6, 7). It relies on two principles: local tissue 
magnetic fields and blood flow. With task-related activation, cerebral cortical 
tissue will augment its own blood flow via autoregulation, increasing local oxyhe-
moglobin relative to deoxyhemoglobin. Deoxyhemoglobin is paramagnetic; there-
fore, its relative decrease locally causes less distortion of the local tissue magnetic 
field, thereby increasing the strength of the MRI signal. A statistical significance is 
ascribed to this change in signal and color coded and is superimposed on standard 
anatomical MRI images allowing localization of critical and eloquent areas. 
Several sensory, motor, and language paradigms may be used to identify eloquent 

Figure 2  Figure 2 Midline sagittal T1-weighted MRI scan showing the callosal sulcus (CalloS); 
cingulate sulcus (CinS); cingulate gyrus (CinG); supplementary motor area (SMA); paracentral 
lobule (PCL); pars marginalis (PM); precuneus (PreC); parietal-occipital sulcus (POS); cuneus 
(Cun), calcarine sulcus (CalcS), lingula (Lin).
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cortex (6, 7). For identification of sensory areas, the subject’s fingers are stimulated 
with a course plastic surface. A checkerboard pattern is used to activate the visual 
cortices. For motor testing, finger-thumb tapping is an excellent task to activate 
the precentral gyrus and supplementary motor areas (SMAs). Active and passive 
(silent) speech allow for identification of Broca’s and Wernicke’s areas. These para-
digms have excellent sensitivities for the ascribed tasks and localizations can be 
confirmed with intraoperative cortical stimulation, and/or WADA testing.

While fMRI is useful in delineating functional cortical anatomy, subcortical 
white matter tracts can be outlined using diffusion tensor imaging, which can be 
used for preoperative planning. Diffusion tensor imaging is based on the anisotro-
pic diffusion of water molecules in white matter tracts; color codes depict the 
directionality of the tract. It is a robust modality that provides useful information 
as to the deformation and displacement of a subcortical pathway or infiltration of 
that pathway. Particularly in the latter case, surgical removal is purposely restrained 
to avoid a permanent neurological deficit. The combination of preoperative struc-
tural imaging, fMRI, and DTI allows the surgeon to create a plan and counsel a 
patient and his/her family regarding the surgical approach and the goal and risks 
of surgery (8).

Magnetoencephalography

Synchronized neuronal currents induce weak magnetic fields that can be detected 
with multichannel sensors placed over the patient’s scalp (9–11). Superconducting 
quantum inference devices (SQUIDS) allow detection of small cortical field differ-
ences and large shielded rooms cooled by liquid helium and are used to minimize 
distortion of signal from outside magnetic fields. Mathematical models infer the 
location of signal generators on the cortex, overlaying them on synchronized MR 
images. Magnetoencephalography (MEG) has been utilized in localization of seizure 
foci, language centers, and primary somatosensory cortices (9–11). One technique 
involves placement of standard fiducial markers on the patient’s scalp, completion of 
an MRI, and integration of MRI and MEG studies, yielding a magnetic source image 
(MSI), that can be integrated with standard intraoperative navigation systems.

Transcortical Magnetic Stimulation

Transcortical magnetic stimulation (Tms) is a modality that allows preoperative 
definition of the primary motor cortex and subcortical pathways. A high precision 
stimulation coil held to the patient’s head delivers biphasic magnetic stimulation to 
spots on the motor cortex eliciting motor-evoked potentials in the contralateral 
limb that may be recorded and analyzed. When combined with fMRI and struc-
tural MRI navigation, there is a reasonably high degree of accuracy of localization 
of the primary motor cortex, particularly in the region of the hand representation 
in the precentral gyrus. The magnetic coil stimulation is typically performed on 
both hemispheres and recording electrodes are attached to the key muscles such as 
the abductor pollicis brevis, first digital interosseous, adductor digiti minimi, and 
the tibialis anterior muscles. This is a reliable preoperative, noninvasive method of 
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establishing the primary motor cortex in glioma resection, with a good concor-
dance with intraoperative direct cortical stimulation mapping responses (12).

Positron Emission Tomography

This modality depends on the detection of gamma rays (photons) emitted through 
the collision of positrons and electrons following injection of a radioactive tracer. 
Cerebral blood flow, volume, oxygen use, glucose transport, protein metabolism, 
and other characteristics can be detected and localized. For cerebral functional 
localization, the isotope 15O is injected intravenously; as local blood flow increases 
to an activated region of cortex, higher concentrations of tracer will be detected (13). 
Baseline gamma emission levels are compared to those during stimulation and 
statistical analysis determines if regional activation is significant (P > 0.05).

Neuropsychological Assessment

Neuropsychological evaluation is the use of standardized tests for cognitive, 
perceptual, motor, and psychological functions in order to characterize brain sys-
tems according to the American Academy of Neurology (1). These tests measure 
general intellectual ability, skills pertaining to school or job performance, and psy-
chological adjustment. Preoperative neuropsychological evaluation in awake cra-
niotomy cases helps select patients who have the necessary cognitive skills and 
behavioral control necessary for cooperating with the functional assessment dur-
ing surgery. Second, preoperative testing establishes a baseline for quantifying 
treatment outcome. Third, it helps inform the surgical plan. In the case of a domi-
nant hemisphere lesion, testing will quantify the degree, if any, of preoperative 
language or sensorimotor impairment. Findings referable to the regional effects of 
the brain lesion serve either to corroborate or contradict expected functional neu-
roanatomy. Findings may also supplement functional imaging by demonstrating 
more narrow or more diffuse involvement of critical skills than suggested by fMRI. 
Following surgery, repeat neuropsychological evaluation allows sensitive tracking 
of recovery and is a measure of treatment outcome; it can characterize residual 
deficits, identify behavioral changes, and guide services for the patient and family. 
The assessment focuses on domains relevant to the location of the tumor and sub-
sequent surgery and the impact on functions relevant to the patient’s resumption 
of his or her premorbid role.

Surgical Considerations

Patients with gliomas located in eloquent parts of the brain essential for language 
or motor function are candidates for intraoperative cortical mapping (3, 14–16). 
Commonly, these eloquent zones include the posterior frontal or anterior parietal 
lobe in either hemisphere; or the insula, inferior frontal; or superior temporal gyri 
in the dominant hemisphere. Occasionally, preoperative functional imaging may 
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suggest eloquent areas beyond these confines, indicating the need for surgical 
mapping. Motor mapping may be done with the patient awake or asleep, while 
language mapping is always done awake, which requires a patient to be calm and 
cooperative (3, 14–16). Apprehensive or uncooperative patients, or those with 
airway or chronic pulmonary problems, may not tolerate being awake during 
surgery (2, 17). Coagulopathy, bleeding diathesis, or severe systemic illness is the 
general contraindication to elective cranial operations. Morbid obesity is also a 
relative contraindication while systemic illness such as cardiac or pulmonary 
problems may also be a significant factor. A patient who cannot identify simple 
objects or read simple phrases is also not a candidate for intraoperative speech 
mapping. In these individuals or in children, cortical mapping may be done with 
surgically implanted subdural grids with stimulation performed extraoperatively 
in a video-monitored electroencephalographic (EEG) suite over several days. The 
presence of functioning or mature neurons that respond to electrical stimulation 
is essential. Patients with a fixed or profound neurological deficit such as hemiple-
gia, or receptive or expressive aphasia, are not candidates for cortical mapping. 
Similarly, children under 7 years of age may have cortical sites not mature enough 
to respond to electric stimulation.

Surface Anatomical Landmarks

Knowledge of scalp and cranial landmarks allows determination of the relation-
ship of the lesion with the motor strip, language areas, ventricles, thalamus, basal 
ganglia, and their projecting fibers (1, 3, 18–21). Surface landmarks easily identi-
fied are the glabella, nasion, frontozygomatic (FZ) point, root of the zygoma, 
mastoid process, inion, and midline, indicating location of the sagittal suture. The 
FZ suture marks the FZ point situated on the upper part of the lateral orbital rim 
just below the junction of the frontal and zygomatic bones. The coronal suture 
may be palpable; if not, the upper end of the coronal suture is just anterior to the 
tragus of the ear and the lower end is in line with the midpoint of the zygomatic 
arch. The central sulcus lies 4–6 cm behind the coronal suture and at 45° to the 
orbitomeatal plane sloping anteriorly and inferiorly. The squamosal suture turns 
inferiorly just past the central sulcus; the central sulcus may also be approximated 
by joining the upper and lower rolandic points. The upper rolandic point lies 
approximately 2 cm behind the midpoint of a line extending from the nasion to 
the inion (N-I line) or straight up in line with the external auditory meatus (EAM). 
The lower rolandic point lies 2–3 cm behind the pterion, or about 5 cm above the 
EAM. The upper end of the precentral gyrus lies almost straight up from the EAM 
near the midline (1, 3, 19).

The pterion is about 2–3 cm behind the FZ point along the stem of the Sylvian 
fissure and 3 cm above the zygomatic arch. The Sylvian fissure lies along a line 
extending from the FZ point toward the junction of the anterior 3/4ths and 
posterior 1/4ths of the N-I line. The central sulcus and sylvian fissure meet at an 
obtuse angle of approximately 120°. The pars triangularis of the frontal lobe lies 
just above the anterior part of the Sylvian fissure, 2–3 cm behind the FZ point, or 
behind the pterion. The AG or inferior part of the inferior parietal lobule lies just 
above the pinna of the ear. The inion lies over the torcular herophili and the 
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attachment of the tentorium to the inner table of the skull. The transverse sinus 
lies beneath a line connecting the root of the zygoma and the inion, and the aste-
rion approximates the junction of the transverse and sigmoid sinuses. The supe-
rior parietal lobule lies approximately 6–7 cm above the inion and 2–3 cm lateral 
to the midline. The interparietal sulcus is oriented anteroposteriorly and lies 
3–4 cm lateral and parallel to the midline (1, 3, 19).

Eloquent Cortex

Anatomical and functional variability is reported between individuals, and 
between the two hemispheres in the same individual. Such human genetic poly-
morphisms are most evident in frontal and parieto-occipital areas and may involve 
the perisylvian cortex, sylvian fissure, and planum temporale. Despite this, essen-
tial sites may be predicted by structural or functional imaging modalities, and 
clinical findings. This may then be used to guide surgical decision-making, 
and  these established anatomical landmarks are of critical importance in the 
preoperative diagnosis, workup, and surgical treatment of cerebral gliomas (3). 
Notwithstanding that, and more recently with the aid of sophisticated neuroimag-
ing modalities, a more holistic interpretation of cerebral function and the localiza-
tion of various eloquent brain regions have gained popularity. The concept that 
the human brain is a highly sophisticated and intricately connected network that 
functions as a whole rather than being driven from a few select eloquent areas is 
supported by functional imaging studies. This concept of the human “connec-
tome” adds another layer of complexity that goes beyond basic anatomical land-
marks and is highly individual. Nonetheless, for the purpose of surgical removal 
of intrinsic cerebral gliomas, one has to rely on the standard concepts of essential 
eloquent cortex and strive for the goal of maximal safe removal of the tumor while 
preserving these areas.

Eloquent cortex generally implies speech, sensorimotor, and visual areas. 
Broca’s area lies in the pars opercularis and triangularis of the IFG Brodman’s area 
44 (Figure 3). It controls the complex orofacial movements required to articulate 
speech and lies just anterior to motor cortex for lip, tongue, face, and larynx 
movements. Additional essential language sites in the dominant hemisphere can 
extend into the MFG, STG, middle temporal gyrus (MTG), or the insula. Expressive 
aphasia results from injury to Broca’s area, while receptive aphasia results from 
injury to Wernicke’s area (Figure 3). Injury to the arcuate facsiculus or white mat-
ter tracts connecting these speech areas results in conduction aphasias with 
impaired repetition. Injury to association cortex around the speech areas results in 
transcortical aphasias in which the primary function is impaired but repetition is 
preserved. The fusiform gyrus may also participate in speech, “basal temporal 
language area,” although deficits from surgical resections in this area typically 
recover. Auditory functions are bilaterally represented and resections involving 
the transverse temporal gyri in one hemisphere are well tolerated. Optic radiations, 
representing the inferior half of the contralateral retina, loop forward over the 
temporal horn before arching back toward the striate cortex in the banks of the 
calcarine fissure. Temporal resections that encroach upon these fibers cause a 
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Figures 3  Lateral sagittal T1-weighted MRI scans. Pars triangularis (Pars Tr), pars opercularis 
(Pars Op), posterior horizontal ramus of the sylvian fissure (PHR), and supramarginal gyrus 
(SMG). Subcentral gyrus (SCG), precentral gyrus (PCG), central sulcus (CS), postcentral gyrus 
(PoCG), supramarginal gyrus (SMG), angular gyrus (AG), and superior temporal sulcus (STS).
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contralateral upper outer quadrantonopsia, a “pie-in-the-sky” defect, which is 
also well tolerated (3, 18–21).

Primary motor and sensory function reside in the precentral and postcentral 
gyri, respectively, and variability in sensorimotor cortex is less common. Awake 
mapping is an option in these cases; motor sites can be mapped with the patient 
asleep under nonparalytic general anesthesia. Injury to the primary motor cor-
tex will result in paresis involving the face, upper extremity, or lower extremity. 
The nondominant face motor cortex has bilateral cortical representation, and 
resections in this area may be better tolerated. The SMA on the medial aspect 
of the frontal lobe lies anterior to the primary leg motor cortex and extends 
down to the cingulate gyrus; it has a role in planning, initiation, and execution 
of movements, and in the dominant hemisphere it participates in expressive 
speech function. Resections involving the SMA in either hemisphere may cause 
contralateral hemiparesis or plegia but this generally improves over 4–8 weeks, 
although some residual deficits such as apraxia, hesitancy, and difficulty initiat-
ing movements may persist. Tumor resections from the dominant or left SMA 
may be complicated by expressive aphasia; this also reportedly recovers 1–2 
weeks after surgery, but some deficits such as hesitations, word-finding diffi-
culties, perseveration, dysnomia, and dysgraphia may persist. Exner’s area lies 
lateral to the SMA and superior to Broca’s area; it integrates functions essential 
for writing and that may be affected by resections in this area. The frontal eye 
fields responsible for saccadic and voluntary eye movements to the opposite 
side are located just in front of the precentral sulcus, anterior to the SMA. The 
prefrontal cortex serves intellectual and social functions bilaterally; deficits 
from resections in these areas are better tolerated than speech and motor 
impairments (3, 18–21).

The parietal lobe is marked by the central sulcus anteriorly and the Sylvian 
fissure inferiorly. Over the convexity, the parietal lobe blends imperceptibly into 
the occipital lobe. The inferior parietal lobule contains the SMG and AG  that 
constitute the receptive speech area of Wernicke on the dominant side. The 
occipital lobe has a roughly pyramidal shape. The occipital pole lies at the junc-
tion of the posterior end of the falx cerebri and tentorium; the visual cortex is 
close to the occipital pole in the banks of the calcarine fissure. A contralateral, 
congruent, visual field deficit such as a homonymous hemianopsia follows sur-
gery in this location. The AG lies 3–4 cm lateral and anterior while the pre-
occipital notch lies 6–7 cm lateral to the occipital pole and midline just behind 
the vein of Labbe. Speech comprehension problems may result from resections 
that stray into these areas. Surgery involving the somatosensory cortex may result 
in contralateral parietal sensory loss with astereognosis, graphesthesia, and 
impaired two-point discrimination. Further posterior, the parietal lobe has an 
important heteromodal association capacity, integrating visual, auditory, and per-
ceptual modalities and providing an awareness of the body and extrapersonal 
space, particularly on the nondominant side. Damage to the dominant inferior 
parietal lobule causes Gerstmann’s syndrome (finger agnosia, right–left confu-
sion, acalculia, and agraphia without alexia) (3, 18–21).

The insula lies buried under the frontal, parietal, and temporal opercula (22). 
The circular sulcus forms an incompletely defined peripheral insular margin. 
The central sulcus of the insula divides it into anterior and posterior components 
with numerous short and long gyri and sulci interspersed within. The insula is 
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supplied by small arteriolar branches of the M2 segment of the middle cerebral 
artery (MCA), which lies draped over it. Deep to it are the extreme capsule, claus-
trum, external capsule, and basal ganglia. At surgery, the superior and deep mar-
gins of the insula are hard to define. Gliomas may be confined to the insula or 
extend into the adjacent opercula and deeper structures. With dominant hemi-
sphere lesions, speech or motor problems may be noted as a result of opercular 
injury. Vascular injury or vasospasm, or injury to deep white matter tracts at the 
superior and medial aspects of the tumor, will also contribute to these problems. 
Nondominant hemisphere resections may have motor weakness through similar 
mechanisms even though motor function may not be consistently elicited by 
insula stimulation.

Memory depends on the integrity of the mesial temporal structures of the domi-
nant hemisphere, in particular the hippocampus. Chemical inactivation of the 
hemisphere harboring the lesion with intracarotid sodium amytal injection (WADA 
test) can determine its role in language and memory function, and also determine 
whether the contralateral hemisphere can support these functions following surgery. 
Limitations of the WADA test are inadequate perfusion of mesial temporal structures, 
underestimation of the contribution of lateral temporal neocortical structures to 
memory, and possible vascular complications from angiographic studies. Alternative 
noninvasive tests for memory function include fMRI and neuropsychological testing, 
but the WADA test remains the gold standard (1, 3).

Surgical Technique

The best surgical corridor to a lesion is the shortest and the most direct route 
through noneloquent cortex (3). Cortical draining veins and arterial structures are 
preserved when possible. Trans-sulcal or trans-gyral approaches are used as 
needed and with careful attention to deeper structures. The deep end of cerebral 
sulci is usually directed toward the lateral ventricle; the collateral sulcus, for 
example, is an excellent path to the temporal horn. The sylvian and interhemi-
spheric fissures are also safe corridors to deep lesions. Retraction injury to the 
gyral banks of the sulcus may occur and one may encounter arteries that require 
sacrifice without knowledge of the cortical territory supplied with resultant unex-
pected deficits; hence, this approach is not without risks. Trans-gyral approaches 
sacrifice cortical tissue but are undertaken through the crest of a gyrus that is 
stimulated and determined not to contain essential eloquent tissue. The SFG, 
MFG, MTG, ITG, and SPL are safe corridors. Knowledge of the ventricular anat-
omy is also useful to access deep lesions. The outer margin of the lateral ventricle 
in a nonhydrocephalic adult or child over 7 years of age lies 4–5 cm deep to the 
convex pial surface. The frontal horn extends 1–2 cm anterior to the coronal 
suture in the mid-pupillary line and lies deep to the IFG. A pre-coronal route at 
least 2–3 cm lateral to the midline through the SFG or MFG is safe. The temporal 
horn is deep to the MTG and the atrium lies deep to the SMG. Keen’s point, 3 cm 
above and 3 cm behind the pinna of the ear, is used to approach a lesion in or 
around the atrium of the ventricle (3).

Frontal lobe resections stay 1–2 cm away from positive speech or motor 
response sites. The rolandic and other large cortical draining veins are preserved 
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and injury to the pericallosal vessels is avoided. Nondominant hemisphere tem-
poral tumor resections extend 6 cm behind the temporal pole; on the dominant 
side, the resection is limited to the anterior 4–5 cm. The posterior limit is just 
anterior to the vein of Labbé and speech sites are similarly respected with a 1–2 cm 
margin. In the absence of temporal speech sites, the resection can extend all the 
way to the pial bank of the sylvian fissure, protecting the MCA and its branches. 
Neuropsychological and functional testing for memory localization is done before 
undertaking dominant hemisphere temporal lobe lesion resections; mesial tempo-
ral structures posterior to the amygdala are not removed unless the contralateral 
hemisphere can unequivocally support memory function. A postoperative contra-
lateral superior quadrantanopia may follow temporal lesion resections that extend 
to the temporal horn of the lateral ventricle. The superior parietal lobule, 6–7 cm 
above the inion and 3 cm lateral to the midline, is a safe access route, with care to 
avoid injury to the vein of Trolard. Resection of occipital tumors can safely extend 
3 cm away from the occipital pole with a resultant contralateral congruous hom-
onymous hemianopia. Beyond that, resections may encroach on the posterior 
reaches of Wernicke’s area and may affect comprehension of language on the 
dominant side and of prosody on the nondominant side (3).

Awake language and motor mapping help reduce morbidity with insular tumor 
resections, especially on the dominant side (22). The Sylvian fissure is split and the 
superior and inferior peri-insular sulci provide dissection planes above and below 
the tumor, respectively. The lateral lenticulostriates define the medial resection plane 
but are sometimes hard to clearly identify or are obscured by the tumor bulk (22). 
The safe posterior border is the posterior limb of the internal capsule which may be 
identified by subcortical stimulation. On the dominant side, resection should not be 
taken posterior to any language sites. The tumor is resected piece-meal between 
the MCA perforators in a subpial fashion with sacrifice of small arteries supplying 
the tumor and insula. Subtle perturbations in motor or speech function truncate the 
resection at that point. With dominant hemisphere lesions, speech or motor prob-
lems may result from frontal or temporal opercular retraction, manipulation spasm 
of the MCA or interruption of the lateral lenticulostriate or opercular MCA branches, 
or injury to deep white matter tracts at the superior and medial aspects of the tumor 
(Figure 4). Nondominant hemisphere resections may have motor weakness through 
similar mechanisms even though motor function may not be consistently elicited by 
insula stimulation. With tumors involving the frontal or temporal opercula, a tran-
sopercular approach to the insula is a reasonable option (3).

Surgical Navigation

Frameless stereotactic localization is a standard with accuracy within 2–3 mm and 
is cross-checked against anatomical landmarks. Contrast-enhanced T1-weighted 
images are used, but with nonenhancing lesions T2-weighted images are used 
for navigation. Brain shift with cranial opening, CSF egress, and lesion resection 
places limitations on the accuracy of intraoperative neuronavigation systems. The 
use of intraoperative ultrasound (e.g., 7.5Hz, SSD-1700 Dynaview, Aloka Co., 
Tokyo, Japan) helps overcome some of these problems, but the resolution and 
spatial localization with ultrasound is not optimal.
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Malignant gliomas have a relative bold echogenicity, allowing distinction from 
the adjacent cortex. However, low-grade gliomas may be hard to distinguish from 
the adjacent cortex with similar echogenic properties. Co-registration of ultra-
sound and preoperatively obtained MRI images is feasible but not universally 
available or routinely employed. Intraoperative MRI (iMRI) is an option at some 
institutions; however, the special setup required to operate with the patient awake 
may not be compatible with the iMRI environment. Ancillary equipment utilized 
in mapping procedures, such as electrodes and EEG machines, also preclude the 
use of iMRI. Cavitron ultrasonic aspiration (CUSA) provides rapid debulking with 
minimal trauma to adjacent tissues; we usually obtain samples for frozen and 
permanent sections before using the CUSA.

Electric Stimulation Mapping
Somatosensory evoked potentials

Direct measurement of cortical activity is done with an eight-contact surface 
platinum-electrode strip which samples the quasi-random electric potentials of 
the superficial layers of the cerebral cortex (3, 23–25). The somatosensory evoked 
potential (SSEP) is generated by giving a timed sensory stimulus at the level of 
the wrist using 20 mm diameter silver/silver-chloride electrodes. Stimulation is 

Figure 4  Coronal T2-weighted MRI scan showing the superior frontal gyrus (SFG), middle frontal 
gyrus (MFG), inferior frontal gyrus (IFG), superior peri-insular sulcus (SPS), inferior peri-insular 
sulcus (IPS), superior frontal sulcus (SFS), inferior frontal sulcus (IFS), sylvian fissure (SyF), 
superior temporal gyrus (STG), superior temporal sulcus (STS), middle temporal gyrus (MTG), 
inferior temporal gyrus (ITG), and collateral sulcus (Colls).
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delivered at intensities ranging from 5 to 15mA, with a stimulation duration of 
2 msec at frequencies ranging from 4 to 7 Hz, averaging up to 1000 trials per 
response. This stimulus elicits a depolarization wave that travels to the sensory 
cortex and elicits a localized electrical response that is filtered, amplified, and 
computer averaged to generate a standardized response which stands out from 
background electrical activity. Stimulation of the median or ulnar nerve in an 
adult will generate a cortical response with negative polarity 20 ms later; this 
response is termed the N20 with a maximal localized response recorded over the 
hand area in the postcentral gyrus. The electrodes in the platinum-electrode strip 
traversing the central sulcus are connected in series. Thus, a signature switch in 
polarity of the N20 response is recorded and indicates the presumed location of 
the central sulcus.

While reasonably accurate, SSEP localization of the central sulcus may be 
compromised by the presence of a tumor or peritumoral edema. Phase reversal 
may occur up to 10 mm or one sulcus away from the central sulcus. fMRI, MEG, 
or positron emission tomography may show activation at sites that participate in 
a particular behavior, rather than purely essential sites. These preoperative imag-
ing data sets are also susceptible to inaccuracies related to the nature of functional 
task and the patient’s ability to carry it out. When translated into the operative 
environment, spatial errors may result from brain shift with cranial bone opening, 
cerebrospinal fluid egress, and tumor resection. SSEP accuracy may also be 
affected by the type of anesthesia utilized and the temperature of the patient; 
high-dose inhalational anesthetic techniques may produce a dose-related decrease 
in amplitude and increased waveform latency. Opioids alter cortical SSEPs but 
changes are much less marked than with inhalational agents. Body temperature 
will also change waveform characteristics with lower temperatures, producing 
changes in waveform latency. Maintenance of normothermia is a key consider-
ation when using SSEP to localize the central sulcus (23–25).

Direct cortical stimulation

Direct cortical stimulation (DCS) interrupts local cortical activity, identifying 
areas whose function is essential for a particular behavior at that point in time. 
Application of an epicortical electric current activates excitatory and inhibitory 
neurons and associated pathways. In some instances, the stimulus may induce 
a depolarization neuronal blockade. Constraints for stimulation include lim-
ited cortical sampling and current spread to nonessential sites. Despite this, 
DCS is the most accurate way to map essential eloquent sites and is used to 
confirm location of sensory, motor, and language cortex (3, 23–25). The 
Ojemann bipolar electrode is used, which consists of 1 mm round tips which 
are 5 mm apart. Stimuli are delivered as a biphasic square wave in 1 msec 
pulses at a frequency of 60 Hz, with amplitudes ranging from 2 to 12 mA, 
although stimuli up to 18 mA have been described (2). Higher stimulation 
thresholds have a greater chance of eliciting motor responses or inducing 
speech arrest but run the risk of also inciting seizure activity or producing sig-
nificant cortical depolarization which then decreases the possibility of response 
to the next stimulus. It thus is a fine art to pick the best stimulation threshold 
that can achieve the objective of cortical mapping without the risk of eliciting 
seizures or prolonged depolarization.
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Optical imaging studies indicate that the stimulated zone is confined to the 
area between the electrode tips with no significant histopathological sequelae 
reported. The eight-point platinum-electrode strip used for SSEP is also used to 
monitor continuous EEG activity for stimulation-induced epileptiform after-
discharges. This phenomenon of clinically evident seizure activity may occur in 
5–20% of cases, generally during stimulation of the face and hand motor cortex. 
It manifests as a focal motor seizure involving the contralateral face and extrem-
ities. In most instances, the seizure subsides spontaneously with cessation of 
stimulation. If persistent, ice-cold Ringer’s lactate solution is dripped onto the 
stimulated area which is effective in 5–10 s without compromising subsequent 
mapping or clouding the patient’s sensorium. Stimulation is resumed at a lower 
current after normal EEG activity is noted. All sites are repeatedly stimulated at 
currents effective in obtaining a motor response or altering speech function but 
not eliciting after-discharges. Subcortical stimulation is performed using a 
similar technique to ascertain the integrity of the descending motor pathways. 
Most essential sites have a surface area of 2 cm2 or less with relatively sharp 
boundaries although 2–3 noncontiguous essential sites may exist for the same 
function (3).

In children, immaturity of the cerebral cortex may cause difficulty in obtaining 
stimulation responses due to the lack of myelination of major tracts. This may be 
overcome by increasing the stimulus intensity, but this may predispose to after-
discharges or clinical seizures, and hence SSEP localization is preferred. In patients 
not suitable for intraoperative mapping, electrode grids or strips may be implanted 
and stimulation performed. Standard grids are 9 cm long and 7 cm wide; hence, 
the cortical exposure should be large enough to accommodate these dimensions. 
Smaller grids may be used for basal temporal or interhemispheric recordings. These 
electrode arrays have multiple contact points, 12 mm2 in size, 1 mm apart, and can 
be arranged in various configurations. Individual electrodes may be stimulated in 
an extraoperative setting in a special video-EEG equipped suite in 1–3 h sessions, 
1–2 times a day, testing for language, motor, and sensory function (3).

Language tasks are multiple items of approximately equal difficulty that the 
patient is comfortable handling in the absence of stimulation and require only a 
few seconds to answer or complete. Object naming is disrupted in all aphasic 
syndromes; other tasks include counting, comprehension, and repetition. Speech 
errors include hesitation, slurring, anomia, problems with comprehension, repeti-
tion, or arrest. Stimulation of the primary motor and sensory cortex results in 
localized movements or dysesthetic sensation, respectively, in the contralateral 
extremity. Stimulation-associated seizures are more common with motor cortex 
stimulation in the vicinity of the face motor cortex, while stimulation of the 
primary visual cortex causes localized flashes or phosphenes in the contralateral 
visual field. Stimulation of association cortex may not result in such positive 
phenomena but instead may disrupt performance of a task, such as speech arrest, 
with IFG stimulation. Stimulation of the SMA causes somewhat unpredictable 
effects; it may not only result in contralateral extremity movements or sensory 
phenomena but may also paradoxically result in the arrest of movement or speech. 
Tonic, rather than clonic, movements occur with premotor cortex activation.

Voluntary or induced cortical activation may be analyzed at surgery using an 
optical imaging technique that reflects vascular and metabolic changes coupled 
with neuronal activity. Optical imaging of intrinsic signals (OIS) depicts changes 
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in blood volume, oxygenated hemoglobin, cellular swelling, and cytochrome 
activity within an activated gyrus, using a charge-coupled device camera 
mounted via a custom adapter to the video monitor port of a standard surgical 
microscope (26). This promising technique relies on complex vascular and meta-
bolic parameters but discordance with preoperative fMRI and to a lesser extent 
intraoperative SSEP has been reported. Subcortical pathways may be visualized 
using anisotropic diffusion-weighted imaging that relies on the direction of water 
molecule diffusion in white matter. Craniocaudally oriented white matter 
pathways, such as the corticospinal tract, are depicted and this information is 
integrated into the intraoperative neuronavigation system.

Conclusion

Cortical mapping techniques for the maximal safe resection of gliomas of all 
grades are valuable in minimizing surgical morbidity and maximizing resection of 
neoplastic elements that have an impact on the progression-free survival and 
overall survival of these patients. They have been repeatedly validated and refined 
and continue to improve particularly with expanding neurological, functional, 
and metabolic imaging capabilities and improved resolution. It is hence essential 
that practicing neurosurgeons involved in the care of these patients are familiar 
with these techniques and are capable of deploying them when necessary.
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Abstract: Unlike newly diagnosed glioblastoma, no clear or widely accepted 
standard of care is available for patients with a recurrence. A purely radiological 
diagnosis of recurrence or progression can be hampered by flaws induced by 
pseudoprogression, pseudoresponse, or radionecrosis. Based on parameters like 
tumor location and volume, patient’s performance status, time from initial diagno-
sis, and availability of alternative salvage therapies, reoperation can be considered 
as a treatment option to extend the overall survival and quality of life of the 
patient. The achieved extent of resection of the relapsed tumor—especially with 
the intention of having a safe, complete resection of the enhancing tumor—most 
likely plays a crucial role in the ultimate outcome and prognosis of the patient, 
regardless of other modes of treatment. Validated scores to predict the prognosis 
after reoperation of a patient with a recurrent glioblastoma can help to select 
suitable candidates for surgery. Safety issues and complication avoidance are piv-
otal to maximally preserve the patient’s quality of life. Besides a possible direct 
oncological effect, resampling of the recurrent tumor with detailed pathological 
and molecular analysis might have an impact on the development, testing, and 
validation of new salvage therapies.

