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   Preface 

     The clinical and scienti fi c  fi eld of neuro-oncology is one of the most exciting 
and rapidly changing areas of oncology. The heterogeneity of glial cancers is 
being addressed at the level of molecular genetics and gene expression 
pro fi ling. This is paving the way for functionalizing the genome and indi-
vidualizing therapy for patients. The cell biology of glial cancers is in hot 
pursuit as our understanding of glial ontogeny and function enters a new era 
and the lessons begin to percolate translational science. 

 Transgenic technologies coupled with evolving biological concepts facili-
tate the development of evermore sophisticated models of disease. These 
developments will enable better preclinical data generation and better thera-
pies tailored to individual patients. 

 Yet the statistics remain grim. Central nervous system (CNS) malignan-
cies account for 2 % of cancers but 7 % of cancer deaths. Emerging biomark-
ers are dif fi cult to introduce into routine clinical practice for political, 
economic, and technical reasons. Early detection remains a challenge and 
patient recruitment is fraught with dif fi culties. 

 For those scientists, clinicians, and allied specialists, this is not new. What 
is new is an emerging sense of identity and enthusiasm across a broad spec-
trum of clinical and scienti fi c endeavor. Against this background it is essen-
tial to facilitate communication and understanding of new ideas and concepts. 
This book is written with this in mind: to promote collaboration across tradi-
tional boundaries and promote translational research for patient bene fi t. 

 The  fi rst two chapters review our current understanding of how we orga-
nize and classify the glial cancers. The genetic and epigenetic characteristics 
that shape the clinical phenotypes seen by clinicians are rapidly evolving, 
and a snapshot of where we are now highlights new questions for further 
research. The following two chapters seek to address the vexed question of 
where glial cancers come from and how they evolve. Given that the brain is, 
to a  fi rst approximation, amitotic, we could ask: “Why are glial cancers so 
common?” 

 A key element in the manifest failure of pharmacotherapy is the relatively 
poor models of disease currently available for drug development. In vitro and 
in vivo models are discussed in Chaps.   5     and   6     outlining current state-of-the-
art thinking and what key issues need to be addressed going forward. 

 The second part of the book begins to address the issues around patients 
and how we can treat them. This begins with an overview of novel approaches 
to one of the mainstays of treatment: ionizing radiation. Novel ionizing 
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 species are discussed and some clinical data presented. This is followed by a 
comprehensive overview of recent developments in imaging both structure 
and function of glial cancers. 

 The next two chapters address pragmatic issues of patient management: 
surgery and radiation oncology. New developments are highlighted empha-
sizing the broad spectrum of evolution of neuro-oncology. These chapters are 
followed by a review of how we can manage the elderly patient. There is a 
current lack of consensus among clinicians about how best to manage this 
dif fi cult group. The problem is compounded by a paucity of good-quality 
robust scienti fi c data on which to base clinical decision making. 

 The  fi nal part of the book examines two key questions going forward: 
How can we detect brain cancers sooner; and how can we improve clinical 
trial recruitment? Both will be central to the development of neuro-oncology 
in the future. 

 I hope that the clinical and scienti fi c data reviewed in this book stimulate 
new ideas and collaborations. That is the best tribute we can pay to all those 
suffering from brain cancer. 

June 2012
 Cambridge, UK   Colin Watts   
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   Introduction 

 Among all neoplasms in the human body, the 
diversity and complexity of tumors of the central 
nervous system (CNS) are considered by some to 
be unrivaled  [  1  ] . A simpli fi ed representation of 
the relative frequency in the general population 
of primary tumors of the CNS (i.e., tumors origi-
nating in the central nervous system tissue itself 

    P.   Wesseling ,  M.D., Ph.D.   
     Department of Pathology , 
 Radboud University Nijmegen Medical Centre ,
  Nijmegen ,  The Netherlands   

   Department of Pathology, Canisius Wilhelmina Hospital 
Nijmegen ,   Nijmegen ,  The Netherlands   

   Department of Pathology, VU University Medical 
Center ,   Amsterdam ,  The Netherlands    
e-mail:  p.wesseling@pathol.umcn.nl   
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  Abstract 

 For almost a century, histopathological evaluation of gliomas has provided 
the gold standard for classi fi cation of these neoplasms. Indeed, the (neuro)
pathologist is able to render an unequivocal diagnosis of glioma in most 
specimens and to indicate low- or high-grade malignant character of the 
lesion. It is increasingly clear, however, that the traditional histopathologi-
cal diagnosis lacks the robustness and speci fi city that is needed for more 
tailored treatment of glioma patients. Even for the experienced neuro-
pathologist, at least three factors may hamper reaching an unequivocal 
histopathological diagnosis on glioma tissue: (a) tissue quantity and qual-
ity, (b) lack of unequivocal histopathological criteria, and (c) incomplete 
representation of biology by morphology. Smart integration of informa-
tion on the underlying molecular aberrations in the diagnosis of gliomas 
will undoubtedly result in a more sophisticated classi fi cation of these 
tumors. Modern neuropathology is thus rapidly moving toward a com-
bined morphological and molecular approach, the challenge being to 
implement this approach in an affordable way that optimally serves the 
individual patients suffering from these neoplasms.  

  Keywords 

 Glioma  •  Astrocytoma  •  Oligodendroglioma  •  Ependymoma  • 
 Histopathology  •  Classi fi cation  •  Molecular diagnosis      

      Classi fi cation of Gliomas       

     Pieter   Wesseling              
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or from its coverings) is depicted in Fig.  1.1a   [  2  ] . 
Over half of these tumors are benign, major rep-
resentatives being meningioma, schwannoma, 
and pituitary adenoma. The group of glial tumors 
(gliomas) forms a major fraction of the rest. In 
pediatric patients, however, meningiomas are 
rare, while pilocytic astrocytomas, high-grade 
malignant “embryonal tumors” (the most fre-
quent example being medulloblastoma), glioneu-
ronal tumors, and glial tumors outside the 
“mainstream glioma categories” are much more 
frequent (Fig.  1.1b ). Compared to, e.g., cancers 
of lung, breast, colon, and prostate, the incidence 

rate of gliomas in the general population is low 
(about 7 new patients per 100.000 individuals per 
year)  [  3  ] . Of note, patients with CNS tumors are 
reported to suffer from the highest number of 
average “years of life lost”  [  4  ] . This can be 
explained by the fact that so far most patients 
with gliomas are incurable and that (malignant) 
tumors of the CNS occur relatively frequently in 
the pediatric age group.  

 Traditionally, classi fi cation of CNS tumors is 
based on microscopic evaluation of tumor tissue. 
When tissue of a patient with a CNS tumor is 
obtained for pathological diagnosis, the (neuro)
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  Fig. 1.1    ( a ) Simpli fi ed representation of the relative fre-
quency of primary brain tumors of the CNS. Over half of 
these tumors are benign, major representatives being men-
ingioma, schwannoma, and pituitary adenoma. Glial 
tumors form a major fraction of the rest. ( b ) In the pediat-
ric age group, the relative frequency is substantially dif-
ferent, with much less meningiomas, but many more 
high-grade malignant “embryonal tumors” (the most fre-
quent lesion in this category being medulloblastoma), 

 glioneuronal tumors, and “variants” of glial tumors such 
as pilocytic astrocytoma, as well as a larger number of 
(malignant) glial tumors that fall outside the mainstream 
glioma categories and/or are more dif fi cult to classify. 
Information in these charts for overall numbers is based 
on 158,088 patient diagnoses in 2004–2006, for tumors in 
the pediatric age group on 7,767 patient diagnoses in chil-
dren 0–14 years of age in the same time period ( Source : 
CBTRUS Statistical Report  [  2  ] )       
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pathologist in fact follows a decision tree: normal 
or abnormal tissue? Neoplastic or nonneoplastic 
lesion? Primary or metastatic tumor? Glial or non-
glial tumor? Diffuse glioma, “variant” glioma, 
or glial tumor combined with other component? 
In case of a diffuse glioma, the tumor is gener-
ally subtyped as astrocytic, oligodendroglial, or 

mixed/oligo-astrocytic. Finally, within histologi-
cal categories (esp. subtypes of diffuse glioma, 
ependymal tumors), the malignancy grade of the 
glial tumor has to be assessed (Fig.  1.2 )  [  5  ] .  

 Next to age and clinical condition of the 
patient and location of the tumor, the histopatho-
logical diagnosis carries important prognostic 

tissue specimen

normal tissue

non-neoplastic lesion

metastatic neoplasm

primary, but non-glial tumor
GLIOMAS

‘diffuse’
gliomas‘other’

gliomas
mixed glial-

neuronal tumors

ependymal
astro-
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oligo-
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oligo-
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ganglio-
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astrocytoma

anaplastic
oligo-

dendroglioma

glioblastoma
glioblastoma +
oligodendroglial
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I

II

III

IV

  Fig. 1.2    Simpli fi ed representation of decision tree fol-
lowed for histopathological diagnosis of gliomas; after 
excluding a number of differential diagnostic options and 
reaching a diagnosis of glioma, the neoplasm should be 
further (sub)typed and within some categories (esp. the 
diffuse gliomas and ependymal tumors) graded for a 
speci fi c histopathological diagnosis ( in italics ). The 
 dashed box  surrounding the term mixed glial-neuronal 
tumors underscores that these neoplasms are not just glial 
in nature. Of note, while for some of the non-diffuse 
gliomas such as pilocytic astrocytomas and ganglio-
gliomas, the histopathological diagnosis generally implies 
indolent biological behavior, occasionally microscopic 
features of more aggressive growth are found and the 

lesion may be diagnosed as anaplastic/WHO grade III. 
Also, it is important to realize that this scheme is incom-
plete because the WHO classi fi cation recognizes multiple 
other entities in the group of “other” gliomas (e.g., pilo-
myxoid astrocytoma, WHO grade II; angiocentric glioma, 
WHO grade I; chordoid glioma of the third ventricle, 
WHO grade II; desmoplastic infantile astrocytoma, WHO 
grade I; pituicytoma, WHO grade I) as well as in the group 
of mixed glial-neuronal tumors (e.g., desmoplastic infan-
tile ganglioglioma, WHO grade I; rosette-forming glion-
euronal tumor of the fourth ventricle, WHO grade I), but 
discussion of these very infrequent glial tumors falls out-
side the scope of the present chapter       
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information and forms the basis for further patient 
management. For instance, even after optimal 
therapy, most patients with a histopathological 
diagnosis of glioblastoma (the most malignant 
and unfortunately also the most frequent glioma) 
die within 1–2 years after diagnosis. In contrast, 
many patients with a low-grade glioma survive 
for over 10 years  [  6  ] . For the practicing patholo-
gist, reaching a diagnosis of glioma is generally 
not the most challenging part. Unequivocal (sub)
typing and grading of gliomas, however, can be 
very dif fi cult. Moreover, it is increasingly clear 
that the robustness and the level of sophistication 
of the classi fi cation of gliomas need to be 
improved for optimal implementation of more 
tailored therapeutic approaches. 

 After providing some information on the his-
tory of classi fi cation of gliomas, this chapter will 
describe the current pathological practice for typ-
ing and grading of these neoplasms. Thereby, the 
most recent 2007 World Health Organization 
(WHO) classi fi cation of tumors of the CNS 
serves as the basis  [  7  ] . Furthermore, the focus of 
this chapter is on the most frequent glial neo-
plasms, i.e., the spectrum of “diffuse gliomas,” 
ependymal tumors, and pilocytic astrocytomas. 
For information on less frequent glial tumors 
such as mixed glioneuronal tumors, pleiomorphic 
xanthoastrocytoma/PXA, and subependymal 
giant cell astrocytoma/SEGA, the reader is 
referred to other textbooks  [  7–  9  ] . Also, rather 
than providing a “cookbook” for the practicing 
(neuro)pathologist, this chapter is meant to expli-
cate the essentials of the current practice of histo-
pathological classi fi cation of glial tumors, 
including discussion of its strengths and weak-
nesses. The last part of the chapter provides some 
suggestions on how classi fi cation of gliomas may 
signi fi cantly be improved in the near future.  

   Some History 

 In the 1920s, Percival Bailey (neuropathologist) 
and Harvey Cushing (neurosurgeon) provided 
the groundwork for classi fi cation of tumors of 
the CNS as we know it today  [  10  ] . Gliomas were 
classi fi ed based on microscopic resemblance 

with and/or presumed derivation of tumor cells 
from nonneoplastic cells in the mature or devel-
oping CNS. For example, the term glioblastoma 
suggests derivation of a glioblast, although at 
that time (and even nowadays), it was not clear 
what exactly the nature of such a precursor cell 
was. Furthermore, most gliomas were subtyped 
as astrocytic, oligodendroglial, or ependymal 
because of resemblance of the tumor cells with 
three categories of better de fi ned, nonneoplas-
tic glial cells. Additionally, some glial tumors 
showed a mixed (e.g., oligo-astrocytic) pheno-
type, others a mixture of glial and neuronal dif-
ferentiation. Interestingly, during the last decade, 
the hypothesis that gliomas are derived from glial 
precursor cells or stem cells rather than from 
mature glial cells has (re)gained enormous inter-
est, also because this oncogenetic route may better 
explain the sometimes explicitly “promiscuous” 
expression of astrocytic, oligodendroglial, and 
even neuronal features in one and the same glial 
tumor  [  11,   12  ] . Meanwhile, typing of gliomas by 
resemblance of tumor cells with nonneoplastic 
glial cells still forms the basis of the most recent 
WHO classi fi cation of glial tumors  [  7  ] . 

 It was clear that after classifying CNS tumors 
as proposed by Bailey and Cushing, patients with 
a particular histological (sub)type of glioma often 
still show a highly variable clinical course. 
Acknowledging that some microscopic features 
within histological (sub)types of glioma are cor-
related with poor prognosis, in the 1940s, James 
Kernohan proposed a grading scheme based on 
systematic comparison of the presence or absence 
of features such as “anaplasia” and mitotic activity 
 [  13  ] . In the following decades, different grading 
schemes were introduced for the different subtypes 
of gliomas, each with its own shortcomings  [  14  ] . 
Since about the year 2000, the WHO classi fi cation 
is the worldwide accepted system for pathological 
diagnosis of tumors of the CNS. The WHO 
classi fi cation of glial tumors implies (1) tumor 
typing, assigning the tumor to a particular histo-
logical group, and (2) tumor grading, assessing the 
malignancy grade of a lesion within that group. 

 Apart from grading systems that are designed 
to assess malignancy grade within certain histo-
logically de fi ned tumor types, in the 1970s, Karl 
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Joachim Zülch introduced a grading system 
grouping tumors of similar aggressiveness/prog-
nosis irrespective of their histological type  [  15  ] . 
Roughly, this system recognized four grades of 
malignancy: grade I, expected survival more than 
5 years (“benign”); grade II, survival between 3 
and 5 years (“semi-benign”); WHO grade III, 
survival 1–3 years (“semi-malignant”); and WHO 
grade IV, survival generally <1 year (“malig-
nant”). More recently, some histopathological 
information was included in the de fi nitions of the 
different WHO grades: grade I, tumors with low 
proliferative potential and the possibility of cure 
following resection alone; grade II, tumors that 
tend to progress to higher grades of malignancy; 
grade III, tumors with histological evidence of 
malignancy, including nuclear atypia and mitotic 
activity; and grade IV, cytologically malignant, 
mitotically active, necrosis-prone neoplasms typ-
ically associated with rapid pre- and postopera-
tive disease evolution and fatal outcome  [  16  ] . 
Nowadays, the grades assigned to glial neoplasms 
by histopathological analysis thus overlap with 
the WHO grades attributed to these tumors. In 
daily clinical practice, verbal and numeric desig-
nations of the malignancy grade are often used 
interchangeably (e.g., glioblastoma = astrocy-
toma WHO grade IV; low-grade diffuse astrocy-
toma = diffuse astrocytoma WHO grade II).  

   Histopathological Classi fi cation of 
Gliomas 

   Tumor Typing 

 Macroscopic evaluation of biopsies or resection 
specimens is generally of little help in reaching a 
diagnosis of glioma. In larger specimens, a grad-
ual transition of normal appearing gray or white 
matter into a lesion with grayish discoloration 
and blurring of the preexistent anatomical struc-
tures is compatible with the presence of a diffuse 
glioma. In this context, necrosis indicates high-
grade malignancy. In daily practice, however, 
typing and grading of gliomas is based on micro-
scopic evaluation of especially hematoxylin and 
eosin (H&E)-stained histological sections. In this 

context, resemblance of the tumor cells with non-
neoplastic cells in the CNS is used to type a 
glioma as astrocytic, oligodendroglial, ependy-
mal, mixed (esp. oligo-astrocytic) glioma, or 
mixed glioneuronal tumor (Fig.  1.2 )  [  5,   7–  9  ] . 

 Normal astrocytes are typically stellate cells 
with an oval-to-elongate, somewhat vesicular 
nucleus, little eosinophilic cytoplasm, and deli-
cate eosinophilic cell processes that are often 
hard to identify in the neuropil (i.e., the dense 
network of processes of glial and neuronal cells 
in the brain parenchyma) without immunohis-
tochemical staining for glial  fi brillary acidic pro-
tein (GFAP). Reactive astrocytes generally show 
increase in the size of the perikaryon with some 
enlargement of the nucleus and more stout cellu-
lar processes. Not infrequently, reactive astro-
cytes show gemistocytic change with formation 
of a plump, rounded or angular, eosinophilic cell 
body and an eccentric nucleus. 

 Frequently, astrocytic tumors show a mixture 
of such cell types (Fig.  1.3a ). Several phenotypi-
cal variants of diffuse astrocytoma are recog-
nized, e.g.,  fi brillary astrocytoma (composed of 
tumor cells with clear  fi brillary cell processes), 
protoplasmic astrocytoma (tumor cells with small 
cell bodies and few,  fl accid processes), and gemi-
stocytic astrocytoma (characterized by a plump 
eosinophilic cell body of the tumor cells). While 
the connotation “ fi brillary” or “protoplasmic” in 
this context does not carry a clear prognostic 
signi fi cance, low-grade gemistocytic astrocy-
tomas tend to show more aggressive behavior 
than their non-gemistocytic counterpart.  

 Within the most malignant astrocytic tumor 
(i.e., glioblastoma) category, also several pheno-
typical variants are recognized, the most frequent 
of these being giant cell glioblastoma (showing 
extensive presence of giant, often multinucleated 
tumor cells), small cell glioblastoma (with pre-
dominance of small, relatively monomorphous 
tumor cells with little cytoplasm), and gliosar-
coma (with an extensive, highly pleiomorphic, 
spindle cell/sarcomatoid component). The prog-
nostic signi fi cance of these different glioblastoma 
subtypes is limited  [  5,   7–  9  ] . 

 Both normal and neoplastic oligodendro-
glial cells typically show a round nucleus with 
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a b

c d

e f

  Fig. 1.3    Some microscopic examples    of gliomas: ( a ) 
astrocytic tumor cells typically show variable amount of 
eosinophilic cytoplasm, often with clear eosinophilic cell 
processes and with variable nuclear atypia; the  arrow  
indicates a gemistocytic tumor cells with a plump, rounded 
eosinophilic cell body and an eccentric nucleus; ( b ) in 
contrast, prototype oligodendroglial tumor cells are char-
acterized by a round nucleus with a perinuclear clear halo 
(“fried egg appearance”); the  arrows  indicate delicate, 
branching tumor capillaries with some “chicken-wire-
like” architectural characteristics as is not infrequently 
seen in esp. oligodendroglial tumors; ( c ) diffuse gliomas 
typically show extensive dispersion of tumor cells in the 
preexistent brain tissue; here, an example of very subtle 

perivascular ( arrow ) and perineuronal ( arrowhead ) pres-
ence of tumor cells in the outskirts of the glioma; ( d ) 
example of glioblastoma with necrosis ( asterisk ) sur-
rounded by pseudopalisading tumor cells ( arrow ) and 
 fl orid microvascular proliferation ( arrowhead ); ( e ) pilo-
cytic astrocytomas are generally much more circum-
scribed and microscopically often show a “biphasic 
growth pattern” with alternation of compact ( asterisk ) and 
more loosely structured areas ( square ); ( f ) especially in 
the compact areas of pilocytic astrocytomas, Rosenthal 
 fi bers (i.e., deeply eosinophilic, often elongated struc-
tures;  arrows ) are frequently present.  a – f : hematoxylin 
and eosin staining, original magni fi cation in  a – c  and  e , 
 f ×200, in  d ×100       
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a  relatively dense chromatin pattern and a peri-
nuclear clear halo (“fried egg appearance”) 
(Fig.  1.3b ). Oligodendroglial tumors are often 
highly cellular lesions with compact  fi elds of 
tumor cells. Additional features indicative of 
oligodendroglial rather than astrocytic differen-
tiation are the presence of a branching network 
of delicate capillaries (“chicken-wire pattern”) 
and extensive calci fi cation in the tumor. Pure oli-
godendrogliomas may still contain tumor cells 
with an astrocyte  fl avor like minigemistocytes 
(characterized by a small, round, paranuclear 
eosinophilic cell body) and glio fi brillary cells 
(showing a small eosinophilic cytoplasmic body 
with eosinophilic cell processes). As indicated by 
their name, the key criterion for the diagnosis of 
mixed oligoastrocytomas is the presence of a sub-
stantial component of both neoplastic astrocytic 
and oligodendroglial-like tumor cells. The tumor 
cells of both lineages may be diffusely mixed or 
separated  [  5,   7–  9  ] . 

 In clinical practice, the distinction of the so-
called diffuse gliomas from other gliomas is of 
major importance. In adult patients, the vast 
majority of astrocytic, oligodendroglial, and 
mixed oligo-astrocytic tumors belong to the cat-
egory of diffuse gliomas. Irrespective of their 
malignancy grade, the hallmark of diffuse gliomas 
is extensive, diffuse in fi ltration of individual or 
small groups of tumor cells in the neuropil. An 
important clue for diffuse in fi ltrative growth is 
the diffuse increase in glial cells in the CNS tissue 
with relative preservation of the original architec-
ture. This growth pattern often results in exten-
sive dispersion of tumor cells along white matter 
tracts (“intrafascicular growth”) and perivascular, 
perineuronal, and/or subpial accumulation of 
tumor cells (Fig.  1.3c ). These latter phenomena 
were coined as “secondary structures” by Hans-
Joachim Scherer, a pioneer in the study of glioma 
growth patterns  [  17  ] , and form important evi-
dence for the diffuse in fi ltrative character of the 
glial neoplasm. In this context, crossing of tumor 
cells to the contralateral hemisphere via the white 
matter tracts of the corpus callosum may eventu-
ally result in a lesion that is radiologically recog-
nized as “butter fl y glioma.” Gliomatosis cerebri 
is the term that is used for the most extreme form 

of diffuse glioma growth, with according to the 
WHO 2007 classi fi cation in fi ltration of the lesion 
in at least three lobes of a cerebral hemisphere, 
but in some patients, widespread extension to 
infratentorial structures (brainstem, cerebellum) 
and even spinal cord as well  [  7  ] . Obviously, the 
diffuse in fi ltrative growth pattern of diffuse 
gliomas forms a major obstacle for curative ther-
apy  [  18  ] . 

 In contrast to diffuse gliomas, ependymomas 
and other “non-diffuse” or “variant” gliomas 
are indeed generally more circumscribed. Of 
the variant astrocytic tumors, the most frequent 
entity is pilocytic astrocytoma, a neoplasm that 
is generally encountered in the posterior fossa, 
optic pathways, or hypothalamic region of pedi-
atric patients and has a relatively benign clinical 
course. Histologically, pilocytic astrocytomas 
typically show alternation of compact and more 
loose or even (micro)cystic areas (“biphasic 
growth pattern”), the astrocytic tumor cells dem-
onstrating long, slender, hairlike (“piloid”) cel-
lular processes, and with variable presence of 
Rosenthal  fi bers and eosinophilic granular bodies 
(i.e., eosinophilic, hyaline structures produced by 
astrocytic tumor cells)  [  7–  9  ] . 

 Ependymomas consist of glial cells that may 
have astrocytic or, less frequently, oligodendro-
glial features but in addition show particular 
arrangements of the tumor cells: radial orientation 
around a central lumen (true ependymal rosettes) 
and/or around a vessel with a zone free of nuclei 
immediately around the vessel wall (perivascular 
pseudorosettes). In a substantial number of 
ependymomas, true rosettes are not easy to  fi nd. 
Also, unequivocal identi fi cation of perivascular 
orientation of glial tumor cells as a perivascular 
pseudorosette can be dif fi cult. Some special his-
tological variants of ependymal tumors are recog-
nized. Of these, the myxopapillary ependymoma 
and subependymoma are the most frequent and 
associated with a relatively benign course  [  7–  9  ] . 

 As can be expected from the wide spectrum of 
neuronal phenotypes that are encountered in the 
normal CNS, neuronal differentiation of tumor 
cells can also be present in many forms. Examples 
are the classic neuronal differentiation with a 
large cell body, a large vesicular nucleus and a 
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prominent nucleolus; neurocytic morphology 
resembling oligodendrocytes; immature, neuro-
blastic cells with little cytoplasm, a small round 
to oval or more irregular nucleus, and a dense 
chromatin pattern  [  7–  9  ] . 

 Starting in the 1980s, immunohistochemistry 
has substantially facilitated recognition of glial 
versus neuronal differentiation as well as subtyp-
ing of some glial tumors  [  7–  9,   19  ] . Especially the 
tumor cells in astrocytic and ependymal neo-
plasms are generally positive for GFAP and neo-
plastic neuronal cells for synaptophysin and/or 
Neu-N. A valuable marker for recognition of 
ependymal differentiation is epithelial membrane 
antigen (EMA): Ependymomas typically not only 
show EMA decoration of the luminal surface of 
the true rosettes but also dispersed, “dot-like” 
positivity within tumor cells, these dots ultra-
structurally representing intracytoplasmatic 
lumina that can also be demonstrated by electron 
microscopy. Several markers (e.g., Leu-7, Olig-
2) were introduced as helpful for immunohis-
tochemical recognition of oligodendroglial 
differentiation but did not make it to the routine 
diagnostic panel because of less speci fi c results 

than originally hoped for. Very recently, intern-
exin-alpha (INA) was reported as a marker show-
ing a signi fi cant correlation with oligodendroglial 
phenotype  [  20,   21  ] .  

   Tumor Grading 

 With a few exceptions, pilocytic astrocytomas 
and special variants of ependymal tumors (sub-
ependymoma, myxopapillary ependymoma) are 
designated as WHO grade I lesions. For diffuse 
gliomas and other ependymal tumors, after histo-
pathological typing of the neoplasm, a malig-
nancy grade still has to be assigned. While features 
like cellularity and nuclear atypia are also consid-
ered, grading of diffuse gliomas is essentially 
based on assessment of mitotic activity, necrosis, 
and  fl orid microvascular proliferation (Fig.  1.4 ) 
 [  14  ] . Diffuse astrocytic and mixed oligo-astrocytic 
tumors are graded as WHO grade II (low grade), 
WHO grade III (anaplastic), or WHO grade IV 
(glioblastoma +/– oligodendroglial component). 
Pure oligodendroglial and ependymal tumors are 
graded as WHO grade II or III  [  7  ] .  

low grade
+/- nuclear atypia

nuclear atypia
+ brisk mitotic activity

nuclear atypia
+ mitotic activity
+ necrosis and/or florid
    microvasc. proliferation

anaplastic

glioblastoma

‘diffuse’
gliomas

astro-
cytic

oligo-
astrocytic

oligo-
dendroglial

nuclear atypia
+ mitotic activity
+ necrosis 
+/- florid microvasc. prolif.

nuclear atypia
+ brisk mitotic activity
+/- florid microvasc. prolif.

nuclear atypia
+ brisk mitotic activity
+/- florid microvasc. prolif.
+/- necrosis

low grade
+/- nuclear atypia

low grade
+/- nuclear atypia

anaplastic anaplastic

glioblastoma
+ oligo-component

  Fig. 1.4    Microscopic 
criteria used for grading of 
diffuse gliomas. Using this 
system, a malignancy grade 
can be assigned to most 
diffuse glioma samples with 
clear prognostic relevance. 
However, the de fi nitions of 
these criteria are not precise 
enough to allow for 
unequivocal, reproducible 
grading of all neoplasms. For 
instance, the exact number of 
mitoses required for a 
diagnosis of anaplastic 
versus low-grade diffuse 
glioma and the minimum 
requirements for recognition 
of  fl orid microvascular 
proliferation are not clear. 
Even unequivocal assessment 
of necrosis may be problem-
atic in biopsy samples that 
are small or poorly preserved       
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 When in surgical material of a diffuse astro-
cytic neoplasm, marked mitotic activity, necro-
sis, and  fl orid MVP are lacking, the neoplasm is 
diagnosed as low-grade diffuse astrocytoma. The 
presence of marked mitotic activity, however, 
leads to the diagnosis of anaplastic astrocytoma, 
and the (additional) presence of necrosis and/
or  fl orid microvascular proliferation leads to a 
 diagnosis of glioblastoma (Fig.  1.4 )  [  7  ] . The same 
set of microscopic criteria is used for grading 
of oligodendroglial and mixed oligo- astrocytic 
tumors, but in a slightly different way, as in 
these tumors, necrosis and  fl orid microvascular 
proliferation do not have the same unfavorable 
connotation as in diffuse astrocytic neoplasms. 
Oligodendrogliomas with  fl orid microvascular 
proliferation and/or necrosis are still consid-
ered as WHO grade III lesions. In mixed oligo-
astrocytic tumors, the presence of microvascular 
proliferation is still compatible with WHO grade 
III, but necrosis is now considered (by some but 
not all neuropathologists) as reason to diagnose 
the tumor as glioblastoma with oligodendroglial 
component (GBM-O)  [  7,   23  ] . 

 Of note, low-grade diffuse gliomas show 
a strong tendency for progression to a high-
grade malignant lesion in the course of years. 
Glioblastomas that arise via malignant progression 
of a less malignant precursor lesion are coined as 
“secondary glioblastomas.” In many (esp. older) 
patients, however, such a precursor lesion cannot 
be demonstrated, and the tumor is considered as 
“primary” (or “de novo”)  glioblastoma  [  22  ] . 

 In diffuse gliomas, the labeling index of tumor 
cell nuclei as determined by the (immunohis-
tochemical) Ki-67/MIB1 staining increases with 
malignancy grade, roughly being up to 5 % in 
low-grade lesions, between 5 % and 10 % in ana-
plastic gliomas, and (at least in some areas) much 
more than 10 % in glioblastomas. However, the 
MIB1 labeling index is not routinely incorporated 
into a grading system because of substantial over-
lap of this marker for the different malignancy 
grades and differences in staining results between 
different laboratories  [  14  ] . 

 For assessment of the malignancy grade of 
ependymal tumors, a similar approach is fol-
lowed as for pure oligodendroglial neoplasms. 

However, the meaning of necrosis is less clear, 
and the association between tumor grade and 
prognosis is less stringent for ependymal neo-
plasms than for, e.g., astrocytic tumors  [  7  ] . 
Typing a tumor as pilocytic astrocytoma gener-
ally implies that the lesion should be considered 
as WHO grade I. Of note, pilocytic astrocytomas 
frequently show  fl orid microvascular prolifera-
tion and occasionally even necrosis. In contrast to 
diffuse gliomas, however, the presence of these 
features in pilocytic astrocytomas in itself does 
not signify high-grade malignancy, illustrating 
the importance of adequate tumor typing before 
assessment of the malignancy grade. A small 
subset of patients with pilocytic astrocytoma, 
however, does suffer from an unexpected aggres-
sive behavior. The presence of especially brisk 
mitotic activity is an important clue for such 
aggressive behavior and may lead to a diagnosis 
of anaplastic pilocytic astrocytoma  [  24  ] .   

   Practical Problems 

   Tissue Quantity and Quality 

 Gliomas frequently show marked phenotypical 
heterogeneity with spatial differences in cellular 
phenotype and malignancy grade. Such heteroge-
neity is encountered in an extreme form in glio-
blastomas, hence the epithet “multiforme” in the 
traditional name glioblastoma multiforme. In 
such heterogeneous neoplasms, the size and exact 
origin of the tissue specimens may thus have a 
major impact on the diagnosis that is rendered by 
the pathologist  [  25,   26  ] . 

 The chance of sampling effect is inversely 
correlated with the size of the tissue specimens 
obtained for histopathological diagnosis. Also, 
dependent on the size and exact nature of the 
tissue samples submitted, the neoplastic and/
or diffuse in fi ltrative nature of the glial lesion is 
more or less easily appreciated. Consequently, 
especially in small biopsies (e.g., in case of a 
neuronavigation-guided biopsy procedure of 
deep-seated intracerebral lesions or biopsies of 
the brain stem or spinal cord), the differential 
diagnosis of diffuse (low-grade) astrocytoma, 
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pilocytic astrocytoma, and reactive astrocytosis 
may be very challenging, and the malignancy 
grade of diffuse gliomas may well be underesti-
mated. For this reason and according to the WHO 
2007 classi fi cation, evaluation of mitotic activity 
should be performed in the context of sample 
size: While a single mitosis in a large resection 
specimen is not suf fi cient for the diagnosis of 
anaplastic glioma, the identi fi cation of a single 
mitosis in a small biopsy fragment may well indi-
cate high proliferative activity and thus a WHO 
grade III lesion or worse  [  7  ] . A spectrum of other 
preoperative, surgical, and/or pathological fac-
tors may negatively in fl uence tissue quantity and 
quality  [  27  ] . Obviously, suboptimal preservation 
of the morphology of tumor tissue in surgical 
material may result in a less speci fi c or even false 
diagnosis (“garbage in → garbage out”).  

   Lack of Unequivocal Criteria 

 Another problem is the lack of histological and 
cytological criteria that are suf fi ciently precise to 
allow for unequivocal, reproducible (sub)typing 
and grading of glial neoplasms. Some microscopic 
features are suggestive but not pathognomonic for 
a particular diagnosis. For example, Rosenthal 
 fi bers are a hallmark of pilocytic astrocytomas but 
are also found in other “variant” gliomas (ganglio-
glioma, pleiomorphic xanthoastrocytoma) and 
can even be present in reactive gliosis elicited by 
(therapy of) otherwise prototype diffuse gliomas. 
Also, an oligodendrocyte-like phenotype of tumor 
cells is not only encountered in oligodendroglial 
or oligo-astrocytic tumors, but morphologically 
similar cells constitute neurocytomas and can 
be present in (clear cell) ependymoma and pilo-
cytic astrocytoma. Even the results of immuno-
histochemical stainings may be confusing. For 
instance, a subset of bona  fi de oligodendroglial 
tumors is positive for synaptophysin, blurring 
the differential diagnosis with (extraventricular) 
neurocytoma  [  28  ] . Of note, the presence of peri-
nuclear halos in oligodendrogliomas is in fact a 
 fi xation artifact and can thus be absent in speci-
mens that are more promptly  fi xed or used for 
 frozen section diagnosis. 

 In diffuse gliomas, the precise extent of an oli-
godendroglial versus astrocytic component is 
often hard to de fi ne, e.g., because a substantial 
number of tumor cells are not easily recognized 
as either astrocytic or oligodendroglial. Exact cri-
teria for the minimum proportion of the different 
components needed for a diagnosis of mixed 
glioma are lacking. Also, diffuse gliomas in 
which the tumor cells lack the prototype oligo-
dendroglial and astrocytic phenotype are often 
“by default” considered as astrocytic neoplasms 
rather than diagnosed as “glioma not otherwise 
speci fi ed.” Of note, especially in the peripheral, 
diffuse in fi ltrative part of oligodendroglial tumors 
and in anaplastic oligodendrogliomas, the neo-
plastic cells may acquire a nondescript or even 
more astrocytic phenotype, but in this context, 
the presence of such areas is often considered as 
still being acceptable for the diagnosis of a pure 
oligodendroglial tumor. 

 Cell density and nuclear atypia are not nec-
essarily correlated with malignancy grade of 
gliomas. Low-grade oligodendrogliomas are 
often highly cellular (Fig.  1.3b ), while (parts of) 
glioblastomas may show moderate cellularity. 
Marked nuclear atypia may be encountered in 
otherwise low-grade gliomas while not being a 
prominent feature in glioblastomas. More impor-
tantly, it is unclear what the exact number of 
mitoses is that is required for a diagnosis of ana-
plastic versus low-grade diffuse glioma and how 
exactly mitotic activity should be weighted in the 
context of sample size  [  7  ] . 

 Florid microvascular proliferation is a term used 
for the presence of multilayered microvessels with 
hypertrophy and hyperplasia of endothelial cells 
and pericytes in the vessel walls, but the minimum 
requirements for recognition of this phenomenon 
are not clear  [  23,   29  ] . Even  unequivocal assess-
ment of necrosis may be troublesome in biopsy 
samples that are small or poorly preserved. This 
situation leads to  substantial interobserver variation 
in the classi fi cation of diffuse gliomas, also among 
experienced neuropathologists, and may well have 
undesirable clinical  consequences  [  30–  34  ] . 

 Last but not least, in the course of time, the 
ideas about the consequences of the presence 
of particular histological features for grading 
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of glial tumors have changed. For instance, the 
presence of  fl orid microvascular proliferation in 
a mitotically active diffuse astrocytic tumor has 
not always been enough reason to consider the 
neoplasm as glioblastoma. Also, mitotic activ-
ity in an otherwise low-grade diffuse astrocytic 
tumor was for some time considered as reason to 
grade the lesion as anaplastic, while more recent 
WHO classi fi cations require “brisk” or “marked” 
mitotic activity for the diagnosis of anaplastic 
astrocytoma (Fig.  1.5 ). This means that histo-
pathological diagnoses made in the past not nec-
essarily have the same connotation as those that 
are made according to the present, i.e., WHO 
2007 classi fi cation.   

   Incomplete Representation of Biology 
by Morphology 

 Even when an unequivocal histopathological 
diagnosis can be delivered, the biological behav-
ior of tumors with the same histological type and 
malignancy grade often varies considerably from 
patient to patient. In this context, it is important 
to realize that, while evaluation of the histopa-
thology of a tumor provides an enormous amount 
of information (in fact, representing a snapshot of 
the interaction of thousands of genes), it would be 
unrealistic to expect that microscopic criteria will 

ever fully cover the molecular heterogeneity in 
tumor classes that are relatively uniform in their 
morphological composition. Meanwhile, with 
more tailored treatments targeting speci fi c molec-
ular aberrations in these neoplasms approaching 
 [  35  ] , it is clear that traditional histopathological 
classi fi cation of gliomas does not meet the need 
that is increasingly felt in the clinic for a more 
sophisticated and robust diagnosis of gliomas in 
individual patients.   

   Way(S) To Go 

   Integration of Molecular Information 

 Starting in the  fi rst half of the 1990s, knowledge 
on molecular aberrations driving the develop-
ment and progression of gliomas has enormously 
increased. There is now ample evidence that cer-
tain molecular changes can be used as biomark-
ers that provide clinically useful information. In 
this respect, different types of markers are rec-
ognized: diagnostic markers providing informa-
tion that is helpful for classi fi cation of the tumor, 
e.g., in situations where the neoplasm has 
ambiguous histological features; prognostic 
markers carrying information about the inherent 
biological aggressiveness and thus the prognosis 
for the patient; and predictive markers providing 
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  Fig. 1.5    Scheme depicting 
how a change in diagnostic 
criteria caused “de fl ation” of 
the category of anaplastic 
astrocytoma. 
Histopathological diagnoses 
made in the past may thus 
not have the same connota-
tion as those that are made 
according to the present, i.e., 
WHO 2007 classi fi cation of 
tumors of the CNS       
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 information on the response that can be expected 
to a particular therapeutic approach  [  35  ] . Such 
markers are thus attractive tools for improving 
unequivocal diagnosis, assessment of prognosis, 
and/or treatment strati fi cation for the individual 
glioma patient. 

 Examples of molecular markers that have 
already elicited substantial clinical interest in 
glioma patients are complete co-deletion of chro-
mosomal arms 1p and 19q, methylation of the 
promoter of the methyl-guanine methyl trans-
ferase gene ( MGMT) , speci fi c mutations of the 
isocitrate dehydrogenase genes  IDH1  and  IDH2 , 
ampli fi cation of the epidermal growth factor 
receptor (EGFR) gene and expression of  EGFR  
variant III ( EGFRvIII ), and  BRAF  aberrations 
 [  36–  38  ] . 

 Co-deletion of 1p and 19q was the  fi rst 
detected molecular marker in gliomas with diag-
nostic potential  [  39  ] . Loss of 1p/19q shows a 
strong association with classical oligodendro-
glial features on histology  [  40  ] . Dependent on the 
exact criteria that are used for discrimination of 

subtypes of diffuse gliomas, this aberration can 
be detected in up to 80 % of low-grade oligoden-
drogliomas and approximately 60 % of anaplastic 
oligodendrogliomas, whereas 30–50 % of low-
grade oligoastrocytomas, 15–20 % of anaplastic 
oligoastrocytomas, and less than 10 % of diffuse 
astrocytic gliomas (including glioblastomas) 
carry this aberration (Fig.  1.6 ). Loss of 1p/19q 
has also been reported as a predictive marker for 
favorable response to alkylating chemotherapy. 
However, evidence is accumulating that this 
marker may have prognostic rather than predic-
tive meaning  [  37  ] . Furthermore, the  prognostic 
signi fi cance only seems to be present in tumors 
showing complete loss of the chromosome arms 
1p and 19q, and the signi fi cance of complete 
1p/19q co-deletion may be less pronounced in 
the presence of other prognostically unfavorable 
genetic alterations  [  41,   42  ] .  

 The vast majority of diffuse low-grade and 
anaplastic gliomas as well as secondary glioblas-
tomas carry  IDH1  or (much less frequently)  IDH2  
mutations. These mutations represent a very early 
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  Fig. 1.6    Scheme indicating how different molecular mark-
ers may be of diagnostic use for assessment of (sub)type or 
malignancy grade of glial neoplasms; complete co-deletion 
of chromosome arms 1p and 19q is strongly associated with 
oligodendroglial nature of the tumor, the presence of  IDH1  
or  IDH2  mutations with low-grade and anaplastic diffuse 

gliomas and secondary glioblastomas;  EGFR  ampli fi cation 
and expression of  EGFRvIII  indicate high-grade malig-
nancy in diffuse gliomas, and  BRAF  aberrations ( KIAA154-
BRAF  fusion gene,  BRAF V600E  mutation) are markers of 
“variant” gliomas (pilocytic astrocytomas, pleiomorphic 
xanthoastrocytomas) and gangliogliomas       
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oncogenetic event and indicate a more favorable 
prognosis compared to tumors in the same glioma 
category lacking these mutations  [  43–  45  ] .  IDH1  
and  IDH2  mutation analysis can be helpful in the 
differential diagnosis of, e.g., diffuse glioma ver-
sus pilocytic astrocytoma or ependymoma, of oli-
godendroglioma versus other tumors with an 
oligodendroglioma-like component, and of dif-
fuse glioma versus reactive astrocytosis (Fig.  1.6 ) 
 [  46–  48  ] . The fact that the protein product of the 
 IDH1  R132H mutation (representing about 90 % 
of the  IDH  mutations in diffuse gliomas) can now 
also be demonstrated by immunohistochemistry 
is a good example of how molecular information 
can sometimes be translated back to a simple, 
immunohistochemical test. Of note,  IDH  muta-
tions are rare in pediatric patients with (low-
grade) gliomas, underscoring that gliomas in the 
pediatric age group are generally distinct at the 
molecular level  [  49  ] . 

 MGMT promoter methylation has been 
reported to be signi fi cantly correlated with 
response of glioblastomas to alkylating chemo-
therapy  [  50  ] . More recent studies, however, indi-
cate that the predictive value of  MGMT  promoter 
methylation in diffuse gliomas is broader than for 
alkylating chemotherapy alone and is associated 
with other prognostically favorable molecular 
features such as 1p/19q co-deletion and  IDH1  
mutations  [  36,   37,   51,   52  ] . 

 The  EGFR  gene, located at chromosome 
7p12, is the most frequently ampli fi ed and over-
expressed gene in primary glioblastomas.  EGFR  
rearrangements are also frequently found in 
these tumors, by far the most common  EGFR  
variant being variant III ( EGFRvIII)   [  36,   53  ] . 
Identi fi cation of  EGFR  ampli fi cation and of 
 EGFRvIII  is suggestive of high-grade malignancy 
and therefore may provide diagnostic as well as 
prognostic information (Fig.  1.6 )  [  42  ] . Also, the 
 EGFRvIII  mutant may serve as an attractive tar-
get for immunotherapy  [  54  ] . Unfortunately, the 
ef fi cacy of therapies targeting the EGFR path-
ways in gliomas using small molecules is thus 
far disappointing. 

 Aberrant activation of the  BRAF  proto-
 oncogene at 7q34 by gene duplication and fusion 
or by point mutation has recently been identi fi ed 

as a common genetic aberration in pilocytic 
astrocytomas, pleiomorphic xanthoastrocy-
tomas, and gangliogliomas  [  36,   37,   55  ] . Testing 
for  BRAF  gene alterations might thus be helpful 
in the sometimes dif fi cult differential diagnosis 
between low-grade diffuse astrocytomas and 
“variant” gliomas (Fig.  1.6 )  [  56  ] . Additionally, 
as tumors with duplication or activating muta-
tions of  BRAF  show aberrant signaling via the 
 BRAF  pathway, pharmacological inhibition of 
this pathway may prove to be a valuable thera-
peutic option for these neoplasms. 

 Except for the identi fi cation of individual 
(epi)genetic alterations that carry diagnostic, 
prognostic, and/or predictive information, the 
signatures produced by high-throughput pro fi ling 
techniques may convey clinically relevant infor-
mation. For instance, one study reported that 
molecular classi fi cation of gliomas on the basis of 
genomic pro fi les obtained by array CGH closely 
parallels histological classi fi cation and was able 
to distinguish, with few exceptions, between dif-
ferent astrocytoma grades as well as between 
primary and secondary glioblastomas  [  57  ] . 
Also, gene expression-based classi fi cation of 
morphologically ambiguous high-grade gliomas 
was reported to correlate better with prognosis 
than histological classi fi cation  [  58,   59  ] . Other 
expression pro fi ling studies reported three or 
four subclasses of high-grade astrocytomas with 
prognostic relevance and differences in response 
to aggressive therapy and in underlying oncoge-
netic mechanisms (aberrations involving  EGFR , 
 NF1 , and  PDGFRA/IDH1  being associated with, 
respectively, the “classical,” “mesenchymal,” and 
“proneural” subclass of gliomas)  [  60–  62  ] . 

 In 2008, the Cancer Genome Atlas (TCGA) 
consortium published results of an integrative 
analysis of DNA copy number, gene expression, 
and DNA methylation status in over 200 human 
glioblastomas  [  63  ] . This study showed that in the 
majority of glioblastomas, two or three of the fol-
lowing pathways are involved: the p53 pathway, 
the RB pathway, and the receptor tyrosine kinase/
RAS/PI3K pathway. Promoter DNA methylation 
pro fi ling revealed that a subset of patients had 
concerted hypermethylation at a large number of 
loci, indicating the existence of a glioma-CpG 
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island methylator phenotype (G-CIMP)  [  64  ] . 
Also, a tight association between the  IDH1  muta-
tion status and gene expression pro fi les was 
found, suggesting two major pathomechanisms 
in diffuse astrocytic gliomas: one characterized 
by  IDH1  mutation and a proneural expression 
pro fi le (found mostly in diffuse low-grade and 
anaplastic astrocytomas and in secondary glio-
blastomas) and the other by lack of  IDH1  muta-
tion and a mesenchymal/proliferative expression 
pro fi le.  

   Multidisciplinary Approach 

 While in some cases, the pathologist may be able 
to make an unequivocal diagnosis (e.g., of glio-
blastoma) on a brain tumor biopsy without further 
knowledge of the context, in most situations, clini-
cal information (esp. patient age, duration of 
symptoms, previous treatment) and radiological 
 fi ndings (including location and growth pattern of 
the tumor, contrast enhancement) provide impor-
tant clues for narrowing down the differential 
diagnosis in patients with a tumor of the CNS  [  9  ] . 

 Conventional magnetic resonance imaging 
(MRI) is now the gold standard for radiological 
assessment of (glial) tumors of the CNS  [  65  ] . 
Low-grade diffuse gliomas show hyperintensity 
on T2-weighted MRI scans but generally do not 
enhance in T1-weighted images when using the 
contrast agent gadolinium-DTPA. The absence of 
contrast enhancement in these tumors can be 
explained by incorporation (“coöption”) of pre-
existent microvessels with only limited changes 
to the blood–brain barrier (BBB) and lack of 
 neovascularization. Similarly, contrast enhance-
ment on MRI scans of high-grade gliomas indi-
cates disruption of the BBB of preexistent or 
newly formed microvessels. Many glioblastomas 
present radiologically with a non-enhancing, 
necrotic core surrounded by a contrast-enhancing 
ring of viable, highly cellular, and angiogenic 
tumor tissue (ring enhancement). Importantly, 
contrast enhancement in “variant” gliomas such 
as pilocytic astrocytomas is fully compatible with 
a WHO grade I character of the lesion. Obviously, 
the radiological  fi ndings can be very helpful in 

cases where the differential diagnosis of, e.g., 
diffuse versus “variant” glioma or of low- versus 
high-grade malignancy in a diffuse glioma is 
dif fi cult for the pathologist. 

 Both radiological and pathological assessment 
of response to different treatment strategies for 
diffuse gliomas can be challenging. For example, 
distinguishing radiation necrosis from “sponta-
neous” tumor necrosis on MRI and in a biopsy of 
recurrent glioma can be virtually impossible. 
Additional MR methods such as diffusion-
weighted imaging (DWI), perfusion-weighted 
imaging (PWI), and magnetic resonance spec-
troscopy (MRS), as well as positron emission 
tomography (PET) and single-photon emission 
computed tomography (SPECT) imaging, may 
be helpful for narrowing down differential diag-
nostic options and for improved evaluation of 
response to different treatment protocols  [  65,   66  ] . 
Brain tumor diagnosis and therapy is thus a mul-
tidisciplinary task that requires close collabora-
tion of colleagues from (among others) neurology, 
neuroradiology, neurosurgery, (neuro)pathology, 
radiation oncology, and pediatric and/or medical 
oncology.  

   Conclusions and Future Perspectives 

 At present, the histopathological diagnosis based 
on the criteria de fi ned by the WHO classi fi cation 
is still the gold standard for classi fi cation of glial 
tumors. However, it is increasingly clear that this 
diagnosis is not robust and speci fi c enough to 
meet the increasingly re fi ned clinical demands 
and to guide more targeted therapeutic strategies 
in the modern neuro-oncology practice. Even if 
the criteria for morphological typing and grading 
can be substantially improved, it will be dif fi cult 
to capture the biological variation in strict mor-
phological criteria. Moreover, tissue sampling 
can be incomplete and may lead to, e.g., underes-
timation of the true degree of malignancy in 
regionally heterogeneous tumors. 

 Several molecular markers that may supple-
ment or even overrule the information provided 
by microscopic investigation are now ready to be 
translated into clinical practice, and it is to be 
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expected that the number of informative molecu-
lar markers in glioma diagnostics will increase 
much further. Up till now, however, very few 
molecular markers are actually being used rou-
tinely in daily clinical practice, also because 
there is a danger that after enthusiastic introduc-
tion of particular markers, “reality checks” reveal 
later on that the information provided by certain 
markers is not as straightforward as was origi-
nally hoped for  [  35  ] . Furthermore, assessment of 
glioma signatures by detailed genomic and/or 
expression array analysis is not yet suitable for 
broad introduction in the routine diagnostic 
panel because of the limited availability and high 
costs of this approach. Moreover, it remains to 
be proven that these signatures yield clinically 
relevant data for individual patients beyond the 
information provided by simpler tests analyzing, 
e.g.,  IDH1  mutation,  MGMT  promoter methyla-
tion, and 1p/19q deletion. Interestingly, a recent 
study reported that immunohistochemical 
expression analysis of a nine-gene signature, 
which is applicable to routinely processed tissue 
samples, may be suf fi cient to predict glioblas-
toma outcome  [  67  ] . 

 In conclusion, histopathological evaluation of 
tumor tissue still forms the basis for classi fi cation 
of gliomas. However, integration of information 
on the underlying molecular aberrations will 
undoubtedly result in a more re fi ned and robust 
classi fi cation of these tumors, and modern neuro-
pathology is rapidly moving toward such a com-
bined morphological and molecular approach. 
The challenges in this context are to sort out 
which markers really provide (diagnostic, prog-
nostic, and/or predictive) information that is 
 useful for clinical decision-making and how to 
implement analysis of these markers in a reliable 
and affordable way in order to optimally serve 
the individual patients suffering from these neo-
plasms in a routine neuro-oncology setting.       
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   The Epigenetic Control 

 The term “epigenetics” (literally “upon” genet-
ics) was coined by Conrad Waddington in the 
early 1940s. It was initially used to explain why 
genetic variations sometimes do not lead to phe-
notypic variations and how genes might interact 
with their environment to yield a phenotype  [  1  ] . 
Currently epigenetics is de fi ned as the study of 
mitotically and/or meiotically heritable changes 
in gene expression that involve molecular and 
structural changes of DNA but do not alter the 
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  Abstract 

 Epigenetic alterations have been recognized as important mechanisms in 
neoplastic transformation, malignant progression of cancer, and response 
to therapy. Epigenetic modi fi cations include DNA methylation and post-
translational modi fi cations of histone proteins that in fl uence the chromatin 
structure. Moreover, with the identi fi cation of the RNA interference 
machinery, a new layer of gene regulation has been added to the de fi nition. 
The coordinated interaction of these processes regulates gene expression 
activity. The disruption of these mechanisms of control is involved in a 
wide variety of pathologies, including but not restricted to cancer. Although 
epigenetic changes are somatically inheritable, they are reversible and 
hence may represent actionable targets for novel therapies. 

 Here we will discuss the current understanding of alterations in the 
epigenetic landscape that occur in the evolution of brain tumors and their 
potential impact on patient therapy.  

  Keywords 

 DNA methylation  •  Histone modi fi cation  •  MicroRNAs  •  Epigenetic gene 
silencing  •  Epigenetic therapy      
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DNA sequence (Fig.  2.1 )  [  2  ] . Epigenetic regula-
tion ensures that the right genes are expressed at 
the right time to allow for cell-type-speci fi c pro-
grams in development and differentiation, and 
adaptation to environmental cues that are not 
encoded in the DNA.  

 Epigenetic aberrations in cancer involve global 
DNA demethylation (hypomethylation) affecting 
intergenic regions, DNA repetitive sequences and 
gene bodies, and de novo methylation of CpG 
islands (hypermethylation) in promoter regions 
of tumor suppressor genes (Fig.  2.2 ). It has been 

largely established that epigenetic silencing of 
key genes mediated by promoter methylation 
plays an important role in cancer  [  3  ] . In addition, 
dynamic regulation of the chromatin state is 
mediated by mechanisms such as covalent 
modi fi cations of chromatin including histone 
acetylation, methylation, phosphorylation, and 
ATP-dependent chromatin remodeling. The latter 
is mediated by enzyme complexes using ATP-
hydrolysis to slide away histones along the DNA, 
which may expose transcription factor binding 
sites and thus facilitate their association with 
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  Fig. 2.1    Epigenetic regulation. Epigenetic regulation 
acts at different levels and with different molecular mech-
anisms like posttranslational modi fi cations (PTMs) of the 
histone tails ( 1 ) DNA methylation of CpG dinucleotides 
( 2 ) and microRNA expression ( 3 ) PTMs like tri-methyla-
tion (me3) of lysine number 4 (K4) of histone 3 (H3) 
(H3K4me3), H3K27me3, H3K9me3, etc. allow a more 
relaxed or compact chromatin status resulting in expres-
sion or repression of the genes under the modi fi ed his-
tones. DNA methylation is catalized by DNMTs (DNA 
methyltransferases) and leads to gene silencing directly 

by recruitment of methyl-CpG-binding domain (MBD) 
proteins that in turn recruit histone-modifying and chro-
matin-remodeling complexes to the methylated sites or 
indirectly by precluding the recruitment of DNA-binding 
proteins. MicroRNAs are transcribed from intragenic or 
intergenic regions by RNA polymerase II (PolII), and 
after several maturation steps mediated by the ribonu-
cleases    DROSHA and    DICER, they are integrated in the 
RNA-induced silencing complex (RISC) that blocks 
translation of speci fi c mRNAs       
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regulatory sequences. The best-known chromatin 
remodelers of this type belong to the family of 
SWI/SNF complexes  [  4  ] . The three processes of 
DNA methylation, histone modi fi cation, and 
nucleosomal remodeling are intimately linked, 
and their alterations result in reprogramming of 
cancer-relevant genes (reviewed in  [  5  ] ) (Fig.  2.1 ). 
Recent data in cancer biology emphasize the 
importance of epigenetic processes and illustrate 
that genetic and epigenetic phenomena cooperate 
at all stages of cancer development.   

   DNA Methylation 

 DNA methylation is the most intensively studied 
regulatory mechanism involved in the epigenetic 
control. It occurs predominantly on cytosine resi-
dues in CpG dinucleotides. So far, three enzymes 
that catalyze DNA methylation have been 
described: the DNA methyltransferases DNMT1, 
DNMT3a, and DNMT3b. All of them use the sub-
strate  S -adenosyl- l -methionine as source of 
methyl groups. DNMT1 preferentially methylates 
hemi-methylated DNA and is responsible for 
maintenance of the methylation patterns during 
DNA replication. DNMT3a and DNMT3b act on 
unmethylated DNA substrates and are responsible 
for de novo methylation  [  6,   7  ] . CpG dinucleotides 
are not evenly distributed across the human 

genome but are concentrated in short CpG-rich 
DNA stretches called “CpG islands.” They are 
preferentially located at the 5 ¢  end of genes and 
are present in about 60 % of human gene promot-
ers  [  8  ]  or reside in regions of large repetitive 
genomic sequences  [  9,   10  ] . DNA methylation of 
repetitive sequences has been proposed as a mech-
anism to prevent chromosomal instability by sup-
pressing events such as homologous recombination 
 [  11  ] , while gene body methylation is thought to 
prevent uncontrolled transcription initiation 
(reviewed by Portela et al.  [  5  ] ). DNA hypermethy-
lation of CpG islands located in the promoter 
regions has been associated with loss of expres-
sion (Fig.  2.2 ). Epigenetic gene silencing follow-
ing CpG island methylation is mediated through 
recruitment of methyl-CpG-binding domain 
(MBD) proteins that in turn recruit histone-modi-
fying and chromatin-remodeling complexes to the 
methylated sites  [  12,   13  ]  or indirectly by preclud-
ing the recruitment of DNA-binding proteins from 
their target sites  [  14  ] . Normally, most CpG islands 
remain unmodi fi ed during development and in dif-
ferentiated tissues  [  15  ] . However, there are some 
exceptions like the CpG island methylation occur-
ring during X-chromosome inactivation and those 
for imprinted genes  [  9  ] . Recent  fi ndings also sug-
gest that extensive DNA methylation changes 
caused by differentiation take place at CpG island 
“shores,” regions of comparatively low CpG den-
sity close to CpG islands  [  16–  18  ] . 

 Although CpG methylation is the most studied 
epigenetic modi fi cation, it is not the only one that 
can occur at the DNA level. Recently other regula-
tory chemical modi fi cations have been described 
like the methylation at non-CpG sites like CHG 
and CHH (where H is A, C, or T) or the 
5-hydroxymethylcytosine (5-hmC). Methylated 
CHG and CHH have been found in stem cells and 
seem to be enriched in gene bodies directly corre-
lated with gene expression, while they are depleted 
in protein binding sites and enhancers  [  19  ] . The 
levels of non-CpG methylation decrease during 
differentiation and are restored in induced pluripo-
tent stem cells (iPS), suggesting a key role in the 
maintenance of pluripotency  [  19,   20  ] . The func-
tion of 5-hmC is not yet understood and poorly 
studied at the moment especially because this 
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  Fig. 2.2    Aberrant DNA methylation in cancer. In normal 
cells DNA methylation at CpG sites is mainly present in 
gene bodies and repetitive sequences and contributes to 
chromosomal stability. In cancer cells we observe global 
DNA demethylation prominent at repetitive sequences 
and speci fi c hypermethylation of CpG islands of promot-
ers that frequently affects suppressor genes. Aberrant 
hypomethylation of gene bodies may unblock alternative 
transcription start sites       
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modi fi cation cannot be easily distinguished tech-
nically from the classic 5-methylcytosine  [  21  ] .  

   Detection Methods for Methylated 
DNA 

 In the last decade, the study of DNA methylation 
has become essential for the understanding of 
regulatory processes in biology, and more recently 
aberrantly methylated genes have been identi fi ed 
as biomarkers in cancer with clinical applica-
tions. This has led to the development of many 
methods for its detection using various technical 
strategies that are associated with different reso-
lution. Choice of technology depends on the pur-
pose, ranging from diagnostic tests for individual 
genes for patient selection to genome-wide meth-
ylation pro fi ling allowing for an unbiased com-
prehensive view of DNA methylation. 

 One of the most common methods to dif-
ferentiate between methylated and unmethy-
lated CpG sites uses a bisul fi te treatment. This 
step converts unmethylated cytosine—but not 
5-methylcytosine—in the DNA to uracil  [  22  ]  that 
after ampli fi cation by polymerase chain reaction 
(PCR) is replaced by thymidine. Subsequently, 
the altered sequence can be identi fi ed by any 
technology allowing sequence-speci fi c readouts 
that differentiates between cytosine and thymi-
dine (Fig.  2.3 ). A popular method is methylation-
speci fi c PCR (MSP) that uses distinct sets of 
primers, and each set is designed to bind either 
only to completely methylated or unmethylated 
sequences, respectively  [  23  ] . Each primer typi-
cally interrogates a series of three to  fi ve CpGs. 
Quantitative versions of MSP, QMSP, allow 
de fi nition of cutoff, standardization, and high-
throughput analysis  [  24,   25  ] . Other quantitative/
semiquantitative methods comprise methylation-
speci fi c pyrosequencing and methylation-speci fi c 
clone sequencing  [  26  ] . For genome-wide analy-
sis of bisul fi te-treated DNA, high-density bead 
chip arrays are available (e.g., In fi nium 450 K 
Methylation-Bead Chip, Illumina) for high-
throughput analysis, while deep sequencing 
technology (MethylC-seq) allows for unbiased 
evaluation of the methylome  [  27  ] .  

 Methods not depending on bisul fi te con-
version for differentiating methylated from 
unmethylated CpGs take advantage of methy-
lation-sensitive restriction endonucleases that 
recognize and cleave sequence-speci fi c either 
methylated or unmethylated CpGs only, followed 
by ampli fi cation for detection and quanti fi cation 
of characteristic restriction fragments. Other 
methods enrich methylated DNA fragments using 
antibodies against methylated CpGs (   MeDIP) or 
af fi nity columns loaded with recombinant pep-
tides derived from DNA methylation-binding 
proteins, such as the methyl-CpG-binding pro-
tein 2 (MeCP2). These enriched methylated 
DNA fragments are then used as input for detec-
tion methods such as deep sequencing or DNA 
microarrays that allow quanti fi cation of captured 
methylated DNA fragments  [  28–  30  ] . 

 The detailed comparison of the different tech-
nologies is beyond the scope of this chapter. 
Comparison of different technologies used to 
determine the methylation status of marker genes 
such as  MGMT  has been reviewed in Weller et al. 
 [  31  ] , and the assessment of different technologies 
for unbiased genome-wide DNA methylation 
analysis has been published recently  [  28–  30  ] .  

   Posttranslational Modi fi cation of 
Chromatin 

 The eukaryotic genome is packaged into chro-
matin, a highly ordered structure that contains 
DNA, RNA, histones, and other chromosomal 
proteins. Chromatin was originally classi fi ed into 
two domains, euchromatin and heterochromatin, 
based on the density of staining of the nucleic acid 
in micrographs  [  32,   33  ] . The de fi nition of these 
domains has since been expanded. Euchromatin 
is gene-rich, transcriptionally active, hyperacety-
lated, and hypomethylated chromatin. Conversely, 
heterochromatin is gene-poor, transcriptionally 
inactive, hypoacetylated, and hypermethylated 
chromatin  [  32–  34  ] . The basic unit of chromatin is 
the nucleosome, which is composed of two copies 
of the histones H2A, H2B, H3, and H4 wrapped 
with 146 base pairs of DNA  [  33,   35  ] . The abil-
ity of chromatin to  condense can be regulated in 
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part by posttranslational modi fi cation (PTM) of 
the N-terminal tails of the histones which include 
acetylation, methylation, phosphorylation, 
sumoylation, poly(ADP)-ribosylation, and ubiq-
uitination. These modi fi cations regulate key cel-
lular processes such as transcription, replication, 
and repair. So far over 60 different modi fi cations 
on histones have been described  [  34  ]  de fi ning 
the so-called “histone code” that refers to the 
patterns of modi fi cations where different com-
binations of histone modi fi cations designate or 
regulate speci fi c cellular processes and events 
 [  36–  38  ] . Active genes have been associated 
with particular modi fi cations also called active 
histone marks, e.g., tri-methylation of lysine 4 
(H3K4me3) and acetylation of lysine 9 (H3K9ac). 
In contrast histone marks for inactive genes may 
comprise H3K9me2, H3K9me3, H3K27me2, 
and H3K27me3. However, many active and inac-
tive genes have overlapping patterns of histone 
modi fi cations. In fact bivalent histone marks are 
a hallmark of embryonic stem cells that is thought 
to keep the genes in a “transcription-ready” state 
and may predispose important regulatory genes 
to inactivation by aberrant DNA hypermethyla-
tion that results in heritable gene silencing during 
malignant transformation and tumor progression 
 [  39  ] . For almost each modi fi cation, enzymes exist 
which either lay down the appropriate mark or 

remove it. Histone acetyltransferases (HATs) and 
histone methyltransferases (HMTs) add acetyl 
and methyl groups, respectively, whereas histone 
deacetylases (HDACs) and histone demethylases 
(HDMs) remove them  [  40,   41  ] . These histone-
modifying enzymes interact with each other as 
well as other DNA regulatory mechanisms to 
tightly link chromatin state and transcription. 
Although there is an intimate relationship between 
DNA methylation and PTM of histones, the for-
mer is considered to be relatively stable, while 
PTMs of histones are more dynamic, balanced by 
the activities of the histone-modifying enzymes 
removing or adding respective modi fi cations. 
In cancer cells this equilibrium is disturbed by 
deregulated expression of HMTs and HDMs and 
overexpression of HDACs. Deregulated expres-
sion of histone-modifying enzymes makes them 
potential targets for therapy to normalizing their 
equilibrium. 