Key words: Prognosis; Recurrence; Relapse; Reoperation; Resampling



Recurring Glioblastoma282

Introduction

Maximal safe debulking surgery is well accepted as the mainstay treatment for 
newly diagnosed glioblastoma (GBM), and postoperative radiochemotherapy was 
determined in 2005 as the standard of care (SOC) by a pivotal phase 3 random-
ized trial by the European Organisation for the Research and Treatment of Cancer 
(EORTC) and National Cancer Institute of Canada Clinical Trials Group (NCIC) 
(1, 2). According to this trial, adult patients, up to the age of 70, with newly 
diagnosed GBM are being treated with 6 weeks of radiotherapy with concomitant 
temozolomide chemotherapy, followed by six adjuvant cycles of adjuvant temo-
zolomide. However, despite multimodal therapy, prognosis for GBM patients 
remains poor with a median progression-free survival (PFS) of only 6.9 months, 
median overall survival (OS) of 14.6 months, and a 5-year survival rate of 9.8%. 
The low PFS is also reflected in the fact that less than 50% of patients completed 
the six cycles of adjuvant temozolomide in the EORTC–NCIC trial.

Notwithstanding intense preclinical research and clinical trials, standard 
therapy has not changed over the past decade. New agents with promising 
results  in Phase 1 and/or Phase 2 trials, for example, the Vascular Endothelial 
Growth Factor-A (VEGF-A) Inhibitor bevacizumab or the integrin inhibitor 
Cilengitide, failed to improve survival in randomized phase 3 trials (3, 4). 
Moreover, in an effort to optimize the current chemotherapy, a dose-dense sched-
ule of adjuvant temozolomide did not lead to improved survival (5). Recurrence, 
regrowth of tumor after a period of complete remission or stable disease, is 
universal. Unlike the well-defined treatment schedule in the newly diagnosed set-
ting, no standard therapy exists for recurrent GBM. Treatment options in the 
recurrent setting include reoperation, re-irradiation, rechallenge temozolomide, 
or nitrosourea chemotherapy (e.g., lomustin [CCNU]), bevacizumab, or combi-
nations of therapies (6). Given the absence of SOC, inclusion in clinical trials is 
optional upon recurrence. Whichever therapy is given, prognosis at recurrence is 
grim, with median survival in recent years estimated to be about 9 months and 
only one-third of patients alive after 1 year (7). Eventually, GBM will recur 
and lead to progressive neurological deterioration and death. Preserving quality 
of life (QoL) for as long as possible, therefore, becomes a priority in this palliative 
oncological setting.

Radiological Diagnosis of a Recurrence in Clinical Practice

During follow-up of GBM patients, most oncologists will perform an MRI scan 
every 2–3 months, or earlier upon clinical deterioration (8). This regular MRI scan 
will detect many recurrences in the early phase, often in asymptomatic patients. 
However, interpretation of these follow-up MRI scans can be challenging in the 
context of possible appearance of contrast enhancement due to radionecrosis or 
pseudoprogression in patients treated with radiotherapy and chemotherapy. 
Pseudoprogression is thought to occur in up to 50% of patients during the first 
3–6 months after radiotherapy, whereas radionecrosis can occur up to several 
years after treatment and does not spontaneously regress without treatment (9). 
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As much as 15% of samples after reoperation showed only radionecrosis but no 
viable tumor in a series by Azoulay et al. (10). Moreover, bevacizumab, which is 
often used to treat recurrent GBM, compromises interpretation of follow-up MRIs 
as it normalizes leaky tumor vasculature and hence decreases T1 gadolinium 
enhancement and peritumoral edema (11, 12), sometimes resulting in only a 
pseudoresponse. To assess progressive disease, it is therefore recommended to use 
the recent Response Assessment in Neuro-Oncology (RANO) criteria that include 
evaluation of corticosteroid use, T2/FLAIR images, and restricted parameters to 
determine progressive disease during the first 3 months after radiochemotherapy, 
instead of the classical MacDonald criteria (13).

When there is a clear relapse or high suspicion of a (symptomatic) recurrence 
for which new treatment has to be initiated, a neurosurgeon should always be 
consulted to assess whether the patient is suitable for a repeat surgery. In general, 
it is estimated that only about 25% of patients can be considered for repeat sur-
gery (6). Certainly, in the case in which clinical symptoms are due to mass effect, 
surgery remains the only treatment strategy that can drastically and rapidly 
decrease tumor load and possible symptoms. This can alleviate symptoms such as 
headache and (more rapidly) reduce the need for steroids to decrease peritumoral 
edema (14, 15). On the other hand a reoperation exposes patients to a risk of new 
temporary or permanent neurological deficits, general surgical and/or anesthesio-
logical risks, and, at least temporarily, exclusion from other second-line treat-
ments. Moreover, the oncological effect remains controversial (16).

Most recurrences appear locally in or close to the resection cavity of the first 
surgery (14). In a study by Brandes et al. on 79 patients with a recurrent GBM 
after initial treatment with standard therapy, almost 80% of recurrences occurred 
inside or at the margin of the radiotherapy field, where radiotherapy was admin-
istered at the contrast-enhancing mass with a margin of 2–3 cm (17). Rapp et al. 
reported on 97 recurrent GBM patients and found pure local recurrences in 
79.3%, and combined local and distant recurrences in another 10.3% of patients 
(18). Obviously, diffuse, multifocal recurrences or deep infiltrative lesions are not 
surgical indications, contrary to a local well-circumscribed lesion. However, many 
patients will present with a local but poorly delineated lesion, for which a surgical 
indication cannot be advocated based on radiology alone.

Clinical Outcome after Surgery for Recurrent GBM
Inherent selection bias leads to better outcome in 
surgically treated recurrent patients

No randomized trials exist that randomize patients for surgery in the relapse 
setting, and most reported surgical series in recurrent GBM are retrospective (15). 
An overview of selected surgical outcome series is given in Table 1. Several 
authors have reported better outcome after surgery for recurrent GBM, compared 
to control nonsurgical populations. However, we have to take into account that 
these reports inherently suffer from selection bias, as patients who are selected 
for reoperation usually tend to be younger and have a better Karnofsky 
Performance Scale (KPS), and hence belong to a more favorable prognostic 
group  (19). Azoulay et al. compared 68 reoperated patients with a matched 
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cohort of nonsurgically treated recurrent GBM patients, based on initial extent of 
resection (EOR) and subventricular zone involvement (10). Median OS in the 
surgical subgroup was 9.6 months versus 5.3 months in the nonsurgical group, 
which was statistically significant. They concluded that reoperation, combined 
with additional rescue therapies, can induce prolonged survival in recurrent 
GBM. Chen et al. described 65 recurrent GBM patients, of whom 20 were reoper-
ated. Median OS after recurrence in the surgical group was statistically higher 
with 13.5 months versus 5.8 months in the nonsurgical group (20). However, 
KPS at recurrence was also significantly higher in the surgical group, and 77.8% 
of the nonsurgical group received only palliative therapy. Tully et al. described 
204 GBM patients of whom 24% were reoperated at recurrence, and they found 
a significantly improved survival of 20.1 months in reoperated patients com-
pared to 9.0 months in recurrent patients who were treated nonsurgically (21). 
In their series, reoperated patients were younger, had a smaller initial tumor 
diameter, and were more likely to have an initial EOR of ≥50% at first resection. 
Moreover, reoperated patients had a significantly higher percentage of comple-
tion of adjuvant therapy (79.6% vs. 35.9%). To compensate for this selection 
bias, patients that were a priori unlikely to be selected for reoperation based on 
age or performance scale were excluded in a subgroup analysis. A much less 
significant, though still present, advantage for the surgical group was found at 
first recurrence, but not anymore at second recurrence. Moreover, reoperation 
was no longer an independent predictor of OS in a multivariate analysis. The 
authors suggested that the improved OS in the surgical group might be more of 
a reflection of favorable patient characteristics than surgery itself. Chaichana et 
al. showed a survival benefit resulting from repeat resections using a multivariate 
analysis and case control evaluation to correct for selection bias (22). In their 
series, median survival was 6.8 months for patients that had one resection versus 
26.6 months for patients that underwent four resections. Very often, a more 
favorable course of disease and pattern of recurrence render these patients 
eligible for reoperation rather than vice versa (Figure 1).

On the other hand several authors did not find a survival advantage for sur-
gery. Franceschi et al. reported outcomes of a retrospective study on 232 recurrent 
GBM patients of whom 102 were treated with reoperation and chemotherapy, 
and compared these patients with 130 recurrent patients who were treated only 
with chemotherapy. They did not find a survival advantage in the reoperation 
group (23). In a large prospective registry database, including >1000 patients 
treated from 1997 to 2010, Nava et al. did not find better survival after recurrence 
in patients that underwent a reoperation. However, this study did not provide 
data on patient stratification at recurrence or EOR (7).

Karnofsky performance scale and age at recurrence

The importance of patient characteristics at recurrence cannot be overestimated. 
Several older surgical outcome series have identified preoperative KPS as an 
important factor related to survival (24) or prolonged high QoL survival after 
recurrence (25). Also, KPS at recurrence in many studies turned out to be associ-
ated with better OS (19, 26–30). Patients with a poor performance scale are 
generally not proposed to undergo repeat surgery. A KPS of ≥70, which means 
the patient is able to take care of himself or herself but cannot perform normal 
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Figure 1  A 57-year-old lady was diagnosed with a left occipital glioblastoma (A), for which a 
total resection was performed (B). She was treated with standard radiotherapy, temozolomide 
chemotherapy, and experimental dendritic cell vaccination. An asymptomatic recurrence in 
the medial wall of the resection cavity was seen in a routine follow-up scan 16 months after 
the first surgery (C). A second total resection was performed (D), after which combined 
CCNU and bevacizumab was given in the EORTC 26101 study. A second asymptomatic local 
recurrence at the lateral side of the resection cavity was seen 14 months later (E), and again a 
total resection was performed (F). Nine months later she developed a multifocal progression, 
resistant to temozolomide. She died 42 months after the first surgery.

A B

C D

E F



Dejaegher J and De Vleeschouwer S 289

daily work, is generally accepted as a cut-off to select patients fit for surgery. The 
influence of age per se seems to be less pronounced in the absence of a good KPS, 
and reoperations in selected elderly patients were reported to be still feasible (31).

Scales to predict survival after surgery 
for recurrent GBM

Two helpful prognostic scales to select patients for recurrent surgery are available. 
In 2010, Park et al. published a scale based on factors significantly associated 
with  poor postoperative survival: involvement of ≥2 eloquent/critical brain 
regions, KPS ≤ 80, and tumor volume of ≥50 cm³ (32). An additive scale based on 
these three variables stratified patients into good, intermediate, and poor postop-
erative survival groups. The authors were able to validate their score in a cohort 
of 109 recurrent GBM patients with a median survival of 9.2, 6.3, and 1.9 months 
in the three respective predictive groups. Patients with a poor prognosis as 
defined by this scale do not seem to have a benefit from reoperations. The appli-
cability of this scale has been questioned, as the estimation of eloquent brain 
regions (referred to as MSM-score after involvement of motor or speech areas or 
involvement of middle cerebral artery areas) is somewhat subjective, and tumor 
volume is not always easy to measure. In 2013, Park et al. introduced a simpler 
prognostic scale (33) that combined one clinical parameter with one radiological 
parameter. A 0–2 points score was given based on KPS (≥70 or <70) and the 
presence or absence of ependymal involvement in contrast MRI. This score 
distinguished patients with good, intermediate, and poor prognosis with median 
OS of 18.0, 10.0, and 4.0 months, respectively. For patients with a poor progno-
sis, surgery was not recommended.

Extent of Resection in the Recurrent Glioblastoma
Extent of Resection: equally important at recurrence?

In a newly diagnosed GBM, it is generally accepted that an improved EOR is an 
independent prognostic factor for better outcome. A significant benefit on OS was 
present when EOR was at least 78%, with a further stepwise improvement with an 
EOR in the 95–100% range (34). The survival benefit for complete versus incom-
plete resection was estimated to be almost 5 months in a post hoc analysis on 
patients initially included in the 5-ALA trial by Stummer et al. (35).

In recurrent GBM patients, the importance of improving EOR is less univer-
sally accepted with highly variable survival rates in the literature. However, in 
recent years, several authors have reported a better OS when a higher EOR was 
achieved in the recurrent setting. McGirt et al. described a significantly improved 
OS after gross total (GTR) or near resection (NTR) compared to a subtotal resec-
tion (STR) in a study on 294 reoperated patients. Median survival for GTR and 
NTR were 11 and 9 months, respectively, versus 5 months for STR (28). Also, 
Bloch et al. showed in a series of 107 patients undergoing reoperation for recur-
rent GBM that EOR at reoperation was a significant predictor of OS. Interestingly, 
EOR at first resection was not a statistically significant factor when EOR at 
reoperation was included in a Cox proportional hazards model, suggesting that a 
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complete resection at reoperation could overcome an initial STR (19). A large 
retrospective study by Ringel et al. described outcomes in 503 reoperated 
patients (30). In this series, EOR at reoperation was also found to be significantly 
associated with better outcome. Also, these authors concluded that a complete 
resection at first recurrence could compensate for an incomplete resection at the 
initial surgery. The authors of the two last mentioned studies favored an aggressive 
surgical resection in recurrent GBM, as the improved survival with higher EOR 
suggested a real oncological effect, not a reflection of the selection of younger 
patients with higher KPS for recurrence surgery. Oppenlander et al. reported on 
170 patients reoperated for recurrent GBM. They also found EOR to be signifi-
cantly associated with OS following repeat resection. A threshold of at minimum 
80% EOR was calculated to offer a significant survival benefit, suggesting useful-
ness of repeat surgery even if only a STR can be achieved (36). Also, Perrini et al. 
found EOR at reoperation to be associated with longer OS in a multivariate 
analysis of 48 reoperated patients (26).

In a smaller series, however, De Bonis et al. did not find a survival advantage 
for patients who received a GTR (11 patients) versus partial resection 
(22 patients) (27). Suchorska et al. analyzed post hoc the influence of reopera-
tion in patients of the DIRECTOR trial, originally designed to test different dos-
ing schemes of temozolomide administered at recurrence. Patients who were 
reoperated before entry into the study had similar prognostic factors (age, KPS, 
MGMT promotor methylation) than patients who were not reoperated. OS was 
not different between the two groups. However, the subgroup of patients that 
had a complete resection had a significantly better OS than nonsurgical patients, 
and patients with an incomplete resection showed a trend toward a worse prog-
nosis than nonsurgical patients. The authors concluded that reoperation 
improved survival if complete resection of contrast-enhancing tumor (CRET) 
could be achieved (37).

Improving resection in the recurrent setting

Surgery for recurrent GBM can be technically more demanding, as the tumor is 
usually more invasive, and anatomical margins are less-defined than initially due 
to post-treatment gliosis (14). Given the growing evidence to obtain a maximal 
resection in the recurrent setting, surgical adjuncts such as intraoperative naviga-
tion, functional mapping, intraoperative ultrasound, and/or intraoperative MRI 
can be useful. To maximize EOR, the use of 5-aminolevulinic acid has been shown 
to lead to more complete resection and improved PFS in newly diagnosed GBM 
(38). In surgery for recurrent GBM, the use of 5-ALA has also been shown to have 
a high predictive value for detection of tumor cells and, importantly, did not seem 
to be affected by prior radiotherapy and/or chemotherapy (39).

Surgical Risks and Complications at Reoperation

In 1987, Ammirati et al. reported an early mortality rate of 1.4% and surgical 
morbidity of 16% per procedure. In their series on reoperated malignant gli-
oma patients, they found that 46% of patients improved on performance scale 
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after surgery but also found worsening in 25% of patients. Harsh et al. had a 
5.1% mortality and 7.7% morbidity (25). Sipos and Afra found a 3.4% mortal-
ity rate in 60 reoperated GBM patients (40). In their series, patients with a 
lower preoperative KPs were more likely to deteriorate postoperatively. In a 
series of 20 reoperated GBM patients, Mandl et al. found a mortality of 15%, 
and permanent neurological morbidity of 15% (41). Moreover, 40% of patients 
had a worse KPS postoperatively. More recently, in a series of 503 reoperated 
patients, Ringel et al. found a nonneurological complication rate of 7.4% (30). 
New neurological deficits appeared in 16.8% of patients, of which 9.2% were 
transient and 7.6% were permanent. The authors concluded that complica-
tions in reoperations are higher than in primary surgery, but the increase is 
rather small, and the overall complication rate stayed fairly small. D’Amico et al. 
published a retrospective study of 28 patients aged ≥65 years operated for 
recurrent GBM (31). In their study, no postoperative mortality was seen after 
reoperation, and the overall complication rate in reoperated patients was 17.9% 
at first surgery and 25.8% at reoperation. This difference was not statistically 
significant, and the authors concluded that age itself should not exclude 
patients from repeat surgeries. In summary, combined mortality and morbidity 
rates of repeat surgery can be estimated to be around 12–30%. This should 
always be taken into account, as the goal of surgery in recurrent GBM is essen-
tially prolonging survival with good QoL.

Beyond Cytoreduction: Additional Benefits of Surgery
Tissue diagnosis and subclassification

Surgery has the advantage over other treatment strategies by providing clini-
cians with a new tissue diagnosis. This can be important when radiology 
remains uncertain about possible pseudoprogression, real progression, or 
radionecrosis. If the diagnosis of a recurrence based on radiology, supple-
mented with nuclear imaging techniques, remains uncertain, surgery provides 
a unique opportunity for tissue confirmation of tumor regrowth or presence of 
viable tumor tissue (42), although no wide consensus exists about resampling 
pathology as the gold standard to confirm or definitively exclude pseudopro-
gression. Although currently not part of clinical practice, there is growing 
interest in the molecular subclassification of GBM to propel (personalized) 
experimental salvage treatments. Several subtypes of GBM have been described 
based on gene-expression profiles (43) and DNA methylation patterns (44). 
These subclassifications are already used to stratify and/or select patients in 
early clinical trials evaluating new anti-tumoral agents. For example, it has 
been shown that the mesenchymal subtype correlates with poor radiation 
response and shorter survival (45) but may be more immunogenic and respond 
better to immunotherapy (46). Moreover, Phillips et al. showed that upon 
recurrence, a class switch toward the mesenchymal subclass is frequently seen, 
showing that initial molecular diagnosis might not be easily extrapolated in 
the recurrence setting (47). As it is believed that these molecular genetic data 
will become part of clinical trials, the possibility of obtaining new tissue at 
recurrence will be of interest for researchers and neurooncologists.
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Surgery to obtain a state of minimal residual disease

Surgery is unique due to the fact that it rapidly leads to at least a substantial reduction 
of the tumor mass. This can result in a (macroscopically) state of minimal residual 
disease, which can be of benefit for other therapies. Keles et al. published a study on 
119 GBM patients who were treated with temozolomide upon recurrence. They 
showed that the residual tumor volume was a significant predictor for “time to pro-
gression” and “survival,” even when adjusted for age, KPS, and time from initial 
diagnosis. They dichotomized between residual tumor volume of <10 cm³, 
10–15 cm³, and >15 cm³; this was correlated with 6 and 12 months of PFS and OS, 
respectively. Although only three patients (3%) were reoperated before the start of 
chemotherapy in this series, the authors suggest that debulking surgery with the 
intent to reduce tumor volume to less than 10 cm³ could be considered before che-
motherapy is commenced (48). Stummer et al. described that a complete resection 
not only improves survival by itself but also may enhance the efficacy of adjuvant 
therapies such as radiochemotherapy and BCNU wafers, based on post hoc analyses 
on data from three separate randomized phase 3 trials in newly diagnosed GBM (49).

Surgery to start local chemotherapy

After resection of a recurrent GBM, the resection cavity can be implanted with 
carmustine wafers (Gliadel). The effects were evaluated in a randomized trial. 
Patients with recurrent GBM had a 50% increased survival (56% vs. 36%), with-
out increased complications or toxicity (50). However, in a retrospective study 
comparing recurrent GBM patients treated with Gliadel with a matched cohort 
group, Subach et al. did report on increased complications without survival 
benefit (51). Currently, Gliadel is rarely being used in Europe (52), although 
Quick et al reported in their recent publication that some form of chemotherapy 
was used after reoperation in more than 50% of cases all together (52) (table 1).

Conclusion

No prospective randomized trials directly evaluating the effect of reoperation for 
recurrent GBM have been published, and almost all available outcome data in sur-
gical series are blurred by the inherent selection bias of patients with a high perfor-
mance score and local recurrences. However, literature provides some evidence for 
an oncological advantage when a high EOR (or a CRET) can be obtained. This 
judgment needs to be made by a multidisciplinary oncological team with oncologi-
cal neurosurgeons. Besides a cytoreductive effect, surgery can have an important 
role in obtaining tissue. Given the future expected importance of subclassification 
of glioblastoma and/or detection of specific druggable mutations, surgery probably 
will remain an important treatment strategy in the recurrent setting.
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Abstract: Glioblastoma in children, when compared with adults, is relatively rare. 
Despite this rarity, it is apparent from the limited number of publications that 
pediatric glioblastoma is quite distinct from their adult counterparts. The differ-
ences pertain to the molecular genetics, effectiveness of the adjuvant therapies, 
and possibly the prognosis after treatment. With a plethora of path-breaking 
translational research coming through in recent times, a host of new information 
is now available on pediatric glioblastomas that holds great promise as far as the 
future treatment options are concerned. This chapter is an attempt to highlight 
the key clinical aspects of pediatric glioblastoma in the light of the emerging 
clinical and laboratory evidence.
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Introduction

Glioblastoma (GBM) is the commonest and the most lethal primary brain tumor 
in adults (1). In contrast, GBM accounts for no more than 3–15% of primary cen-
tral nervous system (CNS) tumors in children (2–7). This is despite the fact that 
CNS tumors are the most common solid tumors of childhood, and 40–50% of 
these tumors are constituted by the astrocytomas (8). Naturally, this relative rarity 
has been a great hurdle in properly deciphering the enigma of pediatric glioblas-
tomas (p-GBM). Nevertheless, GBM remains an equally devastating disease in 
children with substantial morbidity and mortality. The reported median survival 
in p-GBM ranges from 13 to 73 months with a 5-year survival of less than 20% 
(2, 4, 6, 9–13). A few reports, however, reveal a relatively better prognosis and 
long-term survival figures in p-GBM as compared with adults (4, 9–11).

Maximal safe tumor resection followed by concurrent and adjuvant chemora-
diation using oral temozolomide (TMZ) is the current standard of care in adult 
GBM (12). In fact, no such standard exists in children although a similar manage-
ment policy is employed by most neurosurgeons across the globe. While there is 
sufficient evidence for the prognostic impact of maximal surgical excision of the 
visible tumor mass (4, 9, 10, 14), the concerns of irradiation on the developing 
brain and contradictory results of various chemotherapy regimens in p-GBM 
make the treatment decisions rather complicated and difficult in children.

A number of key clinical and laboratory investigations have led to a far better 
understanding of tumor biology of p-GBM today. Unlike in the past, these tumors 
are now considered to be distinctly different biological diseases compared 
with  the  adults. Numerous novel targeted drug therapies are emerging for the 
postoperative management of these tumors and hold great promise in times to 
come. However, it has to be agreed that the translation of the laboratory research 
into clinical patient management and patient outcomes have been relatively 
disappointing.

Epidemiology

Tumors of the CNS are the second most common childhood tumors after leukemia 
and are the commonest solid tumors in childhood (15). The overall incidence of 
primary CNS tumors in childhood is estimated to be approximately 30 per million 
(16). While astrocytic tumors account for 40–50% of the CNS tumors in children, 
high-grade gliomas are relatively rare. Estimation of the true incidence of p-GBM is 
often hampered by the fact that most studies tend to analyze GBMs (WHO grade IV) 
and anaplastic astrocytomas (WHO grade III) together, probably to derive a larger 
sample size for analysis. There is also a lack of consensus regarding the definition 
of pediatric age group. While the majority of studies consider 18 years as the cutoff, 
some studies consider 16 years or even 21 years for the same. On the contrary, 
many researchers also include adolescents in their analysis, thereby adding a lot of 
heterogeneity in the literature that hampers their holistic analysis.

As per the Central Brain Tumor Registry of the United States (CBTRUS) 2012 
data, the incidence of pediatric high-grade glioma is approximately 0.85 per 
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100,000 (17). Most studies estimate the incidence of pediatric high-grade gliomas 
to be between 8 and 12% (18, 19). When only the GBM is considered, its incidence 
in the pediatric age group varies from 3 to 15% (2–7).

p-GBMs are most commonly reported in the second decade of life although 
their occurrence have been reported even in utero (2, 4, 5, 9, 20, 21). The highest 
incidence of p-GBM is seen between ages 15 and 19. This probably reflects the 
cumulative effects of different genetic insults in the eventual tumorigenesis. 
As  far  as gender predilection is concerned, most studies point towards a male 
predilection, the reasons for which are rather unknown. While it is unclear 
whether the patients’ gender has any effect on the disease outcome, GBM in very 
young patients (<5 years) may have a slightly better prognosis compared to the 
older children.

As far as location is concerned, p-GBM is most commonly seen in the supraten-
torial brain, when the brainstem is excluded (12, 15, 20). Primary spinal cord 
high-grade gliomas constitute only 3% of the pediatric high-grade gliomas (22). 
In  the supratentorial compartment, cerebral hemispheres are affected in nearly 
50% of the cases. The incidence of deeper midline structure involvement, for 
example, thalamus, corpus callosum, hypothalamus, etc., is fortunately low (4, 23). 
In the infratentorial compartment, cerebellum is an extremely uncommon site with 
1–2% of the GBMs in children affecting this site (24). Brainstem high-grade glio-
mas constitute nearly 20% of the intrinsic tumors in this area (25). Interestingly, 
when the nonbrainstem high-grade gliomas are analyzed, younger children are 
particularly susceptible compared with the older children and adolescents (26).

p-GBM remains a multifactorial disease similar to the malignancies at other age 
groups and systems. Prior history of ionizing radiations, particularly for hemato-
logic malignancies like leukemia, is a proven factor in tumorigenesis (27, 28). 
Certain syndromes like Neurofibromatosis-1, Li-Fraumeni syndrome (character-
ized by inactivation of the tumor suppressor gene p53), and Turcot syndrome are 
also known to be associated with high-grade gliomas in children (23). We studied 
the association of matrix metalloproteinase (MMP)-1 gene of 110 patients with 
adult GBM and found a very high prevalence of 2G allele in these patients. A very 
strong association between 2G/2G genotype and GBM was detected in our study 
which indicated likely susceptibility for GBM in patients harboring this particular 
variant of MMP-1 (29). We also noted, in a separate study, that MMP-2 gene was 
not responsible for an increased susceptibility to high-grade gliomas in our popu-
lation, unlike MMP-1 (30). These factors are discussed in detail below. However, 
it has to be agreed that the genetic syndromes constitute only a minuscule part of 
the entire spectrum of pediatric high-grade gliomas, the majority of which are 
sporadic without any clearly known predisposition. A number of genetic factors 
are now known to be associated with GBM in general and p-GBM in particular. 
These include p53 mutation, PDGFR mutation, H3K27M, etc., to name a few.

Pathology and Molecular Biology
Gross and microscopic features

GBMs originate from the astrocytes, the chief glial constituent of the CNS. 
The gross and microscopic features of p-GBM are no different from the adults (5). 
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They are diffusely infiltrative despite their often apparent well-demarcated nature 
on imaging or even at surgery. These are usually dusky red or yellowish pink, 
friable, and vascularized tumors. Presence of thrombosed vessels inside the 
tumor  mass is very much characteristic. There may be foci of hemorrhage or 
necrosis inside the lesion. Calcific components are rare but can be seen particu-
larly in secondary GBMs. The usual sites of affections are supratentorial cerebral 
lobes like the frontal/temporal lobe. As mentioned before, deeper midline 
location,  infratentorial compartment, and spinal cord locations are relatively 
uncommon (12, 15, 20). Although extracranial distant metastasis is rare, second-
ary dissemination inside the brain or the leptomeninges does occur in nearly 17% 
of patients (31).

Microscopically, these tumors are typically characterized by four histopatho-
logical hallmarks, namely, hypercellularity, nuclear atypia, pseudopalisading 
necrosis, and vascular endothelial cell proliferation. Multinucleated cells, bizarre 
nuclei, and neovascularization with glomeruloid formation are often detected. 
There are abundant mitotic figures with a high MIB labeling index, indicating a 
highly aggressive growth potential of the tumor. Satellite lesions are frequently 
seen. In one of the studies from our center, nearly 11% of GBMs were found to be 
multiple, the majority of the patients in that study being adults. Although these 
figures may not necessarily apply in pediatric population, our study showed that 
a high mitotic index (>40%), satellitosis, and a higher proportion of small cells 
correlate with tumor multiplicity in GBM (32).

Pathological variants/patterns

WHO recognizes three variants of GBMs: giant-cell GBM, gliosarcoma, and, most 
recently, the epithelioid GBM. While the former two variants are relatively rare in 
children, epithelioid GBM, characterized by large eosinophilic cells, prominent 
melanoma-like nuclei, and often rhabdoid cells, is more common in children. 
These tumors tend to occur in the midline and are typically characterized by posi-
tive immunoreactivity for BRAF V600E, indicating their origin from a pre-existing 
low-grade precursor (33). GBM with primitive neuroectodermal components, 
small-cell GBM, and granular cell GBM are not true variants but specific patterns 
recognized by WHO. While the former is associated with a high risk of CSF 
spread, the latter two patterns portend poor outcomes despite the lack of necrosis 
inside the tumor (33).

Molecular biology

Incorporating the latest evidence emanating from laboratory research all over the 
world, WHO has updated its classification of brain tumors in 2016 (33). GBM is 
now classified as per the Isocitrate Dehydrogenase (IDH) gene mutation status. 
As a result, GBM can be either IDH mutation positive or IDH wild type. While the 
former group represents the secondary GBMs, the latter represents de novo lesions 
occurring mostly in elderly patients. But studies on pediatric high-grade gliomas, 
including GBMs, have noted a very low incidence of IDH mutation, particularly 
in younger children (34). Thus, for all practical purposes, p-GBM is almost always 
IDH wild type, although as Pollack et al. showed, the incidence of secondary GBM 
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(IDH mutated) may be higher in adolescents and younger adults (35). Lack of 
IDH mutation negatively impacts the outcome to therapy.

As far as the underlying genetic alterations are concerned, it is now well-
known that p-GBMs have a higher incidence of p53 mutation/overexpression 
than mutation of epithelial growth factor receptor (EGFR) or deletion of phospha-
tase and tensin homologue (PTEN), the signatures of adult GBM. P53 mutation is 
particularly common in young children (<3 years). Interestingly, there may be 
overexpression of p53 in p-GBM even in the face of absent TP53 mutation (5, 36). 
Although, traditionally it was believed that PTEN mutation (with inactivation of 
its tumor suppressive effect on the downstream AKT pathway) played little role in 
p-GBM, certain recent studies have questioned the  traditional belief and have 
noted activation of the AKT pathway, a feature that may negatively affect the 
patient outcomes (37). ATRX mutations have been  reported in a fraction of 
p-GBMs, usually in the presence of p-53 mutation.  Such tumors affect older 
children and are usually associated with better prognosis (38).

Recent studies have identified histone mutations (H3.3) in the DNA of pedi-
atric high-grade glioma patients (39, 40). In fact, the H3K27M variant, wherein 
lysine is replaced by methionine at 27 positions, has been identified as an exclu-
sive finding in pediatric high-grade gliomas. In addition, in slightly older chil-
dren, replacement of glycine by valine or arginine at amino acid 34 of the H3.3 
nucleic acid (G34V/R) is also frequently identified. While H3K27M variant is 
associated with poor prognosis, the outcome in patients with G34V/R is thought 
to be relatively better. Hemizygous deletions of ODZ3 have been described in 
the epithelioid variant of p-GBM. This particular variant, as already stated, 
shows BRAF V600E mutation, indicating its origin from low-grade pilomyxoid 
astrocytomas.

Vascular endothelial growth factor (VEGF) is commonly expressed by adult 
GBM cells. It is responsible for increased vascularity, tumor progression, and infil-
tration capacity of GBMs. As a result, anti-VEGF (bevacizumab) therapy is fre-
quently employed in adult GBMs. The expression of VEGF is, however, relatively 
low in p-GBM, and it may be responsible for comparative ineffectiveness of anti-
VEGF therapy in children (41). Somatic mutations of PDGFRA have also been 
recently reported in pediatric HGGs. This is in contrast to EGFRA mutations seen 
in adults. This has prompted anti-PDGFRA therapy in the form of receptor 
tyrosine kinase inhibitor imatinib (42, 43).

Apart from these clearly defined molecular aberrations, the pediatric HGGs 
seem to possess a significantly higher incidence of gains at 1q and losses at 16q 
and 4q. The 1p19q co-deletions are characteristic of oligodendroglial lineage. 
Some GBMs, particularly the secondary GBM, may have partial deletion of 
either 1p or more commonly 19q arms, and this may potentially confer a better 
prognosis (44). These GBMs are rare and were previously classified as GBM with 
oligodendroglial component (2007, WHO). As far as the O6-Methylguanine-
DNA Methyltransferase (MGMT) promoter methylation status is concerned, it 
assumes an important prognostic significance in GBMs. Inactivation of MGMT 
generally correlates with chemoresponsiveness of these tumors. Studies on the 
expression of MGMT in p-GBM have revealed little difference in the promoter 
methylation status in children, with some studies noting even an overexpression 
of MGMT in tumors in children (45). It may be one of the reasons for reduced 
efficacy of TMZ in children compared with the adults. Whenever present, 
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the prognostic significance of the inactivating hypermethylation of MGMT con-
fers a survival benefit to the affected children. Thus, a number of key molecular 
signatures of GBMs are now available for diagnosis and prognostication of 
high-grade gliomas in general.

Clinical Features

Symptoms of GBM are protean and are largely nonspecific. The duration of 
symptoms is usually short, often spanning a few months (2, 4, 20). The most 
common presentations are headache, vomiting, diplopia, and altered senso-
rium, indicating raised intracranial tension. It is reported as an initial symptom 
in 80–100% of patients (4, 20, 46). Children with GBM may present with acute 
neurological deterioration, usually from intratumoral hemorrhage, although an 
episode of seizure may also bring about such a dramatic presentation. The inci-
dence of seizures as a clinical feature is estimated to be around 30%, being more 
common when frontotemporal lobes are affected or in the setting of secondary 
GBMs (4, 20, 46). Some authors have noted a relatively higher incidence of 
seizures in p-GBM, unlike in adults. Focal symptoms like neurological deficits, 
cranial nerve dysfunction, cerebellar symptoms, etc., depend on the location of 
the lesion. Neurological deficits, when present preoperatively, are known to 
affect postoperative prognosis negatively (47). Compared to the older children, 
infants and young children often present with nonspecific complaints, such as 
failure to thrive, lethargy, nausea/emesis, and macrocephaly, which, at times, 
can be difficult to diagnose. Assessment of the functional status is critically 
important in a disease like GBM. A number of scales are available to determine 
the functional status of children with brain tumors that are used preoperatively 
as well as during the posttreatment period. Karnofsky performance scale (KPS) 
is one such commonly utilized scale (4). A cutoff score of 80 generally differen-
tiates good performance status from the poorly performing patients. In addi-
tion, neurological function scale (NFS) is another similar assessment tool in 
children (10). In our own study, the prognostic significance of preoperative 
performance status of these patients on the postoperative outcome was clearly 
demonstrated (4).

Neuroimaging

Neuroimaging plays an important part in the diagnosis, management, and prog-
nostication of GBMs. Computed tomography (CT) and magnetic resonance imag-
ing (MRI) form the backbones as far as the radiological assessment of these tumors 
is concerned. On CT and conventional sequences of MRI, these tumors appear as 
irregular, heterogeneously contrast-enhancing masses with significant perilesional 
edema. Although, some of the anaplastic astrocytomas may not enhance, GBMs 
almost always enhance. Necrosis, hemorrhage, and a garland pattern of enhance-
ment are often characteristic of GBMs. The common differential diagnosis includes 
metastasis, lymphoma, brain abscess, etc. Although contrast-enhanced computed 
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tomogram is usually characteristic, MRI provides finer details needed for surgical 
as well as radiotherapy (RT) planning. Magnetic resonance spectroscopy typically 
displays choline peak with reduced N-acetyl aspartate in the region of the tumor 
although no such peaks may be seen in areas of necrosis. Diffusion-weighted 
images may show restricted diffusion with low apparent diffusion coefficient in 
the cellular parts of the tumor. While contrast images delineate the portions of the 
tumor with blood–brain barrier disruption, T2 fluid-attenuated inversion recov-
ery (FLAIR) images clearly demonstrate the nonenhancing and edematous por-
tions. Figure 1 shows the different radiological characteristics of GBM. Apart from 
the above diagnostic information, recent MRI techniques like functional MRI, 
tractography, etc., help in planning tumor resections, especially in eloquent 
locations. Perfusion-weighted MRI, although not routinely used, shows increased 
vascularity inside the tumor, a characteristic feature in high-grade gliomas. It can 
be performed by utilizing one of the three techniques, namely, magnetic resonance 
perfusion imaging, dynamic susceptibility contrast-MRI, and dynamic contrast-
enhanced MRI (48).

An important role of neuroimaging is to assess response to therapy. Volumetric 
MRI is able to provide the extent of tumor excision, an important prognostic 
variable in GBMs. Moreover, the response assessment criteria like McDonald’s 
criteria and RANO criteria rely on the posttreatment neuroimaging. In this 
regard, neuroimaging plays an important role in deciphering the true nature of 
two interesting radiological phenomena in high-grade gliomas, namely, “pseudo-
progression” and “pseudoresponse” (48, 49). The former typically occurs after 
3 months of chemoradiation when an erroneous observation of tumor progres-
sion is made when, in actuality, there is none. Different neuroimaging modalities 

Figure 1  (A). Post-contrast computed tomography of the head shows a left frontal irregularly 
enhancing intraaxial mass of size approximately 4.5 × 4.5 cm with perilesional edema. The mass 
is causing effacement of the adjacent lateral ventricle. The mass is heterogeneously 
hyperintense on T2-weighted image with central necrosis (B). The peritumoral edema and 
ventricular compression is well made out on T2 images (B). The mass shows peripheral 
and ring-like contrast enhancement (C, D, E). The peripheral enhancing part shows 
hyperintensity on diffusion-weighted films suggestive of diffusion restriction (F). 
(The image was taken in 3T MRI scanner, GE, USA.)

A B C

E FD
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like MR spectroscopy, diffusion-weighted MRI, positron emission tomography 
(PET), and perfusion-weighted MRI, etc., usually reveal the true nature of this 
spurious radiological finding. In true tumor progression, the typical metabolite 
profile of elevated choline, choline: creatinine >2, and reduced N-acetyl aspartate 
peaks would be seen in MRS while there will be diffusion restriction on DWI. 
PET and perfusion-weighted MRI usually shows hypermetabolism and increased 
blood flow inside the enhancing area if there is true tumor progression, while the 
findings will be contradictory in pseudoprogression. Pseudo response, on the 
contrary, occurs as early as 24 h of anti-VEGF (Bevacizumab) therapy and is 
characterized by the lack of enhancement on contrast images even though the 
tumor is still there. Such pseudo responses are detected using T2 flair and diffu-
sion-weighted MRI. While T2 flair shows the nonenhancing tumor as a hyperin-
tense area, persistent diffusion restriction in the suspected area is usually 
diagnostic of residual tumor tissue. Neuroimaging has prognostic significance as 
well. In a recent study, Wangaryattawanich  et al. (49) from MD Anderson Cancer 
Hospital showed that preoperative eloquent tumor location (P = 0.007), deep 
white matter invasion (P = 0.006), tumor volume (measured on contrast T1) 
>35,000 cm3 (P = 0.08), and volume of nonenhancing tumor/brain edema 
volume (measured in T2 flair) >85,000 mm3 (P = 0.003) were associated with 
poor survival in GBM.

Management
Surgery

Maximal surgical resection followed by chemoradiotherapy remains the best cur-
rent treatment in adult GBMs. Numerous studies have reiterated the utility of max-
imal tumor removal on both progression free as well as overall survival (OS) in 
p-GBM (4, 9, 10, 13, 14, 51). The Children’s Cancer Group (CCG) study-945 
showed that children with HGG who underwent a surgical resection of 90% or 
greater had a progression-free survival (PFS) of 35 ± 7% as compared with a 5-year 
PFS of 17 ± 4% in patients who did not (50, 51). Reporting on probably the largest 
single-center experience of p-GBM, we have also shown that the extent of tumor 
excision was a strong predictor of long progression-free survival as well as OS (4). 
The utility of maximal surgical excision has been proven in a recent multiple pro-
pensity analysis, the scientific value of which is as good as a randomized clinical 
trial (14). The extent of resection is, however, dependent on the location as well as 
extensions of the tumor (4). Brainstem location, midline supratentorial tumors, 
tumors affecting eloquent area, etc., are often difficult to excise completely without 
incurring significant neurological deficits. Apart from providing tissue for diagno-
sis, surgical debulking relieves tumor-related mass effect and potentiates the effect 
of the adjuvant therapy. Different intraoperative imaging techniques may allow 
larger extents of tumor excision which in turn translates into better survival out-
comes. These advanced techniques include intraoperative neuronavigation, intra-
operative ultrasound, intraoperative MRI, intraoperative cortical mapping, etc. 
Recent technological advances utilizing microfluidic chips allow for rapid analysis 
of the operative specimen for molecular signatures like IDH mutation within 
no  time (51, 52). Therefore, it is possible now to make a molecular diagnosis 
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even intraoperatively. Such advances have the potential of facilitating intraopera-
tive decision-making regarding the radicalism of the surgical excision in the future.

Radiation therapy

Radiotherapy is an integral part of the comprehensive management basket of 
p-GBM. This is more so as the role of chemotherapy is not yet clear in these 
patients unlike their adult counterparts. Usually, the radiotherapy dose ranges 
from 50 to 60 Gy fractionated over 5–6 weeks (52, 53). Trials on hypo/hyper 
fractionation of the total dose have not shown any better results (54). It is rou-
tinely used in children aged more than 3 years. The primary reason why it should 
not be used before 3 years of age is that RT may lead to adverse neurocognitive 
complications due to its damaging effects on the developing brain. Moreover, it is 
believed that the tumors in the early years of life are rather indolent, responding 
less completely to irradiation (55, 56). The various long-term sequels of child-
hood cranial irradiation include endocrine dysfunctions, neurocognitive impair-
ments, psychosocial and behavioral abnormalities, ototoxicity, growth 
abnormalities, and heightened chances of secondary malignancies (57). There has 
been a change in the way RT is administered in these patients. Previously, RT pro-
tocols encompassed the whole brain RT with additional boost at the site of the 
tumor with a 2-cm margin. However, with improvements in technology and 
accurate delineation of tumor margins, made possible by newer generation MRI 
scanners, currently RT is delivered using 3-dimensional conformal techniques. 
Thus, many of the earlier concerns with radiation treatment are no longer there. 
The conformal radiation treatment technologies include intensity-modulated RT, 
stereotactic RT, and proton beam RT (57). The latter techniques employ head fixa-
tion using rigid frames to enable precisely localized radiation. Therefore, recent 
advances have made RT in pediatric high-grade gliomas rather safe and effective.

Chemotherapy

Chemotherapy forms an important and integral part of the comprehensive treat-
ment regime in adult GBMs. The same, however, cannot be said about the pedi-
atric patients. Sposto et al. (CCG 943 trial) were the first to prove the effectiveness 
of chemotherapy (concomitant vincristine and adjuvant eight cycles of PCV 
regimen comprising procarbazine, CCNU, and vincristine) in high-grade glio-
mas (57). This regimen demonstrated a statistically significant improvement in 
the outcome of patients with GBM treated with chemotherapy compared with 
RT-alone group (5-year PFS: 42% vs. 18%). However, the regimen never repro-
duced similar results thereafter and hence failed to become a standard regime. 
It was later found that many of the patients included in that trial actually had 
low-grade gliomas. A subsequent trial looked at eight-drug chemotherapeutic 
regimen consisting of vincristine, carmustine, procarbazine, hydroxyurea, cis-
platin, cytosine arabinoside, prednisone, and dimethyl-triazenoimidazole-​
carboxamide (DTIC) in children younger than 2 years (50, 58). This trial did 
not show any benefit in p-GBM. Moreover, the regimen failed to show any effec-
tiveness in older children as well. Intensive chemotherapy after surgical excision 
has shown promising results in children, provided the tumor excision was 
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complete. The treatment using HIT-GBM-C protocol showed 5-year OS rate for 
these patients, with total resections of 63% versus 17% for historical controls. 
The OS was 19% at 60 months from diagnosis (50, 59). Some trials have also 
looked into the high-dose chemotherapy with bone marrow rescue in p-GBM, 
but these trials are mainly applicable for recurrent cases and their results have 
not been consistently proven. Unacceptable drug toxicity is usually the major 
handicap in these trials (60).

The landmark trial by Stupp et al. showed that the addition of concomitant 
and adjuvant TMZ improved progression-free survival and OS in adult GBMs (12). 
Five years’ OS in this study for the TMZ arm was 9.8% versus 1.9% for the radia-
tion alone arm. This trial has established the current therapeutic standard of con-
current and adjuvant TMZ in adult GBM. The Stupp trial, however, did not 
include p-GBMs. Thus, despite its landmark findings, the Stupp trial has not 
really helped matters as far as the p-GBM are concerned. Most studies indicate 
that TMZ chemotherapy does not affect survival figures in children, although a 
recent study has shown otherwise. A trial similar to the Stupp trial involving the 
pediatric patients did not show any benefit of TMZ in children (61). MGMT pro-
moter methylation, whenever present, potentiates the activity of TMZ even in 
children. Thus, the ambiguity of the results of these studies has put a question 
mark on the routine use of chemotherapy in p-GBM vis-à-vis adult GBM, at least 
as of now. The PCV regimen is still used at many centers, often as a salvage 
therapy after disease recurrence.

Antiangiogenesis inhibitors

p-GBMs express VEGF similar to the adults. The clinical trials with anti-VEGF 
therapy (bevacizumab), however, have been rather disappointing in children (62). 
In a study of 10 patients with supratentorial HGGs and two studies with diffuse 
intrinsic pontine glioma (DIPG), clinical responses to bevacizumab were inferior 
to those in adult patients (62). Trials of combining chemotherapeutic agent (irino-
tecan) with bevacizumab has not improved the outcome either (63). Thalidomide, 
another antiangiogenic agent, has also failed to prove its efficacy in clinical trials 
when combined with RT. In particular, this combination led to rather high and 
unacceptable toxicities (64).

Molecular targeted therapy

Recent insights into the molecular biology of gliomas in general and pediatric 
high-grade glioma in particular have led to the development of a number of 
agents directed specifically against these molecular targets. These include 
monoclonal antibodies like imatinib (anti-PDGFR) (65); erlotinib; gefitinib 
(anti-EGFR) (66, 67); and tipifarnib, a farnesyltransferase inhibitor (68). Most 
of these agents are in Stage I/II trials and have not really lived up to the expecta-
tions. One of the primary reasons for lack of expected success could be the 
fact  that a number of tumorigenic pathways act simultaneously in these 
tumors, thereby negating the effect of blockade of a particular pathway. Similar 
to the above agents, lobradimil, a bradykinin agonist, was tried with chemo-
therapy in a Phase II trial involving pediatric high-grade glioma, with a view to 
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enhance the drug permeability of the chemotherapeutic agents. The fate was 
unfortunately no different (68).

Emerging newer drugs and therapeutic modalities

A number of other drugs and therapeutic modalities are being tested currently in 
the laboratories that hold great promise in the days to come. These include integ-
rin inhibitors (cilengitide), EGFR inhibitors (cetuximab, nimotuzumab), novel 
antiangiogenic agents (enzastaurin, cediranib), histone deacetylase inhibitors 
(vorinostat, valproic acid), and dendritic cell vaccines. These agents have been 
tested in children with HGG and have shown good response in the clinical trials. 
Some agents are in the pre-trial recruitment phase and are likely to enter clinical 
trials in days to come. These include boron neutron capture therapy, cytomegalo-
virus-specific cytotoxic T cells, IL-13-PE38QR (an enzymatically active portion of 
pseudomonas exotoxin A conjugated with human interleukin-13), smoothened 
inhibitor LDE225, telomerase inhibitors, gamma secretase inhibitors, poly(ADP-
ribose) polymerase inhibitor, etc., to name a few. Details of these advances are 
beyond the scope of this chapter and can be found in other articles (69).

Factors Affecting Outcome

The OS in p-GBM varies from 10 to 73 months (2, 4, 6, 9–12). Majority of the 
studies emphasize on improved survival figures in p-GBM compared with the 
adults (4, 9–11). There are studies on the long-term outcomes in p-GBM, defined 
as survival beyond 3 years of diagnosis. Although the factors determining the 
outcomes are still being studied, a number of factors are already known to predict 
survival in p-GBM in particular (Table 1). Of all the reported factors, the extent of 
surgical tumor excision probably remains the strongest predictor of outcome in 
p-GBM as of today.

Table 1	 Factors Predicting a Longer Survival  
in p-GBM

Demographic 
factors

•	 Age <5 years of age
•	 Female sex

Clinical factors •	 Longer duration of symptoms
•	 Presentation with seizures
•	 Lack of preoperative neurological deficits
•	 Good preoperative performance status

Radiologic factors •	 Superficial, well-circumscribed tumor
•	 Lack of extensive edema or intense contrast enhancement

Pathologic factors •	 Lack of necrosis
•	 Epithelioid/giant-cell variants
•	 Low-MIB-1-labeling index

Table continued on following page
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Conclusion

p-GBM is a rare but distinctly different biological disease compared with the 
adults. Specific sets of genetic aberrations characterize p-GBMs. In the absence of 
concrete evidence for adjuvant chemotherapy, maximal surgical excision followed 
by adjuvant RT (in children >3 years of age) remains the current best treatment 
strategy for these tumors. Prognosis in the majority of children is better than the 
adults which in turn may be explained by a different biological make up of these 
tumors. With rapid scientific advances being made in this field, newer targeted 
molecular and other treatment strategies are likely to emerge and change the 
future course as well as the prognosis of p-GBM.
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Abstract: Solid cancers develop in dynamically modified microenvironments in 
which they seem to hijack resident and infiltrating nontumor cells, and exploit 
existing extracellular matrices and interstitial fluids for their own benefit. 
Glioblastoma (GBM), the most malignant intrinsic glial brain tumor, hardly 
colonizes niches outside the central nervous system (CNS). It seems to need the 
unique composition of cranial microenvironment for growth and invasion as the 
incidence of extracranial metastasis of GBM is as low as 0.5%. Different nontumor 
cells (both infiltrating and resident), structures and substances constitute a semi-
protected environment, partially behind the well-known blood–brain barrier, ben-
efitting from the relatively immune privileged state of the CNS. This imposes a 
particular challenge on researchers and clinicians who try to tackle this disease and 
desire to penetrate efficiently into this shielded environment to weaken the GBM 
cells and cut them off from the Hinterland they are addicted to. In this chapter, we 
focus on how GBM interacts with the different components of its tumor microen-
vironment (TME), how we can target this TME as a useful contribution to the 
existing treatments, how we could make further progress in our understanding 
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and interaction with this environment as a crucial step toward a better disease 
control in the future, and what efforts have already been taken thus far.

Key words: Immune cell infiltration; Tissue matrix; Tumor heterogeneity; Tumor 
microenvironment; Vascularization

Introduction

For many decades, cancer has been regarded and therapeutically approached as 
a chaotic aggregate of uncontrolled cancer cells, escaping any type of internal cell 
cycle control due to driving and bystander (passenger) genetic alterations as ele-
gantly summarized by Vogelstein et al. (1). Referring to the often used, illustra-
tive metaphor of a cancer cell as an encyclopedia in which variable amounts and 
types of information have been incorrectly copied and translated, any given can-
cer cell can be described based on the number of pages missing (deletions), the 
number of double pages (amplifications), or the typos in the body of the encyclo-
pedia’s text (mutations). This abnormal genetic information leads to “druggable” 
protein modifications in the cell in conventional chemotherapy (2) or more 
recently in the logic of the emerging immunotherapies, to “neoantigens” (neoepi-
topes) in case of nonsynonymous mutations (3, 4). Although undisputable on 
the cancer cell level, this one-dimensional interpretation of cancer strongly 
neglected the complex interplay of the cancer cell with its environment in the 
cancerous organ. Especially, this tumor microenvironment (TME) starts to 
become crucial for a better understanding of pivotal concepts like intratumor 
heterogeneity (5), organ specificity of a cancer and its metastases (6), or its hostil-
ity against conventional and emerging treatments, causing chemoresistance and 
radioresistance (7) or immune escape, (8). Glioblastoma (GBM), the most com-
mon and aggressive brain tumor arising from glial cells in the central nervous 
system (CNS), either de novo as primary GBM, or from preexisting low-grade 
astrocytomas as secondary GBM (9), thrives in a highly specific and poorly acces-
sible microenvironment rendering this fatal tumor notoriously hard to treat. 
Tackling this, TME is increasingly being recognized as a promising, novel asset in 
the anticancer armamentarium to diminish or overcome therapy resistance and 
(selectively) break down the different layers of protection the tumor creates to 
escape from its ultimate destruction. In this regard, therapies aiming to interfere 
with the protective TME might be ideally designed to combine conventional and 
upcoming cytotoxic agents and treatments in general. This chapter presents an 
overview of the TME composition and interactions in GBM, the ways to interro-
gate, study, and mimic, or ultimately even modulate this environment in order to 
improve the chances for tumor control and destruction.

The Heterogeneic Nature of Glioblastoma Cells

GBM cells are considered to be of glial, astrocytic origin (9). Although the 
stochastic tumor model, which states that all tumor cells have comparable 
proliferative, migrating, and infiltrating properties, and arise at random from 
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genetically impaired glial cells, is increasingly being challenged by the hierarchi-
cal tumor model in which cancer stem cells (CSCs) are the only ones with true 
self-renewal and multipotent differentiating properties (10), it remains very hard 
to define uniform CSC markers - in GBM. Based on gene cluster analysis of 
abnormalities in PDGFRA, IDH1, EGFR, and NF1, four molecular subtypes of 
GBM have been characterized; theoretically, every GBM can be stratified into 
proneural/neural–classical–mesenchymal subtypes (11). Using global DNA 
methylation profiling techniques like the Illumina 450k methylation array, Sturm 
et al. introduced an epigenetic classifier of six pediatric and adult GBM subtypes 
with distinct mutational patterns (12). Again, it should be stressed that even this 
meticulous and elegant molecular dissection of the GBM cancer cell holds a sub-
stantial risk of underestimating the true heterogeneity of this tumor, as already in 
2013, Sottoriva et al. demonstrated that more than one molecular subtype can be 
found in one individual tumor depending on the tumor quadrant the sample had 
been harvested from (13). Particularly because of the highly invasive nature of 
GBM, we should realize that interrogating cells harvested from the tumor bulk 
might neglect the increasing genetic difference between founder cells in the 
tumor and infiltrating cells in the surrounding brain as spatially adjacent cells in 
the tumor are more likely to be closely related in terms of number and type of 
genetic alterations as compared to mutually distant cells within the same 
tumor (14). Needless to say that, without a more generalizable concept behind 
this heterogeneity, any attempt for personalized medicine against a validated tar-
get within a given subtype will result in only partially hitting the tumor with 
inevitable recurrence or outgrowth as a direct consequence. In this regard, more 
conventional treatments like temozolomide (TMZ) and radiotherapy have already 
proven to modify the predominant genetic signature of the surviving tumor 
cells (15), as well as the TME (16).

Glioblastoma Needs a Supportive Environment to 
Develop and Grow

GBM is the most malignant variant of a spectrum of intrinsic brain tumors called 
gliomas; it is, unfortunately, also the most frequent variant, occurring with an age-
adjusted incidence of 0.59 to 3.69 per 105 persons per year (17). The standard-
of-care (SOC) treatment consists of maximal safe surgery, followed by a 
combination of radiotherapy and chemotherapy (with TMZ), and results in a 
median overall survival (OS) of less than 15 months and a 5-year OS of less than 
10% (18). To date, the disease is incurable and because of the high case fatality 
rate and the occurrence in also young and adolescent patients, GBM has the high-
est number of years of life lost (YLL) in several rankings over the last 10 years, 
representing a major socioeconomic burden and unmet medical need (19, 20).

Although GBM is rightfully considered as a highly aggressive neoplasm, with a 
median OS of less than 15 months after full therapy, it virtually only affects the 
CNS and only very rarely metastasizes toward distant organs (21). It generally 
exerts its detrimental activity locally at the site of origin, although hematogenous 
spreading of glial fibrillary acidic protein (GFAP-) positive GBM cells has been 
reported by Müller et al. (22). Moreover, up to 80% of local recurrences after 
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contemporary SOC therapy of maximal safe surgery followed by radiochemo-
therapy with fractionated, limited field, external beam radiation and TMZ occur 
within a 2.5 cm margin of the initial resection cavity, although infiltrating GBM 
cells can easily spread further away throughout the supratentorial CNS (23). This 
preferential anchoring of the tumor toward its original site of origin somehow 
contradicts its intrinsic biological aggressiveness but could partially be explained 
by degressive concentration of infiltrated cells in the periphery, its exclusive hom-
ing properties, and the hypothesized systemic immunity preventing it from colo-
nizing extracranial tissues (24). The preferential route of infiltration seems to 
follow axonal tracks or to a lesser extent perivascular spaces (25), again pointing 
to a well-organized interaction with its direct TME rather than random growth or 
expansion.

The GBM TME is constituted not only by highly proliferative malignant 
astrocytoma cells and probably CSCs (26), but sometimes also by impressive 
quantities of immune cells, both residing and infiltrating, stromal cells, and 
vascular endothelial cells and pericytes, all creating separate niches within the 
tumor (27). All these cells are able to interact with each other within the frame of 
the extracellular matrix (ECM) in which fluids and macromolecules compose the 
noncellular substrates. Although intratumor heterogeneity as a concept is often 
restricted to the varying presence of different genetic alterations present in the 
different tumor cells (1), the true heterogeneity probably far exceeds this level, as 
many intratumoral niches can be defined based on the relative composition of 
contributing cell (sub-) types and ECM substances. There is growing evidence 
that in these niches, different tumor cell types (proliferating, infiltrating, CSC like) 
and different noncancerous cells (microglia, macrophages, dendritic cells (DCs), 
lymphocytes) dynamically reshape different parts of the tumor without exactly 
knowing which cell is the playmaker in which context and background (Figure 1). 
Microscopically, this results in different microenvironments within the tumor 
varying from solid tumor cores with densely packed proliferating tumor cells, to 
necrotic and perinecrotic areas, perivascular areas around vessels with endothelial 
proliferation, and hypoxic and perihypoxic regions (27). All these regions are 
ruled by microclimates of cells and molecules, thereby underpinning the need to 
unmask the tumor as a true organ rather than as a tissue.

Constituents of the Tumor Microenvironment in Glioblastoma
The GBM vasculature

GBMs are one of the most vascularized tumors with extensive neo-angiogenesis 
and an abnormal vasculature depicting hyperdilated and leaky vessels as well as 
vascular glomerular structures in which endothelial cells and pericytes form 
poorly organized vascular structures, a common hallmark of GBM (28). The pres-
ence of various angiogenic factors and chemokines have been reported in gliomas 
that are mainly expressed by tumor cells or infiltrating immune cells. The vascular 
abnormalities in GBM are however predominantly attributed to the highly elevated 
levels of vascular endothelial growth factor (VEGF) which subsequently cause the 
disruption of the blood–brain barrier (BBB). The BBB is comprised of endothelial 
cells, pericytes, and astrocytes, forming a neurovascular unit that tightly regulates 
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the transfer of ions and molecules between the blood and the brain (29, 30). 
A failure in these barrier properties induces vessel permeability with plasma and 
fluid leaking into the tumor tissue and thereby inducing cerebral edema and inter-
stitial pressure. These changes also compromise vascular function and lead to 
sluggish blood flow and inconsistent oxygen delivery within GBM. In turn, local 
hypoxic areas develop that can turn into pseudopallisading necrosis, another hall-
mark of GBM, when tumor vessels become obstructed. These conditions also 
attract innate immune cells such as macrophages which elicit proangiogenic and 
immunosuppressive properties, thereby helping to expand the tumor vasculature 
to these poorly perfused areas.

Although the GBM vasculature expands mostly by angiogenesis, the prolifera-
tion of existing endothelial cells in tumor vessels, and bone marrow–derived 
vascular progenitors, can also promote neovascularization, albeit to a modest 
degree (31, 32). More recently, lineage-tracing experiments in mouse GBM mod-
els, and genetic mutational analysis of endothelial cells in patient-derived GBM, 
elicited glioma stem cells (GSCs) as another source of vascular constituents 
by  their ability to transdifferentiate into endothelial cells or pericytes in GBM 
(33–36). The heterogeneous nature of the GBM vasculature not only affects its 

Figure 1  GBM TME niches. Glioblastoma (GBM) and glioma stem cells (GSCs) are embedded 
in a heterogeneous tumor microenvironment(TME) which not only is composed of diverse 
stromal cells, including vascular cells, the various infiltrating and resident immune cells, 
and other nonneoplastic glial cell types, but it is also compartmentalized in anatomically 
distinct regions, coined tumor niches. These niches can be composed of different cell 
constituents and look morphologically distinct from each other while the vasculature 
remains a central part. These niches regulate metabolic needs, immune surveillance, 
survival, invasion, as well as glioma stem cell maintenance. In the angiogenic tumor niche 
tumor (stem) cells nestle in close juxtaposition with the abnormal angiogenic vasculature 
while in the vascular-invasive tumor niche tumor cells co-opt normal blood vessels to 
migrate deep into the brain parenchyma. In the hypoxic tumor niche, there is either 
nonfunctional or regressed leading to necrotic areas that are surrounded by a row of 
hypoxic palisading tumor cells.
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important role as a gatekeeper for potential medicinal products and drugs against 
the tumor but also changes its adhesive properties affecting cellular adhesion and 
diapedesis of immune cells. In this respect, it is important to note that VEGF 
elevation besides generating an abnormal and angiogenic vasculature also thwarts 
the extravasation of tumor-reactive T cells and fosters an immune-suppressive 
microenvironment that enables tumors, including GBM to evade host immuno-
surveillance (37). VEGF reduces ICAM1 and VCAM1 adhesion molecules in 
angiogenic vessels and thereby hinders infiltration of immune T-effector cells into 
the tumor; it also directly inhibits the maturation of DCs and activates antigen-
specific regulatory T cells (Tregs). This collectively contributes to the severely 
immunosuppressive nature of GBM and subsequent rather low CTL infiltration.

The glial cell compartment

The vast majority of GBMs arise in the supratentorial cerebral hemispheres. There, 
the tumor cells intermingle with (and overgrow) the local astrocyte, oligodendro-
cyte, and neuronal population. To this end, neither much is known about the 
ultimate fate of these original cell populations at the tumor site, nor do we have a 
clear view of the interactions between normal stromal cells, neurons, and cancer 
cells within the tumor and its immediate periphery. The remnants of oligodendro-
cyte-like cells and/or (reactive) astrocytes have been identified in many pathologi-
cal specimens of resected GBM (38).