 Like DNA methylation the study of the post-
transcriptional modi fi cation of chromatin led to 
the development of several methods of analysis. 
Most of them are based on immunoprecipitation 
of the chromatin cross-linked to DNA using 
speci fi c antibodies against the different PTM of 
the chromatin. Coprecipitated DNA is subse-
quently analyzed and quanti fi ed by PCR (ChIP-
PCR), on DNA chips (ChIP on CHIP), or by 
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genome-wide deep sequencing (ChIP-seq) to 
identify and quantify the chromatin status at loci 
of interest.  

   MicroRNAs 

 MicroRNAs are endogenously expressed short 
noncoding RNAs, 18–25 nucleotides in length, 
that repress protein translation through binding to 
target mRNAs  [  42  ] . More than 1,000 human 
microRNAs have been discovered to date, and 
recent studies have estimated that they are respon-
sible for the regulation of up to one-third of all 
human genes  [  43  ] . MicroRNAs are mostly tran-
scribed from intragenic or intergenic regions by 
RNA polymerase II into primary transcripts called 
pri-microRNAs  [  44,   45  ] . The primary transcripts 
undergo further processing usually by a ribonu-
clease named DROSHA resulting in a hairpin 
intermediate of about 70–100 nucleotides, called 
pre-microRNA  [  46,   47  ] . The pre-microRNA is 
then transported out of the nucleus to the cyto-
plasm by exportin 5  [  48  ] . In the cytoplasm, the 
pre-microRNA is processed by another ribonu-
clease, DICER, into a mature double-stranded 
microRNA  [  49,   50  ] . After strand separation, the 
guide strand or mature microRNA is incorporated 
into an RNA-induced silencing complex (RISC), 
whereas the passenger strand is degraded  [  50–  53  ]  
(Fig.  2.1 ). RISC comprises also argonaute pro-
teins that have a crucial role in microRNA bio-
genesis, maturation, and miRNA effector 
functions  [  51–  53  ] . The mature guide strand is 
important for target recognition and for the incor-
poration of speci fi c target mRNAs into RISC 
 [  50–  53  ] . The speci fi city of microRNA targeting 
is de fi ned by Watson–Crick complementarities 
between positions 2 and 8 from the 5 ¢  miRNA 
(also known as the seed), with the 3 ¢  untranslated 
region (UTR) of their target mRNAs  [  53  ] . When 
microRNA and its target mRNA sequence show 
perfect complementarities, the RISC induces 
mRNA degradation. Should an imperfect 
microRNA–mRNA target pairing occur, transla-
tion into a protein is blocked  [  53  ]  (Fig.  2.1 ). 
Analyzing the complementarities between 

microRNA and mRNA has revealed that each 
microRNA can potentially target multiple mRNAs 
 [  50,   54–  56  ] , while a single mRNA can be targeted 
by several different microRNAs  [  54,   55  ] . Many 
of these predictions have been validated experi-
mentally, suggesting that microRNAs might 
cooperate with each other to regulate gene expres-
sion  [  56  ] . Similar to promoter methylation of 
genes, expression of these regulatory RNAs may 
also be silenced by aberrant CpG methylation. 

 Besides the canonical mechanisms of 
microRNA gene regulation, other “noncanoni-
cal” microRNA-mediated mechanisms of mRNA 
expression modulation are emerging  [  50,   57–  61  ] . 
Some microRNAs have been shown to bind to the 
open reading frame or to the 5 ¢  UTR of the target 
genes, and, in some cases, they have been shown 
to activate rather than to inhibit gene expression 
 [  57,   58  ] . Moreover, some studies have recently 
reported that microRNAs can also regulate gene 
expression at the transcriptional level by binding 
directly to the DNA  [  50,   59–  61  ] .  

   Epigenetic Deregulation in Cancer 

 The cancer epigenome is characterized by 
extensive aberrations at any level of epigenetic 
control. The integrity of epigenetic regulation 
including maintenance of appropriate patterns 
of histone modi fi cations, DNA methylation, 
and microRNA expression is not only crucial 
for normal development and differentiation but 
is also intimately associated with tumor initia-
tion and progression  [  62  ] . It is also becoming 
clear that epigenetic deregulation may precede 
classical transforming events like mutations in 
cancer-relevant genes and genomic instability 
 [  63  ] . Disruption of the epigenetic machineries, 
either by mutation, deletion, or altered expres-
sion of any of their components, contributes 
to epigenetic deregulation. Aberrant promoter 
methylation of genes may complement mutation 
or deletion of the second allele, as postulated by 
the two-hit model for inactivation of tumor sup-
pressor genes, or even provide both hits by meth-
ylation of both alleles  [  18,   64,   65  ] . Identi fi cation 
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of new “ epimutations” is rapidly increasing with 
the availability of more performing technolo-
gies. Similar to genetic alterations, tumor-type-
speci fi c patterns of epigenetic alterations are 
observed  [  66  ] . The current challenge is to dif-
ferentiate drivers from passenger alterations and 
identify those that are actionable for future treat-
ment approaches or select the ones already drug-
gable by available therapies  [  67  ]  and develop 
respective biomarkers for patient selection.  

   Epigentic Deregulation in Glioma 

   Silencing by Promoter Methylation of 
O6-Methylguanine-DNA 
Methyltransferase Gene (MGMT) 

 In glioma probably the best-known epigenetic 
alteration is promoter hypermethylation of the 
repair gene that encodes the O6-methylguanine-
DNA methyltransferase (MGMT) that has become 
the  fi rst epigenetic biomarker in this disease  [  31, 
  68  ] . MGMT rapidly reverses alkylation (includ-
ing methylation) at the O6 position of guanine by 
transferring the alkyl group to the active site of the 
enzyme, in a suicide reaction  [  69  ] , hence annihi-
lating the therapeutic effect of alkylating agents 
such as temozolomide. Consequently, epigenetic 
inactivation of the  MGMT  gene by promoter 
methylation renders tumor cells more sensitive 
to alkylating agents. The clinical relevance of 
epigenetic silencing of the  MGMT  promoter for 
bene fi t from alkylating agent therapy was shown 
in a randomized trial for newly diagnosed glio-
blastoma (GBM)  [  70–  72  ] . Patients whose tumors 
contained a methylated  MGMT  promoter had a 
clear survival bene fi t from the addition of the 
alkylating agent temozolomide (TMZ) to standard 
radiotherapy (RT) with a median overall survival 
(OS) of 23.4 months as compared to 12.6 months 
in patients with an unmethylated  MGMT , while in 
the radiotherapy arm, OS was 15.3 months in the 
 MGMT  methylated and 11.8 in the unmethylated 
patients, respectively  [  70  ] . A predictive effect of 
 MGMT  methylation for bene fi t from TMZ is sug-
gested, however, the result for OS is confounded 

by the fact that TMZ was given to 60 % of the 
patients in the RT arm at relapse. The predictive 
effect is supported by the data from progression-
free survival (PFS). Patients with a methylated 
 MGMT  had a median PFS of 10.3 months, as 
compared with 5.9 months for patients who 
received radiotherapy alone. In contrast, patients 
with an unmethylated  MGMT  did not show such 
a bene fi t from the addition of TMZ with a PFS 
of 5.3 months, as compared with 4.4 months 
for patients who were treated with radiotherapy 
alone  [  68  ] . 

 Subsequent to this trial, the  MGMT  methyla-
tion status has been evaluated in many studies, 
revealing that frequencies are speci fi c to the 
glioma subtype and malignancy grade, ranging 
from 40 % in GBM to over 80 % in anaplastic 
oligoastrocytoma (WHO grade III), while  MGMT  
promoter methylation in pilocytic astrocytoma 
and most non-glial brain tumors is infrequent 
(Fig.  2.4 )  [  31,   73–  83  ] .  

 Surprisingly, the methylation status of the 
 MGMT  promoter has only a prognostic as 
opposed to a predictive effect in anaplastic 
gliomas. In two studies, it was shown that the 
prognostic signi fi cance of  MGMT  promoter 
methylation was similar in the RT as compared to 
the chemoradiotherapy arm  [  84,   85  ] . The under-
lying reason for this puzzling result became more 
clear when it was shown that in contrast to GBM, 
in anaplastic glioma (WHO grade III),  MGMT  
methylation is associated with good prognostic 
factors such as 1p/19q co-deletions and muta-
tions of the isocitrate dehydrogenase 1 gene 
(IDH1)  [  84  ] . Furthermore, it is of note that 80 % 
of GBMs have loss of one copy of chromosome 
10 which combined with  MGMT  promoter meth-
ylation that is located on 10q26 leads to complete 
loss of MGMT function. This is not the case in 
anaplastic glioma. They do not frequently exhibit 
loss of chromosome 10; hence,  MGMT  promoter 
methylation may affect both or only one allele, 
resulting either in complete loss or just reduced 
“gene dosage,” respectively. Taken together, the 
impact of  MGMT  methylation on response to 
alkylating agent therapy needs to be established 
for each tumor type.  
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   Epigenetic Deregulation of Cancer-
Relevant Pathways in Gliomas 

 Besides inactivation of DNA repair as exempli fi ed 
by  MGMT  silencing, DNA methylation analyses 
have revealed that silencing of negative regula-
tors of mitogenic pathways or activators of apop-
tosis is common in cancer showing tumor 
type-speci fi c patterns. In GBM the WNT path-
way may be activated through promoter methyla-
tion of negative regulators such as the WNT 
inhibitory factor 1, the family of secreted friz-
zled-related proteins (sFRPs), dickkopf (DKK), 
and naked (NKDs)  [  86,   87  ] . Another example is 
the ras pathway that in a subset of GBM is dereg-
ulated by silencing of the negative regulators Ras 
association (RalGDS/AF-6) domain family mem-
bers RASSF1A and RASSF10  [  88,   89  ] . RASSF1 
is methylated in many tumor types and is thought 
to contribute to ras signaling  [  90  ] . Examples of 
genes and respective affected pathways are given 
in Table  2.1   [  86–  89,   91–  98  ] .   

   Glioma CPG Island Methylator 
Phenotype (G-CIMP) 

 Improvement of technology in the last few years 
allows comprehensive analysis of genome-wide 

DNA methylation on high-throughput plat-
forms. Large-scale analysis in GBM on aberrant 
DNA methylation at CpG sites has unraveled 
a plethora of genes that are affected. A project 
of the “The Cancer Genome Atlas” (TCGA) 
has classi fi ed GBM into three distinct DNA 
methylation GBM subgroups  [  93  ] . A striking 
pattern with highly concordant DNA methyla-
tion was identi fi ed in 8 % of GBM, indicative 
of a glioma CpG island methylator phenotype 
(G-CIMP)  [  93  ]  (Fig.  2.5 )  [  93,   99,   100  ] . Patients 
with G-CIMP tumors are younger at the time of 
diagnosis and experience signi fi cantly improved 
outcome. G-CIMP tumors constitute a sub-
group of the proneural subtype as de fi ned by the 
Verhaak gene expression-based classi fi cation 
of GBM  [  101  ] . Furthermore, G-CIMP is highly 
correlated with  IDH1  gene mutations. Hence, 
G-CIMP is also associated with secondary 
GBM, arising from lower-grade glioma  [  102  ] . 
In grade II and grade III glioma, G-CIMP was 
also commonly identi fi ed with a strong associa-
tion with  IDH1/2  mutations, suggesting an early 
event in the evolution of these tumors  [  91,   93, 
  103  ]  (Table  2.1 ). In anaplastic glioma, G-CIMP 
has also been reported as good prognostic fac-
tor  [  103  ] . These observations further support the 
hypothesis that primary glioblastoma with low 
frequencies of  IDH1  mutations and G-CIMP 
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  Fig. 2.4    Frequency of 
methylated  MGMT . 
Meta-analysis of  MGMT  
methylation frequencies 
compiled from the literature 
(updated from Weller et al. 
 [  31  ]  and  [  73–  83  ] ). Mean 
values and con fi dence 
intervals ( CI ) of the  MGMT  
methylation frequencies are 
given for different brain 
tumors. Large con fi dence 
intervals usually mean few 
and small series published       
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   Table 2.1    Methylated genes and affected pathways in gliomas (without MGMT)   

 Tumor type  Pathway affected  Gene  % methylation  Ref. 

  Glioblastoma  
    RAS pathway  RASSF1A  47   [  88  ]  

 RASSF10  65   [  89  ]  
    WNT pathway  WIF1  26   [  86  ]  

 SFRP1  80   [  87  ]  
 SFRP2  77   [  87  ]  
 SFRP4  50   [  87  ]  
 SFRP5  20   [  87  ]  
 NKD1  0   [  87  ]  
 NKD2  81   [  87  ]  
 DKK1  0   [  87  ]  
 DKK3  0   [  87  ]  
 FZD9  72   [  91  ]  

 Metalloproteinase  MMP14  75   [  91  ]  
 MMP2  97   [  91  ]  

 PI3K pathway  PTEN  9   [  92  ]  
 G-CIMP  8   [  93  ]  
 Others 

 HOXA9  50   [  91  ]  
 HOXA11  75   [  91  ]  
 TMS1/ASC  21   [  94  ]  
 HIC1  100   [  95  ]  

  Secondary glioblastoma  
 RAS pathway  RASSF1A   [  88  ]  

 RASSF10  69   [  89  ]  
 WNT pathway  SFRP1  5   [  87  ]  

 SFRP2  12   [  87  ]  
 SFRP4  0   [  87  ]  
 SFRP5  40   [  87  ]  
 NKD1  0   [  87  ]  
 NKD2  13   [  87  ]  
 DKK1  83   [  87  ]  
 DKK3  100   [  87  ]  

 PI3K pathway  PTEN  82   [  92  ]  
 G-CIMP  75   [  93  ]  

(continued)



30 D. Sciuscio and M.E. Hegi

have a different pathogenetic/ epigenetic ori-
gin than secondary glioblastoma and should be 
classi fi ed separately.  

 The correlation of the neomorphic IDH1/2 
mutants with a DNA methylator phenotype was 
also observed in acute myeloid leukemia (AML). 
This provided an important mechanistic link, 
together with the fact that  IDH1 /2 mutations in 
leukemia were exclusive with tet oncogene fam-
ily member 2 ( TET2 ) mutations. The oncometab-
olite D-2-hydroxy glutarate (D-2HG) produced 
by neomorphic IDH mutants accumulates to high 
concentrations in the tumor tissues and has been 
shown to be a competitive inhibitor of  a -KG-

dependent dioxygenases, hence reducing the 
activities of the families of histone  demethylases 
and TET 5-methylcytosine hydroxylases, includ-
ing TET2. This leads to a genome-wide increase 
of DNA methylation (5-methylcytosine) and 
reduction of 5-hydroxymethylcytosine  [  104, 
  105  ] . Consequently suggesting a functional link 
between IDH1/2 mutations and the development 
of a methylator phenotype—metabolism meets 
epigenetics! Evidence for this functional link 
was provided recently by introducing an  IDH1  
mutant into primary human astrocytes that leads 
to extensive hypermethylation reminiscent of 
patterns identi fi ed in G-CIMP-positive low-grade 

Table 2.1 (continued)

 Tumor type  Pathway affected  Gene  % methylation  Ref. 

  Anaplastic astrocytoma  
 RAS pathway  RASSF1A  64   [  88  ]  

 RASSF10  80   [  89  ]  
 WNT pathway  SFRP1  10   [  87  ]  

 SFRP2  0   [  87  ]  
 SFRP4  25   [  87  ]  
 SFRP5  20   [  87  ]  
 NKD1  0   [  87  ]  
 NKD2  0   [  87  ]  
 DKK1  17   [  87  ]  

 PI3K pathway  PTEN  68   [  92  ]  
 G-CIMP  52   [  93  ]  
 Others  HIC1  100   [  95  ]  

  Diffuse astrocytoma  
 RAS pathway  RASSF1A  75   [  88  ]  

 RASSF10  60   [  89  ]  
 WNT pathway  SFRP1  5   [  87  ]  

 SFRP2  10   [  87  ]  
 SFRP4  25   [  87  ]  
 SFRP5  20   [  87  ]  
 NKD1  0   [  87  ]  
 NKD2  6   [  87  ]  
 DKK  0   [  87  ]  

 Cell proliferation  TES   [  96  ]  
 PI3K pathway  PTEN  43   [  92  ]  
 G-CIMP  80   [  93  ]  

 TET2  14   [  97  ]  
 Others  CDH1  65   [  98  ]  

 HIC1  100   [  95  ]  
  Pilocytic astrocytoma  

 RAS pathway  RASSF1A  20   [  88  ]  
 RASSF10  0   [  89  ]  
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glioma, hence establishing  IDH  mutations as the 
molecular bases of CIMP in glioma  [  106  ] .  

   Posttranslational Modi fi cations of 
Histones 

 Epigenetic alterations in glial tumors frequently 
involve proteins controlling the PTM of histones. 
In particular the enhancer of zeste human 
homolog 2 gene (EZH2), which is the catalytic 
component of the polycomb repressive com-
plexes 2 (PRC2) and PRC3, has been demon-
strated to play an important role in gliomas. It is 
involved in setting the H3K27me3 marks and 
also links different layers of epigenetic control. 
Indeed, EZH2 may indirectly control DNA meth-
ylation through providing a platform for recruit-
ing DNA methyltransferases  [  107  ] . EZH2 is 
overexpressed in most astrocytic and oligoden-
droglial tumors and even more highly expressed 
in GBM  [  108  ] . Nevertheless, proteins belonging 
to PRCs are not the only histone modi fi ers altered 
in gliomas. Expression of some histone deacety-
lases (HDAC) has been reported to be altered in 
GBM especially class II and IV HDACs  [  109  ] . 

Moreover, large-scale sequencing analysis in 
GBMs uncovered mutations in many genes 
encoding proteins involved in epigenetic regula-
tion, including histone deacetylases HDAC2 and 
HDAC9, histone demethylases JMJD1A and 
JMJD1B, histone methyltransferases SET7, 
SETD7, MLL, and MLL4, and methyl-CpG-
binding domain protein 1 (MBD1), although they 
have not been con fi rmed yet as drivers of glioma 
genesis  [  110  ] .  

   Aberrant Expression of MicroRNAs 

 Many studies have shown that glial tumors are also 
characterized by strong alterations in microRNA 
content. One of the best characterized alterations 
in GBM is represented by the miR-21. Identi fi ed 
targets of miR-21 are  TP53 ,  TGFB , the mitochon-
drial apoptotic pathway, and probably the tumor 
suppressor gene  PTEN   [  111  ] . Its expression lev-
els have been correlated with overall and disease-
free survival and suggested to be a biomarker for 
chemoresistance in other types of cancer includ-
ing leukemia and pancreatic and lung cancer  [  112, 
  113  ] . A growing number of other  microRNAs 
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tered according to the 2,285 most variable In fi nium DNA 
methylation probes. The structure of the heatmap identi fi es 
several GBM methylation subtypes, of which one group 
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( PCA ) on the  right side . The DNA methylation data has been 
downloaded from The Cancer Genome Atlas database  [  93  ] , 
subjected to a variation  fi lter (SD > 0.19) and clustered using 
coupled two-way clustering ( CTWC )  [  99,   100  ] .  Red , high 
methylation;  blue , low methylation       
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have been recently linked with gliomagenesis; 
striking examples are miR-10b  [  114  ]  and miR-
196 glioma involved in glioma progression 
 [  115  ] . In particular miR-10b is often upregulated 
in both low-grade and high-grade glioma and 
seems to downregulate  BCL2L11/ BIM,  TFAP2C /
AP-2 g ,  CDKN1A /p21, and  CDKN2A /p16 that 
normally protect cells from uncontrolled growth. 
Furthermore, the use of high-throughput tech-
nologies has allowed identi fi cation of expression 
signatures of microRNAs that characterize GBM 
subtypes or exert a prognostic value for survival 
in GBM  [  116,   117  ] . Again using TCGA data, 
microRNA expression pro fi les yielded biologi-
cally meaningful subclassi fi cation of GBM. Five 
subclasses were proposed that relate to develop-
mental patterns, of which three overlap substan-
tially with three of the four subclasses de fi ned by 
the Verhaak gene expression classi fi cation  [  101  ] . 
The “oligoneural” microRNA pro fi le was associ-
ated with “proneural,” the “radial glial” with “clas-
sical,” and the “astrocytic” with “mesenchymal” 
gene expression-de fi ned classi fi cation  [  116  ] .   

   Epigenetic Deregulation in Other 
Brain Tumors 

   Ependymal Tumors 

 We know little about the mechanisms involved in 
initiation, maintenance, or progression of ependy-
mal tumors. This is in part due to the heterogene-
ity and the low incidence of these tumors. Most 
of the epigenetic studies on these tumors have 
used a candidate gene approach with genes 
mostly selected looking at their methylation sta-
tus in other brain tumor types  [  118  ] . Despite the 
limited information available, a number of aber-
rantly methylated genes have been identi fi ed. The 
most commonly methylated gene in ependymo-
mas seems to be  RASSF1A  with a reported inci-
dence of 86 %  [  118,   119  ] . Another gene 
commonly methylated in ependymomas is  HIC1  
with an incidence of 83 % that has been associ-
ated with a non-spinal localization  [  120  ] . Finally, 
Rousseau and colleagues have shown promoter 
hypermethylation of  CDKN2A ,  CDKN2B   [  118, 

  121  ] . A non-exhaustive list of methylated genes 
and their pathways identi fi ed in different brain 
tumors is available in Table  2.2   [  88,   118–  136  ]    

   Pineal Tumors 

 The  fi rst gene identi fi ed in sporadic pituitary 
tumors affected by promoter methylation has 
been  CDKN2A   [  122,   137  ] . Subsequent studies 
have described methylation-mediated gene 
silencing in multiple other genes including  RB1 , 
 fi broblast growth factor receptor 2 ( FGFR2 ), 
death-associated protein kinase ( DAPK ), and 
galectin 3  [  122  ] . High-throughput technologies 
enormously boosted the discoveries in the  fi eld 
that led to the observation that  MEG3a  and 
 GADD45 g   are frequently inactivated in pituitary 
tumors by promoter hypermethylation  [  122,   126, 
  138  ]  (Table  2.2 ). Finally, alterations involving 
PTM of histones have also been described for 
pituitary tumors. The MLL-p27(Kip1) pathway, 
for instance, is often downregulated in pituitary 
adenomas  [  139  ] .  

   Medulloblastoma 

 Among the embryonal brain tumors, medulloblas-
toma (MB) is probably the most studied at both 
genetic and epigenetic level. Epigenetic inactiva-
tion of speci fi c genes by DNA methylation has 
been found for  HIC1 ,  RASSF1 A, and  CASP8   [  88, 
  127–  129  ] . More recently also  SFRP1 ,  SFRP2 , 
and  SFRP3  have been found to be methylated in 
primary MB  [  133  ]  (Table  2.2 ). BMI1, a compo-
nent of the polycomb repressive complexe (PRC) 
1 is also signi fi cantly upregulated in medulloblas-
toma. Recently BMI1 expression has been associ-
ated with poor survival  [  140,   141  ] . Furthermore, 
recent evidence suggests that microRNAs play 
an important role in medulloblastoma. The 
miR-124 has been one of the  fi rst microRNAs 
indenti fi ed as important in medulloblastoma. It is 
able to modulate the cell cycle, and its expres-
sion is signi fi cantly decreased in medulloblas-
toma  [  142  ] . Moreover, microRNA expression 
pro fi les from medulloblastoma overexpressing 
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either Her2 or c-Myc allowed the identi fi cation 
of speci fi c microRNA signatures in each group 
of medulloblastoma. Expression of miR-10b, 
miR-135a, miR-135b, miR-125b, miR-153, and 
miR-199b was altered in Her2-overexpressing 
tumors, whereas c-Myc-overexpressing medullo-
blastomas had expression changes in miR-181b, 
miR-128a, and miR-128b  [  143  ] . Finally, the 
miR-17–92 cluster has been found to function-
ally collaborate with the sonic hedgehog pathway 
in medulloblastoma development  [  144  ] .  

   Meningeal Tumors 

 Like for ependymal tumors, little is known about 
epigenetic alterations in meningeal tumors. What 
seems to be clear is that  MGMT  is not methylated 

in this tumor type  [  82  ] . Nevertheless, some epige-
netic alterations have been observed.  RASSF1A,  
 TIMP3,  and  TP73 , for instance, are frequently 
methylated in meningiomas (Table  2.2 ).    Moreover, 
downregulation of miR-200a in meningioma 
seems to promote growth by reducing E-cadherin 
and activating the WNT/beta-catenin signaling 
pathway  [  145  ] .   

   Epigenetic Treatments 

 Epigenetic therapies have already been FDA 
approved for leukemia and comprise DNA dem-
ethylating agents and HDAC inhibitors, and com-
binations thereof have been tested in clinical trials 
(see review by Kelly et al.  [  146  ] ). In glioblastoma 
HDAC inhibitors have entered clinical trials (see 

 Tumor type  Pathway affected  Gene  % methylation  Refs. 

  Ependymoma  
 RAS pathway  RASSF1A  86   [  118,   119  ]  
 Cell cycle regulation  CDKN2A 

(p16/ARF) 
 21   [  118,   121  ]  

 CDKN2B  32   [  118,   121  ]  
 Others  HIC1  83   [  120  ]  

  Pituitary tumors  
 Cell cycle regulators  RB1  26   [  122,   123  ]  

 FGFR2  45   [  122,   124  ]  
 INK4a (p16)  34   [  125  ]  

 GADD45 g   58   [  126  ]  

 Apoptosis  CASP-8  54   [  125  ]  
 THBS1  43   [  125  ]  

  Medulloblastoma  
 RAS pathway  RASSF1A  100   [  88, 

  127–  131  ]  
 Apoptosis  CASP8  62   [  132  ]  
 WNT pathway  SFRP1  24   [  133  ]  

 SFRP2  4   [  133  ]  
 SFRP3  16   [  133  ]  

 Others  HIC1  85   [  134  ]  
  Meningioma WHO II  

 RAS pathway  RASSF1A  64   [  135  ]  
 Metalloproteinase  TIMP3  67   [  136  ]  
 Others  TP73  82   [  135  ]  

  Meningioma WHO III  
 RAS pathway  RASSF1A  43   [  135  ]  
 Metalloproteinase  TIMP3  22   [  136  ]  
 Others  TP73  71   [  135  ]  

 Table 2.2    Methylated 
genes and pathways in 
selected non-glial 
brain tumors  
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  http://clinicaltrials.gov/    ), while demethylating 
agents have not been considered. This is likely due 
to the fact that the methylated  MGMT  promoter 
sensitizes the tumors to alkylating agents and that 
the alkylating agent TMZ is part of the current 
standard of care for GBM  [  70  ]  (see respective 
paragraph above). Furthermore, TMZ-containing 
treatment schedules are tested or are already used 
for most other glioma subtypes. Demethylating 
agents such as 5-Aza-cytidine or 5-Aza-2 ¢ -
deoxcytidine lock DNMT enzymes on to the 
DNA, thereby inhibiting further DNA methyla-
tion. Consequently, demethylating agents require 
cell division for activity, hence targeting rapidly 
dividing cells. Due to their unspeci fi c mechanism, 
demethyling agents may lead to reexpression not 
only of tumor suppressor genes but also of onco-
genes. Furthermore, the treatment may induce 
expression of alternative transcripts due to dem-
ethylation of gene bodies and further accentuate 
hypomethylation of repetitive sequences leading 
to increased genomic instability. 

 The HDAC inhibitor vorinostat (SAHA) has 
shown modest bene fi t as single agent in a phase II 
trial for recurrent GBM  [  147  ] . Analysis of respec-
tive tumor tissues for histone acetylation and RNA 
expression pro fi les indicated that the tested dose 
schedule affected targeted pathways. At present, 
vorinostat is tested in phase I/II trials for recur-
rent GBM in combination with various drugs or 
in newly diagnosed GBM in combination with 
standard chemoradiotherapy. Combination thera-
pies with vorinostat are also tested in embryonal 
tumors of the CNS. In contrast, the HDAC inhibi-
tor romidepsin was reported as ineffective in a 
phase I/II study for patients with recurrent GBM 
as single agent at the standard dose and schedule 
 [  148  ] . Interestingly, the treatment of GBM patients 
with valproic acid as antiepileptic drug has shown 
a survival advantage in combined chemoradio-
therapy  [  149  ] . Valproic acid is considered to have 
weak HDAC inhibitor properties and is currently 
tested in a phase 2 trial for newly diagnosed GBM 
in combination with standard chemoradiotherapy 
(NCT00302159). Other HDAC inhibitors (enti-
nostat, panobinostat phenylbutyrate) are in clini-
cal evaluation for recurrent high-grade glioma 

or refractory pediatric brain tumors and neu-
roblastoma. Drugs attempting to interfere with 
histone methylation that are expected to deplete 
PRC2 components are in preclinical testing: They 
comprise drugs like SL11144 that inhibits lysine 
(K)-speci fi c demethylase 1A (KDM1A) and 
DZNep, an inhibitor of S-adenosylhomocysteine 
hydrolase  [  146  ] . Targeting of DNA–histone H1 
complexes with a 131-iodine conjugated mono-
clonal antibody (Cotara) delivered by convection-
enhanced delivery is under investigation in a phase 
II study for recurrent GBM  [  150  ] .  

   Outlook 

 New concepts suggest that resistance to therapy 
may be partly mediated by epigenetic changes, 
based on the observation that acquired drug 
resistance was associated with alterations in the 
chromatin structure  [  151  ] . Indeed, treatment with 
HDAC inhibitors resensitized the drug-resistant 
cells, hence, providing evidence that development 
of drug resistance may be reversible in nature. 
This would explain the clinical observation of 
re-treatment response of tumors after “drug holi-
days.” Consequently, new drug schemes are sug-
gested adding concomitant HDAC inhibitors to 
therapies to prevent or at least delay acquisition 
of epigenetically mediated treatment resistance. 
Respective trials are ongoing. 

 Targeting of aberrantly overexpressed microR-
NAs as a therapeutic option has become techni-
cally feasible using locked nucleic acid 
(LNA)-modi fi ed phosphorothioate oligonucle-
otide technology that renders them more stable. 
First phase II trials using this technology are per-
formed in hepatitis C infection  [  152,   153  ] . The 
question if microRNAs are actionable in brain 
tumors remains to be determined and tested 
preclinically. 

 The hypothesis that the neomorphic mutants 
of IDH1/2 by means of inhibition of DNA dem-
ethylases through production of high concentra-
tions of the oncometabolite D-2HG are the 
underlying cause of G-CIMP makes them a 
prominent drug target. It remains to be seen if 

http://clinicaltrials.gov/
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inhibition of the neomorphic function of IDH1/2 
mutants is suf fi cient to reverse the methylator 
phenotype in these tumors. It is not known if the 
IDH mutants are required for maintenance of the 
tumors. Efforts aim at developing the oncome-
tabolite D-2HG as biomarker detectable by mag-
netic resonance spectroscopy that would provide 
a noninvasive diagnostic tool to identify IDH1/2 
mutant gliomas  [  154  ] . In contrast, the detection 
of the oncometabolite in the serum of patients 
af fl icted with IDH1/2 mutant gliomas has been 
reported not to be successful  [  155  ] . 

 Finally, mining epigenomics in cancer, as 
uncovered by large-scale analyses of DNA meth-
ylation pro fi les and chromatin structure, has just 
started. Insights into the molecular mechanisms 
and pathways affected by epigenetic cancer-related 
changes will provide new targets. The challenge 
will be to identify changes with the quality of driv-
ers versus passengers and to  fi nd actionable tar-
gets. Most interestingly, some of these epigenetic 
alterations can be converted into the “Achilles 
heel” of the affected tumors upon treatment with 
certain classes of anticancer agents. These may 
include DNA repair pathways as we have shown 
previously for GBM with a methylated  MGMT  
gene that particularly bene fi t from treatment with 
the alkylating agent temozolomide.      
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  Abstract 

 Oligodendrocyte progenitor cells (OPCs) are found not only in the devel-
oping central nervous system (CNS) but also exist abundantly and uni-
formly throughout the mature CNS. They are identi fi ed in vivo by the 
expression of NG2 (Cspg4 gene product) or the alpha receptor for platelet-
derived growth factor (PDGFR a ) and are antigenically and functionally 
distinct from neurons, mature oligodendrocytes, astrocytes, microglia, and 
neural stem cells. The majority of OPCs initially arise from committed 
neuroepithelial cells in the ventral germinal zone and subsequently migrate 
out and proliferate in the parenchyma. A different subset of later-born 
OPCs originates from dorsal germinal zones. While initial culture studies 
suggested that OPCs behave as bipotential glial progenitor cells endowed 
with the ability to differentiate into oligodendrocytes or astrocytes, more 
recent genetic fate-mapping studies have revealed that OPCs in the post-
natal CNS and the majority of OPCs in the prenatal CNS are committed to 
the oligodendrocyte lineage, with the exception of a small subpopulation 
of OPCs in the embryonic ventral forebrain that generates protoplasmic 
astrocytes. These observations provide the basis for future molecular anal-
yses on the mechanisms that restrict the fate of OPCs. 

 Astrocytes and oligodendrocytes represent two major macroglial cell 
types in the mammalian central nervous system (CNS) that arise from the 
neuroepithelium and constitute the major cell types found in primary brain 
tumors. While the functions of astrocytes and oligodendrocytes appear to 
be clearly distinct, some observations made over the last 30 years have 
suggested a close lineal relationship between these two cell types; other 
 fi ndings suggest that they are distinct cell lineages. In this chapter, a review 
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   Identi fi cation of Astrocytes and 
Oligodendrocytes 

   Early History of the Identi fi cation of 
Astrocytes and Oligodendrocytes 

 Astrocytes and oligodendrocytes represent two 
major macroglial cell types in the mammalian 
central nervous system (CNS) that arise from 
the neuroepithelium and constitute the major 
cell types found in primary brain tumors  [  1  ] . The 
German pathologist Rudolf Virchow introduced 
the term “neuroglia” to refer to the nonneuronal 
substance, which he thought played a cement-like 
role in holding the neuronal elements together  [  2  ] . 
The cellular elements of Virchow’s “neuroglia” 
were subsequently described as “spongiocytes” 
 [  3  ] , and the most common type of nonneuronal 
cells was named “astrocytes,” re fl ecting their 
star-shaped appearance in Golgi-stained tissue. 
Modi fi cation of the Golgi silver impregnation 
method by Ramon y Cajal led to the discovery of 
“the third element”  [  4  ] , which was later found to 
comprise the oligodendrocyte and the microglia 
 [  5  ] . Del Rio-Hortega  fi rst proposed that oligoden-
drocytes make the central nervous system (CNS) 
myelin  [  6  ] . However, it was not until the 1960s 
that oligodendrocytes were unequivocally estab-
lished as the myelinating cells in the CNS by the 
demonstration of connections between oligoden-
droglial processes and myelin sheaths using elec-
tron microscopy  [  7  ] . Astrocytes have long been 
viewed as supportive cells that maintain homeo-
stasis of ions and neurotransmitters around syn-

apses and provide trophic support for neurons 
 [  8  ] . Recent studies have led to new hypotheses 
on the role of astrocytes as active participants 
of the neural network  [  9,   10  ]  and as multipotent 
neural stem cells  [  11  ] . While the classical mor-
phological studies have delineated astrocytes and 
oligodendrocytes as distinct glial lineages, subse-
quent studies using cell culture, immunolabeling, 
and in vivo cell tracing have led to new questions 
about the lineal relationship between these two 
glial cell types, as summarized below.  

   Identi fi cation of Astrocytes and 
Oligodendrocyte Lineage Cells in 
Culture 

 In the 1970s, neurochemists were interested in 
culturing distinct cellular populations to de fi ne 
their biochemical properties. The intermediate 
 fi lament protein glial  fi brillary acidic protein 
(GFAP) was one of the  fi rst cell type-speci fi c pro-
teins to be discovered and has come to be widely 
used as a marker for astrocytes  [  12  ] . The devel-
opment of the hybridoma technique  [  13  ]  allowed 
generation of monoclonal antibodies directed 
against cell surface antigens, which could be 
used to isolate distinct cell populations. 

 The mouse A2B5 monoclonal antibody 
was generated by immunizing mice with chick 
embryonic retinal cells and was initially found to 
recognize a ganglioside on neuronal cells  [  14  ] . 
Subsequently, in cultures from neonatal rat optic 
nerves, which contain glial cells but not  neurons, 

of the recent literature on the development and fate of oligodendrocyte 
progenitor cells (OPCs) will be provided with a focus on their relationship 
with astrocytes and some historical perspective. The chapter will be 
divided into three sections: identi fi cation of macroglial cells, development 
of astrocytes and oligodendrocytes, and lineage plasticity of astrocytes 
and oligodendrocytes.  

  Keywords 
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the A2B5 antibody was shown to  recognize 
GFAP+ multi-process-bearing cells but not 
GFAP+ cells with  fl at,  fi broblast-like morphol-
ogy  [  15  ] . The stellate A2B5+ GFAP+ cells and 
 fl at A2B5− GFAP+ cells were named type 2 
and type 1 astrocytes, respectively. The stellate 
astrocytes also expressed the newly identi fi ed 
NG2 (neuron-glial antigen 2) cell surface anti-
gen  [  16,   17  ] , while the Ran-2 antigen (rat neural 
antigen-2) was detected on type 1 but not type 2 
astrocytes  [  18  ]  (Fig.  3.1 ).  

 The major myelin glycolipid galactocerebro-
side (GC) was shown to speci fi cally react with 
GFAP-negative, process-bearing cells from the 
optic nerve  [  19  ] , which were presumed to be 
oligodendrocytes. When A2B5+ GFAP− cells 
from the optic nerves were cultured in chemi-
cally de fi ned medium in the absence of fetal 
calf serum, they differentiated into GC+ oligo-
dendrocytes within 3 days, which suggested that 
A2B5+ cells could give rise to both astrocytes 
and  oligodendrocytes  [  20  ]  (Fig.  3.1 ). It was then 

Development of astrocytes and oligodendrocytes in culture
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  Fig. 3.1    Development of astrocytes and oligodendrocytes 
in vitro. A historical scheme of different macroglial lin-
eages identi fi ed in culture, primarily from work in Martin 
Raff’s laboratory. Oligodendrocyte progenitor cells ( OPCs ), 
also known as O-2A progenitor cells, express A2B5 and 
NG2 and differentiate into GC+ oligodendrocytes in serum-
free medium. They lose the expression of the progenitor 
antigens A2B5 and NG2 as they differentiate. In the absence 
of neuronal cells, these newly differentiated oligodendro-
cytes further differentiate to express myelin basic protein 

( MBP ) but do not differentiate to resemble fully mature 
myelinating oligodendrocytes. Olig2 is expressed through-
out this lineage and also in some neural stem cells that have 
not yet committed to the oligodendrocyte lineage. In the 
presence of fetal calf serum, BMP, or CNTF, OPCs differ-
entiate into type 2 astrocytes that have a stellar morphology 
and express both A2B5 and GFAP. Type 1 astrocytes 
de fi ned by the lack of A2B5, presence of Ran2, and their 
 fl at epithelioid morphology comprise a distinct lineage and 
are not generated from OPCs       
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proposed that the A2B5+ cells represent bipo-
tential glial progenitor cells, and thus they were 
named O-2A (oligodendrocyte-type 2 astrocyte) 
progenitor cells. Bipotential A2B5+ cells have 
also been isolated from adult tissues  [  21–  23  ] . 

 While both type 1 and type 2 astrocytes were 
found in cultures of white matter (optic nerve 
and corpus callosum), only type 1 astrocytes 
could be detected in cultures from subpial corti-
cal gray matter tissue or the cerebellar cortex 
 [  15  ] . It was therefore suggested that type 1 and 
type 2 astrocytes correspond to protoplasmic 
astrocytes in the gray matter and  fi brous astro-
cytes in the white matter, respectively  [  24,   25  ] . 
Miller and Raff initially used the A2B5 antibody 
on tissue sections and reported that  fi brous astro-
cytes in the adult optic nerve bound the A2B5 
antibody, while protoplasmic astrocytes in the 
cerebral cortex did not  [  24  ] . These studies 
marked the beginning of an era of characterizing 
distinct populations of glial cells in vivo using 
immunohistochemistry.  

   Identi fi cation of Astrocytes and 
Oligodendrocytes In Vivo 

   Astrocytes 
 While the cell surface antigens proved useful for 
marking and isolating different glial cell popula-
tions in vitro, there was a need to identify glial 
cells in tissue sections. By the end of the 1970s, 
GFAP expression had become the gold standard 
for identifying astrocytes in vivo. In the postmor-
tem human brain, GFAP is readily detectable in 
both protoplasmic astrocytes in the gray matter 
and  fi brous astrocytes in the white matter, mak-
ing this a highly reliable marker for human astro-
cytes. By contrast, in the rodent CNS, GFAP is 
robustly detected only in  fi brous astrocytes in the 
white matter, and the majority of protoplasmic 
astrocytes in the gray matter express little GFAP, 
with the exception of the hippocampus. Despite 
the nonuniform expression of GFAP in the rodent 
brain, many studies have equated astrocytes with 
GFAP+ cells. Other antigens such as S100 b  and 
glutamine synthetase (GS) have been used to 
detect gray matter astrocytes, but they are also 

expressed in some oligodendrocyte lineage cells 
and are not speci fi c to astrocytes  [  26  ] . Recently, 
aldehyde dehydrogenase 1L1 (Aldh1L1) was 
identi fi ed by microarray analysis as an antigen 
that is enriched in both white matter and gray 
matter astrocytes  [  27  ] . Fibroblast growth factor 
receptor 3 (Fgfr3) is also expressed by both 
GFAP-negative protoplasmic astrocytes in the 
gray matter and by GFAP+  fi brous astrocytes in 
the white matter but not by oligodendrocyte lin-
eage cells or neurons (Fig.  3.2 ). It is also expressed 
by neural stem cells in the subventricular zone 
(SVZ)  [  28,   29  ] .   

   Oligodendrocytes and Oligodendrocyte 
Progenitor Cells 
 The glycolipid antigens GC and A2B5, which 
were successfully used to mark oligodendrocytes 
and their progenitor cells in culture, are often 
inadequately preserved for immunohistochemical 
detection in routinely processed tissue sections. 
Based on the in vitro observation that OPCs pro-
liferate in response to platelet-derived growth fac-
tor (PDGF) through the alpha receptor for PDGF 
(PDGFR a ) expressed on their surface  [  30–  32  ] , 
PDGFR a  expression was used to examine the 
distribution of OPCs in vivo. In the embryonic 
brain and spinal cord, cells that express PDGFR a  
 fi rst appear in discrete regions of the germinal and 
subventricular zones of the ventral neural tube 
and subsequently expand and occupy the CNS 
 [  33,   34  ] . These PDGFR a  + cells were later shown 
to express the key transcription factors required 
for the speci fi cation and maintenance of the oli-
godendrocyte lineage such as Olig1, Olig2, and 
Sox10  [  35–  38  ]  (reviewed in  [  39,   40  ] ). 

 Independently, Stallcup and colleagues 
identi fi ed an integral membrane chondroitin 
sulfate proteoglycan NG2 (neuron-glia antigen 
2), which is expressed on O-2A progenitor cells 
from the optic nerve and disappears as they dif-
ferentiate into oligodendrocytes or astrocytes 
(Fig.  3.1 )  [  20,   41,   42  ] . Comparison of PDGFR a  
and NG2 expression by double immuno-
 fl uorescence labeling revealed that there was 
almost a complete overlap between glial cells 
that expressed NG2 and those that expressed 
PDGFR a  both in vitro  [  43  ]  and in vivo  [  44  ] , 



453 Astrocyte Differentiation

and NG2+ PDGFR a  + cells were found in the 
anatomical locations where oligodendrocyte 
progenitor cells were expected to be found 
 [  45  ] . Cells that coexpress NG2 and PDGFR a  
appear after embryonic day 14 (E14) in the 
mouse forebrain, expand to occupy the entire 
CNS by the end of the  fi rst postnatal week after 
birth, and persist in the adult CNS (see below). 
The NG2+ PDGFR a  + cells that are distributed 
uniformly throughout the CNS of adult mam-
mals are distinct from astrocytes, microglia, 
mature oligodendrocytes, and neural stem cells 
 [  46,   47  ] . To distinguish them from other cell 

types and to reinforce the notion that they exist 
in the CNS not only during development but 
throughout the life of the animal, we have pro-
posed to call them polydendrocytes. This name 
was chosen to re fl ect the multiple slender pro-
cesses they have and their lineal relation to oli-
godendrocytes  [  48  ] . Neither PDGFR a  nor NG2 
is speci fi c to OPCs. There is an early embry-
onic neuronal expression of PDGFR a , and 
NG2 is expressed on vascular mural cells in the 
CNS and elsewhere as well as on immature 
proliferative progenitor cells of mesenchymal 
lineages. Currently both NG2 and PDGFR a  are 

Development of astrocytes and oligodendrocytes in vivo
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  Fig. 3.2    Development of astrocytes and oligodendrocytes 
in vivo. The lineage of oligodendrocytes ( blue ) and astro-
cytes ( purple ) appear to be segregated early, and a com-
mon oligodendrocyte-astrocyte bipotential glial progenitor 
has not been found in vivo. Oligodendrocyte lineage cells 
arise from neural stem cells in the VZ/SVZ and begin to 
express the progenitor antigens NG2 and PDGFR a  as 
they migrate out of the germinal zones. From late embry-
onic stage throughout the postnatal life, OPCs generate 
myelinating oligodendrocytes characterized by the 
sequential expression of CC1, MBP, and additional myelin 
proteins such as PLP and myelin oligodendrocyte glyco-
protein (MOG). Some OPCs in the mature CNS remain as 

NG2+ OPCs throughout life ( bottom right ). All the NG2+ 
OPCs retain their proliferative ability (indicated by  black 
semicircular arrows ). NG2 and PDGFR a  are lost from 
the cell surface as OPCs differentiate into oligodendro-
cytes. Olig2 is expressed throughout this lineage and also 
in some neural stem cells that have not yet committed to 
the oligodendrocyte lineage. A small fraction of OPCs in 
the gray matter of the embryonic ventral forebrain ( vGM ) 
generate protoplasmic astrocytes (Aldh1L1+) but those in 
white matter (WM), gray matter of the dorsal forebrain 
( dGM ), or postnatal CNS do not become astrocytes, and 
their fate is restricted to oligodendrocytes       
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used as markers for OPCs (Fig.  3.2 ) in both 
rodent and human CNS, and their enrichment 
in the OPCs has been con fi rmed by transcrip-
tome analyses  [  27,   49  ] .    

   The Origin of Astrocytes and 
Oligodendrocytes 

   Development of Astrocytes 

 In the mammalian CNS, astrocytes arise from 
radial glia in the ventricular zone (VZ) and from 
immature cells in the secondary germinal zones 
such as the subventricular zone (SVZ) around the 
lateral ventricles  [  50  ] . Radial glia (originally 
described as radial cells) are the direct progeny of 
neuroepithelial cells that retain their cytoplasmic 
contacts with both ventricular and pial surfaces. 
Morphological evidence that radial glia transform 
into astrocytes was reported as early as the end of 
the nineteenth century  [  3  ]  and con fi rmed by more 
modern labeling techniques  [  51–  53  ] . Studies 
conducted over the last decade have established 
that radial glia give rise not only to astrocytes but 
also to neurons and thus function as multipotent 
stem cells  [  54,   55  ] . In the cerebral cortex, trans-
formation of radial glia into astrocytes follows 
the period of neurogenesis and thus is a relatively 
late event, occurring perinatally in rodents. 

 While the majority of radial glial cells disap-
pear as the brain matures, some persist in the 
adult brain. The Bergmann glia in the cerebellum 
is an example of such a population of glia with 
persistent radial morphology, and they have elec-
trophysiological properties that are different from 
those of protoplasmic astrocytes in the hippocam-
pus  [  8  ] . A recent lineage tracing and fate-map-
ping study revealed an early birth date of the 
Bergmann glia in the mouse, around the same 
time as Purkinje cells and deep cerebellar nuclear 
neurons, long before other cerebellar astrocytes 
are generated  [  56  ] . 

 Retroviral tracing studies have shown that 
progenitor cells in the perinatal SVZ generate 
astrocytes that migrate into the neocortex  [  57  ] . 
Interestingly, SVZ progenitor cells that migrate 
to the white matter tract of the corpus callosum 

mostly become oligodendrocytes but not astro-
cytes. Multipotent neural stem cells in the SVZ 
express GFAP  [  58  ] , and these cells generate 
olfactory bulb interneurons and some oligoden-
drocytes  [  59  ] , as well as parenchymal astrocytes. 
However, the relative contribution of radial glial 
progeny and SVZ progeny to the astrocyte popu-
lation is not clear. Until recently, it was assumed 
that GFAP+ cells in the SVZ are neural stem 
cells, while GFAP+ cells in the parenchyma are 
differentiated astrocytes and functionally distinct 
from the neural stem cells. However, this tenet 
has been questioned by recent observations that 
some parenchymal astrocytes can be induced to 
generate neurons and thus may behave more like 
multipotent stem cells  [  11  ] , which may explain 
the mixed cellular phenotypes seen in glioblas-
toma multiforme. 

 It is now well established that neural stem 
cells isolated from early embryonic cortex differ-
entiate into neurons, while those isolated from 
late embryonic cortex differentiate into astro-
cytes, even in the presence of similar Wnt and 
JAK/STAT signaling pathways. Much effort has 
been put into elucidating the cell-intrinsic and 
cell-extrinsic mechanisms underlying the tempo-
ral change in the fate of neural stem cells during 
rodent gestation. Epigenetic cell-intrinsic mecha-
nisms such as DNA methylation and the Polycomb 
group repressor complex are involved in regulat-
ing the activation of astrocyte-speci fi c genes at 
the onset of the gliogenic phase of development. 
In addition, the earlier generated differentiated 
neurons provide extracellular signals such as car-
diotropin-1 and Notch ligands, which alter the 
strength of JAK/STAT signal or DNA methyla-
tion in the late precursor cells  [  60,   61  ] . However, 
the identity of the key molecular switch that initi-
ates an uncommitted cell to follow the astrocyte 
fate remains unknown.  

   Development of Oligodendrocyte 
Lineage Cells 

 In both the spinal cord and forebrain, the major-
ity of oligodendrocyte lineage cells arise from 
discrete ventral domains in the VZ under the 
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in fl uence of Sonic hedgehog (Shh) (reviewed in 
 [  39  ] ). In the spinal cord, the oligodendroglio-
genic domain overlaps with the domain that gen-
erates motor neurons (pMN) and is coded by the 
basic helix-loop-helix transcription factors Olig1 
and Olig2  [  35–  37  ] . The ventrally adjacent p3 
domain, characterized by the expression of the 
homeodomain transcription factor Nkx2.2, also 
contributes to oligodendrocytes. NG2 and 
PDGFR a  become detectable after these cells 
migrate out of the ventricular zone and begin to 
expand and occupy the entire spinal cord  [  34, 
  44  ] . In addition to these ventral sources, some 
OPCs also arise from the dorsal structures inde-
pendently of Shh  [  62–  64  ] . 

 In the mouse forebrain, the earliest committed 
OPCs identi fi ed by PDGFR a  expression appear 
in mid-gestation at embryonic day 12 (E12) in 
the median ganglionic eminence (MGE) and 
anterior entopeduncular region (AEP), and their 
appearance is dependent on the homeodomain 
transcription factor Nkx2.1, which is necessary 
for the correct expression of Shh  [  65,   66  ] . In the 
avian forebrain, cells in the AEP supply all the 
oligodendrocytes in the telencephalon  [  67  ] . In 
the mouse, a second wave of OPCs arises after 
E16.5 from the precursors that express Gsx2 in 
the lateral ganglionic eminence (LGE) and even-
tually replace the earlier generated OPCs  [  68  ] . A 
third wave of PDGFR a  + cells appears mainly 
postnatally from dorsal Emx1+ cells and gener-
ates oligodendrocytes in the pallium including 
the neocortex and the corpus callosum. 

 From late embryonic stages throughout adult-
hood, the SVZ around the lateral ventricles pro-
vides a source for OPCs. Retroviral marking of 
perinatal SVZ showed that OPCs and oligoden-
drocytes in the corpus callosum and neocortex 
are generated from the neonatal SVZ  [  69  ] . In 
adult mice, retroviral marking of GFAP+ neural 
stem cells in the SVZ resulted in generation of 
OPCs cells in the corpus callosum in normal and 
demyelinated states  [  59,   70  ] . Besides the SVZ, 
local proliferation of NG2 cells also contributes 
to the maintenance of the oligodendrocyte lin-
eage cells in the mature CNS. 

 In addition to the ventral sources of tangen-
tially migrating cells in embryonic stages and the 

neocortical SVZ in postnatal rodents, radial glia 
have also been implicated as a source for oligo-
dendrocytes  [  54,   71  ] . While it has been shown 
that the majority of oligodendrocyte lineage cells 
in the forebrain are generated from Gsx2+ cells 
in the embryonic ganglionic eminences and 
Emx1+ cells in the pallium, the relative contribu-
tion of radial glial cells and SVZ cells to the oli-
godendrocyte is not clear.   

   The Fate of OPCs 

   Developmental Fate of OPCs (NG2 
Cells): Are They Multipotent Cells or 
Committed OPCs? 

   Search for Bipotential O-2A Progenitor 
Cells In Vivo 
 Since the identi fi cation of bipotential O-2A pro-
genitor cells in vitro  [  20  ] , numerous attempts 
were made to identify the astrocyte progeny of 
OPCs in vivo, but cells that coexpressed markers 
for OPCs and astrocytes could never be found 
in vivo. To circumvent the problem that the 
expression of A2B5 and other OPC antigens were 
downregulated before the appearance of astrocyte-
speci fi c antigens, isolated A2B5+ O-2A progeni-
tor cells were transplanted into the brain, and the 
fate of the donor cells was examined to see 
whether the donor cells could give rise to astro-
cytes as well as oligodendrocytes in the host 
environment. These studies, however, failed to 
unequivocally demonstrate that astrocytes could 
be generated from the grafted A2B5+ cells, in 
addition to oligodendrocytes  [  72,   73  ] . Further-

more, retroviral lineage tracing of immature cells 
in the rat cerebral cortex revealed labeled clones 
that generated both neurons and glia but not 
astrocytes and oligodendrocytes  [  74  ] , again fail-
ing to demonstrate the astrogliogenic fate of 
OPCs. Thus, the predominant view in the early 
1990s was that type 2 astrocytes were an in vitro 
artifact and that OPCs are the committed progen-
itor cells of the oligodendrocyte lineage. 

 By the end of the 1990s, interest in the fate of 
OPCs was rekindled with the rediscovery of neu-
ral stem cells in the SVZ and the hippocampal 
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subgranular zone of the adult CNS  [  75,   76  ] . This 
was fueled by the discovery that OPCs from the 
perinatal rat optic nerve could be reprogrammed 
to generate neurons after a prolonged period in 
culture, via a type 2 astrocyte-like stage  [  77  ] . The 
question of multipotency of OPCs became once 
again a subject of intense investigation.  

   BrdU Pulse-Chase Labeling to Follow the 
Fate of OPCs 
 One unique property of OPCs is that they con-
tinue to proliferate in the postnatal rodent CNS 
after other cell types have ceased to proliferate. 
Acute labeling of rats with the thymidine analog 
5-bromo-2 ¢ -deoxyuridine (BrdU) revealed that 
1.5 % of NG2 cells in the adult rat cerebral cortex 
incorporated BrdU  [  78  ] . Cumulative BrdU label-
ing after continuous exposure to BrdU resulted in 
labeling of 40–90 % of NG2 cells in the adult 
cerebral cortex and corpus callosum  [  79  ] . By 
immunolabeling for Ki-67, which is expressed in 
all active phases of the cell cycle including G1, S, 
G2, and M, but not in G0, it was shown that all of 
the Ki-67+ cells in nonneurogenic regions of the 
mature rodent and human forebrain were NG2+ 
 [  80,   81  ] . In the spinal cord of postnatal day 18 
(P18) mice, more than 90 % of BrdU+ cells were 
found to be NG2+  [  82  ] . The proportion of BrdU+ 
cells was highest at this developmental stage, 
which marks peak myelination, and dropped to 
70 % in the adult spinal cord  [  78,   83  ] . BrdU+ 
cells that were NG2-negative were likely to 
include proliferating astrocyte precursors and 
microglia, as well as cells undergoing DNA repair. 
These  fi ndings are consistent with the earlier 
ultrastructural studies combined with  3 H-thymidine 
labeling, in which the majority of the proliferating 
cells were found to be “small glioblasts” or “spon-
gioblastic precursor cells of oligodendrocytes,” 
which likely correspond to NG2+ OPCs  [  84  ] . 

 One can take advantage of this unique prolif-
erative property of OPCs in the mature CNS and 
follow the fate of proliferated cells by performing 
pulse-chase labeling with BrdU, similar to what 
had been done by ultrastructural studies using 
 3 H-thymidine labeling  [  85  ] . When the phenotype 
of BrdU+ cells in the spinal cord was examined 
1 day and 4 weeks after BrdU administration to 

adult rats, the percentage of BrdU+ cells that 
expressed NG2 declined, with a concomitant 
increase in the number of BrdU+ oligodendro-
cytes  [  83  ] . This indicated that the proliferated 
NG2+ OPCs had differentiated into oligodendro-
cytes over the course of 4 weeks. Similarly, BrdU 
pulse-chase labeling in the spinal cord after a 
single injection at P18 resulted in the disappear-
ance of BrdU+ NG2+ cells accompanied by an 
increase in BrdU+ CC1+ oligodendrocytes in the 
white matter within 2 weeks  [  82  ] . In the Horner 
study, some S100 b  + astrocytes were observed 
after 4 weeks, but these experiments could not 
distinguish between astrocytes that had been gen-
erated from NG2-negative proliferated astrocyte 
progenitor cells or from NG2+ cells. In an earlier 
ultrastructural study combined with  3 H-thymidine 
pulse-chase labeling of the optic nerve, it was 
demonstrated that astrocytes are generated before 
the end of the  fi rst postnatal week, prior to the 
peak of oligodendrocyte generation, and it was 
suggested that astrocytes and oligodendrocytes 
are generated from distinct precursor cells  [  86  ] . 
However, the question of whether astrocytes are 
generated from NG2 cells could not be unequivo-
cally resolved, as the percentage of BrdU+ cells 
that were NG2+ was less than 100 % immedi-
ately after labeling.   

   Genetic Fate Mapping in the Normal 
CNS 

 While pulse-chase labeling with BrdU provided 
some insight into the fate of proliferating OPCs, 
the existence of a minority of NG2-negative 
BrdU-incorporated cells posed a limitation to this 
approach, for one could never be certain whether 
a BrdU+ cell with a certain differentiated pheno-
type had been generated from a proliferated OPC 
or from another type of progenitor cell that had 
been in the S phase at the time of BrdU admin-
istration. To circumvent this problem, genetic 
fate-mapping tools were developed (Fig.  3.3 ) 
as an alternate approach to studying the fate of 
OPCs. Two lines of transgenic mice are used for 
these studies. In one line, the site-speci fi c Cre 
recombinase is expressed under the control of 
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the  promoter of a gene that is expressed in OPCs, 
such as NG2, PDGFR  a , Olig2, and PLP1. These 
mice are crossed to any one of the available Cre 
reporter mouse lines, such as gtROSA26R  [  87  ] , 
gtROSA-YFP  [  88  ] , or Z/EG  [  89  ] . A Cre reporter 
mouse contains in its genome a cDNA encod-
ing a reporter gene such as lacZ (gtROSA26) or 
a  fl uorescent protein such as yellow  fl uorescent 
protein (YFP) in gtROSA-YFP or Z/EG, follow-
ing a transcriptional stop signal that is  fl anked 

by the Cre recognition sequence loxP. The entire 
cassette is placed under the regulation of a ubiq-
uitous promoter which is active in most cells of 
the body. In double-transgenic mice, activation of 
the Cre recombinase in OPCs will cause excision 
of the stop sequence, thereby permanently acti-
vating transcription of the reporter gene. Since 
the expression of the reporter gene is driven by 
a ubiquitous promoter, the reporter will continue 
to be expressed as OPCs  differentiate into other 

Inducible fate mapping of NG2 cells
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  Fig. 3.3    Inducible cell fate mapping using 
NG2creER:ROSA-YFP mice. When NG2creER transgenic 
mice ( gray ) are crossed to the Cre reporter ROSA-YFP 
mice ( white ) and Cre is induced by 4-hydroxytamoxifen 
(4OHT), the fate of NG2 cells can be followed by YFP 
expression ( green ). In the ROSA-YFP reporter mouse, the 
expression of YFP is prevented by a transcriptional stop 
polyadenylation signal (Stop-pA)  fl anked by the Cre tar-
get recognition sequence loxP ( triangles ). When 4OHT 
is administered, CreER (fusion protein between Cre and 
mutated estrogen receptor) is activated in NG2 cells and is 
translocated into the nucleus, where it excises loxP- fl anked 
polyadenylation signal and permanently activates the 

expression of YFP. CreER is expressed under the control of 
the NG2 promoter, while YPF is driven by the ubiquitous 
strong promoter of the ROSA26 locus  [  87  ] . Thus, CreER 
is only expressed in NG2 cells, but once YFP expression 
is activated, it will be expressed in all cell types, including 
NG2-negative progeny of NG2 cells. Thus, NG2+ YFP+ 
cells ( red  and  green  in the image on the left) represent 
cells in which Cre is active, while NG2-negative YFP+ 
cells ( green  but not  red  in the right two panels) represent 
the progeny of NG2 cells.  p  promoter,  pA  polyadenylation 
signal (Modi fi ed from Nishiyama  [  46  ] , with permission. 
Copyright © 2007 SAGE Publications)       
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cell types and downregulate the expression of the 
OPC-speci fi c gene driving the expression of Cre 
(Fig.  3.3 ).  

   Astrocyte Fate of NG2 Cells in 
Constitutive NG2-cre:ZEG Double-
Transgenic Mice 
 The  fi rst such study of the fate of OPCs was per-
formed using a constitutively active Cre driven 
under the regulatory elements of the NG2 (Cspg4) 
gene in a bacterial arti fi cial chromosome (BAC) 
transgenic mouse line crossed to the Cre reporter 
Z/EG  [  90,   91  ] . BAC transgenesis allows one to 
generate a large transgenic cassette greater than 
200 kb in size and includes the transgene in the 
context of the entire tissue-speci fi c gene, thereby 
increasing the likelihood of attaining tissue-
speci fi c expression of the transgene, compared 
with transgenic mouse lines generated by the 
conventional approach of using a shorter pro-
moter segment. The BAC approach has additional 
advantages over the gene knock-in approach in 
that both alleles of the endogenous gene will be 
left intact, and a higher level of expression can be 
achieved due to multiple copies of transgene 
inserted into the genome. 

 In NG2-cre:ZEG double-transgenic mice, 
EGFP expression was detected not only in NG2+ 
OPCs and oligodendrocytes, as expected, but also 
in a subpopulation of protoplasmic astrocytes in 
the ventral gray matter of the forebrain  [  90  ]  and 
in the gray matter of the spinal cord  [  91  ] . In the 
ventral forebrain, EGFP+ astrocytes comprised 
more than 35 % of astrocytes that expressed 
S100 b , and more than 40 % of the EGFP+ cells 
exhibited the astrocyte morphology, character-
ized by the highly branched bushy morphology 
typical of protoplasmic astrocytes. Thus, in the 
ventral gray matter of the forebrain, NG2 cell-
derived astrocytes seemed to constitute a 
signi fi cant proportion of the resident astrocytes 
(Fig.  3.2 ). By contrast, in the neocortex, EGFP+ 
astrocytes constituted only 1 % of total astro-
cytes. A surprising outcome was that none of the 
astrocytes in white matter tracts throughout the 
CNS, including the optic nerve, corpus callosum, 
anterior commissure, cerebellum, and spinal 
cord, expressed EGFP (Fig.  3.2 ). 

 At  fi rst glance, the observation that both astro-
cytes as well as oligodendrocytes were EGFP+ 
and hence generated from NG2+ OPCs seemed 
to be consistent with the NG2+ cells being the 
in vivo equivalent of O-2A progenitor cells. 
However, the original discovery of O-2A progen-
itor cells had been made with cells isolated from 
the white matter, while the genetic fate-mapping 
studies failed to reveal an astrocyte fate of NG2+ 
OPCs in white matter. These studies could not 
determine whether a single NG2+ OPC could 
generate both oligodendrocytes and astrocytes or 
whether NG2+ OPCs comprised a heterogeneous 
population of astrocyte and oligodendrocyte pre-
cursor cells. Neither did these studies reveal 
whether NG2+ OPCs could generate astrocytes 
throughout the life of the mouse.  

   Astrocytes Are Generated from NG2+ 
OPCs in the Embryonic but Not Postnatal 
Brain 
 Studies from several labs ensued, in which the fate 
of OPCs in the adult brain was examined using 
tamoxifen-inducible Cre. In this system, the Cre 
recombinase is fused to the mutated ligand-bind-
ing domain of estrogen receptor (CreER T ), so that 
Cre is activated only when its ligand tamoxifen 
is present (Fig.  3.3 ). Different amino acid substi-
tutions of the ER portion of CreER T  have been 
created that include CreER T , CreER T2   [  92  ] , and 
CreER™  [  93  ] . When a BAC transgenic mouse 
line expressing CreER T2  driven by regulatory ele-
ments of the Pdgfra gene (Pdgfra-CreER T2 ) was 
crossed to gtROSA-YFP and Cre was activated 
in the adult, YFP was detected in NG2+ OPCs, 
oligodendrocytes, and a small number of neu-
rons in the piriform cortex but not in astrocytes 
 [  94  ] . In another study, CreER™ was knocked 
into the Olig2 locus (Olig2-CreER™), and the 
mice were crossed to Z/EG or gtROSA26R Cre 
reporter mice  [  95  ] . When Cre was induced in 
adult mice, approximately 5 % of the reporter+ 
cells in the gray matter of the sensorimotor cor-
tex expressed the astrocyte antigens GFAP and 
S100 b , and this fraction increased only slightly 
to 6–7 % or 11 % after 2 or 6 months of sur-
vival time,  respectively, after Cre induction. No 
 reporter-expressing astrocytes were detected 
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in the white matter. The interpretation of these 
results is somewhat complicated, as Olig2 is 
expressed more widely than PDGFR a  and NG2, 
and it is possible that a low level of Olig2 that is 
expressed in some astrocytes or neural stem cells 
contributed to reporter+ astrocytes  [  96  ] . Since 
CreER™ was knocked into the endogenous 
Olig2 locus, one must also consider the possibil-
ity that loss of one allele of Olig2 has a subtle 
effect on the fate of OPCs. A small number of 
reporter+ astrocytes were also observed in PLP-
creER T :gtROSA-YFP mice after Cre induction 
in early postnatal mice  [  97  ] , but the speci fi city of 
transgene expression in these mice is somewhat 
questionable  [  98  ] . 