Astrocytes, which regulate metabolic and fluid homeostasis as well as vascular 
blood flow, contact endothelial cells and pericytes with their astrocytic endfeet, 
covering more than 99% of the cerebrovascular surface in the brain. During 
gliomagenesis, astrocytoma cells displace normal astrocytes from vessels, thereby 
disrupting the astrocyte–vascular interactions and regulation of the vascular tone 
which is sufficient to rupture the BBB (39). In addition, astrocytes surrounding 
GBM undergo reactive astrogliosis similar to that observed during CNS injury, 
by  which they become proliferative and migratory and produce growth fac-
tors,  metabolites, and cytokines that promote gliomagenesis. Several paracrine 
interactions have been described between astrocytes and glioma cell; for example, 
reactive astrocytes produce connective tissue growth factor (CTGF) that binds to 
tyrosine kinase receptor type A (TrkA) and integrin beta 1 on CSCs, thereby acti-
vating nuclear factor kappa B (NF-κB) and inducing zinc finger E-box binding 
homeobox 1 (ZEB1), an epithelial–mesenchymal transition (EMT) transcription 
factor that facilitated tumor cell infiltration (40). To which extent astrocytes and 
oligodendrocytes contribute to tumor growth is still an ongoing issue of debate, 
but there appears to be a metabolic symbiosis between stromal and tumor cells 
based on the differing glycolytic and oxidative (glucose) metabolic flux of the 
respective cell populations (41, 42).

Although neurons have not been considered as active contributors to tumor 
propagation or bodily defense, tumor cells like to migrate along axonal trajecto-
ries and perivascular spaces. On the molecular level, some enigmatic correlations 
seem to exist between a higher PDL-1 expression on neurons in the peritumoral 
adjacent normal brain and a better patient outcome as opposed to the correlation 
between a higher PDL-1 expression in the tumor and a poor prognosis (43). These 
observations point to the importance of the precise context depending on which 
the same biomarkers can predict different biological evolutions. In pediatric GBM 
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and diffuse intrinsic pontine glioma (DIPG), Venkatesh et al. (44) were able to 
show that excitatory neuronal activity, through neuroligin-3 synaptic secretion, 
promotes glioma progression.

Infiltrating and residing immune cells

A major part of the GBM tumor volume, up to 30 or 40% of the mass, can be made 
up by immune cells, especially myeloid-derived cells like infiltrating macrophages 
(45). Although in nonpathological conditions, no substantial amounts of immune 
cells infiltrate the brain parenchyma, and many of them never trespass the perivas-
cular Virchow Robin spaces where they are held by the glia limitans/BBB, this can 
rapidly shift in several brain disorders in which inflammation plays a certain role 
(46). This clearly underscores that the brain and CNS is not absolutely immune 
privileged as once believed, but that quantity and quality of the immune reaction 
in the brain is highly contextual (47). Recently, another remarkable anatomical 
dogma has been challenged since Louveau et al. demonstrated the presence of 
lymphatics in the wall of (major) dural sinuses thereby providing evidence for a 
second gateway to (and from) the brain for immune cells (and interstitial fluids), 
apart from the vascular route (48, 49). In the context of malignant gliomas, mak-
ing the difference between residing and infiltrating immune cells is difficult; 
microglia (CD11b+, CD45−) and residing (nonmigratory) DC, are believed to 
make up only a smal minority of immune cells as compared with their infiltrated 
counterparts, classically called tumor-associated macrophages (TAMs)  (50). 
Traditionally split up as M1 (pro-inflammatory, anti-tumoral) and M2 (anti-
inflammatory, pro-tumoral) subtypes, the full spectrum of TAM is much more 
diverse (51) and highly dynamic. In an orthotopic mouse model, at early stages of 
tumor development, M1 TAM infiltrate the microenvironment but a rapid and 
massive differentiation toward M2 takes place in a more advanced stage of tumori-
genesis, possibly corresponding to differences found in human low-grade versus 
high-grade glioma samples (unpublished own work). Remarkably, these macro-
phage populations seem to drive stromal and blood vessel architecture in the TME 
which can be offset (or partially corrected) by knocking down galectin-1 in the 
TME (52). Chemotactic gradients of substances like GM-CSF, M-CSF, MCP-1, and 
HGF are responsible for attraction (and retention) of these macrophages. Moreover, 
the CSF-1 pathway has been elucidated as crucial for M2 macrophage polarization 
in the TME, culminating in the possibility to re-educate M2 macrophages by the 
use of CSF1-R inhibition in gliomas (53, 54). The most enigmatic myeloid cell 
population in the TME and the blood of patients with malignancies, including 
GBM, are the myeloid-derived suppressor cells (55). To date, no uniform defini-
tion based on (lineage-)markers is universally used; this highly versatile cell popu-
lation might play a key role in the mutual communication between the local 
immune cell population in the TME and the systemic immunity in the blood and 
extracranial organs. Recently, Chae et al. (56) elegantly showed that green fluores-
cent protein (GFP)–labeled monocytes, after undergoing intratumoral immuno-
suppressive education, can be precursors of MDSC both intratumoral and systemic 
in the context of glioma bearing mice. This does not only demonstrate the close 
familiarity of the different myeloid cell populations involved, but also the capacity 
of the TME to act as a local immune-suppressive factory of immune suppressor 
cells that can spread back to the systemic immunity after education in the TME.
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Tumor-infiltrating lymphocytes (TIL), constitute the smaller, adaptive immu-
nity counterpart of TAM in the TME. Although often outnumbered by TAM, TIL 
possibly have a more contextual importance for tumor progression, promotion, 
and ultimate patient prognosis (57). Although conventional CD8+ cytotoxic T 
cells (CTL) can mediate tumor regression and rejection in several experimental 
conditions, Tregs seem to infiltrate GBM in untreated conditions. Most of these 
Tregs are believed to be natural Tregs, thymus-dependent, and active through 
cellular contact via the so-called checkpoint inhibitors like CTLA-4 and PD-1 
(58). Inducible Treg (iTreg), on the contrary, interfere with the local immune reac-
tion predominantly by secreting IL-10 and TGFβ, often called immunosuppres-
sive cytokines (59). Several reports elaborated that TAM may play a role in the 
induction/attraction of the local Treg compartment in the TME, mainly via CCL22 
and to a lesser extent through CCL2 (MCP-1) (60).

The ECM and Tissue Mechanics in GB

The ECM is the noncellular component present within all tissues that not only 
provides essential physical scaffolding for all the cellular constituents but also ini-
tiates crucial biochemical and biomechanical cues that are pivotal for tissue mor-
phogenesis, migration, differentiation, and homeostasis. The adult brain consists 
to about 20% of a uniquely composed ECM that is very distinct and different from 
the network of fibrous proteins normally found in many peripheral tissues. The 
brain ECM is almost entirely constituted of a mesh-like scaffold (i.e., perineuronal 
net [PNN]) of glycosaminoglycans (GAGs), including hyaluronic acid (HA), pro-
teoglycans (e.g., lecticans), and glycoproteins (e.g., tenascins) (61–66). Thereby, 
long chains of HA project perpendicularly from the neuronal cell membrane at 
sites where hyaluronan synthases are located (HAS1–HAS3 in mammals) to form 
the bulk of the matrix. HA chains are bound along their axis by one end of a lec-
tican (a member of the chondroitin sulfate proteoglycan family, including aggre-
can, brevican, neurocan, and versican), which are cross-linked to neighboring 
lecticans at their other end through the glycoprotein tenascin (61, 63, 67, 68). 
Due to the unique brain properties, neuronal cells of all types contribute to ECM 
production, maturation, and structure while ECM proteins in many tissues are 
rather synthesized and deposited by fibroblasts and other mesenchymal cells. For 
cells, the ECM can provide guidance for preferred migration, invasion of infiltra-
tion depending on their nature or an active labyrinth to trap infiltrating immune 
cells.

During glioma progression, the ECM undergoes deposition and remodeling 
changing its composition and architecture in part due to the increased and altered 
production of some of the ECM components in glioma such as tenascin-C (TNC) 
and HA. Interestingly, in line with these observations, recent studies revealed that 
lower-grade gliomas (LGGs) and GBMs are progressively stiffer when compared 
with nontumor gliotic brain tissue (69). This is in agreement with the long-known 
fact that peripheral tumors are characteristically stiffer than the surrounding 
normal tissue.

Besides ECM stiffening, there are additional physical changes in the TME that 
facilitate glioma stiffness, specifically elevated fluid pressure (subsequent to 
edema), cell compression, and increased tumor cellular contractility. Such PNN 
alterations have been shown to promote tumor progression through sustained 
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activation of pro-tumorigenic mechanosignaling pathways, or by providing new 
“tracks” on which tumor cells can migrate. In addition, these changes obstruct 
blood vessel integrity, which in turn can influence both the recruitment of inflam-
matory cells and the permeability of macromolecules, including therapeutic 
compounds (70–72).

For interstitial fluid components, several substances in the ECM can modify 
the free diffusion and as such create environmental niches predisposing to the 
attraction of different types of infiltrating immune cells based on established gra-
dients (73). In GBM and other malignancies, galectins (74) act as binders (scav-
engers) of glycosylated cytokines (IFNg) and hamper an efficient anti-tumor 
immune rejection/response. GBM and their host cells interact with several of 
these ECM components through abundant secretion of enzymes like hyaluroni-
dase or matrix metalloproteinases. These mechanisms are key for migration and 
invasion, the preferential way of spreading throughout the brain for GBM tumor 
cells (75). Some of these ECM components (or the relative lack of it) like fibro-
nectin, have been connected to the low incidence of metastasis of GBM cells 
outside the CNS (76). Others like tenascin-C have been considered as targets 
for older monoclonal antibody approaches, some of which had been linked to 
radioactive OR cytotoxic components (77).

Interstitial fluids and soluble factors

Within the TME, numerous soluble factors, secreted by tumor or stromal cells 
or extravasated from the intravascular compartments build a dynamic intersti-
tial fluid compartment in which cells and ECM are bathing. Metabolites like 
lactate, as a result of the typical Warburg effect in tumor metabolism, and 
adenosine cumulate in hypoxic areas and have a strong impact both on tumor 
cells and immune cells (78). For the latter, they exert predominantly suppres-
sive effects, for the former they mediate neo-angiogenesis or tumor progression. 
In spite of their frequently abundant presence in the TME, many of them 
are  unequally distributed throughout the tissue, thereby contributing to the 
enormous intratumoral heterogeneity in tumors in general and GBM in particu-
lar: often this coincides with geographical differences of cell composition in the 
tumor like has been shown for galectin-1 and TAM (79). These variations in 
concentrations of soluble factors cause dynamic changes in chemotactic 
gradients, constantly reshaping the cellular composition of most tumor areas. 
Many cytokines have been documented in the TME of GBM, with a vast 
predominance of those especially known to have immunosuppressive effects. 
Transforming growth factor beta, (TGFβ), originally demonstrated in GBM (80) 
and interleukin-10, classically depicted as immunosuppressive Th0 cytokine (81) 
are well-documented examples. The former has been the target of the first-in-kind 
trabedersen trial in which an antisense oligonucleotide was used to knock down 
the TGBβ in the GBM TME (82). The latter is a more enigmatic cytokine rather 
fulfilling a multifaceted mode of action (83) than the purely immunosuppres-
sive  effect that is mostly attributed to it. More recently, our group looked at 
the  importance of galectin-1, a key hub molecule in the GBM TME (84) and 
described a novel approach to selectively modulate it in the TME (85). Galectin-1 
(Gal-1) is an evolutionary conserved, β-galactoside-binding lectin of 14.5 kDa, 
first isolated more than 30 years ago (86). It is a member of the galectin 
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family,  consisting of  15 distinct galectins and characterized by a carbohy-
drate  recognition domain (CRD), responsible for binding glycoproteins and 
glycolipids (87). Galectin-1 can be found both intra- and extracellularly, as well 
as at the cell membranes, and exerts its diverse functions through its presence in 
these different compartments.

Quantitative analysis from computer-assisted immunohistochemical (IHC) 
assessment revealed that Galectin-1 is being expressed by all subtypes of glial 
tumors and found a significant higher Gal-1 expression in poor-prognosis high-
grade astrocytomas when compared to the clearly lower expression in high-
grade glioma patients with better prognosis (88). Moreover, galectin-1 has been 
identified as a key hub molecule in glioma growth, invasion, and therapy resis-
tance (89) as well as immune escape and suppression (84). Through promotion 
of the unfolded protein response in glioma cells, Galectin-1 was shown to con-
tribute to the resistance of TMZ (90), an oral alkylating chemotherapeutic drug 
used in the SOC postoperative treatment of GBM, together with ionizing radia-
tion (18). The latter seems to even increase the levels of galectin-1 expression in 
GMB rendering a Galectin-1 silencing strategy in GBM even more attractive to 
restore susceptibility to chemotherapy. In terms of tumor angiogenesis, Thijssen 
et al. (91) elegantly showed that tumor endothelial cell proliferation and migra-
tion relied on the presence of Galectin-1 in the TME and targeted inhibition of 
Gal-1 expression in Hs683 GBM cells resulted in a decreased VEGF secretion in 
the culture medium (92). Brain invasion, a problematic hallmark of GBM cells 
is being promoted by Galectin-1 that is expressed preferentially in tumor cells 
at the tumor periphery rather than in the core (93). This is perfectly consistent 
with earlier findings by Rorive et al. (94) and Camby et al. (95), both linking 
Gal-1 to cell motility and migration. In 2013, we were able to conclude that 
serum levels of Gal-1 of newly diagnosed GBM patients and recurrent high-
grade glioma patients were significantly higher than those in age- and sex-
matched healthy volunteers (96), based on the analysis of a prospective data set 
of 43 healthy controls and 125 patients. This indirectly indicates the important 
impact of GBM-related production of Gal-1 in the TME, on the systemic level 
outside the brain.

Apart from a direct promotion of tumor growth, angiogenesis, invasion, and 
therapy resistance, galectin-1 also indirectly stimulates GBM tumor promotion 
through impairment of the patient’s immune system. Multiple modes of interac-
tion, both with the innate and adaptive arms of immunity have been described 
and extensively been reviewed (84). These mechanisms include, but are not 
restricted to: the apoptosis induction of activated T cells, promotion of Th2 type 
of immune responses while blunting Th1 and Th17 responses, modulation of 
T-cell proliferation, modulation of T-cell receptor signaling, modulation of the 
cytokine balance, regulation of T-cell adhesion and trafficking, control of Treg 
function, modulation of DC tolerogenicity, and macrophage function. All of these 
lead to a state of immune suppression and immune evasion. As a direct conse-
quence of all these abundant, galectin-1-mediated mechanisms, it was a logical 
step to investigate the immunological potentials and benefits of a targeted inhibi-
tion of galectin-1 gene expression in tumors. Rubinstein et al. (97) were the first 
to illustrate an increased T-cell-mediated tumor rejection after silencing galectin-1 
expression in mouse melanoma cells. In 2014, for malignant gliomas residing in 
the CNS, we (79) demonstrated the huge impact of a tumor-derived Gal-1 
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knockdown (Gal-1-KD) in an orthotopic, syngeneic GL261 brain tumor model, 
on the local brain tumor immune microenvironment and its beneficial conse-
quences for retarded tumor progression. The observed modifications included a 
decrease of myeloid cell accumulation and phenotype in the tumor after Gal-1 
KD, an altered CCL2 and VEGF mRNA expression in brain infiltrating immune 
cells, a boost in IFN-g producing tumor-infiltrating CD8+ T cells, an immune-
mediated survival benefit of mice, and an impaired tumor angiogenesis. Therefore, 
an improved outcome with DC-based vaccination could be seen after silencing 
brain tumor–derived (but not systemic, nontumor derived) Galectin-1 in this 
mouse model.

Treatment Routes to Reach the Glioblastoma 
Microenvironment

The hematogenous route appears to be the most accessible path for drugs to the 
GBM TME but as described above, several restrictions apply to the chemical struc-
ture and nature of the compounds to overcome the BBB and egress from the intra-
vascular compartment to the TME to exert its function in a brain tumor (98). 
Although the BBB does impose evident limitations to drug design, it has been 
shown that this barrier is not fully intact in GBM, due to the generation of leaky 
vessels in GBM that can be visualized by conventional MRI imaging in form of 
strong gadolinium enhancement (99). This, nevertheless, does not detract from the 
problematic vascular shunting effect that exists in GBM, leading to a poor paren-
chymal perfusion in the brain tumor in spite of the highly vascularized nature of a 
GBM (100). As a consequence, many parenterally administered drugs fail to reach 
the appropriate intratumoral drug concentration for an efficient biological effect.

For several decades, the intraventricular route has been used as an attractive 
way to administer medicinal compounds directly into the cerebrospinal fluid 
(CSF) where it can be distributed further throughout the CNS. Although several 
examples exist to date, many refrain from a universal adoption of this technique 
given its dose-limiting toxicity and its highly invasive nature with concerns about 
the reported high rates of infectious complications (101). A comparable approach 
with one or more catheters directly into the TME or the surrounding brain paren-
chyma has been coined convection-enhanced delivery (CED). Thereby, a small 
but active pressure gradient drives the active substance in a soluble form through 
a microcatheter into the TME. Although perfectly possible and applied for many 
different types of substances, similar concerns about its invasive nature and side 
effects limits its full implementation in the clinical arena (102). Moreover, it 
remains problematic to get a reliable measurement of the isodistribution volumes 
of a specific drug in the fluid phase throughout the TME and the brain (103).

A more recent approach of drug delivery that gains increasing interest is the 
nose-to-brain delivery route. Using a transnasal pathway to the CNS, especially 
the brain, has been studied for more than 30 years with the aspects of anatomical 
and pharmacodynamic challenges (104). The olfactory region of the nasal mucosa 
is directly connected to the intracranial forebrain regions and entorhinal circuits 
via the olfactory receptor neurons, the olfactory filia, nerves, and bulbus (105). To 
a lesser extent, the same goes for the trigeminal pathway via sensory nerve ends of 
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the first and second branch of the trigeminal nerve (V1 and V2) in the endonasal 
respiratory mucosa (106). The presumed predominant mode of transport is para-
cellular and, as such, it is capable to bypass the BBB, which still is a major issue in 
the design of new therapies and the development of new pharmaceutical agents 
(107–109). Transcellular intraneural transport, however, has been described too, 
mainly for larger molecules (110). Moreover, the nose-to-brain route provides a 
beneficial biodistribution in which drug concentrations in the brain could largely 
outnumber systemic availability of the administered active substances. Its theo-
retical consequence of less frequent and less serious adverse systemic events 
should translate in a beneficial shift of the therapeutic window. From a patient’s 
perspective, the nose-to-brain route for drug delivery is likely to be much more 
appealing when compared to other local delivery technology like the invasive 
CED systems through insertion of brain catheters (111, 112). The noninvasive 
nature of drug administration and the possibility for repetitive self-administration 
will lead to a high patient compliance and therapy comfort. The noninvasive char-
acter of intranasal delivery avoiding important drawbacks of CED like infections, 
inflammation, brain edema, wound healing problems, local hemorrhages, and 
seizures, together with the rapid availability of the drug in the brain environment 
and the presumed reduced systemic side effects might turn this route into a pre-
ferred delivery for the treating physicians too.

The majority of the research regarding the opportunities and pitfalls of nose-to-
brain drug delivery has been performed in (small) animal models. Both for non-
oncological brain disease (109, 113) and for GBM (85), comprehensive reviews 
are available in the literature. For neuro-oncological diseases like GBM and CNS 
lymphoma, mainly the intranasal delivery of several chemotherapeutic agents like 
methotrexate (114), 5-fluorouracil (115), and the related molecule raltitrexed 
(116) has been explored in rodent models. A remarkable, common finding in all 
these studies has been the indication for a preferential drug delivery to the brain 
(in different grading concentrations at different brain locations) rather than to the 
systemic circulation. Moreover, in each study, the drug concentrations in the CSF 
were higher for the intranasal group as compared to the systemic administration. 
To target Gal-1 in the TME of a malignant intrinsic brain tumor, we aimed to be 
both selective and inclusive: interference with other galectins should be avoided 
and reduction of both intracellular and extracellular Gal-1 is mandatory to tackle 
the full biological repertoire of this key hub molecule in GBM. Therefore, rather 
than opting for monoclonal antibodies (with a notorious problem to cross the 
intact BBB), small molecules like Davanat (117) or polypeptides like Anginex 
(118), we chose to develop an anti-Gal-1 siRNA molecule (siGal-1)-based formu-
lation that could reach the GBM microenvironment upon intranasal delivery to 
exert its selective biological activity locally at the brain tumor site. Small interfer-
ing (si) RNA molecules are double-stranded RNA molecules of 21–25 base pairs 
that can initiate a sequence-specific mRNA degradation of the target RNA through 
cytoplasmic interactions with RNAi-induced silencing complex (RISC), resulting 
in a temporary (reversible) decrease of the protein of interest as nicely reviewed by 
Agrawal et al. (119). Hashizume et al. (120) reported the results of a study with 
GRN163, an antisense oligonucleotide targeting telomerase in GBM, which had 
been delivered intranasally in rats. They reported a rapid distribution in the brain-
stem through the trigeminal nerve pathway, a significant survival benefit in ani-
mals with an established brain tumor and a remarkable tumor tropism within 
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the brain. As fragile siRNA molecules are easily and rapidly degraded in an extra-
cellular environment, it is mandatory to load this siRNA in specific (nano-)formu-
lations that can protect and transport it until it reaches its intracellular target. The 
formulations has several capabilities of which the most important are (i) protecting 
siRNA from rapid degradation during its journey to the brain, (ii) influencing the 
mucoadhesive properties (in the nasal mucosa), (iii) facilitating transport through 
the mucosal and epithelial nasal barriers, (iv) stimulating the perineural (and/or 
transcellular) transport to the brain parenchyma, (v) promoting tumor tropism, 
(vi) transfecting the cells and finally, and (vii) getting released from the formula-
tion once it reaches the tumor cell cytoplasm to exert its specific biological activity 
through interaction with the RISC. Moreover, the excipients used need to be 
well tolerated and biodegradable. Until now, rather few of the theoretical possibili-
ties have been tested in preclinical animal models of different brain diseases 
(121–123). To date, we have been able to show a convincing nose-to-brain trans-
port of both siGal-1 formulations based on naïve-chitosan and pegylated-chitosan 
nanoparticles (NNP and PNP, respectively) in the orthotopic, syngeneic, GL261 
brain tumor model, leading to a selective and sequence-specific degradation of 
Gal-1 in the brain TME (124). This Gal-1 knockdown in the tumor dramatically 
increased the chemosensitivity to TMZ and showed a promising synergy with anti-
PD-1 blocking monoclonal antibodies in the same model (52).

Is It Possible to Capture the Complexity of the 
Microenvironment in Glioblastoma Models?

Interrogating the TME and respecting all the layers of information (see Table 1) 
involved, as well as the highly interactive nature of all its constituents, remains a 
major challenge. Obviously, no in vitro cell culture model, whether monolayer, 
specially designed (125) or neurospheres (126), will faithfully reflect the highly 
complex interactions of all TME components. Three-dimensional in vitro culture 
models, built on special scaffolds (before being grafted in animals) might be able 
to mimic key histologic characteristics of GBM (127, 128) but to what extent they 
also accurately represent the TME remains unknown. The same goes for almost all 
conventional animal models (129). Heterotopic brain tumor models with GBM 
cells growing in subcutaneous tissues can never mimic the particular CNS envi-
ronment of the brain andtherefore, orthotopic brain tumor models should be pre-
ferred for this type of research. In that regard, xenograft models, even 
patient-derived (130), are being created in immune-compromised animals, 
thereby fully neglecting the impact of the immune system, which accounts for the 
major supplier of nontumoral cells constructing the GBM TME. Garcia et al. 
reported in 2014 about an orthotopic xenotransplant model successfully recapit-
ulating the GBM microenvironment (131). Syngeneic orthotopic brain tumor ani-
mal models (132) can correct for that shortcoming, although tumor cell biology 
and immunity differ considerably between species. The ideal model is yet to be 
built, but will have to combine human tumor cell biology interacting with a 
human(-ized) immune system (133). Direct on-site interrogation and quick map-
ping of the GBM TME, for example, during surgery, might be another future track 
to considerably improve our understanding of its complexity.
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Therapeutic Targeting of the Glioblastoma 
Microenvironment Components

Targeting the vasculature

Due to the substantial inter- and intratumor heterogeneity of GBM cells, an 
attractive and potentially more effective tactic to overcome the plasticity that is 
associated with therapeutic GBM resistance may be to target the TME, specifically 
nonneoplastic components or the molecules they release to support tumor cell 
growth (Table 1). The first promising TME treatment strategy has been based on 
abrogating tumor vessel growth by blocking VEGF/VEGFR signaling in GBM. 
VEGF inhibition with bevacizumab, a humanized monoclonal antibody directed 
against VEGF-A, resulted in improvements in radiographic response, progression-
free survival (PFS), and quality of life of GBM patients which subsequently became 
the third drug approved by the United States Food and Drug Administration 
(FDA) for use in recurrent GBM in 2009 (134).

Bevacizumab reduces vasogenic brain edema, and enhances vessel perfusion 
and subsequent oxygenation concomitant with a decrease in immune suppression 
which creates conditions for better drug delivery and efficacy (135). Nevertheless, 
anti-VEGF therapy has benefitted only a subset of GBM patients with transitory 
improvements in PFS but without improving OS. Interestingly, recent trials 
revealed that the effects of anti-VEGF therapy maybe dependent on the GBM 
subtype and thus genetic backbone of these tumors. Two randomized placebo-
controlled Phase III trials in newly diagnosed GBM AVAglio (136) and RTOG-
0825 (137) reported prolonged PFS, but not OS, with the addition of bevacizumab 
to radiotherapy plus TMZ. A multivariable analysis, however, revealed that 
bevacizumab conferred a significant OS advantage versus placebo for patients 
with proneural isocitrate dehydrogenase 1 (IDH1) wild-type tumors (138). 
These  results, together with the observation that patients who experience 
enhanced tumor blood perfusion with bevacizumab have a longer survival benefit 
than those without vascular changes, suggest that subtype stratification of GBM 
patients with early imaging perfusion markers could help to stratify patients who 
will benefit the most from bevacizumab (135).

In order to understand the transient improvements of this therapy, it is impor-
tant to note the inability to finely tune anti-VEGF/VEGFR therapy to create persis-
tent normalization without further vessel pruning. This in turn results in enhanced 
hypoxic areas and hypoxia-dependent resistance mechanisms which lead to GBM 
relapse (139). Hypoxia promotes EMT and stem-like properties of tumor cells, 
upregulates pro-angiogenic and invasive factors, and drives the infiltration 
and polarization of angiogenic and immune-suppressive myeloid cells (reviewed 
in (140, 141).

Indeed, radiographic and tissue studies from a subset of patients with recurrent 
GBM who were treated with bevacizumab or the angiokinase inhibitor cediranib 
support the results of enhanced tumor invasiveness and immune cell infiltration of 
TAMs and other CD11b+ myeloid cells observed in GBM mouse model systems 
(135, 142). Infiltrating innate immune cells including macrophages and neutro-
phils, have been shown to facilitate resistance to antiangiogenic therapy in various 
tumor types by rendering tumors nonresponsive to VEGF blockade (139).
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Targeting immune cells

The observation that 30–40% of the cells in gliomas consist of microglia or 
macrophages has raised the question whether targeting these innate immune cells 
would provide better efficacy and potentially be useful in combination with other 
therapies. Indeed, inhibition of the CSF-1 receptor that targets macrophages and 
microglia, resulted in increased survival and tumor shrinkage in a proneural 
murine GBM model (53). Intriguingly, the beneficial effects were caused by reedu-
cation of TAMs, rather than their deletion. In contrast to the promising effects in 
this preclinical GBM model, a recent Phase 2 study of the CSF1-receptor inhibitor 
PLX3397 in patients with recurrent GBM tissue did not identify any significant 
improvements, not even in PFS (54). Whether the differing results may be a 
reflection of GBM subtype-specific responses to blocking CSF1R + myeloid 
cells,—as observed in recent anti-angiogenic trials-, or a matter of the animal 
model, remains to be determined. At least, further support for the impact of mac-
rophages and microglia in glioma stems from a recent study in which naïve human 
macrophages and microglial cells alleviated sphere-forming capacity of glioma-
patient-derived stem cells by inducing cell cycle arrest and differentiation while 
glioma-associated myeloid cells were unable to do so (143). Amphotericin B, a 
common anti-fungal medication, was able to reprogram myeloid cells and induce 
an immune-stimulating phenotype that sufficed to impede growth of GSCs in vitro 
and tumor growth in vivo (143). Using a different approach with similar effects, 
therapeutic galectin 1 knockdown in glioma by intranasal delivery of siGal1 RNA 
enhanced an immunostimulatory environment by reducing Tregs and MDSC and 
enhancing Th1 properties of macrophages and CTL infiltration (52). Targeting 
immune cells as part of the TME represents only one approach of all that have 
been identified in the past and present (144–157) (Table 1)

The studies summarized above highlight some new developments to target 
signaling cues of host cell constituents in GBM. They also underscore the impor-
tance of therapies that promote an immune-stimulatory milieu to enhance the 
infiltration of cytotoxic T cells into glioma. As some of the drugs targeting those 
pathways have already been approved for other diseases, this approach may yield 
an attractive and more effective strategy in combination with standard chemo-
therapy to sensitize as well as re-sensitize GBM.

Conclusion

Table 1 presents an overview of several approaches to target the GBM TME in their 
different preclinical or clinical stages of development. Some of the approaches are 
quite recent and still reside in a phase of early exploratory findings or proof-of-
concept in cell cultures or well-defined animal models. Other approaches tran-
scended this stage and have shown preclinical evidence for useful exploitation in 
upcoming early phase clinical trials. A few substances targeting elements of the 
microenvironment already passed clinical testing even in randomized controlled 
trials which up to date have not been able to deliver clinical proof of efficacy in 
actual GBM treatment strategies. According to the actual state of science and 
knowledge, it can be anticipated that most, if not all, of these approaches will only 
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show their full, durable potential if they are used in a rational combination with 
more conventional surgical, radiotherapeutic, or cytotoxic (chemo-)therapies, 
especially those that are able to mount an immunogenic cell death in an immune-
receptive environment.
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Abstract: Glioblastoma (GBM), a primary brain tumor, remains an unmet medi-
cal need. One of the major obstacles to GBM treatment is the adequate properties 
of drugs. Complex pathobiology of GBM, including local invasion and intratu-
moral heterogeneity, represent major challenges to generating effective therapies. 
We discuss here the design of targeted cytotoxic drugs with an increased access to 
tumors and pathophysiologically important tumor compartments. Our research 
and others’ have shown that interleukin 13 receptor alpha 2 (IL-13RA2), EphA2, 
and EphA3 receptors are overexpressed in most patients with GBM, but not in 
normal brain, and also in spontaneous canine high-grade gliomas like GBM, an 
excellent translational model of GBM. These receptors and also the EphB2 recep-
tor are overexpressed and are functional in several GBM compartments involved 
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in tumor progression and/or resistance to therapies. We pursue the novel idea of 
targeting all four receptors with one targeted cytotoxic compound (QUAD-CTX). 
We are constructing a molecularly targeted anti-GBM drug that (i) may not require 
patient prescreening, (ii) will attack most tumor compartments known to be 
pathobiologically important, and (iii) performs these functions in one pharma-
ceutical entity, so it will be suitable for monotherapy. We thus wish to take advan-
tage of a unique opportunity to produce an off-the-shelf, highly specific, 
molecularly targeted drug candidate suitable to treat perhaps even all patients 
with GBM. We envision that this “molecular resection” will translate into clear-cut 
durable responses in patients suffering from this dreadful disease.