 In a more recent study, mice that were double 
transgenic for NG2-creER™ and gtROSA-YFP 
or Z/EG were used to directly compare the fate of 
NG2+ OPCs at different developmental stages. 
When Cre was induced at embryonic day 16.5 
(E16.5), reporter+ astrocytes were detected in the 
gray matter of ventral forebrain. However, when 
Cre was induced at postnatal day 2 (P2) or in 
adult mice, none of the reporter+ cells exhibited 
astrocytic morphology or expressed astrocyte-
speci fi c antigens such as GFAP and aldehyde 
dehydrogenase 1L1 (Fig.  3.2 )  [  99  ] , which is con-
sistent with the Rivers data that postnatal OPCs 
do not generate astrocytes. Additional support for 
the notion that NG2+ OPCs in the embryonic 
brain can generate astrocytes comes from the 
observation of “transitional cells” in the ventral 
forebrain of E18.5 NG2-cre:ZEG mice  [  90  ] . The 
“transitional cells,” which were reporter+, 
expressed low levels of NG2 immunoreactivity in 
their distal processes but not in their cell bodies. 
Their processes appeared more branched and 
“bushy” than the typical NG2+ OPCs, and these 
cells also expressed glial glutamate aspartate 
transporter (GLAST), which is expressed by a 
subpopulation of astrocytes. Clusters of such 
“transitional cells” were found adjacent to the 
typical NG2+ GLAST-negative OPCs with fewer 
slender processes and more robust immunoreac-
tivity for NG2. The “transitional cells” were 
found in the ventral parenchyma away from the 
germinal zone, which makes it unlikely that 
reporter+ astrocytes had been generated as a 

result of ectopic mis-expression of Cre in multi-
potent cells of the germinal zone. 

 It is not known why only NG2+ OPCs in the 
ventral forebrain but not in the postnatal brain or 
dorsal forebrain generate astrocytes. One attrac-
tive hypothesis is that NG2+ cells with astroglio-
genic potential are generated from a different 
source than the oligodendrogliogenic NG2 cells. 
It has been shown that OPCs in the forebrain 
develop sequentially from three domains in the 
germinal zones de fi ned by the expression of 
Nkx2.1, Gsx2, and Emx1  [  68  ] . Thus, one could 
speculate that the Nkx2.1-expressing early OPCs 
but not the other later-born OPCs have the ability 
to generate astrocytes. 

 The low recombination ef fi ciency in NG2-
creER™:ZEG double-transgenic mice allowed 
clonal analysis of isolated EGFP+ cells after Cre 
induction in embryos. When Cre was induced at 
E16.5 and the phenotype for EGFP+ cells were 
analyzed at P14, clusters of EGFP+ astrocytes 
and clusters of EGFP+ oligodendrocyte lineage 
cells were both found in the ventral forebrain. 
However, each cluster of EGFP+ cells consisted 
exclusively of astrocytes or OPCs and oligoden-
drocytes, and none of the clusters of EGFP+ cells 
contained both astrocytes and oligodendrocyte 
lineage cells, suggesting that the diversi fi cation 
of astrocyte and oligodendrocyte fate occurs 
early and that OPCs divide symmetrically to 
produce either astrocytes or oligodendrocyte lin-
eage cells  [  99  ] . Thus, NG2+ cells do not appear 
to be bipotential glial progenitor cells but are 
likely to represent a heterogeneous population 
in the embryonic ventral forebrain consisting of 
cells capable of differentiating into astrocytes or 
oligodendrocytes.   

   Genetic Fate Mapping in Injury 
Response 

 Several labs have used a similar Cre-loxP fate-
mapping approach to determine whether NG2 
cells in the mature CNS could generate reactive 
astrocytes in response to various types of injury. 
Using a neocortical stab wound model, Dimou 
and colleagues used Olig2-creER™ knock-in 
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mice described above and showed that approxi-
mately 5 % of reporter+ cells were GFAP+ in the 
injured cortex 3 days after lesioning (3 dpl) and 
that the percentage did not increase but decreased 
slightly by 30 dpl  [  95,   100  ] . These observations 
differ signi fi cantly from a similar study by 
Tatsumi et al.  [  101  ]  who used the same Olig2-
creER™ mice crossed to ROSA-GAP43-EGFP 
reporter mice and found that the majority of 
reporter+ cells had acquired the bushy protoplas-
mic astrocyte morphology by 7 days after a cryo-
injury in the cerebral cortex, and Olig2 was 
localized in the cytoplasm of these cells. One 
explanation for the discrepancy between the two 
studies could be that Olig2 transcription is upreg-
ulated in resident astrocytes or their precursor 
cells  [  29  ]  during their reactive response to injury 
 [  102  ] , rather than lineage progression from NG2 
cells to astrocytes. Even a transient low level of 
expression of Cre in resident astrocytes will be 
suf fi cient to activate Cre-mediated recombina-
tion and permanently activate reporter cells. 
There is also the possibility that the ROSA-
GAP43-EGFP reporter line either allowed more 
ef fi cient recombination in Olig2+ cells or had a 
greater level of reporter expression in astrocytes, 
although this is unlikely, as both the ROSA-
GAP43-EGFP and ROSA-YFP reporter lines are 
generated by inserting the reporter expression 
cassette into the same ROSA26 locus. It is also 
possible that cryoinjury alters the fate of Olig2-
expressing cells in a different way than a simple 
stab wound. 

 In a neocortical stab wound created in 
NG2creER™:ZEG double-transgenic mice, it 
was shown that reporter+ cells that were GFAP+ 
appeared transiently at 10 dpl but mostly disap-
peared by 30 dpl  [  103  ] . A subpopulation of 
reporter+ GFAP+ cells that appeared at 10 dpl 
also expressed NG2 and displayed morphology 
that more closely resembled OPCs (polydendro-
cytes) rather than reactive astrocytes. The tran-
sient appearance of NG2+ GFAP+ positive cells 
at early time points after lesioning was also 
reported by Zhao et al.  [  104  ] . One interpretation 
of these observations is that NG2 cells attempt to 
undergo astrocyte differentiation by transiently 

upregulating GFAP expression, but the process of 
reprogramming is aborted before the cells become 
bona  fi de astrocytes, and the cells are either 
reverted back to the oligodendrocyte lineage or 
undergo cell death. In a spinal cord stab injury 
model, cells coexpressing NG2 and GFAP were 
only rarely detected, but the number of NG2+ 
GFAP+ cells was signi fi cantly increased when 
the activity of bone morphogenetic proteins 
(BMPs) was augmented by infusing neutralizing 
antibodies to the BMP inhibitor Noggin, suggest-
ing that GFAP expression in the normal and 
injured CNS is repressed by endogenous Noggin 
 [  105  ] . Thus, upregulation of BMP in the lesion 
does not appear to be suf fi cient to counter the 
inhibitors and convert the fate of NG2 cells into 
astrocytes. 

 Several pieces of evidence suggest that GFAP 
expression can be upregulated in a small subpop-
ulation of NG2 cells under normal conditions. 
GFAP mRNA has been detected by single cell 
RT-PCR from cells in the hippocampus with the 
electrophysiological characteristics of NG2 cells 
 [  106  ] . In transgenic mice that express EGFP 
under the human GFAP promoter  [  107  ] , EGFP 
was detected in a subpopulation of NG2 cells 
 [  108  ] . These observations suggest that repression 
of GFAP transcription is released in NG2 cells 
under certain circumstances, leading to the pres-
ence of a low level of GFAP mRNA, which does 
not necessarily signify that they have become 
astrocytes. The converse case of NG2 mRNA in 
astrocytes, however, has never been reported, and 
NG2DsRedBAC transgenic mice or NG2YFP 
mice do not express DsRed in astrocytes  [  90, 
  109  ] . Further understanding of the molecular 
mechanisms that repress GFAP transcription in 
NG2 cells may shed light on the lineage relation-
ship between astrocytes and oligodendrocytes 
and the evolutionary diversi fi cation of the two 
glial cell types. 

 Additional recent studies have used genetic 
fate mapping to examine whether reactive astro-
cytes are generated from NG2 cells. Zawadzka 
et al.  [  110  ]  created an acute chemically induced 
demyelination in the spinal cord of adult Pdgfra-
CreER T2 :ROSA-YFP mice and showed that 
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approximately 3 % of the astrocytes around the 
rim of the lesion expressed YFP but that the 
majority of reactive astrocytes did not express 
YFP. They further used another Cre driver acti-
vated by the Fgfr3 gene, which is expressed in 
astrocyte precursor cells  [  28,   29  ]  and demon-
strated that 93 % of cells expressing GFAP around 
the lesion expressed the Cre reporter, thereby 
convincingly demonstrating that reactive astro-
cytes are derived from FGFR3+ precursors that 
are distinct from NG2 cells. Similarly, in experi-
mental autoimmune encephalomyelitis (EAE) 
lesions created in Pdgfra-CreER T2 :ROSA-YFP 
mice, the majority of YFP+ cells in the 
in fl ammatory lesions were NG2+, and less than 
3 % of the reporter+ cells were GFAP+  [  111  ] . 
Furthermore, Kang et al.  [  112  ]  showed that in a 
mouse model of amyotrophic lateral sclerosis 
(ALS) created in a new line of Pdgfra-creER T2  
mice crossed to the Z/EG or ROSA-YFP reporter 
mice, there was no evidence of astrocyte differ-
entiation of NG2 cells. Collectively, these obser-
vations suggest that NG2 cells are not a major 
source of reactive astrocytes in both acute and 
chronic injury. 

 The  fi ndings from the above genetic fate-map-
ping studies do not support the conclusions of 
several BrdU pulse-chase labeling experiments 
published over the past several years. The  fi rst of 
the series of studies using BrdU pulse-chase 
labeling showed a decrease in the percentage of 
the BrdU+ cells that were NG2+ and a concomi-
tant increase in the percentage of BrdU+ cells 
that were GFAP+ between 2 and 6 days after stab 
wound injury  [  113  ] . Based on these observations, 
the author concluded that proliferated NG2 cells 
had differentiated into GFAP+ reactive astrocytes. 
Using a similar approach, other studies have also 
made similar conclusions in various lesion para-
digms including spinal cord injury, stab wound, 
EAE, and a mouse model of amyotrophic lateral 
sclerosis (ALS)  [  104,   114–  118  ] . However, in all 
of these studies, only a subpopulation of the pro-
liferating cells expressed NG2 (33 % in  [  113  ] ; up 
to 50 % in  [  104,   114  ] ; 22 % in  [  118  ] ; 55 % in 
 [  117  ] . Therefore, it is highly likely that the BrdU+ 
GFAP+ cells that appeared in the lesion in these 

studies had originated from resident astrocytes or 
their precursor cells that expressed neither NG2 
nor GFAP. Since GFAP is not readily detectable 
in protoplasmic astrocytes in the rodent neocor-
tex, the lack of detection of GFAP in BrdU+ cells 
cannot be used as a basis for concluding that the 
GFAP-negative cells are NG2 cells. Fate mapping 
of GFAP- astrocytes using Fgfr3-cre or Aldh1L1-
cre would result in reporter expression in the 
majority of reactive astrocytes. 

 Many of the above BrdU pulse-chase labeling 
experiments noted cytoplasmic appearance of 
Olig2 during the course of injury response  [  101, 
  104,   115,   117,   118  ] . These studies describe cyto-
plasmic Olig2 localization found in BrdU+ 
GFAP+ cells and conclude that BrdU+ cells that 
retain Olig2 in the nucleus become oligodendro-
cytes while those that translocate Olig2 to the 
cytoplasm become GFAP+ astrocytes. In one 
aspect, this resembles the results of an in vitro 
study on neural stem cells in which blocking cyto-
plasmic translocation of Olig2 inhibited their dif-
ferentiation into astrocytes in response to activation 
of AKT by CNTF  [  119,   120  ] . However, in other 
studies, Olig2 was never detected in the cytoplasm 
 [  103,   111  ] . It is expected that some Olig2 proteins 
must reside in the cytoplasm when it is being syn-
thesized or degraded or when the cell is undergo-
ing mitosis. While all NG2 cells express Olig2 
 [  121  ] , Olig2 expression has been detected in the 
germinal zones in cells that are neither NG2+ nor 
mature oligodendrocytes  [  59,   120,   122,   123  ] , and 
the effects of downregulating Olig2 in those neu-
ral stem cells may be different from the effects of 
downregulating Olig2 in committed oligodendro-
cyte lineage cells. Further studies are necessary to 
clarify the signi fi cance and the role of Olig2 cyto-
plasmic translocation in astrocyte differentiation 
from OPCs and neural stem cells.  

   Genetic Approach to Study the 
Contribution of NG2 Cells to Glioma 

 Although the cellular origin of glial tumors is dis-
cussed in other chapters of this book, it is worth 
mentioning here a few observations in the context 
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of the biology of NG2 cells and genetic fate map-
ping. Since NG2 cells constitute the major prolif-
erative cell population in the mature CNS, they 
may be more likely to accumulate genetic muta-
tions and undergo neoplastic transformation dur-
ing the life of an individual. The importance of 
mutations in tumor suppressor genes such as p53 
and neuro fi bromatosis 1 (NF1) in gliomagenesis 

has been well documented in human tumor tissue 
and animal models  [  124,   125  ] . However, it has not 
been clear whether neural stem cells or more com-
mitted glial cells undergo transformation  [  126  ] . 

 A recent study used an application of the Cre-
loxP-mediated fate mapping described above to 
demonstrate that OPCs rather than neural stem 
cells provide the cellular context that is necessary 
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  Fig. 3.4    MADM (mosaic analysis of double markers) 
applied to glioma study. This technique uses Cre-loxP-
mediated mitotic recombination to generate a GFP+ cells 
with double null mutations in p53 and NF1 and sister 
wild-type red  fl uorescent protein (RFP)+ cell as well as 
heterozygous cells without color. The approach requires 
manipulation of two homologous alleles on chromosome 
11. The  fi rst allele (1) contains N terminus of RFP and C 
terminus of GFP with a loxP site in between (RG). The 
second allele (2) contains N terminus of GFP and C termi-
nus of RFP with a loxP site in between (GR). The 
N-terminal and C-terminal halves of RFP and GFP do not 
express functional protein. These mutations have been 
engineered into the Hipp11 locus, proximal to p53 and 
NF1 loci on chromosome 11 (centromere is indicated by 
 blue circle  on the  left ). In addition, null mutations in p53 
and NF1 loci have been engineered into the RG expres-
sion cassette ( black bars ,  a ). During the G2 phase of mito-

sis, after DNA has undergone replication in S phase, 
homologous chromosomes are duplicated to generate 1 
and 1 ¢  from the RG cassette and 2 and 2 ¢  from the GR cas-
sette ( b ). When this mouse line is mated with Nestin-Cre 
or NG2-cre mouse, mitotic recombination occurs in neu-
ral stem cells or NG2 cells, respectively, and there is 
crossover between 1 ¢  and 2 ( b  and  c ). At the end of mito-
sis, homologous chromosomes can undergo X-segregation 
( d ) or Z-segregation ( e ). The latter generates two heterozy-
gous daughter cells (p53+/−, NF1+/−) that are either 
GFP+ RFP+ ( yellow ) or colorless. X-segregation gener-
ates a wild-type RFP+ daughter cell and a double mutant 
GFP+ daughter cell. In this case, the progeny of cells with 
double p53−/− and NF1−/− mutations can be followed as 
GFP+ cells, and the proliferative behavior of the mutated 
GFP+ cells and the wild-type RFP+ progeny of the sister 
cells can be compared (Modi fi ed from Liu et al.  [  127  ] , 
with permission)       
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for transformation into glioma  [  127  ] . In this 
study, the authors used a technique called MADM 
(mosaic analysis of double mutants)  [  128  ]  
(Fig.  3.4 ), which requires Cre-mediated mitotic 
recombination to express either GFP or red 
 fl uorescent protein (RFP) in each of the two 
daughter cells. In addition to expressing the 
 fl uorescent proteins, null mutations for p53 and 
NF1 were engineered in cis distal to the loxP site, 
so that only the GFP+ daughter cell carries the 
double mutation while the RFP+ daughter cell is 
wild type. Since mitotic recombination occurs at 
a low frequency of 10 -4  to 10 -5   [  128  ] , clonal anal-
ysis of the GFP+ progeny of the mutant cell can 
be performed and compared with the behavior of 
the progeny of its wild-type RFP+ sister cell 
(Fig.  3.4 ).  

 When mitotic recombination for p53 and NF1 
double null mutation was targeted to neural stem 
cells by Nestin-Cre, GFP+ mutant cells began to 
proliferate, and after a lag period, tumors arose 
by 3 months of age. Immunolabeling of GFP+ 
tumor cells and transcriptome analyses of the 
tumor revealed that the neoplastic cells exhibited 
the characteristics of OPCs rather than neural 
stem cells with some properties that resembled 
neural stem cells, suggesting that even though 
mutations are created in neural stem cells, tumors 
arise from OPCs. This is consistent with the 
 fi nding that NG2+ cells in glioblastoma represent 
a more proliferative tumorigenic cell population 
than NG2− cells  [  129  ] . Furthermore, tumors with 
identical characteristics arose when the double 
mutation was created in OPCs using NG2cre 
rather than in neural stem cells. These observa-
tions suggest that mutations need not occur in 
neural stem cells and that p53 and NF1 double 
null mutation occurring in OPCs is suf fi cient to 
cause neoplastic transformation in OPCs. 

 The notion that OPCs rather than neural stem 
cells can undergo neoplastic transformation has 
been suggested when unregulated proliferation 
of OPCs and subsequent tumor formation were 
observed by overexpressing PDGF in the brain. 
When PDGFB was delivered by retrovirus or 
the long form of PDGF A (PDGFA 

L
 ) was over-

expressed by transgenesis, tumors consisting 
of NG2+ OPCs arose  [  130,   131  ] . Thus NG2+ 

OPCs, which are the major proliferative cell 
type in the mature CNS, are likely the source 
of some gliomas. These  fi ndings could be used 
to more effectively direct antineoplastic therapy 
speci fi cally to OPCs.   

   Conclusions 

 The identi fi cation of bipotential O-2A glial 
progenitor cells by Raff and colleagues almost 
three decades ago has opened an exciting 
question of lineage plasticity of neural cells. 
After a long debate about whether OPCs or 
NG2 cells are bipotential glial progenitor cells 
or multipotent stem-like cells in vivo, recent 
genetic fate-mapping studies have provided a 
more direct answer to the question of the fate 
of NG2 cells. Most of the studies converge on 
the basic conclusion that the vast majority of 
NG2 cells and all of the NG2 cells in the post-
natal CNS are precursors to oligodendrocytes. 
An exception to this rule is found in the gray 
matter of the embryonic ventral forebrain 
where some NG2 cells give rise to protoplas-
mic astrocytes. These observations provide 
the basis for future studies directed at eluci-
dating the molecular mechanisms underlying 
fate restrictions, which could be used to repro-
gram proliferating OPCs to achieve greater 
myelin regeneration or convert a highly malig-
nant glioma into a more quiescent cell type.      
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   Introduction 

 Brain cancers are rare diseases but unfortunately 
they are responsible for 7 % of the years of life 
lost from cancer  [  1  ] . The commonest brain can-
cers are gliomas and among them the most 
aggressive form is the glioblastoma multiforme 
(GBM), which is characterized by a very poor 
prognosis  [  2  ]  despite surgical resection, radio-
therapy, and chemotherapy. 

 The in fi ltrative nature of GBM is one of the 
main features of this tumor. A complete resection 
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  Abstract 

 Cancer stem cells have been identi fi ed in human tumors. Initial  fi ndings in 
human leukemia suggested that tumors are organized hierarchically with a 
tumor-initiating rare cell population on the top of the hierarchy being 
responsible for tumor growth and metastasis. 

 In the last decade, these  fi ndings have been extended to several human 
cancers, and although several convincing results have been published, it is 
still controversial if cancer stem cells represent a rare, immutable sub-
population perpetuating in the tumor or rather a functional state that many 
tumor cells can acquire. 

 Since the term “cancer stem cells” seems to imply that tumor cells derive 
from normal stem cells of the same tissue, the de fi nition as “tumor- initiating 
cells” found a better consensus. The ability of being tumor- initiating cells 
is the most important feature of these cells, and this is evaluated by the 
formation of phenocopies of the original tumor in animal models.  
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of the tumor is not possible since GBM cells 
migrate from the tumor core and give rise to tumor 
recurrence  [  3  ] . In this regard, in the last decades, 
several cell and gene therapy approaches based 
on stem cells have been developed. These strate-
gies imply the delivery of therapeutic molecules 
and the use of adult stem cells (in particular neu-
ral stem cells [NSCs]) as cellular vehicles since 
they show a marked tropism for tumor cells  [  4  ] . 

 Although stem cell-based therapeutic 
approaches for human GBM require further inves-
tigation, they represent a valuable tool to design 
novel effective treatments for GBM patients. 

 Starting from 2001, a completely different 
perspective revolutionized the  fi eld of neuro-
oncology. At that time, several groups demon-
strated that cells carrying all the functional 
characteristics of stem cells constitute glioma 
and other brain tumors and that they are respon-
sible for tumor growth. According to previous 
 fi ndings in other human cancers, these cells were 
called “cancer stem cells” (reviewed in  [  5  ] ). 

 The  fi eld of “cancer stem cells,” better de fi ned 
as tumor-initiating cells (TICs), lies at the inter-
section of oncology and stem cell biology. This 
 fi eld developed from the striking parallels between 
tumor cells and somatic stem cells (Table  4.1 ). In 
the brain, the “no new neuron” dogma postulated 
by Santiago Ramon y Cajal in the beginning of 
the last century has been replaced by evidence of 
continuous neurogenesis that occurs even in 
adulthood. Based on this concept, it has been pro-
posed that brain cancers can derive from abnor-
mal proliferation of stem cells in the brain  [  6,   7  ] .  

 In particular, in the newborn area of cancer 
stem cells, a lot of evidence came from human 
brain tumors, in particular from GBM and 
medulloblastoma (MDB)  [  5  ] . Similar to human 
leukemia, in 2004 it was originally proposed that 
GBM and MDB tumor-initiating cells can be 
identi fi ed by  fl uorescence-activated cell sorting 
(FACS) analysis using CD133 antigen  [  8  ] . This 
protein of unknown function has been used to 
identify NSCs, and it is mainly expressed on 
undifferentiated cell populations  [  9  ] . A subse-
quent characterization of CD133+ and CD133 − 
populations in GBM has then revealed that also 
the negative fraction is endowed with tumor-initi-
ating activity  [  10–  15  ] , and it has been proposed 
that CD133+ can rather identify a pool of chemo- 
and radioresistant cell populations  [  16,   17  ]  which 
secrete vascular endothelial growth factor 
(VEGF) and give rise to highly vascularized 
tumors in mouse models  [  18  ] . 

 More recently, several other antigens 
have been proposed as a marker for a better 
identi fi cation of brain TICs, but unfortunately, 
there is no consensus on any of them. It has been 
therefore proposed to isolate these cells using 
side population (SP)  [  19,   20  ]  or auto fl uorescent 
properties  [  21  ] , but these attempts have not been 
yet adopted by the whole community working 
in this  fi eld and the use of SP has been recently 
challenged  [  22  ] . 

 In the meanwhile, the existence of TICs has 
been exploited for therapeutic targeting, and their 
functional properties in vitro and in vivo have 
been recently complemented with genetics aimed 
at understanding their origin and clonal architec-
ture in de fi ned human tumors using tissue biop-
sies  [  23  ] . In this view, the challenge is to 
understand tumor development by evaluating 
genetic aberrations in a late stage of its growth. 
The use of primary tissue coming directly from 
the patients really restricts the possibilities of 
identifying driven mutations and the cell(s) of 
origin of the tumor. 

 Tracking tumor growth is only possible in 
genetically engineered mouse models  [  24  ] . 
Accordingly, a lot of effort has been put to develop 
transgenic or conditionally targeted gene tech-
nologies by combining oncogenes and tumor 

   Table 4.1    Summary of the cardinal features of somatic 
stem cells and tumor-initiating cells   

 Somatic stem cells  Tumor-initiating cells 

 Undifferentiated cells  Undifferentiated cells 
 Ability to self-maintain  Extensive ability to self-

maintain 
 Ability to generate 
differentiated progeny 

 Ability to generate 
aberrant differentiated 
progeny 

 Flexible in differentiation 
fate choice 

 Flexible in differentiation 
fate choice 

 Capable of tissue 
homeostasis and repair 

 Tumor-initiating ability 
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 suppressors in different cell populations. By using 
mouse models, it has been shown that neurogenic 
regions of the brain such as the subventricular 
zone (SVZ) are more keen to tumor development 
after infusion of platelet-derived growth factor 
(PDGF) in that area  [  25,   26  ]  and that tumors can 
be driven by tumor suppressor inactivation in 
neural stem/progenitor  [  27  ] . In support of all 
these  fi ndings, it has been demonstrated that p53 
mutations preferentially occur in SVZ in mouse 
models  [  28  ] . This raises the question on whether 
TICs in the brain directly derive from NSCs 
which reside in neurogenic regions. Until now, 
the results coming from studies based on mouse 
models have indirectly indicated that this is the 
case but by using a transgenic cell-labeling sys-
tem known as mosaic analysis with double mark-
ers (MADM)  [  29  ] , Liu et al. have proposed that 
the cells of origin in GBM are oligodendrocyte 
precursor cells (OPCs). These  fi ndings have been 
reinforced by a recent study suggesting that a 
marker of OPCs, neuroglia-2 (NG2), identi fi es a 
highly proliferative cell subpopulation in human 
GBM  [  30  ] . Unfortunately, the use of mouse mod-
els for the study of brain cancers has been ham-
pered by the lack of cell-type-speci fi c promoters 
and the selection of a few of the whole set of 
mutations occurring in GBM  [  24  ] . 

 Conversely, mouse models have proven indis-
pensable in the identi fi cation of cells of origin in 
MDB. It has been demonstrated that two subtypes 
of MDB (either with constitutive hedgehog sig-
naling or activating mutations in WNT pathway) 
have distinct cells of origin. In the  fi rst case, this 
has been identi fi ed as granule neuron precursor 
cells  [  31,   32  ] , and in the latter, cells of the dorsal 
brainstem outside the cerebellum have been 
recently proposed as the cell of origin of this sub-
type  [  33  ] .  

   Epidemiology and Classi fi cation of 
Brain Cancers 

 Each year in the United Kingdom, around 4,300 
new cases of central nervous system (CNS) can-
cers are diagnosed, around 6 per 100,000 of gen-
eral population. 

 Although brain cancers account for less than 
2 % of all primary tumors, they are responsible 
for 7 % of the years of life lost from cancer 
before age 70  [  1  ] . If the burden of disease is 
considered in terms of the average years of life 
lost per patient, brain cancers are one of the 
most lethal cancers with over 20 years of life 
lost  [  2  ] . The high rates of mortality make these 
rare cancers into the third leading cause of can-
cer-related death among economically active 
men between 15 and 54 years of age and the 
fourth leading cause of cancer-related death 
among economically active women between 15 
and 34 years of age  [  34  ] . 

 Gliomas constitute over 50 % of total primary 
CNS tumor cases and can be classi fi ed based on 
morphological criteria into astrocytic tumors, oli-
godendrogliomas, mixed oligoastrocytomas, and 
ependymomas  [  35  ] . 

 GBM is classi fi ed as a neuroepithelial glial 
tumor and is considered to be the commonest 
type of primary brain tumor in adults. Median 
life expectancy in optimally managed patients is 
only 12–14 months  [  36  ] . 

 Current clinical management of patients 
diagnosed with GBM involves a combination 
of surgery, radiotherapy, and chemotherapy. 
Radiotherapy has been the principle thera-
peutic modality since the late seventies  [  37  ] . 
Additional targeted chemotherapy is of only 
modest bene fi t and mainly in younger age group 
 [  36,   38  ] . The latest survival trends for patients 
with CNS malignancies have remained largely 
static with slight improvement in the last few 
years upon the introduction of temozolomide 
 [  36,   38  ] . This situation underlines the need for 
effective therapeutic treatments for patients with 
these cancers.  

   The Need for an In Vivo Model 
for Human Gliomas 

 The development of new markers, the 
identi fi cation of speci fi c molecular targets, and 
the overall process of developing therapeutics for 
gliomas have been severely hampered by the lack 
of information as to the actual identity and nature 
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of the normal cell type(s) that was hit by transfor-
mation and the consequent lack of animal models 
that may faithfully reproduce the occurrence 
growth, spreading, and recurrence of the human 
disease  [  24  ] . In fact, while animal brain tumor 
models have been widely used in experimental 
neuro-oncology, it is clear that no animal model 
which resembles human high-grade gliomas is 
available, to date. 

 Initial models of human GBMs were obtained 
using established tumor cell lines with speci fi c 
genetic alterations or human tumor explants 
injected in rodents  [  39  ] , and in the last years, new 
models were available by the generation of trans-
genic/knock-out mice that represent the common 
genetic alteration seen in human GBM (i.e., epi-
dermal growth factor receptor (EGFR), Ink4a/
Arf, Ras, Nf1, p53)  [  40  ] . Although by using these 
mouse models, it has become possible to under-
stand which alterations/mutations support tumor 
growth, no model completely resembled the 
human pathology. Therefore, the development of 
effective therapies for GBM has been strongly 
affected  [  40  ] . 

 It is a common belief that valid animal model 
for high-grade glioma should derive from glial-
like cells, should be feasible to grow in vitro as 
stable cell lines and in vivo by serial transplanta-
tion, and should retain glioma-like growth fea-
tures including in fi ltration, lack of encapsulation, 
migratory ability, neovascularization, and altera-
tion of the blood–brain barrier. Furthermore, fol-
lowing tumor implantation, the survival time 
until death should be of suf fi cient duration so as 
to permit therapy  [  41  ] . 

 In the last years, the establishment of a bona 
 fi de, reliable GBM model that can be used to 
assess and validate the ef fi cacy of classical or 
innovative approaches for the diagnosis and cure 
of brain tumors has been obtained using TICs  [  7, 
  42  ] . These cells are extremely stable in culture 
and can produce tumors which resemble the orig-
inal pathology (Fig.  4.1 ) to a much greater extent 
than any of the cell lines previously available. For 
instance, upon transplantation into the brain of 
nude mice, they give rise to lethal tumors, which 
display the general histology and typical 
in fi ltrating behavior of the parental neoplasia 

(Fig.  4.1 ). Such features have never been observed 
when using xenografts or allograft-based brain 
tumor models  [  7,   43  ] .   

   Identi fi cation of Brain Tumor-
Initiating Cells 

 Starting from the initial identi fi cation of cancer 
stem cells in nonsolid tumors, one decade ago the 
 fi rst experimental evidence of cells with stemlike 
features were reported in human GBM and then 
in human MDB, ependymoma, and neurocytoma 
(reviewed in  [  5  ] ). 

 Up to date, the search for a marker of TICs in 
brain tumors has characterized the development 
of this  fi eld. In 2004, it was proposed that similar 
to the normal counterpart, stem cells in GBM and 
MDB could be identi fi ed by using CD133, a gly-
cosylated 120-kDa protein with unknown func-
tion and originally identi fi ed in hematopoietic 
precursor cells  [  9  ] . It was suggested that the TICs 
reside in the CD133+ pool since only these cells 
were capable of initiate tumors in vivo when 
injected into immunosuppressed mice  [  8  ] . 
Recently, it has been reported by several groups 
that the CD133- cell population in GBM is tum-
origenic  [  10–  15  ] , and other markers have been 
proposed (A2B5, CD15, L1CAM)  [  14,   44,   45  ] . 
Unfortunately, with regard to CD15 a subsequent 
direct comparative study has shown that CD15+ 
and CD15− cells in GBM are similar in prolifera-
tion and tumor-initiating activity  [  46  ] . 

 Other strategies aimed at a de fi nitive 
identi fi cation of brain TICs included functional 
assay based on neurosphere formation, side popu-
lation, and cell auto fl uorescence. The  fi rst method 
found a lot of consensus and currently represents 
the best strategy to enrich in TICs and to develop 
in vivo models and therapeutic approaches based 
at targeting these cells both in vitro and in vivo 
 [  47  ] . More importantly, this method highlighted 
the similarities and differences between TICs and 
NSCs. Quite interestingly, it was found that simi-
lar to their normal counterpart, TICs are capable 
of growing in absence of serum and presence of 
epidermal growth factor (EGF) and  fi broblast 
growth factor-2 (FGF-2); they can be expanded as 
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 neurospheres (Fig.  4.2 ) and retain multipotency, 
that is the ability to generate all the three main 
neural lineages: neurons, astrocytes, and oligo-
dendrocytes (Fig.  4.3 )  [  7  ] . Conversely, it was 
reported that some TICs from GBM can generate 
mature progeny showing a coaberrant expression 
of markers of astrocytes and neurons  [  43  ] , sug-
gesting that these cells do not undergo a terminal 
differentiation. Another study reported that these 

cells can also be grown in absence of mitogens 
 [  48  ] . The above  fi ndings have been exploited to 
develop new therapeutic approaches targeting 
TICs in GBM and sparing NSCs.   

 Side population and cell auto fl uorescence 
were proposed more recently as a marker-inde-
pendent alternative to all the previous approaches, 
and convincing results have been reported 
 [  19–  21  ] . But very recently, a new study suggested 

  Fig. 4.1     Left , MRI of a GBM ( top ) and hematoxylin and 
eosin staining of the tumor ( bottom , magni fi cation 200×). 
 Right , tumor formation in the brain of a Nod/Scid mouse 

is indicated by an  arrow  ( top ) and hematoxylin and eosin 
staining ( bottom , magni fi cation 200×) of note; tumor cells 
are capable of in fi ltrating the mouse brain       
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that TICs do not reside in the SP both in GBM 
cell lines and primary GBM cells challenging the 
use of this method for enriching or isolating TICs 
 [  22  ] . 

 The absence of a single marker or a combina-
tion of markers to de fi nitely identify TICs in 
brain tumors can be ascribed to the cellular and 
molecular heterogeneity of tumor cells in GBM. 
In this view, recently it was demonstrated that 
distinct TIC populations exist in human GBM, 
suggesting that these cells can also be responsible 
for the high level of cell heterogeneity of GBM 
 [  23  ] . Although the cell(s) of origin in GBM has 

not been identi fi ed yet, in the last months some 
progress in this direction has been made. By 
using an elegant lineage tracing technique 
(MADM) in mice, Liu et al. demonstrated that 
only transformed NSCs giving rise to oligoden-
drocyte precursor cells (OPCs) developed in 
malignancies on the contrary, all the other neural 
lineages remained unaffected  [  29  ] . This suggests 
that TICs can derive from OPCs and not directly 
from NSCs, although the latter can represent the 
suitable cell substrate for the initiation of the 
malignant transformation  [  29  ] .  

   Brain Tumor-Initiating Cells and 
Glioblastoma: Genetic Alterations 
Sustaining Tumor Growth and 
Progression 

 So far most of the focus and knowledge regarding 
TICs has been limited toward their identi fi cation, 
puri fi cation, and tumorigenicity, but there is a 
considerable need to explore and better under-
stand the normal and perturbed regulatory path-
ways required for the maintenance and expansion 
of TICs to clarify which types of cells are the ini-
tially transformed cells and which signaling path-
ways are the driving transforming forces  [  7  ] . 
Considering that most of the tumors occur due to 
a dysregulation of epigenetic and genetic factors 
in particular cell types in a seed versus soil man-
ner and that the tumor initiation and multistepped 
progression processes are hard to envisage for 
GBM, investigation of oncogenic and tumor sup-
pressor pathways in TIC populations could pro-
vide new insights into the gliomagenesis, better 
prognosis prediction, and guidance for new treat-
ment  [  7  ] . 

 Common alterations in speci fi c pathways that 
have been extensively studied and found in the 
majority of gliomas are:
    1.    TP53/p14 ARF : loss of or mutations in TP53 or 

alterations of a TP53 regulator (HDM2) are 
frequently observed in pediatric gliomas and 
low-grade and secondary high-grade adult 
gliomas  [  49  ] . 

 p14 ARF  (p19 ARF in mouse) lies upstream of 
TP53 and negatively regulates HDM2 (MDM2 

  Fig. 4.2    Neurosphere formation of TICs isolated from 
human GBM. Cells can be extensively expanded in pres-
ence of mitogens (EGF and FGF-2) and absence of serum 
(magni fi cation 100×)       

  Fig. 4.3    Similar to NSCs, TICs from GBM are multipo-
tent and can generate glial  fi brillary acidic protein 
(GFAP) + cells ( green , a marker of astrocytes) and neuron 
class III beta-tubulin (Tuj1) + cells ( red , a marker of neu-
rons). Cells have been counterstained with 4 ¢ -6-Diamidino-
2-phenylindole (DAPI) ( blue ). Magni fi cation 200×       
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in mouse). p14 ARF  is frequently deleted or 
silenced in gliomas  [  50,   51  ] . TP53 is a master 
regulator of cell cycle arrest and apoptosis.  

    2.    p16 INK4A /pRB: pRB restricts proliferation 
through the control of G1 phase cell cycle pro-
gression and is regulated by CDK4, which is 
blocked by CDK inhibitors p16 INK4A  and 
p15 INK4B . Loss of RB1 expression, ampli fi cation 
of CDK4, and the deletion or silencing of 
p16 INK4A  and p15 INK4B  occur in gliomas  [  50,   52  ] .  

    3.    Growth factor pathways: different growth fac-
tor pathways have been described in gliomas: 
the epidermal growth factor (EGF)  [  53  ] , plate-
let-derived growth factor (PDGF)  [  54  ] , insulin-
like growth factor-1 (IGF1)  [  55–  57  ] , hepatocyte 
growth factor (HGF)  [  58  ] , and vascular 
endothelial growth factor (VEGF)  [  59,   60  ] . 
Although this list might appear heterogeneous, 
the mentioned pathways share functional com-
monalities and converge onto three common 
downstream mediators: PI3K/AKT, RAS, and 
PKC. Importantly, the three intracellular points 
of convergence are in turn linked to the TP53/
p14 ARF  and pRB pathways  [  61,   62  ] .  

    4.    c-MYC pathway: transcription factors of the 
MYC family mediate the effect of growth fac-
tors on cell cycle progression, mainly through 
activation of the pRB pathway. C-MYC is 
found overexpressed in many gliomas  [  63–  65  ] . 
In several cases, the overexpression can be 
explained by an ampli fi cation of the respective 
genomic locus  [  63,   65  ] , inactivation of MYC 
pathway antagonists, or prolongation of MYC 
half-life. Upregulation of c-Myc prevents G 

1
 /

G 
0
  cell cycle arrest in glioma cells, and MYC 

was identi fi ed as a central network component 
in fl uencing many other downstream genes 
speci fi cally expressed in glioma  [  65  ] .     

 Interestingly, preliminary evidence suggests that 
several of the pathways perturbed in GBM also 
control the maintenance of NSCs through the 
regulation of self-renewal cell divisions, differen-
tiation, and apoptosis  [  66  ] . For example, the 
Polycomb group protein BMI1 that in fl uences 
the TP53/p14 ARF  and the p16 INK4A /pRB pathways 
by repressing p16 INK4A , p19 ARF i (human p14 ARF ), 
and p21  [  67,   68  ]  is important for the self-renewal 
of embryonic and postnatal NSCs  [  68,   69  ]  and 

was found to be expressed in cultured TICs from 
GBM  [  70  ] . Thus, it is important to understand 
pathway differences, which distinguish NSCs 
from TICs, and whose interference would block 
uncoupled tumorigenic growth while ideally not 
affecting NSCs. 

 To achieve this knowledge, architectures of 
critical pathways with respect to self-regulatory 
components and robustness need to be estab-
lished. So far, targeted anticancer drugs typically 
interfere at upstream levels of signal transduction 
pathways, for example, at growth factor recep-
tors, or at components which are only immedi-
ately downstream of receptor complexes. 
However, many therapies targeting such pathway 
components have not lead to a signi fi cant thera-
peutic bene fi t, and it has become clear that cancer 
cells often bypass the inhibition of upstream 
pathway components  [  71  ] . 

 Further, even when the treatments developed 
prove to be of considerable clinical bene fi t  [  72–
  74  ] , it has become obvious that TICs themselves 
remain resistant to these treatments  [  75–  77  ] .  

   New Therapeutic Approaches 
Targeting Brain Tumor-Initiating Cells 

 The original de fi nition of TICs implies the ability 
of these cells to escape or to resist the conven-
tional treatments aimed at blocking the tumor 
growth  [  78,   79  ] . 

 According to this view, in human GBM, it was 
demonstrated that cells identi fi ed by CD133 were 
chemo- and radioresistant and that they are capa-
ble of activating the DNA repair machinery more 
ef fi ciently than the corresponding negative frac-
tion in response to ionizing radiation  [  16,   17  ] . 

 In the same period, it was suggested a differ-
ent approach aimed at exploiting one of the fea-
tures of TICs, that is, to undergo differentiation 
as for their normal counterpart. In particular, it 
was proposed to inhibit the self-renewal of can-
cer stem cells by inducing a differentiation pro-
gram with the bone morphogenetic proteins 
(BMPs) which are capable of inducing differen-
tiation along the astrocytic lineage. This strat-
egy was successful both in vitro and in vivo by 
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using different experimental approaches: in vitro 
pretreatment of the cells with BMPs and in vivo 
delivery of BMPs in orthotopic injection of 
TICs. More importantly, the same  fi ndings were 
extended also to primary cells from human 
GBM  [  47  ] . 

 Since GBM is a highly vascularized tumor, also 
antiangiogenic therapies aimed at perturbing the 
VEGF axis have been investigated. Initially, Bao 
et al. reported that cancer stem cells secrete VEGF 
and that they respond to the anti-VEGF antibody, 
bevacizumab, both in vitro and in vivo  [  18  ] . 

 These  fi ndings were reinforced by the demon-
stration that brain TICs reside closely to endothe-
lial cells and that their self-renewal and 
tumor-initiating ability can increase in presence 
of endothelial cells or blood vessels  [  80  ] . More 
recently it has been demonstrated not only that 
TICs are in proximity of endothelial cells in 
GBM, MDB, ependymoma, and oligodendro-
glioma  [  80  ]  but that they can generate endothelial 
cells both in vitro and in vivo  [  81,   82  ] . 

 In this perspective, antiangiogenic therapies 
should take into account the ability of TICs to 
transdifferentiate. 

 Furthermore, since it is well known that extrin-
sic interaction with the tumor microenvironment 
may promote therapeutic resistance  [  83  ] , the next 
challenge for the development of new therapies will 
be to improve our understanding of CSCs’ inter-
action with the surrounding microenvironment.  

   Future Perspectives 

 The CSC hypothesis is in continuous evolution. 
The last decade has been very important for the 
identi fi cation of these cells in different brain 
tumors and for the  fi rst description of new thera-
peutic approaches targeting these cells. What 
remains unclear, however, is to understand how 
these cells can be responsible for the high degree 
of cellular and molecular heterogeneity of brain 
tumors and how it is possible to identify the cell(s) 
of origin of these diseases. Although mouse 
model and human tumor tissue can partially 
answer these questions, the scenario seems to be 
much more complicated  [  83  ]  and the absence of a 
reliable marker for a de fi nitive identi fi cation of 

brain cancer stem cells really affect the develop-
ment of the  fi eld in this direction. 

 The  fi eld has moved forward to a second phase 
where it seems important to investigate the 
molecular mechanisms and the driven mutations 
which lead to tumor initiation and formation  [  23  ] . 
This will complement studies aimed at character-
izing the phenotype of cancer stem cells which 
will take into account the recent  fi ndings suggest-
ing that cancer stem cells are not so rare and they 
might simply represent a surviving fraction of 
TICs evading the immune system in mouse mod-
els with partial ( nu/nu  and NOD/SCID) or more 
pronounced (NOD/SCID IL2R [gamma] null ) 
immune suppression.  

   Conclusions 

 Stem cell-based therapies for brain cancers 
have been extensively investigated. Different 
adult stem cells have been used for cell ther-
apy or as vehicle for gene therapy. Some of 
these approaches are advanced and clinical 
studies are ongoing. 
 From a complete different perspective, the 
newborn area of cancer stem cells in brain 
cancers has invigorated the  fi eld of neuro-
oncology and hopefully will provide new 
insights into the development of curative treat-
ments. Similar to all the new born areas in 
scienti fi c research, emerging concepts associ-
ated with cancer stem cells are rapidly evolv-
ing and challenged. Although this  fi eld will 
require extensive investigation for the next 
years, more than 450 original papers have 
been published in the last decade. It is there-
fore an exciting time for challenging devastat-
ing diseases such as brain cancer and to 
develop new therapeutic approaches that can 
improve survival and quality of life for 
patients.      
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  Abstract 

 Glioblastoma multiforme (GBM) is the most common primary brain 
malignancy in adults. Despite continuing advances in surgical treatment 
and combined chemoradiotherapy, little improvement in overall median 
survival has been seen. Therapeutic advances in neuro-oncology are likely 
to arise through the systematic dissection of the fascinating tumor biology 
that exists in GBM.    If we are to tackle questions such as “What is the cell 
of origin in brain cancer?” and “How do these cells evade standard treat-
ment methods and ultimately identify the Achilles’ heel of this aggressive 
disease?” a scienti fi c prerequisite is the availability of a robust and reliable 
in vitro model of glioma. What follows in this chapter is a discussion of 
the current state of knowledge in the generation of in vitro models of glio-
blastoma. Past and current models will be considered with their advan-
tages and shortcomings highlighted. We will discuss the principles of 
in vitro cytotoxic assays and how translatable therapies emerge from this 
approach. We discuss the cell of mutation and cell of origin in GBM and 
how modeling oncogenic transformation can shed new light on this con-
troversial topic. This chapter, we hope, will function as a timeline in the 
evolution of in vitro models of brain cancer. It illustrates how far we have 
come in our understanding of brain cancer but additionally highlights the 
barriers we face and must overcome to ensure that a cure remains within 
sight.  

      In Vitro Models of Brain Cancer       

     David   J.   Ryan     and    Colin   Watts           
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   Introduction 

 Glioblastoma multiforme (GBM) is the most 
common primary brain malignancy in adults. 
With a median survival of 14 months from time 
of diagnosis, it has the second poorest survival of 
all cancers. With such a dismal outcome using the 
current standard of combined surgery and chemo-
radiotherapy, we have gladly returned to the 
bench in search of this tumor’s Achilles’ heel. 

 In order to study glioma in vitro, a scienti fi c 
prerequisite is the availability of robust, reliable, 
and repeatable experimental protocols that facili-
tate ef fi cient derivation of the glioma line from 
the primary tissue specimen. Following deriva-
tion, the cell line must be capable of sustained 
passage in vitro and, of paramount importance, 
must retain the characteristic cytogenetic pro fi le 
that is representative of the parental tumor. What 
follows in this chapter is a discussion of the 
current state of knowledge in the generation of 
in vitro models of glioblastoma. Past and cur-
rent models will be considered with their advan-
tages and shortcomings highlighted. Concluding 
remarks will consider the future of cancer model-
ing in central nervous system (CNS) tumors.  

   In Vitro Culture of Glioblastoma 

   The Past: Use of Serum in Glioma 
Culture 

 Traditional methods of culturing animal cells 
including cancer cell lines relied on the use of 
serum culture conditions. Indeed, serum-contain-
ing media was used in glioma culture for many 
years. However, in the past two decades, its use 
came into question with the observation that the 
in vitro behavior of these tumor cells was grossly 
divergent from that of the parental tumor. An 
interesting early observation by Bigner et al.  [  1  ]  

was that in serum culture from derivation until 
establishment of a permanent glioblastoma line 
in vitro, the karyotype of these cells became 
markedly different from that of the primary 
tumor. Between passages 12–30, the original dip-
loid tumor line became tetraploid and showed 
signi fi cant chromosomal rearrangements. Two 
conclusions for this  fi nding were  fi rstly it may 
represent selection and divergent clonal evolu-
tion in vitro. If so, then serious questions would 
have to be asked of the reliability of this method 
of in vitro modeling of glioma. What would be 
the impact of a doubling in the chromosomal 
number? Would this affect the in vitro biology 
that we observe? With such divergence from the 
parental tumor, how could we translate any 
observed therapeutic opportunities? 

 The second explanation for the karyotypal 
abnormalities was that it could represent chromo-
somal progression, which was in fact reproduc-
ing the natural history of the disease. Lacking the 
ability to serially biopsy glioma, a de fi nitive 
explanation could not be offered. 

 Beyond the aforementioned chromosomal 
abnormalities, these traditional serum-cultured 
glioma lines often lacked a cardinal property of a 
tumor cell line, which is tumorgenicity in vivo. 
Furthermore, even when established in vivo, the 
histology was not comparable to that of the pri-
mary tumor as the tumors were nonin fi ltrative  [  2  ] . 
Understanding of the association between serum-
cultured glioma and altered tumor biology was 
evident in a comparative in vivo tumorgenicity 
assessment study. In this experiment, the authors 
compared serum-cultured U-87 versus organo-
typic spheroids cultured directly from the primary 
tissue in vitro for 11–18 days prior to intracerebral 
injection. At histological examination, extensive 
white matter tract in fi ltration and cell migration 
was seen in the precultured organotypic spheroids. 
The U-87 glioma line, which was maintained in 
serum culture long term, did demonstrate tumor 
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formation following engraftment. However, the 
tumor was localized and compressive with no 
in fi ltrative margin being evident  [  3  ] . As you will 
see, it was not until the advent of serum-free 
derived culture for glioma that we came to realize 
just how poorly representative serum-cultured 
glioma was of the in vivo situation.  

   The Present: Serum-Free Glioma Culture 

 What  fi nally led to the move away from serum? 
Astute observations that recognized the similari-
ties between neural stem cells and glioma cells in 
situ were a de fi ning moment in this transition. 
Both of these cell types have the capacity for self-
renewal, migration, and differentiation  [  4,   5  ] . Of 
course what distinguishes these cells is that stem-
like glioma cells are tumorgenic (Table  5.1 )  [  6  ] . 
Assuming that there was this biological similar-
ity between normal neural stem cells and stem-
like glioma cells, the question centered on the 
difference in in vitro maintenance of these cell 
types. Glioma as we have seen was cultured in 
serum; however, neural stem cells were propa-
gated and maintained in serum-free conditions as 
serum induces differentiation  [  7  ] .  

 Culturing glioma in serum-free media in the 
presence of epidermal growth factor (EGF) and 

basic  fi broblast growth factor (bFGF) produced an 
in vitro model whose genotype and phenotype was 
now more representative of the primary tumor  [  8  ] . 
Gliomas cultured in serum-free conditions in con-
trast to the standard serum conditions were self-
renewing, multipotent, clonogenic, tumorigenic at 
all passages, and had gene expression pro fi les sim-
ilar to the primary glioblastoma. Furthermore, in 
contrast to serum maintained lines whose in vivo 
tumorgenicity was nonrepresentative of the patho-
logical process as previously described, serum-
free cultured glioma produced tumors that were a 
phenocopy of the parental tumor. 

 Serum-free culture clearly represented a 
signi fi cant advance in neuro-oncology by provid-
ing an in vitro culture system that could maintain 
the unique biology of the individual patient’s 
tumor. This created a tremendous opportunity to 
not only advance our knowledge of the intrinsic 
tumor biology but, by doing so, create novel per-
sonalized therapeutic strategies. 

 A third bene fi t of serum-free conditions is that 
it allowed us to retrospectively interpret the clas-
sic karyotype abnormalities that were seen in 
serum-cultured glioma. We know that the prolif-
eration index in serum-free cultured glioma 
remains constant, but in serum culture, there is an 
initial period of limited growth followed by a pla-
teau and subsequent exponential growth  [  8  ] . This 
observation in conjunction with the described 
work of Bigner and Fine allows reasonable spec-
ulation that this abnormal karyotype could be 
explained by in vitro selection and divergent 
clonal evolution producing a tumor that was no 
longer representative of the parental specimen.  

   Derivation and Propagation 
in Serum-Free Culture 

 Although serum-free culture was an improve-
ment over traditional methods, it was not without 
its own shortcomings. Firstly, the ef fi ciency of 
derivation and establishment of a stable line in 
these conditions was circa 50 %  [  9  ] . The deriva-
tion protocol relied on neurosphere formation in 
the presence of EGF and bFGF which was 
adapted from the work of Gritti et al. who derived 

   Table 5.1    Biological similarity between normal neural 
stem cells and stemlike glioma cells    

 Neural 
stem cells 

 Stemlike 
glioma cells 

 Neural stem cell markers 
(Nestin, SOX2, etc.) 

 Yes  Yes 

 Self-renewal  Yes  Yes 
 Proliferative potential  Yes  Yes 
 Multipotency  Yes  Yes 
 Migratory  Yes  Yes 
 Genomic alteration  No  Yes 
 Tumorgenicity  No  Yes 

  Observations that recognized the similarities between 
neural stem cells and stemlike glioma cells were signi fi cant 
 fi ndings which resulted in the development of serum-free 
derivation of glioma lines. Both of these cell types have 
the capacity for self-renewal, migration, and differentia-
tion. Signi fi cant genomic alterations (TCGA)  [  6  ]  and 
tumorgenicity distinguish the two cell types  
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multipotent neural stem cells from murine brain 
in the presence of bFGF  [  10  ] . Unfortunately, in 
these conditions, the majority of cells did not sur-
vive beyond the  fi rst or second split. 

 A signi fi cant advance in serum-free deriva-
tion came with the re fi nement of the technique 
to include primary spheroid culture and primary 
monolayer culture in the derivation phase  [  11  ] . This 
modi fi cation, known as the Cambridge protocol 
(Fig.  5.1 ), produced successful derivation in 100 % 
of samples. Furthermore, on comparative genomic 
hybridization (CGH) analysis, the derived cell lines 
conserved the characteristic cytogenetic pro fi le of 
the original tumor which included gains of chromo-
some 7 and monosomy of chromosome 10.  

 The Cambridge protocol was an improvement 
on previous methods and produced an in vitro 
model system that could be used to evaluate 
response to therapeutic strategies, speci fi cally 
vascular endothelial growth factor (VEGF) recep-
tor antagonism  [  12  ] . However, the failure of the 
derived lines to exhibit epidermal growth factor 
receptor (EGFR) ampli fi cation which was found 
in the primary tumor represented a shortcoming 
that was common with previous in vitro models 
 [  13  ] . This observation may re fl ect a diminished 

role for EGFR in cell survival in vitro, although an 
alternative explanation is that it is in fact a conse-
quence of the in vitro effect on the cell line  [  11  ] . 
The Cambridge protocol combined spheroid and 
monolayer culture in the derivation phase in order 
to increase their ef fi ciency. Following successful 
derivation, in the maintenance and propagation of 
glioma, which culture conditions should you use?  

   Monolayer Versus Suspension Culture 

 Growth of glioma in 2D culture is an attractive 
option due to ease of use, low cost, and allow-
ance for high throughput therapeutic screening 
 experiments. Suspension culture is time consum-
ing and the slower proliferation rate of the cells 
in this culture condition removes the potential 
for high throughput science. However, are there 
differences in the biology of the tumor between 
these two culture conditions? 

 Recently, it has been suggested that the 
genomic pro fi le of glioma cultured in monolayer 
is frequently deviant from that of the parental 
tumor, whereas primary spheroid culture pro-
duces a genetically more representative model 

Tumour Sample 

Primary Spheroid 
Culture 

Primary Monolayer 
Culture 

The Cambridge Protocol 

Secondary 
Monolayer Culture 

Tertiary  Monolayer
Culture 

Long Term
Propagation 

Sphere Monolayer 

Derivation Propagation 

  Fig. 5.1    The Cambridge 
protocol. The Cambridge 
protocol, by combining 
spheroid and monolayer 
culture, produced a 100 % 
derivation rate from fresh 
tumor samples. Propagation 
was successful in 92 % of 
samples. The established cell 
lines could be propagated 
and maintained long term in 
suspension or adherent 
culture. On comparative 
genomic hybridization 
(CGH) analysis, the derived 
lines preserved the character-
istic cytogenetic pro fi le of 
the parental tumor (Adapted 
and reproduced from Fael 
Al-Mayhani et al.  [  11  ] ; with 
permission)       
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system  [  14  ] . Examples of the genomic divergence 
include loss of chromosome 10 in the parental 
tumor, which was reconstituted in the primary 
cell line, and ampli fi cation of the EGFR locus in 
the parental tumor, which was lost in the primary 
cell line and preserved in spheroid culture condi-
tions. The author’s explanation for the divergence 
considered the faster proliferative index of glioma 
in 2D culture, which created a greater opportunity 
for mutation, clonal selection in the culture condi-
tions, and subsequent divergent clonal evolution. 
The genomic pro fi le in spheroid culture remained 
stable after 12 weeks in vitro. The author’s con-
clusion was that spheroid culture is a genetically 
more representative model of glioblastoma. 

 The above suggests that in culture, extensive 
genomic instability may arise depending on the 
culture condition and produce de novo mutations. 
However, there is another body of evidence that 
suggests that once a tumor cell line has become 
established, the genomic pro fi le remains stable 
over extended passaging. Jones et al. documented 
that a discordant CDKN2A/p16 status was 
observed between a primary bladder tumor and 
its derived tumor cell line. Fifty-four percent of 
cell lines had a p16 mutation versus 19 % of the 
primary tumors  [  15  ] . A similar observation was 
noted in malignant glioma, and Westphal et al. 
decided to study this entity by tracking the in vitro 
evolution of glioma lines from their establish-
ment onward  [  16  ] . They found that at establish-
ment of the line, there was a selection pressure 
which facilitated the outgrowth of p16 negative/
mutated clones, but once the line had become 
established, p16 wild type or mutated, there was 
no change in the mutation status over 8 years of 
extended passaging.   

   Investigation of Therapeutic 
Strategies Using In Vitro Models of 
Glioblastoma 

   Chemoresistance 

 The cancer stem cell hypothesis states that within 
certain solid tumors and hematological malig-
nancies, there exists only a small population of 

cells that are in fact tumorgenic  [  17  ] . Such cells 
entitled cancer stem cells with the properties of 
self-renewal, multipotency and in vivo tumorge-
nicity on serial transplantation have been isolated 
from glioblastoma  [  18  ] . Although the 
identi fi cation of markers that are pathognomic of 
the cancer stem cell phenotype remains contro-
versial, we do know that cancer cells with stem-
like properties possess inherent chemoresistance 
 [  19–  21  ] . The mechanism for chemoresistance in 
this population has been attributed to the classical 
mechanism of adenosine triphosphate- (ATP-)
mediated drug ef fl ux transporters. A rather ele-
gant experiment by Eramo et al. showed that 
 fl uorescent doxorubicin was not actively extruded 
from glioblastoma cells relative to a positive con-
trol lung carcinoma cell line  [  22  ] . The uptake was 
similar to the control cell line, but nuclear com-
partmentalization of the drug was observed in the 
glioma cell supporting the hypothesis that mech-
anistic evasion of apoptosis played a crucial role 
in chemoresistance. With the properties described 
above, it becomes clear why the cancer stem cell 
is an attractive therapeutic target, being likely 
responsible for treatment failure and disease pro-
gression/recurrence. 

   Principles of In Vitro Cytotoxic Assays 
 So, prior to testing your cytotoxic compound of 
choice, consideration must be given to the cul-
ture condition that you use. Despite the poten-
tial shortcomings of in vitro culture and possible 
de novo genomic divergence from the parental 
tumor, whether these observations have an effect 
on response to therapy is largely unknown. Work 
on 9L gliosarcoma suggests that use of neuro-
sphere/suspension culture rather than monolayer 
selects for a more chemoresistant, aggressive 
tumor subpopulation  [  23  ] . Glioma cells growing 
as neurospheres were self-renewing, multipotent, 
expressed SOX2 and formed larger, and more 
aggressive tumors than the equivalent cells propa-
gated in monolayer. Anti-apoptotic drug resistance 
genes were also more highly expressed in the 
neurosphere population. An interesting  fi nding, 
however, was a twofold larger luciferase signal 
observed in the monolayer condition. An explana-
tion for this is that more luciferase- negative cells 
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were selected for in the neurosphere group due 
to lower end organ concentration of the chemi-
cal selection compound in suspension culture. If 
this is the case, we have to question the merits of 
the neurosphere assay for cytotoxic experiments. 
2D adherent culture has the advantage of ensur-
ing uniformity of delivery of not only factors con-
ducive to growth but also extrinsically delivered 
compounds in chemical screens  [  24  ] . 

 So what are the basic pharmacokinetic princi-
ples that underlie in vitro cytotoxic drug testing? 
Let us consider this question in a reverse fashion. 
When treating patients, drug prescribing can 
present some greatly challenging clinical dilem-
mas. These dilemmas arise due to intra-patient 
and inter-patient differences in pharmacokinetics 
of absorption, distribution, metabolism, and 
excretion of the pharmaceutical compound. 
Certainly, the complexities of these physiological 
processes are not reproduced in current in vitro 
models, however, what the in vitro model does 
provide is a platform to understand the biological 
response in standardized conditions  [  25  ] . 2D cul-
ture allows even drug dispersal bypassing the 
in vivo problems of absorption and distribution 
that facilitates observation of biological effect at 
the target cell and furthermore permits knowl-
edge to be attained of dose–response relation-
ships. Taking the information gained using this 
model back to the in vivo encounter provides a 
conceptual framework to understand the in vivo 
response. Using our standardized in vitro cyto-
toxic assay, we can infer that in order to produce 
a cytotoxic effect on a speci fi c target cell, we 
need dose X at the level of the cell in order to 
elicit maximal pharmacodynamics. Is treatment 
failure a result of unique chemoresistant proper-
ties in the cancer cell or rather as a result of inad-
equate active drug delivery to the target site or 
most likely a combination of both? 

 Failure of conventional chemotherapy to date 
due to one or both of the above factors has 
resulted in increased interest in local therapies 
for malignant glioma where a de fi ned chemo-
therapeutic dose can be delivered to the target 
site at the time of surgery. Speci fi cally, Gliadel 
wafers which are carmustine impregnated wafers 
have resulted in improved survival without an 
increased incidence of adverse events over pla-

cebo wafers when used for primary disease ther-
apy, as concluded from a Cochrane review  [  26  ] . 
The GALA5 trial which combines  fl uorescence 
guided surgical resection with gliadel wafer 
insertion is currently recruiting  [  27  ] .   

   Glioblastoma and Radioresistance 

 Again, borrowing from the cancer stem cell 
hypothesis, it is the same subpopulation with self-
renewing characteristics that are felt to possess 
inherent radioresistance  [  28  ] . In an interesting 
study by Tamura et al., patients with malignant 
glioma were treated using combined gamma knife 
surgery and external beam irradiation. Examination 
of tumor histological samples pre- and post-adju-
vant therapy showed that the percentage of CD133 
positive cells was much higher in the posttreat-
ment tumor material  [  29  ] . Although we cannot 
make any causal inference from this study, what 
we should conclude is that there is higher propor-
tion of cells bearing a marker of stemlike behavior 
in the cellular fraction surviving radiotherapy. 
What is required in order to prove that the surviv-
ing fraction is a cancer stem cell? As we have pre-
viously described, the properties of self-renewal 
with the clonogenic assay being the gold standard, 
multipotency, and tumorgenicity must be present. 

 When investigating radioresistance in glio-
blastoma, one readily sees that the cancer stem 
cell does not exist in a vacuum. Much of the 
observed biological behavior is a product of the 
microenvironment. In a recent review article, 
Chalmers et al. discuss the “microenvironment 
stem cell unit” where the role of the microenvi-
ronment in regulating stem cell biology and 
glioma cell radioresistance is outlined  [  30  ] . 
Factors including endothelial cells, extracellular 
matrix, nitric oxide, and oxygen concentration 
were discussed. When considering and designing 
our in vitro model for studying glioblastoma, 
have we adequately considered the role of oxygen 
concentration and its effect on tumor biology? 

   Oxygen Concentration and In Vitro 
Glioma Culture 
 It is well-known that many cancers operate at a 
hypoxic level. The role of hypoxia in mediating 
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radioresistance was  fi rst described by Schwarz 
in 1909  [  31  ] . Differential radiosensitivity is 
thought to be accounted for by the different fates 
of free radicals depending on the oxygen con-
centration. Oxygen stabilizes free radicals mak-
ing DNA damage more likely to occur. In the 
absence of oxygen, DNA damage is less likely to 
occur as free radicals are more likely to react 
with H +  ions, reverting to their original form  [  30, 
  32  ] . Indeed, this knowledge of intratumoral 
hypoxia-mediated radioresistance has led to a 
registered clinical trial where hyperbaric hyper-
oxygenation with radiotherapy and temozolo-
mide is being tested in adults with newly 
diagnosed glioblastoma  [  33  ] . 

 Beyond the clinical observation of radioresis-
tance, what does hypoxia do to the tumor biol-
ogy? Li et al. found that in response to hypoxia in 
glioblastoma, the hypoxia inducible factor tran-
scription network was preferentially activated 
 [  34  ] . Speci fi cally; cancer stem cells activated 
HIF2A which was required for the maintenance 
of stem cell identity and regulation of the angio-
genic switch. Furthermore, expression of HIF2A 
correlated with poor overall patient survival. With 
studies such as this suggesting that hypoxia 
selects for the cancer stem cell population, use of 
hypoxic chambers for cell culture may have a 
role to play. Alternatively, cells can be treated by 
100 or 200  m M hypoxia-mimic chemical defer-
rioxamine mesylate  [  34  ] .  

   Success of In Vitro Models of 
Radioresistance in Glioblastoma 
 The holy grail of in vitro models is one that fur-
thers our understanding of the tumor biology in 
malignant glioma, and by doing so exposes an 
Achilles’ heel, one potentially translatable to the 
clinic. The Chek1/2 story in modulating radiore-
sistance proved to be one such example. 

 Chek1 is a checkpoint kinase in the cell cycle 
regulating the transition from G2/M. As seen in 
the  fi gure (Fig.  5.2 ) below in response to ionizing 
radiation, DNA damage is sensed through the 
ATR complex which phosphorylates Chek1  [  35  ] . 
Activation of Chek1 phosphorylates CDC25C, a 
protein phosphatase inhibiting its function. As 
CDC25C cannot dephosphorylate CDC2, it 
remains in its inactive state preventing cell cycle 

re-entry and mitosis. Chek2 is activated through 
ATM and, through a similar mechanism of action, 
prevents G1/S cell cycle progression. The pur-
poses of these checkpoints are to allow DNA 
damage to be repaired through nonhomologous 
end joining and homologous recombination  [  36  ] . 
A cell that had increased ability to repair dam-
aged DNA in response to ionizing radiation 
would be less likely to undergo apoptosis and by 
exhibiting such radioresistance, if a cancer cell, 
would lead to treatment failure.  