Key words: Convection-enhanced delivery; Glioblastoma; IL-13RA2; Receptors; 
Targeted cytotoxins

Introduction

Effective therapy of glioblastoma (GBM) remains an elusive goal. Despite nearly 
80 years of effort, only 1 month per decade has been added to the mean survival 
rate of GBM patients, and the 2-year survival rate remains below 25% with practi-
cally no cures (1). Recently, several highly anticipated efficacy trials including 
antiangiogenic therapies all failed in patients with GBM (2–5). Similarly, inhibit-
ing a vital signaling pathway in a single compartment of GBM, namely, glioma 
stem-like cells (GSCs), conferred no clinical benefit (6, 7). Many small-molecule 
inhibitors have not progressed beyond early-phase trials based on little objective 
benefit (8, 9). On the other hand, immunotherapy trials showed promising results, 
including dendritic cell vaccination against IL-13RA2 (10), among other targets, 
and peptide vaccination against EGFRvIII (11). Although the vaccination against 
EGFRvIII in recently finished efficacy trial reproduced results from Phase I and II, 
the control group unexpectedly showed an increase in overall survival by 40% 
from previously observed (12). This is reminiscent of a similar happening when 
an IL-13-based cytotoxin was used in Phase III PRECISE trial (13, 14). Of interest, 
a medical device called Optune (Novocure) generating electric fields demon-
strated clinical efficacy (15, 16). In short, GBM remains refractory to standard and 
experimental treatments. Predictions about translational potential of virtually all 
therapeutic approaches have not been realized thus far.

High mortality in GBM is often attributed to its complex pathobiology, includ-
ing high cellularity, neovascularization, hypoxia/necrosis, immune cell infiltra-
tion, and local invasion (17). Moreover, GSCs may play an important role in GBM 
progression/recurrence and resistance to therapies like chemotherapy or radiation 
(18, 19). Recently, four genomic subtypes of GBM were delineated: proneural, 
neural, mesenchymal, and classical (20, 21), supportive of the complex pathobio-
logical nature of GBM. Common treatment approaches involve surgery (22), radi-
ation therapy (23), and various chemotherapeutic regimens (24, 25).

Other major obstacles to GBM treatment is the presence of barriers like blood–
brain barrier (BBB) and blood–brain tumor barrier (BBTB), limiting or outrightly 
preventing any diffusion of drugs into tumors when given systemically (Figure 1). 
We believe that we can improve treatment of GBM by addressing crucial issues in 
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drug design and their delivery by maximizing drugs access to tumors and their 
targets. This can be achieved by generating anti-GBM drugs that attack concomi-
tantly multiple GBM compartments that are responsible for tumor progression 
and resistance to the existing therapies and experimental therapies. For example, 
we can aim at four molecular targets like IL-13RA2, EphA2, EphA3, and EphB2 
receptors that are specifically overexpressed on GBM tumor cells.

Targeted Cytotoxic Therapy of GBM

GBM is the most common primary brain tumor in adults, and the median survival 
is only ~14.5 months (1, 26). We discovered that interleukin 13 receptor alpha 2 
(IL-13RA2) and EphA2 receptor are overexpressed in most patients with GBM, 
but not in normal brain (27–31), and also in spontaneous canine GBM, an excel-
lent translational model of GBM (32–35). Expression of IL-13RA2 and EphA2 is 
partially overlapping; hence, the combined overexpression is ~90% in patients 
with GBM (31). IL-13RA2 and EphA2 are targets for multiple therapeutic 
approaches currently in the clinic or under preclinical evaluation (36–52). The 
first generation of an IL-13-based cytotoxin produced in our laboratory, which 
nonspecifically targeted IL-13RA2, demonstrated clinical efficacy in patients with 
recurrent GBM (13, 53–55). We developed a protocol for a Phase I clinical trial in 
dogs with gliomas (see also chapter 21, page 405) and began the trial using a 
cocktail of cytotoxins targeting IL-13RA2 (using a variant of IL-13 as a specific 
targeting ligand) and EphA2 receptor (based on ephrin A1, a ligand for the EphA2 
receptor). The drugs are given locoregionally through convection-enhanced deliv-
ery (CED) using anti-reflux catheters (Figure 2 in Chapter 21). We have already 
seen significant antitumor responses in this dose-finding trial.

Figure 1  Schematic drawing of the blood-brain barrier. The blood–brain barrier is comprised of 
neurovascular units. Endothelial cells are connected by tight junctions and share a basement 
lamina with pericytes. Astrocytic end-feet are also at the basement lamina interface and 
these cells interact with neurons (This figure was developed using Servier Medical Art (http://
www.servier.com/Powerpointimage-bank) under a Creative Commons attribution 3.0 
Unported License). (Adapted from Pharmaceutics 2015;7(3):175–187.)
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Figure 2  IL-13RA2 and EphA2 in cancer. (A) Schemata of normal tissue, IL-13RA1/IL-4A, and 
tumor-associated receptor, IL-13RA2 for IL-13 (adapted from Sci Med 1998;5:36–42). 
(B) Kaplan–Meier survival plots with differential IL-13RA2 gene expression. REMBRANDT 
database of human gliomas was used for calculations (https://caintegrator.nci.nih.gov/
rembrandt/). All differences were statistically significant. (C, D) Schemata of Eph receptors 
and their ligands, ephrinAs, respectively. (E) Kaplan–Meier survival plots with differential 
EphA2 gene expression. REMBRANDT database of human gliomas was used for calculations 
as in B. All differences were statistically significant.
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Figure 2  (Continued). IL-13RA2 and EphA2 in cancer. (A) Schemata of normal tissue, IL-13RA1/
IL-4A, and tumor-associated receptor, IL-13RA2 for IL-13 (adapted from Sci Med 1998;5:36–42). 
(B) Kaplan–Meier survival plots with differential IL-13RA2 gene expression. REMBRANDT 
database of human gliomas was used for calculations (https://caintegrator.nci.nih.gov/
rembrandt/). All differences were statistically significant. (C, D) Schemata of Eph receptors 
and their ligands, ephrinAs, respectively. (E) Kaplan–Meier survival plots with differential 
EphA2 gene expression. REMBRANDT database of human gliomas was used for calculations 
as in B. All differences were statistically significant.
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Our research and others’ have shown that IL-13RA2, EphA2, and also EphA3 
(Figure 2) are widely present in various compartments of GBM tumors. For 
example, all three receptors are expressed in tumor cells of the core of GBM 
tumors. Importantly, IL-13RA2, EphA2, and EphA3 are present on tumor-
infiltrating cells, while EphA2 is also overexpressed in tumor neovasculature 
(56, 57). Interestingly, IL-13RA2, EphA2, and EphA3 were associated with, and 
play crucial roles in, the pathobiology of GSCs. IL-13RA2 is abundant in cells 
isolated as GSCs from GBM (58–60) and contributes to their cell stem properties 
(61). EphA2 and EphA3 drive self-renewal and tumorigenicity of GSCs (62–64). 
Finally, the EphA3 receptor can be readily detected in GBM-infiltrating cells 
of  monocytic origin, tumor-associated macrophages (TAM) (Figure 3). Thus, 
collectively, IL-13RA2, EphA2, and EphA3 are expressed in several GBM com-
partments documented to be involved in tumor progression and/or resistance to 
therapies (18, 19). Of importance, ephrin-A5 (eA5) binds EphA2 and EpA3 
receptors and also the EphB2 (17, 65, 66) receptor, all present in abundance in 

Figure 3  EphA3 receptor in GBM. Immunofluorescent staining of EphA3 (red) and CD31, GFAP, 
CD68, CD163 and CD206 (green) on consecutive sections of the same GBM specimen. Nuclei 
were stained with DAPI (blue). (Adapted from Oncotarget 2016;7(37):59860–59876.)
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GBM tumors, but not in normal brain. Here, we discuss the novel idea of targeting 
all four receptors with one pharmaceutical compound. We are exploiting the 
favorable properties of our previously generated IL-13 variants and those of engi-
neered eA5, to construct a human IgG1 scaffold-based single pharmaceutical com-
pound. The multivalent compound will bind IL-13RA2, EphA2, EphA3, and 
EphB2 and deliver a catalyst(s) to GBM tumors, specifically killing tumor cells 
and abnormal cells of the tumor environment. Such an approach offers a unique 
opportunity to gain an increased access to tumor compartments of high resis-
tance, or poor availability, to current treatment modalities.

Attractive molecular targets in GBM

We discovered the first receptor target overexpressed in most GBM patients, but 
not in normal brain: IL-13RA2 (29). IL-13RA2 is a monomeric receptor to which 
only IL-13 binds, unlike its normal tissue counterpart, IL-13RA1/IL-4A, which 
binds IL-13 and IL-4 (5) (Figure 2A). IL-13RA2 is (i) associated with GBM patients’ 
survival, (ii) expressed preferentially in a GBM mesenchymal subtype, and (iii) its 
gene, based on TCGA data, is overexpressed in 58% of patients (58; Figure 2B) 
and in the protein in up to 75% of GBM cases (35). IL-13RA2 was readily detected 
in cells isolated as GSC (59, 60) and appears to contribute to GBM cell stemness. 
For example, GBM cells selected for lack of IL-13RA2 have a significantly lower 
stem cell–like forming and tumorigenic potential (61). This observation provides 
strong rationale for treatments eliminating IL-13RA2 positive cells. IL-13RA2 may 
influence intracellular signaling (67) and may be a signaling molecule (68).

Our continuous efforts to find pharmaceutically tractable molecular targets led 
to discovery of the EphA2 receptor in GBM (31, 69–71). EphA2 belongs to the 
largest protein tyrosine kinase receptor family in eukaryotes (72–75) (Figure 2C); 
these receptors are bound by natural ligands called ephrins (Figure 2D). EphA2 is 
over-expressed in ~ 60% of patients with GBM (31, 76), but jointly with IL-13RA2 
it is over-expressed in ~90% of all GBM, while absent in normal brain (31). 
Expression of EphA2 and EphA2 correlates with glioma patients’ survival (75) (see 
also Figure 2E) (77, 78). IL-13RA2 and EphA2 exist in a significant proportion of 
locally infiltrating GBM cells, and EphA2 is overexpressed on abnormal endothe-
lium of tumor-associated vessels (52, 79). EphA2 activation by its preferred 
ligand, ephrin-A1 (eA1), induces prominent, dose-dependent inhibitory effects 
on anchorage-independent growth and invasiveness of GBM cells (79, 80). The 
EphA2/eA1 system function in GBM is complex; the receptor is oncogenic 
when ligand unactivated, but tumor suppressing when activated by eA1 (68, 69). 
EphA2 is also important for the self-renewing and tumorigenic potential of GSCs 
(62, 63). Thus, IL-13RA2 and EphA2 are attractive molecular targets for urgently 
needed targeted combinatorial therapy (31, 80, 81).

Most recently, we found that another receptor of the EphA subfamily, the EphA3 
receptor, is overexpressed in GBM (Figure 3). The gene for EphA3 was highly upreg-
ulated in G48a GBM cell tumorspheres (56) and even more so in nonpassaged GBM 
cells. Others found the EphA3 receptor is important for the self-renewing potential 
and tumorigenicity of GSCs (64). Interestingly, the distribution of EphA2 and EphA3 
receptors only partially overlaps. For example, EphA3 receptors are found in cells 
of monocytic origin infiltrating GBM (82) like TAMs (Figure 3). The difference in 
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these receptors’ distribution also agrees with the existence of multiple phenotypic 
types of GSCs (83). EphA3 often co-localized with a GSC marker Nestin in situ, in 
accordance with a recent report (64). EphA3 did not co-localize with the endothe-
lial cell marker CD31 (Figure 3). Microglia/macrophages variably infiltrate gliomas 
and contribute to the total tumor mass (82). Three markers of monocyte/macro-
phage lineage (CD68, CD163, and CD206) co-stained with EphA3 on a subpopu-
lation of cells within the tumor and surrounding the tumor neovasculature (64). 
This novel finding widens the spectrum of GBM compartments that can be exploited 
as targets in molecular anti-GBM therapies using Eph receptors.

Promising treatment bypassing the BBB

We and others have continued to optimize CED as a minimally invasive approach 
(33–35, 84–97). This way of drugs delivery is discussed in Part II of the chapter 
(page 347). A critical therapeutic advantage in using cytotoxins via CED is that 
they cause death of targeted cells (70). Even though the GBM tumor environment 
is highly immunosuppressive (98, 99) and patients with GBM are immunosup-
pressed (100, 101), a large number of killed tumor cells provides a “danger signal” 
and evokes effective antitumor immune responses. Our published (41) and unpub-
lished observations suggested, and another study demonstrated directly (102), the 
existence of effective immune responses in preclinical studies with cytotoxic pro-
teins. Importantly, the “in situ vaccine” effect of a treatment causing cell death is 
also the principal mechanism of antitumor action when using oncolytic viruses 
delivered directly to tumors using CED (6, 103). In this approach, the virus is 
delivered only to a portion of GBM tumors through a single catheter, but cell death 
at the site and near the virus injection appears sufficient to produce readily measur-
able immune responses in patients and subsequent antitumor effects (6, 103). 
Therefore, if one cannot distribute cytotoxins perfectly throughout the whole 
tumor and its vicinity in all patients at all times, the death of most cells in tumors 
during each treatment will result in an antitumor vaccination effect meaning new 
influx of immune cells responsible for the whole mechanism of response. This 
principle is tested in other cancers like melanoma; the viral gene therapy drug, 
Imlygic, has been approved by the FDA (104). Conceivably, the addition of immune 
checkpoint inhibitors should result in potentiation of such responses (105, 106).

Increasing drugs access to tumor compartments and 
optimizing CED for effective GBM treatment

The clinical results obtained with the first generation of IL-13-based cytotoxin, 
huIL-13-PE38QQR, which is a fusion protein between a wild type IL-13 and a 
modified pseudomonas exotoxin A (PE) represent promising translational starting 
point to improve treatment of patients with GBM. Early-phase trials with huIL-
13-PE38QQR showed up to 56 weeks of median survival and a number of long-
lasting responses (107). Importantly, the efficacy trial extended the lives of 
patients with recurrent GBM by almost 50%, but the control arm had extended 
from previously observed survivals and the favorable difference did not achieve 
statistical significance (13). The ways to improve the CED are described in further 
detail in chapter 18 (page 359) and chapter 21 (Page 405).
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Targeting Eph receptors simultaneously

As pointed out above, IL-13RA2, EphA2, EphA3, and EphB2 are overexpressed, 
functionally important, and linked to survival in patients with GBM. They are all 
pharmaceutically targetable as demonstrated in preclinical and clinical studies. 
These receptors are distributed among several tumor compartments important for 
progression of GBM. Debinski’s group has long been advocating attacking GBM 
with a combinatorial approach (31, 80, 81). Given that only two modified ligands 
may be needed to generate a drug delivery system targeting all four receptors, we 
have a completely new opportunity for combinatorial therapy and highly increased 
drug access in a complex disease of dismal prognosis, with just one pharmaceuti-
cal agent.

eA5 can bind and induce internalization of the Eph receptors A2, A3, and 
EphB2. Hence, we produced a dimeric form of eA5 in a fusion with an Fc frag-
ment of human IgG1, eA5-Fc (Figure 4A) (56). We also made an eA5-Fc-
PE38QQR cytotoxin chemical conjugate (Figure 4A). eA5-Fc-PE38QQR killed 
U-251 MG, U-373 MG, and G48a GBM cells very efficiently and specifically 
(Figure 4B). The IC50 of eA5-Fc-PE38QQR was in the range of 10−11 M. To con-
firm the specificity of the cytotoxin in targeting EphA2 and EphA3, the three 
GBM cell lines were pretreated with either eA1-Fc or eA5-Fc at 10 µg/mL for 
1 h. As expected, the cytotoxin was less active on the three cell lines tested when 
pretreated with eA1-Fc, which binds only the EphA2 receptor, and completely 
lost its activity when cells were pretreated with eA5-Fc, which binds EphA2, 
EphA3, and EphB2 (Figure 4B). Even though the readings in colorimet-
ric  cell  viability assay were not reaching 100% kill, the live/dead assay (Life 
Technologies) demonstrated that vast majority of GBM cells were dead at 

Figure 4  EA5-Fc-PE38QQR kills GBM tumor cells, specifically targeting both EphA3 and EphA2 
receptors. (A) The structure of an eA5-Fc and eA5-Fc chemically conjugated to PE38QQR 
(right). Opposite arrows represent chemical conjugation. Closed small ovals represent hinge 
regions; thin straight lines represent disulfide bonds. Orange circles are the domains of PE: 
smaller = D2 and larger = Domain III. (B) Cell viability assay on GBM cell lines treated with 
eA5-Fc-PE38QQR for 48 h or pretreated with either eA1-Fc or eA5-Fc. (Adapted from 
Oncotarget 2016;7(37):59860–59876.)
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10 ng/ml of conjugate concentration and almost all were dead at 100 ng/ml of 
conjugate (56).

Targeting Eph receptors and IL-13RA2 simultaneously

eA5-Fc interacts with EphA2, EphA3, and EphB2 receptors. To further widen the 
reach of a targeting agent, we are incorporating mutated IL-13 (IL-13M), which 
has dramatically altered reactivity toward the normal tissue receptor, IL-13RA1/
IL-4RA, but not toward the tumor-associated receptor, IL-13RA2 (41, 108–111) 
into the eA5-Fc construct (Figures 2A and 5A). The very first construct retained 
an ability to bind to the EphA2 receptor and IL-13RA2. Next, we will produce a 
chemical conjugate between eA5M-Fc-IL-13M and PE38QQR to demonstrate fea-
sibility of the QUAD-CTX approach in a direct way similarly to eA5-Fc-PE38QQR. 
We will also make conjugates of eA5-Fc-IL-13M with chemotherapeutics like 
WP936 (112). This will eliminate several potential problems related to possible 
systemic delivery of toxin-based therapeutics.

QUAD-CTX based on scFv receptor targeting

We are generating another type of QUAD-CTX drug candidate in which we will 
use single-chain (sc) Fv fragments of antibodies (scFv) directed individually 
against the three Eph receptors: A2, A3, and B2. It will be also based on a human 
IgG1 scaffold similarly to eA5M-Fc-IL-13M. We have already made the first step 
in generating a quadrivalent scFv(EphA2)-scFv(EphA3)-scFv(EphB2)-Fc-IL-
13M. We have produced a bivalent scFv(EphA2)-Fc-IL-13M (Figure 6A). We will 
stepwise introduce scFvs for EphA3 and EphB2 receptors (Figure 6B) with vari-
ous placement configuration and test for the exhibition of expected binding prop-
erties. Once it is made, the quadrivalent ligand will be conjugated to either 
modified toxins or a chemotherapeutic like WP936 (Figure 6C).

Figure 5  Design of a QUAD-CTX. 
(A) Schemata of eA5M-Fc-IL-13M 
in which the moieties of eA5M 
and IL-13M are targeting ligands. 
(B) Schemata of eA5M-Fc-IL-13M 
conjugated to PE38QQR. Closed 
small ovals represent hinge 
regions. Opposite arrows 
represent chemical conjugation. 
Closed small blue ovals 
represent chemotherapeutic. 
Filled triangles represent 
chemotherapeutic. Orange 
circles are the domains of PE: 
smaller = D2, and larger = 
Domain III.
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Conclusion

We have discussed our idea to target the three molecular targets that we identi-
fied in GBM: IL-13RA2, EphA2, and EphA3, and yet another receptor, EphB2 
that are specifically overexpressed on GBM tumor cells as well. We are develop-
ing a cytotoxic drug of highly unique properties that can recognize four recep-
tors, QUAD-CTX. Also, because virtually all GBM patients have these receptors 
in abundance, prescreening patients for this treatment may not be necessary. 
Thus, our new design will increase drug access to hard-to-target GBM compart-
ments believed to be responsible for dismal prognosis of the disease. Thus, 
despite significant obstacles in drug delivery to GBM and the high complexity 
and heterogeneity of GBM, an off-the-shelf drug used as monotherapy can repre-
sent an effective combinatorial therapy approach using both passive and active 
immunotherapy.

Acknowledgment: This work was supported by NCI R01 CA74145, R01 
CA139099, P01 CA 207206 and Thomas K. Hearn, Pratto, Dallas Ray Swing, and 
JS Farmer III Family Funds for Brain Tumor Research. 

Figure 6  Construction of a QUAD-CTX based on scFvs. (A) Bivalent scFv(EphA2)-Fc-IL-13M 
construct. (B) Schemata of a quadrivalent scFv(EphA2)-scFv(EphA3)-scFv(EphB2)-Fc-IL-13M 
construct. (C) Schemata of a quadrivalent scFv(EphA2)-scFv(EphA3)-scFv(EphB2)-Fc-IL-13M 
chemical conjugate with toxic load. Closed small ovals represent hinge regions; thin straight 
lines represent disulfide bonds. Opposite arrows represent chemical conjugation. Closed 
small blue ovals represent either toxins or chemotherapeutic.
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Abstract: Convection-enhanced delivery (CED) is the process of local, pressure-
driven flow of drugs into brain parenchyma containing tumor tissue, resulting 
in  greater distribution of the infused drugs compared to diffusion-dependent 
therapies. Nevertheless, even with the advantage of CED over simple diffusion, the 
large volumes necessary to target entire tumors and peritumor volumes have been 
previously unachievable with currently available catheters. We present a novel, 
multiport, arborizing catheter designed specifically for improving drug distribution 
into the brain. We evaluated the performance of the arborizing catheter by quanti-
fying volume dispersed (Vd) and mean distribution ratios (Vd:Vi) in infusion studies 
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using agarose brain phantoms and compared results to a single-port catheter. 
Three experimental groups were evaluated: (i) single-port infusions at 1 μL/min; 
(ii)  single-port infusions at 7 μL/min; and (iii) seven-port arborizing catheter 
infusions at 1 μL/min/port. Significantly greater Vd was calculated for the arboriz-
ing catheter group (10.47 ± 1.07 cm3) compared with the single-port catheter 
groups at the low- and high-flow rates (2.36 ± 0.21 cm3 and 5.14 ± 0.56 cm3), 
respectively. Vd:Vi for the arborizing catheter was 37% lower than the single-port 
catheter at 1 μL/min, but 100% greater than the single-port catheter at 7 μL/min. 
The multiport, arborizing catheter produced the greatest distribution of the infusate, 
which would be advantageous for CED; however, it did not exhibit the greatest 
distribution ratio, likely due to overlapping distribution volumes from the multiple 
individual ports.

Key words: Blood–brain barrier; Catheters; Convection-enhanced delivery; 
Glioblastoma; Infusate

Introduction

Distribution of therapeutic agents within the central nervous system (CNS) is 
limited and challenging with existing drug delivery techniques. Systemic deliv-
ery of drugs is nontargeted and has been associated with systemic toxicity. 
Furthermore, the blood–brain barrier (BBB) hinders drugs from reaching the 
CNS in sufficient quantities (1). Technologies such as catheters and pumps, 
intrathecal injections, and drug-impregnated polymers are challenged by inter-
stitial fluid pressure and are limited to the diffusivity and molecular weight of 
the therapeutic. In an effort to address the challenges of current drug-delivery 
methods, convection-enhanced delivery (CED) was pioneered at the National 
Institute of Neurological Disorders and Stroke, as an alternate approach to 
deliver large concentrations of macromolecules directly into the brain paren-
chyma, effectively circumventing the BBB (2, 3). CED permits local delivery of 
high-molecular weight molecules via a small-caliber catheter inserted through a 
burr hole created in the skull and dura. This technique relies on pressure-driven 
bulk flow of the fluid that is pushed primarily through the interstitial space, 
achieving high concentrations of the infusate, distributed centimeters into the 
tissue, an order of magnitude greater than with diffusion alone (2, 4). Moreover, 
CED per se does not lead to cerebral edema and is unaffected by capillary loss 
or metabolism of the macromolecule (5). With these initial studies, CED was 
established as a viable method for providing regional distribution of large mol-
ecules, such as proteins and some conventional chemotherapeutic agents, in the 
brain (6–9). Compared with other therapies, CED minimizes systemic and CNS 
toxicity by local delivery of high concentrations of therapeutics directly to the 
brain tissue and has led to treatment applications in several cerebral disorders, 
including Parkinson’s (10, 11), epilepsy (12), Alzheimer’s (13, 14), and malig-
nant gliomas (4, 5, 15–21).

Although distribution of macromolecules is more effective with CED than with 
diffusion-based therapies and positive results in pre-clinical and early clinical tri-
als for malignant gliomas (7, 8, 18, 22–24) showed promise of this technique, 
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progress toward clinical translation has been challenged by inadequate results in 
high-profile, Phase III clinical trials (16). The PRECISE trial was a study of the 
experimental drug IL13-PE38QQR, a tumor-targeting agent made by combining 
the human protein IL13 with a portion of the bacterial toxin Pseudomonas exo-
toxin, which was continuously infused directly into the brain for treatment in 
adult patients with glioblastoma at first recurrence. Retrospective investigations of 
the study’s results have revealed that overly ambitious study endpoints, inaccurate 
catheter positioning, and poor drug distribution are likely explanations behind 
the PRECISE trial’s failure to meet clinical endpoints (25). Sampson et al. esti-
mated that, on average, only approximately 20% of the 2-cm tumor margins sur-
rounding the resection cavity were covered with the therapeutic (25). The inability 
of CED to perfuse drugs over large volumes, including margins beyond the pri-
mary enhancing tumor detected by magnetic resonance imaging, is highly prob-
lematic as these margins contain infiltrative malignant cells that may be responsible 
for regrowth of the tumor.

Arborizing Catheter for CED in Tissue Phantoms
Optimization of catheters used for CED

In light of the results of various clinical trials, researchers have turned to examine 
whether the available technology used to perform CED is suited to overcome the 
unique challenges hindering drug distribution in the brain. The anatomical het-
erogeneity of the brain and tumor tissue, differences in permeability between 
white and gray matter, and issues arising from low-pressure “sinks,” such as cere-
brospinal fluid spaces, can all inhibit drug distribution with CED. Specifically, the 
design of the catheters used to perform the infusions has undergone scrutiny 
(26–29). In the PRECISE trial, investigators performed the treatment using com-
mercially available catheters designed for different medical applications. Similarly, 
various other CED studies have been limited by the “off-label-use” of various com-
mercial catheters that may not possess the capability to effectively perfuse drugs 
over large tissue volumes (Table 1). In order to achieve targeted delivery and 
infuse greater tumor volumes, CED often requires insertions of multiple catheters, 
thus increasing the risk of trauma to healthy neurological tissue and increasing the 
probability of seeding malignant cells in healthy tissue along the needle tract. 
Thus, researchers have begun to investigate using catheters that offer multiple 
ports of infusion originating from a single insertion tract (Cleveland Multiport 
Catheter™, Infuseon Therapeutics, Inc.) (30). Others have opted for a different 
approach and are investigating chronic delivery of therapeutics using catheters 
that are permanently implanted, and accessed via a port on the side of the cra-
nium (31). Another common drawback of CED is reflux of drug along the inser-
tion tract, which results in ineffective drug distribution and premature termination 
of the CED therapy. Reflux-arresting properties have been investigated and incor-
porated in the design of catheters such as a “step change,” in which the diameter 
of the catheter changes drastically along the distal tip of the catheter, which has 
shown to mitigate reflux during CED (26, 27, 32–34).

It is our hypothesis that addressing the challenge of poor drug distribution can 
potentially improve the success of CED. Here, we present the design and 
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evaluation of an arborizing catheter that enhances dispersal of the infusate. Once 
the arborizing catheter is inserted into the skull, individual microneedles can be 
deployed, arborizing from a single cannula, providing multiple infusion ports 
per one primary cannula insertion tract. These individual microneedles can be 
positioned independently, at various insertion depths, to control the location of 
infusion. Upon completion of the therapy, the microneedles can be fully retracted 
back into the cannula; thus, the tumor-contacting surfaces of needles would 
remain completely shielded within the primary cannula, reducing the probability 
of tumor cell-seeding in healthy brain tissue and preventing mechanical damage 
to surrounding tissue when extracting the catheter. Furthermore, the arborizing 
catheter has an inherent step change at the interface between the microneedles 
and the primary cannula to help reduce the occurrence of reflux during the 
infusion. We hypothesize that with multiple, separated infusion ports, the arbo-
rizing catheter will achieve greater volumetric dispersal of the infusate and greater 
mean distribution ratio (volume dispersed to the total volume infused), compared 
to a single-port catheter.

Arborizing catheter design and manufacturing

Early-stage prototypes for the arborizing catheter (Figure 1A, B) consisted of a 
primary cannula with an outer diameter of 3 mm (38). The cannula was manu-
factured by bonding seven aligned biocompatible polyether ether ketone (PEEK) 
tubes (41568-L4, Analytical Sales & Services; OD 794 µm × ID 381 µm) with a 
light-cured medical grade adhesive (3972, Loctite®). At the distal end of 
the cannula, the PEEK tubes were twisted using a custom-designed fixture. The 
twist at the end of the cannula caused the microneedles to branch out at an angle 
of up to 20° (angle of peripheral needles from cannula axis) when they 
were deployed. Once the adhesive was cured, the distal end of the cannula was 
polished to a smooth conical tip (Figure 1B). The cannula was made to house 
seven microneedles made from flexible, hollow silica optical fibers (TSP180375, 
General Separation Technologies) (OD 375 µm × ID 180 µm) polished to a 
smooth bevel tip (Figure 1C). The distal end of each microneedle was attached 

Table 1	 Catheters Used in CED Studies

Catheter Company Study

Barium-impregnated one-port 
infusion catheter

Medtronic® PS Medical 
(Goleta, CA, USA)

Phase I/II (35)

Barium-impregnated one-port 
infusion catheter

Vygon US LLC 
(Valley Forge, PA, USA)

Phase III (PRECISE) (36)

Reflux-preventing neuro-ventricular 
cannula

SmartFlow® MRI Interventions 
(Irvine, CA, USA)

Phase I (37)

Cleveland Multiport CatheterTM Infuseon Therapeutics, Inc 
(Cleveland, OH, USA)

Early Phase I (30)
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to a 22G hypodermic needle with a Luer lock adapter to allow for easy connec-
tion to small bore extension tubing. When deploying the microneedles, the small 
diameter of the needles compared to the primary cannula created a step change 
that helped arrest reflux as demonstrated in other catheters with an incorporated 
step change (32, 34).

Manufacturing of single-port microneedle catheter

We manufactured single-port catheters in order to test our hypothesis and com-
pare the performance of the single-port catheter versus the arborizing catheter 
prototypes in infusion studies. The single-port catheter consisted of a single 
microneedle (OD 375 µm × ID 180 µm), 3 cm in length, attached to a 22 G hypo-
dermic needle (0.75 in. length) with a Luer lock. The distal end of the single-port 
catheter was polished to a smooth bevel tip.

Evaluation of arborizing catheter prototype in 
tissue phantoms

Agarose tissue phantoms were prepared for infusion studies. An agarose solution 
was mixed at 0.6% (w/w) by reconstituting agarose powder in deionized water. 
The solution was heated to a low boil and continuously stirred until all the aga-
rose powder was completely mixed. The agarose was allowed to cool at room 
temperature and then poured into transparent molds. For all experiments, the 
agarose solution was decanted into the mold, and the device of interest (single or 
arborizing catheter) was inserted in the solution while still liquid (approximately 
at 50°C). This casting method allowed a tight seal around the device and helped 
mitigate reflux. The agarose was allowed to set at room temperature and infusion 
began when the temperature of the agarose reached 23 ± 2°C. For infusions using 
a single microneedle, a polystyrene mold (1.7 cm × 8.1 cm × 3.9 cm) with an 
open top was used, and for infusions using an arborizing catheter, a 10-cm cubic 
glass mold was used.

The goal of this study was to compare the volume dispersed and mean distri-
bution ratio for a given infusion using a single-port catheter versus the arborizing 

Figure 1  Images of the arborizing catheter prototype. (A) Side view of the arborizing catheter 
with deployed microneedles at the distal end of the cannula (left) where the twisted PEEK 
tubing is labeled. At the proximal end of the cannula (right), the proximal end of the 
microneedles is shown with attached Luer lock adapters. (B) Magnified image showing 
twisted PEAK tubing at distal end of the cannula, which allowed microneedle deflection. 
(C) Magnified image of a polished, bevel-tipped microneedle.
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catheter, which is a multiport catheter consisting of seven microneedles. Using a 
programmable pump (PHD ULTRA™ Syringe Pump, Harvard Apparatus) to con-
trol volumetric flow rate, 5% (w/w) indigo carmine dye was infused in the 
agarose gel. As a baseline, the Vd and Vd:Vi for a single-port catheter was deter-
mined at a flow rate of 1 µL/min for 100 min. The mean distribution ratio (Vd:Vi) 
was calculated by dividing the Vd by the total infused volume (Vi) that was 
programmed in the syringe pump. A similar infusion was performed using the 
arborizing catheter. The flow rate for each microneedle was kept at 1 µL/min/
needle. Finally, because the arborizing catheter consists of seven microneedles, 
each a delivery port, a third set of infusions was performed using a single-port 
catheter with seven times higher flow rate in order to compare Vd and Vd:Vi when 
equal volumes of infusate were delivered to the tissue phantom (i.e., equivalent to 
the Vi for the arborizing catheter). To summarize, the three experimental groups 
were: (i) single-port infusions (n = 5) at a flow rate of 1 µL/min for a total Vi of 100 
µL; (ii) single-port infusions (n = 5) at a flow rate of 7 µL/min for a total Vi of 700 
µL, and (iii) infusion with the arborizing catheter (n = 5) performed at 1 µL/min/
needle for a total Vi of 700 µL.

To evaluate the prototypes, a shadowgraphy experimental setup was used 
consisting of a clear stage with reflecting mirrors on the left side and bottom 
(Figure 2). For each infusion, the sample was placed on the stage and backlit 

Figure 2  Shadowgraphy experimental setup. A programmable syringe pump is used to control 
the infusion of indigo carmine dye into agarose tissue phantoms placed on a clear acrylic 
stage backlit by lamps placed behind a light-diffusing sheet (not shown) to minimize 
variations in light intensity in each of the three views. A DSLR camera controlled by a 
desktop computer captures images of all three views (front view captured directly by the 
camera, and side and bottom views reflected to the camera by the angled mirrors) at a rate of 
one frame per minute.

Digital camera

Reflecting mirrors

Acrylic stage

Specimen

Lamps

Computer

Programmable
syringe pump
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with various lamps placed behind a light-diffusing sheet. A DSLR camera 
(Rebel  T1i, Cannon), mounted in front of the stage, simultaneously captured 
images containing three views of the sample (front, side, and bottom), within the 
same frame, which were used to estimate the volume dispersed of the infused 
dye. Images were captured at a rate of one frame per minute for a total of 100 min. 
Metric scale bars were included in each image.

The images were then processed using an algorithm coded in Matlab 
(Mathworks, Natick, MA). Original images were cropped into three separate view 
frames: front, side, and bottom. Each cropped frame was then subtracted from the 
first image in the series to remove the background and thus only show the infu-
sion volume. The differential images were converted to grayscale and then to 
binary images using image processing functions on Matlab that compute a 
global  threshold value using Otsu’s method (39). Pixels with intensity values 
below the threshold value were assigned black and pixels with intensity values 
greater than the threshold value were assigned white.

The volume dispersed for each cropped view frame was quantified using an 
image processing method previously described (40). Briefly, the method assumes 
that Vd is axisymmetric about the axis of single-port catheter or primary can-
nula of the arborizing catheter. The volume is discretized into elementary frus-
tums of right circular cones. The algorithm counts the number of black pixels 
in each discretized section to calculate the bottom and top diameters of each 
frustum. A scale factor, extracted from the original image, was used to scale the 
pixel sizes of each binary image. The final volume was calculated by summing 
the volume of all the individual frustums. The final Vd for an infusion was 
reported as the average of the three views (front, side, and bottom) of each 
image. The mean distribution ratio was calculated by dividing the Vd by the 
total volume (Vi) that was programmed in the syringe pump. For infusions 
using the single-port catheter, the volume was observed to be relatively spherical. 
Therefore, only the front view of the images was used to calculate Vd.

Using the statistical software R (R Foundation for Statistical Computing, 
Vienna, Austria), one-way ANOVA tests were performed to analyze differences in 
Vd and Vd:Vi for the three experimental groups assuming a significance level of 
0.05. A Tukey–Kramer test was performed for pairwise comparisons among the 
three experimental groups.

Advantage of seven ports versus single port

Results for volume dispersed and mean distribution ratio using a single-port cath-
eter at 1 µL/min for 100 min were 2.36 cm3 and 23.61, respectively (Figure 3). 
When the flow rate for the single-port catheter was increased sevenfold, the Vd 
increased by only approximately 117.7% to 5.14 cm3, and Vd:Vi decreased by 
approximately 69% to 7.34. However, comparisons of Vd and Vd:Vi using the 
arborizing catheter show that we can achieve a Vd of 10.47 cm3 and Vd:Vi of 14.95 
with our current catheter prototype. Compared to the single-port catheter at 
7 µL/min, the values for Vd and Vd:Vi achieved with the arborizing catheter were 
two times greater. It is important to note that the total Vi, across all microneedles 
in the arborizing catheter, was the same for the arborizing catheter and the single-
port catheter at a 7 µL/min flow rate experimental groups. This suggests that the 
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arborizing catheter can achieve significantly (P < 0.001) greater volumetric dis-
persal of the infusate, when it is distributed among seven microneedles instead of 
coming out of a single port. This would be beneficial in CED because it is desir-
able to distribute the therapeutic agent throughout the entire tumor volume, 
including the surrounding tumor margins, in order to completely target any infil-
trative malignant cells.

A visual representation of Vd for the three groups can be seen in Figure 4. 
In  these binary images taken at the final time point of the infusion for each 
experimental group, the greater Vd achieved with the arborizing catheter can be 
appreciated. For this sample, the Vd of 12.13 cm3 obtained after 100 min is equiv-
alent to coverage of a spherical volume with a 2.8-cm radius. The single-port 
catheter at the slower flow rate (1 µL/min) resulted in the lowest Vd value. This is 
expected because the overall Vi for that group was seven times lower than for the 
single-port catheter at the higher flow rate (7 µL/min) and for the arborizing cath-
eter groups. However, it can be appreciated that even though the total infused 
volume for the single-port group at the highest flow rate (7 µL/min) and the arbo-
rizing catheter were the same, the resultant volume dispersed was greater for the 
arborizing catheter.

Figure 3  Statistical comparisons of average volume dispersed and mean distribution ratio 
results. A one-way ANOVA test was performed to analyze differences in average volume 
dispersed (Vd in cm3) and average mean distribution ratios (Vd:Vi) after 100 min of 
continuous infusion in agarose tissue phantoms for the three experimental groups: (i) 
single-port catheter at a flow rate of 1 µL/min; (ii) single-port infusions at a flow rate of 7 
µL/min; (iii) arborizing catheter. A Tukey–Kramer test was performed for pairwise 
comparisons. Values for Vd were significantly different when each group was compared 
(*P < 0.001). Similarly, values for Vd:Vi were significantly different from each other among 
the three groups (+ P < 0.0001).
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Vd:Vi versus time indicates overlap in the infusion 
distribution

Although the single-port catheter (1 µL/min) group showed the lowest Vd, it 
resulted in the highest Vd:Vi of the three groups. In comparison to the arborizing 
catheter group, the catheter is composed of seven microneedles, with each indi-
vidual microneedle representing a single port (each at a flow rate of 1 µL/min). 
However, at the end of the 100-min-long infusion, the overall Vd:Vi for all the 
microneedles of the arborizing catheter resulted in an approximately 37% lower 
mean distribution ratio compared to single-port catheter at the slower flow rate 
(1 µL/min). The Vd:Vi over time is shown in Figure 5 for the three experimental 
groups. The Vd:Vi for the arborizing catheter group is similar to that of the single 
port at the slower infusion rate of 1 µL/min; however, it begins to decline and 
eventually becomes lower than the single-port (1 µL/min) group by 60 min of 
continuous infusion. This could be explained by the likely overlap in the local 
infusions from individual microneedles as they become larger with time. It is 
likely that at the beginning of the infusion, the overlap of the individual volume 
provided by each needle is less pronounced, therefore the Vd:Vi is similar to that 
of the single-port catheter. However, as the volumes dispersed from individual 
needles become bigger and merge with one another into one large volume, the 
benefit gained from the multiple ports in the arborizing catheter is reduced until 
eventually the Vd:Vi becomes less than that of a single-port catheter. The single-
port (7 μL/min) group, which has the lowest Vd:Vi, further supports the concept 
of overlap. The infused dye, concentrated in a smaller volume, resulted in mean 
distribution ratios that plateau quickly during the infusion and stayed relatively 
constant after approximately 20 min of continuous infusion. We observed that, 
once deployed, the separation distance of the individual microneedles of the 
arborizing catheter affects the amount of overlap between the local infusions of 

Figure 4  Representative volume dispersed for each experimental group after 100 min of 
continuous infusion. All images are of the front view captured directly by the DSLR camera. 
The volume dispersed (Vd) and mean distribution ratios (Vd:Vi) were calculated using an 
algorithm that discretizes the volume into elementary frustums of right circular cones (40). 
The final volume is calculated by summing the volumes of all the frustums.

Single-port (1µL/min)

Vd:Vi = 21.23

Vd:Vi = 8.14 Vd:Vi = 17.323Vd = 2.12 cm3

Vd = 5.70 cm3

Vd = 12.13 cm3

Single-port (7µL/min) Arborizing Catheter 1 cm
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each microneedle and influences the measured Vd. In future iterations of the 
arborizing catheter prototype, we will optimize the catheter design to increase 
the angle of deflection of the microneedles, so that we can minimize the amount 
of overlap in the Vd of individual needles and maximize Vd:Vi for the arborizing 
catheter.

It is important to note that our image processing algorithm was not able to 
reliably calculate Vd for the arborizing catheter at time points less than 40 min. 
This is because we assumed that the infusion volume was axisymmetric about 
the axis of the primary cannula of the arborizing catheter and thus, it was not 
able to account for any amorphous shapes or holes in the infusion volume. 
Figure 6 shows binary images of three representative time points in the infusion 
of an arborizing catheter. After 10 min of continuous infusion, the dispersed 
volume from individual microneedles is clearly discernible. At 20 min, there are 
still gaps present in the volume dispersed. However, after 40 min, most gaps 
in the volume dispersed had been filled and a reliable calculation for Vd could 
be obtained.

Figure 5  Mean distribution ratios (Vd:Vi) versus time of infusions for the three experimental 
groups. The average Vd:Vi for each group was calculated every 20 min. However, the image 
processing algorithm was limited to calculating volume of solid, axisymmetric shapes and 
could not reliably calculate the volume of infusion shapes with gaps or holes. Therefore, 
infusions in the arborizing catheter group were calculated at 40 min and beyond, after 
the infusion shapes of individual microneedles had overlapped sufficiently to form a 
solid shape.

0
0

5

10

15V
d

:V
i

20

25

30

35

Single-port (1µL/min) Single-port (7µL/min) Arborizing Catheter

20 40 60

Time (min)

80 100



Elenes EY and Rylander C 369

Conclusion

Results indicate that the multiport, arborizing catheter can significantly enhance 
volumetric dispersal of the infusate over a single port. By separating the volume 
infused, the arborizing catheter achieved a twofold greater volumetric dispersal 
and mean distribution volume compared to a single-port catheter for the same 
total infused volume. When comparing infusions of the arborizing catheter to that 
of a single-port catheter at the same flow rate per microneedle, the mean distribu-
tion ratio for the arborizing catheter drops to approximately 37% less than the 
single-port, perhaps due to overlap in the individual volume dispersed in the 
seven microneedles of the catheter. In the next design iteration, separation of 
individual microneedles within the arborizing catheter will be optimized to mini-
mize overlap in the infusion volumes of individual microneedles (but, with no 
gaps in between them), while maximizing volumetric dispersal.
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Figure 6  Representative binary images of volume dispersed for the arborizing catheter at three 
time points during the infusion for three view frames. The images show that at time points 
below 40 min, there were gaps in the dispersed volume due to branching out of the 
microneedles in the arborizing catheter. As the individual infusion volumes from each 
microneedle grew and began overlapping each other, the gaps were filled.
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Abstract: Glioblastoma (GBM) is the most common and aggressive primary brain 
tumor in adults. Approximately 9180 primary GBM tumors are diagnosed in the 
United States each year, in which median survival is up to 16 months. GBM eludes 
and resists typical cancer treatments due to the presence of infiltrative cells beyond 
the solid tumor margin, heterogeneity within the tumor microenvironment, and pro-
tection from the blood–brain barrier. Conventional treatments for GBM, such as 
surgical resection, radiotherapy, and chemotherapy, have shown limited  efficacy; 
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therefore, alternate treatments are needed. Tumor chemoresistance and its proximity 
to critical structures make GBM a prime theoretical candidate for nonthermal abla-
tion with irreversible electroporation (IRE) and high-frequency IRE (H-FIRE). IRE 
and H-FIRE are treatment modalities that utilize pulsed electric fields to permeabi-
lize the cell membrane. Once the electric field magnitude exceeds a tissue-specific 
lethal threshold, cell death occurs. Benefits of IRE and H-FIRE therapy include, but 
are not limited to, the elimination of cytotoxic effects, sharp delineation from treated 
tissue and spared tissue, a nonthermal mechanism of ablation, and sparing of nerves 
and major blood vessels. Preclinical studies have confirmed the safety and efficacy 
of IRE and H-FIRE within their experimental scope. In this chapter, studies will be 
collected and information extrapolated to provide possible treatment regimens for 
use in high-grade gliomas, specifically in GBM.

Keywords: Blood–brain barrier disruption; Glioblastoma; High-frequency irre-
versible electroporation; Irreversible electroporation; Treatment planning

Introduction

Glioblastoma (GBM) is the most recurrent, aggressive brain tumor representing 
~50% of all primary brain gliomas. Ninety percent of GBM tumors are diagnosed 
de novo as primary tumors, and 10% are diagnosed as secondary tumors, where 
primary tumors correlate to lower survival rates (1). Approximately 9180 primary 
GBM tumors are diagnosed in the United States each year, in which median sur-
vival is up to 16 months. Current standard of care for malignant gliomas (MGs) 
include, if feasible, tumor resection followed by radiotherapy (RT) and chemo-
therapy (CT). Difficulties in treatment of GBM are due to infiltrative cells beyond 
the solid tumor margin, heterogeneity within tumor microenvironment, and pro-
tection from the blood–brain barrier (BBB) (1). Due to dismal prognosis of patients 
with GBM, quality of life (QoF) post-treatment is an important factor when con-
sidering treatment options. Aside from temozolomide (TMZ), cytotoxic chemo-
therapeutic agents do not significantly alter prognosis outcomes (2). Therefore, 
new aims in therapy for MGs include reducing morbidity, maintaining and 
improving QoF, and preserving neurologic function.

Recent advancements in the treatment of GBM have marginally extended 
median survival rates. These improvements seem to be dependent on GBM cel-
lular morphology rather than improvement of holistic treatment regimes. In a 
study conducted by Glas et al., the overall 5-year survival rate in a cohort of 39 
patients was reported to be 15.8%, which is much higher than the usually 
reported rate between 4 and 5% (3). This study utilized a combination of 
tumor resection and RT, followed by delivery of CT agents, lomustine (CCNU) 
and TMZ. Significant findings include increased dosage of CCNU and TMZ 
resulted in greater survival rates with comparable toxicities among standard 
doses, as well as a link between long-term survival and the O-methylguanine-
DNA methyltransferase (MGMT) gene (3). Nonetheless, GBM remains a lethal 
and aggressive tumor that evades standard treatment; therefore, alternative 
approaches are discussed.
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Irreversible Electroporation and High-Frequency Irreversible 
Electroporation for the Eradication of GBM

Reversible electroporation

The cell membrane acts as a selectively permeable barrier that regulates the trans-
port of ions and molecules. It is composed of a phospholipid bilayer and protein 
channels that together maintain homeostasis. Therapies dependent on the trans-
port of molecules across the membrane rely heavily on cell permeabilization with-
out causing damage to the cell, which can be achieved, for example, with focused 
ultrasound (4–6). In this chapter, we present the use of electroporation as a means 
of accomplishing cell permeabilization. Electroporation is a phenomenon in 
which the cell membrane undergoes a physiological transformation caused by 
pulsed electric fields (PEFs). Following the application of PEFs, naturally occur-
ring hydrophobic pores, or defects, in the membrane transition to lipid-lined 
hydrophilic pores through which polar molecules can pass (7). This transition 
occurs as an energy minimization with pore radius, and increasing the transmem-
brane potential (TMP) by applying PEFs further decreases pore energy and 
increases hydrophilic pore creation rate. Once created, the hydrophilic pores can 
expand or reseal depending on the pulse parameters. The net effect of PEFs on 
tissue is transient permeabilization of the phospholipid bilayers of individual 
cells, as well as heat generation. Generally, a TMP of ~0.5 V is needed to induce 
reversible electroporation (RE), a process marked by rapid depolarization of 
the cell membrane and delayed resealing of transient, nanoscale defects (8, 9). 
Figure 1 depicts pore formation using molecular dynamics simulations after 50 ns 
as performed by Böchman et al. (10).

During RE, the cell membrane exhibits a tremendous increase in molecular 
transport. This phenomenon has been exploited in electrochemotherapy (ECT) to 
improve cellular uptake of cytotoxic drugs, such as bleomycin or cisplatin, and 
increase drug cytotoxicity (11). It has also been used to deliver genetic material, 
plasmid DNA, into cells to correct genetic disorders, in a process known as DNA 
electrotransfer or electrogene therapy (12).

Clinically, RE is administered through two or more electrodes placed into or 
around the target tissue, as depicted in Figure 2A. Using custom electrodes, 
Gehl et al. inoculated mice with N32 glioma-derived cells and treated them with 
ECT using bleomycin as the chemotherapeutic agent. Nine of 13 mice showed 
tumor regression and elimination, while 4 mice showed tumor progression. Of 
the four mice that showed tumor progression, three mice were identified to 
have the largest tumor volumes of the study. Lack of eradication was attributed 
to incomplete electroporation and envelopment of the tumor within electric 
field thresholds needed to induce RE and increase cytotoxicity (13). ECT has 
also been used in the treatment of metastases from melanoma, breast, and head 
and neck cancer (14). Recently, Gehl et al. performed ECT using calcium as a 
substitute for cytotoxic drugs. This process, known as calcium electroporation, 
demonstrated its ability to induce ATP depletion-associated cellular death with 
NaCl and CaCl2 (15, 16).
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Figure 1  Pore formation as modeled by Böckmann et al. Molecular dynamics simulation of 
pore formation after 50 ns shown as a section through the lipid bilayer membrane. The 
outline of the hydrophilic pore is shown by the white dashed lines. The pore starts off in an 
impermeable hydrophobic state, transitions into a hydrophobic pore intermediate, and 
finishes off as a stable hydrophilic pore. (Adapted from Biophys J 2008;95(4):1837–1850.)
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Irreversible electroporation

More recently, IRE has been developed to directly ablate unwanted tissue by fur-
ther increasing the TMP through higher electric field magnitudes or by applying 
additional sets of pulses to prolong pore lifetime. Davalos et al. demonstrated 
that electric pulses could be applied to raise the TMP past a threshold associated 
with permanent cell damage, without causing significant thermal damage (17). It 
is considered that IRE effects occur when the TMP reaches ~1.0V (18). On a cel-
lular level, this increase in TMP also induces nanoscale defects on the cell mem-
brane, resulting in irrevocable disruption in homeostasis ultimately leading to 
cell death. A typical IRE pulse is presented in Figure 3A, in which the energized 
electrode would experience an applied voltage 100 µs in duration, repeating 
once every second.

Unlike thermal ablation techniques, such as radiofrequency ablation and 
cryoablation, IRE is not thermally driven. As will be discussed later in this chap-
ter, numerical models are used for treatment planning purposes, in which IRE 
volumes and temperature changes are calculated. A study conducted by Garcia 
et  al. demonstrated numerically that applying ninety 100 μs pulses produces 
minimal thermal damage. In this study, a statistical model that incorporated 
dynamic electrical conductivity was used to simulate cell kill due to IRE as well 
as thermal damage. Results suggested that for tissues with lower electrical con-
ductivities, ranging between 0.067 and 0.241 S/m, necrotic tissue volume pro-
duced via Joule heating was only 1.3% of the total ablation volume produced by 
IRE. Using higher electrical conductivity values, 1.75 times greater, resulted in a 
percentage of 6.1%, in which the thermally induced necrotic tissue was located 
at the electrode/tissue interface (19, 20).

In addition to the treatment of brain tumors, IRE has been implemented to 
treat human patients with prostate (21, 22), pancreatic (23–25), liver (26–28), 
and kidney (29, 30) tumors. Benefits of IRE therapy include elimination of cyto-
toxic effects, sharp delineation between treated and spared tissue, a nonthermal 
mechanism of ablation, treatment planning abilities, sparing of nerves and major 
blood vessels (31, 32), and, if desired, it can be used as a combinatorial treat-
ment with CT and/or RT. Although effective, RE and IRE are known to cause 

Figure 3  IRE and H-FIRE pulse waveforms. (A) IRE and RE treatments typically utilize 100 μs 
pulses to achieve cell permeabilization while maintaining relatively low thermal damage. 
(B) H-FIRE waveforms are given in positive-rest-negative burst schemes and achieve similar 
effects to IRE. Comparison between IRE and H-FIRE waveforms is usually done by counting 
the on-time per pulse period. In this case, the 2-5-2 burst would be repeated until 100 μs of 
on-time has elapsed.
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muscle contractions during treatment, necessitating the use of neuroparalytic 
agents (33). This poses additional concerns for anesthesiologists, as the dosage 
of neuroparalytics must be continually monitored to ensure adequate muscle 
relaxation and proper respiratory function (34). Also, due to changes in electri-
cal conductivity of the tissue during IRE and the heterogeneous nature of tissue 
on a microscale, treatment planning for IRE can be challenging. Studies have 
confirmed possible “electric field sink” effects which distort electric field distri-
butions near blood vessels and may lead to undertreatment of tumor tissue 
(35, 36). Infusing the blood vessels with lower conductivity fluids helps to alle-
viate the sharp transition from lower conductivity to higher conductivity tissues, 
but this may be cumbersome and impractical in a clinical setting. To address 
these  challenges associated with RE and IRE, our group developed a novel 
method of electroporation that utilizes high-frequency bursts to induce electro-
poration effects.

High-frequency irreversible electroporation

Pulse generators capable of delivering new IRE waveforms have been developed 
to alleviate the concerns associated with neuroparalytic agents and to simplify 
treatment planning (37). Namely, these high-frequency IRE (H-FIRE) systems 
split the ~ 100 µs unipolar pulse into a series of shorter duration ~1 µs pulses of 
alternating polarity (Figure 3B). According to classic literature on electrical stimu-
lation, a bipolar pulse has a higher current threshold for action potential excita-
tion as compared to a unipolar pulse of equivalent phase duration (38). This effect 
is enhanced as pulse duration is reduced. When a microsecond order pulse is 
applied, there is a latency period between the offset of the pulse and the rising 
phase of the action potential. A rapid reversal of polarity falling within this latency 
period can accelerate passive repolarization and inhibit action potential genera-
tion (39). An example of this phenomenon is shown in Figure 4, which was 
derived based on the Hodgkin–Huxley set of partial differential equations for 
modeling nerve stimulation (40).

Figure 4  Illustration of action potential inhibition by polarity reversal. (A) Unipolar pulse with 
an amplitude of 500 mV and duration of 75 μs. (B) Bipolar pulse with an amplitude of 500 mV 
and duration of single polarity of 75 μs. This simulation of the Hodgkin–Huxley model was 
performed in Mathematica 9.0 using parameter values. (Adapted from Bull Math Biol 
1952;52(1–2):25–71.)
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Following membrane charging, pore formation occurs in the order of ~10 ns 
(10) and with no latency period. Therefore, it is possible to first induce electro-
poration and subsequently inhibit muscle contractions by reversing pulse polarity. 
The first in vivo study on H-FIRE was conducted in healthy rat brain (37). Muscle 
contractions were monitored by placing an accelerometer at the cervicothoracic 
junction and inserting electrodes into the center of the forelimb area of the senso-
rimotor cortex. A total of 180 bursts with a total on-time of 200 µs were delivered, 
and the individual pulse duration comprising each burst varied between 1, 2, and 
200 µs for the IRE control. No visual or tactile evidence of muscle contraction was 
seen during H-FIRE with 1 µs or 2 µs pulses, while the IRE protocol resulted in 
detectable movement. In addition, H-FIRE produced ablative lesions in brain tis-
sue that were characteristic of IRE treatments, with complete uniformity of tissue 
death and a sharp transition zone between lesioned and normal brain.

The cell-killing effects of H-FIRE were later explored using 3D in vitro tumor 
constructs and in vivo subcutaneous murine tumors over a wide range of pulse 
durations (250 ns–100 µs) (41). The in vitro tumor constructs were assembled by 
mixing murine pancreatic tumor cells with collagen I hydrogel, injecting into 
cylindrical molds, and polymerizing at 37°C (42); the in vivo subcutaneous tumors 
were produced by injecting human GBM cells (DBTRG-05MG) into the dorsolat-
eral flank region of athymic nude-Foxn1nu mice. The in vitro tests revealed electric 
field thresholds for cell death of 2022, 1687, 1070, 755, 640, 629, and 531 V/cm 
for 80 bursts containing 0.25, 0.5, 1, 2, 5, 10, and 50 μs pulses, respectively. In 
vivo, tumor growth was significantly inhibited and all protocols tested (1, 2, and 
5 µs pulses) were able to achieve complete regressions. Localized muscle twitch-
ing in the treated limb was evident in mice, due to their relatively small size and 
mass. When similar treatments (5 µs pulses) were applied to spontaneous tumors 
in equine patients, no movement was observed.

As compared to IRE, H-FIRE waveforms are capable of producing more 
predictable ablation volumes. The theoretical basis for this argument is twofold. 
First, the electrical properties of various tissue types converge at high frequencies, 
and H-FIRE waveforms are comprised of predominately high-frequency components. 
For example, in a skin-fold geometry, the ratio between the electrical conductivity 
of fat and skin is 2.25 at 1 MHz (0.027 S/m divided by 0.012 S/m) and 83 at 100 Hz 
(0.015 S/m divided by 0.00018 S/m) (43). Numerical models have shown that an 
H-FIRE burst with 500 ns pulses (1 MHz carrier frequency) produces a nearly 
homogenous electric field distribution across a skin fold (44). This logic can be 
extended to other heterogeneous tissues, such as the pancreas and brain. Second, 
electroporation is an active process and the electric conductivity of the tissue 
increases as pores form and expand. When performing IRE treatments, this step-
like change in conductivity must be known a priori (45), or measured in real time 
(46), in order to accurately predict the ablation volume. For H-FIRE waveforms, 
there is a smaller difference between the pre-treatment and post-treatment conduc-
tivities due to capacitive coupling. Bhonsle et al. has shown that the electric field 
distribution during H-FIRE resembles a theoretical approximation based on the 
Laplace equation, and the ablation volume can be predicated without addi-
tional knowledge of dynamic tissue properties. To demonstrate this phenomenon, 
IRE and H-FIRE ablations were induced in potato tuber, a proven alternate 
for studying bioelectric effects of electroporation, and results are shown in Figure 5 
(47, 48).
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While studying the time course of membrane charging during H-FIRE, 
Sano et al. recognized that the inter-pulse delay can be tuned to maximize the 
TMP across the nuclear envelope. Specifically, a delay of 140 ns or less causes the 
nuclear TMP to double due to compounding effects from pulse falling edges and 
rising edges (49). In addition, metastatic cells with a larger nucleus-to-cytoplasm 
ratio can achieve even greater nuclear TMP. In terms of overall cell killing, 
Pakhomov et al. demonstrated that using bipolar nanosecond electric pulses with 
sub-microsecond inter-pulse delays induces somewhat of a cancellation effect, 
resulting in higher lethal thresholds (50). However, a greater inter-pulse delay can 
lower the threshold for cell death. At 3.7 kV/cm, cell viability was similar when 
comparing a 300 ns monopulse and a 300–300 ns bipolar pulse with a 10 μs 
interpulse delay. This illustrates a trade-off between potential selectivity and the 
overall field threshold required for cell death.

Using the 3D in vitro tumor constructs, Ivey and Latouche et al. experimentally 
validated the selectivity claim (51). In this study, U-87 human GBM cells, DBTRG 
human GBM cells, C6 rat GBM cells, normal human astrocytes (NHA), normal 
rat astrocytes D1TNC1, and undifferentiated rat neurons PC12 were cultured in 
collagen hydrogels and H-FIRE therapy was delivered using a 1-5-1 μs burst 
scheme. Using numerical models, individual lethal thresholds were determined 
by overlaying appropriate contours over the lesion. Experimental results showed 
statistically lower lethal threshold for malignant cells as opposed to healthy 
cells. Lethal thresholds for U-87, DBTRG, C6, NHA, D1TNC1, and PC 12 were 
601, 720, 752, 1006, 1107, and 1076 V/cm, respectively. H-FIRE treatment on 
hydrogel cocultures of healthy and malignant cells also demonstrated selectivity 
through partial sparing of healthy tissue. Upon clinical translation, H-FIRE has 
the potential to kill infiltrative cells beyond the tumor margin while minimizing 
damage to healthy cells.

Blood–brain barrier disruption with IRE and H-FIRE

Difficulties arising from treating MGs with conventional chemotherapy are partly 
due to protection from the BBB, where the BBB prevents the delivery of these 
drugs. The BBB is a network of tight junctions that mitigates the transport of large 
molecules, thereby not only protecting the brain from infections but also hinder-
ing the efficacy of chemotherapeutic drugs (52). Garcia et al. demonstrated that 

Figure 5  IRE versus H-FIRE ablations in potato tuber. A qualitative comparison between an IRE 
ablation and an H-FIRE ablation created using a single bipolar probe. (A) IRE was induced 
with 80 pulses energized for 100 μs at 1000 V. (B) Laplace solution for the electric field 
distribution at an arbitrary electric field magnitude, assuming static electrical conductivity. 
(C) H-FIRE was induced with 140 bursts, using a burst scheme of 2-5-2 μs at 1300 V. Typical 
H-FIRE protocols require higher voltages and more bursts to produce lesion volumes 
comparable to IRE.

A B C
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IRE can be applied to the brain not only to ablate tissue but also to cause a tran-
sient focal disruption of the BBB, thereby providing a pathway for chemothera-
peutics to penetrate (53). For this study, 21 mice received IRE therapy from two 
monopolar caliper electrodes, measuring 0.45 mm in diameter and 1 mm in 
exposure with spacing of 4 mm. BBB permeabilization was visualized using 
Evan’s Blue (EB) dye for histological examinations and Gadolinium (Gd) for MR 
imaging, where EB would represent increased uptake of higher molecular weight 
compounds, such as proteins, and Gd would represent increased uptake of ions. 
Results demonstrated that permeability of EB and Gd increased linearly as a 
function of electric field magnitude, in which 400 V/cm served as a lower 
threshold, signifying a difference between inducing BBB disruption and IRE 
ablation. This difference in threshold manifests as having a larger volume of 
BBB disruption than IRE ablation, as depicted in Figure 2. It was also concluded 
that BBB disruption is transient due to decreased uptake of both EB and GD if 
these agents are administered 30 min after IRE treatment, as opposed to adminis-
tration within 5 min of treatment.

Alternatively, Arena et al. investigated BBB disruption using H-FIRE wave-
forms (54). The experimental methods, in terms of electrode design and detection 
of BBB disruption using EB and Gd, were similar to the study mentioned above. 
High-frequency PEFs were applied to the superficial cerebral cortex of 18 male 
rats outfitted with a 3-axis accelerometer, as shown in Figure 6. It was discovered 
that electric field magnitudes of 250 and 2000 V/cm did not induce any muscle 

Figure 6  BBB disruption using H-FIRE waveforms. Schematic of BBB disruption using high-
frequency PEFs (left), and pathology and MRI evidence of BBB disruption (right). The results 
are shown for 300 bursts of 0.5 μs bipolar pulses at an applied field of 250 V/cm. The dashed 
lines depict the limits of BBB disruption. (Adapted from Technology 2014;2(3):206.)