 Bao et al., as previously mentioned, identi fi ed 
the cancer stem cell population as the subpopula-
tion within the tumor mass that possessed  inherent 

G2 M

Ionizing Radiation

DNA Damage

ATM ATR 

Chek2 Chek1 

Cdc25c

Cdc2

  Fig. 5.2    Chek1/2 mechanism of induced cell cycle arrest. 
Chek1 is a checkpoint kinase in the cell cycle regulating 
the transition from G2/M. In response to ionizing radia-
tion, DNA damage is sensed through the ataxia telangi-
ectasia-related gene product ( ATR ) complex which 
phosphorylates Chek1. Activation of Chek1 phosphory-
lates CDC25C, a protein phosphatase inhibiting its func-
tion. As CDC25C cannot dephosphorylate CDC2, it 
remains in its inactive state preventing cell cycle re-entry 
and mitosis. Chek2 is activated through ataxia telangiecta-
sia-mutated gene product ( ATM ) and through a similar 
mechanism prevents cell cycle re-entry until the DNA 
damage has been repaired through nonhomologous end 
joining or homologous recombination       
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radioresistance  [  28  ] . In their publication, they 
demonstrated how preferential activation of the 
Chek1/2 checkpoint kinases allowed cell cycle 
arrest and DNA damage repair to occur prevent-
ing the cell from undergoing apoptosis. 
Furthermore, to test this mechanism, they showed 
that inhibiting Chek1/2 using debromohymenial-
disine disrupted the radioresistance of these can-
cer stem cells in vitro and in vivo. 

 Clearly, a conclusion from their work was that 
checkpoint kinase inhibitors may have a role to 
play in the clinic through their modulation of 
radioresistance. LY2606368, a checkpoint 1 
kinase inhibitor (Chek1), is currently in a phase 1 
clinical trial of patients with advanced/metastatic 
cancer including colorectal, ovarian, and non-
small-cell lung carcinoma  [  37  ] .    

   Cell of Mutation and Cell of Origin: 
Modeling Oncogenic Transformation 
in Glioblastoma 

 Generating cell lines from the primary tumor 
specimen, although unquestionably useful for 
understanding the established tumor biology, 
does not however permit knowledge to be attained 
of the cell of origin in glioblastoma. With the iso-
lation of putative cancer stem cells from glioblas-
toma with the properties of self-renewal, 
multipotent differentiation into astroglial and 
neuronal lineages, the neural stem cell was pro-
claimed the cell of origin  [  18  ] . There has been 
much controversy surrounding this claim as it is 
well established that the cell of origin is not nec-
essarily a stem cell  [  38  ] . Making the distinction 
between the cell of origin and the cancer stem 
cell is fundamentally important. By understand-
ing this dichotomous yet not mutually exclusive 
relationship, one can appreciate that any somatic 
cell following sustaining a critical oncogenic hit 
can be the cell of origin. This cell can subse-
quently produce daughter cells with stemlike 
ability that sustains growth of the tumor. 

 The hierarchical model of cancer as seen in 
Fig.  5.3  depicts the cancer stem cell at the apex of 
the pyramid. This cell has the capacity for sym-
metric/asymmetric cell division producing either 

two additional cancer stem cells, a cancer stem 
cell and a differentiated progeny, or two differen-
tiated progeny. This model maintains that only 
the cancer stem cell has the capacity for sustain-
ing growth of the tumor. Human cancers that 
appear to follow this hierarchical arrangement 
include leukemia and some solid cancers includ-
ing glioblastoma  [  17,   19  ] . In contrast to this is the 
example of malignant melanoma with a stochas-
tic arrangement of propagation where any cell 
appears to have the capacity to sustain tumor 
growth  [  39  ] . So how do we attempt to track down 
the cell or origin in vitro/vivo?  

 Hypothesizing that the neural stem cell was the 
cell of origin in malignant glioma, Zhu et al. suc-
ceeded in producing high-grade glioma in a mouse 
model by inactivating p53 and NF1 in mouse neu-
ral stem cells  [  40  ] . In support of their hypothesis, 
they found that the earliest evidence of tumor for-
mation was seen in the subventricular zone, a 
region known to be a neural stem cell niche. 
However, additional studies have suggested that 
glia including astrocytes and oligodendrocyte pre-
cursor cells may in fact be the cell of origin  [  41  ] . In 
this study, Lindberg et al. generated a Ctv-a mouse 
where tumor formation was con fi ned to myelinat-
ing oligodendrocyte progenitor cells (OPCs) 
expressing 2 ¢ ,3 ¢ -cyclic nucleotide 3 ¢ -phosphodi-
esterase. They demonstrated that platelet derived 
growth factor beta (PDGF-B) transfer to OPCs 
could induce gliomas with an incidence of 33 %. 
The tumors produced resembled WHO grade II 
oligodendroglioma based on their similarities in 
histopathology and expression of cellular markers. 
Supporting the latter hypothesis, Jane Visvader in 
her review article discussed how the neural stem 
cell does not have to be the cell of origin as the 
phenotype of a neural stem cell may in fact be a 
product of the transformation process  [  38  ] . 

 A rather elegant experimental design entitled 
mosaic analysis with double markers (MADM) 
has recently offered some exciting insights into 
the cell of origin in glioma  [  42  ] . In this publica-
tion, the authors produced concurrent p53/NF1 
mutations sporadically in mouse neural stem 
cells. Through MADM-based lineage tracing, 
they observed aberrant growth in the oligoden-
drocyte precursor cell but not in the neural stem 
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cell or any other differentiated subpopulation. 
Analysis of formed tumors showed a transcrip-
tome pro fi le with OPC features. Introduction of 
the same mutations into the OPC resulted in con-
sistent gliomagenesis. Based on these  fi ndings, 
the authors propose that the neural stem cell may 
re fl ect the cell of mutation, but the OPC is the 
cell of origin in malignant glioma. Consistent 
with this, analysis of fresh clinical GBM samples 
has con fi rmed the widespread expression of the 
OPC marker Neuroglia 2 (NG2)  [  43  ] . 

 These studies have offered crucial insights 
into the development of malignant glioma; how-
ever, many controversies still remain unresolved. 
An additional fundamental point to remember is 
that these studies are assessing the potential for 
oncogenesis in mice. To what extent are these 
models representative of the equivalent human 
phenotype? 

 In an excellent review entitled “Comparative 
biology of mouse versus human cells: modeling 
human cancer in mice,” Robert Weinberg dis-
cussed the differences in mouse and human biol-
ogy in order to ensure that the scienti fi c 
community continues to question their  fi ndings 
in mouse models and to strive to produce more 
biologically representative model systems  [  44  ] . 
Some of the key differences he discussed which 

are applicable to modeling cancer formation 
include,  fi rstly, humans are 30 times larger than a 
mouse and live 30 times longer with 10 5  more 
cell divisions in a lifetime. Yet, 30 % of mice 
have cancer at the end of their second year, while 
30 % of people have cancer by the ninth decade. 
The obvious conclusion to make is that humans 
have a lower cancer susceptibility which is a 
composite of multiple protective mechanisms at 
the level of the cell. Secondly, the spectrum of 
cancer from which mice suffer is different from 
that of humans being predominantly lymphomas 
and sarcomas, whereas humans suffer predomi-
nantly from epithelial cancers. Thirdly, mouse 
cells in vitro after extended passaging become 
immortalized, whereas human cells undergo rep-
licative senescence due to loss of and failure to 
de-repress telomerase expression. So, what is the 
future of bottom up cancer modeling? 

 The ability to produce oncogenic transfor-
mation in glioblastoma using a human cell line 
would represent a signi fi cant advance in cancer 
modeling. This biological platform would allow 
investigation of driver and cooperative mutations 
and their effect in gliomagenesis. Fully character-
ized human fetal neural stem cells would be one 
potential cell type to consider for this purpose. 
With the advancement in cellular  reprogramming 

CSC 

CSC 

CSC 

CSC 
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  Fig. 5.3    Hierarchical versus stochastic model of cancer. 
( a ) In the hierarchical model, known as the cancer stem 
cell hypothesis, it is only the cancer stem cells ( CSCs ), a 
small fraction of the total tumor population, that have the 
capacity to undergo self-renewal and that are tumorgenic. 
According to this hypothesis, if we do not eradicate the 

cancer stem cells, disease recurrence and progression is a 
certainty. ( b ) According to the stochastic model of cancer, 
any tumor cell can self-renew and has tumorgenic poten-
tial, so our therapeutic strategy should be directed to 
achieving complete surgical resection/disease eradication       
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and the use of non-integrational methods of 
induced pluripotent stem cell production (iPS), 
we may have another useful system to consider 
in our biological armamentarium in the very near 
future.  

   Future of In Vitro Modeling of 
Glioblastoma 

 As we have seen, in vitro models of glioblastoma 
have evolved tremendously over the past 20 years. 
The move from serum to serum-free culture con-
ditions alone produced a disease model that was 
more representative of the parental tumor. 
Improvements in derivation and propagation 
resulted in cell lines that retained the characteris-
tic cytogenetic pro fi le of the parental glioblas-
toma. This created great excitement at the 
potential to apply chemical screens in vitro with 
the hope of uncovering new therapeutic targets. 
However, these improved systems are not without 
their problems. Choice of monolayer versus sus-
pension culture can produce markedly different 
results in the same experiment. Whether suspen-
sion culture is superior in maintaining genomic 
stability long term is controversial. Whether the 
use of neurosphere culture is less appropriate than 
monolayer for chemical screens is questionable. 
All of these issues aside, as we mentioned in the 
radioresistance discussion, cancer cells do not 
exist in a vacuum. How representative is a tissue 
culture plate of the in vivo microenvironment? As 
cancer cells are in fl uenced by cell-cell contact, 
endothelial cells, extracellular matrix,  fl uctuations 
in oxygen concentration, local ph and so on, the 
future must focus on the creation of in vitro mod-
els that incorporate a representative microenvi-
ronment. How close are we to this? 

 A fascinating publication by Vickerman et al. 
described the production of a novel micro fl uidics 
platform that allowed 3D real-time imaging of 
capillary morphogenesis in vitro  [  45  ] . Such sys-
tems could be applied to the investigation of 
tumor angiogenesis. A simpler, cost effective 
platform for studying the interaction between 
glioma and its microenvironment is the tissue 
explant. In this model, primary tissue is dissected 

to produce small slices (1 mm 3 ) which are placed 
on a porous  fi bronectin-coated membrane in a 
tissue insert. When the method was described for 
fetal nervous tissue, sprouting was demonstrated 
in vitro and long-term synaptic potentiation could 
be observed  [  46  ] . This organotypic culture sys-
tem preserves cytoarchitecture, tumor stroma, 
and blood vessels in vitro offering a unique 3D 
culture platform that is truly representative of the 
tumor biology  [  47  ] . 

 Alternatively, one can consider the use of 3D 
bioscaffolds. Biodegradable polymers have been 
used to direct differentiation of human embry-
onic stem cells  [  48  ] . Mouse neural stem cells 
remain viable, proliferate, and differentiate in 3D 
in vitro self-assembling peptide scaffolds  [  49  ] . 
The underlying premise for all these technologi-
cal designs are that they will render the in vitro 
model more representative of the in vivo environ-
ment. If successful, then having such a robust, 
reliable, and repeatable experimental protocol 
would hopefully bring the bench slightly closer 
to the bedside, representing a major step forward 
in our battle against this presently incurable 
disease.      
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  Abstract 

 In this chapter, we describe the evolution of experimental models for brain 
tumors. Model systems were established as early as the 1920s, when 
chemical carcinogenesis was used to elicit malignant neoplasms in various 
tissues or organs, including the central nervous system. A more systematic 
study of different carcinogens, with a detailed histological analysis, fol-
lowed in the 1950s and 1960s. At the same time, retroviral carcinogenesis 
was used as an alternative approach, and re fi ned virus delivery resulted in 
more realistic models for gliomas. Brain tumors resulting from these 
approaches were carefully characterized and resembled high-grade 
gliomas, including oligodendroglial tumors and glioblastomas. The mod-
els were limited in that a cell of origin could not be formally demonstrated, 
but the localization of the lesions suggested that the ventricular zone may 
have been the origin of some of the tumors. 20 years later, an entirely dif-
ferent approach, the transgenic expression of oncogenic (virus- derived) 
gene sequences, started a new era of cancer research. These technologies 
were soon followed by “straight” gene knockout models, and in the mid 
1990s, the more re fi ned conditional (Cre-Lox) gene knockout system, 
which was modi fi ed in various ways to allow tissue speci fi c, temporally 
controlled expression of oncogenes or inactivation of tumor suppressor 
genes. For the  fi rst time, these models led to an in-depth understanding of 
the mechanisms of brain tumor pathogenesis and the identi fi cation of the 
cells giving rise to intrinsic brain tumors.  

      Mouse Models of Glioma 
Pathogenesis: History and State 
of the Art       

     Sebastian   Brandner           
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   Introduction 

 As with any other experimental model of a human 
disease, mouse models for gliomas essentially 
aim at addressing two major issues: (1) to mimic 
a phenotypically similar pathology in rodents and 
(2) provide a model system that can be used as 
platform for treatments and other interventions. 
The development of glioma mouse models over 
the last 6 decades always aimed at mimicking a 
human counterpart, in particular astrocytomas 
(including the most malignant from glioblas-
toma) and oligodendroglial tumors. A secondary 
aim was the development of a system that can be 
used to test therapeutic options. The mouse model 
systems that were used and that are described 
here re fl ect the available technologies at the times 
of their generation. 

 Two fundamentally different approaches have 
been used to model the pathogenesis of gliomas: 
One model system aims at generating  de novo  
tumors that arise from the host brain by various 
methods (Fig.  6.1 ), while the second uses the 
rodent brain as a vehicle for propagating xeno-
grafted glioma cell lines, tumor particles, or more 
re fi ned glioma cultures. In this chapter, we will 
focus only on model systems of intrinsic brain 
tumors, that is, the various forms of allografts or 
xenografts will not be discussed.  

 Why do we need mouse models of human 
intrinsic brain tumors? It was recognized early 
on, and reiterated through decades of experimen-
tal neuro-oncology, that there are “three major 
objectives: (1) to develop experimental models 
with a reproducible high rate of incidence, and to 
compare them with each other and with naturally 
occurring human brain tumors; (2) to explore the 

etiology and pathogenesis of experimental neuro-
genic tumors as a basis for a better understanding 
of the still unknown causes and unresolved path-
omorphogenesis of brain tumors in man; and (3) 
to utilize experimental tumors as models for test-
ing chemotherapeutic agents and prophylactic 
measures”  [  1  ] .  

   Natural Models of Brain Tumors: 
Spontaneous Mutations 

    While in principle an ideal re fl ection of sponta-
neous brain tumors in humans, the infrequent 
occurrence of spontaneous brain tumors in labo-
ratory animals makes this model rather unattract-
ive and unpractical. The most valuable 
information on the occurrence of brain tumors in 
various animal species came from studies in 
which animals are allowed to live out their 
lifespan. Since nearly all lifetime studies are 
con fi ned to mice and rats, the incidences in these 
two animal species are probably the most reliable 
 fi gures available from all animal species studied 
so far. In mice, brain neoplasms are exceedingly 
rare with the exception of two strains and their 
crosses, the VM and BRVR lines  [  2  ]  with inci-
dences of 1.6 and 1.1 %, respectively  [  3  ]  (all 
abbreviations see Table  6.1 ). Astrocytomas con-
stitute nearly 100 % of the intracranial neoplasms 
in these two strains. In all other mouse strains 
studied so far, the incidence does not exceed 
0.3 % (Table  6.2 ). In comparison, rats having a 
higher incidence are much more common than in 
mice (Wistar AF rat: 7.1 %). Therefore, these 
animal models never became    popular in experi-
mental neuro-oncology  [  66  ] .    

  Keywords 

 Chemical carcinogenesis  •  Viral carcinogenesis  •  Point mutations  
•  Transgenic mouse  •  Gene knockout  •  Conditional gene inactivation  •  cre 
recombinase  •  loxP site  •  Brain tumor  •  Glioma  •  Glioblastoma  
•  Oligodendroglioma  •  Rous sarcoma virus  •  Ethylnitrosourea  •  SV40  
•  Retinoblastoma gene  •  p53 tumor suppressor gene  •  PTEN tumor sup-
pressor gene  •  INK4a-ARF locus      
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a

Brain

b c

  Fig. 6.1    Levels of modi fi cation in model systems for 
brain tumors. The highest level is the model organism. In 
the diagrams of the subsequent  fi gures, the model organ-
ism symbol indicated how the model is being altered. The 
next level is the cellular level, with an indication of the 
cellular changes. Finally, the changes on the genomic 
level are indicated, in particular the corresponding genetic 
modi fi cations in the conditional knockout mouse models. 
( a ) Model organism: Mostly the current models are mice, 
but rats, hamsters, and other rodents have been used in the 
past. In this  fi gure, the brain is highlighted as the primary 

target of neuro-oncology research. ( b ) Events on cellular 
level: In the past, it was not possible to direct mutagenesis 
to speci fi c cells. Once this was possible by transgenic 
modeling, astrocytes or neural precursor cells were used 
as target for oncogene expression or tumor suppressor 
gene inactivation. ( c ) Events or modi fi cations on genomic 
level: The symbol that is consistently used here is a 
simpli fi ed genomic structure with three exons, for exam-
ple, representing a tumor suppressor gene or a random 
genomic sequence, depending on the context. 
Modi fi cations are subsequently made to this structure       

   Carcinogen-Mediated Induction of 
Brain Tumors 

 First attempts to generate tumors in rodents 
 in vivo  were made by chemical carcinogenesis 
(Figs.  6.1  and  6.2 ). The observation that sponta-
neous brain tumors are practically nonexistent in 
common laboratory animals  [  66  ]  rendered posi-
tive results immediately signi fi cant. Experiments 
date back to the 1930s and 1940s. Chemical car-
cinogenesis was either induced locally or system-
ically (Fig.  6.2 ). Local induction was achieved 
by implanting pellets of a carcinogen (such as 
methylcholanthrene, dibenzanthracene, and 
benzpyrene suspended in carriers such as lano-
lin, paraf fi n oil, Vaseline, or lard) intracranially. 
Following early, largely unsuccessful studies in 
guinea pigs, rabbits, and rats, mice were used for 
larger, systematic studies  [  39,   40  ] . Initially, the 
carcinogenic substances (methylcholanthrene, 
benzpyrene) were intracranially implanted as 
crystals or pellets  [  41  ] . Tumors developed with a 
latency of 10 months and corresponded histologi-
cally to oligodendroglioma, glioblastoma multi-
forme, medulloblastoma, as well as “unclassi fi ed 
gliomas” and soft tissue tumors (at the time 
classi fi ed as meningeal sarcomas). The ef fi cacy of 
tumor induction was remarkable, reaching nearly 
50 %  [  42,   43  ]  (Table  6.2 ), half of which were of 
glial or at least intrinsic origin. Importantly, the 

site of implantation was an important factor for 
the type of tumor produced. Medulloblastomas 
followed implantation into the cerebellum, 
ependymomas into the ventricular wall, polar 
spongioblastomas (an entity that is much less 
commonly diagnosed nowadays  [  67  ] ) into the 
brainstem, and oligodendrogliomas into the 
white matter of the hemispheres. Subsequently, 
this approach become rather fashionable and was 
used in several laboratories to generate intrac-
ranial neoplasms. Interestingly, generation of 
brain tumors was often favored by scientists over 
other types of tumors. In the 1950s and 1960s, 
novel carcinogenic compounds were developed 
and subsequently applied systemically (“resorp-
tive carcinogens”). After systemic application 
 in vivo , these compounds are rapidly decom-
posed, mainly in the liver  [  44  ] . Metabolism of 
the compounds by hydroxylation and demethyla-
tion requires enzymatic activation  [  68  ] . The car-
cinogenic action is not restricted to the liver but, 
depending on the chemical structure of the given 
compound, includes various organs such as the 
esophagus, kidney, bladder, lung, or nasal cav-
ity. Most commonly N-nitroso compounds were 
used  [  69  ] , speci fi cally methylnitrosourea (MNU), 
dimethylnitrosourea (DMNU), trimethylni-
trosourea (TMNU), and ethylnitrosourea (ENU). 
Most researchers used inbred rat strains for their 
experiments, and detailed neuropathological 
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   Table 6.1    List of abbreviations and technical terms   

 Abbreviation/acronym  Explanation 

 VM  Inbred as “5 M” from Moredun Inst. 
stock and name later changed to 
conform with nomenclature rules 

 Congenic mouse strains VM/Dk and VM-Sincs7/Dk 
differ at the Sinc gene, which controls the incubation 
period of scrapie in mice 

 GFAP  Glial  fi brillary acidic protein  Intermediate  fi lament, predominantly, but not 
exclusively expressed by astrocytes. Also expressed 
by B-Type stem cells in the SVZ and transiently 
expressed by neural progenitors during development 

 hGFAP  Human GFAP (promoter)  See above 
 Nestin  Neuroectodermal stem cell marker  Intermediate  fi lament, expressed by neural 

progenitor cells during development but also in SVZ 
progenitor cells 

 C neu  Oncogene, named from its 
derivation from a glioblastoma line, 
a “neural tumor” 

 The proto-oncogene Neu is more commonly known 
as HER-2 (human epidermal growth factor receptor 
2) or as erbB-2 receptor tyrosine-protein kinase. For 
transgenic mouse models, see  [  4  ]  

 SV40  Simian (vacuolating) virus 40  The early region of the SV40 chromosome contains 
both the large T antigen and small T-antigen coding 
sequences. These gene products are required to 
transform cells in culture  [  5  ]  and are oncogenic in 
hamsters and other rodents 

 v-src  Viral Sarc (oma)  v-src, the transforming gene of the Rous sarcoma 
virus (RSV), encodes pp60v-src which is nearly 
identical to pp60c-src, but lacks the carboxy-termi-
nal region comprising Tyr-527 which switches on its 
kinase upon phosphorylation and is therefore 
constitutively active as a tyrosine kinase  [  6  ]  

 c-src  Src (pp60c-src) is an intracellular tyrosine kinase 
expressed ubiquitously in mammalian cells, with 
highest levels encountered in brain and platelets  [  7  ]  

 RCAS  Replication competent ALV [avian 
leukosis virus] with splice acceptor 

 Used to generate viral vectors and for a transgenic 
expression system; see also (RCAS)/TVA system 
 [  8,   9  ]  

 Nf1  Neuro fi bromatosis 1 gene  Individuals af fl icted with neuro fi bromatosis type 1 
(NF1) are predisposed to malignant astrocytoma in 
the brain with a greater than  fi vefold increased 
incidence throughout their lives (reference mouse 
model:  [  10  ] ) 

 Cre  “Cause of recombination”  Originally identi fi ed in the P1 phage, a gene product 
causing recombination of loxP sites in the phage P1 
 [  11–  13  ] . The Cre-loxP system is now widely used in 
conditional knock-out mouse models  [  14  ] . 

 PTEN  Phosphatase and tensin homologue 
located on chromosome 10q23 

 PTEN is an antagonist of PI3Kinase. PTEN loss 
leads to a hyperphosphorylation of Akt to pAkt 
 [  15–  17  ]  

 APC  Adenomatosis polyposis coli  Tumor suppressor gene and protein. Its loss 
(truncation) leads to constitutive activation of the 
wnt signaling pathway  [  18–  20  ]  

 Gtv-a  GFAP-tv-a transgenic mouse  Transgenic mouse model that expresses TVA, the 
avian cell surface receptor for the retrovirus ALV-A 
(avian leucosis virus—subgroup A), under the 
control of the GFAP promoter  [  21,   22  ]  

 Ntv-a  Nestin-tv-a transgenic mouse  Transgenic mouse model that expresses TVA, the 
avian cell surface receptor for the retrovirus ALV-A 
(avian leucosis virus—subgroup A), under the 
control of the nestin promoter  [  21,   22  ]  
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 Abbreviation/acronym  Explanation 

 EGFRvIII  Epidermal growth factor receptor 
with a truncation of the vIII domain 

 INK4a and INK4a-
ARF 

 Inhibitor of CDK4  The unique INK4A/ARF locus at chromosome 9p21 
encodes two distinct proteins that link the pRB and 
p53 tumor suppressor pathways. 

 Arf: alternate reading frame 

 p16INK4A is an inhibitor of the cell cycle, capable 
of inducing arrest in G1 phase. 
 p14/p19ARF can induce both G1 and G2 arrest due 
to its stabilizing effects on the p53 transcription 
factor. The frequent mutation or deletion of INK4A/
ARF in human tumors and the occurrence of tumors 
in the murine knockout models have identi fi ed both 
p16 and ARF as bona  fi de tumor suppressors 
 [  23–  25  ]  

 EGFR  Epidermal growth factor receptor  Ampli fi cation of the EGFR is one of the most 
common genetic events in glioblastoma pathogen-
esis. Several mouse models have used constitutively 
active mutants to recapitulate glioblastoma 
histogenesis in mice  [  22,   26,   27  ]  

 CDK4  Cyclin-dependent kinase 4  The division cycle of eukaryotic cells is regulated by 
a family of protein kinases known as cyclin-depen-
dent kinases. CDK4 and D type kinases have been 
implicated in the control of cell proliferation during 
the G1 Phase. The p16 protein binds to CDK4 and 
inhibits its catalytic function  [  25  ]  

 RSV  Rous sarcoma virus  After the original isolation of the agent responsible 
for the chicken myxosarcoma, a number of strains of 
RSV with different biological properties were 
described  [  28  ] . RSV proved effective in the nervous 
system of certain animals  [  29  ] . v-src is the trans-
forming gene of RSV 

 p53  p53 is a tumor suppressor protein 
that in humans is encoded by the 
TP53 gene (protein with molecular 
weight of 53kDA) 

 Loss of genetic material on the short arm of 
chromosome 17 is observed in approximately 40 % 
of human astrocytomas and in approximately 30 % 
of cases of glioblastoma multiforme. The p53 gene, 
located on the short arm of chromosome 17, is 
frequently mutated in these tumors  [  30–  32  ]  

 Rb  Retinoblastoma tumor suppressor 
gene 

 The retinoblastoma gene can be considered a model 
for a class of recessive human cancer genes that have 
a “suppressor” or “regulatory” function  [  33,   34  ]  

 CNS  Central nervous system  The central nervous system encompasses the brain 
and the spinal cord 

 SVZ  Subventricular zone  Located beneath the ependymal cells in the lateral 
ventricles of the brain, it contains neurogenic cells, 
that is, undifferentiated cells that are capable of 
self-renewal (“stem cells”) and their progeny 
 [  35,   36  ] . Mutations in this compartment are thought 
to be the origin of brain tumors  [  37,   38  ]  

 MBP  Myelin basic protein  Major constituent of the myelin sheath of oligoden-
drocytes and Schwann cells, the myelin forming 
cells of the CNS and the peripheral nervous system, 
respectively 
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analysis  [  1,   45,   70  ]  showed tumors of the brain, 
the spinal cord, and the cranial and peripheral 
nerves.    An important observation was the detec-
tion of a considerable number of “microtumors” 
in the brain which were not detectable grossly 
 [  1  ]  and sometimes concurrent with contralateral 
macrotumors. The vast majority of these tumors 
corresponded to glioblastomas, astrocytomas, 
and oligodendrogliomas. It is noted that gener-
ally the pleomorphism of these tumors was con-
siderably higher than in the human counterparts 
 [  45  ] . Another important observation, in particu-
lar in the view of many current hypotheses of the 
subventricular zone as a potential origin of brain 
tumors, is the occurrence of oligodendroglial 
tumors in the SVZ or in the ventricle (30 %) and 
in the white matter (45 %), while only a minority 
was located in the gray matter (15 %) (Table  6.2 ). 
Another important observation was the presence 
of pure oligodendrogliomas in the early phase, 
while more advanced forms showed a progres-
sive admixture of astrocytic elements  [  45  ] .   

   Virus-Induced Primary Brain Tumors 

 In 1962, the oncogenic potential of human aden-
ovirus 12 in Syrian hamsters was discovered  [  71  ] , 
but only extrinsic tumors were found  [  72  ] . 
A  variety of strains of the Rous sarcoma virus 
(RSV), discovered in 1911, were subsequently 
derived and were found to be effective in the ner-
vous system of dogs and to a lesser extent in 
rodents, including mice (Fig.  6.3 ): Gliomas and 
choroid plexus papillomas were generated by 
intracerebral inoculation of RSV in hamsters 

 [  28  ] , dogs  [  73  ] , and rabbits  [  74  ] . In mice, cere-
bellar medulloepitheliomas  [  46  ] , forebrain 
gliomas  [  47  ] , or neuroblastomas were described. 
Later, intracerebral inoculation of SV40 into 
newborn hamsters (reviewed in  [  48  ] ) resulted in 
choroid plexus carcinomas.   

   Brain Tumors in Genetically 
Modi fi ed Mice 

 Following two decades of increasing re fi nement 
of virus injection, selections of virus strains, and 
characterizations of tumors arising in mice and 
other rodents that had received viruses, a new era 
of experimental neuro-oncology started with the 
avenue of transgenic mice. Henceforth, almost all 
experimental models were established in mice, 
and the use of hamsters, rats, and other species 
rapidly lost its relevance. Too great were the 
advantages and the potential of genetically 
modi fi ed mice,  fi rst transgenic mice, later knock-
out mice, and  fi nally conditional knockout mice, 
in combination with cre-expressing transgenic 
mice or with cre-expressing expression vectors, 
for example, adenoviruses. Further modi fi cation 
of the technology allowed the cre-inducible 
expression or ablation of transgenes. 

 The technology used for the approaches will 
be described within each paragraph. 

   Transgenic Expression of Oncogenes 

 The  fi rst transgenic model of a brain tumor (albeit 
not yet a glioma) was engineered by expressing 

a b c

  Fig. 6.2    Chemical systemic carcinogenesis. ( a ). 
Organism: Hamster, rats, mice, and others. Organotropic 
action depends on a combination of species, their genetic 
background, and the carcinogen. In early models, the car-
cinogen was injected or implanted directly into the brain, 

while in later models the carcinogen was systemically 
applied. ( b ) Carcinogen is resorbed by the cell and acts in 
the nucleus. The cell type that gave rise to tumors in these 
model systems models was probably an astrocyte progeni-
tor. ( c ) Point mutations occur in the entire genome       
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the SV40 early region coding for the large and 
small T antigens, under the control of a metallo-
thionein promoter/enhancer  [  50  ]  (Fig.  6.4 ) 
(Table  6.2 ). Three variations of the construct were 
injected into fertilized eggs, ensuring that all cells 
express the transgene, and resulted in the forma-
tion of malignant choroid plexus tumors  [  50,   51  ] . 
Several years earlier, Jaenisch and Mintz  [  75  ]  had 
attempted to induce tumors by injecting SV40 
DNA into the blastocoel cavity of mouse embryos, 
but never detected tumors, presumably due to an 
incomplete mosaicism of the resulting animals. 
An important question emerged from these exper-
iments: Why is the SV40 T antigen active in epi-
thelial cells of the choroid plexus, but not in other 
cells of the CNS? The plasmids were injected into 
fertilized eggs, and in transgenic mice, every cell 

carries identical, integrated copies of the SV-MK 
or SV-MGH genes (Fig.  6.4 ). Yet, in many differ-
ent transgenic mice, each with a presumed  random 
integration site, the primary site, of oncogenesis 
is the choroid plexus. This suggests that the site of 
integration is not important. Thus, development 
of brain tumors is not a consequence of T antigen 
being present in all cells, with the choroid plexus 
being the most sensitive target tissue. Instead, it 
appears that the choroid plexus is more permis-
sive for T-antigen gene activation. It is possible 
that some mechanism inactivates the injected 
SV40 genes during early development and then 
an infrequent event activates the gene in a few 
cells during later development.  

 For a number of years, the expression of the 
SV40 large T antigen under the control of various 

a b c

  Fig. 6.3    Viral carcinogenesis. ( a ) Organism: Hamster, 
rats, mice, and others. Organotropic action depends on a 
combination of species, their genetic background, and the 
virus strain. ( b ) The virus docks onto cells using a (natu-
rally existing) receptor and replicates using the cell’s 

machinery. Retroviruses integrate into the genome. They 
transform the cell. ( c ) Genomic integration of a retrovirus. 
Retroviruses disrupt and potentially activate endogenous 
genes. In the case of RSV, the oncogenic v-src kinase is 
expressed       

a b c
Promoter Oncogene

Integration site
Genome

Neuron

Astrocyte

Promoter Oncogene

  Fig. 6.4    Transgenic expression of an oncogene. ( a ) 
Organism: Mice. Organotropic or cell-speci fi c action 
depends on the promoter that drives the expression of the 
oncogenic protein. ( b ) The transgene is integrated in every 
single cell of the organism. In this example it is illustrated 
that all cells (i.e., including astrocytes and neurones) carry 
the transgene, but only those cells in which the promoter 

is activated (e.g., GFAP in astrocytes) actually express the 
transgene ( red cell ). ( c ). Transgenes randomly integrate 
into the genome. Their expression mostly depends on the 
promoter ( Red arrow ), while the effect depends on the 
oncogenic signal ( yellow ). The transgene’s expression 
pattern can further vary depending on the integration site       
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promoters remained the main approach to gener-
ate brain tumors. The SV40 large T antigen binds 
and suppresses the protein products of the tumor 
suppressor genes Rb and p53 (and other mem-
bers of the “pocket protein” family, p107 and 
p130)  [  76–  79  ] . An elegant follow-up study 
expressed truncation mutants of SV40, with 
defective p53 suppression in the context of a p53 
null mutation to tease out the role of the tumor 
suppressor p53. This model demonstrated that 
p53 is not required for the initiation but for the 
progression of choroid plexus tumors  [  80  ] . 

 A step toward generating a mouse model for 
intrinsic brain tumors was the generation of a 
model where the large SV40 T antigen was 
expressed under the control of the Moloney 
murine sarcoma virus (MSV) enhancer and the 
SV 40 promoter. These mice developed uniform 
midline brain neoplasms with features of primi-
tive neuroectodermal tumors  [  81  ] . 

 A more re fi ned approach was used in subse-
quent models: Instead of using promoters with no 
tissue speci fi city, the next generation of mouse 
models expressed potent oncogenes under the 
control of a cell- or tissue-speci fi c promoter, aim-
ing at the expression in cell types that were 
thought to represent the likely origin of brain 
tumors (Fig.  6.4 ): GFAP for astrocytomas and oli-
godendrocytes promoters for the generation of 
oligodendrogliomas. For example, aiming to 
develop a mouse model for oligodendrogliomas, 
the c-neu oncogene (tyrosine kinase) was 
expressed under the control of a myelin basic pro-
tein promoter, directing the expression to mature 
oligodendrocytes. With hindsight the oligoden-
drocyte was not an ideal cell type to induce onco-
genesis, but at the time it was assumed that these 
cells may be the progenitor of oligodendro-
gliomas. This explains why MBP/c neu transgenic 
mice developed primitive neuroectodermal 
tumors with large bizarre cells, expressing GFAP 
and neuro fi laments  [  4  ]  (Table  6.2 ). Similarly, 
transgenic mice expressing the SV40 large T anti-
gen under control of the GFAP promoter exhib-
ited an early and lethal proliferation of cells of the 
periventricular subependymal zone of the imma-
ture brain, associated with strong expression of 

the transgene. The tumor cells showed a uniform 
(undifferentiated) cellular morphology and dif-
fuse invasion and secondary structuring around 
neurons and blood vessels. Both these features 
were also clearly evident on transplantation of 
early passage cultures into the brains of mature 
nude mice. The localization of the microneo-
plasms around the SVZ suggests that the GFAP 
promoter initiated a neoplastic transformation in 
the germinative matrix in newborns, but there 
were also numerous dysplastic mature astrocytes 
scattered in the hemispheres. This suggests that 
the SV40 LT antigen predominantly transformed 
immature cells in the developing brain but not 
mature astrocytes  [  82  ] . A similar model was gen-
erated by expressing the viral oncogene v-src 
under control of the GFAP promoter. Src (pp60 c-

src ) is an intracellular tyrosine kinase expressed 
ubiquitously in mammalian cells, with highest 
levels encountered in brain and platelets  [  7  ] . v-src, 
the transforming gene of the Rous sarcoma virus 
(RSV), encodes pp60 v-src  which lacks the carboxy-
terminal region comprising Tyr-527 (which 
switches off the kinase activity), resulting pp60 v-

src  to be constitutively active  [  6  ] .    20 % of GFAP 
v-src mice developed multifocal astrocytomas 
 [  52  ]  at 4 weeks of age. Similar to GFAP SV40 
transgenic mice, the oncogenic signal is targeted 
to all cells expressing GFAP, which includes 
mature astrocytes  [  52  ]  (Fig  6.2a ), (Table  6.2 ). 
Additional deletion of the tumor suppressor gene 
p53 however did not increase the incidence or 
accelerate tumor growth  [  53  ] . While these models 
reliably generated astrocytomas and recapitulated 
some features, such as angiogenesis  [  83  ] , they did 
in fact not formally address the question of the 
cell of origin of brain tumors for two reasons: 
First, the GFAP promoter is expressed in a variety 
of progenitor cells during CNS development and 
in the adult brain in stem cells as well as in mature 
astrocytes. This expression pattern obscures the 
identi fi cation of a cell of origin. Second, the 
“forced” expression of a transgene in a given cell 
type bypasses a natural preference of a cell type 
to undergo transformation. Therefore, this 
approach was soon replaced by more re fi ned 
models using more advanced technologies.  
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   Transgenic Expression of a Virus 
Receptor in Combination with a 
Genetically Engineered Virus 
Expressing Activated Oncogenes 

 In the late 1990s, a series of mouse models were 
generated in the laboratory of Harold Varmus. At 
the same time, signi fi cant progress had been made 
to identify genetic lesions in high-grade gliomas, 
which in turn allowed a more rational approach to 
mouse models. The most signi fi cant genetic lesions 
that were known at that time were p53 mutations, 
INK4a-ARF loss (resulting in loss of regulation 
of the downstream targets), Rb and p53, CDK4 
ampli fi cation, EGFR ampli fi cation, and less com-
monly EGFRvIII mutations. Consequently the 
group engineered a  fl exible model system, which 
allowed for the (temporally and spatially con-
trolled) delivery of a variety of oncogenes into a 
desired target cell population. Essentially, their 
system expressed a virus receptor in a speci fi c cell 
type of the CNS (e.g., in astrocytes (GFAP) or in 
neural stem cells (nestin)) (Fig.  6.5 ). An elegant 
aspect and advantage over transgenic expression 
of an oncogene is the bypass of the developmental 
period. The gene transfer was accomplished by a 
genetically engineered retrovirus which delivers a 
gene of interest (e.g., FGF, EGFR, or CDK4) into 
the cell expressing the virus receptor.  

 Transgenic mice were engineered to express 
TVA, the avian cell surface receptor for the retro-
virus ALV-A (avian leucosis virus—subgroup 
A), under the control of the GFAP promoter. 
These transgenic mice express the receptor, for 
example, in astrocytes, which renders them sus-
ceptible to ALV-A virus. The virus was geneti-
cally engineered to express multiple genes, 
including those enabling histological identi fi cation 
 [  84  ]  (Table  6.2 ), (Fig.  6.5 ). 

 Using this system, a proof of principle (in vitro) 
experiment con fi rmed that  ex vivo  cultured mouse 
astrocytes expressing GFAP- tv-a  can be infected 
with ALV expressing basic  fi broblast growth fac-
tor. These cells did grow  in vitro , showed increased 
proliferation and migration, and formed small 
clusters of transformed astrocytes following 
injection into a host mouse brain, but failed to 
form tumors  [  84  ] . Instead, a more aggressive phe-
notype was observed in cultures expressing 
CDK4 in astrocytes: In this setting, transformed 
astrocytes grew rapidly and became immortal-
ized, similar to astrocytes with a deletion of the 
INK4A locus  [  21  ] . 

 Having demonstrated the functionality 
 in vitro , a follow-up study demonstrated the gen-
eration of gliomas  in vivo:  Transgenic mice 
expressing the  tv-a  receptor under control of the 
GFAP ( Gtv-a ) or the nestin promoter ( Ntv-a ) 

a

Injection of virus Neuron

Astrocyte

Transgenic construct

b c

Promoter Virus receptor

Virus encoding an oncogene (RCAS)

  Fig. 6.5    Transgenic expression of a virus receptor and 
administration of an oncogene-expressing virus. ( a ) 
Organism: Mice. Organotropic or cell-speci fi c action 
depends on the promoter that drives the expression of the 
receptor. Oncogenic action depends on the engineering of 
the virus. ( b ) The transgene encodes for a virus receptor 
(expressed on the surface of the desired cell), to match the 
genetically engineered virus expressing the oncogene of 
choice. The infected cell is shown in  yellow . Cells which 

do not express the receptor will not be infected (neuron in 
this example). ( c ) Transgenes randomly integrate into the 
genome. Their expression pattern can vary depending on 
the integration site. The upper construct represents the 
viral expression vector, the  yellow  gene being the onco-
gene. The transgene expressing the virus receptor ( pink ) is 
integrated in the mouse genome but is active only in cells 
in which the transgene promoter ( red ) is active, for exam-
ple, astrocytes (GFAP- tv-a )       
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were infected with the virus expressing a consti-
tutively active, mutant form of human EGFR 
with deletions of intra- and extracellular 
sequences (termed EGFR* by the authors). 
While  Gtv-a  and  Ntv-a  mice, transduced with 
EGFR*, did not develop any tumors, backcross-
ing into an INK4a heterozygous or INK4a null 
background increased the tumor incidence to 
nearly 50 % (Table  6.2 ). Further transduction 
with cdk4- and bFGF-expressing viruses 
increased the incidence to 10 % in the INK4a 
wild-type background. Instead, ablation of p53 
had no signi fi cant effect. 

 It was concluded that the frequency of gliom-
agenesis is higher after infection of  Ntv-a  mice 
than of  Gtv-a  mice, probably because cells earlier 
in the glial lineage may be more susceptible to 
transformation than terminally differentiated 
astrocytes. Essentially, the constitutively active 
form of the EGF receptor can cooperate with 
mutations that disrupt the G1 cell cycle arrest 
pathways to induce lesions with some similarities 
to gliomas  [  22  ] . 

 With the incremental discovery of new path-
ways involved in gliomagenesis, such as the    Ras 
or the PTEN/Akt pathways, the system was fur-
ther extended to test the role of these pathways in 
tumor initiation or progression in the CNS. Using 
the same receptor expressing mice ( Ntv-a  and 
 Gtv-a ) but a virus expressing the G12D mutant 
form of K-Ras or Akt was injected, respectively. 
Neither Ras or Akt alone could elicit a brain 
tumor in  Ntv-a  or  Gtv-a  mice, but only the com-
bination of Ras and Akt in the context of nestin-
Tv-a ( NTv-a ) mice resulted in malignant gliomas 
in 25 % of the animals  [  54  ]  (Table  6.2 ). 

 This model was slightly modi fi ed and re fi ned 
by separately backcrossing the GFAP ( Gtv-a ) or 
nestin-Tv-a ( Ntv-a ) mice into either the p16 Ink4a−/−  
or the p19 ARF−/−  background. As before, mice 
were injected with Ras- and Akt-expressing vec-
tors. Transduction of nestin-expressing cells was 
generally more effective than targeting GFAP-
expressing cells, and the combination of Ras and 
Akt was more effective than expression of Akt or 
Ras alone. The highest rate of glioblastomas 
(83 %) was seen in  Gtv-a  mice transduced with 
Akt and K-Ras, in an     ARF−/−  background  [  55  ] . 

 Using the same model system, Holmen and 
coworkers  [  57  ]  injected  Ntv-a  mice with Ras, 
Akt, and tet on/off vectors. The tet on/off vector 
allows for a doxycycline-inducible activation of 
Ras and Akt. Prior to doxycycline administration, 
mice do not develop any tumors, but switching on 
the tet system (25 or 45 days duration) activates 
Ras and Akt gene expression activation, resulting 
in a glioblastoma incidence of nearly 50 %. More 
recently, the same group used the same system to 
express activated MEK (MAPK/extracellular 
signal-regulated kinase (ERK) kinase (MEK), a 
RAF effector), to induce tumors in vivo in the 
context of activated Akt or INK4a/Arf loss, show-
ing that indeed activated MEK cooperates with 
INK4a/Arf loss or Akt activation to induce 
gliomas  in vivo   [  56  ] . Similarly, activated (V600E 
mutant) BRAF again in the context of INK4a loss 
results in a high frequency of malignant gliomas, 
but also in poorly differentiated intrinsic tumors 
 [  56  ] . In human brain tumors, BRAF V600E 
mutations are seen in 5 % of pilocytic astrocy-
tomas, 25 % of gangliogliomas, and nearly 70 % 
of pleomorphic xanthoastrocytomas  [  85  ] . 

 Although the authors claim that these data 
imply a central role of these pathways in gliom-
agenesis, it should be considered that expression 
of strong oncogenic signal into any progenitor 
cell is likely to elicit a neoplastic transformation. 
It may be argued that this model, despite produc-
ing high-grade gliomas, still does not resolve 
essential questions about the histogenesis and the 
formal pathogenesis of brain tumors.  

   The Era of Conditional Gene 
Inactivation: A New Milestone Toward 
the Understanding of Brain Tumor 
Pathogenesis 

 In the mid-1990s, a new technology of  in vivo  
gene inactivation revolutionized the way of dis-
ease modeling. Until then, inactivation of genes 
was done by replacing one or more functional 
exons in the open reading frame of a gene (null 
mutation). Because the null mutation is carried in 
the germ line of the mutant animals, it will exert 
its effects from the onset of animal development. 
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This often results in early embryonic lethality, for 
example, in mice that were “knockout” for Rb 
 [  33  ] , APC  [  18,   86–  88  ] , or PTEN  [  15,   16,   89  ] . 
Obviously, such an early embryonic lethality pre-
cluded further studies of the role of these tumor 
suppressor genes on the context of living organ-
isms, requiring complementary  in vitro  studies, 
or the use of heterozygous or chimeric animals 
 [  18,   33,   86–  89  ] . The breakthrough technology 
that could address these biological questions 
allowed for an inducible gene targeting in mice 
(Fig.  6.6 )  [  14,   90,   91  ] . In this approach, the gene 
of interest (usually one or several exons) is engi-
neered to carry a 32-base pair loxP recognition 
sequence on either side (i.e., 5 ¢  and 3 ¢ ) of the 
region to be excised (green triangles in the gene 
scheme in Fig.  6.6c ). The excision of the    loxP 
sites is accomplished by the action of the enzyme 
cre recombinase (Fig.  6.6c ), which forms and 
excises a loop between the two loxP sites. The 
result is the removal of the sequence  fl anked by 
the two sites, and one single loxP site remains in 
the genome (Fig.  6.6c ).  

 Several possibilities exist to achieve the 
expression of cre recombinase in the desired tis-

sue. The most popular approach is the generation 
of a separate mouse line expressing cre recombi-
nase under the control of a cell- or tissue-speci fi c 
promoter (Fig.  6.6a ). This cre-expressing mouse 
line is crossed with a mouse line carrying loxP 
sites ( fl oxed) (Fig.  6.6a ) in order to achieve a 
cell- or region-speci fi c inactivation of the  fl oxed 
gene (Fig.  6.7 ). For example, in order to achieve a 
functional inactivation of the PTEN gene in cells 
expressing GFAP (i.e., astrocytes, but also stem 
and progenitor cells), a GFAP-cre-expressing 
mouse is crossed with a PTEN conditional mouse 
to generate GFAP-cre and PTEN loxP/loxP  genotype 
to achieve PTEN-negative astrocytes. However, 
there is an important caveat, which is essential 
for the correct interpretation of the phenotype: 
Cre-mediated recombination begins as soon as 
the cre transgene becomes activated. If this hap-
pens during development (as it is the case with 
the GFAP promoter), cre is transiently expressed 
in many neural precursor/progenitor cells, which 
results in a permanent deletion of the target 
gene, regardless of the fate of their progeny. For 
 example, the GFAP-cre and PTEN loxP/loxP  mouse 
mutant shows a widespread recombination not 

a

Cre-expressing mouse Neuron

Astrocyte

Promoter

Exon to be excised by cre

Promoter Cre recombinase

b c

Mouse with LoxP sites

  Fig. 6.6    Cre-loxP system (I). ( a ) Transgenic expression 
of the cre recombinase. Organotropic or cell speci fi c 
action depends on the promoter that drives the expression 
of cre. Oncogenic action depends on the recombination of 
the target genes, which are  fl anked by loxP sites. loxP 
sites are in all cells of the body ( green  mouse).    The cre 
mouse is generated as a separate line, where cre is 
expressed in an organ or cell of interest, e.g., brain. Cre 
and loxP mice must be crossed to generate a compound 
mutant. ( b ) The cre transgene is integrated in every single 
cell of the organism but is only expressed by those cells 

that activate the transgene promoter (in this example in 
astrocytes but not in neurons). ( c ) The upper construct is 
the transgene expressing cre recombinase ( orange ) under 
a cell-speci fi c promoter ( red ). In a compound mutant 
mouse, cre recombinase recognizes pairs of loxP sites 
( green triangles ) and forms a loop between them, hereby 
excising the DNA stretch between them. One loxP site 
remains in the genome (see Fig.  6.7 ). In glioma mouse 
models, often NF1, p53, or PTEN were used as target 
genes carrying loxP sites       
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only in mature astrocytes but has also a severe 
developmental phenotype with enlarged brains 
due to a disturbance of the neural precursor 
migration due to the effects of PTEN loss in neu-
ral stem and progenitor cells  [  92,   93  ] . An even 
more severe phenotype with embryonic lethality 
is observed in nestin-cre and PTEN loxP/loxP  mice 
due to the widespread deletion of PTEN in a 
wide range of neural progenitors  [  94  ] .    To circum-
vent this lethality, several techniques have been 
used: (1) a more restricted expression of cre, for 
example, using region-restricted promoters  [  95  ] ; 
(2) a topical application of cre recombinase, for 
example, an adenovirus vector  [  96–  99  ]  and (3) 
an inducible cre transgene, that is, a mouse which 
expresses the cre transgene under the control of 
a cell-speci fi c promoter, which has to be acti-
vated using the tamoxifen (cre ER(T) system, 
e.g., described in  [  100  ] ).  

 Using the conditional gene inactivation tech-
nology, several studies demonstrated that high-
grade intrinsic brain tumors of glial phenotype 
can be generated in mouse models where tumor 
suppressor genes are inactivated by conditional, 
cre-mediated gene expression in astrocytes, 
neural progenitor, and neural stem cells. Except 
for the mouse models from the vanDyke Group, 
where multifocal astrocytomas developed fol-

lowing inactivation of several Rb family mem-
bers (Rb, p107 and p130), and of PTEN  [  60,   61  ]  
(Table  6.2 ), other models have in common an 
inactivation of the tumor suppressor gene p53 
always in combination with other tumor sup-
pressor genes, such as  Nf1 ,  Pten,  and Rb 
 [  10,   37,   62–  65  ]  (Table  6.2 ). The mode of condi-
tional gene inactivation in these models included 
adenovirus-mediated cre expression selective in 
the stem cell compartment of the SVZ  [  37  ] , 
constitutive expressing in all stem progenitor 
cells using a GFAP-cre transgenic mouse line 
 [  10,   63,   64  ] , in which the GFAP transgene con-
stitutively activates Cre in all astrocytes, and 
stem cells from development through adult life 
(Fig.  6.8 ). A more re fi ned, temporally controlled 
cre transgenic approach was used in a study 
where  Rb ,  p53,  and  PTEN  was recombined by a 
tamoxifen inducible cre expression. This model 
showed a recombination of parenchymal astro-
cyte as well as SVZ stem/progenitor cells  [  65  ] . 
Interestingly, the tumor phenotypes generated 
in this model were almost exclusively high-
grade gliomas, in contrast to the  fi ndings of 
Jacques et al.  [  37  ] , where  Rb/p53  and  Rb/Pten/
p53  recombination in stem/progenitor cells 
resulted in a high proportion of primitive neu-
roectodermal tumors.  

a b

Promoter

Astrocyte

Truncated, inactive gene

c

  Fig. 6.7    Cre-loxP system (II). ( a ) The double mutants 
will have the gene of interest recombined in those cells 
which are expressing cre or which have previously 
expressed cre, for example, during development. Transient 
cre expression permanently excises the target sequence, 
leading to a deletion in all progeny. The  green  mouse is 
the  fl oxed mouse, the  gray  mouse is the cre line, and the 

mouse below is the compound mutant, where every cell 
contains the cre and the  fl oxed gene, but only those cells 
actually expressing cre will show recombination. ( b ) The 
target cells in which recombination took place (see also 
Fig.  6.6 ). ( c ) Target gene, in which the sequences between 
the loxP sites have been excised. The triangle indicates a 
remaining loxP site       
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 These mouse models show striking similari-
ties to human brain tumors and a change of the 
approach of modeling the human disease: In the 
history of modeling brain tumors, several key 
aims were pursued (see introduction) of which 
several important milestones have been addressed. 
This signi fi cant achievement was only possible in 
that research on the human disease mirrored the 
development of increasingly re fi ned model sys-
tems and the stringency of the scienti fi c question 
which drove these developments:
    1.    Generation of a tumor that is morphologically 

similar to a human counterpart. This was in 
principle already achieved in the carcino-
genesis models in the 1960s, which showed 
striking similarities to human astrocytomas 
and oligodendrogliomas  [  1  ] . The limitation 
of these models was the unknown (and mul-
tiple) genetic lesions mechanism by which 
the tumors were induced (Fig.  6.2 ) and the 
scarcity of knowledge of molecular pathways 
involved in tumorigenesis.  

    2.    Identi fi cation of the cell(s) of tumor origin. 
Addressing this issue is less straightforward 
as expression of a potent oncogene, an 
approach that had been pursued with trans-
genic models in the 1990s, results in tumors 

arising from cells that are forced to express 
the oncogene  [  4,   52  ] , but did not necessarily 
address the question of the cell or origin. 
Recent work has narrowed down potential 
candidates  [  37  ] .  

    3.    Remodel genetic pathways to understand 
gliomagenesis in humans. This approach 
was successfully addressed following the 
identi fi cation of key glioma pathways and the 
availability of suitable conditional mouse mod-
els  [  62  ] , including the comparison of genomic 
pro fi les of human and murine tumors, which 
has recently been achieved  [  65  ] .       

   Conclusion 

 More than 6 decades of research in experi-
mental neuro-oncology have resulted in the 
development and signi fi cant re fi nement of 
brain tumor models, in particular of gliomas. 
The current models allow for a better under-
standing of the cell of origin, the mechanisms 
leading to their malignant transformation, and 
the correlation of the experimental phenotype 
with the human counterpart. Further re fi nement 
of the model systems is now essential to extend 
their use to develop and test targeted cancer 
therapies.      

a b c

GFAP Promoter Cre recombinase

Recombination of floxed gene

Astrocyte

Injection of cre expressing virus

Gene1Lox/Lox; Gene2Lox/Lox

  Fig. 6.8    Cre-loxP system (III). ( a ) Mice with loxP sites 
 fl anking tumor suppressor genes of interest (e.g., p53 Lox/

Lox , PTEN Lox/Lox ) are injected with an adenovirus express-
ing cre recombinase. The virus is topically applied to 
minimize spread. ( b ) Cells that are infected with the ade-
novirus will undergo recombination. For example, an 
adeno-GFAP-cre virus can infect several cell types but 

will express cre only in GFAP-expressing astrocytes and 
stem cells. The neuron will be infected, but will not 
recombine the  fl oxed genes. ( c ) Viral expression of cre 
(within viral construct). Below is the target gene, in which 
the sequences between the loxP sites have been recom-
bined (excised)       
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   Dose and Volume Interactions 
in Radiation Therapy 

 Clinical trials from the early 1980s demonstrated 
that radiotherapy stabilizes neurological func-

tion and provides modest improvements in over-
all survival  [  1  ] . However, radiation therapy for 
glioblastoma is a noncurative treatment for the 
vast majority of patients. The reason for this 
observation lies in the underlying radiation biol-
ogy of the disease. The  fi rst issue is that the 
underlying  sensitivity of glioblastoma is low. 
After a 2 Gy fraction of radiotherapy, the frac-
tion of surviving tumor cells in most epithelial 
cancers in vitro is in the order of 49–55 %  [  2  ] . 
Glioblastoma is a highly heterogeneous tumor, 
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  Abstract 

 Radiation therapy is the mainstay of postoperative treatment for patients 
with glioblastoma. However, the percentage of patients who achieve long-
term cure with radical radiation therapy remains poor. For this reason, 
there has been considerable interest in improving the outcomes for radia-
tion therapy by evaluating novel ionizing radiation species, speci fi cally 
highly energetic particles. This chapter reviews the differences in physical 
and biological properties between x-rays and particle beams in order to 
highlight potential bene fi ts both for improved tumor cell kill and reduction 
of normal tissue effects. In order to understand these differences, some key 
radiation biology concepts will be discussed, before evaluating the evi-
dence both from in vitro and in vivo studies. Most of the techniques for 
treatment focus on the use of external beam therapy, where an ionizing 
radiation originating from outside the patient is used to treat an intracra-
nial tumor. In the  fi nal section of this chapter, the emerging technique of 
boron neutron capture therapy (BNCT) will also be discussed.  
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and estimates of surviving fraction range from 
46 % up to 87 %  [  3  ] . 

 In other disease sites, tumor control for radio-
resistant tumors can be achieved by escalating the 
total radiation dose. A prime example is the treat-
ment of prostate cancer, where improved control 
rates in higher-grade tumors have been achieved 
by escalation of radiation dose  [  4  ] . However, 
glioblastoma is a highly in fi ltrative tumor, and 
the target for radiation therapy by necessity must 
include both the tumor core and the surrounding 
zone of in fi ltrated brain tissue. Typically a 2- to 
3-cm margin is added to the tumor bed to allow 
for this in fi ltration, and much of this volume will 
contain functioning brain tissue. The risk of 
injury to brain tissue, speci fi cally radiation-
induced brain necrosis, is a function of both radi-
ation dose and irradiated volume (Fig.  7.1 )  [  5  ] . 
From this relationship, it is self-evident that in 
order to achieve safe dose escalation, the volume 
of brain irradiated to higher dose must be reduced. 
Particle beams display useful physical and 
 biological properties for this purpose.   

   X-Rays and Charged Particles 
for External Beam Therapy 

 The concept of using charged particle beams 
for therapeutic purposes is not new. Wilson  fi rst 
established the potential bene fi t for charged par-
ticle beams in 1946, and the  fi rst clinical treat-

ments were performed in physics  laboratories at 
the University of California, Berkeley, in 1954. 
The reason for the interest is apparent from the 
way in which x-rays and particle beams deposit 
energy into tissues (Fig.  7.2 ).  

 The depth dose curve is a visual representa-
tion of the pattern of radiation dose deposition in 
the body. It is clear that around the point of maxi-
mum energy deposition, high-energy x-ray beams 
have a fairly smooth pro fi le of dose deposition. 
This means that x-ray beams can be used to pro-
vide a homogeneous dose of radiation through a 
block of tissue. In contrast, a highly energetic 
particle beam will deposit relatively little dose as 
it enters tissue. As it interacts with matter, the 
particle gradually loses momentum, and as it 
does so, the amount of energy liberated into a 
volume of tissue increases. Eventually the parti-
cle will release its remaining kinetic energy as it 
comes to a halt at a point known as the Bragg 
peak. Once the particle has arrested, no further 
dose will be deposited along its path. If the energy 
of a particle beam is chosen correctly, it becomes 
possible for the peak energy deposition to be 
placed in the center of a tumor target and the dose 
to surrounding normal tissues to be minimized 
(Fig.  7.3 ).  

 The second bene fi t for charged particle beams 
relates to their biological effect. X-ray beams 
induce damage to DNA through the liberation of 
secondary electrons, which induce both single-
stranded and double-stranded DNA breaks. In 
the absence of oxygen, the DNA strands may 
spontaneously reanneal. The time course of this 
radiochemical interaction is of the order of 10 –10  s. 
However, in the presence of oxygen, the DNA 
breaks may be stabilized by the binding of oxy-
gen to each end of the DNA strand. In contrast, 
highly energetic particles traversing the nucleus 
will interact directly with chromatin, producing 
a larger defect in DNA that is less dependent on 
the availability of oxygen. The frequency of these 
larger DNA breaks is dependent on the amount 
of energy the particle deposits within a given dis-
tance of its trajectory. This is known as the linear 
energy transfer (LET) of the beam. X-ray beams 
have a uniform linear energy transfer across most 
of the effective path of the beam. As a result, there 
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is a simple relationship between the  physical dose 
deposited by x-rays and the amount of DNA dam-
age induced in cells. The ratio between physical 
dose and biological effect is known as the relative 
biological effectiveness (RBE) and is expressed 
relative to an x-ray beam. By de fi nition, the RBE 
of an x-ray beam is 1. 

 If we now consider a particle beam, the linear 
energy transfer varies along the path of the beam. 
The two ion species that have been investigated 
most thoroughly are protons and carbon ions. 
Protons have an RBE of around 1.1, making their 
biological effect similar to x-rays. In contrast, the 
larger carbon ion has a peak RBE of 3.0–3.3. 
While it is useful that the peak physical dose and 
biological effect of a particle beam are found at 
the Bragg peak, the variation of biological effect 
for particle beams is also dependent on the radia-
tion dose and the tissue being irradiated. This 
means that accurate calculation of biological dose 
for treatments with particle beams is consider-
ably more complex than the equivalent calcula-
tion for x-ray beams. In modern particle therapy 
treatment planning systems, a series of pragmatic 
simpli fi cations are usually adopted to allow these 
calculations to be performed  [  6  ] .  

   Cell Irradiation and Particle Beams 

 Cell irradiation experiments are the cornerstone 
of classical radiation biology. The most common 
technique that is used is the clonogenic survival 
assay. In this technique, the surviving fraction of 
cells exposed to varying doses of radiation is 
established by irradiating plates of cells at low 
density and subsequently counting the number of 
viable colonies per unit area. The surviving frac-
tion is expressed relative to the colony formation 
of a control plate which is not irradiated. The 
typical clonogenic survival curve is plotted with 
the survival fraction on a log scale on the  y -axis 
and the radiation dose on a linear scale on the 
 x -axis (Fig.  7.4 ).  

 Examination of the shape of the survival 
curves for low-LET radiation such as x-rays 
reveals a continuous bending curve. At low doses 
the log surviving fraction is proportional to the 

radiation dose. This is thought to relate to the 
increase in double-stranded DNA breaks with 
increasing dose. As the dose is increased, log sur-
viving fraction becomes proportional to the 
square of the dose. This is thought to relate to the 
increased frequency of persistent double-stranded 
DNA breaks at higher dose. For high-LET radia-
tion, the survival curve takes a near exponential 
shape with less of the “shoulder” observed for 
x-rays. The steepness of the survival curve is 
similar to that observed in the high-dose region 
of the x-ray survival curve, in keeping with the 
concept that high-LET radiation generates larger 
numbers of persistent double-stranded DNA 
breaks within tissues. 

 Consistent with observations from x-ray expo-
sures for glioma cell lines, there has been 
signi fi cant observed variation in the sensitivity to 
proton irradiation from experiments in the mod-
ern era. Belli et al. have established cell survival 
curves for T98G cell lines grown in a normoxic 
environment using a 7-MeV proton beam which 
show a marked degree of radiation sensitivity  [  7  ] . 
The data show a steeper dose-response curve than 
is observed with x-rays, with the surviving frac-
tion at 2 Gy (SF2) reduced to 20 % (Fig.  7.5 ).  

 In contrast, the Clatterbridge group have 
recently performed clonogenic survival curves 
using a 62-MeV proton beam line using T98G 
and U373, with observed SF2 values of 73 % for 
T98G and 0.55 for U373. 

 Carbon ion beams generate intensely ioniz-
ing particle tracks, resulting in high levels of 
persistent DNA damage. As a result, the RBE of 
carbon ion beams is between 3 and 5, compared 
to conventional x-rays. In vitro studies have 
con fi rmed an enhanced cell killing effect. In the 
recent era, Combs et al. have assessed in vitro 
radiation response to carbon ions using U87 
glioma cell lines using the high-LET beam 
(103 keV/ m m) at the Heidelberg Ion-Beam 
Therapy Center (HIT)  [  8  ] . Their results demon-
strate a steep dose-response curve, with an SF2 
of 12 %. Ando et al. have performed similar 
irradiations using the 290-MeV carbon ion 
beam at the National Institute of Radiological 
Sciences (NIRS) in Japan  [  9  ] . Their experi-
ments used a range of LET values by  positioning 
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cells within different regions of the beam and 
variation of the beam energy. Using A172 and 
TK1 human glioblastoma cell lines, the SF2 
values observed in the highest LET experiments 
were also 12 % (Fig.  7.6 ).  

 Most mammalian cell lines require a highly 
regulated environment in order to proliferate in 
cell culture. Finely balanced requirements must 
be met for nutrient supply, growth factors, base-
ment membrane for cell adhesion, oxygen, tem-
perature, and pH. However, it has been known 
since the time of Tomlinson and Gray that the 
core of most tumors demonstrates low oxygen 
tensions, low pH, and lower levels of nutrient 

availability  [  10  ] . This microenvironment will 
drive cells into a state of growth arrest due to the 
surrounding tissue conditions, and this confers a 
high degree of radiation resistance. It is extremely 
dif fi cult to establish stable culture of human cell 
lines under chronic hypoxic conditions, and as a 
result, cell handling systems have been designed 
to allow the effect of short-term hypoxia to be 
investigated. Many cell irradiation facilities have 
been adapted to allow cells to be placed in 
hypoxic environments during the period of radia-
tion exposure. As would be expected, these 
experiments reveal high levels of tumor cell sur-
vival in hypoxic conditions. It is customary to 
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express this difference as the oxygen enhance-
ment ratio (OER), which is the ratio of cell sur-
vival in normoxic and hypoxic conditions using 
x-ray irradiation. Larger, highly energetic parti-
cles such as carbon ions and alpha particles are 
capable of inducing higher levels of cell kill than 
x-rays, even under hypoxic conditions. This phe-
nomenon has been quanti fi ed by Wenzl et al., 
who have analyzed the effect of hypoxia for high-
LET carbon ion beams compared to x-ray irradia-
tion in a range of tumor and normal tissue cell 
lines  [  11  ] . For treatments of 2 Gy, they observe 
an OER of 1.8–1.9 for carbon ions and 2.3–2.5 
for x-rays. To express this in another form, the 
data show that the variation in cell kill between 
normoxic and hypoxic conditions is smaller for 
high-LET carbon ions than for low-LET x-rays.  

   Barriers to Implementation 
of Particle Therapy 

 In order to irradiate monolayers of cells with 
charged particle beams, the particles need to 
be accelerated to an energy in the region of 
4–20 MeV per nucleon. This modest level of 
acceleration can be achieved using room-sized 
devices such as a tandem accelerator or a Van 
de Graaff generator. In contrast, energies of 260–
400 MeV per nucleon are required for a clinical 

treatment beam, requiring much larger accelera-
tor devices that are typically found in particle 
physics labs. A typical cyclotron for proton ther-
apy treatment will be in the order of 5–10 m in 
diameter, while a high-energy synchrotron for a 
carbon ion team may be up to 40 m in diameter. 
The requirements for transporting and shield-
ing of the beam require similar high-tolerance 
engineering techniques. The installation costs 
of clinical treatment facilities run into the hun-
dreds of millions of dollars, and hence at the 
time of writing, there are only around 37 cen-
ters for proton therapy and 4 centers for carbon 
ion therapy in the world. Newer techniques such 
as compact superconducting cyclotrons, elec-
tronically accelerated proton beams, and laser-
induced particle beams are all being developed 
in order to try and reduce the build cost of these 
facilities. Notwithstanding the paucity of treat-
ment facilities, the potential bene fi ts of particle 
beams appear very promising in the  fi rst clinical 
 applications for glioblastoma.  

   Clinical Studies with Particle Beams 

 Fitzek et al. conducted a phase II study of post-
operative radiotherapy in 23 glioblastoma 
patients, using photon beam treatment followed 
by a proton beam boost to an equivalent dose of 
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90 Gy given in 10 × 3 Gy fractions  [  12  ] . The 
median survival in this patient cohort was 
20 months, compared to 14 months in historical 
controls. However, increased tumor control came 
at the cost of increased toxicity, with 30 % of 
patients developing radiation necrosis within the 
irradiated volume. Mizumoto et al. performed a 
hyperfractionated treatment with a tumor boost 
to 96.6 Gy equivalent in 56 fractions, treating 
twice a day. In this schedule, treatment was 
delivered entirely with proton beams, and the 
median survival was 21.6 months  [  13  ] . The 
observed rate of radiation necrosis for this treat-
ment was 5 %. What might account for the dif-
ference in radiation necrosis between the two 
studies? A difference in treatment volume might 
be one explanation. Many American centers tend 
to de fi ne the extent of the tumor as the extent of 
edema visualized on T2-weighted magnetic res-
onance (MR) imaging and then add a margin for 
subclinical spread. European and Japanese prac-
tice tends to use a 2- to 3-cm margin round the 
contrast-enhancing tumor or resection cavity. 
This leads to a signi fi cant difference in the size 
of the irradiated volume. The second possible 
explanation relates to the use of x-rays for the 
 fi rst phase of treatment in the Fitzek study. Due 
to the additional entry and exit dose from x-rays, 
a larger volume of brain would be irradiated than 
observed with a purely proton ion-based 
treatment. 

 Mizoe et al. conducted a study in 48 patients 
with conventional x-ray irradiation followed by a 
carbon ion boost of 16.8–24.8 Gy equivalent 
 [  14  ] . Median survival was extended to 17 months, 
similar to the bene fi t observed for combined 
temozolomide and x-ray radiation therapy. 
Combs et al. have established a series of clinical 
trials at the HIT facility to evaluate the effective-
ness of carbon ion therapy in both primary and 
recurrent glioblastoma. The CLEOPATRA study 
seeks to compare the effect of a proton boost and 
a carbon ion boost following conventional x-ray 
irradiation to a dose of 50 Gy in resected glio-
blastoma  [  15  ] . The CINDERELLA study com-
pares the ef fi cacy of hypofractionated carbon ion 
therapy against conventional stereotactic radio-
therapy to a dose of 36 Gy in 18 fractions for the 

treatment of recurrent glioblastoma. The carbon 
ion dose will be escalated from 10 × 3 Gy equiva-
lent to 16 × 3 Gy equivalent according to toxicity 
data  [  16  ] .  

   Combined Chemo-Radiation Therapy 
with High-LET Radiation 

 Cell irradiation studies have demonstrated a simi-
lar additive effect for temozolomide with high-
LET radiation as has been observed with x-ray 
therapy  [  17  ] . Combs et al. have published experi-
mental data for combination of carbon ions with 
cisplatinum, camptothecin, gemcitabine, and 
paclitaxel in vitro and observe similar additive 
rather than synergistic effects  [  8  ] . No clinical 
studies con fi rming these observations have been 
performed to date.  

   Boron Neutron Capture Therapy 
for Glioblastoma 

 Boron neutron capture therapy (BNCT) is an 
experimental technique that may hold promise for 
the treatment of glioblastoma. The principle of the 
technique is to give a boron-rich carrier substance 
to the patient (such as borophenylalanine), which 
would be targeted to the tumor. A low-energy neu-
tron beam would be targeted at the tumor, to be 
captured by the boron atoms. The interaction leads 
to  fi ssion of the boron nucleus, resulting in helium 
and lithium ions. The two ions produce intense 
ionization within a close proximity to the original 
boron atom, typically within a distance of 10  m m. 
This means that the ionizing species are restricted 
to the tumor focus. The high LET of these induced 
ions yields a high biological effectiveness, with 
a peak RBE of 3.8 within the tumor  [  18  ] . Early 
studies from Japan using BNCT both alone and 
in combination with low-dose x-ray irradiation 
for glioblastoma yielded median survival times 
of 15.6 months. A clinical trial of BNCT in glio-
blastoma was conducted at Helsinki and closed in 
2008 due to slow accrual. Similar research initia-
tives are in place at the Massachusetts Institute of 
Technology (MIT) and in Birmingham, United 
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Kingdom. A signi fi cant barrier to the widespread 
 implementation of BNCT as a clinical therapy 
is the need for an appropriate nuclear reactor to 
 generate thermal neutrons.  

   Conclusion 

 This chapter reviews some of the experience 
with the use in novel ionizing radiation spe-
cies in glioblastoma. While the physical prop-
erties and in vitro radiation sensitivity 
measurements appear promising, results in 
clinical practice are not yet forthcoming. The 
reason behind this lies partly in economics 
 [  19  ]  and partly in tumor biology. The high 
installation and running costs of particle ther-
apy treatment facilities have resulted in lim-
ited global availability of this treatment. 
However, even if particle therapy costs could 
be reduced to the same level as x-ray-based 
treatment, treatment ef fi cacy is limited by the 
highly in fi ltrative nature of these tumors and 
the need to irradiate large volumes of func-
tioning brain tissue. If particle therapy is to 
become effective in this disease, it will most 
likely be used as part of a combined modality 
therapy, where radiation is used to sterilize the 
tumor core and other targeted systemic thera-
pies are used to control in fi ltrative disease.  

   Further Reading 

 This chapter has given very brief details of radia-
tion biology concept related to particle therapy. 
For a more detailed overview, the reader is sug-
gested to review one of the following texts: 

 Joiner MC, van der Kogel A. Basic clinical 
radiobiology. London: Hodder Arnold; 2009. 

 Hall EJ, Giaccia A. Radiobiology for the radi-
ologist. New York: Lippincott Williams & 
Wilkins; 2011.      
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   Introduction 

 Advances in imaging have revolutionized the way 
medicine is practiced and have arguably been 
the most important single development in the man-
agement of brain tumors. Gone are the days when 
the brain was explored on the basis of clinical neu-
rological examination alone  [  1  ] , frequently resulting 
in a fruitless search which revealed no tumor  [  2  ] . 

 The advent of ventriculography by Dandy in 
1918 and subsequently angiography by Moniz in 
1927 greatly improved localization of mass lesions, 
based on their displacement of surrounding struc-
tures. Cross-sectional tumor imaging began with 
the development of computed tomography (CT) 
by Houns fi eld in 1972. CT provides soft tissue 
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  Abstract 

 Imaging has been one of the most important methods of understanding 
brain tumors, but it is clear that conventional methods are too insensitive 
to understand tumor biology. New positron emission tomography (PET) 
and MR imaging biomarkers that can assess biological processes in tumors 
are being developed. These biomarkers can assess tumor metabolism, pro-
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contrast that allows tumors to be  localized and 
characterized, which had early and direct bene fi ts 
for surgical and radiotherapy planning  [  3  ] , and 
allowed a better understanding of tumor recur-
rence patterns  [  4  ] . The subsequent introduction of 
magnetic resonance imaging (MRI) in the 1980s 
provided further improvements in tumor imaging 
through better characterization of normal and 
pathological tissues and the ability to generate 
images in multiple planes. MRI and CT provide 
excellent anatomical information and remain the 
mainstays of clinical imaging. 

 “Conventional” MRI provides  high-resolution 
structural images in multiple planes and yields 
exquisite anatomical detail, but the signal 
 available from conventional T 

2
 -weighted and 

 contrast-enhanced T 
1
 -weighted sequences lacks 

biological speci fi city and is insensitive to subtle 
but biologically important changes in tumors. 
There are a number of speci fi c limitations of 
conventional structural MRI relevant to the 
 evaluation of gliomas. 

   Characterization 

 Knowledge of the histological type and grade of 
brain tumor is essential for stratifying and plan-
ning treatment. Even tumors of a given histologi-
cal type and grade behave highly variably, and 
understanding tumor genotype is also increas-
ingly important in prognosis and predicting 
response to different treatment modalities. 
Features visible on conventional MRI (e.g., con-
trast enhancement following administration of IV 
contrast agent) yield some crude indicators of 
tumor aggressiveness; however, prediction of 
grade, cellular type, genetic pro fi le, and biologi-
cal behavior is overall poor  [  5  ] . Moreover, 
gliomas are frequently spatially heterogeneous, 
and MRI is unable to identify reliably the most 
biologically active components.  

   Anatomical Localization 

 Anatomical localization and identi fi cation of 
tumor boundaries are important for optimiz-
ing surgery and radiotherapy. Direct spread of 

gliomas by invasion of white matter tracts var-
ies between patients and tumor types and is a 
key reason for the failure of current treatments. 
Both postmortem and biopsy studies have shown 
that tumor extends beyond the visible margin 
on CT  [  6–  9  ] , contrast-enhanced T 

1
 -weighted 

MRI  [  9,   10  ] , and T 
2
 -weighted MR  [  9–  12  ] . The 

nonspeci fi c nature of the signal and innate insen-
sitivity of MRI to small numbers of individual 
tumor cells limit determination of the true margin 
or the  invasiveness of these tumors.  

   Detection of Tumor Progression 
and Treatment Response 

 Reliable early detection of tumor response to 
treatment and tumor progression is critical for 
establishing the ef fi cacy of novel regimens in 
therapeutic trials and for optimizing the treatment 
of individual patients.    The limitations of conven-
tional MRI for such assessment are from (1) 
insensitivity to response early in treatment, result-
ing in delay of several months before response 
can be evaluated; (2) lack of speci fi city of MRI-
visible signal to active tumor; and (3) inaccuracies 
in assessing the size of irregular in fi ltrating lesions 
by visual inspection or linear measurements. 

 Conventional response criteria have been 
based on linear measurements of contrast-
enhancing tumor components. There are a num-
ber of dif fi culties with this approach. First, the 
enhancing component is not a reliable indica-
tor of the volume of active tumor, as outlined 
above. Moreover, contrast enhancement is 
nonspeci fi c and only re fl ects local disruption 
of the blood–brain barrier. The latter is illus-
trated by the increasingly recognized phenom-
ena of pseudoprogression and pseudoresponse. 
 Pseudoprogression  is associated with combina-
tion chemotherapy and radiotherapy regimens, 
notably using temozolomide, and is charac-
terized by a temporary increase in contrast 
enhancement and mass effect during the early 
phase of treatment  [  13  ] . (Fig.  8.1 ) Although the 
tumor initially appears to be progressing, this 
effect is seen more commonly in tumors with 
favorable MGMT methylation status and is asso-
ciated with better prognosis  [  14  ] . Conversely, 
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 pseudoresponse  is associated with drugs that 
reduce blood–brain barrier permeability (such 
as antiangiogenic agents like bevacizumab) and 
is characterized by loss of contrast enhance-
ment. This does not predict response, and sub-
sequent progression can occur without contrast 
enhancement  [  15  ] .The use of local therapies 
(i.e., carmustine wafers or brachytherapy) and 
radiation-induced necrosis can also produce an 
enhancing mass which resembles tumor.  

 Finally, irregular tumors are dif fi cult to 
 measure, and this leads to marked interobserver 
 variability in tumor measurements  [  16  ] . 

 More recently proposed response criteria such 
as RANO  [  17,   18  ]  incorporate assessment of 
non-enhancing components and clinical features 
but are still limited by the inability of MRI to 
demonstrate active tumor reliably. 

 There is therefore an impetus to develop non-
invasive imaging methods that can better charac-
terize gliomas and guide and evaluate treatment.  

   Physiological Imaging 

  In vivo  data on tumor physiology was initially lim-
ited to that provided by  radionucleotide-labeled 

compounds that probe metabolic activity using 
planar and early tomographic techniques. The 
advent of positron emission tomography (PET) 
in the early 1970s allowed the use of imaging 
probes more chemically similar to the native com-
pound under examination and improved sensitiv-
ity and spatial localization of tracers. Advances 
in understanding of biochemical pathways and 
genetic process relevant to tumor behavior 
and re fi nements in radiochemistry now allow a 
variety of radiopharmaceuticals to probe more 
speci fi c pathways in tumor pathology. Since the 
early 1990s, a number of noninvasive MRI tech-
niques that also probe processes central to tumor 
pathophysiology have emerged. These physi-
ological and molecular techniques augment the 
high-resolution structural information provided 
by conventional MRI and CT. 

 The purpose of this chapter is to provide an 
outline of how these new imaging tools provide 
information on pathological changes in glioma 
patients and provide noninvasive methods of 
monitoring these tumors. Detailed discussion of 
the principles of these imaging methods has not 
been included as they are better described in other 
sources  [  19  ]  and emphasis will be given to  clinical 
application in human gliomas.   

Pre–treatment Immediately after
rediotherapy

After 3 cycles of
Adjuvant

Temozolomide

  Fig. 8.1    An example of pseudoprogression. This 56-year-
old man with a biopsy-con fi rmed glioblastoma was treated 
with radiotherapy with concomitant temozolomide che-
motherapy. Imaging immediately following radiotherapy 

showed an apparent increase in tumor size. The patient 
continued on with the adjuvant phase of temozolomide 
and repeated imaging after three cycles showed marked 
reduction in enhancement       
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   Imaging Tumor Metabolism 

 Malignant cells are more metabolically active 
than normal cells. Imaging methods that probe 
energy metabolism include PET (which can 
show changes in glucose and amino acid metab-
olism) and MR spectroscopy (which allows 
 levels of some intermediary metabolites to be 
measured). 

   Imaging Glucose Metabolism: FDG PET 

 Otto Warburg  fi rst noticed the relationship 
between aggressive tumor behavior and increased 
glycolysis  [  20  ] . This Warburg effect is now 
known to be modulated by HIF-1, a substance 
upregulated in hypoxia that is responsible for 
increasing expression of numerous genes related 
to energy metabolism, iron metabolism, and 
vasoactive proteins, as well as angiogenesis. The 
hyperglycolysis seen in tumors is due to increases 
in glucose transport across the blood–brain 
 barrier and cell membranes. 

 The  fl uorinated glucose analogue 
2-[ 18  F]- fl uoro-2-deoxy-D-glucose (FDG) has 
high sensitivity (although poor speci fi city) for 
identifying areas of increased glucose metabo-
lism. In brain tumors, FDG uptake appears to 
correlate with tumor grade, with high-grade 
gliomas exhibiting increased uptake and low-
grade gliomas exhibiting uptake similar to or 
lower than normal gray matter. Areas of increased 
uptake within presumed low-grade gliomas pre-
dict the presence of anaplasia  [  21  ] . Using a 
tumor-to-white matter ratio > 1.5 and 
 tumor-to-gray matter ratio > 0.6 could differenti-
ate high- and low-grade tumors with a sensitivity 
of 94 % and speci fi city of 77 %  [  22  ] . 

 Since FDG uptake can demonstrate areas of 
increased anaplasia, it has been used to guide 
treatment. Levivier et al. found that it could 
 identify targets for stereotactic biopsies far better 
than contrast-enhanced CT  [  23  ] . They found that 
6/35 targets selected by CT were nondiagnostic, 
whereas 0/55 targets selected by FDG PET were 
nondiagnostic. In glioblastomas, radiotherapy 
volumes predicted by FDG were more than 25 % 
different from volumes from MRI  [  24  ] . 83 % of 

early recurrence after radiotherapy occurred in 
regions with increased FDG. 

 Currently, one of the main applications of 
FDG PET is the differentiation of recurrent tumor 
from radiation necrosis, which both show con-
trast enhancement and may be dif fi cult to differ-
entiate using standard MRI. Recurrent tumors 
have increased metabolic activity, whereas areas 
of radiation necrosis are hypometabolic  [  25  ] . 
FDG can differentiate between these two pathol-
ogies with a sensitivity of 75 % and speci fi city of 
81 %  [  26  ] , but can be misleading, as increased 
activity can also result from accumulation of 
 activated macrophages.  

   Limitations and Problems with FDG PET 

 FDG PET has limitations in the assessment of 
brain tumors:

   FDG uptake is nonspeci fi c and can occur in • 
any region with an increase in metabolic 
activity. In the normal brain, the cortex, basal 
ganglia, thalami, cerebellum, and brainstem 
have increased uptake, while white matter 
and CSF have low uptake. Similarly, 
in fl ammatory processes can also increase 
FDG uptake.  
  FDG uptake will compete with normal glu-• 
cose; hyperglycemia will decrease the amount 
of FDG that will be taken up. As a result, it is 
important that the study is performed at least 
4 h after a meal.  
  The use of dexamethasone can decrease cere-• 
bral glucose metabolism in normal brain  [  27  ] , 
but not within the tumor. In fact the tumors 
themselves can decrease the metabolism of 
the normal, contralateral cortex  [  28  ] . The 
size of the tumor appears to be a major fac-
tor in determining this degree of decreased 
metabolism.     

   Imaging Protein Synthesis: Amino Acid 
PET Tracers 

 All cancer cells show elevated amino acid uptake 
due to both an increased demand for amino acids 
from increased protein synthesis and an increase 
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in the transport of amino acid as a result of 
 malignant transformation  [  29  ] . 

 Many amino acid PET studies have used  11 C-
labeled compounds; these can be considered 
minimally invasive tracers as the label involves 
only substitution of a carbon within the native 
molecule, with no change in its chemical proper-
ties. Most work has been done with  11  C-methionine 
(L-[methyl- 11 C]-methionine) or  11 C-tyrosine 
(L-1-[ 11 C]-tyrosine). A signi fi cant drawback, 
however, is the short half-life of only 20.4 min, 
limiting use to centers with an on-site cyclotron. 

 This has stimulated interest in 18 F PET trac-
ers with a longer half-life of 109 min and 
can be produced in a central cyclotron facil-
ity and then transported to other centers for use 
later in the day. Recent studies have used L-3-
[ 18  F] fl uoro- a (alpha)-methyltyrosine (FMT),  O -2-
[ 18  F] fl uoroethyl-L-tyrosine (FET), and L-3-[ 123 I]
iodo- a (alpha)-methyltyrosine (IMT). 

  11 C-methionine is the most commonly used 
amino acid tracer. It can be rapidly produced with 
high yields without the need for complex 
puri fi cation. It is involved, however, in consider-
able nonprotein metabolism and produces many 
nonprotein metabolites making quanti fi cation of 
protein synthesis impossible. There is some evi-
dence that uptake may have a component that is 
perfusion dependent and involves passive trans-
fer across the blood–brain barrier  [  30  ] . Uptake in 
gliomas correlates closely with microvascular 
density suggesting that transport into tissues, 
rather than incorporation into proteins, is the 
main factor determining its uptake  [  31  ] ; the half-
life of  11 C is too short to allow signi fi cant incor-
poration into proteins. Autoradiography has 
shown that  11 C-methionine accumulates mainly 
in viable tumor cells rather than macrophages 
and its uptake correlates with tumor proliferation 
better than FDG uptake  [  32  ] . 

  11 C-tyrosine is far more dif fi cult to synthesize 
but is not involved in signi fi cant nonprotein metab-
olism. It therefore is better suited to noninvasive 
quanti fi cation of protein synthesis. Animal studies 
have suggested that  11 C-tyrosine uptake correlates 
far better with tumor growth rates than FDG  [  33  ] . 

 Patterns of amino acid uptake differ with dif-
ferent grades of tumors. Increased uptake in a 
heterogeneous pattern is seen in high-grade 

gliomas  [  34  ]  and similar uptake values to normal 
brain in low-grade gliomas  [  35  ] . Uptake in low-
grade oligodendrogliomas, however, appears to 
be greater than that of low-grade astrocytomas 
 [  35  ] . Increased uptake in patients with WHO 
grade II and grade III gliomas predicts a shorter 
survival time  [  36  ] .  11 C-methionine PET has been 
reported as showing a 97 % sensitivity for detect-
ing high-grade and 61 % sensitivity for detecting 
low-grade gliomas  [  34  ]  and able to differentiate 
gliomas from nonneoplastic lesions in 79 % of 
cases  [  37  ] . As there is little uptake into 
in fl ammatory cells, methionine appears to be par-
ticularly sensitive to differentiating radiation 
necrosis from recurrent tumor  [  38  ] . 

 Since methionine uptake appears to correlate 
with proliferation and is increased in the higher-
grade areas, various groups have used it to guide 
image-guided brain biopsies. Biopsies taken 
from areas of increased uptake of L-[1 −11 C]-
tyrosine provided better diagnostic yield than 
conventional MRI in lesions that did not enhance 
with gadolinium  [  39  ] . Biopsies of regions show-
ing increased FET-PET activity identify anaplas-
tic components  [  40  ] . Combining MRI and PET 
for biopsy targeting improves the diagnostic 
yield in brainstem tumors  [  41  ] , pediatric brain 
tumors  [  42  ] , and tumors with little uptake of 
FDG  [  43  ] . It has also been shown that PET-
guided resections could remove the part of the 
tumor with the largest potential for transforming 
into a more malignant form, although no improve-
ment in clinical outcome was reported  [  44  ] . 

 MR and PET fusion studies have also shown 
that the volume of increased methionine uptake is 
greater than the volume of gadolinium enhance-
ment on T 

1
 -weighted MR, and although smaller 

than the volume of increased T 
2
 -weighted signal, 

it extends beyond it in most cases  [  45  ] . More 
recent studies suggest that FET-PET can identify 
the area exhibiting 5-ALA  fl uorescence  [  46  ] .  

   Proton Spectroscopy: Tumor 
Metabolism 

  In vivo  MR proton spectroscopy ( 1  H MRS) 
allows the measurement of major metabolites in 
de fi ned regions of the brain. Data can be acquired 
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from a single voxel or multiple voxels (magnetic 
resonance spectroscopic imaging, MRSI; chemi-
cal shift imaging, CSI); MRSI/CSI allows 
 metabolite abnormalities to be “mapped.” 

 Metabolite levels are determined from the 
amplitude of resonances (“peaks” in the spec-
trum) corresponding to “assigned” protons within 
that metabolite which are known to resonate at 
speci fi c frequencies; metabolite levels are fre-
quently expressed as ratios, although absolute 
concentration approximations are also possible. 
At standard clinical  fi eld strengths (1–3 T), 
metabolites present at approximately mM con-
centrations are detectable. At short echo time 
acquisition (<35 ms), the repertoire of visible 
normal metabolites includes N-acetylaspartate 
(NAA; found in healthy neurons and their pro-
cesses and considered to be marker of neuronal 
integrity), glutamate/glutamine (Glx; neurotrans-
mitters), creatine/phosphocreatine (Cr; re fl ecting 
cellular energetic integrity), choline-containing 
compounds (Cho; a marker of membrane turn-
over), and  myo -inositol (Myo; a pentose sugar). 
Some tumors also contain detectable lactate and 
mobile lipids, neither of which is detectable in 
normal adult brain. 

 The relevance of Cho as a marker of cellular 
turnover is discussed further below. 

  Myo -inositol is a pentose sugar which is ele-
vated in grade II and III gliomas. The exact cause 
and signi fi cance of this in terms of glioma metab-
olism are unclear, and glycine may also contrib-
ute to the visible signal  in vivo   [  47  ] . As with other 
normal brain metabolites, Myo is generally low 
in GBM. 

 An association between elevated citrate levels 
and aggressive phenotype has been reported in a 
series of pediatric gliomas, although there 
is clearly metabolic heterogeneity amongst this 
tumor group and the prognostic utility of 
this  fi nding has yet to be determined  [  48  ] . 

 MRS can be performed on other nuclei which 
contain unpaired nuclear spins. For example, 
speci fi c metabolite tracking can be performed by 
 13 C MRS following introduction of  13 C-enriched 
labeled compounds. The feasibility of applica-
tion in human gliomas has been demonstrated by 

detection of tumoral lactate signal following 
 infusion of  13 C glucose  [  49  ] , although even with 
enrichment, sensitivity is limited by the inher-
ently weak signal. 

 There has been increasing literature on the use 
of hyperpolarized  13 C, which offers up to  fi ve 
orders of magnitude greater sensitivity. Lactate 
and pyruvate signals following administration of 
 13 C pyruvate in animal glioma models show, for 
example, early response to radiotherapy  [  50  ]  and 
chemotherapy  [  51  ] .   

   Imaging Tumor Cell Proliferation 

 Cellular proliferation is a cardinal feature of can-
cers. Imaging of this process has focused on 
assessing proliferation directly by probing DNA 
synthesis or indirectly by detecting cell turnover. 

   Imaging DNA Synthesis: FLT PET 
Studies 

 DNA synthesis has largely been imaged using 
PET. Most tracers focus on the thymidine sal-
vage pathway where thymidine, a base only 
found in DNA, is recycled. Initial work with 
 11 C-thymidine proved challenging on account of 
technically dif fi cult synthesis, short emission 
half-life, and rapid metabolism to numerous active 
metabolites. 3 ¢ -deoxy-3 ¢ -[ 18  F]- fl uorothymidine 
(FLT) acts as a selective substrate for thymidine 
kinase 1—the  fi rst enzyme in the thymidine sal-
vage pathway. Phosphorylated FLT is trapped 
in the cell and accumulates. In brain, there is 
little uptake outside of proliferating regions 
(Fig.  8.2 ). In tumors, uptake correlates well 
with cellular proliferation indices  [  52,   53  ] . 
Studies with  treatment suggest there is a reduc-
tion in FLT uptake when patients respond to 
therapy, but this cannot be detected at very early 
time points  [  54  ] . Unfortunately, kinetic analysis 
of FLT uptake has shown that transfer across 
the blood–brain barrier is a rate-limiting step 
and might be the dominant factor affecting 
uptake  [  55  ] .   
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   Imaging Cell Turnover: MR 
Spectroscopy and Choline PET 

 Choline metabolism provides a marker of mem-
brane turnover, and a plethora of MRS studies of 
brain tumors have focused on Cho levels and 
their ratios to Cr and NAA. The Cho resonance at 
3.24 ppm is composed largely of free choline, 
phosphocholine, and glycerol 3-phosphocholine. 
These compounds are involved in membrane 
turnover and are increased with increased cell 
turnover. In gliomas, this is usually associated 
with reduction of N-acetylaspartate (NAA), due 
to tumor in fi ltrating normal neuronal tissue, and 
the degree of depletion generally correlates with 
increasing tumor grade (Fig.  8.3 ). Although stud-
ies suggested that choline alone correlated poorly 
with the cellular proliferation index  [  56  ] , the ratio 

of choline to N-acetylaspartate (NAA) correlates 
well with proliferation index, irrespective of 
whether there was contrast enhancement at the 
site of the voxel  [  57  ] .  

 PET tracers of choline metabolism have also 
been developed.  18  F- fl uorocholine has little 
uptake in normal brain and low-grade gliomas 
but increased uptake in high-grade gliomas  [  58  ] . 

 Other MRS studies have shown the presence 
of detectable mobile lipid moieties in highly 
aggressive gliomas, notably glioblastoma  [  56  ] . 
These are characterized by broad resonances at 
0.9 ppm (methyl lipid) and 1.3 ppm (methylene 
lipids) and are markers of lipid droplet formation, 
membrane breakdown, and the development of 
necrosis  [  59  ] . They are best detected in short 
echo spectra but may sometimes be seen at  longer 
echo times, if levels are high. These may be 

  Fig. 8.2    [ 18 F]- fl uorothymidine (FLT) PET image of a  left  temporal glioblastoma. There is very little uptake in the 
normal brain but high uptake in the most active part of the tumor       
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a b

c d

  Fig. 8.3    This presumed low-grade glioma seen on T 
2
 -

weighted imaging ( a ) did not enhance ( b ). MR spectros-
copy identi fi ed a region with increased choline peak ( c ). 

Biopsies of this choline “hot spot” showed this tumor to 
be an anaplastic astrocytoma       
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thought of as secondary markers of rapid cellular 
turnover, which has resulted in necrosis.   

   Imaging Tumor Cellularity 

 The increased proliferation and reduced apopto-
sis that occur in tumors result in increased cellu-
lar density—a feature that is seen in all grades of 
gliomas—when compared with normal brain 
parenchyma. 

   Diffusion-Weighted MRI 

 Diffusion-weighted imaging allows the Brownian 
motion of water within tissues to be probed. As 
the freedom of motion of intracellular water is 
markedly limited by internal cytoarchitecture, 
the DWI signal is dominated by extracellular 
water and hence yields ultrastructural informa-
tion on interstitial volume and properties of the 
extracellular matrix. The degree of freedom 
of diffusion is quanti fi ed as apparent diffusion 
coef fi cient (ADC), a derived parameter which is 
independent of the relaxation properties which 
determine signal intensity on conventional T1- 
and T2-weighted sequences. “Restricted” water 
diffusion is characterized by low ADC values 
and elevated or “free” diffusion by high values. 

 The biophysical principles explaining diffu-
sion-weighted imaging are described in detail 
elsewhere  [  60  ] . Regions with a high ADC have 
increased diffusion (e.g., in vasogenic regions), 
whereas regions with restricted diffusion have a 
low ADC. The increase in vasogenic edema in 
tumors means that brain tumors have a higher 
ADC than normal brain.  

   The Effect of Tumor Cellularity 
on Diffusion 

 It is now well established that a major determi-
nant of the diffusion-weighted signal is the vol-
ume of the extracellular space  [  61  ] . In tumors 
two con fl icting processes affect this: tumor 

 cellular density and vasogenic edema. As cel-
lular density increases, the volume of the extra-
cellular space decreases, thereby reducing the 
ADC, hence the inverse relationship between 
cellularity and ADC. More cellular tumors (e.g., 
lymphomas  [  62  ]  or primitive neuroectodermal 
pediatric tumors  [  63  ] ) have a lower ADC than 
the less cellular gliomas. Within gliomas, ADC 
has been shown to be inversely related to tumor 
cellularity  [  64  ] . 

 In contrast, vasogenic edema which is associ-
ated with high-grade tumors represents increased 
interstitial  fl uid, which increases ADC. Treatment 
with steroids has been shown to decrease the 
ADC in both regions of enhancing and 
 non-enhancing tumor  [  65  ] . 

 Because of the opposing effects of edema and 
cellularity, necrotic regions in aggressive lesions, 
and the overlap in ADC values with those of nor-
mal brain, individual ADC measurements have 
limited role in tumor assessment. Cellular com-
ponents of higher-grade tumors have lower ADC 
values than lower-grade tumors, although the 
ADC value ranges overlap, precluding their use 
in tumor grading  [  64,   66  ] . 

 The use of ADC to monitor response to ther-
apy has been more promising. Studies in animal 
models of tumors showed an increase in ADC 
following treatment that correlated with reduc-
tion in both tumor volume  [  67  ]  and cellular-
ity  [  68  ] . Similar responses were seen in brain 
tumor patients  [  69  ] . As response to therapy is 
very heterogeneous, Moffatt  et al.  developed a 
 functional diffusion map  that compares changes 
in ADC on a voxel-by-voxel basis. This method 
was shown to be highly sensitive in determin-
ing response to therapy in an animal model 
 [  32  ] . It has also been able to identify changes 
in glioblastoma patients within 3 weeks of start-
ing chemoradiotherapy that predict survival 
at 1 year—this assessment is not usually pos-
sible for 10–12 weeks using conventional MR 
 [  33  ] . Similarly, it appears to be the most use-
ful measure of assessing response to antian-
giogenic therapy 34 , as ADC measures are less 
confounded by the effects of these agents on 
tumor vasculature.  
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   Macromolecular Composition
 of the Extracellular Matrix 

 In tumors, the extracellular matrix differs from 
normal brain due to the displacement or destruc-
tion of the brain architecture and abnormal con-
nective tissue composition, notably hyaluronic 
acids. This affects the diffusion properties of free 
water, which is re fl ected in ADC measurements, 
and may account for the higher ADC values seen 
in low-grade glioma compared with normal 
brain, despite the former having higher cellular 
density  [  70  ] . 

 Other methods provide information on mac-
romolecule composition in tissue. Magnetization 
transfer (MT) imaging re fl ects this indirectly 
via the exchange of magnetization between free 
protons in water and those bound in proteins. 
A preliminary quantitative MT study in gliomas 
has shown differences between tumor, immedi-
ate peritumoral tissue, and normal-appearing 
white matter that re fl ect differences in regional 
macromolecular composition  [  71  ] . Ultrashort 
   T2-weighted imaging can yield similar informa-
tion from direct detection of macromolecule-
bound water  [  72  ]  but has not yet been studied 
systematically in this context.   

   Imaging Tumor Vascularity 
and Angiogenesis 

 The development of an adequate blood supply is 
a key feature of tumor growth and development 
and has become a major target for glioma ther-
apy. Regional perfusion can be measured using 
CT, MR, and PET. 

 Dynamic CT and MRI methods allow perfu-
sion parameters to be derived from the kinetics of 
signal intensity change during transit of a bolus 
of intravenously injected contrast agent through 
brain tissue. 

 The most widely used and best-validated clin-
ical perfusion technique is dynamic susceptibility 
contrast MRI (DSC-MRI), which exploits the 
relatively long-range T2*-dependent effects of 
intravascular gadolinium chelates. These cause a 
decrease in signal due to susceptibility-dependent 

dephasing and allow measurement of relative 
cerebral blood volume (rCBV), relative cerebral 
blood  fl ow (rCBF), and mean transit time. 

 Dynamic contrast-enhanced MRI (DCE-MRI) 
uses a T1-weighted sequence to detect the 
T1-shortening effects of the contrast agent, which 
causes increased signal. rCBV, MTT, and rCBF 
can be derived from the  fi rst-pass kinetics, and 
subsequent evolution of signal due to leakage of 
agent into the interstitium allows permeability of 
the blood–brain barrier to be evaluated. The 
transfer coef fi cient, K-trans, re fl ects endothelial 
permeability, vascular surface area, and blood 
 fl ow. Extravascular volume and vessel size may 
also be important parameters. 

 Arterial spin labeling (ASL) is noninvasive 
and uses MR signal based on in fl ux of magneti-
cally labeled water in blood to quantify absolute 
levels of cerebral blood  fl ow; current methods 
allow measurement of rCBF. 

 Neoangiogenesis is a key feature of aggressive 
glioma phenotype, and vascular proliferation 
forms part of histological criteria for high-grade 
glioma diagnosis. rCBV has been shown to cor-
relate with angiographic and histological markers 
of tumor vascularity  [  73  ]  and the expression of 
vascular endothelial growth factor  [  74  ] . High-
grade glial tumors tend to have higher relative 
cerebral blood volume values than low-grade 
tumors, and perfusion MRI signi fi cantly increases 
the speci fi city and sensitivity of glioma 
classi fi cation  [  75  ] . Sensitivity of 95 % and posi-
tive predictive value of 87 % for distinguishing 
low-grade gliomas from high-grade gliomas have 
been reported  [  76  ] . 

 Neovascularization is also associated with 
increased vessel leakiness, and K-trans is also 
independently related to tumor grade, although 
this correlation is not as strong as for rCBV  [  77  ] . 

 Presurgical relative rCBV measurements 
stratify for progression-free survival in resected 
low-grade (WHO grade II) gliomas  [  78  ]  and are 
a powerful prognostic marker in this context. 
Rising rCBV from longitudinal measures in indi-
vidual patients supports the hypothesis that this 
parameter provides an early noninvasive marker 
of malignant transformation in untreated 
 low-grade lesions  [  79  ]  (Fig.  8.4 ).  



1298 Advances in Imaging Brain Cancer

 Oligodendrogliomas have signi fi cantly higher 
rCBV values than astrocytomas  [  80  ] , a feature 
that concurs with histological features of 
increased vascular density in oligodendrogliomas; 
this also correlates with tumor genotype (see 
below). It is worth noting that this is a potential 
confounder of elevated relative cerebral blood 
volume as a marker of grade and prognosis in 
gliomas, which can only be interpreted reliably in 
the light of tumor histology or genotype  [  81  ] . 

 The absence of tumor neovascularization in 
lymphomas leads to low relative cerebral blood 
volume compared with malignant gliomas, and 
preliminary studies with arterial spin labeling 
also show effective differentiation between these 
two tumor types  [  82  ] . 

 In terms of evaluation of treatment response to 
radiotherapy and cytotoxic regimens, rCBV mea-
sures appear to be less confounded by pseudo-
progression and provide early surrogate markers 
of outcome  [  83  ] . 

 There is evidence that perfusion imaging and 
permeability imaging provide indicators of the 
action of antiangiogenic agents on tumor vascu-
lature, with marked reduction in rCBV and per-
meability within days of initiating treatment  [  84  ] . 
As with conventional contrast-enhanced MRI, 
the degree to which this provides a surrogate for 
outcome, however, appears to be limited. 

   PET Imaging of Angiogenesis 
and Integrin Expression 

 Integrins are a family of cell adhesion molecules 
that play an important role in angiogenesis. The 
integrins  a (alpha) 

v
  b (beta) 

3
  and  a (alpha) 

v
  b (beta) 

5
  

are expressed in low levels in normal vasculature 
and are upregulated in both tumor vasculature and 
glioma cells. These integrins act as receptors 
to a number of proteins with an 
 arginine-glycine-aspartate (RGD) tripeptide 
sequence, for example, laminin, vitronectin, and 
 fi bronectin. RGD peptides have been labeled with 
a variety of radionuclides to image integrin expres-
sion.  18 F- fl uciclitide is an RGD peptide tracer that 
binds with high af fi nity to both  a (alpha) 

v
  b (beta) 

3
  

and  a (alpha) 
v
  b (beta) 

5
  integrins. Animal studies 

show good uptake into glioma cells that correlates 
with microvascular density of the tumors and 
changes with response to antiangiogenic therapy 
 [  85  ] . Studies in patients have shown uptake in the 
tumor (unpublished data, see Fig.  8.5 )    

   Hypoxia 

 Malignant tumors exhibit hypoxia as a result of 
high metabolic activity and relatively poor perfu-
sion. In gliomas the presence of necrosis is a 
diagnostic feature of glioblastomas. Hypoxia also 
has important therapeutic implications in radio-
therapy as both tumor and normal cells are 2–3 
times more sensitive to radiotherapy when well 
oxygenated than when hypoxic  [  86  ] . Oxygen 
enhances radiation damage and is referred to as 
the oxygen- fi xation hypothesis. The absorption 
of ionizing radiation by biological tissues leads 
to the production of free radicals. These act either 
directly by damaging DNA or indirectly on other 
molecules (mainly water) causing damage at 
other critical metabolic sites. The presence of 
hypoxia has been shown to reduce the radiation 
damage in a number of cancer sites. 

  Fig. 8.4    Longitudinal perfusion imaging of a low-grade astrocytoma. There is a progressive increase in the rCBV in 
these tumors. There were no features on the conventional imaging to suggest transformation       
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 Hypoxia can be imaged as follows. 

   Bold MRI 

 Blood oxygen level-dependent (BOLD) imag-
ing exploits local changes in the signal gener-
ated between diamagnetic oxyhemoglobin and 
paramagnetic deoxyhemoglobin. As a result, 
deoxyhemoglobin shortens the T2* of the 
blood and its surroundings. Increasing oxy-
genation of the blood reduces this effect and 
increases the T2* signal. This BOLD effect can 
be detected by heavily T2*-weighted gradient-
recalled echo (GRE) echo planar imaging (EPI) 
sequences. 

 Assessment of hypoxia requires “challenging” 
tissue by assessing the cerebrovascular response 
to a change in oxygen delivery to the tissue. This 
can be achieved by:

   Breathing 100 % oxygen and carbogen (95 % • 
oxygen, 5 % CO 

2
 )—this does cause “air hun-

ger” and can be very unpleasant.  
  Breath holding to provide a hypercapnia-induced • 
vasodilatation stimulus. Studies in patients 
with brain tumors showed an increase in 
 normal gray matter signal intensity, not seen 

in tumors. In high-grade gliomas, there was a 
decrease in signal. The different cerebrovas-
cular response was likely due to severe hypoxia 
(unlikely in LGG) or inadequate/absent hyper-
capnia-induced vasodilatation. In HGG it may 
represent a hypercapnic steal phenomenon 
 [  87  ] .  
  Acetazolomide vasodilatation challenge—in • 
animal studies this produces a reduction in 
BOLD signal in hypoxic regions and an 
increase in BOLD signal in the non-hypoxic 
component of the tumor.     

    18 F-misonidazole PET 

   18   F-misonidazole (   18   F-MISO) PET  uses a nitroim-
idazole derivative that is a  fl uorinated analogue to 
the radiosensitizer drug misonidazole. It accumu-
lates in viable hypoxic cells as it is selectively 
reduced and bound in these cells. Clinical studies 
have shown that it accumulates in hypoxic areas 
of brain tumors  [  88  ] . Uptake is only seen in high-
grade gliomas and not low-grade gliomas and is 
found in areas that expressed tissue markers of 
hypoxia  [  89  ] . Uptake correlates with survival in 
patients with glioblastomas  [  90  ] .  

Contrast Enhanced
T1-weighted MRI

18F-Fluciclatide PET rCBV – DSCI MRI

  Fig. 8.5    An example of a [18F]- fl uciclatide PET image 
to show expression of  a (alpha) 

v
  b (beta) 

3
  integrin expres-

sion in angiogenesis. The enhancing rim of the tumor 

expresses the highest amount of this integrin, and this cor-
relates with the rim of increased rCBV in this region       
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   CU-diacetyl-bis(N4-
methylthiosemicarbazone) (CU-ATSM) 

 Cu-diacetyl-bis(N4-methylthiosemicarbazone) 
(Cu-ATSM) is a relatively new tracer that is 
labeled with  60 Cu (half-life 23.4 mint),  61 Cu (half-
life 3.32 h), or  64 Cu (half-life 12.8 h). Cu-ATSM 
accumulates in hypoxic tissues and is rapidly 
washed out of normal tissues, providing good 
signal contrast. To date, studies in brain tumors 
have been limited to animal models.  

   Detecting Lactate Production with MR 
Spectroscopy 

 Increased lactate production occurs in disorders 
of energy metabolism and an increase in nonoxi-
dative glycolysis. Elevated lactate levels may be 
seen in all grades of glioma but are generally 
higher in more aggressive lesions  [  91,   92  ] . At 
short echo times, lactate is dif fi cult to evaluate 
due to overlap with the 1.3-ppm mobile lipid res-
onances but can be readily measured at longer 
echo time.   

   Imaging Tumor Invasion 

 Local invasion of the surrounding brain is a key 
feature of gliomas. Imaging this invasion is 
important for a number of reasons:

    • Better targeting of radiotherapy:  Radiotherapy 
planning currently uses clinical target volumes 
that encompass the gross tumor with a 2.5-cm 
margin of normal brain to account for invasive 
cells. To avoid toxicity of this normal brain, 
the dose is reduced to 60 Gy which is 
insuf fi cient to kill all tumor cells resulting in 
tumor recurrence usually within the treated 
volume  [  93,   94  ] . Better delineation of invasive 
regions might allow improved planning of 
treatment volumes to reduce the risk of radia-
tion necrosis and allow dose escalation  [  95  ] .  
   • Understanding heterogeneity of invasiveness:  
Postmortem studies have shown that there is 
marked heterogeneity of invasion in gliomas. 

These studies suggest 20–25 % of tumors 
exhibit marked invasiveness, whereas 20 % 
extend less than 1 cm from the gross tumor 
edge. Understanding this will allow early assess-
ment of whether an individual patient has a dif-
fuse tumor needing systemic therapy or localized 
tumor requiring aggressive local therapy.  
   • Monitoring anti-invasive drugs:  A better under-
standing of the biology of invasion has allowed 
development of drugs to combat these processes. 
For example, cilengitide selectively blocks both 
 a (alpha) 

v
  b (beta) 

3
  and  a (alpha) 

v
  b (beta) 

5
  integ-

rin receptors. This prevents both invasion and 
angiogenesis. Phase I/IIa trials using this drug 
in combination with standard chemoradiother-
apy have suggested activity  [  96  ]  and have led 
to the Phase III CENTRIC study. Monitoring 
changes in invasion will be dif fi cult and need 
new imaging methods.    
 As mentioned previously, invasion is present 

in areas that appear normal on conventional MRI. 
Imaging strategies have either looked for white 
matter disruption with diffusion tensor MRI or 
looked for evidence of tumor in  normal-appearing 
white matter. 

   Imaging White Matter Disruption 
with Diffusion Tensor MRI 

    Diffusion tensor imaging can be considered as an 
extension of diffusion-weighted imaging; ADC 
is calculated from the average of diffusion in dif-
ferent directions re fl ects (isotropic diffusion), 
analysis of multidirectional acquisition allows 
“diffusion directionality” to be quanti fi ed as frac-
tional anisotropy. In the brain, water preferentially 
moves along white matter tracts. This directional 
or anisotropic diffusion can be described by a ten-
sor. Standard analysis provides a summary param-
eter describing the tensor. Fractional anisotropy is 
the most commonly used parameter as it maps 
anisotropy with the best detail and signal-to-noise 
ratio  [  97  ] . Initial studies showed that DTI could 
identify a larger white matter abnormality than 
compared to conventional imaging—an abnormal-
ity not seen in  edema-producing but  noninvasive 
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tumors (e.g., meningiomas and metastases)  [  98  ] . 
Further characterization of the invasive region 
using directionally encoded color maps  [  99  ]  and 
tensor decomposition into isotropic ( p ) and aniso-
tropic ( q ) components  [  100  ]  have allowed differ-
entiation of tumor invasion with tumor destruction 
of a white matter tract (Fig.  8.6 ). Using the lat-
ter method, it is possible to identify DTI abnor-
malities in normal-appearing brain that predict the 
site and pattern of tumor recurrence  [  101  ] . This 
method has also con fi rmed the presence of invad-
ing tumor cells using image-guided brain biopsies 
 [  102  ] .Computational models also allow dominant 
“directional components” in adjacent voxels to 
be connected to form 3-dimensional maps, which 
display the dominant white matter  fi ber tracts 
(tractography).  

 Studies using MR spectroscopy have also shown 
evidence of white matter disruption around tumors. 
N-acetylaspartate (NAA) is a marker of intact neu-
rons and is reduced within the center of tumors. 
NAA remains lower than normal brain suggesting 
loss of neurons in these regions  [  103–  105  ] . The 
reduction in NAA correlated well with DTI mea-
sures of invasion  [  103,   105  ] . Similarly MR 

 spectroscopy can identify disruption of the glial 
matrix due to tumor invasion by reductions in the 
glutamate/glutamine (Glx) peak adjacent to 
tumors  [  106  ] . Normal glial cells take up gluta-
mate that is converted to glutamine as part of the 
glutamate-glutamine shuttle between glial cells 
and neurons. Tumor invasion causes disruption 
of the glial matrix, which in turn results in a 
reduction in intracellular glutamate.  

   Other Imaging Methods to Detect 
Invasive Glioma 

 As we have already discussed, high-grade gliomas 
differ from normal brain in a number of ways that 
can be identi fi ed by imaging. Other imaging 
methods have shown areas with the imaging 
characteristics of glioma outside the boundaries 
of the tumor de fi ned by conventional imaging. 

   Proton Spectroscopy Studies 
of Tumor Proliferation 
 Studies with MR proton spectroscopy have dem-
onstrated that there is a region outside of the 

a b

  Fig. 8.6    ( a ) diffusion tensor color image ( b ) of a glioblastoma extending into the corpus callosum. It shows there is 
still intact, nonin fi ltrated corpus callosum behind the tumor ( arrowed )       
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tumor boundaries that exhibits increased choline 
and reduced NAA  [  104,   107  ] . Using the Cho/
NAA ratio, Pirzkall et al. showed that there was a 
metabolic abnormality outside of the contrast-
enhancing tumor boundary in most cases and an 
abnormality outside of the T 

2
 -weighted boundary 

in over 60 % of patients  [  104  ] . These  fi ndings are 
not found in noninvasive tumors (e.g., menin-
giomas) and only seen in invasive gliomas  [  107  ] . 
Biopsy studies have con fi rmed that normalized 
choline is a marker for tumor invasion, and 
although it is better than conventional imaging in 
determining the tumor margin, it cannot differen-
tiate between normal brain and mild in fi ltration 
 [  91  ] . Changes in Cho/NAA and Cho/Cr appear to 
correlate well with expression of metalloprotei-
nase-2  [  108  ] .  

   PET Studies of Abnormalities 
in Metabolism 
 Most of the PET studies trying to assess tumor 
margins have used amino acid PET tracers as 
they are more sensitive than FDG PET. Studies 
have shown that methionine uptake occurs out-
side the area of contrast enhancement on MRI 
but within the T 

2
 -weighted abnormality  [  45, 

  109,   110  ] . Biopsy studies have con fi rmed that 
this peripheral uptake is due to tumor in fi ltration 
 [  111  ] . This area of abnormality correlates well 
with MR spectroscopy  [  112  ]  and DTI 
 [  58,   113  ] .  

   Increased Perfusion 
 A number of studies have shown that there is an 
increase in rCBV in the region adjacent to the 
glioma margin de fi ned on conventional imaging 
 [  114–  118  ]  that is not seen in noninvasive tumors 
 [  115,   118  ] . These abnormalities predict where 
enhancing tumor will recur  [  116  ] , and biopsy 
studies have shown that it extends up to 2 cm into 
the region of tumor in fi ltration  [  117  ] .  

   Labeled Marker Cells 
 Mesenchymal stem cells have been shown to 
demonstrate marked tropism toward actively 
dividing glioma cells. Preliminary work in ani-
mal models suggests that iron oxide or radiola-
beling of such stem cells could provide a highly 

sensitive method of detecting cellular invasion 
and focused therapeutic delivery  [  119  ] .    

   Imaging Gene Expression 
and Expression of Molecular Markers 

 As our understanding of prognostic and predic-
tive markers increases, there has been great inter-
est in seeing if imaging can identify expression of 
these markers. 

   Loss of 1p19q in Oligodendroglial 
Tumors 

 Studies have used conventional imaging and 
have suggested that oligodendroglial tumors with 
intact 1p19q have homogeneous T 

1
 -weighted 

and T 
2
 -weighted appearances and have a sharp 

border between tumor and normal-appearing 
brain  [  120  ] . Tumors with 1p19q loss also have a 
higher rCBV  [  121–  123  ]  and lower maximal 
ADC  [  124  ]  compared to those with intact 1p19q. 
No difference in spectroscopic characteristics 
has been demonstrated between the two geno-
types  [  125  ] . PET studies have suggested loss of 
1p19q is seen more commonly in patients with 
increased FDG uptake  [  126  ] .  

   MGMT Methylation Status 

 Recent studies have tried to differentiate tumors 
with MGMT methylation from unmethylated 
tumors. On conventional imaging, unmethylated 
tumors were signi fi cantly associated with ring 
enhancement  [  127  ] , and methylated tumors 
exhibited a more ill-de fi ned margin  [  128  ] . Texture 
analysis of the T 

2
 -weighted images could differ-

entiate the two methylation states, but blinded 
classi fi cation could correctly predict methylation 
status in 71 % of patients. Methylated tumors 
also had increased ADC ratios and reduced 
FA—although overlap in values would make it 
dif fi cult to classify individual tumors on this basis 
 [  128  ] . Perfusion characteristics were similar in 
both groups  [  128  ] .  
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   IDH-1 Mutations 

 A consequence of IDH-1 mutations is the 
 production of excess 2-hydroxyglutarate within 
tumors. Recent studies using ex vivo and clinical 
proton spectroscopy have shown that it is possi-
ble to identify 2-hydroxyglutarate noninvasively 
within tumors  [  129,   130  ] .    Further work using this 
to predict IDH-1 status is required.  

   EGFR Receptor Overexpression 

 Studies with conventional imaging suggest that 
EGFR-overexpressing tumors demonstrate an 
increase in the ratio of the volume of T 

1
 -weighted 

to T 
2
 -weighted abnormality and reduction in bor-

der sharpness on T 
2
 -weighted imaging compared 

to other tumors and have suggested these  fi ndings 
may re fl ect increased angiogenesis, edema, and/
or invasion in EGFR-overexpressing tumors 
 [  131  ] . New PET probes that label EGFR inhibi-
tors are being developed  [  132,   133  ]  that may be 
able to assess EGFR status more accurately.   

   Conclusions 

 Quantitative physiological MRI and molecular 
imaging with PET provide noninvasive bio-
markers relevant to key aspects of glioma biol-
ogy. Despite their potential “added value” for 
tumor characterization, treatment guidance, 
and therapeutic evaluation, these techniques 
are only just beginning to emerge into clinical 
research and wider clinical practice. The devel-
opment of new speci fi c imaging probes and the 
integration of validated parameters into pro-
spective studies will further our understanding 
of glioma pathophysiology and aid therapeutic 
development. Quantitative imaging is likely to 
play an increasing role in both clinical trials 
and the management of individual patients.      
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   Rationale for Surgery 

 In general oncology, tumor cytoreductive sur-
gery is considered to enable a rapid log kill of 
tumor cells  [  1  ]  and also can be used for diagnosis 
and palliation of symptoms  [  2  ] . Cytoreductive 
surgery for the treatment of gliomas has been 
performed for decades, in its beginnings with a 
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very radical approach, including lobectomies 
and even hemispherectomies (as reviewed by 
Quigely et al.  [  3  ] ). 

 However, experts in the brain tumor  fi eld have 
questioned the validity of using surgery as a  fi rst-
line therapy to improve survival  [  4,   5  ] , citing also 
that craniotomy still can be associated with seri-
ous complications  [  6  ] . In fact, some studies sug-
gest that if there is a survival bene fi t, it is only 
modest and it may be limited to a select group of 
patients  [  3,   7–  9  ] . 

 On the other hand, while it was always 
acknowledged that surgery cannot cure gliomas 
in the vast majority of cases because of the a pri-
ori diffuse nature of the disease, there was always 
the perception that it provides some survival 
advantage. This perception has a long tradition, 
based, in part, on early data, for instance, a study 
compiling 2,600 of patients with glioblastoma 
collected in the 1950s. This study contains a 
comparison of two patient cohorts who either 
received lobectomy as a form of very radical sur-
gery or biopsy together with radiation. More 
extensive resection corresponded to prolonged 
survival, particularly when patients also received 
radiotherapy  [  10  ] . 

 At present, the bene fi cial perception of resec-
tion is largely based on a collection of clinical 
data from retrospective and observational studies 
that assessed survival or disease progression by 
the extent of resection in patients with or without 
early postoperative imaging  [  11–  20  ] . 

 It has been debated whether the cohorts ana-
lyzed in such studies are balanced by known 
prognostic factors such as age and Karnofsky 
performance status (KPS), among others  [  21  ] . 
In fact, studies in which the distribution of such 
factors was assessed demonstrated that younger 
patients or patients with high KPS scores received 
more extensive resections  [  22,   23  ] . Such unbal-
anced data could potentially in fl uence the postu-
lated effect of resection and would thus confound 
any conclusions regarding the prognostic role of 
resection as estimated by multivariate analysis. An 
adequately powered, well-controlled randomized 
study on the extent of resection could theoreti-
cally overcome these problems for both high- and 
low-grade gliomas, yet it is dif fi cult to envision a 
study design which would not be confounded by 

crossover, the dif fi culty for controlling the degree 
of resection,    and patients’ understandable desire 
to not participate in a surgical trial in which par-
tial and not best possible resection be a goal in the 
control group. Nevertheless, evidence is accumu-
lating which supports a strong role of surgery for 
patients with low- and high-grade gliomas alike. 

 In principal, patients may not pro fi t from 
extensive surgical cytoreduction alone, which is 
one aim of surgery. There are several other goals 
that are achievable by craniotomy and tumor 
resection:

   Enable representative histology and avoid • 
undergrading  
  Relieve mass effect  • 
  Facilitate adjuvant therapies  • 
  Positively in fl uence seizure activity  • 
  Apply local therapies  • 
  Prolong survival through cytoreduction and • 
prevent malignant deterioration     

   Enable Representative Histology 
and Avoid Undergrading 

 Imaging alone does not suf fi ce for reliably deter-
mining histology of cerebral lesions, even though 
a glioma may appear likely. The ALA study  [  23  ]  
was a surgical study on malignant gliomas where 
randomization depended on MR imaging and not 
biopsy prior to open surgery. In this study, sur-
geons were asked to enter patients if malignant 
glioma was likely on preoperative MRI. Ten per-
cent of histologies in this series of 270 patients 
were not malignant gliomas. These erroneous 
histologies would have resulted in wrong treat-
ment decisions had tissue samples not been 
obtained. Examples for erroneous histologies 
were (expectedly) abscesses and metastasis, but 
there were also pilocytic astrocytomas, low-grade 
gliomas (oligodendroglioma, oligoastrocytoma), 
a meningioma with regressive changes, necrotiz-
ing vasculitis, and lymphoma. While stereotactic 
biopsies might serve to reliably and safely estab-
lish histology in such cases, collecting a repre-
sentative tissue sample during surgery is a 
welcome additional bene fi t. 

 In the context of low-grade gliomas, the pos-
sible differential diagnosis is similarly diverse, 



1459 Surgical Management of Glial Cancers

including in fl ammation, ischemia, AIDS-related 
lesions, demyelinating lesions, or cortical dys-
plasia  [  24,   25  ] . Some of the confounding diagno-
sis can be resolved by multiparametric imaging, 
including MRI, MRI spectroscopy, and PET, but 
assumptions from imaging may still be erro-
neous so that at least stereotactic biopsies are 
warranted. 

 Gliomas are notoriously heterogeneous. 
Whereas one part of the glioma may histologically 
present as a classical low grade, other parts may 
well have deteriorated to high-grade gliomas with-
out standard MRI imaging making this likely. The 
likelihood that a presumed low-grade glioma con-
tains anaplastic foci increases with age  [  26  ] , but 
younger age does not preclude anaplastic charac-
teristics if a low-grade glioma is presumed on 
imaging  [  26  ] . Such anaplastic foci may not be par-
ticularly conspicuous on standard MRI imaging. 
Recently, amino acid PET has emerged as a tool 
that may be of help in identifying occult high-grade 
gliomas in seemingly low-grade gliomas, even if 
these areas are not contrast enhancing  [  27,   28  ] . 

 With extended resections, tissue samples can be 
obtained from all areas of the tumor, providing 
more tissue and thus rendering histopathological 
and molecular characterization of tumor more pre-
cise and, importantly, minimizing the risk of under-
grading gliomas. It has been demonstrated that 
more extensive resections more frequently result in 
the diagnosis of high-grade glioma  [  29,   30  ]  and 
are superior to stereotactic biopsy alone. To this 
end, Jackson et al.  [  31  ]  compiled 81 patients 
referred to a major neuro-oncological center after 
stereotactic biopsy that were then treated by 
resection. Thirty-eight percent of these patients 
ended up having a histology, of which 26 % 
would affect treatment. Similarly, Muragaki et al. 
 [  32  ]  observed 30 % undergrading in patients with 
anaplastic astrocytomas with initial biopsies 
that then went on to have resections at a 
 neuro-oncological referral center.  

   Relieve Mass Effect 

 It is a common experience for neurosurgeons that 
surgery in patients with neurological symptoms 
will be of value by increasing KPS and function 

 [  33  ] . This observation has been substantiated in 
larger studies. About 30 % of 400 patients dem-
onstrated improvement of symptoms after sur-
gery for parenchymal tumors in a large series by 
Sawaya et al.  [  34  ] .    Similarly, the large random-
ized ALA study showed improvement of symp-
toms as de fi ned by the NIH stroke score in 
approximately 30 % of cases  [  23  ] . When strati fi ed 
by degree of resection, patients with complete 
resections maintained functional independence 
(as de fi ned by a KPS > = 70) signi fi cantly longer, 
with signi fi cantly deferred deterioration of neu-
rological function, as assessed by the NIH stroke 
score  [  35  ] . 

 One group found a prolongation in survival 
when comparing surgery to stereotactic biopsy 
only when patients had preexisting midline shift 
indicating mass effect but not when midline shift 
was lacking  [  5  ] , suggesting that resection is only 
of value in the presence of a substantial mass 
lesion. In this study, no postoperative imaging 
was performed to understand the in fl uence of 
residual tumor on these results, nor were intraop-
erative methods such as neuronavigation or other 
methods for localizing residual tumor used. 
Essentially therefore, this study is an indicator of 
the value of debulking rather than an indicator of 
the missing value of extensive cytoreduction in 
malignant glioma surgery. 

 Two additional studies indicate surgical deb-
ulking to be of bene fi t. Vuorinen et al. performed 
a small surgical study in 30 elderly patients ran-
domizing between biopsy and craniotomy  [  9  ] . 
Only two patients in the craniotomy arm in that 
study were stated to have had “total” resections, 
without earlier postoperative imaging having 
been performed. Three patients in the biopsy arm 
did not go on to have radiotherapy due to their 
bad clinical condition. Patients with craniotomies 
deteriorated later and had prolonged survival. 
Together, these results support a role for decom-
pressive surgery also in the elderly. 

 Finally, Fadul et al.  [  36  ]  analyzed the number 
of serious complications such as hemorrhages 
and herniations after biopsy or open surgery. 
They found these serious complications to occur 
after biopsy or partial resection, but the fewest to 
occur after “total” resections, with the degree of 
radicality being assessed by surgeons.  
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   Facilitating Adjuvant Therapies 

 It is unlikely that cytoreduction by resection of 
glioma tissue, if followed by adjuvant therapies, 
carries a bene fi t exclusively through reduction of 
tumor cell burden. Rather, interactions between 
surgery and adjuvant therapies may be assumed, 
especially for malignant gliomas, for instance, by 
removal of hypoxic tumor tissue in the gross 
tumor mass. Hypoxia in fl uences the behavior of 
tumor cells by activating genes involved in the 
adaptation to hypoxic stress (e.g., angiogenesis), 
representing an important indicator of cancer 
prognosis  [  37–  40  ] . Hypoxia is associated with 
aggressive growth, metastasis, and poor response 
to treatment  [  41,   42  ] . Apart from hypoxia, other 
factors may play a role. Central GBM cells appear 
to proliferate more readily than they invade  [  43  ]  
which may affect short-term prognosis. The mar-
ginal region of the tumor has more angiogenesis 
 [  44  ] , and tumor cells in this region may be less 
proliferative, more migratory, and more resistant 
to apoptosis, which likely contributes to  treatment 
resistance  [  43  ] . 

 In addition, experimental studies have 
observed that interstitial  fl uid pressure (IFP) may 
affect the penetration and residence time of che-
motherapy agents. Increased IFP in glioma 
tumors with increased permeability may produce 
a pressure gradient that distributes chemotherapy 
agents into necrotic areas or into surrounding 
brain tissue where it is absorbed and cleared, thus 
limiting the exposure time to the cytotoxic agents 
in the marginal region  [  45  ] . Following resection, 
there is an initial increase in IFP in the immediate 
postoperative period because of cerebral edema. 
Once edema is resolved, IFP decreases and the 
direction of  fl uid  fl ow reverses toward the resec-
tion cavity. With intracavitary chemotherapy, the 
increase in IFP in the immediate postoperative 
period because of edema, particularly with BCNU 
wafers  [  46  ] , may improve the limited penetration 
of antitumor agents into the in fi ltrating zone  [  47, 
  48  ] . Systemic chemotherapy, on the other hand, 
is generally delivered a few weeks after resection 
when edema has been resolved and there is a 
decrease in IFP, particularly in the marginal zone, 
and permeability is limited from cytokine 

 production of tumor cells within that zone. Thus, 
decreasing IFP may prolong the drug residence 
time in the marginal zone  [  45  ] . 

 These experimental observations are supported 
by clinical studies, in particular the results of three 
large prospectively randomized phase 3 studies in 
newly diagnosed malignant glioma. In all three 
studies, surgical resection was employed, fol-
lowed by various adjuvant therapies (as compiled 
in  [  49  ] ). The primary objectives of these 3 studies 
were to assess the support of resection by intraop-
erative  fl uorescence guidance using 5-aminolevu-
linic acid (Gliolan ® , medac GmbH) followed by 
radiotherapy  [  23  ] , the ef fi cacy and safety of con-
comitant radiochemotherapy with temozolomide 
(Temodar ® , Schering Corp., Kenilworth)  [  50  ] , 
and intracavitary chemotherapy with carmustine 
(BCNU) wafers (Gliadel ®  Wafer, MGI Pharma) 
 [  51  ] . The results of these three studies supported 
the approval of these products for the treatment of 
patients with malignant glioma. Within all 3 trials, 
data regarding the extent of resection, as well as 
other prognostic factors, were collected prospec-
tively. Exploratory analyses of all three trials with 
strati fi cation by degree of resection demonstrated 
greater survival in patients with “complete” resec-
tion, either as assessed by early postoperative 
imaging or by surgeon’s assessment of degree of 
resection, than in patients with “incomplete” 
resections.    In addition, there was an indication 
that more extensive surgery was enhancing the 
effect of the adjuvant interventions. 