7T



IRE and H-FIRE for the Eradication of GBM382

contractions for pulse widths of 0.5 and 2 μs, although visual inspections deter-
mined lack of muscle contraction for the 2000 V/cm group because of electrical 
interference with the accelerometer. Using the lowest energy setting, consisting 
of 300 bursts and an electric magnitude of 250 V/cm, a BBB disruption zone of 
0.51 cm3 was induced. More importantly, there was no evidence of tissue damage 
from the high-frequency PEFs, except the physical damage due to electrode inser-
tion. However, if the number of bursts is increased to 600, there is significant cell 
death with no increase in BBB disruption zone, indicating a maximum energy 
threshold to disrupting BBB while not sustaining damage by high-frequency PEFs. 
The total charge delivered with IRE pulses and H-FIRE bursts is typically com-
pared to the charge delivered during electroconvulsive therapy (33) due to the 
ultrashort duration of these pulses/bursts.

The data presented indicate that both IRE and H-FIRE can be optimized to 
promote cell death via ablation mechanism and simultaneously disrupt the BBB, 
allowing adjuvant therapies to reach the infiltrative cell region in GBM. Most nota-
bly, H-FIRE has been shown to extend BBB disruption without causing cell death. 
Additional benefits of H-FIRE include no induced muscle contractions, targeted 
malignant cellular ablation, and more predictable ablation geometries. Although 
not discussed, investigations for permeabilization of the BBB have also been per-
formed in vitro (55).

IRE and H-FIRE treatment planning

Treatment planning for IRE and H-FIRE can be accomplished using a finite 
element package, for example, COMSOL Multiphysics 5.2a (Stockholm, 
Sweden). The degree of electroporation is dependent on the electrical imped-
ance distribution, electric field distribution, electrode and tissue geometries, 
and pulsing parameters such as pulse width, number of pulses, and inter-pulse 
delay. Maxwell’s equations are a set of partial differential equations that form 
the  foundation of electromagnetism. The fundamental equations for solving 
the  electric field distribution of IRE and H-FIRE include Faraday’s Law and 
Ampere’s Law:

	 E
B

t
∇ × = − ∂

∂




	 [1]

	 H J
D
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∇ × = + ∂

∂
 
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where E


 is the electric field, B


 is the magnetic field, H


 is the auxiliary magnetic 
field, J



 is the total current density, and D


 is the displacement current density. 
By taking the divergence of Ampere’s Law, equation 2, and substituting constitu-
tive equations, we obtain the following:

	 E
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where s is the electrical conductivity and e is the dielectric permittivity. Using 
the electroquasistatic approximation for Faraday’s Law, equation 1, in which the 
magnetic field can be considered negligible in contributing to the displace-
ment of electrical charge, we can describe the electric field in terms of an electric 
potential, j :

	 E 0∇ × =


	 [4]

	 E ϕ= −∇


	 [5]

Thus, by combining equations 3 and 4 and assuming steady state, we can 
rewrite this equation as:

	 -∇ · (s · ∇j) = 0	 [6]

	 f Eσ ( )=


	 [7]

For IRE, boundary conditions are applied to the electrode/tissue interface in 
which one electrode is energized at a voltage V0 and the other is grounded, while 
in the case of H-FIRE, the boundary conditions would need to be alternated 
between each electrode due to the rapid reversal of polarity. The remaining bound-
aries are treated as electrically insulating. For the thermal boundary and initial 
conditions, we assume an adiabatic boundary to calculate the maximum possible 
temperature increase and an initial temperature of T0.

Using these equations, it is possible to map the electric field distribution and 
predict volumes of electroporated heterogeneous dynamic tissue for use in clinical 
application. It has been largely accepted that changes in electrical conductivity 
due to electroporation is a dynamic phenomenon (18–20, 25, 56). Accounting for 
dynamic conductivity allows for more accurate representation of lesions created 
by IRE (57), and potentially H-FIRE. Incorporating changes in tissue conductivity 
can be achieved using a fitted Gompertz function (58). Alternatively, a sigmoid 
function can mimic changes in electrical conductivity due to electric field magni-
tude as well as temperature. Garcia et al. incorporated the following equation for 
analysis of IRE ablations in intracranial tissue (20):

	 E T t flc hs E E E T t Tnorm Delta range, 1 2 2 ,0 0σ σ α( ) ( )( )( ) ( )= ⋅ + ⋅ − + ⋅ −



  	 [8]

where s0 represents the initial electrical conductivity, flc2hs is a Heaviside 
function, a is the temperature coefficient, Enorm represents the norm of the elec-
tric field, and Edelta and Erange are coefficients pertaining to the electric field 
thresholds required for conductivity changes.

Temperature changes due to resistive heating from pulsing, Joule heating, can 
also be incorporated into numerical models. Joule heating and blood perfusion 
are modeled through a modified Pennes’ Bioheat equation:

	 k T C T T q C
T

tb b b a p
2ω ρ σ ϕ ρ( )( )∇ ⋅ ∇ − − + ′′′ + ∇ = ∂

∂
	 [9]



IRE and H-FIRE for the Eradication of GBM384

where s |∇j |2 is the Joule heating term, k is the thermal conductivity, wb is the 
blood perfusion rate, Cb is the blood-specific heat capacity, rb is the density of 
blood, Ta is the arterial blood temperature, q’’’ is the metabolic heat generation, 
r is the density of the tissue, and Cp is the specific heat capacity of the tissue. Rather 
than simulating hundreds of IRE or H-FIRE pulses, a modified duty cycle approach 
is applied to ease the computational burden (20). We can rewrite this modified 
Bioheat equation as:

	 k T C T T q
E

P
C

T

tb b b a p

2

ω ρ
τ σ

ρ
( )( )( )∇ ⋅ ∇ − − + ′′′ + = ∂

∂
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where t  represents the on-time per pulse and P is the period per pulse. For exam-
ple, if a 50 µs pulse was repeated every 0.5 s, the ratio would equal to 100 µs. This 
simplification has proven effective in representing the energy associated with 
intra-pulse heating, as a constant heat source acting over the period of one pulse.

In addition, thermal damage analysis can be incorporated by adding a thermal 
damage equation:

	 t e dt
E

R T t
a

Ω
0

*∫ζ( ) =
τ

( )−
	 [11]

where z represents the frequency factor, Ea the activation energy, R the universal 
gas constant, and t the total time of heating (59). For the values in Table 1, an W 
value of 1 correlates to tissue coagulation.

As an example, the results of Garcia et al. were replicated using monopolar 
electrodes inserted into a homogeneous medium. A human brain and tumor were 
segmented using 3D Slicer 4.6 (Boston, United States) (60–64), and imported into 
COMSOL. The dynamic conductivity function was applied in COMSOL with 
σ0 = 0.256 S/m, σmax = 0.768 S/m, Edelta = 580 V/cm, and Erange = ± 120 V/cm. 
However, in the thermal damage calculations, a zeta of 7.39 × 1039 was used for 
protein coagulation. The value of a was set to zero because of the relatively low 
increase in temperature. The spacing and electrode exposure were set to 2.5 cm 
and a voltage of 2500 V was applied to maintain a 1000 V/cm electric field 
magnitude. It is important to note that more accurate models will incorporate the 
separation of white and gray matter, as well as account for the anisotropy in white 
matter. Nonetheless, even simple numerical models such as this one can provide 
clinicians with valuable information regarding heat generation during pulsing as 
well as estimates for ablation volumes before performing the procedure in vivo. 
The results show the tumor mostly engulfed within lethal IRE thresholds, while 
causing minimum temperature changes at the midpoint between the electrodes 
(Table 2). Due to the abnormally large tumor size, 18.81 cm3, two sets of pulses 
were simulated in which the electrode depth was moved vertically 2 cm to allow 
sufficient treatment. Although the entire tumor is not within the ablation zone, 
adjuvant chemotherapy can be utilized in the BBB disruption zone as discussed 
previously. For large, irregular tumors, it is not unusual to use more than two elec-
trode pairs, while for smaller tumors, the bipolar probe, as shown in Figure 2B, 
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Table 1	 Material Properties and Parameters

Material Property Symbol Value Units Reference

Brain Thermal conductivity k 0.565 W · m−1 · K−1 (70)

Heat capacity Cp 3680 J · kg−1 · K−1 (70)

Density r 1039 kg · m−3 (70)

Temperature coefficient a 0.032 oC−1 (70)

Metabolic heat generation q″′ 10,437 W · m−3 (20)

Blood Heat capacity Cb 3840 J · kg−1 · K−1 (20)

Density r 1060 kg · m−3 (20)

Blood perfusion rate w b 7.15 × 10−3 S−1 (20)

Insulation Electrical conductivity s 1.0 ×10−5 S · m−1 (71)

Thermal conductivity k 0.01 W · m−1 · K−1 (71)

Heat capacity Cp 3400 J · kg−1 · K−1 (71)

Density r 800 kg · m−3 (71)

Stainless steel Electrical conductivity s 2.22 × 106 S · m−1 (20)

Thermal conductivity k 15 W · m−1 · K−1 (71)

Heat capacity Cp 500 J · kg−1 · K−1 (71)

Density r 7900 kg · m−3 (71)

Table 2	 Temperature Profile at Various Time Points

Time [s] Tmid [K] Telectrode [K]

0 310.15 310.15

10 310.53 315.23

20 310.87 317.51

30 311.18 319.08

40 311.47 320.15

50 311.73 320.99

60 311.97 321.66

70 312.19 322.18

80 312.40 322.60

90 312.59 322.95

100 312.42 318.31

130 312.01 314.15

160 311.70 312.58
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has proven to be effective (24). The results of this simulation, Figure 7, demon-
strate a maximum temperature change of about 12°C at the electrode surface, and 
2°C in between the electrodes.

Treatment planning for both IRE and H-FIRE can be accomplished using the 
method described previously. Adapting to either IRE or H-FIRE would mean that 
the conductivity values would change depending on which method is being 
employed. As mentioned earlier, the ratio of conductivities between different 

Figure 7  Results of IRE therapy in 3D reconstruction of a human brain. Results from IRE therapy 
with monopolar electrodes (1 mm diameter, 2.5 cm exposure, 2.5 cm spacing) in a segmented 
brain and tumor (A, B) showing the electric field (C, D), temperature (E, F), and the effective 
electrical conductivity distribution (G), as well as the thermal damage (H). Ninety 50 µs 
pulses were delivered at voltage-to-distance ratio of 1000 V/cm (applied voltage of 2500 V). 
A damage integral of Ω (t)= 1 corresponds to a 63% probability of cell death. The simulation 
parameters were identical to those used by Garcia et al. (20), except that the frequency factor 
of 7.39 × 1039 S-1 was used for thermal damage associated with protein coagulation. 
Maximum temperature during treatment was 322.95 K.

A B

C D

E F
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tissues converges when using higher frequency waveforms; thus, H-FIRE will pro-
duce lesions that are more closely approximated by electric fields in static conduc-
tivity mediums.

IRE/H-FIRE preclinical animal trials

When applying IRE to the liver, kidney, prostate, and pancreas, it is important to 
maintain a high IRE to thermal ablation ratio. For example, a temperature increase 
between 10°C and 15°C at the electrode/tissue interface is considered not to cause 
significant thermal damage to the surrounding tissue. As calculated previously, a 
12°C increase at the electrode/tissue interface correlated to a 2°C increase at the 
midpoint of the electrodes, indicating the tissue exposed to higher temperatures 
is localized at this interface. Like other organs, the brain is also susceptible to 
fluctuations in temperature, thus preliminary studies aimed to numerically vali-
date the use of nonthermal IRE (N-TIRE), where pulse parameters are tuned to 
eliminate most thermal effects.

Studies were conducted to elucidate the lethal threshold for dog GBM cell line 
J3T (65). As opposed to using 100 µs pulses, Neal et al. utilized 50 µs pulses to 
minimize the energy delivered while still maintaining electroporation effects. 
96-well electroporation plates seeded with J3T cells were electroporated using 
combinations of 1000 and 1500 V/cm electric fields and 10, 30, 50, and 70 pulses. 
A WST-1 reagent was used to quantify cell viability, where an absorbance of 0.2 
would indicate 100% cell death. It was concluded that IRE can be achieved by 
applying 50 pulses at 1000 V/cm, absorbance of 0.229, without incurring signifi-
cant thermal damage.

Rossmeisl and Garcia et al. aimed to verify in vitro studies by performing IRE 
therapy in seven canines with spontaneous brain tumors (66). Canines are pre-
ferred translational models because they develop brain cancers three times more 
often than their human counterparts. Canine gliomas also show similar biologic, 
pathologic, and molecular properties as human gliomas do, thus making them an 
acceptable translational model (see Part V, page xxx) (67). Prior to the application 
of IRE, pre-treatment planning models were developed and used to determine 
pulse parameters and electrode configurations. From these models, total ablation 
protocols were created for tumors smaller than 2.5 cm3 and volume reduction 
protocols were created for those larger than 2.5 cm3. A craniectomy defect is 
introduced to allow placement of blunt tip electrodes into the gray matter. Prior 
to procedure, atracurium, a neuromuscular blockade, is administered to suppress 
muscle contraction during the onset of pulses. A range of pulses between 90 and 
270 were delivered at electric field magnitudes ranging between 1000 and 2000 
V/cm in sets consisting of 10 and 20 pulses. After each set of pulses, the polarity 
was reversed to minimize charge build up, which has become customary when 
doing these procedures. Brain edema was noticed in one dog during IRE treat-
ment but was resolved by administering corticosteroids and diuretics. MRI con-
firmed a sharp delineation between treated and healthy tissue, as well as signs of 
BBB disruption. Common adverse events occurring after IRE treatment included 
seizure, vomiting, and diarrhea, although one dog developed fatal aspiration 
pneumonia. In the six canines that survived, the median Karnofsky Performance 
Scale score increased from 70 to 80, 14 days post-IRE treatment.
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Ellis et al. performed IRE in four canines, of which one dog served to find an 
upper safety limit when applying higher voltages (68). Nine sets of ten 50 µs 
pulses were delivered at a rate of 4 Hz. Like before, polarities were alternated 
after the completion of each set which were delivered at electric field magni-
tudes of 1000 and 2000 V/cm. Similar results were achieved as in the previous 
study, except in the case of the canine undergoing higher voltage treatment. 
Higher voltage pulses resulted in coagulative necrosis of tissue located within 
the treatment zone, which led to arterial thrombosis and lacunar infarction. 
Canines that received treatment at 1600 V produced lesion volumes of ~1.655 
cm3 while maintaining a thermal isoeffective dose of 5.6 min. The canine that 
received higher voltage treatment experienced an isothermal dose over 60 min, 
where doses over 60 min correlate to neuronal damage. Based on in vivo data 
from this study, Garcia et al. backed out lethal thresholds using numerical mod-
els which incorporated dynamic electrical conductivity dependent on electro-
poration and temperature effects (33). It was concluded that lethal thresholds 
for healthy canine brain tissue are 495 and 510 V/cm for applied voltages of 500 
and 1000 V, respectively.

Studies have also confirmed nonthermal ablation in deep-seated tumors (33). 
This ablation was performed primarily in white matter, which, using in vivo mea-
surements, was calculated to have higher conductivity, s  = 0.35 S/m, than what 
has been determined for gray matter. Numerical simulations which incorpo-
rated  dynamic conductivity predicted lethal thresholds for white matter to be 
630–875 V/cm. In the clinic, this translates to having to apply slightly higher 
voltages to treat deep-seated tumors.

Combinatorial IRE treatments have also been studied. Garcia et al. applied 
IRE therapy and adjuvant RT to a 12-year-old mixed breed dog with an 8-week 
history of partial seizures and behavioral changes (69). Numerical treatment 
planning for IRE incorporated dynamic conductivity changes, and from these 
simulations, it was determined that two groups of pulses would be delivered. 
The first group consisted of four sets of twenty 50 µs pulses and the second 
group of two sets of twenty 50 µs pulses, with an applied voltage of 650 and 
500 V, respectively. No adverse clinical effects were observed, and 48 h after 
treatment, the size of the neoplasm was reduced 75% in size. It was con-
cluded that the lethal threshold for malignant tissue is much lower than that of 
healthy tissue, implying some sort of selectivity in the brain. Five days after 
N-TIRE treatment, the patient’s neurologic status improved and the previously 
noted aggression improved. Sixteen days postoperation, the canine received 50 
Gy of fractionated RT delivered in 20 treatment sessions, each consisting of 2.5 
Gy. Upon completion of radiotherapy, the patient showed evidence of cognitive 
dysfunction, disturbed sleep–wake cycle, and lack of awareness of familiar peo-
ple. At 4.5 months post-IRE, the patient showed acute deterioration in menta-
tion and circling to the left. Clinical and MRI results suggested early delayed 
radiation encephalopathy. At the owner’s request, the patient was euthanized. 
The patient had an overall survival of 149 days after N-TIRE therapy. Postmortem 
exam showed no evidence of recurrent MG. H-FIRE was also shown to be safe 
when applied without the use of neuroparalytics and was capable of destroying 
brain tumors, although these exploratory treat and resect studies are currently 
ongoing.
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Conclusion

The use of IRE and H-FIRE in treating unresectable tumors has been supported by 
in vivo, ex vivo, and in vitro studies. These therapies have demonstrated their effec-
tiveness in eradicating tumors of the kidney, prostate, pancreas, liver, and, most 
importantly, the brain in animal models. Benefits of utilizing H-FIRE for treating 
GBM include sparing of major blood vessels and nerves, focal BBB disruption, 
selectivity toward malignant cells, more predictable ablation geometries due to 
mitigation of impedance changes, lack of muscle contractions, and nonthermal 
ablation.
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brane permeability induced by monopolar and high-frequency bipolar bursts of electrical pulses. 
Biochim Biophys Acta Biomembr. 2016;1858(11):2689–98.

	10.	 Böckmann RA, de Groot BL, Kakorin S, Neumann E, Grubmüller H. Kinetics, statistics, and ener-
getics of lipid membrane electroporation studied by molecular dynamics simulations. Biophys J. 
2008;95(4):1837–50. http://dx.doi.org/10.1529/biophysj.108.129437
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Abstract: Disease in the central nervous system (CNS) is a challenge to treat with 
systemic therapies due to the presence of the blood–brain barrier (BBB), which 
excludes common and novel therapeutics. For example, glioblastoma (GBM) is 
the most common and aggressive primary brain tumor, with an extremely poor 
prognosis due to infiltrating tumor cells in areas of normal brain. A primary 
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challenge of treating this devastating disease is the exclusion of systemic therapies 
from the CNS. While efforts are being made to develop strategies for designing 
drugs that can pass through the BBB, there are also efforts to use novel engineering 
techniques to safely allow any systemic therapy into the CNS and areas of disease. 
In this chapter, we focus on using high–intensity focused ultrasound (HIFU) to 
circumvent the BBB.

Key words: Blood–brain barrier; Glioblastoma; High-intensity ultrasound; Stem 
cells

Introduction

Glioblastoma (GBM) is the most common and aggressive primary brain tumor, 
with an extremely poor prognosis (1). The dismal prognosis is a direct result of 
the fact that standard therapies fail to eradicate residual or infiltrating cells that 
reside adjacent to and infiltrate normal brain tissue. This failure is mostly due to 
the unique physiology of the blood–brain barrier (BBB), which is designed not 
only to protect the brain from exogenous and endogenous toxins but also to pre-
vent the full cytotoxic effects of most therapeutics on intracranial tumors. Thus, 
many groups are developing novel methods of permeabilizing the BBB to treat 
infiltrating tumor cells that are in regions of normal brain. One focus of these 
efforts to circumvent the BBB is using novel ultrasound technology that is emerg-
ing as a noninvasive and translational approach to safely allow systemic therapies 
to access GBM.

Image-Guided, Remote-Controlled Opening of the Bbb for 
Systemic Brain Tumor Therapy

High-intensity focused ultrasound in remotely 
overcoming of the BBB for drug delivery

High-intensity focused ultrasound (HIFU) is a therapeutic ultrasound technique 
that delivers high-intensity acoustic energy to a localized area in the body. These 
ultrasound waves are significantly higher than what is commonly used in imaging 
or diagnostic ultrasound. HIFU can thus be used to ablate tissue from the result-
ing high temperature without affecting the surrounding tissues. This is accom-
plished by focusing an ultrasound beam via acoustic lens, a curved transducer or 
a phased array (2–4). Since ultrasound waves pass through skin and other inter-
vening tissues at relative low intensities, they produce no effect or damage outside 
the area of focus, where they typically provide intensities up to three to four 
orders of magnitude higher compared to the unfocused beam (3).

When used for therapeutic purposes, the focused ultrasound energy from 
HIFU induces a temperature rise or intensive mechanical force to alter tissue 
structure and functions, resulting in a large variety of localized bioeffects through 
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either mechanical or thermal activity (5). Depending on the energy level, the gen-
erated bioeffects can be mild and nondestructive, such as those for hyperthermia 
or physical therapy, or more extreme and destructive, such as thermal ablation of 
tumors in prostate, uterus, brain, etc. (6–12). Although destructive ultrasound 
exposures for ablation of a variety of tumors are currently the best-known applica-
tion of HIFU technology, there is increasing interest in using nondestructive HIFU 
to induce BBB opening to allow the delivery of therapeutic agents to the brain.

HIFU has been studied to treat brain diseases as far back as the 1940s 
(4, 13, 14). Localized and reversible BBB disruption created by direct sub-lethal 
HIFU exposure with or without pre-injection of microbubbles has been reported 
extensively in recent decades (5, 15, 16). Direct HIFU exposure without any 
ultrasound contrast agent may in itself induce BBB disruption, but tissue necrosis 
due to the high energy makes this technique suboptimal. By introducing micro-
bubbles, which are typically used in diagnostic ultrasound as a contrast agent, at 
the time of sub-lethal HIFU exposure, researchers have demonstrated the poten-
tial of permeabilizing the BBB without producing any apparent neuronal damage 
(5, 17). The mechanism of this disruption is thought to be from the mechanical 
forces created by the oscillation of circulating microbubbles driven by focused 
ultrasound. This phenomenon may change the array of endothelial cells in the 
blood vessel wall, thus transiently increasing the permeability of the BBB without 
any lethal effects (18).

Although different imaging modalities have been used to guide the targeting 
of HIFU exposures in the body, MRI presents the standard modality in the studies 
for HIFU-induced BBB opening. Compared to other imaging modalities such as 
diagnostic ultrasound, MRI enables more accurate placement of the HIFU beam 
in the brain, and the delivery of gadolinium-based MR contrast agents can be used 
as a reliable surrogate marker for successful permeability enhancement and 
optimization. Thus, it is hopeful that nondestructive HIFU technologies can per-
meabilize the BBB to systemic therapeutics that cannot be currently used against 
brain cancer due to exclusion by the BBB.

Controllable drug delivery using stem cells 
in conjunction with HIFU

One of the primary reasons of GBM recurrence is the presence of infiltrating 
tumor cells that can be found at distances far away from the primary tumor. These 
cells do not permeabilize the BBB to standard gadolinium contrast and are thus 
not visible on MRI. Using HIFU with microbubbles to permeabilize the BBB 
requires visualization of the target, which may be insufficient in regions of unde-
tectable invasive cells at a far distance from the tumor (Figure 1A). Xiong et al. 
have developed a HIFU technique used in conjunction with therapeutic stem cells 
to access these infiltrating tumor cells using the tumor-homing biological proper-
ties of stem cells to locate the invisible invasive tumor cells.

Due to their tumor-tropic capacity, stem cells are emerging as feasible delivery 
vehicles to therapeutically target primary and invasive tumor cells (Figure 1B). 
Investigators have demonstrated the in vivo migratory capacity of stem cells 
toward primary GBM tumors as well as invasive tumor cells that intermingle with 
normal brain tissue (19–28). Various stem cells such as embryonic stem cells, 
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mesenchymal stem cells, neural stem cells, induced pluripotent stem cells (iPSCs), 
and neural stem cells derived from iPSCs have been shown to migrate to intracra-
nially established GBMs when implanted loco-regionally within the brain, and 
their ability to secrete anti-GBM therapies after genetic modification has been 
investigated (29). The reason for the migration of stem cells toward sites of GBM 
and the molecular pathways involved in this process are under further investigation. 
Evidence suggests that the tumor tropism of stem cells is due to their affinity to 
the tumor microenvironment which often mimics aspects of the stem cell niches, 
such as by releasing various cytokines, the presence of severe hypoxia, and exten-
sive vascularization (30, 31). Even though various chemokine receptors and 
their ligands have been attributed to play a role in tumor-tropic migration of stem 
cells, the stromal derived factor-1 (SDF-1) CXC-chemokine receptor 4 (CXCR4) 

Figure 1  Schemata of invasive 
GBM cells and how they 
can be targeted by a combina-
tion of stem cells and HIFU. 
(A) Invasive GBM cells 
migrating away from the pri-
mary tumor mass. (B)  These 
cells have been shown to be 
targeted by engineered stem 
cells capable of secreting 
therapeutics, including TNFα. 
(C) Mild heating by HIFU can 
induce stem cells that express 
TNFα, which is engineered to 
be under the control of the 
HSP70 promoter. (D) TNFα 
causes local BBB break-
down,  allowing for systemi-
cally injected therapeutics 
to  precisely target areas of 
tumor invasion but not areas 
that are not targeted by engi-
neered stem cells (E).
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signaling axis is the most studied, and is implicated to play an important role in 
migration of various stem cells towards tumors (32, 33). In addition to SDF-1/
CXCR4 axis, other signaling pathways such as urokinase-type plasminogen acti-
vator (uPA)/uPA receptor, PI3K, vascular endothelial growth factor receptor 2 
(VEGF2), and matrix metalloproteinase 1 (MMP1)/protease-activated receptor 1 
(PAR1) signaling pathways have been implicated in migration of stem cells to sites 
of tumors (29). SDF-1 has been reported to play a vital role in NSC mainte-
nance and regulates NSC homing during neurogenesis (34). SDF-1 is reported to 
be expressed and secreted by GBM stem cells and endothelial cells which impli-
cate its role in GBM stem cell migration and recruitment of other components 
of the tumor microenvironment as well. SDF-1 is also highly expressed in regions 
of hypoxia within GBMs and is thought to promote survival through activation of 
NF-κB (33, 35).

Various tumor-tropic stem cells have previously been reported to deliver anti-
GBM therapies using different strategies. Stem cells genetically modified to express 
tumor necrosis factor–related apoptosis inducing ligand (TRAIL) have been used 
previously in preclinical studies to induce apoptosis in tumor cells. Tumor-tropic 
stem cells that express ligands that inhibit tumor specific receptors such as 
EGFRvIII and stem cells that express “decoy” receptors that sequester essential 
paracrine factors within the tumor microenvironment have been shown to reduce 
GBM cell proliferation in preclinical studies (36). Another strategy of inducing 
secretion of cytokines is to increase recruitment of cytotoxic T cells and anti-
tumor immunity within GBM microenvironment. This strategy could also be used 
to in combination with immune checkpoint inhibitors to enhance tumor-directed 
cytotoxicity. In addition, tumor-tropic stem cells have also been shown to deliver 
nanoparticles loaded with chemotherapy and oncolytic viruses. The accumulation 
of effective concentrations of nanoparticles within GBM tissue could be increased 
using a stem cell–based strategy to bypass the BBB (37, 38). The efficiency and 
safety of delivering GBM-targeted oncolytic viruses have also been enhanced using 
tumor-tropic stem cells (39, 40). Thus, it has been established that using engi-
neered stem cells to secrete therapeutics after migrating to tumor sites has strong 
therapeutic potential.

The biologic targeting of stem cells along with the spatial targeting of HIFU can 
be combined to create a remote-controlled expression platform has been lever-
aged to assist in locally opening up the BBB for facilitated drug delivery of sys-
temically administered agents (41). This can be accomplished by remotely 
triggering expression of effector cytokines, such as TNFα, from engineered tumor-
homing stem cells in response to noninvasive image-guided HIFU (Figure 1C). 
Recently, such an application of nondestructive HIFU has been used to heat tissue 
to nonlethal temperatures (~42°C) to locally activate the upregulation of a num-
ber of genes including heat shock protein (HSP) (42, 43). This biology has enabled 
investigators to in vivo regulate genes of their choice by engineering them to be 
expressed under the control of the HSP70 promoter and activating expression in 
vivo using sub-lethal HIFU (44). By combining stem cell delivery, heat-inducible 
gene expression and mild heating with HIFU, Xiong et al. demonstrated that 
HIFU can be used to remotely control the expression of pro-inflammatory factors 
engineered in stem cells under the control of the HSP70 promoter (Figure 1C). 
This targeted expression led to the permeabilization of the BBB with high-
spatiotemporal precision and biologic selectivity, allowing for penetration of 
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systemically administered small molecular MRI contrast agent and 300-nm-sized 
nanoparticles into the brain (Figure 1D, E) (41). This opening of the BBB was 
limited to where selected factors were secreted secondary to HIFU activation, near 
the engineered stem cells and consequently the infiltrating tumor cells. A major 
advantage of this process over using focused ultrasound and microbubbles for 
BBB opening is the fact that this process relies on the combination of physical 
energy deposition and a biologic response (stem cell tumor tropism). Thus, 
although a much larger volume would need to be heated by HIFU to nonlethal 
temperatures (42–43°C), the BBB opening will be much more focused and 
enhanced only where the heated engineered stem cells are located, which has 
been demonstrated to be adjacent to primary and invasive GBM cells (Figure 1D, E) 
(2–4, 16–20). Although there is an added component of therapeutic stem cells, 
this technique can potentially be performed in a noninvasive manner, as the 
engineered stem cells can be placed directly into a GBM resection cavity during 
standard-of-care surgery using an encapsulation technique. This approach was 
developed by Kauer et al. who demonstrated that encapsulating therapeutic stem 
cells in biodegradable, synthetic extracellular matrix (sECM) significantly 
increased their retention time in the GBM resection cavity, permitted strong 
tumor-selective migration and allowed secretion of anti-tumor proteins from 
sECM-encapsulated stem cells in vivo (45). Seven to fourteen days post stem cell 
implantation/tumor resection, HIFU can be used to noninvasively mildly heat 
(42–43°C) the resection cavity and surrounding brain to activate stem cell TNFα 
production and selectively permeabilize the BBB where the stem cells migrate, 
including the infiltrating tumor cells. Of translational relevance, there is already a 
clinical HIFU system (InSightec) that is being used to transcranially treat brain 
disorders and is in clinical trials for brain cancer (46–48). This MRI-compatible 
helmet-like device houses a multi-channel-phased array system and can cover 
large volumes. Since one only needs to heat the brain and tumor to 42–43°C for 
gene activation under the HSP70 promoter, this technique is not constrained to 
only treating focal areas, a restriction that may limit the treating volume for reach-
ing ablation temperatures (55°C). Heating to 42–43°C only requires a fraction of 
the energy needed for ablation and is feasible over large volumes in preclinical and 
clinical settings and does not result in overheating of the skull seen with conven-
tional ablative HIFU. For example, an early clinical trial in using HIFU for brain 
tumors reported “The skull area that the acoustic beam was distributed over was 
calculated by the treatment planning workstation to be 284, 327, and 354 cm2, 
for patients 1–3” (48). Importantly, all patients received heat treatment to at least 
42°C, indicating the translational potential of gently heating large areas of the 
brain to nonablation temperatures.