   ALA Study 

 In the 5-ALA study  [  23  ] , patients with resectable, 
newly diagnosed malignant glioma were random-
ized to receive 5-ALA  fl uorescence-guided resec-
tion and radiotherapy ( n  = 139) or conventional 
non-enhanced microsurgery and radiotherapy 
( n  = 131).    A signi fi cant survival difference was 
observed in the whole study cohort between 
patients who received complete resection and 
radiotherapy with partial resection and radiother-
apy: 17.9 months (95 % CI, 14.3–19.4) vs. 
12.9 months (95 % CI, 10.6–14.0), respectively 
( P  < 0.0001).  
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   BCNU Wafer Study 

 In a randomized, double-blind,  placebo-controlled 
phase 3 trial by Westphal et al.  [  51  ] , 240 patients 
with newly diagnosed malignant glioma were 
randomized to receive resection with BCNU 
wafer or placebo wafer implantation followed by 
radiotherapy. Implantation of BCNU wafers 
resulted in signi fi cantly longer survival compared 
with placebo in the ITT population (13.9 vs. 
11.6 months; HR = 0.71, 95 % CI, 0.52–0.96; 
 P  = 0.03). 

 Complete resection was de fi ned as removal of 
 ³ 90 % of tumor tissue as measured on postopera-
tive radiographs compared with preoperative 
scans. In the complete resection subgroup, 
median survival was signi fi cantly greater for 
BCNU and radiotherapy wafer than for placebo 
and radiotherapy (14.8 vs. 12.6 months;  P  = 0.01). 
In the partial resection subgroup, on the other 
hand, median survival was 12.1 and 11.2 months, 
respectively ( P  = 0.39), indicating greater ef fi cacy 
of wafers in  ³ 90 % resections. 

 For patients with GBM, the results were very 
similar, with a median survival of 14.5 months 
for BCNU and radiotherapy wafer versus 
12.4 months for placebo and radiotherapy 
( P  = 0.02) in the complete resection subgroup and 
11.7 and 10.6 months, respectively ( P  = 0.98), in 
the partial resection subgroup.  

   Concomitant Radiochemotherapy 
Followed by Adjuvant Temozolomide 

 The EORTC-NCIC trial (EORTC 26981–22981; 
NCIC CE.3) study was a randomized, multicenter 
trial in 573 patients with newly diagnosed malig-
nant glioma  [  50  ] . Patients were randomized to 
receive radiotherapy alone or radiotherapy with 
continuous daily temozolomide followed by 6 
cycles of temozolomide. In the primary report, 
Stupp et al. observed a signi fi cant survival bene fi t 
with temozolomide. Median survival was 
14.6 months in the radiochemotherapy group ver-
sus 12.1 months in the radiotherapy only group 
(HR = 0.63; 95 % CI, 0.52–0.75;  P  < 0.001), and 
the 2-year survival rate was 26.5 % (95 % CI, 

21.2–31.7) vs. 10.4 % (95 % CI, 6.8–14.1), 
respectively. Long-term follow-up demonstrated 
that the survival bene fi t with temozolomide was 
maintained at 3 years (16.7 % vs. 4.3 %, respec-
tively;  P  < 0.0001)  [  52  ] . 

 During this study, the extent of resection was 
reported per surgeon assessment on clinical and/
or radiological grounds. The clinical impact of 
resection was examined further in a post hoc 
analysis of survival by the extent of resection. 
Absolute median gain in survival time with 
radiochemotherapy versus radiotherapy alone 
was greatest in patients with complete resections 
(+4.1 months) compared with those with incom-
plete resections (+1.8 months) or biopsies 
(+1.5 months), although this increase did not 
meet statistical signi fi cance in tests for interac-
tion (test for heterogeneity,  P  = 0.24). The Kaplan-
Meier survival data corresponded to a risk 
reduction for radiochemotherapy versus radio-
therapy alone of 43 % in patients who received 
complete resection ( P  = 0.0001), 35 % for partial 
resection ( P  = 0.0001), and a nonsigni fi cant 
decrease of 31 % for biopsy ( P  = 0.088). Adjuvant 
temozolomide appeared to have the greatest sur-
vival impact in patients who received complete 
resection, suggesting that the effectiveness of 
temozolomide may be related to the extent of 
resection  [  52  ] . 

 Thus, these studies provide evidence on the 
relationship between resection and the ef fi cacy of 
adjuvant therapies. More extensive resection was 
associated with improved outcome, and in the 
temozolomide and BCNU wafer studies, the sur-
vival bene fi t of the study treatment appeared to 
be most favorable in patients who received 
 extensive resection.   

   Positive In fl uence on Epilepsy 

 Seizures are a frequent symptom of gliomas, 
occurring very commonly in low-grade gliomas, 
often as presenting symptom. In high-grade 
gliomas, seizures are less common but are more 
dif fi cult to control than in low-grade gliomas  [  53  ] . 
It has been demonstrated that patients that were 
treated by craniotomy with gross total  resections 
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in low-grade tumors are seizure-free or have 
meaningful improvement of seizure severity and 
frequency  [  54  ] . A bene fi cial in fl uence of surgery 
in seizures for patients with high-grade gliomas 
was similarly observed  [  55  ] . Importantly, even 
partial and subtotal tumor resections are helpful 
in selected cases, i.e., for gliomas involving the 
insula (as reviewed by Kurzwelly)  [  56  ] .  

   Applying Local Therapies 

 Craniotomies with tumor resection allow access 
to the zone of in fi ltration in gliomas and give the 
opportunity for applying drugs locally, circum-
venting the blood–brain barrier. Two archetypes 
for this type of treatment have been tested in 
phase 3 trials, BCNU wafers and gene therapy. 
BCNU wafers (Gliadel ® )  [  51  ]  have demonstrated 
basic ef fi cacy, as discussed above. Gene therapy 
has been tested in several clinical trials in 
 glioblastomas. In these trials, either retrovirus 
vector-producer cells or adenovirus vectors medi-
ating transduction of the herpes simplex virus 
thymidine kinase gene for activating the prodrug 
ganciclovir were injected intraoperatively after 
glioblastoma resection into the walls of the resec-
tion cavity. Subsequently, patients were treated 
with ganciclovir. After promising early results 
 [  57  ] , no in fl uence on survival was noted in two 
large randomized trials, the  fi rst being performed 
during the 1990s  [  58  ] . The second trial, the 
Cerepro ®  trial, was recently concluded but did 
not reach the prede fi ned end point (unpublished 
data). Bene fi t was noted in some subgroups in  
augmental analyses.  

   Prolonging Survival Through 
Cytoreduction 

   Low-Grade Gliomas 

 Most of the controversy regarding surgery for 
gliomas has surrounded the issue of maximal 
cytoreduction in the face of surgical risks, given 
that typical patients with low-grade gliomas are 
of young age and without de fi cits, having pre-

sented with single seizures, and that data proving 
the bene fi t of cytoreductive surgery are limited. 

 On the other hand, low-grade gliomas tend to 
grow or to degenerate into high-grade gliomas, 
with up to 75 % of patients dying within 5–10 years 
after diagnosis  [  59,   60  ]  despite long-term survival 
of many patients with this disease. Furthermore, 
 all  low-grade gliomas grow and their growth rate 
has been determined to be approximately 4 mm/
year (95 % CI: 3.8–4.4 mm)  [  61  ] . 

 Apart from surgery, there is little in terms of 
alternatives for the treatment of these progressive 
lesions. Radiotherapy, when given after diagno-
sis, results in a prolongation of progression-free 
survival, but not of survival, as demonstrated in 
the EORTC 22845 trial  [  62  ] , with a possible price: 
Douw et al.  [  63  ]  followed 65 patients with low-
grade gliomas, 32 of which had received early 
radiotherapy and the rest without. Twenty-seven 
percent of patients without early radiotherapy 
suffered signi fi cant cognitive de fi cits compared 
to 53 % with radiotherapy. Although previously 
considered to be of little value, chemotherapy 
with temozolomide has recently been found to 
elicit tumor response in a number of patients  [  64–
  66  ]  and has been observed to have a positive 
effect on seizure frequency  [  67,   68  ] . However, 
chemotherapy cannot be considered standard for 
the treatment of low-grade glioma patients. 

 At present, the only standard that is generally 
agreed upon in the context of low-grade gliomas 
is to obtain tissue diagnosis. No randomized con-
trolled trials are available regarding the extent of 
resection and outcome. Outcome in low-grade 
gliomas depends on a number of covariates, such 
as patient age and histology  [  59,   69–  71  ] , which 
confound the interpretation of outcome data. 
Furthermore, there are interactions between prog-
nostic factors and resectability and concurrently 
between prognostic factors and survival  [  21  ] . For 
instance, tumor involvement of the corticospinal 
tract, large tumor volume, and oligodendroglioma 
subtype have been found to independently predict 
resectability  [  72  ]  while shorter survival times 
were observed when tumors overlapped eloquent 
brain regions  [  73,   74  ] . Figure  9.1  shows examples 
of “low-grade gliomas” with differing degrees of 
resectability depending on size and location.  
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 Of the available studies on the value or resec-
tion, most have design-related limitations includ-
ing a small study size, a small number of events 
(i.e., deaths for survival studies), or missing post-
operative imaging. Only few studies actually ana-
lyze the in fl uence of prognostic factors on 
resection apart from their in fl uence on survival. 
Two recent studies overcome many, but not all, of 
these limitations. The  fi rst series with 170 patients 
operated on for low-grade gliomas  [  60  ]  in whom 
resection was strati fi ed by gross total, near total, 
and subtotal resections as de fi ned by  fl uid-
attenuated inversion recovery (FLAIR) imaging. 
Signi fi cant differences in progression-free sur-
vival, overall survival, and malignant degenera-
tion-free survival were found for patients with 
gross total resections compared to patients with 
incomplete resections. However, a careful analy-
sis of factors predicting the degree of resection 
demonstrated preoperative tumor size to have 
been signi fi cantly smaller in patients with gross 
total resections (diameter 3.7), compared to near 
total (4.6) or subtotal resections (4.8 cm), again 
rendering interpretation of survival data dif fi cult, 
because preoperative tumor size has indepen-
dently been linked to survival. In another recent 
study  [  74  ]  with an even larger number of patients, 
overall survival and progression-free survival 

were independently in fl uenced by  postoperative  
tumor volume while there was no signi fi cant rela-
tionship between pre- and postoperative tumor 
volumes. This observation suggests an in fl uence 
of surgery rather than preexisting tumor size to 
be important. A confounder in this study, again, 
was that outcome (overall survival, progression-
free survival) was also independently predicted 
by  preoperative  tumor volumes, rendering inter-
pretation dif fi cult, since it has been suggested 
that the biology of smaller lesions may differ 
from the biology of larger lesions  [  12,   75  ] . 

   Identifying Low-Grade Glioma Patients 
at Risk 
 Although there is a growing evidence suggesting 
that more extensive resections are favorable, 
other management strategies are still acceptable, 
including simple biopsy and watchful waiting, 
especially in light of possible permanent neuro-
logical de fi cits of up to 6 % in recent series  [  60  ] . 
Prerequisite for a conservative strategy, however, 
is that tumors are not on the verge of malignant 
transformation. 

 In deciding when to resect and when to 
observe, it should be kept in mind that low-grade 
gliomas are biologically diversi fi ed. Not all will 
remain quiescent and predictable over extended 

  Fig. 9.1    Three different gliomas, each with low-grade 
gliomas histology, but with completely different degrees 
of “resectability.” The glioma on the  left  hand image is 
easily resected by most neurosurgeons; the  center  image 
shows an insular glioma, which might be considered 
resectable in highly specialized centers using intraopera-

tive mapping under awake conditions. The glioma on the 
 right  is not resectable. It is likely that such gliomas per se 
have a different biology. Such variations in presentation, 
resectability, and biology confound the interpretation of 
survival data generated in retrospective studies       
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periods of time and will require earlier action 
because of impending malignant degeneration. 
Amino acid PET may help in de fi ning those 
patients with low-grade gliomas with a high risk 
for transformation  [  28,   76  ] . Floeth et al.  [  76  ]  
demonstrated the risk for malignant degeneration 
and death to be highest in patients with amino 
acid uptake and diffuse lesions. If lesions were 
circumscript, prognosis was better and best in 
patients with circumscript lesion on T2 MR imag-
ing without amino acid uptake. 

 Other factors have also been identi fi ed on 
which to base decisions regarding “aggressive” 
therapies such as surgery or radiotherapy, as sug-
gested by Pignatti et al., based on two large 
EORTC studies on low-grade gliomas  [  77  ] . In 
this analysis, age > = 40, astrocytoma versus oli-
godendroglioma or oligoastrocytoma, tumor size 
> = 6 cm, crossing of the midline, and neurologi-
cal de fi cits prior to surgery were all independent 
risk factors for shorter survival. Depending on 
the number of risk factors, patient survival ranged 
between less than 1 year and 10 years. Pallud 
et al.  [  78  ]  demonstrated worse prognosis for 
patients with low-grade gliomas which grew 
>8 mm per year as opposed to patients with 
<8-mm tumor growth per year. More recently, 
MRI-derived markers of metabolism, such as MR 
spectroscopy and chemical shift imaging or per-
fusion imaging with assessment of cerebral blood 
volume, have become available as additional 
indicators of imminent malignant degeneration 
and neo-angiogenesis in previously low-grade 
gliomas  [  79–  81  ] .   

   Cytoreductive Surgery in High-Grade 
Gliomas 

 In the absence of randomized controlled clinical 
trials, the controversy concerning the value of 
cytoreductive surgery in high-grade gliomas has 
been much the same as in low-grade gliomas. 

 There is a substantial collection of prospec-
tive and retrospective data supporting resection 
over biopsy in malignant glioma (summarized 
by Laws et al.  [  15  ] ) and one small prospectively 
randomized trial addressing this question  [  9  ] . 

The latter examined the effectiveness of  resection 
in  malignant glioma in a small series of 30 patients 
over the age of 65 years, randomizing these 
patients to have either biopsy or resection. There 
was a signi fi cant improvement in median survival 
for resection versus biopsy (171 days vs. 85 days, 
respectively;  P  = 0.035). Unfortunately, this study 
was not adequately powered to draw de fi nitive 
conclusions and excluded younger patients who 
have been shown to bene fi t from resection more 
than older patients  [  15  ] . 

 Historically, data on the  extent of resec-
tion  were not captured in the majority of stud-
ies for about 40 years, as most centers did not 
have the infrastructure to accurately assess the 
extent of resection by early postoperative imag-
ing. More recently, studies with such imaging 
have become available to offer a more reliable 
basis to determine the relationship between the 
extent of resection and outcome, despite these 
studies being retrospective and observational 
 [  16,   22,   82,   83  ] . Because of their uncontrolled 
design, however, these studies have been criti-
cized for potentially confounded results. Biased 
distribution of patients may have caused differ-
ences between study groups for known prog-
nostic factors, such as age, tumor location, 
and KPS  [  4,   16,   84,   85  ] . For example, patients 
that are treated by craniotomies and resec-
tions are often younger than those that have 
tumor biopsies  [  15  ] . The degree of resection 
has been demonstrated to depend on KPS and 
age  [  22,   86  ] . Biased distribution of prognostic 
factors may have concurrently in fl uenced sur-
vival and the extent of resection, which can-
not be corrected by multivariate analysis  [  21  ] . 
With minor exceptions  [  22  ] , few investigators 
analyze the impact of these prognostic factors 
on the extent of resection, even in a very new 
series by McGirt et al.  [  20  ] .    This study clearly 
demonstrates the  prognostic  value of degree of 
resection of  contrast-enhancing tumor and sur-
vival of patients with gross total resections to 
live longest, but fails to analyze age, KPS, and 
resectability as possible confounders. 

 More reliable information has come from 
the ALA trial  [  23  ] .    In this trial, 270 patients 
were randomized to have surgery either using 
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 conventional white-light microscopy ( n  = 131) or 
 fl uorescence-guided resections ( n  = 139). 

 The complete resection rates (i.e., of contrast-
enhancing tumor) were 65 % and 36 % in the 
5-ALA and conventional surgery groups, respec-
tively. In logistic-regression models, the use of 
5-ALA had the most important effect on the prob-
ability of complete resection (odds ratio = 3.41; 
95 % CI, 2.03–5.71;  P  < 0.0001), followed by age 
and tumor location, while performance status did 
not reach statistical signi fi cance. The 29 % dif-
ference in the frequency of complete resections 
translated into a signi fi cantly improved 6-month 
PFS rate (41.0 % vs. 21.0 %, respectively; 
 P  = 0.0003). Analysis of overall survival also 
favored surgery with 5-ALA over conventional 
surgery (15.2 vs. 13.5 months; hazard ratio 
[HR] = 0.82; 95 % CI, 0.62–1.07;  P  = 0.1). 
Although this difference was not statistically 
signi fi cant, it should be realized that the study 
was not powered to show differences in overall 
survival. A signi fi cant survival difference was 
observed in the whole study cohort between 
patients who received complete resection and 
partial resection: 17.9 months (95 % CI, 14.3–
19.4) vs. 12.9 months (95 % CI, 10.6–14.0), 
respectively ( P  < 0.0001). 

 To further investigate the impact of resection, 
a post hoc analysis of these data restrati fi ed the 
per-protocol cohort of patients (those with grade 
IV tumors) by the extent of resection, i.e., com-
plete versus partial  [  86  ] . The resulting groups 
were balanced regarding a number of possible 
prognostic factors (e.g., neurological function, 
preoperative tumor characteristics, additional 
treatments received), with the exception of age 
and tumor location (eloquent vs. non-eloquent), 
the latter of which was assessed by surgeons. 
Patients with complete resections survived 16.7 
compared to 11.8 months for patients with incom-
plete resections ( P  < 0.0001). The survival advan-
tage with complete resection was maintained 
when patients were substrati fi ed by age <60 years 
vs. >60 years, and the differences in age distribu-
tions in the substrata were no longer detectable. 
Median age was 52 and 54 years for complete 
and partial resection, respectively, in the sub-
group <60 years of age, and 65 and 66 years, 

respectively, in the subgroup >60 years of age. 
The survival advantage also was maintained after 
substrati fi cation of patients by tumor location. 
Thus, both age and tumor location could be 
 eliminated as confounding factors. 

 In a subsequent analysis that evaluated sur-
vival by the Radiation Therapy Oncology Group 
recursive partitioning analysis (RPA), the sur-
vival advantage associated with complete versus 
partial resection was maintained in RPA class IV 
and V subgroups  [  87  ] . Complete resection was 
also favored for the RPA class III subgroup, but 
this did not reach statistical signi fi cance, likely 
because of the small sample size. 

 It was of interest to note that survival bene fi ts 
depended on all of contrast-enhancing tumor 
being removed; even small volumes of residual 
tumor of >0–0.7 cm 3  resulted in a signi fi cant 
worsening of prognosis  [  86  ] . This  fi nding was 
similar to the previous experience of  [  16  ] . Both 
observations underscore the importance for remov-
ing  all  of the contrast-enhancing tumor, which is 
hypoxic and particularly aggressive  [  37,   43  ] , as 
best possible surgical treatment. On the other 
hand, in a larger retrospective case series by Sanai 
et al.  [  88  ] , a signi fi cant survival advantage was 
seen with as little as 78 % extent of resection, and 
a stepwise improvement in survival was evident 
even in the 95–100 % range. It appears that less 
than complete resections will also be of value to 
the patient.   

   Neurological De fi cits and Survival 

 While complete resections of contrast-enhancing 
tumor should be the goal in malignant glioma sur-
gery, it is paramount that this aim is achieved with-
out neurological de fi cits. In this regard, McGirt 
et al. demonstrated patients with major neurologi-
cal de fi cits (motor, language) after surgery for 
glioblastomas to have shorter survival than those 
patients without de fi cits  [  89  ] . In that study, both 
surgically acquired motor de fi cits (median sur-
vival: 9.0 months) and surgically acquired lan-
guage de fi cits (9.6 months) were independently 
associated with decreased median survival com-
pared with patients without new neurological 



152 W. Stummer

de fi cits after surgery (12.8 months;  P  < 0.05). Our 
own experience has been quite similar  [  90  ] . In a 
multicentric phase 2 safety study using 
 fl uorescence-guided resections in 206 patients, 
median survival was 14.8 months in patients with-
out neurological adverse events recorded 48 h after 
surgery as compared to 12.4 months if patients had 
 any  neurological adverse event. 

 The reasons for these observations are unclear. 
However, it can be hypothesized that patients 
with neurological de fi cits are less heavily treated 
in the adjuvant phase of therapy, especially after 
recurrence of their tumors.  

   Cytoreductive Surgery for High-Grade 
Glioma in the Elderly 

 Malignant gliomas are a disease of the elderly. 
The average age of the typical glioblastoma 
patient is 63 years  [  91  ] .    At present, due to rising 
life expectancies and the overall age of the popu-
lation in developed countries, the incidence of 
glioblastoma is likely to increase. 

 Older people, however, are traditionally sub-
ject to therapy bias. Therapy bias is linked to the 
perception that older patients might suffer more 
side effects and fewer bene fi ts of accepted thera-
pies and is further strengthened by the rarity of 
large prospectively randomized trials focused on 
this subpopulation. Thus, older patients are usu-
ally underrepresented in clinical trials  [  92–  94  ] . 

 Speci fi cally, in glioblastoma patients older 
than 60 years, prognosis is generally considered 
poor, but these patients are also likely to receive 
less therapy than younger patients  [  95,   96  ] . From 
a neurosurgical perspective, older people are 
frailer and are less likely to recuperate if surgery 
results in neurological de fi cit. Thus, older people 
with suspected malignant gliomas are more likely 
to be treated by biopsy than by craniotomy  [  15  ] . 

 Large neuro-oncological studies have failed to 
give an answer to the important question of how 
aggressively the elderly patients with malignant 
gliomas should be treated. The median age 
in these trials was well below the expected age 
for this population. For instance, the median age 
in the EORTC 26981 trial  [  50  ]  was 56 years, in 

the BCNU wafer trial 53 years  [  51  ] , and in the 
Glioma Outcomes Project  [  15  ]  54 years. Further 
data regarding the ef fi cacy of therapies in this 
neglected neuro-oncological subpopulation are 
therefore urgently required. 

 Elderly studies suggest that the prognosis of 
the elderly glioblastoma patient is particularly 
limited. The Glioma Outcomes Project reported a 
median survival of 36.1 weeks in 271 patients 
older than 60 years treated by craniotomy and 
radiotherapy  [  15  ] . Other older studies are dif fi cult 
to compare, but in general demonstrate a limited 
prognosis of less than 6 months  [  9,   97–  99  ]  for 
surgery and radiotherapy. 

 Other studies, especially of recent origin, sug-
gest a more favorable prognosis for older patients, 
provided that these patients receive therapies 
comparable to younger patients. A median sur-
vival of 14.9 months was reported for a small 
series of older patients when surgery and radio-
therapy were followed by adjuvant temozolomide 
 [  100  ] . Our own results  [  90  ]  demonstrated 130 
patients beyond 60 years (median 68 years) to 
pro fi t from aggressive surgery using 5-ALA, espe-
cially in conjunction with adjuvant radiochemo-
therapy. In the former group, median survival was 
16.3 months vs. 11.2 months for older patients 
with radiotherapy only. In comparison, survival 
within the EORTC 26981 study  [  50  ]  was 
10.9 months in 83 patients older than 60 years, 
i.e., the same age group, treated by concomitant 
radiochemotherapy with adjuvant temozolomide 
(control: 11.3 months) and not increased in older 
patients. Unfortunately, speci fi cations regarding 
the type and extent of surgical treatment were 
missing in that report, and it must be assumed that 
some of these elderly patients were not treated by 
resection. If so, it is unknown what types of tech-
nical adjuncts were used and in what portion of 
patients’ gross total resections were achieved.  

   Maximizing Safety of Glioma 
Resection 

 The goal of any surgery for gliomas, given the 
available evidence, is maximal, safe cytoreduc-
tion. From a surgical point of view, safe but exten-
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sive resections of gliomas are dif fi cult to achieve, 
because these tumors are often within or in close 
proximity to eloquent areas  [  101  ] , and margins 
between tumor and brain are dif fi cult to identify, 
because of the diffuse in fi ltrative nature of these 
lesions. The impression of the surgeon regard-
ing the degree of resection, as deduced from 
his microscopic image, is often inaccurate and 
tends to overestimate the extent of surgery  [  22  ] . 
Even given the increasing knowledge regarding 
anatomical representation of function, predic-
tions of functional brain from anatomy alone are 
insuf fi cient due to distortions of brain topogra-
phy by tumor. Furthermore, in case of language 
functions, cortical representation may be highly 
variable  [  102,   103  ] , and important white matter 
tracts are virtually impossible to detect visually 
during surgery. 

 Thus, simple neurosurgery based on con-
ventional surgical microscopes and anatomical 
knowledge is not suf fi cient for safe cytoreduc-
tive therapy of gliomas. For these reasons, sur-
gical adjuncts have been explored, with the aim 
of better identifying tumor and for identifying 
functionally important brain before in fl icting 
damage. 

 Intraoperative neuronavigation is now a com-
monly available tool for intraoperative orienta-
tion  [  104  ] . Its main weakness however is brain 
shift  [  105  ] , resulting in inaccuracies as soon as 
the dura is opened and, more so, when extensive 
resections have been performed. Information 
from functional MRI and tractography can be 
integrated into neuronavigation systems; how-
ever, the user must bear in mind that functional 
MRI might have a reproducibility problems, 
especially with naming tasks  [  106  ] . Tractography 
on preoperative imaging is equally subject to 
brain shift  [  107,   108  ] . Thus, con fi dent intraopera-
tive use of neuronavigation for localizing critical 
structures requires intraoperative imaging for 
maintaining accuracy, for instance, by 3D ultra-
sound or intraoperative MRI  [  109,   110  ] . 

 Intraoperative ultrasound is a practical tool for 
assessing the extent of low-grade glioma  [  111, 
  112  ]  but has its distinct limitations in surgery for 
high-grade gliomas due to artifacts by edema and 
blood, which develop during resection  [  113  ] . 

 Finally, the last years has seen an increase in 
the use of intraoperative MRI  [  114–  116  ] .    Its 
value for optimizing resection is generally 
accepted, but its expense is a major barrier for 
many. 

 A cheaper and simpler method for intraopera-
tive is by the use of 5-ALA (Gliolan ® ) for 
 fl uorescence-guided resection.    This method has 
been approved in 2007 for malignant gliomas 
 [  23  ]  based on a randomized controlled trial. This 
trial unequivocally demonstrated that the number 
of complete resections of contrast-enhancing 
tumor could be doubled using  fl uorescence-
guided resections, which translated into a prolon-
gation of progression-free survival. With a high 
positive predictive value,  fl uorescence highlights 
contrast-enhancing malignant glioma tissue  [  82  ]  
and has potential to highlight anaplastic foci 
within otherwise low-grade lesions  [  117,   118  ] . 
Diffuse low-grade gliomas do not appear to accu-
mulate  fl uorescence; however, confocal micros-
copy has revealed individual cells in low-grade 
gliomas to contain protoporphyrin IX, the 
 fl uorescing metabolite of 5-ALA  [  119  ] . 

 None of the other methods have been tested 
in the context of a randomized trial, with the 
 exception of neuronavigation.    In a small random-
ized trial  [  120  ] , Willems and coworkers found no 
advantage in using neuronavigation for maximiz-
ing resection of contrast-enhancing lesions. One 
trial with ultra-low- fi eld MRI is ongoing  [  121  ] , 
and a preliminary report in 27 glioma patients 
has been given, indicating smaller volumes of 
residual glioma tissue in the group allocated to 
 intraoperative MRI. 

 Regarding identi fi cation and preservation of 
brain function, it is well accepted that intraopera-
tive cortical and subcortical mapping and monitor-
ing techniques, including awake craniotomies, are 
helpful and must be considered gold standard for 
preserving function in glioma surgery  [  122–  128  ] . 
In low-grade gliomas, such methods are of addi-
tional importance, since function has been observed 
within the con fi nes of glioma tissue  [  129  ] . 

 However, while the value of intraoperative 
mapping techniques appears obvious, these meth-
ods have also not been tested in the context of a 
randomized study to determine the true impact 
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on neurological safety, radicality, and outcome.    It 
is unlikely that such a study will ever be under-
taken, because the use of intraoperative monitor-
ing cannot be controlled. One retrospective 
comparison between patients operated on with 
and without intraoperative functional mapping 
 [  130  ] , however, did indicate improved survival 
and a higher degree of radicality if patients were 
operated on with intraoperative mapping. 

 Taken together, there is a plethora of intraop-
erative tools to help the surgeon to safely maxi-
mize resection, and each has its merits and 
limitations. It is crucial to remember that mere 
availability of a tool is not suf fi cient. Rather, the 
surgeon has to use the tool to its fullest potential 
in order to make a difference. In addition even the 
best tools will not replace intricate knowledge of 
neuroanatomy and immaculate microsurgical 
 technique as the basis of successful surgery.  

   Which Gliomas Are “Resectable”? 

 In light of the many advances during the last decade 
regarding intraoperative tumor identi fi cation and 
mapping, general recommendations about which 
tumors are amenable to complete resections are 
not easily made. The concept of resectability 
depends on more than just the location and size of 
the tumor. Which tumors are deemed resectable is 
a complex discussion which frequently involves 
disagreement even among specialized neurosur-
geons. To illustrate the different attitudes concern-
ing “resectability,” Fig.  9.1  gives an example of 
an insular glioma, which would be considered 
largely unresectable in many centers, but mostly 
resectable in specialized centers  [  131,   132  ] . One 
important element of resectability is the involve-
ment of “eloquent” brain. Investigators have 
attempted to categorize “eloquent” and “non-elo-
quent,” also de fi ning “near-eloquent” brain  [  34  ] . 
   “Non-eloquent” brain in that report encompassed 
frontal and temporal polar lesions, right parieto-
occipital lesions, and cerebellar hemispheres; “near-
eloquent” brain, areas near to the motor or sensory 
cortex calcarine  fi ssure, speech center, dentate 
nucleus, and brain stem or in the corpus callosum. 
“Eloquent” brain was de fi ned to encompass motor 

and sensory cortex, visual centers, speech centers, 
internal capsule, basal ganglia, hypothalamus/
thalamus, brain stem, and dentate nucleus. 

 However, such classi fi cations depend in part 
on the perception of the surgeon regarding “elo-
quent” and “expendable” brain, for instance, 
regarding the visual pathways, which are involved 
in many cases of glioblastoma. Are they expend-
able or not in the face of a malignant glioma? 
This question cannot be answered in a general 
sense. The basic consequences regarding surgery 
by subdividing the brain into “eloquent” and 
“non-eloquent” are also unclear. The use of intra-
operative mapping allows extended and safe 
resections even in regions of the brain tradition-
ally considered “eloquent” and involving lan-
guage and motor functions  [  122,   133  ] . The 
perception of “resectability” of individual tumors 
thus clearly depends on the availability of such 
methodology and experience in individual cen-
ters. Also, brain acute and long-term plasticity is 
being discussed more and more in conjunction 
with possible de fi cits by resection and makes the 
equation even more complex  [  134  ] . 

 Apart from the availability and extensive use 
of mapping techniques and location tools such as 
intraoperative imaging, other factors will also 
in fl uence the individual surgeon’s impression of 
tumors being “resectable,” for instance, a sur-
geon’s training, his personal conviction on the 
value of resection, his willingness to take risks by 
extending resections, and, last but most impor-
tant, patient preference. A decision for surgery 
and decisions on the aspired extent of surgery 
should always be based on an individual assess-
ment of risks and gains for a particular patient, 
taking the many factors into account that deter-
mine prognosis and quality of life. In young 
patients with low-grade gliomas that are diag-
nosed incidentally or after a single seizure, par-
ticular care should be taken to educate patients 
carefully, to allow truly informed decisions on 
the part of the patient. 

 The fundamental basic tenet in any form of 
glioma surgery, however, is safety.    To this end, 
surgeons should use as many technical adjuncts 
as reasonably possible, also in the  fi eld malignant 
gliomas.      
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   Principles of Radiotherapy 

 Radiation is an effective cytotoxic treatment due 
to cellular damage, principally DNA damage, 
caused when high-energy radiation interacts with 
cells. Cancer cells are less tolerant of damage 
than normal cells and are therefore selectively 

killed by this treatment.    The mechanisms by 
which cells respond to and repair radiation-
induced DNA damage have been studied in detail, 
and the differences between how cancer cells and 
relevant normal tissue cells respond are starting 
to be understood.    The principal toxic lesion fol-
lowing irradiation of nucleated cells is a double-
strand break (DSB) in DNA, and, using 
immuno fl uorescent identi fi cation of individual 
breaks localized by sites of histone H2AX phos-
phorylation, it has been shown that DSBs are 
induced in a dose-dependent manner after radia-
tion. An example of this assay in glioma cells is 
shown in Fig.  10.1 . It is also clear that unrepaired 
DSBs at relatively long times after exposure to 
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radiation correlate with cell death  [  1,   2  ] . Glioma 
cells and normal human astrocytes show a typical 
dose response using this assay, but there may be 
subtle differences in how these different cell 
types repair this damage  [  3  ] . The relevance of 
understanding this biology lies in the potential to 
increase the cytotoxic effects of radiation 
speci fi cally in cancer cells by targeting repair 
pathways unique to them or pathways which they 
exhibit an over-reliance on compared to normal 
tissue cells. The concept of synthetic lethality 
relies on this approach, in which a repair inhibi-
tor is targeted at the functioning repair processes 
that are active in tumor cells in which some repair 
capability is lost. Approaches to tumor cell-
speci fi c radiosensitization include targeting the 
processing of single-strand breaks to promote 
DSB formation at mitosis by    poly (ADP-ribose) 
polymerase (PARP) inhibition, thereby exploit-
ing the high mitotic rate of glioma cells. Tumor 
cells may also be speci fi cally reliant on certain 
repair proteins including Rad51 and on speci fi c 
cellular survival mechanisms including autophagy 
and antiapoptotic signaling  [  4–  6  ] .  

 It should be noted that, although combination 
treatment with radiotherapy and temozolomide 
chemotherapy has been shown to signi fi cantly 

improve outcome in patients with GBM  [  7,   8  ] , 
there are scant data suggesting that this is due to 
a radiosensitizing effect of this drug. Overall, 
published data from in vitro studies suggest that 
the interaction between the two agents is addi-
tive. It is also noteworthy that scheduling is rele-
vant since the cytotoxic effects of temozolomide 
are not expressed for 2–3 cell cycle times after 
administration, and sub-additivity may be seen 
when radiation is given before this  [  9  ] . 

 Although the relevant details of the molecular 
biology of DNA repair are still being investigated 
in order to identify new targets for treatment, it is 
well established in clinical studies that, in order 
to preserve an optimal therapeutic ratio, large 
total radiation doses are better tolerated when 
delivered as a series of small doses given 5 days 
per week. This allows normal tissue, which is 
less able to tolerate large single doses, to repair 
and regenerate following treatment. Hence, a 
standard radiotherapy regime is given as daily 
doses (fractions) of around 2 Gy, and a radical 
dose (around 60 Gy) is achieved during a 6-week 
treatment course. In circumstances where normal 
tissue is excluded from the treatment  fi eld, larger 
doses per day or single large doses as delivered in 
radiosurgery may be tolerated.  

   Radiotherapy Side Effects 

 Despite optimization of imaging for target 
de fi nition and highly complex radiotherapy deliv-
ery methods, there are very few circumstances in 
which non-tumor tissue can be totally excluded 
from exposure to radiation during treatment. For 
brain cancers, the relevant normal tissues are skin 
and hair on the scalp, non-involved eloquent 
brain, optic and auditory apparatus, pituitary 
gland, and cerebral vessels, all of which show 
dose-dependent expression of radiation toxicity 
which is apparent in a time course which depends 
on the biology of the tissue involved. Radiotherapy 
side effects are conventionally grouped by the 
time at which they are expressed into early and 
late effects. In brain, an additional set of toxici-
ties may be expressed at an intermediate time, 
known as delayed early effects and principally 

  Fig. 10.1    Cell nuclei stained with DAPI ( Blue stain ) and 
with a  fl uorescent antibody directed against the phospho-
rylated protein H2AX, which locates individual double-
strand breaks on DNA       
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manifesting as a somnolence syndrome  [  10  ] . 
True early toxicity includes hair loss and skin 
erythema, which occur within 3–4 weeks of com-
mencing treatment. Late effects occurring many 
years after treatment completion include pituitary 
hormone failure, damage to visual and auditory 
pathways, and cognitive de fi cit. Radionecrosis, a 
radiation-induced pathology in normal brain, can 
occur at a range of time points between 6 months 
and several years after treatment. In much longer 
time frames, radiation-induced tumors—most 
commonly meningioma—are known to occur 
and, rarely, radiation-induced malignant tumors 
including glioma and sarcoma  [  11,   12  ] . Late 
effects of radiation on vasculature lead to 
increased risk of cerebrovascular accident. 

 Mechanisms of late toxicity are thought to be 
related to damage to the endothelial as well as the 
glial compartment in the central nervous system 
(CNS)  [  13,   14  ] . The majority of cells within the 
CNS are postmitotic and therefore not expected 
to exhibit sensitivity to radiation. The most sensi-
tive differentiated cell type in the CNS is the oli-
godendrocyte population; hence, demyelination 
occurs following relatively low radiation doses 
and may account for some of the observed toxic-
ity  [  15  ] . In the glial compartment, it has become 
clear recently that, even in adults, a population of 
stem-like cells exists in the CNS with regenera-
tive potential. These cells inhabit very speci fi c 
anatomic and biological niches in the CNS and 
are thought to be particularly sensitive to radia-
tion. Anatomically, they have been located in 
periventricular and hippocampal regions although 
it is not clear if these are the only sites where 
these populations can reside. Biologically, these 
cells inhabit a relatively hypoxic environment in 
close relation to cerebral vasculature. Current 
models of late toxicity following radiotherapy to 
brain include the effects of loss of these cells, 
which may account for changes in cognitive func-
tion including memory de fi cits. In rodent models, 
loss of these cells is associated with cognitive 
de fi cit following exposure to radiation, and stud-
ies are ongoing to address whether speci fi cally 
excluding stem cell-rich areas from radiation 
may reduce these long-term side effects. It is a 
concern that in the few clinical data sets that have 

related dose to stem cell areas to the expression 
of cognitive de fi cit, suggest that these effects are 
sensitive to very low doses  [  16  ] . 

 To date, late effects of radiotherapy have been 
resistant to treatment. Hyperbaric oxygen and 
steroids have been investigated as a treatment 
modality for radionecrosis, but evidence in favor 
of their utility for brain lesions is limited  [  17  ] . 
Interestingly, some recent data suggest that the 
antiangiogenic agent bevacizumab may amelio-
rate brain radionecrosis in some patients  [  18  ] . 

 Equally relevant are data pointing to interac-
tions between radiotherapy and new agents that 
are coming in to use as concomitant or adjuvant 
treatment. Recent clinical studies provide some 
information suggesting that concomitant vascular 
endothelial growth factor (VEGF) inhibition may 
increase risk of optic neuropathy in patients 
treated for glioblastoma  [  19  ] . These data under-
line the importance of careful translational stud-
ies to address potential interactions of these 
agents in normal tissue as well as tumor models.  

   Developments in Radiotherapy 
Technology 

 The radiotherapy  fi eld has developed rapidly in 
the last few years as the technology available to 
deliver more accurate,  fl exible, and conformal 
treatment has become reality. The overall aim of 
this technological development is to achieve an 
improved therapeutic ratio, by limiting dose to 
non-tumor tissue and/or increasing the dose 
delivered to the tumor. This relies on optimiza-
tion of radiotherapy delivery in 3-dimensional 
space and of very accurate de fi nition of tumor 
and normal tissue in relation to the treatment 
beam. 

   Radiosurgery 

 Radiosurgery describes the use of highly focused 
radiotherapy, usually administered in a single 
dose with the aim of producing local tumor or 
tissue ablation. As discussed above, the limited 
potential of normal tissue to recover from large 
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single radiation doses limits the applicability of 
this approach to small, well-de fi ned targets in 
situations in which local normal tissue can be 
effectively excluded from the high-dose region. 
Historically, radiosurgery has been most com-
monly delivered using cobalt-based technology 
(Gamma Knife) in which multiple sources are 
targeted at a single point, producing a very high 
dose at the intersection of the radiation beams 
(isocenter) with a steep dose fall-off beyond. This 
delivers high, nonhomogenous dose through the 
target volume, resulting in ablation of irradiated 
tissue. The biology of these effects is very differ-
ent to fractionated treatment more commonly 
used for tumor treatment, and the very high dose 
probably predominantly affects the vasculature. 
It has been demonstrated in preclinical studies 
that a hierarchical dose response may pertain in 
these circumstances, such that above certain dose 
levels, most effect is driven through apoptosis in 
endothelium  [  20  ] . 

 In many oncological indications, delivery of 
ablative doses to small, well-de fi ned lesions is 
not relevant as, particularly in glioma, the tumor 
volume is poorly de fi ned due to the in fi ltrating 
nature of the disease and the target volumes are 
usually relatively large. Radiosurgery is therefore 
not commonly used for this indication although 
may be relevant in speci fi c situations including 
re-treatment (discussed below). Radiosurgery is a 
standard approach to treating brain metastases as 
these lesions are well-de fi ned small targets. 
Clinical studies that have addressed radiosurgery 
as a method to deliver boost doses to high-grade 
gliomas by targeting subregions to higher total 
doses have not demonstrated an advantage to this 
approach  [  21,   22  ] .  

   Image-Guided Radiotherapy 

 Accurate radiotherapy delivery depends critically 
on imaging information. Magnetic resonance 
imaging (MRI) remains the standard imaging 
modality in brain since it provides best anatomic 
detail and gives most information regarding ana-
tomical disruption due to tumor. For radiotherapy 
planning, MRI data are overlaid onto computed 

tomography (CT) information, taken with the 
patient in the treatment position, as shown in 
Fig.  10.2 . Conventionally, the gross tumor volume 
is de fi ned for high-grade tumors by the gadolin-
ium-enhancing region, and the additional margin 
for clinical target, which is also included in the 
high-radiation-dose region, is de fi ned by 
T2-weighted MRI or  fl uid attenuated inversion 
recovery (FLAIR) signal, representing areas of 
edema and/or in fi ltration. In non-enhancing low-
grade tumors, T2 or FLAIR signal is used to de fi ne 
gross target volume, and a further margin is added 
to encompass likely in fi ltration beyond this  [  23  ] . 
In all circumstances, an additional volume has to 
be treated to take account of variability in patient 
setup from day-to-day and inherent uncertainties 
in de fi nitions of structures on imaging. This  fi nal 
margin (PTV) adds a signi fi cant volume to the 
region that is exposed to high doses and can only 
be reduced by reducing setup variation and/or 
improving day-to-day visualization of the target. 
A typical radiotherapy plan is shown in Fig.  10.3 .   

 Image-guided radiotherapy aims to reduce the 
uncertainties in target de fi nition and patient setup 
by using integrated imaging platforms that allow 
repeated imaging data sets to be captured and 
related to the radiotherapy treatment plan. For 
brain cancer, this relies on either X-ray imaging, 
while the patient is on the treatment bed or cap-
turing CT data close to the treatment period. This 
provides good quality information on skull bony 
anatomy in three dimensions (3-D), which, in the 

  Fig. 10.2    A patient immobilized in a treatment shell 
undergoing a computed tomography scan for radiotherapy 
planning       
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absence of signi fi cant change in soft tissue 
 geometry during treatment, can be related to pre-
viously recorded MRI data. In the most advanced 
technology solutions, imaging data are captured 
in real time during treatment delivery, and varia-
tions in setup are corrected by coordinating 
patient positioning, for example, on a robotically 
controlled couch with radiation beam delivery. A 
linear accelerator with integrated imaging capa-
bility is shown in Fig.  10.4 .   

   Stereotactic Radiotherapy 

 An alternative and complementary approach uti-
lizes very accurate patient positioning to over-
come a major element of uncertainty in setup. 
Historically, frame-based systems associated 
with  fi ducial markers to provide 3-D reference 
points (originally developed for neurosurgery) 
have been used in this context. The advantages of 

this system are that the rigid frame reduces setup 
variation to a few millimeters; however, invasive 
systems where the frame is located by titanium 

  Fig. 10.3    A dose contour map for radiotherapy of a brain tumor target with the target outlined in  red  and dose contours 
represented by different colors as indicated       

  Fig. 10.4    A linear accelerator for delivery of external 
beam radiotherapy. The patient bed is positioned below 
the head of the machine, and integrated imaging panels 
for image-guided treatment are re fl ected back at either 
side       
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screws in the skull are not practical for more than 
a single treatment, and mouth-bite-based systems 
are not always well tolerated. Frameless stereot-
actic approaches are becoming more common, in 
which real-time imaging replaces the necessity 
for rigid positioning.  

   Intensity-Modulated Radiotherapy 

 Three-dimensional imaging and evaluation of 
dose distribution overlaid on CT and MRI data 
has been standard practice in brain cancer radio-
therapy for many years and is capable of accu-
rate, conformal treatment for many tumor types. 
The limitations of this approach are apparent 
when complex 3-D targets are de fi ned or when 
radiosensitive organs at risk of radiation damage 
(OAR) are located in concavities close to tumor. 
In these circumstances, 3-D conformal treatment 
cannot deliver high doses to tumor and spare nor-
mal tissue. In brain, this is particularly relevant 
when high doses need to be delivered to regions 
close to the posterior orbit and skull base. 
Intensity-modulated radiotherapy (IMRT) deliv-
ers treatment using dynamic modulation of the 
radiation beam in 3-D; as the beam exits the treat-
ment machine, it can be modulated using multi-
leaf collimators that are moved within the beam 
path. This permits much more complex shapes to 
be treated in a more highly conformal way and 
speci fi cally enables dose to be delivered around 
concave structures. 

 The applicability of IMRT for treatment of 
brain cancers has been evaluated in clinical and 
dosimetric studies, which show that it can be used 
to target these tumors effectively  [  24,   25  ] . 
Disadvantages include longer treatment time and 
higher whole-body dose, although these can be 
reduced by further developments in technology 
including approaches in which IMRT is delivered 
more rapidly in an arc mode.   

   Radiotherapy for High-Grade Glioma 

 Radiotherapy remains a central treatment modal-
ity in high-grade glioma following maximal deb-
ulking surgery. The data published some time ago 

established that the addition of radiotherapy adds 
signi fi cantly to outcome in this disease, and this 
has been con fi rmed by more recent meta-analy-
sis; however, the exact contribution in disease 
subtypes is yet to be completely resolved  [  26  ] . 

 In glioblastoma multiforme (GBM), the com-
monest adult high-grade glioma, the addition of 
radiotherapy contributes signi fi cantly to survival. 
Data from recent large studies con fi rm that, in 
patients under 70 with performance status 
(PFS) > WHO grade 70, median survival follow-
ing surgery and radiotherapy is around 1 year. 
These data do not take account of subgroups of 
patients that may have different prognoses based 
either on clinical or molecular pathology 
classi fi cation. The relevance of radiotherapy to 
older patients with GBM has been addressed in 
separate studies, and these con fi rm the advantage 
of radiotherapy in this age group  [  27  ] . Whether 
radiotherapy or chemotherapy with, for example, 
temozolomide is the most effective treatment for 
these patients remains a matter of debate since 
the trial data are somewhat contradictory and a 
high incidence of grade 3 and grade 4 toxicities 
following temozolomide in some studies is a 
concern  [  28  ] . 

 It is interesting that the most widely used 
molecular diagnostic,    O(6)-methylguanine-DNA 
methyltransferase (MGMT) promoter methyla-
tion, initially investigated as a biomarker for sen-
sitivity to temozolomide, also seems to predict 
for a better outcome in patients treated with 
radiotherapy alone. This suggests that this molec-
ular characteristic may actually represent a prog-
nostic category in this patient group  [  29  ] . 

 Many attempts have been made to improve the 
effects of radiotherapy in this patient group. 
These have included dose escalation studies using 
boost doses with external beam radiotherapy, 
radiosurgical techniques, or brachytherapy with 
implantable radiation sources. None of these have 
shown de fi nitive improvement in survival, but 
several studies have reported a high incidence of 
radionecrosis when doses >60 Gy are delivered 
to signi fi cant volumes of normal brain  [  30–  33  ] . 

 Biological approaches to dose escalation have 
also been investigated including hypoxic cell 
sensitization, S-phase sensitizing drugs, and 
hyperfractionation using more than one dose of 
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radiation per day. Unfortunately, these approaches 
failed and may have been partly limited by the 
imaging and radiotherapy technology available at 
the time. 

 As discussed above, radiotherapy technology 
is changing rapidly, and the full impact of new 
delivery techniques now available have not yet 
been widely investigated in this patient group. It 
should be stated that, in view of the rather short 
prognosis for many patients with this diagnosis, 
more resource-intensive radiotherapy modalities 
may be harder to justify; nevertheless, there is 
evidence that we are beginning to be able to iden-
tify better prognostic subgroups in whom best 
use of technology would be appropriate includ-
ing, for example, patients with high-grade tumors 
that harbor the IDH1 mutation  [  34  ] . 

 In other high-grade astrocytic tumors, radio-
therapy is of equally signi fi cant importance in 
treatment. In anaplastic astrocytoma (WHO 
Grade III astrocytoma), maximal surgery fol-
lowed by external beam radiotherapy remains 
standard treatment. Whether combined modality 
treatment will improve outcome further as it has 
in GBM remains to be seen, and relevant studies 
are ongoing. In these patients, who are often 
younger than the GBM cohort, with longer 
median survivals, use of optimized radiotherapy 
delivery may be justi fi able  [  35  ] . 

 In oligodendroglial tumors, radiotherapy has 
been a mainstay of treatment for many years, 
and it is now clear that these patients, speci fi cally 
those with the common genetic alteration of 
LOH    1p/19q, represent a good prognostic sub-
group who do well with treatment using either 
radiotherapy or chemotherapy. The scheduling 
of different treatments remains open to debate, 
as there is no clear evidence that which modality 
used as primary treatment affects the overall out-
come and most patients will have both during 
the course of their disease. One issue to bear in 
mind is that younger patients may be better 
advised to delay radiotherapy if there is concern 
regarding cognitive decline and that patients 
with very large volume tumors may do better 
with  fi rst-line chemotherapy in order to avoid 
treating very large target volumes with radio-
therapy which will inevitably put more normal 
tissue at risk of toxicity.  

   Re-treatment with Radiotherapy 
at Relapse 

 There has been a resurgence of interest recently 
in using new radiotherapy technology to deliver 
second course of radiotherapy to patients with 
high-grade gliomas at relapse. This may be par-
ticularly appropriate in patients who have 
small-volume disease, a time interval since ini-
tial treatment of more than 1 year, and chemore-
sistant disease. In these circumstances, 
re-treatment with focal radiotherapy to doses 
equivalent to 50 Gy may be tolerated and in 
many single center, non-randomized studies 
has been associated with progression-free sur-
vival in the region of 6–9 months  [  36  ] . The 
radiobiology predicting risk of radionecrosis in 
this setting is not fully de fi ned however, so 
these patients need to be carefully selected. 
This approach has not been tested in a random-
ized study and is critically dependent on how 
the remaining tumor target volume is de fi ned. 
In this context, the use of amino acid positron 
emission tomography (PET) is the subject of 
ongoing investigation  [  37  ] .  

   Radiotherapy for Low-Grade Glioma 

 Management of low-grade glioma remains con-
troversial although it is clear that not all of these 
patients require immediate treatment. Surgery 
may be appropriate in a carefully selected pro-
portion, but radiotherapy remains a standard 
approach in those deemed to need treatment and 
who are not suitable for radical surgery. A recent 
European study has addressed whether chemo-
therapy with temozolomide is as effective as 
radiotherapy as  fi rst-line treatment in these 
patients, but the results are not yet available. 
The limitations of radiotherapy in this patient 
group are often the extensive nature of these 
tumors, meaning that large volumes of brain 
need to be treated and the relatively young age 
at which these patients often need treatment 
 [  38  ] . It is not established that these tumors 
require such high doses as those used in high-
grade tumors, and large studies have not demon-
strated a dose response between 45 and 60 Gy 



168 S.C. Short

 [  39  ] . In principle, the lowest effective dose is 
recommended, and many centers treat to doses 
between 50 and 55 Gy.  

   Radiotherapy for Brain Metastases 

 Brain metastases are a far commoner malignant 
diagnosis in adult patients than primary brain 
tumors. The true incidence can be dif fi cult to 
ascertain since the primary tumor is more often 
recorded as cause of death; however, there are 
recent data suggesting a very signi fi cant increase 
in incidence of this diagnosis. This is likely to 
be due in part to better diagnostic imaging as 
well as a higher proportion of patients with com-
mon tumors who are living longer with good 
control of systemic disease, leading to com-
moner diagnosis of brain relapse  [  40  ] . These 
patients are therefore becoming a commoner 
indication for radiotherapy and represent a 
group in which new approaches to radiotherapy 
may be relevant. 

 Historically, radiotherapy for brain metastases 
has been given in a palliative context, usually as a 
short course of whole brain radiotherapy. Typical 
doses of 20 Gy in 5 fractions or 30 Gy in 10 frac-
tions have been used with little evidence to sug-
gest that any speci fi c regime is signi fi cantly more 
effective  [  41  ] . Partly as a result of the changing 
epidemiology of brain metastases, as a better per-
formance status cohort presents for treatment, the 
approach to this disease is changing, with more 
use of radiosurgery as a management option, as 
described above. It is also apparent that the prog-
nosis for this patient group as a whole is chang-
ing and that many patients may survive a year or 
more, hence raising concerns about long-term 
toxicity of radiotherapy. 

 Few studies have investigated the late side 
effects of radiotherapy in a prospective manner in 
these patients, and even fewer have collected 
these data alongside quality of life. It is a concern 
that in some recently published data sets there 
seems to be a correlation between use of whole 
brain radiotherapy and signi fi cant cognitive 
decline in good prognosis patients  [  42  ] . It should 

be stated though that these data are based on a 
rather speci fi c element of neuropsychological 
testing, focusing on verbal memory, tested at lim-
ited time points, and there are no associated qual-
ity of life data, so it is not possible to evaluate the 
full impact on these patients. It is also noteworthy 
that in another prospective study that evaluated 
neurocognitive end points, although they also 
documented a decline in verbal memory, this was 
not associated with a reduction in quality of life 
 [  43  ] . Therefore, the impact of whole brain radio-
therapy on important toxicities in this group is 
still a matter of debate. 

 The impact of whole brain radiotherapy 
(WBRT) when given in addition to surgery or 
radiosurgery has recently been addressed in a 
large European study. These patients, with 1–3 
metastases and controlled systemic disease, were 
randomized to whole brain radiotherapy or sur-
veillance after initial treatment with either sur-
gery or radiosurgery  [  44  ] . The survival data 
clearly show that WBRT does not lengthen sur-
vival in these patients who have had radiosurgery 
or surgery. WBRT was associated with a reduced 
incidence of local recurrence in brain, but this did 
not impact on independent living. These data 
con fi rm that whole brain radiotherapy cannot be 
justi fi ed in the patient group in terms of survival 
improvement, and detailed quality of life data 
from this study are awaited. It should be noted 
however that previous data have suggested that 
surgery in addition to WBRT may improve sur-
vival in the cohort of patients with a solitary 
metastasis  [  45  ] . This information has led to an 
increased use of local treatment with surgery or 
radiosurgery in good prognosis patients with 
oligometastases. 

 As discussed above, the stem cell model is 
also in fl uencing the approach to radiotherapy in 
this patient group since techniques such as arc-
delivered IMRT can be used to treat whole brain 
and exclude potential stem cell-rich areas, which 
may be involved in the pathogenesis of cognitive 
decline after treatment  [  46  ] . Whether this 
approach is associated with reduced cognitive 
impairment and equivalent local control is the 
subject of ongoing investigations.  
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   Future View 

 It is clear that radiotherapy is likely to remain a 
central treatment modality for many patients with 
primary and secondary brain tumors. It is likely 
that the technology will continue to develop and 
allow increasingly accurate delivery in 3-D space 
and for dose modi fi cation in real time. In combi-
nation with new imaging techniques, it is also 
foreseeable that more individualized treatment 
will be possible, taking into account biomarkers 
of tumor biology to design dose distribution. 
Optimized combination treatment will need to 
take into account what can be achieved with 
radiotherapy to further improve outcomes for 
these patients.      
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  Abstract 

 Glioblastoma multiforme ( GBM ) is a devastating disease at any age. 
However, GBM has traditionally been associated with particularly poor 
outcomes in  elderly  patients, with reported median survival time of just a 
few months typical in many case series. The reasons for this are not entirely 
clear, but it has been suggested that the elderly are generally frailer and 
less able to cope with the  toxicity  associated with standard treatment 
approaches to GBM, notably  surgery  and  radiotherapy . This may explain 
why single-modality therapy or best supportive care only becomes increas-
ingly common with advancing age. More recently, however, there has been 
speculation that GBM may be a biologically more aggressive disease in 
the elderly and perhaps inherently more resistant to radiation. This has yet 
to be con fi rmed but has provoked interest in understanding precisely why 
age has such a negative effect on survival at a time when a signi fi cant 
increase in numbers of elderly GBM patients is predicted due to an aging 
population. Interestingly, since the introduction of the Stupp protocol, 
which promotes the use of  chemoradiotherapy  post surgical resection, 
several reports have emerged indicating that elderly patients can tolerate 
aggressive multimodality therapy with impressive median survival times 
of over a year in some cases. However, it is important to point out that 
 patient selection  is likely to be critical and the results in these series cannot 
be extrapolated to the general elderly population. Unsurprisingly, the gold 
standard treatment of GBM in the elderly has yet to be determined. 

      Managing the Elderly Patient       

     Kathryn   Graham     and    Anthony   J.   Chalmers          
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   Introduction 

 Glioblastoma (GBM) is an incurable and devas-
tating malignancy, the incidence of which 
increases with age. Despite a modest improve-
ment in overall survival from this disease in the 
past 20 years, stemming from advances in diag-
nostic and therapeutic techniques, the median 
survival of patients with GBM remains poor and 
is at best 14–18 months  [  1,   2  ] . Elderly patients, 
however, fare even worse and it has long been 
recognized that age is the single most important 
prognostic factor in GBM. Why this should be 
the case has been the subject of much debate for 
many years and, indeed, remains a controversial 
issue today. It has been suggested that the inferior 
outcomes seen in older patients are simply a 
result of less aggressive treatment or withholding 
treatment, most likely due to concerns over abil-
ity to cope with therapy and/or fear of inducing 
signi fi cant toxicity. A number of large popula-
tion-based studies certainly concur with this 
viewpoint and demonstrate different patterns of 
care in elderly GBM patients compared with 
younger adults. As researchers achieve a greater 
understanding of the molecular basis of primary 
brain tumors, however, evidence is emerging that 
GBM may be a biologically different disease in 
the elderly. This may explain, or at least partly 
explain, why the prognosis in elderly patients is 
poor even in the context of multimodality ther-
apy. Unsurprisingly, the gold standard treatment 
of GBM in the elderly has yet to be determined. 
Important factors have been the tendency for key 

studies in GBM to be limited to patients below a 
certain age and the culture of nihilism that has 
surrounded the management of these patients in 
many centers. There is now a call for a consensus 
approach to the management of GBM in the 
elderly, especially as the population is aging and 
clinicians are facing the prospect of treating a 
progressively older cohort of patients.  

   De fi nition of Elderly 

 The treatment of cancer in the elderly is of increas-
ing importance in oncology. However, the de fi nition 
of “elderly” can vary from study to study and from 
clinician to clinician. Historically, the term 
“elderly” was linked to the age of eligibility for 
retirement bene fi ts, typically 65 years. Accordingly, 
a cutoff of 65 years has traditionally been the norm 
for geriatric medicine. As the life expectancy of 
the population continues to increase, however, a 
new de fi nition of elderly may need to be sought. 
Some authors have advocated a distinction between 
the “young old” (65–74 years), the “older old” 
(75–84 years), and the “oldest old” (>85 years)  [  3  ] . 
In keeping with the changes in population dynam-
ics, some recent GBM studies have included 
patients up to the age of 70 years rather than 
65 years, most notably the pivotal Stupp trial  [  1,   2  ] . 
Until a revised de fi nition has been agreed, there 
will continue to be discrepancies in establishing 
the upper age limits for clinical trials in GBM. For 
the purposes of this review, the term “elderly” 
refers to patients aged 65 years and above.  

As such, a number of  clinical trials  have been developed to speci fi cally 
answer this question in patients over the age of 70, a group that has previ-
ously been excluded from pivotal trials in GBM. It is hoped that these 
studies will pinpoint clinical and/or molecular  prognostic factors  that will 
guide treatment of the individual elderly patient with the optimal 
 combination of therapy.  

  Keywords 

 Glioblastoma multiforme (GBM)  •  Elderly  •  Toxicity  •  Surgery  
•  Radiotherapy  •  Chemoradiotherapy  •  Patient selection  •  Clinical trials  
•  Prognostic factors      
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   Epidemiology of GBM in the Elderly 

 Approximately 50 % of cases of GBM occur in 
patients aged >65 years  [  4  ] . While this propor-
tion is likely to rise because of the aging popula-
tion, there has been speculation that the actual 
incidence of GBM in the elderly is also increas-
ing. In 1990 the National Cancer Institute pub-
lished a report detailing a marked increase in the 
incidence of primary brain tumors in the elderly, 
including GBM  [  5  ] . This apparent increase was 
later attributed to an improvement in cancer 
detection, owing to more widespread use of imag-
ing in older patients  [  6  ] . This explanation has not 
been universally accepted, especially as another 
series has also illustrated an increase in the age-
adjusted incidence of GBM  [  7  ] . It is important to 
remember that discrepancies in local practice 
may mean that a rise in the number of cases may 
not necessarily be re fl ected in referral patterns to 
all tertiary treatment centers. Conversely, as pub-
lic expectations of healthcare provision continue 
to rise, more patients may be referred who would 
previously have been managed conservatively.  

   Pathology of GBM in the Elderly 

 The last 10–15 years has seen many excit-
ing molecular developments in brain tumor 
pathology, most notably the discovery of the 
prognostic and predictive power of loss of 
 heterozygosity of 1p19q in oligodendroglioma 
 [  8–  13  ]  and the prognostic value of methylation 
of the O6-methylguanine-DNA methyltrans-
ferase (MGMT) promoter in GBM  [  14  ] . It has 
been suggested that these and other markers of 
glioma biology may be affected by age. Indeed, 
GBMs arising in the context of a previously diag-
nosed lower-grade glioma (secondary GBM) 
have a better prognosis than primary GBM, and 
the incidence of secondary GBM decreases with 
age. This correlates with the observation that the 
IDH-1 mutation that is commonly found in low-
grade gliomas is not detected in the elderly  [  15  ]  
and has been proposed as a possible explanation 
for the poorer outcomes seen in older patients. 
However, secondary GBMs account for no more 

than 10 % of all cases  [  16  ] , so this hypothesis 
is unlikely to account for the overall disparity in 
survival between younger adults and the elderly. 
Furthermore, a relatively recent analysis showed 
no difference in the prognosis of primary versus 
secondary GBMs once age-adjusted analysis was 
performed  [  16  ] . 

 Following on from these  fi ndings, a potential 
correlation between age and biological aggres-
siveness in primary GBMs has been investigated 
in a number of clinicopathological series. Initial 
studies focused primarily on markers of prolifer-
ation and/or histological features and generated 
either negative or con fl icting results  [  17–  20  ] . 
Recently there has been interest in more sophisti-
cated chromosomal/molecular analysis, particu-
larly the signi fi cance of epidermal growth factor 
receptor (EGFR) ampli fi cation and MGMT 
methylation. The data regarding patterns of 
EGFR expression and outcome in GBM accord-
ing to age is confusing (reviewed in  [  21  ] ), but 
there is some evidence to suggest that MGMT 
may in fl uence prognosis in older as well as 
younger adults. This will be discussed in more 
detail in the next section.  

   The Effect of Age on Prognosis in GBM 

 The single most important prognostic factor in 
GBM is age. Survival in GBM begins to decline 
at the age of 45 and decreases dramatically 
thereafter  [  16,   22  ] . Patients over the age of 65 
have a 2-year survival of less than 5 % in his-
torical series compared to over 20 % in patients 
below 50 years. Data from numerous retrospec-
tive, prospective, and epidemiological studies 
corroborate these  fi ndings  [  16,   23,   24  ] . In both 
the original and the recently updated Radiation 
Therapy Oncology Group (RTOG) recursive par-
titioning analyses (RPA) for patients with high-
grade glioma, age over 50 years was the clinical 
factor with the greatest predictive signi fi cance for 
survival  [  25,   26  ] . However, determining an exact 
cutoff age above which prognosis is so poor as to 
justify the withholding of treatment is dif fi cult. 
Recommendations vary according to the statisti-
cal model applied and do not take into account 
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variability between patients. Indeed, a recent case 
series reported good outcomes in a small number 
of GBM patients treated aggressively who were 
all over the age of 80 years  [  27  ] . 

 If selected elderly patients can respond favor-
ably to treatment for GBM, why is the general 
prognosis reported for larger elderly cohorts so 
poor? It is unlikely that there is a single answer to 
this question and the evidence to date suggests that 
the reasons for adverse outcomes in this group are 
multifactorial. One of the major discriminators of 
prognosis in the RPA analyses was performance 
status  [  25,   26  ] , and it is not entirely surprising to 
 fi nd that elderly patients with GBM tend to have 
a poorer level of functioning, both physically and 
cognitively. This can be at least partly explained 
by medical comorbidities, the incidence and 
severity of which increase with advancing age. 
However, it has also been suggested that older 
patients present with larger tumors  [  28  ] , possibly 
as a result of age-related cerebral atrophy provid-
ing increased scope for tumor growth prior to 
the development of raised intracranial pressure. 
Tumor size has previously been correlated with 
reduced survival in both low-grade and high-
grade gliomas  [  29,   30  ] . An example of GBM 
arising in the brain of an elderly patient is shown 
in Fig.  11.1 . Regardless of whether the patient’s 
poor performance status is attributable to tumor 
burden or comorbid medical conditions, frail 
patients have limited physiological reserve and 
are less likely to tolerate surgical and oncological 
interventions. Yet, not all elderly patients are frail 
and in fi rm. It is unclear why  fi t older patients still 
fare worse than their younger counterparts. Three 
main reasons have been put forward: reluctance 
to treat the elderly patient, increased resistance 
to chemotherapy and/or radiotherapy, and height-
ened treatment-related toxicity.  

   Age and Patterns of Care in GBM 

 It is widely recognized that older age may be an 
obstacle to receiving optimal medical care, par-
ticularly in oncology. Studies in women with 
breast cancer, for example, have demonstrated 
that elderly patients have reduced access to 

 informational support at  fi rst diagnosis  [  31  ]  and 
that this discrepancy follows through to lower 
referral rates to hospice/palliative medicine ser-
vices at the end of life  [  32  ] . It is therefore impor-
tant to question whether patterns of care differ 
between younger and older patients with GBM 
and, if so, whether the disparities are large enough 
to in fl uence survival outcome. To this end, a 
number of large epidemiological studies com-
prising several 1,000 patients with GBM have 
been published. To date there is no evidence to 
support the existence of either a delay in diagno-
sis in the elderly  [  33–  35  ]  or a prolongation in the 
time between diagnosis and treatment  [  34  ] . This 
indicates that the elderly are not disadvantaged at 
the points of diagnosis or initiation of treatment. 