One enabling technology to controlled sub-lethal HIFU activation is MR ther-
mometry, which incorporates automated, real-time feedback control of a pre-
defined temperature, allowing for stably controlling HIFU to heat the brain tissue 
to around 42–43°C for successful gene activation to open the BBB (41). Indeed, 
transcranial magnetic resonance-guided focused ultrasound (tsMRgFUS), which 
employs a phase array comprised of hundreds of transducer elements, has been 
used in clinical trial to precisely heat or ablate target areas in the brain (49). 
A commercially available clinical tsMRgFUS system (inSightec Inc. Tirat Carmel, 
Israel) that is being used to transcranially treat various brain disorders including 
essential tremors, Parkinson’s disease, and brain cancer. The availability of clinical 
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tsMRgFUS system that can deliver HIFU energy through the human skull to a 
focal spot in the brain may further facilitate the translational and clinic application 
of using nondestructive HIFU to induce BBB opening to allow the delivery of 
therapeutic agents to the brain.

Conclusion

In order to better treat GBM, it will be crucial to develop novel techniques to 
deliver chemotherapies and novel molecular-targeted therapies to invasive GBM 
cells. HIFU provides a remote-controlled platform to permeabilize the BBB using 
mechanical forces via microbubbles or by mildly heating areas to induce engi-
neered stem cells to secrete select cytokines. Translating these and other novel 
delivery approaches have the potential to enable significantly improved outcomes 
that have eluded patients receiving traditional systemic therapies.
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Abstract: A significant obstacle to the development of new brain tumor therapeu-
tics remains the lack of rodent models that faithfully reproduce the in vivo com-
plexities of human glioblastoma. Dogs and humans are the only species that 
frequently develop spontaneous brain tumors. Remarkable clinical, phenotypic, 
and molecular similarities exist between human and canine malignant glioma. 
Our research has focused on the development of pharmacologically tractable 
molecular targets common to human and canine gliomas, as well as the discovery 
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and refinement of novel methods of drug delivery to the brain, such as 
convection-enhanced delivery (CED), irreversible electroporation (IRE), and 
focused ultrasound, that can overcome the limitations imposed by the blood–
brain and blood–tumor barriers. Through the conduct of early phase clinical trials 
in dogs, we demonstrate the safety, feasibility, and preliminary efficacies of 
IL-13RA2- and EphA2-targeted bacterial cytotoxins and IRE for the treatment of 
spontaneous malignant glioma, illustrate the clinical utility of real-time imaging 
monitored CED as a robust drug delivery platform, and describe the use of the 
tumor-bearing dog in transcranial-focused ultrasound applications related to 
neuro-oncology. The dog brain cancer model offers unique opportunities to expe-
dite the clinical translation of cancer therapeutics through the design of preclini-
cal investigations that ask and answer drug and medical device development 
questions that cannot be sufficiently addressed in rodent models.

Key words: Convection-enhanced delivery; Dog; Electroporation; Focused ultra-
sound; Glioma

Introduction

Although significant advancements in the understanding of the biology of human 
cancers have been made in the past two decades, clinical translation of new drugs 
that improve the survival and quality of life of patients with many aggressive 
malignancies continues to be challenging. The unmet clinical need for beneficial 
cancer therapeutics is highlighted by the fact that in the United States, approxi-
mately one in four deaths is attributed to cancer annually (1). Malignant primary 
brain tumors, and in particular malignant gliomas (MGs), represent some of the 
most treatment-refractory human cancers, and are leading causes of cancer-
related death in adults and children (1). The median survival of adults with glio-
blastoma (GBM), the most aggressive and common MG variant, treated with the 
current standards of care is ~16 months, and the 2-year survival rate is approxi-
mately 25% (2, 3). The MG landscape also poignantly illustrates the current 
obstacles to the development of novel therapeutics, as only two new drugs and 
two medical devices have been approved for the treatment of these tumors in the 
last 20 years (2, 4).

The majority of preclinical studies aimed at the development of new therapies 
for gliomas have been conducted in small animal rodent models. While chemi-
cally induced, xenograft and genetically engineered murine glioma models have 
contributed significantly to the current body of knowledge regarding the pathobi-
ology and treatment of MG, none of these modeling systems is capable of reca-
pitulating the complex in vivo environment that characterizes human MG (5). As 
far back as 2002, a report from the National Institute of Neurological Disorders 
and Stroke (NINDS) and National Cancer Institute (NCI) stated, “…currently 
available cellular, tissue, and animal models do not accurately represent the biol-
ogy of human brain tumors…” (6). Recognizing the benefits and limitations of 
rodent models of human brain tumors, it would be desirable to have animal mod-
els that could fill the gaps presented by current model systems, and thus better 
predict the therapeutic outcome in humans.
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In this context, the identification and use of novel preclinical models that 
allow for the study of fundamental cancer drug and device development questions 
would meet a critical and shared need among stakeholders in the cancer research 
and global health care communities. The potential of companion animals, and 
particularly dogs, with naturally occurring cancers to provide answers to these 
questions is being increasingly recognized and realized (7–10). A growing body of 
evidence indicates that several spontaneous canine cancers are clinically, pheno-
typically, and molecularly similar to their human analogs, thus providing unique 
avenues for preclinical discovery and testing (7, 8, 10). Translational studies of 
investigational agents in, for example, tumor-bearing dogs can provide a variety of 
pharmacokinetic, mechanistic, toxicity, and anti-tumor activity data in an immu-
nocompetent host, and thus offer numerous opportunities to more accurately 
guide the drug development process (8–10). It has been suggested that inclusion 
of preclinical canine studies in the drug development pathway could result in bil-
lions of dollars of research savings, principally by improving the design of Phase II 
human clinical trials and thus potential avoidance of the historically high late-
stage failure and attrition rates of new cancer agents (9, 11). Dogs with spontane-
ous brain tumors have been assimilated into several comparative neuro-oncology 
research programs in an effort to accelerate the development and translation of 
cancer drugs to the clinic, and to mutually improve the lives of dogs and humans 
with brain tumors (5, 10, 12–15).

Clinically Relevant Model for Testing New Therapeutic 
Approaches in Gliomas

Spontaneous canine gliomas as a faithful model of 
human disease

Canines and humans are the only mammalian species in which spontaneous pri-
mary central nervous system (CNS) tumors are common. Estimated incidences of 
canine nervous system tumors range from 14.5 to 20/100,000 dogs (16, 17), 
which closely approximates epidemiological data indicating a primary CNS tumor 
incidence of 20.5/10,000 people (18). Postmortem surveys indicate that intracra-
nial tumors are found in 2–4.5% of all dogs in which necropsy is performed 
(19–21), a frequency comparable to a study reporting brain tumors in 2% of 
humans undergoing autopsy (22). Gliomas account for 35% of all primary brain 
tumors in dogs, and collectively represent the second most frequently diagnosed 
primary tumor type after meningiomas (19, 20, 23). The median age of dogs diag-
nosed with glioma is 8.5 years, corresponding to the fifth and sixth decades of life 
in humans (21, 23). In both people and dogs, the risk for developing glioma 
increases with age (16, 18, 21, 24). Gliomas are significantly overrepresented in 
certain brachycephalic breeds of dogs, namely, Boston terriers, Boxers, and 
Bulldogs, which strongly suggests a genetic contribution to tumor development, 
and a glioma susceptibility locus has been identified on canine chromosome 26 
(19, 21, 23, 25). The existence of a predisposition to gliomas in these select and 
highly related dog breeds with relatively limited genetic variation provides unique 
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opportunities to probe the canine genome for glioma-associated genetic aberra-
tions that may not be as easily discernible amidst the much more diverse genetic 
background that exists in humans (25).

Considerable similarities exist between human and canine anatomy and physi-
ology, and the physical size of the canine brain is amenable to the testing and 
optimization of diagnostics and therapeutics developed for human patients, with-
out a need to rescale instrumentation. Dogs with brain tumors present with sig-
nificant clinical signs, including seizures, alterations in consciousness, and motor 
and sensory dysfunction that can be objectively characterized and annotated 
using instruments comparable to those used in humans including the neurologi-
cal examination, modified Glasgow Coma Scale, canine Karnofsky performance 
score, Engel seizure classification, and Modified Rankin Scale (26–28). As two-
thirds of canine gliomas occur in the forebrain, seizures and behavior changes are 
the most commonly reported clinical signs (23, 28, 29). In addition, health-
related quality of life surveys for use in the assessment of clinical disability in dogs 
with cancer do exist, although the current iterations have not been specifically 
developed for or validated in dogs with brain tumors (30). The prognosis for dogs 
with gliomas is also poor, with death occurring weeks to months following diag-
nosis in the absence of treatment.

The histopathological and diagnostic imaging features of canine gliomas 
(Figure 1) are also remarkable similar to their human counterparts (31–35). These 
shared morphologic features facilitate comparative classification and grading of 
tumors using World Health Organization criteria (36) and performing objective 
imaging–based therapeutic response assessments using the Response Assessment 
in Neuro-Oncology (RANO) system criteria (28, 37). However, the frequency of 
glioma subtypes encountered in dogs differs from that seen in humans (Table 1), 
with oligodendrogliomas accounting for a significantly higher proportion of all 
canine gliomas compared to humans (19–21, 23, 37).

Molecular and genetic profiling of brain tumors is becoming a routine proce-
dure in human neuro-oncology (38, 39). These analyses have led to evolutions in 
the classification and prognostic stratification of human brain tumors, and are 
fundamental to the rational translational application of molecularly targeted ther-
apies (38–40). The characterization of the molecular and genomic landscapes 
of  canine brain tumors has been facilitated by the increasing availability of 
canine-specific reagents and advancements in high-throughput sequencing 
platforms (25). To date, studies in dogs have demonstrated that hallmark altera-
tions in proteins involved in cellular proliferation, apoptosis, and cell-cycle 
regulation, such as the RTK, p53, and RB1 pathways that participate in tumori-
genesis, parallel those seen in human gliomas (31, 38, 40–42). Also similar to 
humans, overexpression of alpha3-beta1integrin, c-Met, EGFR, EphA2, IGFBP2, 
IL-13RA2, MMP-2, and-9, PDGFRa, uPAR, and VEGF/VEGFR1/2 have been 
observed in canine gliomas (43–51). Homologous overexpression of cell surface 
receptors in canine and human gliomas, such as EGFR, EphA2, and IL-13RA2, 
have driven the preclinical investigation of molecularly targeted therapeutics in 
glioma-bearing dogs (48, 52).

Continuing the global genetic characterization of canine gliomas, as well as 
the confirmation of the molecular signatures of individual canine patient tumors 
are paramount to the rational design of preclinical investigations, especially in 
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Figure 1  Comparative morphological and immunophenotypical features of human and canine 
glioblastoma (GBM). Post-contrast T1-weighted magnetic resonance images from a human 
(A) and dog (B) demonstrating ring-enhancing cerebral GBM. Classic microscopic features 
of hypercellularity and pseudopalisading necrosis in a human (C) and canine (E) GBM (H&E 
stain, bar = 150 µm). GBM from both species demonstrate intense immunoreactvity to 
IL-13RA2 (D, F).
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the context of the rapidly growing library of targeted agents available for cancer 
diagnostics and treatment (53). Although the discovery of additional common 
denominators shared among canine and human tumors is likely with the use of 
more robust whole genomic sequencing and single-nucleotide polymor-
phism platforms, it is also probable that aberrations in key gliomagenesis path-
ways that are unique to the dog will also be revealed, as some fundamental 
species-specific differences have already been documented. For example, the 
favorable prognostic hallmark in human oligodendroglioma of co-deletion of 
chromosome 1p/19q has not been identified in canine gliomas, nor have the 
classical genetic mutations in TP53 or IDH1 that define human astrocytomas 
(41, 54, 55).

The value of dogs with spontaneous brain tumors as faithful preclinical 
models of human disease has been demonstrated in several additional areas of 
neuro-oncology. A study investigating dendritic cell vaccination of glioma-
bearing dogs with tumor cell lysates containing a toll-like receptor ligand adju-
vant in combination with in situ adenoviral interferon-gamma gene transfer 
demonstrated sufficient safety and promise to result in rapid translation of 
this immunogenetic therapy to a human clinical trial (56, 57), and promising 
active immunotherapeutic approaches using dogs with intracranial meningio-
mas have recently been published (58). Pioneering work in dogs with glio-
mas  illustrated the feasibility and importance of real-time MR imaging 
monitoring of convection-enhanced delivery (CED) for confirmation of target 
coverage, as well as providing an opportunity to detect and remedy any local 
adverse effects of CED treatment, including reflux of the infusate along the 
catheter (59–61).

Table 1	 Comparative Frequencies of Glioma Subtypes 
and Grades in Dogs and Humans

Tumor type Grade

Grade distribution within 
tumor type

Canine (%)‡ Human (%)

Astrocytoma (1, 18, 19, 21, 23)
•	 30–60% of all canine neuroepithelial 

tumors
•	 60–70% of all human neuroepithelial 

tumors

I (Pilocytic) <1 5

II (Diffuse) ~40 10–15

III (Anaplastic) ~20 10–20

IV (Glioblastoma) ~30 60–75

Oligodendroglioma (1, 18, 19, 21, 23)
•	 30–50% of all canine neuroepithelial 

tumors
•	 10–15% of all human neuroepithelial 

tumors

II (Oligodendroglioma) 70 70

III (Anaplastic) 30 30

‡Grade distribution data obtained from archived specimens in Veterinary and Comparative Neuro-oncology 
Laboratory tissue biorepository.
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Preclinical testing of various therapeutic methods 
(Convection-enhanced Delivery, Irreversible 
Electroporation, transcranial-focused ultrasound) 
in dogs with spontaneous tumors of the brain

Recognizing the translational relevance of and collaborative opportunities offered 
by the spontaneous canine brain tumor model, our laboratory’s research focuses 
on the multi-scale, comparative targeting of brain tumors. Our efforts include the 
identification of pharmacologically tractable molecular targets common to human 
and canine brain tumors, as well as the development of novel macroscopic meth-
ods of CNS drug delivery that overcome the limitations imposed by the blood–
brain barrier (BBB) and blood brain tumor barrier (BBTB) (13, 14). The design 
and conduct of clinical trials in dogs with naturally occurring brain tumors is a 
major mechanism by which we assess our drug and device discoveries (10, 13).

Convection-enhanced delivery

The CED technique involves the pressurized infusion of therapeutic agents 
directly into tumor other target tissues using specialized catheters (13, 62–64). 
By bypassing the BBB, CED allows for delivery of high concentrations of mac-
romolecular drugs directly to the tumor with negligible or no systemic drug 
exposure, and CED is capable of achieving clinically relevant drug distribution 
volumes by bulk fluid flow without significantly increasing intracranial pres-
sure when infusions are administered at low pressures over several hours or 
days (60, 62–64). CED can increase drug distribution volumes in the brain by 
at least an order of magnitude relative to simple diffusion, and it can be per-
formed safely throughout the CNS in humans and animals (65). It has been 
demonstrated that liposomal CPT-11 and EGFRvIII-antibody conjugated to 
iron oxide nanoparticles can be safely delivered via CED to canine gliomas, and 
these studies have provided evidence of the efficacies of these approaches in 
this model (52, 60).

Historically, major technical impediments to the widespread adoption of CED 
for the treatment of human glioma has been an inability of the technique to dis-
tribute drugs to the entire heterogeneous tumor volume and margin (60, 61, 66), 
as well as inherent limitations of catheters adopted for use in CED. To overcome 
these obstacles, advancements in CED have included the incorporation of predic-
tive computational imaging analyses into therapeutic planning, real-time MR 
imaging of infusions to facilitate and confirm target coverage, and the design and 
utilization of novel catheters appropriate for CED (59–61, 64).

Building upon these advancements and cognizant of the lessons learned from 
prior CED clinical trials, we are investigating the use of CED to deliver high-
molecular weight-targeted therapeutics to canine gliomas. Given the potential 
efficacy of first generation of IL-13RA2 conjugated pseudomonal exotoxins in 
human GBM (67), and common overexpression of IL-13RA2 and EphA2 in canine 
and human gliomas (Figure 1), potent IL-13 and ephrin-A1-based cytotoxins 
containing modified Pseudomonas exotoxin A or Diphtheria toxin targeted to 
IL-13RA2 and EphA2 receptors were generated, respectively (47, 48, 68, 69). 
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We are actively conducting a clinical trial in dogs with gliomas to evaluate the 
tolerability and preliminary efficacy of this targeted bacterial cytotoxic cocktail 
administered by delivered using MRI-monitored CED.

Canine subjects enrolled in the trial have mild-to-moderate clinical signs of 
brain dysfunction and histopathologically confirmed gliomas demonstrating 
immunoreactivity to IL-13RA2 and/or EphA2. The trial is designed using a 3+3 
dose-escalation scheme, with cohorts administered 0.05, 0.1, 0.2, or 0.4 µg of 
each cytotoxin/ml of infusate. To optimize the CED procedure, an inverse thera-
peutic planning method, using a spherical shape–fitting algorithm generated from 
patient-specific, segmented MRI/CT images, is used to simulate ideal cannula 
placement and target coverage prior to treatment (69, 70). CED is performed in 
the anesthetized dog using reflux-preventing cannulae to co-administer the cyto-
toxins with a gadolinium tracer (Figure 2) to allow for intraoperative MRI visual-
ization of infusate distribution. Tolerability is defined as the absence of 
dose-limiting toxicities (DLT) within 28 days of infusion. DLT are considered the 
development of Grades 3, 4, or 5 adverse events, as defined by the Cancer Therapy 
Evaluation Program CTCAE standards (71). Serial clinical, laboratory, and brain 
MRI examinations are performed for 6 months following CED treatment, and the 

Figure 2  Intratumoral convection-enhanced delivery (CED) of molecularly targeted therapeutics 
into a canine astrocytoma. Pre-treatment transverse T2-weighted (A) and post-contrast 
T1-weighted (B) images demonstrating the tumor in the temporal-piriform lobes of the brain. 
(C) Fused silica and ceramic reflux-preventing cannula (RPC) with multistep tip design used 
for CED. (D) Intraoperative, transverse T1-weighted images obtained immediate prior to 
infusion, showing probe guide pedestal (PGP) implanted in the skull, through which 
RPC (F, white arrow) will be stereotactically placed into the tumor. (E–J) Time-lapsed 
3DT1-weighted images taken over approximately 2 h of MR-monitored infusion showing 
progressively increasing volume of distribution of the infusate co-delivered with gadolinium 
(white) within the tumor. An additional RPC has been inserted (G, red arrow) to facilitate 
tumor coverage. (K) Immediate post-infusion T1-weighted image demonstrating tumor 
coverage and infusate containment achieved at completion of CED.
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CED infusions can be repeated in the event of tumor progression or suboptimal 
target coverage is achieved during the initial infusion. Efficacy is determined by 
characterizing objective tumor responses using RANO and volumetric criteria 
modified for use in canine patients (72).

Using this approach, we have achieved robust and clinically relevant volumes 
of infusate distribution in unresected canine MGs (Figure 2). In addition, inclu-
sion of real-time MR-monitoring-facilitated intraoperative cannulae revisions that 
allowed continued target coverage after observation of ventricular leakage or 
infusate reflux in some procedures. Clinical and partial tumor volumetric 
responses (≥50% volumetric tumor reductions) have been observed in 55% (5/9) 
of the dogs treated to date. Necropsy examinations performed in four dogs with 
progressive disease have revealed tumor necrosis in infused regions. In the first 
three dosing cohorts, significant DLT have not been observed. Results from this 
trial indicate that improvements in CED cannula design, therapeutic planning, 
and MRI monitoring allow for safe and effective intratumoral delivery of IL-13RA2- 
and EphA2-targeted cytotoxins. This ongoing study also provides preliminary evi-
dence of the efficacy of these cytotoxins when used as a monotherapy in a 
spontaneous animal glioma model.

In our continuing effort to more precisely and specifically target gliomas with 
locally delivered therapies, we have clinical trials planned that will incorporate 
infusion our next generation multivalent cytotoxin, QUAD-CTX, that simultane-
ously targets the IL-13RA2, EphA2, EphA3, and EphB2 receptors into canine glio-
mas (see Part I, page xxx). Similar to humans, we have also demonstrated that 
canine gliomas overexpress EphA3. To further increase the efficiency and utility of 
CED, we will administer the QUAD-CTX using our innovative convection-
enhanced arborizing catheter (see Part III, page xxx).

Irreversible electroporation

Electroporation is a technique in which electrical pulses are used to permeabilize 
tissue through formation of nanoscale pores in cellular membranes (73). When 
the applied electric field strength exceeds a critical value, irreversible electropora-
tion (IRE) is achieved, which creates permanent defects in cellular membranes 
resulting in cell death (73, 74). IRE is a novel, minimally invasive, rapid, and non-
thermal method of tissue ablation that has been demonstrated to be safe and effec-
tive for the treatment of solid tumors in animals and humans (75–78). It has been 
shown that IRE therapy has also been shown to have sparing effects on the vascu-
lature, ductal networks, and extracellular matrix, which facilitates posttreatment 
healing (73, 74, 79).

We have developed a novel technology, coined high-frequency irreversible 
electroporation (H-FIRE) that represents a significant advancement in IRE ther-
apy, the specifics of which have been covered in Part III of this chapter (80). 
Briefly, the treatment of patients with high-amplitude IRE pulses (1–3 kv, ~100 µs) 
requires administration of neuroparalytic agents in order to abolish muscle 
contractions associated with pulse delivery (79). The requirements for general 
anesthesia and neuroparalytics may complicate or exclude IRE treatment of some 
tumors in some debilitated patients. The H-FIRE generator is capable of deliver-
ing bipolar bursts of pulses with individual pulse durations two orders of 
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magnitude shorter than in IRE (~1 µs). This allows H-FIRE to non-thermally 
ablate tissue without causing muscle contractions, which negates the need for 
neuroparalytic use during treatment, achieves more predictable zone of treatment 
by mitigating tissue heterogeneities (80, 81), and may allow for selective tumor 
cell ablation based on altered cellular morphology (82).

In addition, we and others have demonstrated that IRE and H-FIRE pulses are 
capable of transiently disrupting the BBB outside the region of irreversible tissue 
ablation in a voltage-dependent manner (83–85). This provides an opportunity 
for the delivery of otherwise impermeable macromolecules to a penumbra of 
tissue surrounding the macroscopic tumor volume exposed to the electrical field, 
which could be exploited for delivery of therapeutics to microscopic tumor infil-
trates extending beyond the gross tumor margins, which account for the majority 
of local treatment failures in MG (83, 85). We believe that these unique features 
of IRE and H-FIRE make them particularly attractive for use in intracranial surgery, 
and have been developing these platforms for the treatment of brain cancer.

We have evaluated the safety and preliminary efficacy both IRE (Figure 3) 
and H-FIRE (Figure 4) in dogs with spontaneous brain tumors (77, 79, 86). 

Figure 3  Stereotactic glioblastoma ablation with irreversible electroporation (IRE). Pre-
treatment transverse (A) and dorsal planar (B) post-contrast T1-weighted MR demonstrating 
ring-enhancing glioblastoma in the frontoparietal lobe of the cerebrum. Co-registered 
intraoperative CT and pre-treatment MR images (C) and three-dimensional reconstructed CT 
(F) with IRE electrodes in situ within the tumor in preparation for ablation. Three-month 
post-IRE treatment transverse (D) and dorsal planar (E) post-contrast T1-weighted MR 
illustrating 95% reduction in tumor burden.
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An integral component of the preclinical evaluation of IRE and H-FIRE was the 
development of anatomically accurate numerical treatment planning models 
that maximize tumor coverage while minimizing damage to surrounding 
healthy tissue and also account for the increase in tissue conductivity that 
occurs during pulse delivery (86–88). Incorporating therapeutic plans devel-
oped from patient-specific, segmented medical images imported into finite ele-
ment analysis modeling software, we have confirmed the ability of IRE and 
H-FIRE to safely and precisely ablate normal and neoplastic canine brain tissues 
with a submillimeter line of demarcation between ablated and non-treated 
tissues (79, 86, 89). IRE treatment of canine gliomas resulted in significant 
objective tumor responses in 4/5 dogs with quantifiable target lesions (Figure 3), 
and these radiographic responses were accompanied by improvements in Karnofsky 

Figure 4  High-frequency irreversible electroporation (H-FIRE) treatment of a canine Type I 
parasagittal meningioma. Treatment planning (A, B) involves segmentation of the tumor 
(green) and brain (purple) from the patient’s MR images (C, D), and determination of the 
electrode placement trajectory (A). The resulting electric field distributions are then 
simulated (B) using finite element analysis software (B). The H-FIRE electrodes are placed 
using intraoperative stereotaxy (E) according to the treatment plan, and the pulses delivered. 
After-HFIRE treatment, the tumor was resected and serially sectioned to correlate the 
predicted with actual ablation volume. Photomicrograph of the treatment margin 
(F), illustrating a sharp line of demarcation between H-FIRE ablated (lower left) and 
viable tumor (upper right); H&E stain.
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performance scores and posttreatment seizure control (72, 86). Similarly, 
using a treat and resect treatment paradigm, we have confirmed the ability of 
H-FIRE to safely and precisely ablate clinically relevant volumes of canine brain 
tumors without the induction of muscular contractions during pulse delivery 
(Figure 4).

To overcome previously recognized barriers to the translation IRE and 
H-FIRE therapies to the clinic, such as the inability to incorporate MR image-
guidance into treatments and need to use multiple software programs for thera-
peutic planning, we have been developing a comprehensive solution that 
combines all of the necessary components of the workflow in a user-friendly 
platform that can be incorporated into contemporary neurosurgical theaters 
(86, 90, 91). The foundation for this platform is an open-source, online interface 
that uses a treatment planning approach similar to that employed in radiothera-
peutic applications. The software allows for tissue-specific segmentation, deter-
mination of the tumor dimensions, and formulation of virtual electrode 
insertion approaches that can be used in surgery (91). These volumetric repre-
sentations are then used to perform computational simulations of the electric 
field distribution surrounding the active electrodes during pulse delivery to 
determine tumor coverage (Figure 4) and cell kill probabilities (90, 92). 
Validation of the predicted therapeutic outcomes generated with this platform is 
currently underway using clinical data from IRE-treated dogs with intracranial 
gliomas (90).

Another fundamental step which we have undertaken to clinically implement 
this technology is the development MR compatible electrodes for use in IRE and 
H-FIRE procedures. This provides for coupling of the imaging-based computa-
tional predictive models to near real-time imaging-derived feedback with regard 
to the electrode location and electrical properties of the tumor through the use of 
magnetic resonance electrical impedance tomography, which allows for intraop-
erative monitoring of the electrical field distribution during electroporation-based 
treatments (93). Using this anatomical and biophysical imaging-guided approach, 
the expected outcome of the treatment can be confirmed after pulse delivery is 
completed, and the treatment can be revised, if necessary, to accommodate any 
suboptimally treated areas that are identified.

Transcranial MR-guided-focused ultrasound surgery

The use of acoustic energy for therapeutic applications in the CNS was first 
described more than a half century ago in seminal studies performed in a feline 
model by Fry and colleagues (94–96). Ultrasound transducers are capable of 
focusing acoustic waves on targets located deep within tissues. By manipulating 
the sonication parameters, focused ultrasound is capable of thermal tissue abla-
tion, mechanical tissue ablation (histotripsy), neuromodulation, and BBB disrup-
tion, and thus has many potential applications in the treatment of brain disease 
(97–105). Although early studies showed the promise of focused ultrasound for 
the treatment of intracranial disorders, obstacles associated with the control and 
monitoring of the procedure coupled with the limitations associated with applica-
tion of acoustic waves through the skull have, until recently, impeded the wide-
spread application of this technology in neuro-oncology.
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The skull has been a major challenge to the clinical adoption of focused ultra-
sound in the brain. The attenuation of acoustic waves that occurs in bone is 
approximately 50 times higher than that of soft tissue, and this causes rapid heat-
ing of the skull which limits the safe energy exposures that can be delivered (101). 
The skull also has a significant effect on the propagation of acoustic waves, as 
variations in skull shape and thickness make it difficult to reliably focus the ultra-
sound beam. In early focused ultrasound trials, the barriers posed by the calvar-
ium required delivery of ultrasound through a craniectomy defect, which negated 
the benefits of a noninvasive transcranial procedure (98, 99, 106).

Vast improvements in technology have resulted in the development of several 
focused ultrasound systems which incorporate MR imaging and allow for the pre-
cision targeting and control of the procedure with real-time feedback obtained 
from quantitative MR thermometric imaging (103, 107, 108). The precision 
offered by MR-guidance, coupled with the incorporation of active tissue cooling 
measures, the design of large geometric phased transducer arrays, application-
specific tuning of the ultrasound frequency, and computational phase offset beam 
correction, have allowed the successful mitigation of the heating and beam focus-
ing problems traditionally posed by the skull, and ushered in the era of noninva-
sive transcranial MR-guided-focused ultrasound (TcFUS).

In parallel with advancements made in humans, non-human primates, and 
other animal models, we have been working toward the use of TcFUS for thermal 
ablation of canine tumors and focused disruption of the blood–brain barrier to 
facilitate drug delivery to the canine brain (109). The preclinical evaluation of 
TcFUS in dogs has posed additional and unique challenges. The tremendous 
inherent variations in skull size, conformation, and thickness within and among 
dog breeds has required expanding and refining engineering solutions developed 
to reliably achieve transcranial beam focusing. Although beam focusing aberra-
tions associated with skull variability can be corrected using large arrays of indi-
vidually controllable transducing elements, the geometry of existing FUS 
hemispheric arrays and the size and conformation variability, as well as position-
ing constraints of the canine cranium within these arrays complicates treatment 
delivery in the dog (Figure 5). Using computed tomographic scans of the head 
obtained prior to treatment co-registered with diagnostic MR data sets and a cus-
tomized multi-element elliptical array, we are in the process of optimizing patient 
and canine species-specific phase offset simulations to correct for differences in 
acoustic wave propagation associated with skull heterogeneity, and to allow for 
electronic steering of the focal position.

We have also attempted transcranial BBB opening in the normal canine brain 
using existing FUS systems (Figure 5). In our preliminary studies in dogs, we 
observed that the assessment of BBB opening using passive cavitation detection 
(PCD) resulted in considerable variability that was poorly associated with other 
measures of BBB opening, such as the opening volume (110). This is in contrast 
to findings indicating that PCD is an acceptable surrogate of BBB permeability in 
rodent models. We believe that these differences may be attributable to the gyren-
cephalic structure and increased white/gray matter, vascular, and ventricular het-
erogeneity of the canine brain compared with rodents, as other investigators 
have  demonstrated similar PCD variability when using a non-human primate 
model (100). Optimization of PCD monitoring remains a focus of our current 
canine TcFUS work, and will be paramount to answering questions associated 



Canine Brain Tumor Models418

with quantifying drug delivery and efficiency that are fundamental to assessment 
of TcFUS in the canine brain tumor model, and translation of these drugs and 
technologies to humans.

Conclusion

Dogs with spontaneous brain tumors represent an immunocompetent model that 
recapitulates many key clinical and pathobiological features of human tumors, 
and thus provide a unique avenue for the assessment of novel therapeutics. 
Integration of the canine brain tumor model into neuro-oncology research pro-
grams offers an opportunity to accelerate the development of effective treatments 
that will mutually benefit humans and dogs. The potential translational impacts 
of clinical trials in dogs with spontaneous brain tumors on neuro-oncologic tech-
nologies and techniques have been demonstrated in investigations focused on 
CED and immunotherapy. Continued critical analyses of the natural biology and 
molecular genetics of canine brain tumors will be paramount to defining stan-
dards of care for specific canine tumor types, the expansion and validation of 
canine-specific reagents and techniques necessary for quantitative and reproduc-
ible end-point evaluations, and ultimately, the optimal design of investigational 
clinical trials that incorporate brain tumor–bearing dogs that attempt to evaluate 
therapeutic outcomes.
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Figure 5  Evaluation of TcFUS instrumentation in the canine model. Canine skull (A) positioned 
in the Exablate platform (InSightec Ltd., Dallas, TX, USA) hemispheric transducer array. In the 
background, an additional Exablate hemispheric transducer and couch are visible illustrating 
the equipment configuration that would be used to treat a human brain. Canine positioned 
on the RK-100 couch (FUS Instruments, Toronto, Ontario, Canada) system in preparation for 
transport into the MR suite for TcFUS BBB opening. Note the size difference in the 
transducers between the two systems (B, inset).
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