 The current standard of care for GBM, as estab-
lished in the National Cancer Institute of Canada 
(NCIC) and the European Organization for the 
Research and Treatment of Cancer (EORTC) 
collaborative trial, is maximal surgical debulk-
ing followed by concurrent chemoradiotherapy 
and maintenance of temozolomide for 6 months 
 [  1,   2  ] . However, several large population-based 
analyses indicate that the probability of receiving 
multimodality therapy is reduced with increas-
ing age and, in fact, patients over the age of 65 
are signi fi cantly more likely to receive no treat-
ment at all  [  16,   33,   34,   36–  44  ] . For example, 
in a review of 715 adult GBM cases in Zurich, 
Switzerland, Kita et al. noted that best support-
ive care was often the only treatment offered to 
older patients and this increased with advancing 
age. Here, 27 % of patients aged 55–64 received 
supportive care only, compared with 44 % of 
those aged 65–74 and 75 % of those aged over 
75 years  [  40  ] . In the case of elderly patients who 
do receive treatment, surgery rates are generally 
much lower, and they are more likely to have a 
biopsy as opposed to a de fi nitive surgical proce-
dure  [  36,   38  ] . Radiotherapy rates are also notably 
lower in elderly cohorts: approximately 65 % in 
patients over 70  [  39  ]  compared with over 90 % 
in younger adults  [  44  ] . A population-based study 
of over 3,000 GBM patients in Ontario, Canada, 
demonstrated that increasing age was also asso-
ciated with lower mean radiation dose  [  38  ] . The 
most recently published United States-based 
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a b

c d

  Fig. 11.1    Appearance of glioblastoma in an elderly 
brain. Contrast-enhanced T1-weighted ( a  and  b ) and 
FLAIR ( c  and  d ) MR images of the brain of an 81-year-
old lady with presumed glioblastoma of the left parietal 

lobe. Note the presence of cerebral atrophy and abnor-
malities on FLAIR sequence suggestive of ischemic 
changes in the normal brain       
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Surveillance, Epidemiology and End Results 
(SEER) Program analysis, which reported on 
almost 3,000 patients over the age of 70 years 
treated between 1993 and 2005, demonstrates 
that this pattern of less aggressive treatment is not 
changing over time. While a higher proportion of 
patients in this study received some type of treat-
ment, this was mainly single modality; less than 
half were treated with both surgery and radiother-
apy  [  39  ] . Given that the addition of temozolo-
mide chemotherapy to radiation has only become 
standard practice within the last 5 years, accurate 
data on patterns of care with respect to the use of 
chemotherapy are not yet available. 

 As these large studies were predominantly 
conducted in North America, it is important to 
consider the possibility that a  fi nancial barrier to 
medical treatment may exist for some patients. 
However, the SEER database is linked to 
Medicare, the health insurance provider for well 
over 90 % of elderly patients in the United States 
 [  45  ] , so it is unlikely that discrepancies in treat-
ment according to age are due to disparities in 
access to healthcare. This is reinforced by the 
 fi ndings of the Swiss cohort where 82 % of 
patients below the age of 65 years received active 
treatment (surgery followed by radiotherapy, sur-
gery alone, or radiotherapy alone) as opposed to 
47 % of patients above the age of 65 years despite 
the fact that Switzerland has a sophisticated 
healthcare system with unrestricted access  [  40  ] . 
Similarly, the German study by Lutterbach et al. 
remarked that access to healthcare was not 
 determined by age  [  34  ] . 

 These studies undoubtedly provide a valuable 
insight into the lower uptake (or offering) of 
treatment with advancing age and emphasize that 
this is a worldwide phenomenon. However, it is 
dif fi cult to conclude that “inadequate treatment” 
is entirely responsible for poorer survival. This is 
especially relevant as not all groups collected 
data on survival. Interpretation of the data is also 
limited by lack of information on performance 
status and/or medical comorbidity. Another major 
drawback of these studies is that variations in 
referral patterns to tertiary treatment centers 
mean that they might not have included all 
patients with GBM. Thus, the proportion of 

patients receiving no treatment may actually be 
underestimated. In summary, there are clear age-
related differences in the management of GBM 
patients, and this is probably re fl ected in the 
poorer outcome seen in elderly GBM patients, 
but it is highly likely that additional factors are 
also involved.  

   Age and Treatment Resistance in GBM 

 A factor that has been mooted as a potential rea-
son for lower rates of radiotherapy uptake in the 
elderly is the apparent shortened survival advan-
tage when compared with adult GBM patients 
 [  46–  48  ] . While this difference could be partly 
explained by death due to other causes, it has also 
been suggested that age may in fl uence the radio-
sensitivity of primary brain tumors. Some groups 
have attempted to address this by quantifying the 
radiological response of GBM to radiotherapy in 
younger versus older adults  [  49–  51  ] . Using a 
simple assessment scale in patients who had mea-
surable disease, age was found to be a predictor 
of poorer radiological response to radiation, 
although most of the imaging techniques would 
now be considered outdated. In addition, both 
performance status and extent of surgical resec-
tion were independent prognostic factors, which 
suggests inherent selection bias. It seems unlikely 
that age itself is a pivotal factor in determining 
responsiveness to ionizing radiation, but an asso-
ciation between intrinsic biological factors and 
age is plausible. Tumor radiosensitivity is com-
plex and depends on myriad molecular character-
istics and DNA repair mechanisms, many of 
which are altered in GBM. Until there is proof 
that GBM in the elderly represents a different 
biological spectrum of disease from that of 
younger patients, however, the view of age as a 
surrogate for radioresistance must remain 
speculative. 

 Since the introduction of the Stupp protocol, 
there has been further debate about treatment 
resistance in the elderly. This stems from histori-
cal reports that glioma cell lines from older 
patients are less chemosensitive  [  52,   53  ] , although 
the agents tested were nitrosoureas rather than 
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temozolomide. Following the emergence of 
MGMT methylation status as a predictor of 
response to temozolomide, a number of groups 
have tried to establish whether epigenetic silenc-
ing of this gene varies with age, since lower lev-
els of MGMT methylation could perhaps explain 
the poorer outcome in elderly patients treated 
with this regimen. Intriguingly, recent data sug-
gests that there are no signi fi cant differences in 
the proportion of MGMT-methylated tumors 
in older versus younger patients  [  27,   54–  58  ] . In 
addition, a recent case series of 83 patients over 
the age of 70, all of whom received treatment 
with concurrent chemoradiotherapy for GBM, 
supports the importance of MGMT as a clinical 
marker in elderly patients as well as younger 
adults  [  55  ] . Here, MGMT-methylated patients 
had a median survival of 15 months and a 2-year 
survival of 28 %. Unmethylated patients had a 
much poorer outcome with a median survival of 
10 months and 2-year survival of only 10 %. If 
these  fi ndings are con fi rmed in a larger series, it 
seems less likely that GBM in the elderly popula-
tion is a biologically different disease from that 
seen in younger patients. It may be the case, how-
ever, that additional cytogenetic or molecular 
aberrations have yet to be identi fi ed, especially in 
unmethylated GBMs, which probably represent a 
heterogeneous group of tumors.  

   Age and Treatment Toxicity in GBM 

 Cancer treatment in the elderly is fraught with 
risks. Patients are typically frailer and less capable 
of tolerating radical procedures such as surgery. 
For instance, there is a higher risk of surgical 
complications and a tendency to require a longer 
hospital stay following surgery, which increases 
the risk of hospital-acquired infections  [  59  ] . There 
may be alterations in drug metabolism due to 
changes in body weight, liver mass, and the oxida-
tive system. This in turn can affect the distribution 
and absorption of anesthetic agents, antibiotics, 
and anticonvulsants, not to mention chemotherapy. 
In addition, elderly patients are more likely to be 
subject to polypharmacy, which increases the risk 
of drug-drug interactions. Chemotherapy-related 

toxicity is often more pronounced. Hematological 
toxicity in particular is increased, possibly due to 
compromised stem cell reserve  [  60  ] , and there is 
an elevated risk of neutropenia along with the 
associated infectious complications, hospitaliza-
tions, and mortality rates  [  61  ] . 

 It is also well recognized that elderly patients 
generally cope less well with radiotherapy. Many 
anecdotal reports indicate that the elderly are 
more likely to suffer from radiation-related 
fatigue and somnolence in the short term. 
Unfortunately, most studies performed in this age 
group do not include late toxicity as an endpoint, 
mainly because most of these patients do not live 
long enough to develop neurological sequelae. It 
is therefore dif fi cult to gauge the precise effects 
of radiotherapy on the elderly brain. There are 
certainly biological reasons why radiation might 
be more toxic in this population, most notably 
higher rates of cerebrovascular disease and dia-
betes. Small vessel damage is thought to be an 
important contributor to late radiation toxicity, 
particularly the most critical sequelae of brain 
irradiation: cerebral necrosis. While it is reason-
able to predict that preexisting vasculopathy and/
or hypertension would exacerbate and/or acceler-
ate this process, there is little concrete scienti fi c 
data to support this. Certainly, the lack of relevant 
animal models has hindered efforts to elucidate 
the mechanisms and risk factors that combine to 
produce late radiation toxicity in the brain. 
Although age and radiation necrosis cannot be 
de fi nitively linked, it has been documented that 
age is a signi fi cant risk factor for the develop-
ment of both cerebral atrophy and encephalopa-
thy  [  62–  64  ] . This probably explains the global 
neurocognitive decline that can follow brain irra-
diation in the elderly. Again, it is unclear whether 
vascular risk factors predispose for this phenom-
enon. Of note, it typically takes at least 6–9 months 
and often up to 1–2 years for these clinical effects 
to become apparent  [  62,   65,   66  ]  so it could be 
argued that trying to gain a greater understanding 
of late radiation effects in the elderly is not neces-
sary given the predicted short survival. Clearly, 
the risks of acute and subacute side effects still 
remain important issues when considering man-
agement of the elderly patient. However, if the 
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median overall survival for certain subgroups of 
elderly patients is pushed out beyond 6–9 months, 
minimizing late radiation effects will become a 
more pressing issue. An example of signi fi cant 
late radiation toxicity in a long-term survivor of 
GBM is demonstrated in Fig.  11.2 .    

   Management of GBM in the Elderly 
Patient 

 GBM is a symptomatic disease associated with 
headaches, progressive loss of neurological func-
tion, and deterioration in cognitive abilities. 
Multimodality treatment of GBM is lengthy and 
potentially toxic, but equally treatment can 
improve survival and relieve some of the afore-
mentioned symptoms of the disease. The key to 
successfully managing the elderly patient with 
GBM is to balance tumor-related symptomatol-
ogy with the risks of treatment-related toxicity. 
This is likely to vary from patient to patient 

depending on their performance status, comorbid 
medical conditions, and expressed wishes. 
Accordingly, treatment of the elderly should 
encompass a broad spectrum, from best support-
ive care to maximal surgical debulking plus 
chemoradiotherapy. It must always be remem-
bered, however, that quality of life is of para-
mount importance especially as the anticipated 
survival for most of these patients is likely to be a 
matter of months. 

   Surgery 

 Surgery is a critical aspect of the management of 
patients with GBM, as it delivers diagnostic 
information while simultaneously providing 
rapid relief of mass effect. In addition, the act of 
cytoreduction is thought to improve tolerance to 
adjuvant therapy. Firm evidence in support of this 
statement may be lacking, with the exception of a 
study that demonstrated a higher response rate to 

a b

  Fig. 11.2    Treatment-related effects in an elderly brain. 
Contrast-enhanced T1-weighted MR images of a 64-year-
old lady with histologically con fi rmed glioblastoma of the 
right parietal lobe, prior to radical chemoradiotherapy ( a ) 

and 5 years post treatment ( b ). Of note, there is no evi-
dence of tumor recurrence, but gross cerebral atrophy is 
present corresponding to a clinical picture of dementia 
and incontinence, presumed secondary to treatment       
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chemotherapy (and improved survival) following 
surgical debulking in the recurrent disease setting 
 [  67  ] , but it is generally accepted that this is the 
case. It has already been outlined that surgical 
resection rates are generally lower in the elderly, 
and it has been suggested that less aggressive 
treatment may contribute to the poorer outcome 
seen in this patient population. The two are not 
necessarily linked, not least because the precise 
role of surgery in terms of survival has been a 
contentious issue for many years. Systematic 
reviews have repeatedly found no convincing evi-
dence of a survival advantage of surgical resec-
tion over a biopsy (reviewed in  [  68  ] ). However, a 
signi fi cant number of prospective and retrospec-
tive studies have indicated that maximal resection 
is associated with a longer survival (reviewed in 
 [  68  ] ), and it has been argued that earlier studies 
used less effective surgical techniques. There is 
increasing consensus that more extensive surgery, 
in combination with increasingly sophisticated 
imaging techniques, can offer a survival advan-
tage. What is more, it has very recently been sug-
gested that maximal debulking can also increase 
the ef fi cacy of adjuvant therapies  [  69  ] . So, if 
aggressive surgical resection can alleviate dis-
ease-related symptoms, increase tolerance to 
radiotherapy, and potentially improve survival 
and/or effectiveness of adjunctive therapies, why 
is this not offered routinely to elderly patients? 

 The most plausible explanation is the gen-
erally frailer and comorbid condition of older 
patients with newly diagnosed GBM  [  36,   38,   40  ] . 
The elderly are more likely to have concomitant 
cerebrovascular and systemic disease and poor 
physiological reserves. These factors can have a 
marked impact on surgical morbidity and mortal-
ity. Interestingly, elderly GBM patients are more 
likely to present with symptoms of cognitive dys-
function than their younger counterparts  [  33  ] , 
which in itself is associated with a higher rate of 
perioperative complications  [  70  ] . In a German 
series of 44 patients with a primary brain tumor (all 
aged >80 years), 43 % of patients improved after 
surgery and 34 % remained stable. However, over 
20 % of patients deteriorated and the overall peri-
operative mortality was 11 %  [  71  ] . By  contrast, 
Kelly et al. found that  postoperative mortality 

was only slightly higher than biopsy-related mor-
tality, at 2.5 % vs. 2.2 %  [  72  ] , although the latter 
study analyzed a younger age group (>65 years 
as opposed to >80 years). There is no denying 
that surgery can have profound negative effects 
in the elderly. Equally, signi fi cant improvements 
in functional status and quality of life following 
surgery have been documented by a number of 
sources indicating that its use can be justi fi ed in 
the elderly  [  72–  74  ] . The same cannot be said for 
radiotherapy: poor performance status pre-irradi-
ation predicts for poor performance  status postir-
radiation  [  75  ] . 

 Another possible explanation for less aggres-
sive surgery (or no surgery) in older patients may 
be the dearth of de fi nitive randomized phase III 
evidence of a survival bene fi t, particularly as the 
accumulating data in this  fi eld is largely based on 
studies of younger adults. To this end, researchers 
have attempted to address the question of whether 
surgical resection improves survival speci fi cally 
in the elderly. This has been performed mainly 
through case series and by subgroup analysis on 
the data from the large population-based cohorts, 
although a small single-institution randomized 
trial was undertaken in Finland in the 1990s  [  76  ] . 
However, performance status is an important 
potential confounding factor in studies of thera-
peutic management of elderly GBM patients, and 
the results must be interpreted with caution. 
Patients undergoing surgery are likely to be 
healthier, and they may have more localized and/
or super fi cial lesions that may be biologically 
more favorable. Moreover, the rate of adjuvant 
therapy (and in particular data regarding comple-
tion of adjuvant therapy) is not always clear. The 
fact that virtually all of these studies, with the 
exception of the Finnish trial, are retrospective 
adds to the complexity of the available evidence 
and hints at inherent selection bias. 

 The Finnish group examined a total of 23 
patients with malignant glioma aged over 65 years 
and randomly assigned patients to biopsy only or 
surgical resection followed by radiotherapy +/− 
chemotherapy (a further seven were excluded due 
to low-grade malignancy or benign pathology). 
The median survival time was signi fi cantly  longer 
in patients who underwent surgical  resection 
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compared with patients who underwent biopsy 
alone (5.6 months vs. 2.8 months, respectively) 
 [  76  ] . Of note, the median age was similar in both 
groups, but preoperative Karnofsky performance 
status (KPS) was higher in the craniotomy group 
 [  77  ]  compared with the biopsy-only group  [  70  ] . 
While this unique study is a valuable contribu-
tion to the literature, it is too small to provide any 
de fi nitive conclusions. 

 The small number of retrospective case series 
published to date has yielded inconsistent results, 
as shown in Table  11.1   [  72,   76–  80  ] . The  fi rst 
report, by Kelly et al., compared outcomes of sur-
gical resection in 40 patients aged over 65 years 
with outcomes of biopsy only in a further 88 
patients, a proportion of whom went on to have 
adjuvant treatment. Both groups had comparable 
median age of approximately 70 years and KPS 
approaching 85 %. Intriguingly, while the authors 
reported their  fi ndings as only a “modest improve-
ment,” survival was almost doubled in the group 
who had undergone surgical resection (6.3 months 
vs. 3.6 months)  [  72  ] . Mohan et al. also reported a 
signi fi cant impact on survival of complete versus 
partial resection versus biopsy in a study of GBM 
patients over the age of 65 (17.2 months vs. 
7.2 months vs. 3.4 months, respectively)  [  78  ] . 

Interestingly, in 2011, there were three separate 
reports on the effect of extent of surgery in elderly 
GBM patients aged over 65 years. All three were 
retrospective, single-institution studies featuring 
between 20 and 103 patients. Both Chaichana 
et al. and Ewelt et al. reported a positive effect of 
surgical resection on overall survival as opposed 
to biopsy only, although the bene fi t was only sev-
eral weeks in the former  [  79,   80  ] . The resected 
patient group in the Chaichana study was com-
pared with a historical series of patients who had 
undergone biopsy only so matching for KPS 
index was permitted  [  79  ] . Conversely, the deci-
sion for resection was strongly based on KPS in 
the Ewelt cohort  [  80  ] . The third study did not 
show any advantage of surgery (either maximal 
resection or subtotal resection) over biopsy  [  77  ] .  

 It is important to note that there were only 20 
elderly patients in the Zachenhofer series, so it is 
perhaps not entirely surprising that the  fi ndings 
were negative  [  77  ] . Interpreting the results of 
such small studies can prove troublesome. 
However, it can also be dif fi cult to dissect out 
meaningful results from the data produced by the 
larger population-based cohorts due to previously 
mentioned discrepancies in KPS level and surgi-
cal bias. For instance, Scott et al. remarked 

 Group  Age   N   Median OS (months)  OS bene fi t? 

 Randomized data 
 Vuorinen 2003  [  76  ]    ³ 65  23  Resection 5.6   

 Biopsy 2.8 
 Retrospective series 
 Kelly 1994  [  72  ]    ³ 65  128  Resection 6.8  

 Biopsy 3.8 
 Mohan 1998  [  78  ]    ³ 70  102  Maximal resection 17.3   

 Subtotal resection 7.2 
 Biopsy 3.4 

 Chaichana 2011  [  79  ]    ³ 65  80  Maximal resection 4.9   
 Subtotal resection 5.7 
 Biopsy 4.0 

 Ewelt 2011  [  80  ]    ³ 65  103  Maximal resection 13.9   
 Subtotal resection 7.0 
 Biopsy 2.2 

 Zachenhofer 2011 
 [  77  ]  

  ³ 65  20  Maximal resection 8.2  
 Subtotal resection 7.8 
 Biopsy 7.8 

   N  number of patients,  OS  overall survival  

 Table 11.1    Surgical 
resection versus biopsy 
in elderly GBM 
patients  
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that surgery was associated with increased 
 cancer-speci fi c survival compared with no treat-
ment in their review of almost 3,000 elderly GBM 
patients, but the authors acknowledged that infor-
mation on performance status was lacking  [  39  ] . 
Analysis of some smaller cohorts containing up 
to several 100 patients has demonstrated 
con fl icting  fi ndings. For example, both Pierga 
et al. and Chang et al. reported a 5–6 month sur-
vival advantage for tumor resection versus no 
resection  [  81,   82  ] . Of note, both of these groups 
suspected that their  fi ndings were in fl uenced by a 
strong selection bias  [  81,   82  ] . Conversely, sur-
gery was not found to have any bearing on 
 survival in other published series  [  75,   83  ] . 

 Taken together, the limited data that is avail-
able suggests that surgical resection as opposed 
to biopsy alone is tolerated, at least in  fi t elderly 
patients with a KPS of  ³ 70 and an accessible 
lesion, and may be associated with a small sur-
vival advantage. Less- fi t patients may also bene fi t 
symptomatically and functionally, and surgery 
may render a proportion of these patients suitable 
for adjuvant treatment, but the risks of surgery 
must always be carefully considered in the con-
text of poor physiological condition and medical 
comorbidities. Technological developments such 
as functional magnetic resonance imaging 
(fMRI), intraoperative neurofunctional monitor-
ing, and neuronavigation have rendered neuro-
surgical procedures safer and more effective. To 
what extent this will in fl uence surgical manage-
ment of the elderly patient,  fi t or un fi t, has yet to 
be determined. It is possible that some centers 
that are currently reluctant to operate on the 
elderly may continue to refrain from radical pro-
cedures. In order to promote a more standardized 
approach to the elderly population, it will be nec-
essary to pinpoint preoperative factors that 
in fl uence survival. Chaichana et al. have provided 
some insight into identifying which patients are 
more likely to bene fi t from aggressive surgery 
 [  29  ] . Their retrospective review of over 100 
patients with an average age of 73 years indicated 
that the presence of more than one risk factor had 
a signi fi cantly negative impact on survival. The 
risk factors comprised KPS <80, chronic obstruc-
tive pulmonary disease, motor de fi cit, language 

de fi cit, cognitive de fi cit, and tumor size larger 
than 4 cm. While the authors accept that this 
study did not allow for the effect of adjuvant ther-
apy and requires prospective evaluation, it is an 
interesting exploration of the potential value of 
prognostic factors and may be the  fi rst step in 
developing a surgical algorithm for the 
 management of GBM in the elderly.  

   Radiotherapy 

 Robust evidence of a survival bene fi t following 
aggressive surgery in the elderly GBM patient 
has yet to be shown, but the survival advantage of 
postoperative treatment, in the form of radiother-
apy, has been demonstrated. While a number of 
retrospective case series hinted at the value of 
radiotherapy in this context, there is now random-
ized phase III data available to substantiate this 
 [  48  ] . Historical series using a variety of dose/
fractionation schedules illustrated a median sur-
vival of 4–12 months, as shown in Table  11.2   [  72, 
  78,   83–  90  ] , although it should be noted that sur-
vival of over 9 months was only elicited in studies 
with fewer than 30 patients  [  87,   90  ] . In addition, 
several of these case series included anaplastic 
astrocytoma as well as GBM  [  83–  85,   88  ] . This 
may have resulted in an overestimation of the 
actual survival time. In order to accurately assess 
the effect of radiation on survival, Keime-Guibert 
et al. randomized 81 elderly patients over the age 
of 70 with newly diagnosed anaplastic astrocy-
toma or GBM to radiotherapy plus best support-
ive care or best supportive care alone in the 
postoperative setting; surgical resection and 
biopsy were both permitted. The trial was discon-
tinued at the  fi rst interim analysis because the 
radiotherapy arm was found to be signi fi cantly 
more effective. The median survival was 
29.1 weeks for patients undergoing radiotherapy 
as opposed to 16.9 weeks for those patients in 
receipt of best supportive care only. This was in 
spite of the lower radiation dose applied in this 
study (50.4 Gy in 28 fractions) in contrast to the 
standard dose/fractionation regimen for GBM 
(60 Gy in 30 fractions). The authors did not report 
any difference in health-related quality of life or 
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cognitive status between the treatment groups, 
indicating that radiotherapy was well tolerated in 
this patient population. Indeed, no severe adverse 
events were recorded, and only 6 patients (15 %) 
did not complete the course of radiotherapy.  

 Even in the face of a 3-month survival advan-
tage from radiation, it is clear from the various 
SEER analyses and other population-based 
 studies that radiotherapy treatment is not always 
delivered to elderly patients. This is most likely 
due to concerns over patient frailty and ability to 
cope with a protracted course of treatment. 
However, it is important to consider the possibil-
ity that clinicians may have an age cutoff above 
which they feel radiation is not applicable due to 
poor tolerability and/or minimal perceived 
bene fi t. The patients themselves may decline 
treatment over fears of excessive toxicity and 
negative impact on their quality of life. For many 
elderly patients, the prospect of 2–3 weeks of 
radiotherapy planning followed by 6 weeks of 
radiotherapy treatment with daily hospital visits 
is daunting. In reality the length of treatment-free 
survival may amount to no more than a number 
of weeks, and this must be taken into account 
when selecting and counseling potential  treatment 
candidates. 

 It is for these reasons that hypofractionated 
radiotherapy has been advocated in the elderly 

and/or frail patient with GBM. Hypofractionation 
has the advantage of reducing the time frame 
(and potentially reducing the morbidity) of treat-
ment while maintaining comparable survival out-
comes to more lengthy conventional radiotherapy. 
The most commonly studied regimen in the man-
agement of GBM is 40 Gy in 15 fractions. 
Radiobiologically, this dose should provide simi-
lar tumor control to 60 Gy in 30 fractions. While 
increasing the dose of radiation per fraction does 
pose an increased risk of neurotoxicity, it has 
already been pointed out that the most critical 
toxicities typically occur at least 6–9 months post 
treatment, if not longer  [  62,   65,   66  ] . Thus, patients 
with an expected prognosis of well under 1 year 
are unlikely to be at high risk of experiencing 
problems relating to radiation necrosis. However, 
as both old age and large fraction size are known 
risk factors for radiation-induced encephalopathy 
 [  63,   64  ] , a hypofractionated regimen may exacer-
bate this particular outcome. Although the litera-
ture in this  fi eld suggests a signi fi cant time to 
onset in excess of 1 year, there are many anec-
dotal reports of generalized neurocognitive 
decline in elderly patients similar to that seen 
with encephalopathy at earlier time points. 

 In terms of effectiveness, single-arm historical 
case series of hypofractionated regimens, includ-
ing 40 Gy in 15 fractions, did not demonstrate 

   Table 11.2    Summary 
of radiotherapy trials in 
elderly patients with 

GBM    

 Group  Age   N   Fractionation  Median OS (months) 

 Randomized data comparing surgery and radiotherapy with surgery alone 
 Keime-Guibert 2007  [  48  ]    ³ 70  81  50.4/28  Surgery + RT 7.3 

 Surgery 4.3 
 Historical radiotherapy case series in the elderly 
 Ampil 1992  [  84  ]    ³ 65  21  60/33  4.0 

 Kelly 1994  [  72  ]    ³ 65  96  NR  4.2 

 Hoegler 1997  [  83  ]    ³ 70  23  37.5/15  8.0 

 Mohan 1998  [  78  ]    ³ 70  58  Various  7.3 

 Villa 1998  [  85  ]    ³ 70  85  60/30  4.2 

 Jeremic 1999  [  86  ]    ³ 60  44  45/15  9.0 

 Brandes 2003  [  87  ]    ³ 65  24  59.4/33  11.2 

 Glantz 2003  [  88  ]    ³ 70  54  60/33  4.1 

 Muacevic 2003  [  89  ]    ³ 65  123  60/30  5.6 

 Idbaih 2008  [  90  ]    ³ 70  28  40/15  11.7 

 Scott 2011  [  99  ]    ³ 70  206  Various  4.5 

   N  number of patients,  OS  overall survival,  NR  not reported,  RT  radiotherapy  
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inferior survival in elderly populations  [  83,   86,   90  ] , 
as already shown in Table  11.2 . At the same time, 
various hypofractionated schedules have been 
analyzed in comparison with standard fraction-
ation approaches up to a total dose of 66 Gy in a 
combination of retrospective and prospective 
studies, as outlined in Table  11.3   [  77,   91–  96  ] . 
Three studies illustrated equivalent survival with 
hypofractionated and conventional regimens 
 [  34,   91–  93  ] . However, only Lutterbach et al. 
speci fi cally looked at “elderly” patients, although 
this is debatable as the age cutoff was 60 years 
 [  93  ] . Both Ford et al. and Hulshof et al. included 
younger patients in their analyses, albeit in the 
case of Hulshof et al., almost one half of the 155 
patients were aged over 60 years  [  91,   92  ] . Three 
further series demonstrated a worse outcome in 
the hypofractionated arms  [  78,   94,   95  ] . It should 
be noted that while Mohan et al. included only 
patients aged over 70  [  78  ] , the other groups had 
wider entry criteria and accepted younger patients 
provided that their KPS level was suf fi ciently low 
(either aged 50–70 years with KPS 50–90 or any 
age with KPS <50)  [  94,   95  ] . Hence, a proportion 
of patients selected for short-course radiotherapy 

in the two latter-mentioned studies were gener-
ally frail and deemed not  fi t for long-course treat-
ment. It is likely that a signi fi cant number of 
these patients had a poorer prognosis at the outset 
and this may have skewed the results. Both groups 
used matched controls as part of their analyses, 
but attempting to retrospectively match patients 
is not always accurate.  

 To answer this clinical question in a more con-
trolled way, a randomized phase III trial was 
established. Two regimens were tested in 100 
patients over the age of 60: 40 Gy in 15 fractions 
versus the standard 60 Gy in 30 fractions  [  96  ] . 
The median survival for both groups was compa-
rable (5.6 months vs. 5.1 months, respectively) 
suggesting that hypofractionated radiotherapy in 
elderly patients with GBM is equivalent to con-
ventional radiotherapy. However, this trial has 
been subject to a number of criticisms. Firstly, 
whether the age of 60 is a valid threshold for the 
term “elderly” is controversial. Secondly, the 
patients in this study were of relatively poor per-
formance status and had not been optimally deb-
ulked. Thirdly, late neurological toxicity was not 
assessed, although this was probably irrelevant as 

 Group  Age   N   Fractionation 
 Median OS 
(months) 

 Outcome of 
hypofractionation 

 Randomized data 
 Roa 2004  [  96  ]    ³ 60  100  60/30  5.1  Equivalent 

 40/15  5.6 
 Nonrandomized data 
 Bauman 1994  [  94  ]   All 

ages 
 92  >50  10  Inferior 

 30/10  6 
 No RT  1 

 Ford 1997  [  91  ]   All 
ages 

 59  60/30  4  Equivalent 
 36/12 

 Mohan 1998  [  78  ]    ³ 70  102   ³ 55  7.3  Inferior 

 <45  4.5 
 No RT  1.2 

 Hulshof 2000  [  92  ]   All 
ages 

 155  66/33  7  Equivalent 
 40/8  5.6 
 28/4  6.6 

 McAleese 2003  [  95  ]   All 
ages 

 136  60/30  7.5–9.5  Inferior 
 30/6  5 

 Lutterbach 2005  [  93  ]    ³ 60  96  60/30  5.6  Equivalent 
 42/12  7.3 

   N  number of patients,  OS  overall survival  

   Table 11.3    
Hypofractionated 
radiotherapy compared 
with standard fraction-

ation in GBM    
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survival rates were just under 6 months. 
Nonetheless, hypofractionated regimens, particu-
larly 40 Gy in 15 fractions and 30 Gy in 6 frac-
tions, have become standard practice in many 
centers for the treatment of elderly and/or frail 
patients who are unlikely to tolerate a  conventional 
course of treatment.  

   Chemoradiotherapy 

 In 2005, a new standard of care for GBM was 
de fi ned in a phase III trial, which demonstrated 
that the addition of concurrent and adjuvant temo-
zolomide chemotherapy to radical radiotherapy 
was associated with signi fi cantly superior survival 
 [  1  ] . The caveat is that this trial had an upper age 
limit of 70 years. However, combining chemo-
therapy with radiotherapy in the elderly has been 
widely practiced using a number of cytotoxic 
drugs given concomitantly and/or in the adjuvant 
phase. Nitrosoureas and temozolomide are the 
predominant cytotoxic agents, although platinum, 
topoisomerase inhibitors, and even targeted thera-
pies have also been employed. Results of several 
case series have tended to show a superior out-
come with chemoradiotherapy compared with 
radiotherapy alone, as illustrated in Table  11.4  
 [  78,   81,   87,   97–  99  ] . Median overall survival 
reached over a year in some cases, although it is 
very likely that only the  fi ttest patients who had 
also undergone optimal debulking were selected 

for triple-modality treatment, which may have 
signi fi cantly in fl uenced the outcome.  

 Many centers have a policy of restricting the 
Stupp protocol to patients aged below 70 years, 
so data on the safety and effectiveness of this 
regimen in older patients is limited. However, a 
handful of single-institution series published 
recently have documented outcomes and toxicity 
in elderly cohorts  [  54,   55,   57,   100–  103  ] . This data 
is shown in Table  11.5   [  2,   54,   55,   57,   100–  103  ] . 
As with the earlier chemoradiotherapy series 
featuring an array of drugs and/or scheduling, 
median survival times of over 1 year have been 
reported. It is important to point out that the 
de fi nition of “elderly” in these published series 
varies between 60 years and 70 years, and again, 
it is extremely likely that the patients in these 
case series were selected on the basis of general 
 fi tness. In fact, several groups remarked that com-
bination treatment appeared to be most advanta-
geous in patients with higher KPS  [  100,   101  ] . 
Interestingly, a trend bene fi t analysis of the origi-
nal Stupp data by age showed a decreasing bene fi t 
with increasing age, with hazard ratios of 0.63 for 
patients aged 50–60 years ( P  <0.05), 0.72 for 
patients aged 60–65 years ( P  = 0.096), and 0.80 
for patients aged 65–70 years ( P  = 0.34)  [  104  ] .  

 An important question if chemoradiotherapy is 
to become more common practice in elderly 
patients is whether this regimen will be tolerated. 
This is relevant both in the short term, due to the 
acute toxicity of chemotherapy and potential 

   Table 11.4    Chemoradiotherapy versus radiotherapy in elderly GBM patients   

 Group  Age  Chemotherapy  Sequencing   N   Median OS (months) 

 Mohan 1998  [  78  ]    ³ 70  BCNU, PCV  Adjuvant  16  RT + chemo 8.0 
 86  RT 4.9 

 Pierga 1999  [  81  ]    ³ 70  BCNU, PCV  Adjuvant  12  RT + chemo 13.5 
 18  RT 6.3 

 Brandes 2003  [  87  ]    ³ 60  PCV, TMZ  Adjuvant  54  RT + chemo 14.9 
 24  RT 11.2 

 Patwardhan 2004  [  98  ]    ³ 59  BCNU, TMZ, Gliadel  Adjuvant  9  RT + chemo 13.6 
 6  RT 5.5 

 Kimple 2010  [  97  ]    ³ 70  Etoposide, TMZ, 
irinotecan 

 Concurrent + adjuvant  14  RT + chemo 11.6 
 4  RT 6.5 

 Scott 2011  [  99  ]    ³ 70  CCNU, TMZ, 
carboplatin 

 Concurrent + adjuvant  29  RT + chemo 13.3 
 45  RT 7.2 

   N  number of patients,  OS  overall survival,  RT  radiotherapy,  TMZ  temozolomide  



18511 Managing the Elderly Patient

 exacerbation of acute radiation toxicity, and also 
in the long term especially if prolonged survival 
reveals excess late radiation effects. Age is a 
known risk factor for reduced chemotherapy toler-
ance. The pharmacokinetics of individual agents 
should always be borne in mind when administer-
ing chemotherapy to elderly patients. Fortunately, 
temozolomide is metabolized by nonenzymatic 
processes that are less subject to variability 
between individuals  [  105  ] , and it has a relatively 
favorable toxicity pro fi le  [  106  ] . It does, however, 
cause noncumulative myelosuppression, particu-
larly thrombocytopenia. Although this section 
focuses on the adverse effects of chemotherapy, it 
is also important to point out that elderly patients 
often have a degree of mucosal atrophy and 
reduced gastrointestinal motility. Hence, absorp-
tion of oral chemotherapy agents such as temozo-
lomide may be impaired  [  107  ] , and the effectiveness 
of this regimen may be compromised. 

 Examination of toxicity in the recently pub-
lished elderly Stupp protocol data sets indicates 
that the incidence of grade 3 or 4 events is 
extremely variable. While Combs et al. and 
Fiorica et al. report levels of severe toxicity at 
less than 10 %  [  100,   102  ] , a signi fi cantly higher 
level of grade 3 or 4 events of approximately 
40 % has been reported by three other groups 
 [  54,   57,   103  ] . Notably, just over 80 % of patients 
in the cohort reported by Combs et al. received 

50 mg/m 2  of daily temozolomide at the outset 
during the concurrent phase as opposed to the 
standard dose of 75 mg/m 2  which may have con-
tributed to the lower levels of toxicity in this 
series  [  100  ] . Most of the described toxicity was 
hematological, and this probably explains why 
adjuvant chemotherapy was not given in the 
majority of patients, although it is often dif fi cult 
to elicit this information from the published mate-
rial. In fact, most of the studies provided rela-
tively clear information on the percentage of 
patients who completed concomitant chemora-
diotherapy without a dose reduction and/or stop-
ping chemotherapy, but not the percentage of 
patients who (i) commenced adjuvant chemother-
apy or (ii) completed 6 cycles of adjuvant chemo-
therapy, as illustrated in Table  11.5 . Two pertinent 
questions stem from this missing data. Firstly, is 
this regimen as well tolerated in elderly patients 
as some authors would lead us to believe if very 
few patients can actually complete? Secondly, is 
concomitant chemotherapy the key active com-
ponent, and is there any additional bene fi t from 
adjuvant temozolomide in the elderly? 

 In relation to the  fi rst question, signi fi cant tox-
icity has certainly been documented  [  54,   57,   103  ] , 
and this has already been alluded to. After hema-
tological toxicity, neurological sequelae were 
the next most common problem. It is concerning 
that a prospective phase II study of  concurrent 

   Table 11.5    Stupp protocol-based chemoradiotherapy studies in elderly GBM patients   

 Group  Age   N  
 Median OS 
(months)  1  2  3  G3/G4 toxicity 

 Combs  a 2008  [  100  ]    ³ 65  43  11  88 %  12 %  NR  Combined 9 % 

 Minniti 2008  [  101  ]    ³ 70  32  10.6  94 %  NR  NR  Concomitant 6 % 
 Adjuvant 27 % 

 Sjiben 2008  [  57  ]    ³ 65  19  8.5  NR  NR  NR  Combined 42 % 

 Brandes 2009  [  54  ]    ³ 65  58  13.7  100 %  NR  NR  Concomitant 19 % 
 Adjuvant 46 % 

 Stupp 2009  [  2  ]   60–70  83  10.9  NR  NR  NR  NR 
 Fiorica 2010  [  102  ]    ³ 65  42  10.2  69 %  52 %  14 %  Concomitant 5 % 

 Adjuvant 7 % 
 Gerstein 2010  [  103  ]    ³ 65  51  11.5  59 %  20 %  NR  Combined 41 % 

 Minniti 2011  [  55  ]    ³ 70  83  12.8  NR  NR  NR  Combined 27 % 

   N  number of patients,  OS  overall survival,  1  patients completing CRT,  2  patients commencing adjuvant temozolomide, 
 3  patients completing 6 cycles of adjuvant temozolomide,  NR  not reported 
  a 50 mg/m 2  temozolomide during concomitant phase in this study  
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 temozolomide in patients over the age of 65 
reported grade 2 deterioration in mental status in 
31 % and grade 3 deterioration in a further 25 %, 
leading to signi fi cant disability  [  108  ] . Moreover, 
grade 3 leukoencephalopathy occurred in 6 %. Of 
note, the median interval between start of treat-
ment and development of neurological toxicity 
was 6 months in this study, whereas time to pro-
gression was 9.5 months, indicating a correlation 
with treatment rather than disease progression. In 
another series, 25 % of patients experienced grade 
3 or grade 4 deterioration in mental state during 
or just after radiotherapy, and the rate of grade 3 
encephalopathy was 10 %  [  54  ] . Hence, the neuro-
logical and neurocognitive sequelae of combined 
treatment may be profound. Any responses to the 
second question would be speculative and likely 
to remain so for some time, as there are no plans 
to compare concomitant versus concomitant plus 
adjuvant chemotherapy in the near future. 

 On balance, the reported series to date suggest 
that there is a potential bene fi t of aggressive mul-
timodality therapy in the elderly, but caution 
should be exercised because (i) this bene fi t is 
likely to be smaller compared with younger 
patients, (ii) the treatment may be considerably 
more toxic, and (iii) patient selection is crucial. 
Should this type of approach become more com-
monplace, then the issue of pseudoprogression is 
likely to be raised. At present it is unknown 
whether this phenomenon is any more or less 
common in the elderly. The only con fi rmed risk 
factor is MGMT status  [  109  ] . As yet, there is no 
de fi nitive evidence that methylation of MGMT in 
GBM varies signi fi cantly with age  [  27,   54–  58  ] . It 
may be the case that the aging cerebral vasculature 
may be more subject to radiation-induced disrup-
tion and dysfunction, in which case a higher inci-
dence of pseudoprogression is a distinct possibility 
in the elderly. If so, will the degree of pseudopro-
gression be more profound? This is potentially 
concerning as it has been proposed that severe 
cases of pseudoprogression may predispose to 
necrosis  [  110  ] . The elderly may therefore be at 
higher risk of toxicity from combined chemora-
diotherapy, both in the short term and in the long 
term. Conversely, pseudoprogression is thought to 
perhaps indicate improved clinical outcome 

 [  109,   111–  113  ] , but clinicians might be more 
likely to pull out of treatment earlier in an elderly 
patient with a scan suggestive of progression. 
Hence, some older patients with a response to 
treatment may be denied ongoing effective ther-
apy. There is no doubt that this is an interesting 
topic for future study, and as the signi fi cance of 
this phenomenon becomes clearer, it is likely that 
imaging and/or markers of pseudoprogression 
will be incorporated into clinical trials of multi-
modality therapy.  

   Chemotherapy Versus Radiotherapy 

 While there has been a recent  fl urry of publica-
tions advocating aggressive multimodality ther-
apy in the elderly  [  55,   99–  102  ] , it is interesting 
that the most up-to-date clinical trials featuring 
elderly GBM patients have focused on 
de-intensi fi cation protocols, mainly comparing 
radiotherapy with chemotherapy. This is not an 
entirely new concept as a number of phase II 
studies and retrospective series using temozolo-
mide as an alternative to radiotherapy have previ-
ously been reported. These demonstrated median 
survival durations of just over 6 months, with 
acceptable toxicity  [  88,   114–  117  ] . In some cases, 
imaging was used to evaluate measurable disease, 
and partial responses or stable disease was elic-
ited in up to 70 % of patients  [  115–  117  ] . Certainly, 
there are advantages of opting for chemotherapy 
over radiotherapy as this allows patients to be 
treated at home for the most part, only attending 
hospital for a clinic visit every 4 weeks (if following 
the standard 28-day cycle of temozolomide). On 
the other hand, careful blood monitoring is required 
and compliance may be an issue, especially if there 
is evidence of cognitive de fi cit. 

 The Nordic Brain Tumor Study Group random-
ized 342 patients over the age of 60 years to con-
ventional radiotherapy (60 Gy in 30 fractions), 
hypofractionated radiotherapy (34 Gy in 10 frac-
tions), or temozolomide (200 mg/m 2  daily for 
5/28 days for 6 cycles). Preliminary results sug-
gest that the three arms are equivalent, although 
evaluation is confounded by crossover from radio-
therapy to temozolomide and vice versa. However, 
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the median overall survival was relatively short 
across the various arms (6–9 months), despite the 
fact that 60 years was the minimum age and 75 % 
had a good performance status of 0–1  [  118  ] . 
Meanwhile, the Neuro-Oncology Working Group 
of the German Cancer Society (NOA) conducted a 
two-arm study to investigate the ef fi cacy of che-
motherapy versus conventional radiotherapy 
alone. NOA-08 randomized 412 patients, all over 
the age of 65 years, to 60 Gy in 30 fractions or 
temozolomide (100 mg/m 2  daily, 1 week on/1 week 
off, until progression). Early results indicate that 
radiation may have on advantage for radiation over 
chemotherapy although, once again, median over-
all survival rates were disappointing at less than 
9 months; survival was measured at 293 days in 
the radiotherapy arm versus 245 days in the che-
motherapy arm  [  119  ] . Another drawback of the 
chemotherapy arm in this trial was the prospect of 
remaining on treatment until disease progression 
or death. This would probably be unappealing to 
the majority of elderly patients. 

 At present, there is no substantive data to sup-
port the use of temozolomide over radiation in 
the elderly GBM patient although chemotherapy 
remains a viable alternative in patients who refuse 
radiotherapy.  

   Intracavitary Chemotherapy 

 GBM is a unique disease in that chemotherapy can 
be safely applied into the surgical cavity at the time 
of debulking. Gliadel wafers are biodegradable 
polymers containing 3.85 % carmustine. Compared 
with surgery alone, implantation of these wafers at 
the time of repeat surgery may prolong survival 
 [  120  ] , but this practice remains controversial and 
does not form part of routine treatment at many cen-
ters. There is also data to suggest that this approach 
may be bene fi cial at the time of  fi rst surgery  [  121, 
  122  ] , although this is based on patients of all ages. 
Chaichana et al. have recently published the  fi ndings 
of a sizeable case–control study of elderly patients 
aged over 65  [  123  ] . Altogether, 88 patients had 
intracavitary carmustine wafers inserted at initial 
surgery, and half of these patients were matched 
with controls who had not undergone implantation. 

Reassuringly, there was no increase in perioperative 
morbidity and mortality in the carmustine wafer 
cohort. In terms of ef fi cacy, a survival advantage of 
2–3 months was demonstrated for the carmustine 
group. However, this study was not a randomized 
controlled trial, and as such intracavitary treatment 
cannot be considered standard practice. Nonetheless, 
this approach merits further investigation as it may 
be considerably less toxic and better tolerated than 
the Stupp protocol in elderly patients.  

   Best Supportive Care 

 GBM is undoubtedly a devastating disease, char-
acterized by progressive loss of neurological 
function and changes in cognitive ability and per-
sonality. Indeed, a proportion of sufferers will be 
unsuitable for any oncological treatment at the 
outset due to signi fi cant disability. For these 
patients, best supportive care is of paramount 
importance. Steroids can relieve some of the 
pressure symptoms associated with tumor growth. 
However, the use of glucocorticoids must be con-
sidered in the context of their potentially devas-
tating side effects such as emotional lability, 
insomnia, proximal myopathy, weight gain, 
immunosuppression, venous thrombosis, and 
hyperglycemia. It is imperative that the patient is 
closely monitored in the community, especially if 
there is a history of heart failure and/or diabetes. 
The use of analgesia and anticonvulsants may 
also be required with subsequent risks of toxicity 
and drug-drug interactions. Patients often require 
extensive physical assistance and close supervi-
sion which can result in marked personal and 
economic stresses on the caregiver. Early contact 
with hospice and/or community palliative medi-
cine team is advised as well as information on 
support groups for both the patient and the carer.  

   Recurrent Disease 

 As the median survival of elderly GBM patients 
is just a few months and a signi fi cant number do 
not receive any treatment at the outset, there is 
virtually no data on how best to manage the 
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elderly patient with recurrent disease. The 
 decision to treat should be centered around the 
individual patient, and various factors must be 
taken into account, including performance status, 
response to initial therapy, time since diagnosis, 
and whether the recurrence is local or diffuse. 
Therapeutic options are similar to those of the 
general adult population and include further sur-
gery, systemic chemotherapy with temozolomide 
or nitrosoureas, targeted agents such as vascular 
endothelial growth factor receptor (VEGFR) 
inhibitors, and radiotherapy. However, 
 re-irradiating the aging brain of an elderly patient 
would be a daunting prospect for most radiation 
oncologists. The former options are therefore 
more likely to be carried out in clinical practice.   

   Future Perspectives 

 The numbers of elderly GBM patients are ever 
increasing, but these patients have largely been 
excluded from the pivotal, practice-changing tri-
als. It has now been recognized by the neuro-
oncology community that the optimal 
management of GBM in older patients needs to 
be determined. Realistically, this could be 
achieved in one of two ways: either by including 
all age groups in future clinical trials or alterna-
tively devising separate trial protocols for those 
aged over 65 years (or perhaps over 70 years). As 
elderly patients are generally frailer and less able 
to tolerate traditional oncological therapies, it 
seems reasonable to consider them as a separate 
group and devise protocols accordingly. Indeed, 
there has already been some progress in this 
direction, as shown by the temozolomide versus 
radiotherapy studies that had a minimum age cri-
teria of 70. Some would say, however, that  fi t 
elderly patients are being undertreated by this 
approach and that triple-modality therapy should 
be an option. The NCIC and EORTC have recog-
nized this and designed a randomized trial that 
compares radiotherapy alone with radiotherapy 
plus concurrent and adjuvant temozolomide for 
up to 1 year in the over 65 age group. The radio-
therapy regimen in this study is 40 Gy in 15 frac-
tions over 3 weeks, based on the Roa data that 

showed equivalence to 60 Gy in 30 fractions over 
6 weeks  [  96  ] . The primary objective of this trial 
is to assess the impact of concomitant therapy on 
survival. Toxicity data will be particularly inter-
esting, especially as chemotherapy is being com-
bined with a higher dose of radiation per fraction 
than in the Stupp protocol. The only other pro-
spective studies to date examining the effect of 
multimodal treatment in the elderly have been 
small single-institution trials that focused on 
hypofractionated radiotherapy followed by adju-
vant chemotherapy as opposed to a concomitant 
regimen  [  124,   125  ] . Of note, in both of these 
studies, the median survival was around 9 months, 
yet chemotherapy was planned for up to 
12 months. It is unclear why the NCIC-EORTC 
groups opted for 12 months of treatment, given 
that a substantial proportion of their patients are 
unlikely to be alive at this point. Whether this 
length of treatment is acceptable and/or appro-
priate for the majority of elderly patients will 
only be realized when the  fi nal data is available 
for survival and quality of life analysis. 

 The NCIC-EORTC trial has incorporated 
molecular analysis into the protocol, and it is 
hoped that this additional information will help 
select out those patients who are most likely to 
bene fi t from multimodality therapy. It has already 
been mentioned that MGMT status appears to be 
as common in elderly GBM patients as in their 
younger counterparts and may have prognostic 
value in the elderly despite their overall poorer 
outcome  [  55  ] . Some investigators have proposed 
that the negative effect of age can be counter-
acted by methylation of MGMT  [  126  ] , although 
there is no substantive evidence to support this. 
Clearly, this area requires further clari fi cation 
and large-scale prospective evaluation such as 
that provided by the NCIC-EORTC study is key. 
It is increasingly likely that more GBM studies 
in the future will include molecular testing, com-
prising not only MGMT analysis but also a more 
rigorous examination of the various genetic 
alterations and/or molecular signaling pathways 
that might contribute to clinical outcomes, with 
the ultimate aim of developing a more individu-
alized approach to therapy. To this end, a number 
of targeted agents are currently under  investigation 
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in GBM, but the possibility of individualized 
treatment, particularly in the elderly population, 
is some way off. 

 The most widely studied targeted agent in 
GBM is bevacizumab, a humanized mono-
clonal antibody that inhibits VEGF activity. 
Although this agent is not yet widely avail-
able, it is licensed for use in the recurrent set-
ting in some parts of the world. This is based 
on phase II data demonstrating an increase in 
6-month progression-free survival when beva-
cizumab was administered in combination with 
irinotecan  [  127,   128  ] . Although elderly patients 
were not excluded from these trials, the median 
age in both studies was less than 55, suggest-
ing a higher proportion of younger patients. 
Intriguingly, a retrospective analysis of a single-
institution study showed that patients over the 
age of 55 gained the most bene fi t from single-
agent bevacizumab in the context of recurrent 
disease  [  129  ] . Antiangiogenic treatment may 
be a useful therapeutic tool in the elderly, but 
this premise is based on very preliminary data. 
Further work is required to establish whether 
VEGF inhibition has a role in the management 
of primary and/or recurrent GBM in the elderly, 
either alone or in combination with radiotherapy 
and/or chemoradiotherapy. Although targeted 
agents are generally not as toxic as traditional 
oncological therapies, VEGF inhibitors are not 
without adverse effects. Indeed, there is some 
evidence from other tumor types to suggest that 
toxicity is more pronounced in the elderly when 
bevacizumab is combined with chemotherapy 
 [  130  ] . A number of other targeted agents are also 
under investigation; many of these are tyrosine 
kinase inhibitors directed against growth factor 
receptors including, but not necessarily exclu-
sive to, VEGF. Even if some of these agents 
prove too toxic to be combined with standard 
concomitant therapy, especially in the elderly, 
they may have a role either in combination with 
radiotherapy or as single-agent treatment in 
frail patients, provided that there is suf fi cient 
 evidence of ef fi cacy. 

 DNA repair is an important mechanism of 
radiation resistance, and a number of novel 
agents are available that target components of 

the DNA damage response. Of the compounds 
under development, the most advanced are 
inhibitors of poly(ADP-ribose) polymerase 
(PARP), some of which have been used as single 
agents in the treatment of BRCA-mutated breast 
and ovarian cancer, with remarkable success and 
minimal toxicity  [  131,   132  ] . A large body of 
preclinical data has also established PARP inhib-
itors as effective radiosensitizers and early-phase 
clinical trials in combination with radiotherapy 
are now underway  [  133  ] . Of particular relevance 
to the treatment of GBM, the radiosensitizing 
effects of PARP inhibitors are observed only in 
actively replicating cells  [  134  ] . Since the cells of 
the normal brain are non-replicating, this raises 
the prospect of tumor-speci fi c radiosensitization 
for GBM. As single-agent PARP inhibitors such 
as olaparib are extremely well tolerated, these 
compounds may be particularly well suited to 
the treatment of elderly GBM patients, in com-
bination with either radical or short-course 
radiotherapy  [  135  ] . 

 While there is currently much interest in try-
ing to develop new therapeutic targets in GBM, 
it is important to remember that the most critical 
component of management is radiotherapy. 
Numerous studies have not demonstrated a 
bene fi t of dose escalation, so there is little to be 
gained by further exploration of this route, espe-
cially in elderly patients where this is concern 
about the tolerability of radiation. This does not 
mean that there is no room for improvement in 
terms of delivery of radiotherapy to older 
patients. The advent of intensity-modulated 
radiotherapy (IMRT) has provided radiation 
oncologists with a greater ability to sculpt the 
dose around a target volume. IMRT is often used 
to spare a speci fi c organ at risk, such as the spi-
nal cord or optic chiasm, and has the advantage 
of delivering a highly conformal, homogeneous 
dose to the target volume while simultaneously 
sparing normal tissue. Hence, techniques such as 
IMRT may be of particular bene fi t in elderly 
patients, by minimizing radiation dose to normal 
brain and improving tolerance to treatment. An 
example of a more favorable dose distribution 
using IMRT compared with conventional 
 radiotherapy is illustrated in Fig.  11.3 .   
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   Conclusion 

 Managing elderly GBM patients effectively 
can be challenging, as they are often frailer and 
less able to tolerate standard multimodality 
therapy. However, a subgroup of elderly 
patients is less impaired in terms of neurologi-
cal function and performance status and can 
cope with “aggressive” management. 
Underpinning the use of multimodality treat-
ment is debulking surgery. Recent reports are 
challenging the widely held view that elderly 
patients do not tolerate neurosurgical interven-
tion, and evidence is emerging that tumor 
resection can improve performance status in 
this patient group. A more interventional neu-
rosurgical approach brings a number of poten-
tial bene fi ts: (i) rapid and effective relief of 
raised intracranial pressure and possible 
improvement in performance status, (ii) high-
quality tissue for diagnosis and molecular 
classi fi cation that might help to predict prog-
nosis and guide nonsurgical treatment, (iii) the 
potential for use of local cytotoxic agents, and 
(iv) a possible improvement in tolerance of 
subsequent radiotherapy and/or chemotherapy. 
While not all of these statements are yet sup-
ported by high-level evidence, it is the opinion 

of the authors that selected elderly patients will 
derive signi fi cant, cumulative bene fi ts from 
more aggressive neurosurgical management. 
Still, it is important to be mindful that even the 
 fi ttest elderly GBM patients may not necessar-
ily derive the same survival advantage as 
younger patients. Ultimately, the key to suc-
cessful management of GBM in the elderly 
population is to differentiate between those 
patients who are most likely to bene fi t from 
multimodality therapy and those who would be 
better served by de-intensi fi cation protocols. 
Currently, elderly patients constitute approxi-
mately half of all patients with GBM, and this 
proportion is likely to increase signi fi cantly 
over the coming years. It is therefore impera-
tive that we achieve a greater understanding of 
how to select patients for the various treatment 
approaches appropriately. Hopefully the imple-
mentation of carefully designed clinical trials 
in the elderly will identify prognostic factors, 
clinical and/or molecular, that will guide treat-
ment with the optimal combination of 
 conventional and novel therapies.      
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  Fig. 11.3    Normal brain sparing with intensity-modulated 
radiotherapy (IMRT). Contrast-enhanced computed 
tomography (CT) planning images of two patients with 
right temporal lobe tumors treated with radical chemora-
diotherapy using different techniques: conventional 3- fi eld 

arrangement ( a ) and IMRT ( b ). The PTV in each case is 
indicated in  red , and color dose wash demonstrates the 
50 % isodose ( blue  shading). Note the improved sparing 
of surrounding normal brain in the IMRT-treated case       
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   Introduction 

 This chapter sets out to identify whether the spe-
cialist neuro-oncology community which is pri-
marily focused upon the delivery of complex care 

for the brain tumor patient in childhood can 
in fl uence health systems to promote enhanced 
public and professional awareness and faster 
diagnosis of brain tumors in the broader health 
community. Faster diagnosis of brain tumors 
intuitively would offer the opportunity to:

   Intervene earlier in the disease’s progress and • 
thereby reduce the risk of acquired neurologi-
cal disability due to tumor-related brain injury 
prior to, or at the time of, surgery or radiation 
therapy.  
  Reduce the number of initial operations con-• 
ducted as urgent or emergency procedures due to 
severe raised intracranial pressure with the asso-
ciated enhanced mortality and morbidity risks.  
  Reduce patients’ and families’ anxieties • 
about the consequences of avoidable delays in 
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  Abstract 

 Brain tumors in children (<18 years) frequently present after protracted 
delays, complicating initial management and risking life and disability. 
These experiences cause great anxiety for the patient and their family. The 
current priority on early cancer diagnosis is the focus of this chapter. 

 The HeadSmart campaign, launched in 2011, seeks to shorten symp-
tom interval (median) for children from 3 to 1 month (3 into 1). The cam-
paign is ongoing which we hope will join the ranks of successful media 
campaigns linked to child health, i.e., meningitis and sudden infant death 
(Back to Sleep).  
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 diagnosis, whether they are due to patient and 
family delays or physician and health system 
delays.  
  Enhance the public’s con fi dence in the health • 
services.     

   Symptom Interval 

 Symptom interval (SI) is de fi ned as time from 
symptom onset identi fi ed by the patient and fam-
ily until the commencement of treatment after 
diagnosis. Four separate components of delay are 
recognized (see Fig.  12.1 ): 
    1.    Patient delay, while the patient and fam-

ily become aware of symptoms and decide 
whether to seek advice from their general 
practitioner (GP)  

    2.    Primary health system delay, linked to GP rec-
ognition of symptoms justifying referral and 
the processes associated with the initiation of 
investigation or referral  

    3.    Secondary health system delays linked to time 
taken to make arrangements for assessment, 
physician/surgical recognition of symptoms, 
and time taken to initiate and perform  diagnostic 
investigations  

    4.    The pretreatment interval which is the time 
taken to initiate the  fi rst treatment after 
diagnosis     

 Strategies, aimed at reducing the overall SI, 
require each interval component to be addressed 
speci fi cally. Neal proposed that to reduce the 
patient delay, attempts should be made to 
increase awareness of symptoms and clarify 
how and when to act on these; to reduce primary 
care delay, attempts should be made to enhance 
awareness of potential cancer symptoms among 
primary care clinicians and by changing culture 
toward one where potential cancer symptoms 
are considered suspicious, until proven other-
wise, while thresholds for referral or requesting 
GP-initiated investigations should be lowered 
 [  1  ] . To reduce secondary health system delays, 
revising and implementing new urgent cancer 
referral guidance based upon primary care-
based research into the meaning of symptoms 
and symptom complexes and promoting and 
monitoring fast-track referral pathways for 
diagnostic investigations when the symptoms 
do not ful fi ll the urgent referral criteria are pro-
posed as an appropriate strategy. Finally, the 
most effective diagnostic process, e.g., brain 
MR or CT scan, should be prioritized routinely 

Patient delay Doctor delay System delay

System delay in
primary health care

Delay in primary health care

First
symptom

First
contact

with the GP

Initiation of
investigation of
cacer-related

symptoms

Referral to
hospital

First in-
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Diagnosis/
referral to
treatment

Initiation of
treatment

Treatment delayDiagnostic delay in
secondary health care

Delay in secondary health care

  Fig. 12.1    National awareness and early diagnosis initiative pathway       
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rather than advising other less sensitive or less 
speci fi c tests, i.e., EEG.  

   Raising Concerns 

 Having worked in this area, focusing upon the 
need for more rapid diagnosis in children under 
18 years, it has been possible to compare the 
reporting of SI in the UK in different eras and in 
different health systems  [  2  ] . In the UK, public 
concern was expressed repeatedly in the media 
and in parliament, that delays in diagnosis were 
occurring to the disadvantage of children. 
Furthermore, there was concern that the health 
system did not seem responsive to the needs of 
children with brain tumors and their families. This 
was summarized in a national manifesto presented 
in the Houses of Parliament in October 2010 as 
part of a parliamentary lobbying process ( A mani-
festo for everyone affected by a brain tumour , Oct 

2010). There are consistent reports from all health 
systems of delays in diagnosis for individuals 
where early death or signi fi cant disability may 
have been avoidable. On the other hand, there are 
other occasions where the rapid onset of symp-
toms is driven by the aggressive biology or criti-
cal location of the tumor where enhanced speed 
of intervention could not conceivably contribute 
to better outcomes.   

   Creating the Evidence-Based Clinical 
Guidance 

 With these provisos, we engaged in a process 
of reviewing existing evidence for variations in 
prediagnostic symptom interval within the UK 
and from different international health systems. 
We identi fi ed the symptom clusters and classi fi ed 
them by age group within childhood because of the 
developmental differences in clinical presentation 

Supratentorial tumours:
Unspecified symptoms of raised           
ICP* 47%
Seizures 38%
Papilloedema* 21%
Focal neurological signs 17%
Headache* 11%
Hemiplegia 10%
Nausea and vomiting* 8%  

Posterior fossa tumours:
Nausea and vomiting* 75%
Headache* 67%
Abnormal gait and coordination difficulties 
60%
Papilloedema* 34%
Abnormal eye movements 20%
Lethargy 13%
Nausea without vomiting* 10%
Unspecified symptoms and signs of raised 
ICP* 9%
Weight loss 9%
Focal motor weakness 9%
Macrocephaly* 7%
Impaired consciousness 7%
Vertigo or auditory symptoms 7%
Squint 6%
Stiff neck 6%
Head tilt 5%

Spinal cord tumours:
Back pain 67%
Abnormal gait or coordination difficulties 
42%
Spinal deformity 39%
Focal motor weakness 21%
Sphincter disturbance 20%
Decreased upper limb movement 17%
Developmental delay 8%
Head tilt 7%

Brain stem tumours:
Abnormal gait and coordination difficulties 78%
Cranial nerve palsies (unspecified) 52%
Pyramidal signs (unspecified) 33%
Headache* 23%
Squint 19%
Focal motor weakness 19%
Facial palsy 15%
Papilloedema* 13%
Unspecified symptoms of raised ICP* 10%
Abnormal eye movements 6%
Behavioural change or school difficulties 5%

Central tumours:
Headache* 49%
Abnormal eye movements and squint 21%
Nausea and vomiting* 19%
Papilloedema* 18%
Reduced visual acuity 16%
Unspecified symptoms and signs of raised ICP* 13%
Diabetes insipidus 12%
Abnormal gait and coordination difficulties 10%
Optic atrophy 9%
Behavioural change or school difficulties 9%
Altered level of consciousness 9%
Reduced visual fields 8%
Seizures 7%
Hemiplegia 7%
Focal motor deficit 7%
Developmental delay 7%
Short stature 7%
Weight loss 5%
Vertigo or auditory symptoms 5%
Visual or eye abnormalities (unspecified) 5%

  Fig. 12.2    Central nervous system (CNS) tumor presentation (Wilne et al.  [  3  ] ; used with permission)       
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and examination  fi ndings and their interpretation 
when compared to adult practice. This resulted 
in a strong evidence base for  symptomatology. 
We went on to use this symptom evidence base 
in Fig.  12.2  conjunction with data from a mul-
ticenter cohort study  [  2  ]  in a Delphi consensus 
process with over 150 clinicians experienced in 
seeing children as well as experienced parents, 
both groups who had been involved previously 
with the diagnosis of a child with brain tumor, 
and, as a result, we developed a series of con-
sensus statements, which were put together as a 
clinical guideline, meeting national standards for 
clinical guidelines (  http://www.sign.ac.uk/guide-
lines/fulltext/50/index.html    ). The end point of the 
clinical guideline was focused upon obtaining the 
result of brain scan (MRI or CT with contrast) to 
diagnose or exclude a brain tumor. 

 This clinical guideline was reviewed and 
endorsed by the Royal College of Paediatrics and 
Child Health and published on their website in 2007 
(  http://www.rcpch.ac.uk/oncology#pathways    ) 
 [  3  ] . We were aware that there were existing refer-
ral guidelines for cancer published by National 
Institute for Health and Clinical Excellence 
(NICE), which provided referral guidance for 
general practitioners in the UK in 2005 (  http://
www.nice.org.uk/cg027    ). These guidelines were 
produced without a systematic literature review 
and by a less formal consensus process; further-
more, they used, as their end point, referral to a 
secondary pediatric service rather than perform-
ing a brain scan as the critical step in making a 
diagnosis. They were published but have not, to 
date, been the subject of a program of dissemina-
tion or audit.  

   Disseminating the Guidance 

 Having developed the clinical guidance and 
obtained professional support from the RCPCH, 
we went on to seek support from other profes-
sional bodies associated with the wide range of 
specialties seeing children with symptoms in 
this area. These included emergency medicine, 
 ophthalmologists, optometrists and opticians, 
 general practitioners, community pediatricians, 

 neurologists, and neurosurgeons. We were 
advised that complex clinical guidance of this 
type required a speci fi c strategy aimed at its 
dissemination to the profession. We were also 
advised that the parental role in selecting chil-
dren for assessment means that there is a need to 
raise awareness of these issues in the public. 

 The challenge was to design and manage a 
process of guideline dissemination, which was 
nationwide, directed at the public and the profes-
sion, providing graded advice which both raised 
awareness of the risk of brain tumor but did not 
create undue anxiety yet provided practical advice 
on when to perform a scan, when to observe and 
for how long to do so, and when to reassure.  

   Policy Strategy 

 The intention to disseminate new guidance and 
in fl uence public and professional awareness 
would be optimized if the messages and their 
timing were compatible with government priori-
ties within national policy. The National Cancer 
Plan  [  4  ]  and its follow-up documents, the Cancer 
Reform Strategy  [  5  ]  and Improving Outcomes: 
A Strategy for Cancer  [  6  ] , all highlight the need 
to streamline access to clinical services and 
enhance awareness so as to speed up diagnosis as 
a strategy to improve survival rates. The National 
Patient Safety Agency recently published a the-
matic review in their National Reporting and 
Learning Service titled Delayed diagnosis of can-
cer  [  7  ] . This latter document scopes the safety 
issues, identi fi es possible solutions, and makes 
patient safety recommendations as well as rec-
ommendations for practitioners and health policy 
makers. It concludes that to minimize delays in 
diagnosis, it is necessary to:

   Have accessible a diagnostic tool for use in • 
primary care, adapted for clinical guidelines.  
  Identify, review, and disseminate current good • 
practice in the processes of ordering, manag-
ing, and tracking tests and test results.  
  Review and develop methods for empowering • 
patients on a cancer diagnostic pathway.  
  Develop a model for stronger leadership and • 
improved safety reporting and learning, 

http://www.sign.ac.uk/guidelines/fulltext/50/index.html
http://www.sign.ac.uk/guidelines/fulltext/50/index.html
http://www.rcpch.ac.uk/oncology#pathways
http://www.nice.org.uk/cg027
http://www.nice.org.uk/cg027
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including signi fi cant event audit at a local and 
national level.  
  Improve routine monitoring of delayed • 
diagnosis.    
 It also highlights the need to maximize sur-

vival rates by tackling service de fi ciencies across 
the whole cancer patient journey. One of the key 
commitments of the Cancer Reform Strategy in 
England was to establish a National Awareness 
and Early Diagnosis Initiative (NAEDI). The 
National Awareness and Early Diagnosis Initiative 
(NAEDI) was launched in November 2008 by 
CRUK in collaboration with the Department of 
Health and seeks to generate research into this 
aspect of care (  http://info.cancerresearchuk.org/
spotcancerearly/naedi/AboutNAEDI/     )  with a 
view to test the hypothesis that “delays lead to 
patients being diagnosed with more advanced 
disease and thus experiencing poor 1-year and 
5-year survival rates, resulting in deaths that 
could potentially have been avoided”  [  8  ] . The 
Cancer Reform Strategy recognized that excel-
lent progress had been made on early detection of 
cancer through screening but also that more needs 
to be done to promote early diagnosis in the large 
majority of patients who present with 
symptoms. 

 Members of the NAEDI steering group have 
identi fi ed multiple strands of evidence linking 
the poor cancer survival rates observed in the 
United Kingdom in the EUROCARE studies to 
advanced stage at diagnosis and to delays occur-
ring between the onset of symptoms and the start 
of treatment. However, the evidence base is 
 complex and is still incomplete  [  9,   10  ] .  

   The NAEDI Pathway 

 To assist thinking about the issues related to late 
diagnosis of cancer, members of the NAEDI steer-
ing group have adopted a provisional “NAEDI 
pathway” (Fig.  12.1 ). This should provide a 
framework for testing various hypotheses regard-
ing late diagnosis and its impact. The  fi rst step in 
the pathway proposes that low awareness of the 
signs and symptoms of cancer among the pub-
lic in general or in speci fi c subgroups,  combined 

with negative beliefs about cancer, will lead to late 
presentation to primary care services and to low 
uptake of cancer-screening services. In addition 
to this, there may be perceived or actual barriers 
to accessing primary care services. Ultimately, 
delayed presentation by patients to primary care 
services may result in emergency presentations 
to hospital. 

 The second step in the pathway involves delays 
occurring within primary care. These may occur 
for a variety of reasons, including failure to con-
sider cancer as a possible diagnosis and having 
inadequate access to diagnostic tests to con fi rm 
or exclude cancer as the underlying cause of a 
patient’s symptoms. The dif fi culties that general 
practitioners face in this regard should not be 
underestimated. In England, an average GP will 
see seven or eight new cases of cancer (excluding 
non-melanoma skin cancer) each year but will see 
hundreds, or possibly thousands, of patients with 
symptoms that could possibly be due to cancer. 
When should the GP reassure, observe, request 
investigations, or refer to specialist services? 

 Delays following referral to specialist services 
have been well documented in the United 
Kingdom, with major efforts being made to 
streamline services to achieve de fi ned waiting 
time targets. However, relatively little work has 
been undertaken to measure the relative contribu-
tions of patient delay, doctor delay, and system 
delay to overall delay for different cancer sites in 
this country. Studies of this type have, however, 
been undertaken in Denmark, another country 
with survival rates below the European average. 
A paper in this supplement summarizes the 
 fi ndings from Denmark  [  11  ] . 

 The key hypothesis underpinning NAEDI is 
that delays lead to patients being diagnosed with 
more advanced disease and thus experiencing 
poor 1-year and 5-year survival rates, resulting in 
deaths that could potentially have been avoided. 
This could potentially account for at least some 
of the differences in outcomes observed within 
the United Kingdom between rich and poor  [  8  ] . 

 Finally, the recent publication of Getting it 
Right for Children and Young People by Sir Ian 
Kennedy highlights the need to overcome cul-
tural barriers linked to children’s requirements in 

http://info.cancerresearchuk.org/spotcancerearly/naedi/AboutNAEDI/
http://info.cancerresearchuk.org/spotcancerearly/naedi/AboutNAEDI/
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the NHS  [  12  ] . He identi fi es a disconnect between 
the biological rate of development of brain, which 
is critical to future health, development and func-
tioning of these children later in their lives, and 
health spending in the early years. The report 
identi fi es the gap between UK health service per-
formance in children’s key outcomes and those 
observed in mainland Europe, with the UK under-
performing. It also identi fi es the need to enhance 
the priority and joined-up planning for children’s 
health services and policy.  

   HeadSmart 

 This is the name of the awareness campaign asso-
ciated with the dissemination program for the 
RCPCH brain tumor referral guidelines. 

 The need to disseminate the messages about 
symptomatology and selection of children for 
scanning, observation, or reassurance was con-
sidered central to the plan to implement the new 
referral guidance. We envisaged a model consul-
tation process where the parent and child or 
young person is empowered by the messages 
contained in a symptom card to seek medical 
advice sooner and more positively within the 
consultation. Similarly, the program aimed at the 
general practitioner or pediatrician is directed at 
enhancing their awareness of the symptoms and 
signs as well as access to the decision support 
website (  www.headsmart.org.uk    ) focusing upon 
the need to select patients for referral for scan-
ning, clinical review, or reassurance. 

 The messages and guidance were deliberately 
designed to be both speci fi c in the selection of 
children for scanning while also as clear in select-
ing children for subsequent review or reassur-
ance. The health messages are summarized on 
the credit card-sized information card (Fig.  12.3 ) 
and further advertised with posters and a short 
version guideline document and poster, meeting 
the AGREE criteria. The associated website con-
tains all the information to support the campaign 
presented for professionals and for the public. It 
is structured to offer quick advice and strongly 
linked to relevant additional health message 
websites for symptoms and signs described, e.g., 

headache, vomiting, abnormal eye movements, 
or squint. The website was also designed to be a 
source for distribution of campaign messages 
and materials so that downloads of symptom 
checklists, posters, and campaign information 
could be shared as part of the dissemination 
campaign.  

 Finally, an interactive end’s CAL package has 
been incorporated into the HeadSmart website, 
and an education module has been developed to 
offer relevant professional training using scenar-
ios, interactive training and training materials for 
general practitioners, and general and emergency 
pediatricians.  

   Marketing 

 The public and professional focus of the cam-
paign, together with the intention of creat-
ing impact across the UK, justi fi ed the need 
for a marketing campaign. Our target was to 
reduce the median symptom interval from 13 
to 5 weeks. This target was selected as the 
critical performance measure using Quality 
Improvement methodology (  http://www.health.
org.uk/areas-of-work/topics/quality-improve-
ment/quality-improvement/    ). We engaged mar-
keting help to assist with strategy, design, and 
launch. A critical element of this was the design 
phase for the materials delivering the message. 
The symptom checklists were reduced to credit 
card size (Fig.  12.3 ), which have drawn wide-
spread appreciation for their handiness and suc-
cinct messaging. The interface with the media 
was organized in advance with press releases 
planned and a launch day organized to maxi-
mize exposure in TV, radio, and printed media. 
An estimated 14 million people were contacted 
on this  fi rst launch day. There was a strong 
emphasis on partnership between profession-
als and the public in the content. Subsequently, 
plans have been made to sustain and evaluate 
the impact. Early feedback has identi fi ed symp-
tomatology of which the public and profession 
were relatively unaware; this has identi fi ed 
messages about symptoms that need further 
emphasis. The professional survey identi fi ed 

http://www.headsmart.org.uk
http://www.health.org.uk/areas-of-work/topics/quality-improvement/quality-improvement/
http://www.health.org.uk/areas-of-work/topics/quality-improvement/quality-improvement/
http://www.health.org.uk/areas-of-work/topics/quality-improvement/quality-improvement/
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that the actual current median  symptom interval 
coincided exactly with the professional percep-
tion of the likely symptom interval (Fig.  12.4 ), 
highlighting the importance of perception in 
determining outcomes from complex health 
systems.  

 At the time of writing, we are considering the 
feasibility of trying to change the professionals’ 
perception of the “accepted” symptom interval 
from 3 months to our target of 1 month in the 
belief that if this is changed, the system will be 

accelerated as a consequence. Our slogan will 
be “3 into 1.”  

   Evaluation 

 The success of the campaign will be assessed by 
the change in the symptom interval, the level of 
awareness of the campaign, and its messages in 
public and professional surveys, as well as the 
effect on 1-year survival rates, disability rates 

  Fig. 12.3    HeadSmart symptom cards (Used with permission).   www.headsmart.org.uk           
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and health service diagnostics, and other mea-
sures of clinical service usage. 

 The campaign launch was successful in estab-
lishing awareness of the campaign in 11 % of the 
UK population and 70 % of the professional res-
pondents within 4 months of the launch as judged 
by public and professional surveys. Targets for 
public and professional awareness of the cam-
paign have been set at 70 % and 100 %, respec-
tively. At this early stage, there is evidence of 
enhanced professional awareness of the less well-
recognized symptoms (e.g., head tilt, altered 
puberty). Symptom interval data was collected 
by a national network of clinical champions 
working in the children’s cancer treatment cen-
ters across the UK. Preliminary data from this 
network, compared to previously published mul-
ticenter or regional studies, suggests an early 
trend to a shortening SI.  

   Route to Diagnosis and Multiple 
Referrals 

 Data from 294 children (median age 6.6 year, range 
0.11–17.7) is available spanning launch of the cam-
paign. The median SI is 8.0 weeks (0–398 weeks). 
The median symptom onset to consultation with a 
healthcare professional interval is 2.4 weeks 
(0–123 weeks), and the median consultation to 
diagnosis interval is 2.6 weeks (0–398 weeks). 
Imaging that identi fi ed the tumor took place as an 
outpatient in 34.1 %, an inpatient in 40.1 %, and 
from the emergency department in 23.2 %. 2.9 % of 
children were referred via a “2-week wait” cancer 
referral, and 2.2 % were found as incidental  fi ndings 
following scans for sinuses, after head injury and 
medical screening. Tumor diagnoses were repre-
sentative of population registries. The median 
symptom interval prior to and after the launch of the 
HeadSmart campaign is shown in Fig.  12.5 . These 
changes reach statistical signi fi cance and are sug-
gestive that the HeadSmart Campaign is associated 
with an early improvement.   

   Conclusions 

 It is too soon to say whether a tertiary special-
ist’s initiative to change a combined primary and 
secondary care system of referral in a rare child-
hood disease can be successful. Any such judg-
ment needs careful assessment using unbiased 

0.7%
9.7%

28.1%

44.5%

7.7% 9.4%

<1 
month

1–2 
months

2-3 
months

3-4 
months

5-6 
months

>6 
months

  Fig. 12.4    Professional prediction of symptom interval 
for childhood CNS tumor       

P25 – Median-P75

Median Symptom Interval (weeks)
Multi-centre Studies in the UK

14.4

50

40

30

20

10

0
wilne et al

4 centres in England
2004–2006 (n=139)

S
ym

pt
om

 In
te

rv
al

 (
w

ee
ks

)

HeadSmart post–launch
national (n=148)

HeadSmart pre–launch
national (n=146)

7.49.2

  Fig. 12.5    Symptom interval data. Median symptom 
interval (weeks); Multicenter studies in the United 
Kingdom. Signi fi cant difference across three cohorts 

(Kruskal-Wallis test,  p  < 0.01); no signi fi cant difference 
between pre- and postlaunch (Mann–Whitney  U  test, 
 p  = 0.136)       

 

 



20512 Brain Tumor Presentation in Children and Young People

methods of measurement of health service usage 
and outcomes. At this stage, we have prioritized 
public and professional awareness of the disease 
symptomatology, created a system of contem-
poraneous monitoring of symptom interval as a 
proxy for health system performance and report-
ing, and identi fi ed the need to change public and 
professional perception of what is an acceptable 
and expected symptom interval by setting a tar-
get (3 into 1). 

 By focusing upon these facets of the prob-
lem, we aim to in fl uence the health system 
at large. Whether this will serve as a model 
for other serious childhood conditions where 
slow recognition can have adverse outcomes 
remains to be seen, e.g., speed of presentation 
of newly diagnosed diabetes in childhood. The 
Meningitis Trust’s “Glass Test” and “The Back 
to Sleep” campaigns were highly successful 
in changing clinical practice and improving 
outcomes in paediatric practice; we hope that 
“HeadSmart: be brain tumour aware” can join 
their ranks.      
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 Clinical trials are a methodology by which 
new treatments in medicine can be robustly 
assessed. The overall aim of most clinical tri-
als, in the management of cancer, is to re fi ne 
and improve cancer treatments. For the purpose 
of this chapter, the discussion will consider pri-

mary tumors affecting the central nervous sys-
tem (CNS). Although they are relatively rare, 
primary CNS tumors contribute signi fi cantly to 
disability and disease-attributable death. This is 
demonstrated in the high number of years of life 
lost for patients with CNS tumors  [  1  ] . Despite 
clinical research efforts in neuro-oncology, sur-
vival for the majority of patients with malignant 
glioma has not signi fi cantly changed over the 
last 20 years. Patients who present with glioblas-
toma multiforme (GBM) have a median  survival 
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  Abstract 

 Current surgical and oncological treatments for patients presenting with 
tumors of the central nervous system (CNS) only achieve long-term cure 
in a minority of patients. Clinical trials are a well-established mechanism 
to assess new approaches in comparison to our current clinical standard 
treatment. Optimizing entry into clinical trials can be in fl uenced by a num-
ber of factors. This chapter explores the challenges that occur in optimiz-
ing patient entry into neuro-oncology trials. Clinical trial participation 
may be affected by patient factors, clinician factors, study protocol issues, 
access dif fi culties, and the research setting. Patients with CNS tumors also 
may present with neurological dif fi culties, physical and cognitive, which 
make them a vulnerable population and thus crucial that the highest ethical 
standards are maintained in clinical trial design. Understanding the obsta-
cles to clinical recruitment is crucial in optimizing future clinical trial 
designs for neuro-oncology patients.  

  Keywords 
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of 10–12 months, whereas for patients with 
anaplastic astrocytoma, the median survival is 
3.5 years  [  2,   3  ] . The introduction of concomitant 
and adjuvant temozolomide with radiotherapy 
has improved survival for a small proportion of 
patients with a diagnosis of GBM  [  4  ] . 

 Many new approaches to treatment for tumors 
of the CNS are currently being explored in clini-
cal trials. As well as having clinical trial avail-
ability, it is also essential that the right studies are 
undertaken and efforts are made to optimize both 
access and recruitment. This chapter will explore 
the potential barriers to clinical trial participation 
and ways in which the situation may be improved 
in the future for patients with CNS tumors. 

   Research Setting 

 There is a wide variation in the ability to recruit 
patients into clinical trials dependent on the 
underlying diagnosis. Very high rates of partici-
pation are often demonstrated in pediatric oncol-
ogy  [  5  ] . This contrasts sharply with the situation 
in the adult population. In 2000–2001, only two 
local research networks in the United Kingdom 
(UK) recruited a total of 7.5 % of patients into 
clinical trials  [  6  ] . The development of the National 
Cancer Research Network (NCRN) infrastruc-
ture in the UK has demonstrated an increase in 
recruitment to 12 % of incident cancer patients 
into clinical trials each year (32,000 patients) as 
reported in 2007–2008. As well as increasing 
recruitment overall, study delivery was also 
improved with more clinical trials meeting the 
recruitment target (74 % compared with 39 % 
before NCRN was established). 

 Timely and complete accrual to clinical trials 
of cancer treatments is crucial if treatments are to 
be improved, but it must be ensured that recruit-
ment is conducted in a way that is appropriate for 
patients and clinicians and is ethically sound. 
High recruitment is not, therefore, the ultimate 
goal, but rather it is “optimal recruitment.” This 
must take into account that patients are able to 
make informed decisions and decide themselves 
whether to enter the trial or not  [  7  ] . It is important 
to factor accrual rates into the design of clinical 

trials as poor accrual results in clinical trials fail-
ing to complete on time and/or recruit suf fi cient 
patients for a meaningful result. 

 In order to effectively address a research ques-
tion for primary CNS tumors, due to the relatively 
small incidence, it is often necessary to undertake 
trial design which will require a multicenter 
approach, and in some instances, this may need 
an international collaboration. This can be a time-
consuming process requiring a signi fi cant amount 
of administration within each hospital trust and 
can involve multiple cancer research networks 
and international research agreements. Despite 
this recruitment strategy, the numbers ultimately 
recruited per center in the UK may still be very 
small. As consequence of the small number of 
patients with CNS tumors considered for clinical 
trials, many clinicians do not have access to a 
dedicated research nurse support. This com-
pounds the dif fi culty in recruiting patients into 
clinical trials.  

   Clinical Equipoise 

 The randomized controlled trial (RCT) has been 
a key technical advance in the development of 
evidence-based medicine. RCTs do raise some 
complex ethical issues. RCTs incorporate meth-
ods to maximize the validity of studies; concur-
rent control or comparison groups, randomization 
and strati fi cation reducing potential differences 
between the study arms, and placebo and blind-
ing may be utilized to reduce the likelihood 
of bias  [  8  ] . 

 The ethical acceptability of RCTs which uti-
lize randomization to assign treatment hinges 
on the concept of clinical equipoise. This is the 
premise that there is uncertainty about the relative 
therapeutic merits of treatments  [  9,   10  ] . Clinical 
equipoise assumes reasonable professional dis-
agreement about the relative merits of each of the 
treatments proposed  [  11,   12  ] . RCTs highlight the 
tensions between the  clinician’s therapeutic obli-
gations and the investigator’s obligation to the 
individuals who will bene fi t from the information 
derived from the study  [  13  ] . In fact this dilemma 
also applies to  nonrandomized studies, as it is 
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present in all studies that pose risks justi fi ed by 
knowledge gains rather than bene fi ts to individu-
als. However, clinical equipoise has been broadly 
accepted as the ethical criteria for clinical trials 
and has been endorsed by international research 
ethics guidelines  [  14  ] .  

   Clinician Factors 

 Certain elements of the way that recruitment is 
conducted in cancer trials have been proposed to 
be associated with high accrual  [  15  ] . An impor-
tant issue is that the research question should be 
considered important by both the clinician and 
patient. It has been shown that recruitment is 
increased if communication between the clinician 
and patient is of high quality and performed by 
an experienced clinician  [  15  ] . It is important to 
ensure that the information about the trial is deliv-
ered in a personal, tailored, and timely approach. 

 It has been proposed that the focus of the con-
sultation in which a clinical trial is discussed 
should be made clear in advance to the patient 
 [  7  ] . If a patient believes that a consultation’s pur-
pose is to discuss speci fi c results or treatment, 
they may perceive the discussion of a trial as an 
unwelcome deviation from their treatment plan. 
Throughout recruitment, patients should feel that 
the clinician gives priority to their care over the 
scienti fi c imperative of the trial and that if trial 
continuation brought signi fi cant physical or emo-
tional cost, the clinician would withdraw the 
patient from the trial. 

 Trial recruitment processes vary greatly in 
terms of timing, cancer types, and intervention 
with each trial having its own speci fi c  procedural 
and ethical challenges. Prior to obtaining the 
patients consent to participate in a clinical trial, 
they should be aware of the following: (1) that the 
trial is different from routine clinical practice, 
(2) how the treatment is allocated, and (3) of the 
risks, bene fi ts, and the right to withdraw from the 
trial  [  15  ] . 

 When explaining clinical trials, doctors often 
stress their dual role and the importance of inte-
gration of good clinical care with a clinical trial 
 [  15  ] . Some researchers have called for greater 

integration of clinical care and research in order to 
improve accrual  [  16  ] , but others have voiced con-
cerns about the ethics of doctors recruiting patients 
for whom they have clinical responsibility  [  16–
  20  ] . Because the motivation of the investigator (to 
answer an empirical question) and the clinician 
(to manage the clinical care of the patient) is dif-
ferent, concerns have revolved around the poten-
tial for clinicians to unduly in fl uence patient 
consent when recruiting their own patients  [  16–
  20  ] . It has therefore been suggested that doctors 
should declare their dual roles  [  16–  20  ] . The 
advent of the neuro-oncology multidisciplinary 
team meeting can also help identify patients who 
may be eligible for clinical trials which represents 
a collective decision-making process. 

 To date there is little convincing evidence that 
an individual patient when treated in the context 
of a clinical trial within a hospital trust will have 
better health outcomes than a similar patient 
receiving the same treatment as standard care 
within a different hospital trust. However, there is 
stronger support in the literature for the hypoth-
esis that hospital trusts which are research active 
rather than those which are not have better health 
outcomes  [  21–  24  ] . This may be due to research-
active environments introducing new treatments 
earlier than their counterparts.  

   Randomization Process 

 Most clinical trials assessing cancer treatments 
involve a delayed randomization process, which 
allows time for the tailored and timely dissemina-
tion of trial information including the rationale 
and underlying processes. This assists patients in 
distinguishing between standard clinical care and 
the scienti fi c rationale for the clinical trial. 
Previous research has shown that people report 
the advancement of science as being an important 
driver in agreeing to take part in trials  [  25–  27  ] . 
Clinical trials that address areas where there is a 
greater uncertainty regarding the outcomes of the 
different treatment arms often prove to be more 
challenging in terms of recruitment. This is par-
ticularly the case if there is a non intervention 
arm in the clinical trial  [  28–  30  ] .  
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   Clinical Trial Protocols 

 For many patients an important concept to under-
stand is that there is often little personal bene fi t 
from clinical trial participation  [  27,   28  ] . The pro-
tocols may discourage clinical trial participation 
because of an insuf fi ciently interesting question 
for the patient. Also the toxicity associated with 
the study treatment may be anticipated to be more 
signi fi cant than standard treatment. The com-
plexity and dif fi culty of the protocol can make 
the study signi fi cantly more arduous than stan-
dard treatment  [  31–  35  ]  which may reduce par-
ticipation. Some clinical trials require specialist 
interventions that can only be administered at 
speci fi c institutions and may therefore require 
traveling long distances  [  36  ] . Other general barri-
ers include the  fi nancial aspect of conducting 
clinical trials and the impact on the National 
Health System  [  37–  42  ] . Negative publicity about 
conduct of trials also fuels mistrust in the clinical 
research enterprise and can have an adverse 
impact on clinical trial participation. 

 An illustration of the complex nature of prob-
lems with recruitment into a clinical trial was 
demonstrated in the National Surgical Adjuvant 
Project for Breast and Bowel Cancers clinical trial 
which aimed to compare segmental mastectomy 
and postoperative radiotherapy or segmental mas-
tectomy alone, with total mastectomy. Due to low 
rates of accrual, a questionnaire was sent to all the 
principal investigators to assess why eligible 
patients were not entered into the trial. The  fi ndings 
were that the greatest concern and barrier to 
recruitment was from clinicians who had concerns 
for the doctor–patient relationship created by the 
randomization process. There were also dif fi culties 
with informed consent and discussions of uncer-
tainties, perceived con fl ict between the roles of 
scientist and clinician, and practical dif fi culties in 
following procedures required on the study  [  43  ] .  

   Neurological Factors 

 Particular challenges arise for patients who 
have a neuro-oncology diagnosis  [  44–  47  ] . 
Patients may have neurological de fi cits that 

may present a physical barrier to entry into the 
study. Neurocognitive dif fi culties, as a direct 
 consequence of the primary tumor location or 
following surgery, may also affect the ability of 
a patient to be considered for a clinical trial. This 
is compounded by the diagnosis of a glioma ren-
dering patients unable to drive for a signi fi cant 
period of time which can make the attendance 
for visits for the clinical study dif fi cult. The time 
and distance may be even greater if the trials 
are run from specialist neuro-oncology centers. 
Traveling costs can become very signi fi cant over 
the course of a clinical trial, and even though they 
are factored into trial design, often the remunera-
tion does not cover the entire traveling costs.  

   Central Nervous System Tumor 
Pathology 

 There is a limited evidence base for the factors 
that predict clinical trial participation within 
neuro-oncology. It has been shown that patients 
with GBM are more likely to participate in trials 
than patients with less aggressive tumors. Patients 
with GBM currently still have a relatively poor 
prognosis with a median survival of 10–12 months 
which may in fl uence both clinicians and patients 
to favor enrollment in a clinical trial  [  47  ] . This is 
consistent with  fi ndings from Verheggen et al., 
who reported that the perception of a threat was a 
factor that correlated with trial participation  [  31  ] . 
Increased entry into clinical trials has also been 
correlated with increasing severity of illness  [  48  ] .  

   Radiology of CNS Tumors 

 Many research studies require an increase in fre-
quency of standard magnetic resonance imaging 
(MRI) and may also require certain specialist 
MRI sequences. The former can lead to problems 
in funding studies as the imaging costs can be 
very expensive and may not be formally funded 
within the study. The latter may limit study sites 
to those centers that can provide specialist neuro-
radiology imaging. As well as performing speci fi c 
sequences, it has become clear that interpretation 
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of imaging requires speci fi c neuroradiology input 
particularly in the assessment of response. 
Antiangiogenic agents and chemoradiation with 
temozolomide in the treatment of GBM have 
demonstrated MRI changes that include pseudo-
response and pseudoprogression. Recent image 
response criteria have been updated to include 
both of these phenomena  [  49  ] . As well as MRI, 
there is a need to prospectively incorporate phys-
iological imaging such as diffusion-weighted 
imaging, MR spectroscopy, and cerebro vascular 
perfusion imaging into the clinical trial design.  

   Patient Age 

 Malignant glioma is more prevalent in the older 
population, and the incidence in the elderly 
appears to be increasing  [  50  ] . Age is a signi fi cant 
factor for clinical trial participation, with younger 
patients more likely to enroll. This is consistent 
with what has been shown repeatedly in the lit-
erature for other disease sites  [  51,   52  ] . Despite 
the increasing number of older people in the pop-
ulation and the greater frequency of malignant 
disease in this age group, there is substantial 
underrepresentation of patients aged over 65 in 
cancer treatment trials  [  53,   54  ] . In a survey of 
American oncologists, 50 % felt that some 
patients were not suitable for clinical trials based 
on age alone  [  55  ] . 

 Age is particularly relevant among patients 
with glioblastoma as increasing age is an adverse 
prognostic factor for survival  [  53,   54  ] . Trials have 
been designed with regard to age-speci fi c thera-
pies for older patients with glioma  [  56,   57  ] . It is a 
common misunderstanding that older patients 
may not be able to tolerate or bene fi t from treat-
ment in clinical trials. Giovanazzi-Bannon et al. 
showed that there was no signi fi cant difference 
between elderly patients and younger patients for 
several clinical trial end points, such as treatment 
delays and toxicities  [  58  ] . Studies have been 
designed to speci fi cally address the molecular, 
cytogenetic, and biologic factors that may be cor-
related to age and that may in fl uence outcome 
and may help target speci fi c agents to the older 
population. Evaluating how well older patients 

tolerate treatments also may be valuable in under-
standing the likely impact of clinical trial results 
to the general population. Thus, there is a de fi nite 
need to improve accrual rates for older patients 
with GBM as well as to develop more protocols 
designed speci fi cally for older patients.  

   Access to Clinical Trials 

 Further areas that may affect patient participation 
in clinical trials include patient education and 
access to health care. Ideally, a prospective evalu-
ation of the potential barriers to clinical trial par-
ticipation is needed. Information may become 
available via clinical information systems enter-
ing patient’s eligibility at neuro-oncology multi-
disciplinary meetings and subsequent audit of 
entry into clinical trials. 

 Strategies to improve recruitment to clinical 
trials have been described in the literature. 
Positive publicity through support groups or in 
the lay press can help educate patients and fami-
lies about the potential bene fi ts of clinical trial 
participation. Expanding neuro-oncology clinical 
trials so that access is available throughout a can-
cer network is one strategy. Recognition of the 
time, cost, and training necessary to recruit 
patients into clinical trials is also important in 
addressing some barriers to clinical trial 
participation.  

   Targeted Therapies 

 There have been many studies in CNS tumors 
evaluating the role of single-agent targeted ther-
apy which have demonstrated minimal ef fi cacy 
 [  59  ] . The rationale underlying these studies was 
the knowledge of potential targets existing in 
glioma and the ease and tolerability of adminis-
tration of the agents. This ignored the key aspects 
of drug distribution, mechanism of action, and 
biological activity before proceeding with phase 
II studies. 

 The optimum rationale would be an inte-
grated phase 0/I/II correlative study protocol 
for new agents. Phase 0 trials generally evaluate 
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 pharmacokinetic and pharmacodynamic pro fi les 
of new drugs in a small group of patients prior 
to initiating classic phase I tolerability studies 
 [  60  ] . These early studies can also examine the 
biological effects of targeted agents  [  61  ] . For 
phase II studies, tissue analysis for the presence 
of the target and other relevant biological mark-
ers would allow subsequent identi fi cation of the 
patients most likely to bene fi t. This approach is 
not unique to neuro-oncology; other researchers 
have reached similar conclusions with regard to 
more stringent studies of therapeutic agents in 
smaller populations of patients prior to initiating 
standard phase I studies  [  61–  65  ] . 

 The most challenging issue for CNS tumors is 
the safe acquisition of tumor samples at diagno-
sis. In addition, because of the increased risk of 
morbidity associated with serial biopsies, the 
development of surrogate markers of activity is 
more critical in the design of trials. Validated 
imaging markers would be particularly bene fi cial. 
MR spectroscopy imaging, diffusion- and perfu-
sion-weighted imaging, and positron emission 
tomography (PET) with novel imaging probes 
are techniques that may be incorporated into 
future trials 

 Many patients that have a CNS tumor will 
require treatment with  anticonvulsant medica-
tion. Hepatic enzyme-inducing  antiepileptic 
drugs (EIAEDs) can alter the pharmacokinetic 
parameters and toxicity pro fi les of therapeu-
tic agents. This has been shown for both cyto-
toxic and molecularly targeted agents  [  66,   67  ] . 
Trial designs in neuro-oncology have since 
evolved to test the agent in patients not taking 
EIAEDs  fi rst to determine ef fi cacy. Only if there 
is evidence of ef fi cacy in this patient population 
is there a reason to perform phase I testing in 
patients on EIAEDs to establish the appropriate 
dose for phase II evaluation. This strategy opti-
mizes both patient and  fi nancial resources and 
expedites the assessment of an agent’s clinical 
utility. EIAEDs can prove to be a barrier to entry 
to clinical studies as when patients are estab-
lished on these preparations, many weeks may 
be needed for conversion to non-EIAEDs and 
allow a washout period.  

   Current Developments 

 Overall, there is much work to be done in the  fi eld 
of neuro-oncology to improve patient participa-
tion in clinical trials. It is the responsibility of all 
principal investigators to examine their programs 
and try to address some of these barriers to 
recruitment. An effort to improve accrual 
rates will help determine the value of new thera-
pies as expeditiously as possible. Recently, there 
has been a signi fi cant increase in potential treat-
ments for CNS tumors. This has led to a rapid rise 
in the number of clinical trials that are available. 
In the context of the challenges of recruitment 
and enrollment of patients, this has led to a new 
problem of having competing trials for a paucity 
of patients who may be eligible for them all. This 
creates an ethical and practical dilemma. 

 The options for management of this problem 
include offering patients information on all ongo-
ing studies allowing them to make an informed 
decision about which trial to undertake. An alter-
native strategy is for consideration at the time of 
the neuro-oncology multidisciplinary team meet-
ing as to which trial may be most suitable for a 
particular patient. Both of these options introduce 
the risk selection bias of patients for particular 
studies. Increasingly, eligibility may be dictated 
by the access to imaging, surgical procedure 
undertaken, and/or molecular analysis of the 
tumor. 

 CNS tumor patients comprise a vulnerable 
population, and it remains incumbent on neuro-
oncology teams to maintain the highest ethical 
standards when addressing the issue of clini-
cal trials. Changes in clinical trial design may 
be required to mitigate the con fl icts created by 
 competition for patients. 

 Signi fi cant effort has been expended on the 
part of patients and clinical trial personnel to 
design and conduct early clinical trials in neuro-
oncology. There will need to be close and ongo-
ing interaction of basic scientists and clinicians 
to translate information learned both in the labo-
ratory and at the bedside to effectively identify 
the patient population most likely to bene fi t and 
to assess ef fi cacy. A major priority is the 
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 acquisition of tissue for all patients at the time of 
initial diagnosis and at the time of recurrence 
when applicable. Such tissue allows genomic 
characterization of individual tumors and  provides 
a tissue reference for future clinical trials. 

 Further development of noninvasive biomark-
ers will be a key component of this effort. 
Identifying enriched populations will ensure that 
patients have quick access to the most effective 
strategy for their individual tumors, without being 
exposed to unnecessary treatments. With the bud-
getary constraints present in the current era, it is 
imperative that the prioritization of effort and 
allocation of resources allow for rapid evaluation 
of new agents.  

   Conclusions 

 The factors considered within this chapter are 
the in fl uences on clinical trial participation 
among patients with CNS tumors. A balance 
of ethical and optimal recruitment is neces-
sary for successful clinical trials. Embedding 
of trials into the best clinical practice is most 
likely to yield optimum results. Accurate pre-
sentation of studies at the outset is paramount. 
The clinician–patient interface remains the 
most important aspect in trial recruitment. 
 For many years, trial recruitment has been 
slow due to the relatively small numbers of 
patients, and the total number of studies has 
also been limited. The more recent situation is 
that there has been a marked increase in the 
number of studies that are evaluating treat-
ments for glioma. This requires careful man-
agement to provide equitable access for 
patients. Despite the increase in the trial activ-
ity, certain groups remain underrepresented, 
and future strategies should be implemented 
to improve recruitment of patients, especially 
among the elderly. 
 The formation of a multidisciplinary approach 
is essential with close interaction of basic sci-
entists, neurosurgeons, and neuro-oncologists 
in the development and completion of transla-
tional studies. Education is also essential and 
support through local, national, and interna-
tional neuro-oncology platforms should be 

encouraged. These collaborations support 
colleagues who share the same passion for 
taking care of patients, help them to remain 
engaged, and can keep them focused on this 
challenging  fi eld.      

   References 

    1.    Burnet NG, Jefferies SJ, Benson RJ, Hunt DP, 
Treasure FP. Years of life lost (YLL) from cancer is an 
important measure of population burden — and 
should be considered when allocating research funds. 
Br J Cancer. 2005;92(2):241–5.  

    2.    Fine HA, Dear KB, Loef fl er JS, Black PM, Canellos 
GP. Meta-analysis of radiation therapy with and with-
out adjuvant chemotherapy for malignant gliomas in 
adults. Cancer. 1993;71(8):2585–97.  

    3.    Curran Jr WJ, Scott CB, Horton J, et al. Recursive 
partitioning analysis of prognostic factors in three 
Radiation Therapy Oncology Group malignant glioma 
trials. J Natl Cancer Inst. 1993;85(9):704–10.  

    4.    Stupp R, Mason WP, van den Bent MJ, et al. 
Radiotherapy plus concomitant and adjuvant temozo-
lomide for glioblastoma. N Engl J Med. 2005;352(10):
987–96.  

    5.    Pritchard-Jones K, Dixon-Woods M, Naafs-Wilstra 
M, Valsecchi MG. Improving recruitment to clinical 
trials for cancer in childhood. Lancet Oncol. 
2008;9(4):392–9.  

    6.    Stead M, Cameron D, Lester N, Parmar M, Haward 
R, Kaplan R, Maughan T, Wilson R, Campbell H, 
Hamilton R, Stewart D, O’Toole L, Kerr D, Potts 
V, Moser R, Darbyshire J, Selby P. Strengthening 
clinical cancer research in the United Kingdom. 
Br J Cancer. 2011;104:1529–34.   http://ncrndev.org.uk.      

    7.    Goffman E. Encounters: two studies in the sociology 
of interaction. Indianapolis: Bobbs-Merill; 1961.  

    8.    Joffe S, Truog RD. Equipoise and randomization. In: 
Emanuel EJ, Grady C, Crouch RA, Lie R, Miller F, 
editors. The oxford textbook of clinical research eth-
ics. Oxford University Press: Oxford; 2008. p. 
245–60.  

    9.    Fried C. Medical experimentation: personal integrity 
and social policy. Amsterdam: North-Holland 
Publishing; 1974.  

    10.    Freedman B. Equipoise and the ethics of clinical 
research. N Engl J Med. 1987;317:141–5.  

    11.    Miller PB, Weijer C. Rehabilitating equipoise. 
Kennedy Inst Ethics J. 2003;13(2):93–118.  

    12.    London AJ. Clinical equipoise: foundational require-
ment or fundamental error? In: Steinbock B, editor. 
The oxford handbook of bioethics. Oxford University 
Press: New York; 2007. p. 571–96.  

http://ncrndev.org.uk


214 S.J. Jefferies

    13.    Joffe S, Miller FG. Bench to bedside: mapping the 
moral terrain of clinical research. Hastings Cent Rep. 
2008;38:30–42.  

    14.   Council for International Organizations of Medical 
Sciences. International ethical guidelines for biomedi-
cal research involving human subjects. Geneva: 
Council for International Organizations of Medical 
Sciences. 2002.   http://www.cioms.ch/publications/
layout_guide2002.pdf    .  

    15.    Brody H, Miller FG. The clinician-investigator: 
unavoidable but manageable tension. Kennedy Inst 
Ethics J. 2003;13(4):329–46.  

    16.    Vickers AJ, Scardino PT. The clinically-integrated 
randomized trial: proposed novel method for conduct-
ing large trials at low cost. Trials. 2009;10:14.  

    17.    Wasan AD, Taubenberger SP, Robinson WM. Reasons 
for participation in pain research: can they indicate a 
lack of informed consent? Pain Med. 2009;10(1):
111–9.  

    18.    Hui EC. The centrality of patient-physician relation-
ship to medical professionalism: an ethical evaluation 
of some contemporary models. Hong Kong Med J. 
2005;11(3):222–3.  

    19.    Hui EC. Doctors as  fi duciaries: a legal construct of the 
patient-physician relationship. Hong Kong Med J. 
2005;11(6):527–9.  

    20.    Bramstedt KA. A guide to informed consent for clini-
cian-investigators. Cleve Clin J Med. 2004;71(11):
907–10.  

    21.    du Bois A, Rochon Lamparters C, P fi sterer J. Pattern 
of care and impact of participation in clinical studies 
on the outcome in ovarian cancer. Gynecol Oncol. 
2005;15:183–91.  

    22.    Karjalainen S, Palva I. Do treatment protocols improve 
end results? A study of survival of patients with mul-
tiple myeloma in Finland. Br Med J. 1989;299:
1069–72.  

    23.    Majundar SR, Roe MT, Peterson ED, Chen AY, Gibler 
WB, Armstrong PW. Better outcomes for patients 
treated at hospitals that participate in clinical trials. 
Arch Intern Med. 2008;168:657–62.  

    24.    Guilfoyle MR, Weerakkody RA, Oswal A, Oberg I, 
Jeffery C, Haynes K, Kullar PJ, Greenberg D, Jefferies 
SJ, Harris F, Price SJ, Thomson S, Watts C. 
Implementation of neuro-oncology service 
recon fi guration in accordance with NICE guidance 
provides enhanced clinical care for patients with glio-
blastoma multiforme. Br J Cancer. 2011;104(12):
1810–5.  

    25.    Madsen SM, Mirza MR, Holm S, Hilsted KL, 
Kampmann K, Riis P. Attitudes towards clinical 
research amongst participants and nonparticipants. 
J Intern Med. 2002;251(2):156–68.  

    26.    Cassileth BR, Lusk EJ, Miller DS, Hurwitz S. 
Attitudes toward clinical trials among patients and the 
public. JAMA. 1982;248(8):968–70.  

    27.    Wendler D, Krohmal B, Emanuel EJ, Grady C. Why 
patients continue to participate in clinical research. 
Arch Intern Med. 2008;168(12):1294–9.  

    28.    Donovan J, Mills N, Smith M, Brindle L, Jacoby A, 
Peters T, Frankel S, Neal D, Hamdy F. Quality 
improvement report: improving design and conduct of 
randomised trials by embedding them in qualitative 
research: protecT (prostate testing for cancer and 
treatment) study. BMJ. 2002;325(7367):766–70.  

    29.    Fallow fi eld LJ, Jenkins V, Brennan C, Sawtell M, 
Moynihan C, Souhami RL. Attitudes of patients to 
randomised clinical trials of cancer therapy. Eur 
J Cancer. 1998;34(10):1554–9.  

    30.    Ellis PM, Butow PN, Tattersall MHN, Dunn SM, 
Houssami N. Randomized clinical trials in oncology: 
understanding and attitudes predict willingness to 
participate. J Clin Oncol. 2001;19(15):3554–61.  

    31.    Verheggen FWSM, Nieman F, Jonkers R. Determinants 
of patient participation in clinical studies requiring 
informed consent: why patients enter a clinical trial. 
Patient Educ Couns. 1998;35:111–25.  

    32.    Engelking C. Facilitating clinical trials. The expand-
ing role of the nurse. Cancer. 1991;67 Suppl 
6:1793–7.  

    33.    Johansen MA, Mayer DK, Hoover Jr HC. Obstacles 
to implementing cancer clinical trials. Semin Oncol 
Nurs. 1991;7(4):260–7.  

    34.    Ganz PA. Clinical trials. Concerns of the patient and 
the public. Cancer. 1990;65 Suppl 10:2394–9.  

    35.    Cox K, Avis M. Psychosocial aspects of participation 
in early anticancer drug trials. Report of a pilot study. 
Cancer Nurs. 1996;19(3):177–86.  

    36.    Winn RJ, Miransky J, Kerner JF, Kennelly L, 
Michaelson RA, Sturgeon SR. An evaluation of phy-
sician determinants in the referral of patients for can-
cer clinical trials in the community setting. Prog Clin 
Biol Res. 1984;156(4):63–73.  

    37.    Fireman BH, Fehrenbacher L, Gruskin EP, Ray GT. 
Cost of care for patients in cancer clinical trials. J Natl 
Cancer Inst. 2000;92(2):136–42.  

    38.    Fireman BH, Quesenberry CP, Somkin CP, Jacobson 
AS, Baer D, West D. Cost of care for cancer in a 
health maintenance organization. Health Care Financ 
Rev. 1997;18:51–76.  

    39.    Wagner JL, Alberts SR, Soan JA, Cha S, Killian J, 
O’Connoll MJ. Incremental costs of enrolling cancer 
patients in clinical trials: a population-based study. 
J Natl Cancer Inst. 1999;91:847–53.  

    40.    Brown ML. Cancer patient care in clinical trials spon-
sored by the National Cancer Institute: what does it 
cost? J Natl Cancer Inst. 1999;91:818–9.  

    41.    Mechanic RE, Dobson A. The impact of managed 
care on clinical research: a preliminary investigation. 
Health Aff. 1996;15:72–89.  

    42.    Fisher WB, Cohen SJ, Hammond MK, Turner S, 
Loehrer PJ. Clinical trials in cancer therapy: efforts to 
improve patient enrollment by community oncolo-
gists. Med Pediatr Oncol. 1991;19(3):165–8.  

    43.    Taylor K, Margolese R, Soskolne C. Physicians’ rea-
sons for not entering eligible patients in a randomized 
clinical trial of surgery for breast cancer. N Engl 
J Med. 1984;310:1363–7.  

http://www.cioms.ch/publications/layout_guide2002.pdf
http://www.cioms.ch/publications/layout_guide2002.pdf


21513 How Can We Improve Clinical Trial Recruitment in Neuro-Oncology?

    44.    Lara LN, Higdon R, Lim N. Prospective evaluation of 
cancer clinical trial accrual patterns: identifying 
potential barriers to enrollment. J Clin Oncol. 2001;
19(6):1728–33.  

    45.    Ross S, Grant A, Counsell C, Gillespie W, Russell I, 
Prescott R. Barriers to participation in randomised 
controlled trials: a systematic review. J Clin Epidemiol. 
1999;52(12):1143–56.  

    46.    Lovato LC, Hill K, Hertert S, Hunninghake DB, 
Probst fi eld JL. Recruitment for controlled clinical tri-
als: literature summary and annotated bibliography. 
Control Clin Trials. 1997;18(4):328–52.  

    47.    Hunninghake DB, Darby CA, Probst fi eld JL. 
Recruitment experience in clinical trials: literature 
summary and annotated bibliography. Control Clin 
Trials. 1987;8 Suppl 4:6–30.  

    48.    Britton A, McKee M, Black N, McPherson K, 
Sanderson C, Bain C. Threats to applicability of ran-
domised trials: exclusions and selective participation. 
J Health Serv Res Policy. 1999;4(2):112–21.  

    49.    Wen PY, Macdonald DR, Reardon DA, et al. Updated 
response assessment criteria for high-grade gliomas: 
response assessment in neuro-oncology working 
group. J Clin Oncol. 2010;28(11):1963–72.  

    50.    Mao Y, Desmeules M, Semenciw RM, Hill G, 
Gaudette L, Wigle DT. Increasing brain cancer rates 
in Canada. CMAJ. 1991;145(12):1583–91.  

    51.    Cottin V, Arpin D, Lasset C, et al. Small-cell lung 
cancer: patients included in clinical trials are not rep-
resentative of the patient population as a whole. Ann 
Oncol. 1999;10(7):809–15.  

    52.    McCusker J, Wax A, Bennett JM. Cancer patient 
accessions into clinical trials: a pilot investigation into 
some patient and physician determinants of entry. Am 
J Clin Oncol. 1982;5(2):227–36.  

    53.    Halperin EC. Malignant gliomas in older adults with 
poor prognostic signs. Getting nowhere, and taking a 
long time to do it. Oncology (Williston Park). 
1995;9(3):229–34. 237–238.  

    54.    Whittle IR, Denholm SW, Gregor A. Management of 
patients aged over 60 years with supratentorial glioma: 
lessons from an audit. Surg Neurol. 1991;36(2):
106–11.  

    55.    Benson AB, Pregler JP, Bean JA, Rademaker AW, 
Eshler B, Anderson K. Oncologists’ reluctance to 
accrue patients onto clinical trials: an Illinois Cancer 
Center study. J Clin Oncol. 1991;9(11):2067–75.  

    56.    Mohan DS, Suh JH, Phan JL, Kupelian PA, Cohen 
BH, Barnett GH. Outcome in elderly patients under-
going de fi nitive surgery and radiation therapy for 

supratentorial glioblastoma multiforme at a tertiary 
care institution. Int J Radiat Oncol Biol Phys. 
1998;42(5):981–7.  

    57.    Bauman GS, Gaspar LE, Fisher BJ, Halperin EC, 
Macdonald DR, Cairncross JG. A prospective study 
of short-course radiotherapy in poor prognosis glio-
blastoma multiforme. Int J Radiat Oncol Biol Phys. 
1994;29(4):835–9.  

    58.    Giovanazzi-Bannon S, Rademaker A, Lai G, Benson 
3rd AB. Treatment tolerance of elderly cancer patients 
entered onto phase II clinical trials: an Illinois Cancer 
Center study. J Clin Oncol. 1994;12(11):2447–52.  

    59.    Chang SM, Wen P, Cloughesy T, et al. Phase II study 
of CCI-779 in patients with recurrent glioblastoma 
multiforme. Invest New Drugs. 2005;23:357–61.  

    60.    Marchetti S, Schellens JH. The impact of FDA and 
EMEA guidelines on drug development in relation to 
phase 0 trials. Br J Cancer. 2007;97:577–81.  

    61.    Kummar S, Kinders R, Rubinstein L, et al. 
Compressing drug development timelines in oncology 
using phase “0” trials. Nat Rev Cancer. 2007;7:
131–9.  

    62.    Lee JW, Figeys D, Vasilescu J. Biomarker assay trans-
lation from discovery to clinical studies in cancer drug 
development: quanti fi cation of emerging protein bio-
markers. Adv Cancer Res. 2007;96:269–98.  

    63.    Workman P. The opportunities and challenges of per-
sonalized genome-based molecular therapies for can-
cer: targets, technologies, and molecular chaperones. 
Cancer Chemother Pharmacol. 2003;52:S45–56.  

    64.    Booth CM, Calvert AH, Giaccone G. Design and con-
duct of phase II studies of targeted anticancer therapy: 
recommendations from the task force on methodol-
ogy for the development of innovative cancer thera-
pies (MDICT). Eur J Cancer. 2008;44:25–9.  

    65.    Booth CM, Calvert AH, Giaccone G. Endpoints and 
other considerations in phase I studies of targeted 
anticancer therapy: recommendations from the task 
force on Methodology for the Development of 
Innovative Cancer Therapies (MDICT). Eur J Cancer. 
2008;44:19–24.  

    66.    Chang SM, Kuhn JG, Rizzo J, et al. Phase I study of 
paclitaxel in patients with recurrent malignant glioma: 
a North American Brain Tumor Consortium report. 
J Clin Oncol. 1998;16:2188–94.  

    67.    Cloughesy TF, Kuhn J, Robins HI, et al. Phase I trial 
of tipifarnib in patients with recurrent malignant 
glioma taking enzyme- inducing antiepileptic drugs: a 
North American Brain Tumor Consortium Study. 
J Clin Oncol. 2005;23:6647–56.      



217C. Watts (ed.), Emerging Concepts in Neuro-Oncology, 
DOI 10.1007/978-0-85729-458-6, © Springer-Verlag London 2013

  A 
  Avian leucosis virus , 99    

  B 
  Boron neutron capture therapy (BNCT) , 115–116   
  Brain cancer 

 amino-acid PET tracer , 123–124  
 anatomical localization , 120  
 angiogenesis and integrin expression , 129  
 ASL , 128  
 bold MRI , 130  
 cellularity and ADC , 127  
 computed tomography , 119–120  
 conventional MRI , 120  
 CU-ATSM , 131  
 diffusion tensor MRI , 132  
 diffusion-weighted MRI , 127  
 DSC-MRI , 128  
 EGFR receptor overexpression , 134  
 extracellular matrix , 128  
 FDG-PET , 123  
 FLT-PET study , 124, 126  
 18F-misonidazole PET , 130  
 functional diffusion map , 127  
 hypoxia , 129–130  
 IDH-1 mutation , 134  
 imaging tumor invasion , 131  
 imaging tumor metabolism , 123  
 labeled marker cell , 133  
 lactate production , 131  
 MGMT methylation , 133  
 MRI , 120  
 neoangiogenesis , 128  
 neural stem cells and stemlike glioma 

cell , 77  
 oligodendrogliomas , 129  
 physiological imaging , 121  
 1p19q, oligodendroglial tumor , 133  
 proton spectroscopy , 123–124, 132–133  
 pseudoprogression , 120–121  
 tumor cell proliferation , 124  
 tumor cellularity , 126  
 tumor progression and treatment , 

120–121  
 vasogenic edema , 127   

  Brain tumor 
 clinical guidance , 200  
 diagnosis , 197–198  
 disease symptomatology , 204–205  
 evidence-based clinical guidance , 

199–200  
 HeadSmart , 202, 203  
 marketing , 202–203  
 NAEDI pathway , 201–202  
 national awareness and diagnosis 

initiative pathway , 199  
 parliamentary lobbying process , 199  
 policy strategy , 200–201  
 public and professional perception , 205  
 public and professional survey , 203–204  
 symptom interval , 198–199, 204  
 2-week wait cancer referral , 204    

  C 
  Cambridge protocol , 77–78   
  Cancer stem cell 

 antiangiogenic therapy , 68  
 BMPs , 67–68  
 brain cancer , 61  
 c-MYC pathway , 67  
 CSC hypothesis , 68  
 epidemiology and classi fi cation, 

brain cancer , 63  
 GBM, in fi ltrative nature , 61–62  
 growth factor pathway , 67  
 lineage tracing technique , 66  
 MDB and GBM tumor-initiating cell , 62  
 no new neuron dogma , 62  
 NSCs  vs.  TICs , 64–66  
 OPC , 63  
 p16 INK4A /pRB , 67  
 polycomb group protein BMI1 , 67  
 side population and cell auto fl uorescence , 

65–66  
 targeted gene technology , 62–63  
 therapeutic approach , 65, 66  
 TICs marker , 64  
 TP53/p14 ARF  , 66–67  
 tumor cells and somatic stem cell , 62  
 in vivo model, human glioma , 63–64   

        Index 



218 Index

  Clinical trials 
 access to , 211  
 clinical trial design , 212  
 clinical trial protocol , 210  
 clinician factors , 209  
 CNS tumor pathology , 210  
 disability and disease-attributable death , 207  
 ethical and optimal recruitment , 213  
 GBM median survival , 207–208  
 multidisciplinary approach , 213  
 NCRN , 208  
 neurological factor , 210  
 noninvasive biomarker , 213  
 patient age , 211  
 radiology , 210–211  
 randomization process , 209  
 RCT, ethical acceptability , 208–209  
 recruitment strategy , 208  
 targeted therapy , 211–212  
 trial recruitment process , 209   

  C-MYC pathway , 67   
  Cytoreduction surgery 

 in high-grade gliomas 
 ALA trial , 150–151  
 in elderly patients , 152  
 RPA , 151  
 tumor resection , 150  

 low-grade gliomas 
 degrees of resectability , 148, 149  
 FLAIR , 149  
 patient outcome , 148  
 preoperative and postoperative tumor volumes , 149  
 prognostic factors and survival , 148  
 radiotherapy , 148  
 at risk , 149–150    

  E 
  Ependymal tumors , 32   
  Epigenetics 

 aberrant DNA methylation , 22, 23  
 bisul fi te treatment , 24, 25  
 cancer epigenome , 26  
 cancer-relevant pathways , 27  
 chromatin remodelers , 22–23  
 CpG methylation , 23–24  
 de fi nition , 21–22  
 DNA methylation , 23  
 ependymal tumors , 32  
 epimutation , 26–27  
 G-CIMP 

 acute myeloid leukemia, IDH1/2 mutant , 30  
 GBM , 28  
 heatmap , 28, 31  
 hypermethylation reminiscent pattern , 30–31  
 methylated genes and affected pathways , 28–30  

 histone code , 25  
 histone posttranslational modi fi cation , 31  
 immunoprecipitation , 25–26  
 (LNA)-modi fi ed phosphorothioate oligonucleotide 

technology , 34  

 medulloblastoma , 32–33  
 meningeal tumors , 33  
 methylation-speci fi c PCR , 24  
 MGMT , 27, 28  
 microRNAs , 26, 31–32  
 mining epigenomics , 35  
 neomorphic mutant , 34–35  
 pineal tumors , 32  
 posttranslational modi fi cation , 24–25  
 PTM and DNA methylation , 25  
 regulation , 21–22  
 treatment , 33–34   

  European Organization for the Research and Treatment 
of Cancer (EORTC) , 174–175    

  F 
  Fluid-attenuated inversion recovery (FLAIR) 

imaging , 149    

  G 
  Glioblastoma 

 boron neutron capture therapy , 115–116  
 cell irradiation , 112  
 chemo-radiation therapy and high-LET 

radiation , 115  
 CINDERELLA study , 115  
 CLEOPATRA study , 115  
 conventional x-ray irradiation , 115  
 depth dose curve , 110, 111  
 linear energy transfer , 110, 112  
 microenvironment, radiation resistance , 113–114  
 OER , 113–114  
 particle therapy implementation barrier , 114  
 photon beam treatment , 114–115  
 radiation dose and brain necrosis risk , 110  
 radiotherapy , 109–110  
 RBE , 110, 112  
 T98G, clonogenic survival curve , 112, 113  
 tissue, dose deposition , 110, 111  
 treatment global availability , 116  
 in vitro radiation response, carbon ion , 112–113  
 x-rays  vs.  proton clonogenic survival curve , 112, 113   

  Glioblastoma multiforme (GBM) in elderly patient 
 age and treatment resistance , 176–177  
 aggressive multimodality therapy , 176  
 biopsy  vs.  surgical resection , 180  
 cerebrovascular and systemic disease , 179  
 chemoradiotherapy , 184–185  
 concomitant chemotherapy , 185  
 cytoreduction , 178–179  
 de fi nition , 172  
 de-intensi fi cation protocol , 190  
 diagnosis and treatment , 174  
 DNA repair , 189  
 epidemiology , 173  
 fMRI , 181  
 hypofractionated radiotherapy , 182–183  
 IMRT , 189, 190  
 incidence , 172  



219Index

 intracavitary chemotherapy , 187  
 Karnofsky performance status , 180–181  
 management , 172  
 median survival time , 179–180  
 MGMT methylation , 188–189  
 multimodality therapy , 174  
 NCIC and EORTC , 188  
 neurological sequelae , 185–186  
 neurosurgical approach , 190  
 Nordic Brain Tumor Study Group , 186–187  
 pathology , 173  
 performance status and/or medical 

comorbidity , 176  
 population-based cohort study , 179  
 population-based study , 174, 176  
 prognosis , 173–174  
 randomized phase III trial , 183–184  
 recurrent disease , 187–188  
 robust evidence , 181  
 SEER program analysis , 174, 176  
 standard dose/fractionation regimen , 181–182  
 Stupp protocol , 184  
 supportive care , 187  
 surgical resection , 179  
 temozolomide chemotherapy , 184  
 tolerability and/or minimal perceived bene fi t , 182  
 treatment toxicity , 177–178  
 tumor-related symptomatology , 178  
 tumor resection  vs.  no resection , 181  
 VEGF , 189   

  Glioma.    See also  Brain cancer 
 abbreviation/acronym , 89–91  
 adenovirus expressing cre recombinase , 102, 103  
 ALV-A virus , 99  
 astrocytic tumor cell , 7, 8  
 BCNU wafers , 148  
 biopsy, macroscopic evaluation , 7  
  BRAF  aberrant activation , 15  
 cell-or tissue-speci fi c promoter , 101  
 Cerepro ®  trial , 148  
 chemical carcinogenesis , 88, 96  
 classi fi cation of , 4–5  
 CNS, primary brain tumors , 3–4  
 co-deletion , 14  
 conditional gene inactivation technology , 102  
  Cre-loxP  system , 101  
 cytoreduction surgery   ( see  Cytoreduction surgery) 
 EGFR gene , 15  
 embryonal tumor , 4  
 epilepsy , 147–148  
 gene therapy , 148  
 genetically modi fi ed mice, brain tumor , 96  
 genetic pathway remodelling , 103  
 gene transfer , 99  
 GFAP-cre-expressing mouse , 101–102  
 GFAP expression pattern , 98–99  
 glial neoplasm , 6, 14–15  
 glioblastomas , 15–16  
 gliomatosis cerebri , 8, 9  
 grading system , 6–7  
 histology 

 cerebral lesions , 144  
 low-grade gliomas , 144–145  
 undergrading , 145  

 histopathological diagnosis , 5–6  
 IDH1 and IDH2 mutation analysis , 14–15  
 immunohistochemistry , 10  
 incidence , 4  
 intrinsic brain tumor pathogenesis , 92–95  
 medulloblastoma , 89  
 MGMT promoter methylation , 15  
 molecular aberration , 13–14  
 morphological and molecular approach , 17  
 multidisciplinary approach , 16  
 neurological de fi cits and survival , 

151–152  
 oligodendroglial tumor , 96  
 oligodendroglial tumor cell , 7–9  
 oncogene-expressing virus , 98, 99  
 pilocytic astrocytomas , 9  
 PTEN/Akt pathway , 100  
 rationale for surgery 

 craniotomy , 144  
 cytoreductive surgery , 143–144  
 prognostic factors , 144  
 survival bene fi ts and advantages , 144  
 tumor resection , 144  

 relieve mass effect 
 5-ALA study , 146  
 BCNU wafer study , 147  
 complications , 145  
 craniotomy , 145  
 EORTC-NCIC trial , 147  
 facilitating adjuvant therapies , 146  
 surgery  vs.  stereotactic biopsy , 145  

 resectability 
 eloquent brain , 154  
 expendable brain , 154  
 insular glioma , 154  

 safety of 
 5-ALA (Gliolan ® ) , 153  
 intraoperative neuronavigation , 153  
 intraoperative ultrasound , 153  
 ultra-low- fi eld MRI , 153  

 spontaneous mutations , 88  
 tissue quantity and quality , 11–12  
 transgenic model , 96–97  
 tumor grading , 10–11  
 tumor histopathology , 13  
 tumor induction ef fi cacy , 89  
 tumor origin , 103  
 tv-a receptor , 99–100  
 unequivocal criteria , 12–13  
 virus-induced primary brain tumor , 85  
  in vivo  gene inactivation , 100–101  
 WHO classi fi cation , 6   

  Glioma CPG island methylator phenotype (G-CIMP) 
 acute myeloid leukemia, IDH1/2 mutant , 30  
 GBM , 28  
 heatmap , 28, 31  
 hypermethylation reminiscent pattern , 30–31  
 methylated genes and affected pathways , 28–30    



220 Index

  H 
  Heidelberg Ion-Beam Therapy Center (HIT) , 112–113    

  I 
  Intensity-modulated radiotherapy , 166   
  In vitro model 

 Cambridge protocol , 77–78  
 capillary morphogenesis , 84  
 Chek1/2 mechanism , 81–82  
 chemoresistance , 79  
 Ctv-a mouse , 82  
 3D bioscaffolds , 84  
 glioblastoma and radioresistance , 80  
 glioblastoma multiforme , 76  
 hierarchical  vs.  stochastic model , 82, 83  
 MADM-based lineage tracing , 82–83  
 monolayer  vs.  suspension culture , 78–79  
 mouse  vs.  human biology , 83  
 neural stem cells and stem-like glioma cell , 77  
 oncogenic transformation , 83–84  
 oxygen concentration and in vitro glioma culture , 80–81  
 serum-cultured glioma lines , 76  
 serum-cultured U-87  vs.  organotypic spheroid , 76–77  
 serum-free glioma culture , 77  
 in vitro cytotoxic assay , 79–80  
 in vivo tumorgenicity assessment study , 76–77    

  K 
  Karnofsky performance status (KPS) , 144    

  M 
  Medulloblastoma , 32–33   
  Meningeal tumors , 33    

  N 
  National Awareness and Early Diagnosis Initiative 

(NAEDI) , 201   
  National Cancer Research Network (NCRN) , 208   
  National Institute of Radiological Sciences (NIRS) , 

112–113    

  O 
  Oligodendrocyte 

 and astrocytes , 42  
 BAC transgenesis , 50  
 bipotential O-2A progenitor cell , 47–48  
 BrdU pulse-chase labeling , 48, 53  
 Cre-loxP-mediated fate mapping , 53–54  
 epigenetic cell-intrinsic mechanism , 46  
 genetic fate mapping , 48–50  
 GFAP , 42  
 MADM , 54–55  
 mouse A2B5 monoclonal antibody , 42–43  

 myelin glycolipid galactocerebroside , 43–44  
 myelin regeneration , 55  
 NG2-cre, ZEG double-transgenic mice , 50  
 NG2-creERT and gtROSA-YFP , 51  
 NG2+ OPCs , 50  
 Olig2-CreERT , 50–51  
 oligodendrocyte lineage cell development , 46–47  
 OPC, in vivo , 44  
 Pdgfra-CreER T2, ROSA-YFP mice , 52–53  
 PDGFR a   vs.  NG2 , 44–46  
 radial glia, morphological evidence , 46  
 retroviral tracing study , 46  
 ROSA-GAP43-EGFP mice and Olig2-creERT 

mice , 52  
 spinal cord stab injury model , 52  
 tamoxifen-inducible Cre , 50–51  
 transcriptome analyses and immunolabeling , 55  
 type 1 and type 2 astrocytes , 44  
 in vivo development , 44, 45    

  P 
  Pineal tumors , 32    

  R 
  Radiation oncology 

 brain metastases , 168  
 cytotoxic treatment , 161  
 DAPI stained cell nuclei , 161, 162  
 dose contour map , 164, 165  
 external beam radiotherapy , 165  
 high-grade glioma , 166–167  
 image-guided radiotherapy , 164–165  
 intensity-modulated radiotherapy , 166  
 low-grade glioma , 167–168  
 MRI , 164  
 radiosurgery , 163–164  
 radiotherapy and temozolomide chemotherapy , 162  
 relapse re-treatment , 167  
 side effects , 162–163  
 stereotactic radiotherapy , 165–166  
 synthetic lethality , 162  
 treatment modality , 169   

  Radiation Therapy Oncology Group (RTOG) , 173–174   
  Recursive partitioning analysis (RPA) , 151    

  S 
  Stereotactic radiotherapy , 165–166    

  T 
  The Cancer Genome Atlas (TCGA) , 15–16    

  W 
  Warburg effect , 123          


	Emerging Concepts in Neuro-Oncology
	Copyright page
	Preface
	Contents
	Contributors
	Part I: Scientific Foundations
	Part II: Models of Brain Cancer
	Part III: Emerging Concepts in Clinical Practice
	Index



